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1

Introduction

The content of this thesis lies on the intersection of coalgebra, topology and modal logic.

A T-coalgebra is a pair (X,~) where T is an endofunctor on some category C, X is
an object in C and 7 : X — TX is a morphism in C. The object X is also referred to as
the state space, v as the structure map and the category C is called the base category
of the coalgebra (X,v). Intuitively, the functor T captures the possible outcomes of the
structure map applied to a state, and the structure map v describes the dynamics of the
coalgebra (X,7).

Coalgebras come with their own generic notions of morphisms, bisimilarity and be-
haviour and hence are useful to reason about notions related to behaviour and obser-
vational indistinguishability. Although the definition of a coalgebra may seem rather
abstract, they model a wide variety of structures.

One of the simplest structures which can be described as a coalgebra is a Kripke
frame [34, 10]. Kripke frames correspond one-to-one with coalgebras for the powerset
functor P on Set, the category of sets and functions [1]. Moreover, the standard notion
of a morphism between Kripke frames corresponds precisely to P-coalgebra morphisms
and the coalgebraic definition of a bisimulation coincides with the recognised definition
of bisimulation from modal logic. Even in this simple setting where the base category is
Set, many other familiar structures can be viewed as coalgebras as well. Among these are
transition systems, non-wellfounded sets and deterministic automata [3, 48]. Set-based
coalgebras are also called systems and are well researched [49, 28, 48, 27].

The generality of the theory of coalgebra allows for results which are uniform in
T. Results on the level of coalgebra can then be applied to structures corresponding
to a particular choice of T. Besides, logic can be used as a tool for reasoning about
properties of coalgebras, such as bisimilarity. Moss was the first to generalise the concept
of modal logic from Kripke frames and models to coalgebraic logic for arbitrary set-
based coalgebras [43]. He used so-called relation liftings to define modal operators for
propositional logic. This triggered much more research in the area [24, 25, 47, 35, 21,
50, 22]. In [47] Pattinson introduces a different method for defining modal operators,
namely via predicate liftings. Coalgebraic logic for set-based coalgebras has been well
investigated and is still an active area of research [55, 56, 14, 38].

Coalgebras where the state space is not a set are also useful in modelling various phe-
nomena. For example, trace semantics for non-deterministic automata and context-free
grammars can be obtained by modelling these systems as coalgebras over the category
of sets and relations [23, 27], and the descriptive frames of modal logic are coalgebras
over the category Stone of Stone spaces and continuous functions [37]. Some advances
have been made on coalgebraic logic for coalgebras whose underlying spaces are Stone
spaces [16, 9]. Research about (logics for) coalgebras over arbitrary topological spaces



is more scarce, as observed in [44].

In this thesis we investigate coalgebras whose state space is a topological space, but
not necessarily a Stone space. That is, we let the base category be some full subcategory
of Top, the category of topological spaces and continuous functions. Firstly, this is mo-
tivated by mathematical curiosity. For instance, the aforementioned descriptive frames
are coalgebras for the Vietoris functor on Stone. But really, the Vietoris functor is de-
fined on the full category Top and can be restricted to Stone. This raises the question
what coalgebras look like for this definition of the Vietoris functor. Of course, there are
many more functors on Top whose coalgebras might be of interest. Secondly, in [44] it
is suggested that coalgebras over KHaus, the category of compact Hausdorff spaces and
continuous functions may be useful in economic theory.

The clopen sets of a Stone space are a subbase for the topology. Moreover, they form
a Boolean algebra, hence they are closed under taking complements, finite intersections
and finite unions. Therefore, if we use the clopen sets as the interpretants for propo-
sitional statements, the logic used to study Stone coalgebras, should contain negation,
conjunction and disjunction. Since the empty set serves as a bottom element, this logic
is just classical propositional logic. The method of predicate lifting then allows one to
define additional modal operators.

However, as soon as one leaves the realm of set- and Stone-based coalgebras, clas-
sical propositional logic seizes to be a suitable logic to build upon. This is, in part,
due to the fact that the open sets of a topological space, which are a natural choice
of the interpretants of propositional statements, are not generally closed under taking
complements. Therefore, the coalgebraic logic used to study coalgebras over arbitrary
topological spaces must be based on some language without negations. An immediate
question which arises is what logic we should use to build coalgebraic logic on for these
coalgebras.

One of the natural candidates for this logic is geometric logic. The language of geo-
metric logic is constructed from a set of propositional statements, arbitrary disjunctions
and finite conjunctions [59, 60, 61]. We will see that geometric logic can be viewed as
the logic of finite observations. Formulas of geometric logic can be interpreted in the
frame of open sets of a topological space. There is a duality between the category of
spatial frames and homomorphisms and the full subcategory of Top whose objects are
sober spaces, which is central to the theory of geometric logic [62].

We modify the method of predicate lifting [47] and use it to define modal operators
for geometric logic, which can then be interpreted in models based on coalgebras with
a topological space as state space. The duality between sober spaces and spatial frames
allows us to view problems from different perspectives. For example, the dual perspective
of an enfunctor T on Sob, the category of sober spaces and continuous functions, gives
rise to a concrete construction of a final coalgebra in Coalg(T).

The aim of this thesis is to develop a theoretical framework of coalgebraic geometric
logic. In particular, we investigate the notions of open predicate liftings, geometric
models, modal equivalence, bisimilarity and behavioural equivalence.

Outline of the thesis Chapter 2 sets the stage for the rest of the thesis; we fix
notation and introduce formally the structures that will play a role in later chapters.
It starts with the definition of a coalgebra, concrete examples of coalgebras, and the
notions of coalgebra bisimulation and behavioural equivalence. Subsequently, in section
2.2, we define models over set-based coalgebras and we introduce coalgebraic logic which
can be interpreted on these models. Furthermore, a different notion of bisimilarity, A-



bisimilarity, is presented. In section 2.3 we change the base category of interest to the
category of Stone spaces and continuous functions. We generalise A-bisimilarity to a
notion of bisimilarity between models over Stone coalgebras and investigate how this
relates to modal equivalence and behavioural equivalence.

In chapter 3 we focus on coalgebras whose base category is a full subcategory of
Top. We start with the definition of geometric logic and thereafter define so-called
open predicate liftings and the coalgebraic geometric logic induced by a set of open
predicate liftings. The models that we use to interpret this logic are coalgebras with
a valuation. We investigate the relation between modal equivalence and behavioural
equivalence between such models. Subsequently, we study a concrete example of the
functor Dy, the monotone functor on KHaus, and provide a dual description of this
functor in terms of frames, called My,. Finally, in section 3.4, we define A-bisimulations
and see how this relates to modal equivalence and behavioural equivalence.

Chapter 4 is devoted to lifting endofunctors from Set to other categories. In section
4.1 we show how one can lift a set functor together with a set of predicate liftings to
a sober functor, i.e. an endofunctor on the category of sober spaces and continuous
functions. We show that lifting the powerset functor and the monotone functor on
Set together with the usual set of predicate liftings yields the Vietoris functor and the
monotone functor on KHaus, respectively. The content of section 4.2 is similar to that of
section 4.1, but we lift functors to Stone instead. In section 4.3, a different method for
lifting a set functor to a Stone is given. We show that this coincides with the method
from section 4.2. This provides a partial solution to a question raised in the conclusion
of [36].

The final chapter of this thesis is a case study, where we put the developed theory
into practice. In section 5.1 we define so-called descriptive conditional frames. These
generalise conditional frames in the same manner descriptive general frames generalise
Kripke frames. We show that descriptive conditional frames are coalgebras for a certain
functor Cg on Stone, which arises as the lift of the conditional functor on Set. Moreover,
we provide an endofunctor on BA, the category of Boolean algebras and homomorphisms,
which is dual to Cg. Besides, we define the notion of descriptive conditional bisimilarity,
which turns out the be the equivalent to A-bisimilarity but differs in the fact that its
definition is structural, whereas A-bisimilarity is defined in a non-structural manner. In
section 5.2 we investigate geometric conditional frames. These are coalgebras for the
functor Cyp, on KHaus, which arises from lifting the conditional functor on Set using the
method from section 4.1. We give an endofunctor on Frm and prove that its restriction
to KRFrm is dual to Cyp.

In appendix A.2 we give a different proof of the fact that M, from chapter 3 preserves
compactness, which does not depend on the duality with Dyy,.

Most notable theorems

e In section 2.3 we define so-called A-bisimulations between models over Stone-
coalgebras. In propositions 2.29 and 2.34 and lemma 2.32 this notion is
related to modal equivalence and behavioural equivalence.

e In section 3.4 we define A-bisimulations between models for coalgebraic geometric
logic. Theorem 3.57 describes the relation of A-bisimilarity with modal equiva-
lence and behavioural equivalence.



e For a certain class of set functors, there are two ways of lifting a set functor to a
Stone functor. Theorem 4.24 shows that these coincide on objects.

o We generalise the monotone functor (which is an endofunctor on Stone) to an
endofunctor on KHaus and give a description of its algebraic dual, which is an
endofunctor on Frm, in theorem 3.41. Similarly, we generalise the conditional
functor (on Set) to an endofunctor on KHaus in section 5.2 and show that it has a
dual functor on Frm in theorem 5.38.

e Descriptive conditional bisimilarity is a structural notion of bisimilarity between
descriptive conditional frames. Theorem 5.23 shows that descriptive conditional
bisimilarity, A-bisimilarity (for certain A), modal equivalence and behavioural
equivalence coincide.

e In chapter 3 we use duality to prove that the monotone functor M on Frm preserves
compactness. In theorem A.3 we give a proof of this fact which only plays on
the frame side and does not use the duality with Dyy,.

Prerequisites We assume familiarity with basic topology and category theory. Excel-
lent references for these topics are [5, 45, 40]. Furthermore, familiarity with modal logic
will be helpful in providing intuition. We refer to [10] for an outstanding introduction
to basic modal logic. Besides, the reader is advised to have a look at section A.1, where
notational conventions are explained.
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Coalgebras and coalgebraic logic

This chapter sets the stage for the rest of the thesis. We present mostly known facts
about coalgebra and coalgebraic logic. The main purpose is to fix notation and, through
examples, introduce some structures that will play a role in later chapters. We assume
familiarity with basic category theory, as standard reference we use [40].

Section 2.1 introduces coalgebras and related concepts of equivalence for an arbitrary
category C. Some concrete and some more abstract examples are given. Section 2.2 fo-
cusses on the case C = Set and introduces coalgebraic logic for set-coalgebras. Section 2.3
concentrates on the case C = Stone and coalgebraic logic for Stone-coalgebras. So-called
A-bisimulations are introduced, which are a straightforward generalisation from the same
notion on set coalgebras [6], and various notions of equivalence between coalgebras are
compared.

2.1 COALGEBRAS

In this section we define coalgebras and corresponding notions of equivalence. We also
give a number of illustrative examples. For a thorough (yet accessible) introduction to
the theory of coalgebras we refer to [27, 49, 28].

2.1 Definition. Let C be a category and T an endofunctor on C. A T-coalgebra
is a pair (X,7) where X is an object in C, also referred to as the state space, and
~v:X - TX is a morphism in C, known as the transition map or structure map. A
T-coalgebra morphism between two T-coalgebras (X,~) and (X’,~") is a morphism
f:X - X’ in C such that the following diagram commutes:

X—f>X'

“/l l'y’
/

The collection of T-coalgebras and T-coalgebra morphisms forms a category, which we
shall denote by Coalg(T). The category C is called the base category of Coalg(T). <

If the functor T is clear from the context, we will simply refer to (X,~) as a coalgebra
and to f as a coalgebra morphism or a coalgebra map. In case T is an endofunctor on
Set, T-coalgebras are also known as systems. The standard reference for the theory of
systems is [49)].

Many known structures can be viewed as a coalgebra. We give some examples.



2.2 Example (Transition systems). Consider the following example of a transition
system. Here x1,x2,r3 represent states and the arrows describe the relation between
these states.

T2

N

T3

This can be viewed as a P-coalgebra (X,7) with state space X = {x1,x2, 23} and tran-
sition map v : X - PX given by v(z1) = {z2,23}, v(x2) = {z1,23} and y(x3) = @. The
coalgebra (X,7) then encodes all information of the transition system, that is, given
(X,~) we can recover the given transition system.

In general, transition systems are pairs (X, R) where X is a set and R< X x X a
relation on X. A transition system (X, R) corresponds to the P-coalgebra (X,~) where
v: X >PX:zw~ {2’ e X | zRz'}. Conversely, every P-coalgebra (X,~) gives rise to a
transition system (X, R) with R ¢ X x X defined by zRx’ iff 2’ € v(x). These construc-
tions give a one-to-one correspondence between transition systems and P-coalgebras. <«

2.3 Example (Labelled transition systems). Let us fix a set of labels A and label the
transition system from the previous example with ay,...,aq4 € A.

T2

ey

-
Qaq

€1 T3

The result is a labelled transition system (LTS). To make this into a coalgebra we need
to adapt our functor. Let LLab : Set — Set be the functor defined by

Lab X = P(A x X)

for a set X and
Lab(f)(V) ={(a, f(z)) | (a,z) € V}

for functions X - X" and V e P(A x X).
The information of the LTS can be encoded as a Lab-coalgebra as follows: let X =
{z1, 22,23} and define v : X - Lab X by

xy = {(a2,x2)7(a4,a¢3)}
vy 22 {(a1,71),(az,z3)} .
r3—>J

Then (X,~) corresponds to the LTS above, i.e. we can retrieve the given LTS from
(X,7)-

More generally, a labelled transition system with labels in A is a pair (X, —) where
X is aset and - € X x Ax X a labelled transition map. An LTS (X, —) corresponds to
the Lab-coalgebra (X,v) where v is defined by v(z) = {(a,2") € Ax X | (z,a,2") € >}.
Conversely, given a Lab-coalgebra (X, ) we can retrieve the LTS corresponding to it by
defining - ¢ X x Ax X by (z,a,2") € — iff (a,2") € y(x). This gives a 1-1 correspondence
between labelled transition systems with labels in A and Lab-coalgebras. For details see
example 2.1 in [49]. )
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2.4 Example (Weighed transition systems). Suppose we only want to look at labelled
transition systems with labels in the set R,g such that for each state x the sum of the
labels of all outgoing arrows is equal to some fixed n € Ryg. Then we have to modify our
functor Lab to Lab, : Set — Set, defined on objects by

Lab, X = {VE]RZQ x X | Y {a| 3z e X with (a,z) eV} :n}.
For a function f: X - X’ and V € Lab, X let

Lab,(f)(V) = {(bx,f(as)) | (a,z) €V and b, = Z{c| (c,x) € V}}

It is an easy exercise to see that the aforementioned LTSs correspond precisely to Lab,,-
coalgebras. <

2.5 Remark. Lab;-coalgebras are precisely discrete time Markov chains (cf. [33, 46]).
A slightly different functor to make Markov chains coalgebraic and many more examples
of coalgebras of probabilistic systems can be found in [52].

2.6 Example (Kripke frames). In modal logic, the transition systems of example 2.2 are
better known as Kripke frames. The standard notion of morphisms between Kripke
frames (X, R) and (X', R’) is that of a bounded morphism: a set-map f: X - X' is a
bounded morphism if for all z,y € X and 2’ € X’ we have

(i) Rxy implies R'f(x)f(y); and
(ii) R'f(x)z’ implies that there exists z € X with Rxz and f(z) = 2".

It is not hard to show that f is a bounded morphism from (X, R) to (X', R’) iff it is a
coalgebra morphism between the corresponding P-coalgebras. This yields the following
isomorphism of categories

Krip = Coalg(P),
where Krip denotes the category of Kripke frames and bounded morphisms. <4
Kripke frames play an important role in modal logic as they are the structures used
to interpret basic modal logic. The following two examples are the structures that

correspond to monotone modal logic and conditional logic. These will be key ingredients
in guiding examples in subsequent chapters.

2.7 Example (Monotone frames). A monotone frame is a pair (X,~) where X is a
set and v: X — IFD(IFDX ) is a monotone neighbourhood function. That is, v assigns
to each state x € X a collection of subsets of X, called neighbourhoods of x, and
whenever a € y(z) and a €6 ¢ X, we have 6 € y(z). A bounded morphism between
monotone frames (X,v) and (X',v") is a map f: X - X’ such that for all z € X and
a' ¢ X" we have f![a'] ey(x) iff a’ e v'(f(x)).

Monotone frames are coalgebras for the functor D : Set — Set given by

DX ={WcPX| ifaeW and a €6 then 6 ¢ W}.
For a morphism f: X — X’ define
Df:DX > DX : W {a’ ePX'| f(a") e W}.

The bounded morphisms correspond precisely to coalgebra morphisms [21, 20, 13]. <«

11



In literature, morphisms between Kripke frames and morphisms between monotone
frames are both called bounded morphisms. It will always be clear from the context
which notion of bounded morphisms we mean.

Our next example will be that of conditional frames and conditional frame mor-
phisms. One may find various definitions of conditional frames in the literature [38, 7, 13].
However, conditional frame morphisms have not been defined. In order to avoid confu-
sion let us define the notion of conditional frames, taken from [7], and the corresponding
morphisms that we will use here.

2.8 Definition. A conditional frame is a pair (X, ) where X isa set and v : X xPX —
PX a function that satisfies for all x € X and a,6 € PX

(i) if a n6 =@, then v(z,a) N6 = @; and
(ii) if @ €6 and v(z,6) € a then v(z,a) =v(z,6).
A map f: X - X' is a conditional frame morphism between conditional frames
(X,v) and (X',v') if for all z € X and a’ ¢ X',
flv(a, 7@ N]=v'(f(2),a). (2.1)

This definition is motivated by the fact that f is a conditional frame morphism iff the
following diagram commutes,

px < px’
V@,_)l @)

PX —— PX'
fl-]

We write CF for the category of conditional frames and conditional frame morphisms. <
2.9 Remark. Condition (i) in the previous definition can be reformulated as v(z,a) € a.
Therefore our conditions are equivalent to the ones in definition 1 of [7]. We have chosen

this slightly altered formulation in view of chapter 5, where they make a difference when
dealing with geometric conditional frames.

Let us adopt a coalgebraic perspective on conditional frames and their morphisms.

2.10 Example (Conditional frames). Conditional frames are coalgebras for the functor
C. For a set X, CX is the collection of functions h : PX — PX that satisfy

(C1) if a € X then h(a) S a; and
(C2) ifacbcX and h(6) ca then h(a) = h(6).

For a function f: X — X' define Cf : CX - CX' by Cf(h)(a) = f[h(f (a))]. We
need to check that this is a well-defined functor, i.e. Cf(h) e CX’ for h e C. For (Cl1),
let @ € X', then

Cf(h)(a) = flR(f (@) < fIfH(a)] ca.
For (C2), assume a € 6 and Cf(h)(6) € a. We need to show that Cf(h)(a) = Cf(h)(6).
Since a € 6 we know f~1(a) € f1(6) and because Cf(h)(6) = f[h(f~1(6))] € a we know
h(f71(6)) ¢ f~(a). Now we may apply (C2) to CX to find h(f(a)) = h(f71(6)),
from which it follows that

Cf(h)(a) = f[A(f~ (@)] = fIR(F7(6))] = CF(R)(6).

12



So C is well defined on morphisms.

There is an isomorphism CF 2 Coalg(C) which is given on objects by observing that
functions X xPX — PX satisfying (i) and (ii) from definition 2.8 correspond one-to-one
with elements of the set CX. Furthermore, conditional frame morphisms are tailored to
coincide with C-coalgebra morphisms. It is routine to check the details. <

2.11 Remark. If we omit (i) and (ii) from definition 2.8 we get the definition of a
selection function frame. These are known to be coalgebraic [38]. Although the
authors only consider the frames, not the morphisms, it is easy to see that the above
notion of a morphism is precisely a coalgebra morphism for the functor given in [38].

More examples showcasing the wide scope of coalgebra can be found in a variety of
areas such as biology [65], economics [44] and quantum computing [2, 26].

There are two standard notions of equivalence for coalgebras: coalgebra bisimilarity
and behavioural equivalence. It is a well-known fact that these two notions coincide for
many choices of the functor T, namely if T preserves weak pullbacks. These notions will
be used throughout this thesis.

2.12 Definition. Let C be a category which has products and a forgetful functor Y :
C — Set. Let T be an endofunctor on C, let (X,v) and (X',+") be T-coalgebras, and
let z € YX and 2’ € YX'. The states z and 2’ are called behaviourally equivalent,
x ~ 2’ if there exist a coalgebra (Y, ) and coalgebra morphisms f: (X,v) - (Y,d) and
(X4 = (Y,0) such that f(x) = f'(z').

Let B be an object in C such that YB ¢ YX x YX’, with projections 7 : B - X and
m': B - X'. B is called a coalgebra bisimulation or Aczel-Mendler bisimulation
between (X,v) and (X',~') if there exists a transition map 3 : B - TB that makes 7
and 7’ coalgebra morphisms. That is, S is such that the following diagram commutes:

X« _pB-_",Xx'

‘R E

TX «~— TB — X'
Tr T

Two states z € UX, 2’ € UX' are called bisimilar, notation z < 2/, if they are linked by
a coalgebra bisimulation. <

Finally, recall the definition of a final object in a category.

2.13 Definition. An object X in a category C is called final if for all objects X’ in C
there exists a unique morphism f: X’ - X. A T-coalgebra is called final if it is a final
object in Coalg(T). <

Let T : C - C be a functor and suppose the category Coalg(T) has a final object
(Z,¢). For each object X = (X,) in Coalg(T) let fx : X — Z be the unique coalgebra
map to (Z,¢). Then it is an easy consequence of finality of (Z,() that two states x
and 2’ in two coalgebras (X,~v) and (X',7’) are behaviourally equivalent if and only
if fx(x) = fy(2'). In fact, originally, behavioural equivalence was only defined for
categories with a final object; two states were called behaviourally equivalent if they
were mapped to the same element under the unique maps to the final object. Definition
2.13 is equivalent to this one in case the category has a final object, but can also be used
for categories without a final object.

13



2.2 SET-BASED COALGEBRAIC LOGIC

In this section we briefly describe how set-based coalgebras relate to logic. Much more
information can be found in e.g. [38, 55, 39, 14]. We start by introducing the idea of
a so-called predicate lifting, corresponding language, and models for interpreting this
language. Thereafter a different notion of bisimulation is given and some examples are
examined.

2.14 Definition. Let T be an endofunctor Set. A predicate lifting for T of arity n is
a natural transformation
AP > PoT.

The dual of an n-ary predicate lifting A is given by
A PPX 5 PX (a1, an) » TXNAX Nag,..., X Nap).

A collection A of predicate liftings for T is called a similarity type (for T), and is said
to be closed under duals if A € A implies A\? € A. A similarity type A is separating
for T if for all sets X and all distinct z, 2’ € TX there exists a A€ A and ay,...,a, € PX
such that precisely one of x,z’ belongs to the set Ax(a1,...,an). <

Fix a set ® of proposition letters.

2.15 Definition. Let T be a functor on Set. A T-model is a triple X = (X,v,V)
where (X,~) is a T-coalgebra and V' : ® - PX is a valuation. A T-model morphism
f from (X,~,V) to (X',7',V') is a T-coalgebra morphism f : (X,v) — (X',7") such
that f~' oV’ = V. The collection of T-models and T-model morphisms forms a category,
Mod(T).

An Aczel-Mendler bisimulation between two T-models is an Aczel-Mendler bisim-
ulation between the underlying T-coalgebras such that for all (z,2') € B and p € @,
xeV(p)iff 2" € V'(p). N

Every similarity type induces a modal language that we can interpret on T-models.

2.16 Definition. The language induced by the similarity type A is the set £L(A) of
formulas defined by
pu=L|p| ¢ |e1 A2 | 9 (1. on),

where p € ® and X\ € A is n-ary. The symbols T, v, - and < denote the usual abbre-
viations. The semantics of ¢ € L(A) on a T-model X = (X,v,V) is given inductively
by

PI* =V (p), o1 awe]® =[ei]* nleal®, [-ol* = X @],
[N @1, o) =7 T O[ea] s - - [en] ™)),

where p € & and A ranges over A. <

Besides Aczel-Mendler bisimulations, other notions of bisimulations between T-co-
algebras and T-models have been proposed and linked to modal equivalence and be-
havioural equivalence. We content ourselves with stating the definition of a so-called
A-bisimulation for future reference, and refer to [17, 6, 22] for more information.
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2.17 Definition. Let B € X x X’ be a relation. A pair (a,a’) € PX x PX' is called
B-coherent if Bla] € a’ and B™![a'] c a. N

Properties of coherent pairs of sets may be found in [22]. We prove one property
which is not in [22] for future reference.

2.18 Lemma. Let B ¢ X x X' be a relation and (a,a’) a B-coherent pair. Then
(X Na,X'~a') is B-coherent.

Proof. Assume towards a contradiction that B[X ~a] ¢ X'~ a’, then B[X \a]na’ #+ &,
so some element in X \ a is related to an element in @’. But then B™![a'] ¢ a, a

contradiction. Therefore we must have B[X v a] € X'\ a’. In a similar way it can be
shown that B[ X'\ a']c X \a. O

2.19 Definition. Let T be a set functor, i.e. an endofunctor on Set, A a collection
of predicate liftings for T and (X,~,V) and (X’,~7', V") two T-models. A relation B ¢
X x X' is called a A-bisimulation if for all A € A, (z,2’) € B and B-coherent pairs
(as,a;) we have

o zcV(p)iff ' e V'(p);

/

o v(z)eArx(ai,...,an) iff ¥/ (2") € Ax/(ay,...,a}).
Two states are called A-bisimilar if they are linked by a A-bisimulation. <
The remainder of this section is devoted to examples.

2.20 Example (Normal modal logic). In example 2.6 we showed that P-coalgebras
correspond precisely to Kripke frames. Define A7 : P - PoP by Ny(a)={6ePX |6ca}
and set A = {A\"}. Then L(A) is the standard relational semantics for modal logic. We
write O instead of 9", If X = (X,~, V) is a Kripke model (a P-model) and ¢ € L' (A) is
a formula, then

[o¢]* = {z € X | y(2) <[]},

so X,z I+ Oy iff for all y € y(z) we have X,y I+ . This yields the usual Kripke semantics
of modal logic [10].

It is an easy exercise to show that {\”}-bisimilar states satisfy precisely the same
formulas. Moreover, every Kripke bisimulation is also a {A”}-bisimulation [6, Example
3.3]. q

2.21 Example (Monotone modal logic). Example 2.7 shows that monotone frames are
D-coalgebras. Define A% : P - P oD by Ay (a) ={W eDX |a € W} and set A = {A"}.
Then L (A) is the standard semantics of modal logic. Write 0 for 027 If X = (X,~,V) is
a neighbourhood model and ¢ a formula in £ (A) then, similar to the previous example,
we have X,z I~ Oy iff [p]™ € y(x). This yields the usual monotone semantics of modal
logic [20, 21, 13]. As in the previous example, {\"}-bisimilar states satisfy precisely the
same formulas. <

Next, we will look at conditional logic. Conditional logic provides an example of a
non-monotone modality: the conditional implication, =. The modality = is meant to
express a notion of conditionality which in general is different from the usual implication
—. A formula ¢1 = @9 should be read as “If ¢ is the case, then usually o is the case.”
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For an example, suppose Morty usually visits his grandpa Rick on Fridays. This can be
formalised as
Friday = visit Rick.

However, if Morty is ill he will not visit his grandpa, so
Friday A ill = —(visit Rick).

The non-monotonicity shows itself in the fact that the conclusion is not maintained if
more information becomes available. For more information on conditional logic, see
[13, 4, 42, 51, 7, 11].

2.22 Example (Conditional logic). The language of conditional logic is given by

pu=L|p|-p|e1rpa|er = e,

with p € ®. We abbreviate v and T as usual, and let ¢; | @2 = =(p1 = —¢2). A
possible way to read @1 = 9 is as: “If ; holds, then usually o holds as well.” On
a conditional model (viewed as C-model, cf example 2.10) X = (X,~,V), truth of the
proposition letters and of the Boolean cases is treated as usual. Truth of the implication
is given by

Xzikor =@ it y(2)([e1]) € [a] ™.

and consequently X,z - @1 | 2 iff v(z)([¢1]*) N [p2]* # @. The intuition behind this
is that the function v(x) : PX — PX indicates for each set a € X the relevant states in
a. We say that a state z satisfies 1 = (3 if the relevant states of [1]* as seen from z,

are all contained in [po]*.
Define A= : P2 - PoC by A™(a,6) = {h: PX - PX | h(a) € 6}. Then

Xakgr=p if  (2) e AT ([ea]", [p2]®).

This yields conditional semantics [7, 13]. Additionally we may define M:P2 5 PoC
by M (a,6) = {h:PX - PX | h(a) na # @}. Then we have X,z I @1 | oo iff y(z) €
N ([p1]*, Lol ). <q

2.23 Remark. The introduction of the modality | may seem superfluous at this point.
Indeed, it is only an abbreviation so we don’t really need a predicate lifting to describe
its truth. However, it turns out to be useful when generalising conditional logic for
Stone-coalgebras in section 5.1. Besides, when dealing with geometric conditional logic
(section 5.2) the modalities = and | will no longer be mutually expressible, but relate
via a weaker relational.

More examples of the interplay between logic and set-coalgebras can be found in [38].

2.3 STONE-BASED COALGEBRAIC LOGIC

The final section of this chapter is devoted to logic on Stone-coalgebras. Analogously
to the set case, we define so-called clopen predicate liftings, a language, and models
for interpreting this language. We then show that, provided A is a characteristic set of
predicate liftings, the notions of modal equivalence and behavioural equivalence coincide.
Thereafter, A-bisimulations for models on Stone coalgebras are introduced. The section
closes with two examples of well-known Stone-coalgebras which occur in modal logic.
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2.24 Definition. Let T be an endofunctor on Stone. A clopen predicate lifting of
arity n is a natural transformation

A:Clp" - ClpoT.

A clopen predicate lifting is said to be monotone if for all topological spaces X and
all a,...,an,61,...,6, € Clp(X), if a; € 6; for all 1 < i < n, then A\x(ay,...,an)
Ax(61,...,6,). The dual of a clopen predicate lifting A is given by )\g}c(al, ceyGp)
TX N AM(X N ay,...,X vap). A collection A of predicate liftings for T is said to be
characteristic if for every Stone space X the collection

I mn

{Ax(ai,...,an) | Ae A ,a; eClpX}
forms a subbase for the topology on TX. <

The condition for a collection of predicate liftings to be characteristic can be regarded
as the topological counterpart of being separated.

2.25 Remark. In [16] the authors define a topological predicate lifting as the Stone
space variation of a predicate lifting. A topological predicate lifting for a Stone
functor T is a natural transformation

AN:P"oU—>PoUoT

such that for all Stone spaces X and ay,...,a, € ClpX the set Ax(ay,...,a,) is clopen
in TX. Although Ayx(a) is defined for all subsets a € X, the only information that is
used in the semantics of the language is the action of Ay on the clopens of X.

IfA:PoU—->PoUoTisa (unary) topological predicate lifting then we can obtain a
clopen predicate lifting A" by restricting for each Stone space X the map Ay to ClpX. By
definition of a topological predicate lifting we have \.(a) € Clp(TX) for all a € Clp X, so
A% is indeed a map to Clp(TX). Naturality of A" follows immediately from the naturality
of A. For every Stone space X the action of Ay and A5 on clopens of X is the same.

The n-ary case is similar. So every topological predicate lifting yields a clopen
predicate lifting which gives the same language and semantics.

We have not found a converse, i.e., a way to turn each open predicate lifting into
a topological predicate lifting. Nor have we found a counterexample that this is not
possible. We leave this as an interesting open question.

2.26 Definition. Let T be a functor on Stone. A T-model is a triple X = (X,~, V') where
(X,~) is a T-coalgebra and V : & - Clp X is an admissible valuation of the proposition
letters. A T-model morphism from (X,~,V) to (X',7',V’) is a T-coalgebra morphism
f:(X,y) - (X',4") such that f~' oV’ = V. The collection of T-models and T-model
morphisms forms a category, called Mod(T).

An Aczel-Mendler bisimulation between two T-models is an Aczel-Mendler bisim-
ulation between the underlying T-coalgebras such that for all (z,2') € B and p € @,
xeV(p)iff 2" € V'(p). <

2.27 Definition. The language induced by a collection of clopen predicate liftings A
is the set L (A) of formulas

A
pu=L]pl-@|p1Apa| 9 (p1,...,0n),
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where p € ® and A € A is n-ary. The symbols T, v, - and < denote the usual abbre-
viations. The semantics of ¢ € L(A) on a T-model X = (X,v,V) is given inductively
by

I =V (p), o1 awe]® =[ei]* nlwa]®,  [-ol* = X~ [¢]7,
[0 (@1, -, 0n)IF =7 A[eal s - - [enl ).

A formula ¢ is called valid on Mod(T) if for every T-model X = (X,~,V) and all 2 € X
we have X,z I ¢. Denote the collection of valid formulas of L (A) by Log(T,A).

Two states z and z’ in two T-models X and X’ are called modally equivalent,
notation x = o', if for all p e L(A), X,z 1+ ¢ <= X' 2" I+ . <

2.28 Proposition. Let T be an endofunctor on Stone, A a set of predicate liftings for
T and f a T-model morphism from X = (X,v,V) to X' = (X',v',V'). Then

X,zikp iff X f(z) -

Proof. The proof of this lemma is similar to the proof of proposition 3.20, which is in
turn similar to the proof of theorem 6.17 in [56]. O

The next theorem connects behavioural equivalence to modal equivalence. The proof
is inspired by theorem 4.1 in [16].

2.29 Proposition. Let T be an endofunctor on Stone and A a characteristic set of
predicate liftings for T. Let X = (X,v,V) and X' = (X',+', V') be two T-models and
xeX, 2’ € X' states in these models. Then x and =’ are modally equivalent if and only
if they are behaviourally equivalent.

Proof. Our strategy to prove this proposition is to construct a final coalgebra of theories
and then exploit that two states are behaviourally equivalent if and only if their theories
are the same.

Let Z be the collection of maximal satisfiable sets of formulas of £L(A), with a
topology generated by the clopen subbase {@ | ¢ € CL}, where @ = {I" € Z | ¢ € T'}.
By definition % is (homeomorphic to) the dual Stone space of the Lindenbaum-Tarski
algebra of Log(T, A), so every clopen set is of the form @ for some ¢ € L(A).

For every T-model X = (X,7,V) define a map

thy : X > Z:x~ {p| X,z I+ ¢}.

2.29.A Claim. Let X = (X,7,V) and X' = (X',7',V") be two T-models, x € X,z" € X'.
If thx(x) = thy (2') then Tthy(v(z)) = T thy (7' (2)).

Proof of claim. Suppose Tthx(y(x)) # Tthy (7'(2")), then there exists a clopen set
¢ € Clp(TZ) such that Tthx(y(z)) € ¢ and T thy (7'(z')) ¢ c. Since A is characteristic
for T and every clopen set of Z is of the form $, there exist A € A and &1,...,%, such

that Tth%(’y(m)) € /\%(61; . 7()571) Cec.
Observe thy' (3i) = [wi]* for 1 <i <n. The fact that Tthy(y(x)) € Ag(F1, .-, Pn)
and naturality of A yield

(@) € (Tthe) ™ (A2(B1,- -, Fn)) = Ax(thz! (B1), -, thy! (F)) = Ax([ea] ™, -, [0n] ™)

and similarly v/(z") ¢ A ([e1]%, ..., [¢n]*). Therfore X,z - 9* (@1, ..., ¢n) and X', 2" If
OM@1,. .-, ¢n), 50 the(x) # thy(2'). This proves the claim. &
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Let T' € Z and let (X, ) be a pointed T-model such that thx(z) =T'. Such a pointed
model always exists because the elements of Z are assumed to be satisfiable. Define
¢(T") := Tthx(y(x)). This gives rise to a map

(:%->T%

which by the previous claim is well-defined, because it does not depend on the choice of
the pointed model (X, x). Moreover, we argue that ¢ is continuous:

2.29.B Claim. The map ¢ :Z — TZ is continuous.

Proof of claim. Since A is characteristic it suffices to show that ("*(Ag(P1,...,Pn)) is
open in % for A€ A and &1,...,%, € ClopZ. Fix such a A and &1,...,%,. We will show

that -

C_l(AZ(SZb s 7{5“)) = Q/\(§01, B SDn)
For I € Z, let (X,x) be a pointed T-model with thy(z) =T. Then

C(T) € Az (B1,- -+, Pn) = Tthx(v(2)) € Az (P, -+, Pn)
= y(x) e Ax(thy! (B1), -, thy' (Bn))
< y(@) e X[l [enl™)
< X,z I+ Q?A(gol, ey Pn)

<= M1y, on) € thy(z)
g O/\(Splv'-wson) el

—_—

=T e (o1,...,¢n).
This proves continuity of (. O

We have established that (Z,() is a T-coalgebra. Endow (%, () with the valuation
Vg :® - Clop % : p~ p. By construction each map thy is a T-model morphism. It then
follows that 3,T" I+ o iff ¢ € T": the case ¢ = p holds by definition of Vi, the Boolean cases
follow by an easy induction, and the case ¢ = (7)‘(@1, ..., pn) follows from the proof of
the previous claim. In addition, 3 is final.

2.29.C Claim. The T-model 3 = (Z,(, V) is final in Mod(T).

Proof of claim. Let X = (X,7,V) be any T-model and f: X - 3 a T-model morphism.
It follows from proposition 2.28 that for all x € X we have X,z I+ ¢ iff 3, f(z) I+ ¢ iff
p € f(x),so f(x)=thg(xz) hence f = thg. &

The proposition now follows: suppose z and z’ are modally equivalent, then thy :
X - Z and thy : X' - Z' are T-model morphisms such that thy(x) = thy/ (z), so x and
z' are behaviourally equivalent. Conversely, if # and z’ are behaviourally equivalent,
then we must have thy(x) = thy (2') so by proposition 2.28 z =, z'. O

We will now define a notion of bisimulation between models and relate this to modal
equivalence and behavioural equivalence. The following definition of A-bisimulation is
an adaptation of ideas in [6, 17].
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2.30 Definition. Let T be an endofunctor on Stone and A a collection of predicate
liftings for T. Let (X,v) and (X',+") be T-coalgebras and B ¢ X x X' be a subspace
with projections 7: B - X and 7’ : B - X'. Let

pb(clp(r), clp(n’)) —— clp(X')

7| Jewn

p(X) — i Wp(B)
be the pullback diagram of the cospan (cIp(7),clp(n’)) in BA. We say that B is a
A-bisimulation if for all (x,2') € B and A € A we have

clp(m) o clp(y) o Ax o " = clp(m') o clp(7) 0 Ay 0 T™.

A relation B between two T-models (X, v, V) and (X',~', V') is a A-bisimulation if it
is a A-bisimulation between the underlying T-coalgebras and for all (z,2") € B and p € ®
we have z € V(p) iff 2’ € V'(p). Two states x € X and 2’ € X' are called A-bisimilar,
notation z £, ', if there is a A-bisimulation linking them. <

2.31 Remark. Observe that (a,a’) € ClpX x ClpX' is B-coherent, i.e. Bla] € a’ and
B7'[a'] ¢ a, if and only if it is in pb(clp(n),clp(x’)). It follows from unraveling that
B is a A-bisimulation if and only if for all A € A and all B-coherent pairs of clopens
(ai,al) e ClpX x ClpX' we have

v(z) € Mx(ay,...,an) iff  ~'(2") e (al,...,al).
The following statements are easy to verify.

2.32 Lemma. Let T be an endofunctor on Stone, A a set of predicate liftings for T and
(X,7,V) and (X',+', V') T-models. If two states x € X and z' € X" are A-bisimilar, then
they are modally equivalent.

2.33 Proposition. Let T be an endofunctor on Stone and A set of predicate liftings for
T. Every Aczel-Mendler bisimulation between T-models is a A-bisimulation.

If A is characteristic, it follows from the previous lemma and proposition combined
with proposition 2.29 that Aczel-Mendler bisimilarity implies behavioural equivalence.
If moreover T preserves weak pullbacks, the converse holds as well. The proof of this is
similar to theorem 4.3 and the preceding discussion in [49].

However, we do not wish to make this assumption. For example, the Vietoris functor
does not preserve weak pullbacks [9, Corollary 4.3]. The next proposition shows that
for monotone A, behavioural equivalence implies A-bisimilarity, without assuming T to
preserve weak pullbacks.

2.34 Proposition. Let A be a monotone characteristic set of predicate liftings for a
functor T and suppose two states x and z' in T-models X = (X,~,V) and X' = (X',v', V")
are behaviourally equivalent. Then x and x’ are A-bisimilar.

Proof. Since z and z' are behaviourally equivalent, there must be some T-coalgebra
(Y,6) and some coalgebra morphisms f : X = Y, f' : X' > Y such that f(x) = f'(2').
Let

B ={(u,u') e XxX"| f(u) = f'(u)},
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then clearly zBx'. We claim that B is a A-bisimulation.

In order to show that B is a Stone space, it suffices to show that B is closed. To see
this, suppose (u,u’) ¢ B. Then f(u) # f/(u’) and since Y is Hausdorff there exist disjoint
clopens a,a’ € ClpY that contain f(u) and f’(u') respectively. Now f~1(a)x (f)~1(a")
contains (u,u'), is open in X x X" and is disjoint from B. Therefore B is closed in X xX'.
It follows from proposition 2.29 that for all (z,2") € B we have z € V(p) iff 2’ € V'(p).

Let A € A be n-ary and for 1 <4 < n let (a;,a;) be a B-coherent pair of clopens.
Suppose uBu’ and y(u) € Ax(a1,...,a,). We will show that v'(u’) € Ayr(al,...,a,,),
the converse direction is similar.

Let us construct for each pair (a;,a;) a clopen set 6; € ClpY such that f[a;] € 6, and
(f)71(6;) € a!. Since a; is clopen, f[a;] is closed in Y, so we may write f[a;] = N{c €
ClpY | flai] € c}. Because continuous maps preserve arbitrary meets, we have

M) ) | flail cceClpY) = (f) ' (flail) ca’.

The collection {X'~ (f/)7L(c) | f[a;] € ¢ € ClpY} is an open cover of the (closed hence)
compact set X'\ a’, so there exists a finite number ¢, ..., ¢y, € ClpY such that Uj"zl X'\
()7 (c;) covers X' N a’. Set 6; = ¢c1 NN ¢y, then 6; € ClpY and (f)71(6;) < a;.
Moreover f[a;] < 6;, hence a; € f~1(6;).

By monotonicity and naturality of A we find

y(u) € Ax(at, ... an) € Ac(F 7161, FH(60)) = (T (Ay(6e,...,6,)),

so (Tf)(v(u)) € Ay(6y,...,6,). Since f and f' are coalgebra morphisms we have

(TH)(y(w)) = 0(f(u)) = 6(f' (")) = (Tf)(7'(v')) and by monotonicity and natural-
ity of A again we find

V(W) € (TF) Ay (Brs---,60)) = A ((F) 761D, () 7H(6R)) € A (als -5 ap,)-
This proves the proposition. ]

2.35 Example (Descriptive frames). As a first example of logic on a Stone-coalgebra,
we mention descriptive frames for modal logic [37]. Descriptive frames turn out to be
coalgebras for the Vietoris functor:
For a topological space X let VX be the set of closed subsets of X topologised by the
subbase
Ba:={6eVX|bca}, Ba:={6eVX|anb=+g},

where a ranges over the opens of X. This assignment can be extended to a functor on
Top by defining Vf : VX — VX' to be the direct image of f, for continuous functions
f:X - X' It is well known that the Vietoris functor restricts to KTop, KHaus and
Stone, and that the category of descriptive frames and its morphisms is isomorphic to
Coalg(Vstone) [37]. For a thorough survey of properties of the Vietoris functor, see
[58]. <

Descriptive monotone frames are another important example of Stone-coalgebras.
Below we give a way to view these as Stone coalgebras which is slightly different from,
but equivalent to [16, 21]. The example will also play a role in the next chapter.

2.36 Definition ([20], Definition 7.30). A general monotone frame is a triple (X, i, A)
where (X, 1) is a monotone frame and A € PX is a collection of admissible subsets of
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X which contains @ and X and is closed under finite intersection, finite union, taking
complements and the map

my :PX >PX:ar{zeX|acpu(r)}

A general monotone frame morphism from (X, pu, A) to (X', u', A") is a bounded
morphism f : (X,u) - (X', 1) between the underlying monotone frames such that
fla")eAforalla e A

Let X denote the topological space with underlying set X topologised by the clopen
subbase A. A general monotone frame is called differentiated if x € a < 2’ € a for all
a € A implies x = 2. Tt is called tight if for all x € X, c € KX and « ¢ X we have

o ¢ cv(x) iff every admissible superset a 2 ¢ is in v(z); and
o u ¢ v(x) iff there exists a closed subset ¢ € « that is in v(x).

A general monotone frame is called compact if A is compact. A descriptive monotone
frame is differentiated, tight and compact general monotone frame. <

The following definition is taken from [16] and is equivalent to definition 3.9 in [21].

2.37 Definition. For a Stone space X = (X, 7) define DX to be the collection of sets
W c PX such that a € W iff there exists a closed ¢ € a such that every clopen superset
of ¢ is in W. Endow D, X with the topology generated by the clopen subbase

Ba:={WeD,X|aeW}, &®a={WeD,X|Xa¢W},

where a ranges over Clp X.
For continuous functions f: X — X' define

DLf:DLX > DX W~ {a ePX | f(a) e W} N

Descriptive monotone frames are known to be coalgebras for DZ,. In fact, the cate-
gory of descriptive conditional frames and general monotone frame morphisms, DMF, is
isomorphic to the category of D,-coalgebras and D'-coalgebra morphisms [21],

DMF = Coalg(DL,).

The functor Dg in the next definition arises from definition 2.37 by replacing the use

of clopen sets by open sets. This functor will turn out to be equivalent to D, but allows

for a generalisation to the category of compact Hausdorff spaces in section 3.3.

2.38 Definition. Let X = (X, 7) be a Stone space. Let DgX be the collection of sets
W cPX such that a € W iff there exists a closed ¢ € u such that every open superset of
c is in W. Endow DgX with the topology generated by the subbase

Ba:={WeDyX|aecW}, ®a:={WeDagX|X\a¢W},

where a ranges over QX. For continuous functions f : X — X' define Dg f : Dt X —
DX : W = {a' e PX | f1(a") e W}. <

2.39 Lemma. If f : X — X' is a morphism in Stone, then Dgf is a well-defined
continuous function from DgX to DX
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Proof. Dg f is well-defined. Let W € DgX. We need to show that D f(W) € Dg;X'.
Suppose a’ € Dg. f(W). Then f~'[a’] € W and so there exists a closed ¢ ¢ f~1[a’] such
that ¢ € W. Since X is compact and X' is Hausdorff, f[c] is a closed set in X'. Besides
flc] € @’. Suppose f[c] € 6 for some open 6 € QX', then ¢ ¢ f71[6] so f71[6] ¢ W
and hence 6 € Dgt f(W). So all open supersets of f[c] are in Dg f(WW), and therefore
fle] € Der f(W).

Dsf is continuous. For continuity we need to show that both (D f) [®a’] and
(Dt f)"[®a’] are open in DX, whenever a’ € Q(X'). It follows for a straightforward
computation that (D f) ' (®a’) = @f!(a’), which is open in DgX by definition. In a
similar way we find (Dgf) "} (®a’) = & f[a'] € WDgX. O

Note that the first part of the previous lemma makes use of the fact that X is compact
and X' is Hausdorff.

For an element W € DgX its upward closure is defined by (W) = {u ¢ X | Ju €
W s.t. @’ € u}. The following lemma gives a more intuitive characterisation of the action
of D¢t on morphisms. The proof is straightforward.

2.40 Lemma. Let f:X — X' be a continuous map between compact Hausdorff spaces
and suppose W € DgX. Then

Dse f(W) =1({f[u] |w e W}).

Finally, let us show that definition 2.38 is equivalent to definition 2.37 when restricted
to Stone. It will follow as a corollary that DgX is a Stone space whenever X is a Stone
space.

2.41 Theorem. Let X = (X, 7) be a Stone space. Then DgX = DL X.

Proof. We first show that the sets underlying both topological spaces are the same. It
is obvious that DX € DLX. Conversely, take W e DLX. To show that W € DgX take
an arbitrary a € W. By definition of D, X there exists a closed set £ € a such that all
clopen supersets of £ are in W. Let 6 be any open superset of £. Since the clopen sets
form a basis for X, for each x € a we can find a clopen ¢, such that z € ¢, € 6. The
set £ is covered by a finite amount of such sets because it is closed and X is compact.
Therefore there is a clopen set ¢ such that £ ¢ ¢ € 6. By assumption we have ¢ € W,
hence 6 € W. This shows that for all a € W there is a closed subset £ of a such that
every open superset of £ is in W, so W e DgX.

Next let us compare the topologies. It follows immediately form the definitions that
QDLX ¢ ODgX. For the converse, it suffices to show that Ba,®a € QDLX for a € QX.
Suppose W € Ba. Then a € W hence there is a closed £ € a such that all open supersets
of £ are in W. Since X is a Stone space there exists a clopen ¢ such that £ €c ca. By
assumption ¢ € W, so W € @mc. Since Bc € Ha, this proves that every element in Ba has
an open neighbourhood in QDX contained in Ba, hence Ba € QDL X. The case of ®
can be treated similarly. O

2.42 Corollary. The functor De is an endofunctor on Stone.

Another guiding example of logic on Stone-coalgebras is that of descriptive condi-
tional frames, which will be developed in chapter 5.

23



3

Coalgebraic geometric logic

In this chapter we investigate how one can extend geometric logic (i.e. logic with finite
conjunctions and infinite disjunctions) with extra modalities. Some advances have been
made in this field: Johnstone [29] defines a point-free, syntactic version of the Vietoris
functor, using an extension of geometric logic with two unary operators, O and <.
Furthermore, in [57] the authors define the so-called Vietoris powerlocale functor Vi :
Frm — Frm for a given set functor T which satisfies some categorical properties, and
take steps towards developing a logic with finite conjunctions, infinite disjunctions and
a single modality.

Whereas the authors of [57] use the method of relation lifting to define the new
modality, we use a modified form of predicate liftings. Besides, where they take an alge-
braic point of view, we adopt a topological approach. A category of (certain) topological
spaces will form the base category of the coalgebras that we use, and the open sets serve
as the interpretants of proposition letters.

In the Stone case, there is a dual equivalence between Stone and BA; the clopen sets
in a Stone space, which are the interpretants of the proposition letters, form a Boolean
algebra. This allows one to take both a topological and an algebraic point of view,
i.e., every endofunctor on Stone gives rise, via this duality, to an endofunctor on BA
and vice versa. In the new setting for coalgebraic geometric logic a similar duality is
desirable. The open sets of a topological space also form an algebraic structure: a frame.
In order to have a dual equivalence between topological spaces and frames, we have to
restrict both categories (the category of topological spaces and continuous maps and the
category of frames and frame homomorphisms) to suitable full subcategories. We will
see in section 3.1 that there are several possibilities for this restriction. It is not a priori
clear which of these is the right one. Throughout the chapter we will encounter pros and
cons of each of these possibilities.

This chapter is structured as follows: In section 3.1 we lay the foundations for this
chapter by investigating geometric logic and dualities. We find three candidates for the
base category of coalgebraic geometric logic: the (full) subcategories of Top whose objects
are sober spaces, compact sober spaces and compact Hausdorff spaces respectively. In
the subsequent sections we develop coalgebraic geometric logic (section 3.2), examine two
examples (section 3.3) and investigate bisimulations between the models for coalgebraic
logic (section 3.4). The choice of base category will be continually remarked upon;
where possible we will give definitions and results for all choices and whenever this is
not possible we will indicate the problem.
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3.1 GEOMETRIC LOGIC AND DUALITY

Before defining geometric logic, we recall some definitions concerning frames.

3.1 Definition. A frame is a complete lattice I’ in which for all a € F and S € F' the
infinite distributive law holds:

an\/S=\{anrs]|seS}.

A frame homomorphism is a function between frames that preserves finite meets and
arbitrary joins. 4

3.2 Definition. A presentation is a pair (G, R) where G is a set of generators and
R is a collection of relations between expressions constructed from the generators using
arbitrary joints and finite meets.

Let F be a frame. Recall that ZF is the underlying frame. We say that (G, R)
presents F' if there is an assignment f : G — ZF of the generators such that (i), (ii)
and (iii) hold:

(i) The set {f(g) | g € G} generates F.

The assignment f can be extended to an assignement ffor any expression x build from
the generators in G using A and V. We require

(ii) If z = 2’ is a relation in R, then f(z) = f(z') in F.

(iii) For any F’ and assignment f’: G — ZF' satisfying property (ii) there exists a
frame homomorphism h : F' — F’ such that the diagram

G . 7F

f\‘ |2

ZF'
commutes. <

The frame homomorphism from (iii) is necessarily unique, because the image of the
generating set {f(g) | g € G} under h is determined by the diagram. A detailed account
of frame presentations may be found in chapter 4 of [59].

3.3 Remark. We will regularly want to define a frame homomorphism F' — F’ from a
frame F presented by (G, R) to some frame F’. By definition 3.2 it suffices to give an
assignment f’: G — F' such that (ii) holds, because this yields a unique frame homomor-
phism F' — F’. By abuse of notation, we will denote the unique frame homomorphism
F — F’ such that the diagram in (iii) commutes with f" as well.

The next propositions allows us to define a frame by generators and relations. A
proof can be found in [29, Proposition 112.11].

3.4 Proposition. Any presentation by generators and relations presents a frame.

3.5 Definition. A set B of elements in a frame F' is called directed if for all a,b € B
there is a ¢ € B such that a < ¢ and b < ¢. We denote the disjunction V B of a directed
set B by \!' B, that is, the symbol \/ indicates that the set B is a directed set.

A collection B € PX of subsets of a set X is called directed if for all a,b € B there is
a ¢ € B such that a € ¢ and b € ¢. We write U B for the union U B of such a directed set
B. <
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The opens of a topological space with the inclusion order provide an example of a
frame. In this case the meet and join are simply set-theoretic intersection and union.
Indeed, a finite meet of open sets is again open, as is an arbitrary union of opens. In
fact, there is a contravariant functor Top — Frm sending a topological space to its frame
of open sets.

3.6 Definition. Let X be a topological space. Define opnX to be the frame of open sets
of X (that is, the collection of open sets ordered by inclusion; it is routine to check that
this is indeed a lattice). For a continuous function f: X — X' let opn f = f~':opnX’ —
opnX. The map opn: Top — Frm is a contravariant functor.

A frame isomorphic to opnX for some topological space X is called spatial. <

An equivalent definition of spatiality is given in [29, IT1.5]. The following definition
is stated for future reference.

3.7 Definition. Let F' be a frame. A filter in F' is a nonempty upwards closed set J
such that a,b € J implies a Ab e J. A filter is called prime if a v b€ J implies a € J or
b e J. A completely prime filter is a filter such that for all S ¢ A, V.S € J implies
there is a € S with a € J.

For a,b € F' we say that a is well inside b, notation: a £ b, if there is a ¢ € F' such
that cAa =1 and ¢vb=T. An element a € F is called regular if a = \/{be F' | b < a}
and a frame is called regular if all of its elements are regular. The negation of a € F
is defined as ~a =V{be F|anb=1}.

A frame F is compact if for all directed sets S, 'S = T implies T € S. <4

3.8 Lemma. For all elements a,b in a frame F we have a 2 b iff ~avb=T.
Proof. See III1.1 in [29]. O
3.9 Lemma. Finite meets and arbitrary joins of reqular elements are regular.

Proof. 1t is known that d < ¢ ¢ a < b implies d € b. We first show that ¢ € a and d € b
implies cAd € anb. Tt is clear that cAd € a and cAd 2 b. Since ~(cAd) v (anb) =
(~(end)va)n(~(cAd)vb)=TAT=T we know crdZanb.

Now suppose a and b are regular elements, then

anb=\/{c|cza}a\/{d|dzb}=\/{crnd|cza,dzb}<\/{c|cZanb}<and,

so a A b is regular. If a; is regular for all ¢ in some index set I, then

\/az‘=\/(\/{clc<ai})S\/{c|cé\/ai}£\/ai,

iel iel iel iel
so an arbitrary join of regular elements is regular. O

Now let us proceed to geometric logic. As stated in the introduction, geometric
logic can be viewed as the logic of finitely observable statements. A finitely observable
statement is a statement which can be verified in a finite amount of time. For example,
the statement

“There exist glow-in-the-dark turtles.”
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To verify this statement, it suffices to find a single glow-in-the-dark turtle. Therefore
the statement is finitely observable. On the other hand, to refute the statement, one
would have to find all turtles in the world and check that they do not glow in the dark.
To be complete, one should also check all past and future turtles. In a practical sense,
this statement can never be refuted. Thus, the statement

“Glow-in-the-dark turtles do not exist”

is not finitely observable.!

The previous discussion shows that finitely observable statements are not closed un-
der taking negations. The reader can easily convince himself that the collection of finitely
observable statements is not closed under implications either. However, finitely observ-
able statements are closed under taking arbitrary disjunctions and finite conjunctions.
This intuition leads to the following definition of geometric logic.

3.10 Definition. Let ® be a set of proposition letters. The geometric formulae over ¢
are given by
pu=T|pleine2 | Ve,
i€l

where p € . We abbreviate 1 =V @. Write G.L for the collection of geometric formulas.

A sequent is a pair of G.L-formulas. We write ¢ + 1) if (¢, 1) is a sequent. Intuitively,
this should be thought of as “p implies ”. A geometric theory over ® is a collection
of sequents that contains the axioms ¢ + ¢ and is closed under the following rules: cut

P =X
prX

the conjuction rules

- +
prpry, LEY_PEX

CET, @AY,
orEYAX

the disjunction rules

w1 (for all peb)

e\ S (pes), VS o

and frame distributivity

oAV SH\{pnry|yeSt.

Let T be a theory. If T contains ¢ + 1 and ¥ + ¢ we say that ¢ and ¥ are equivalent
with respect to T. We call ¢ and 1 equivalent if they are equivalent with respect to
every theory. <

3.11 Remark. The collection GL is not generally a set; it may be a proper class.
However, frame distributivity allows us to reduce every formula to an equivalent dis-
junction of finite conjunctions of symbols in ®. Therefore the collection of formulas
modulo equivalence forms a set. Let T be a geometric theory. The rules imply that the
Lindenbaum-Tarski algebra, i.e. the set of geometric formulas modulo equivalence with
respect to T of a theory is a frame [62]. Accordingly, we shall call it the Lindenbaum-
Tarski frame.

!The existence of glow in the dark turtles has never been refuted. In fact, they have been observed
recently. See [19] for a scientific article and [41] for a video.
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For more information about the connection between geometric logic and frames we
refer to [62]. Topological spaces with a valuation form models for geometric logic.

3.12 Definition. A valuation of a topological space X is a map V : & - QX. One may
define truth of G.L-formulas in X = (X, V') inductively by

[[I*=UX, DI*=V(®), [b1ned®=lel* nleal [V @il = Uled™.

iel i€l
We write X,z I- ¢ iff 2 € [¢]*. N

In definition 3.6 we have seen the functor opn : Top — Frm. We will now define a
functor in the opposite direction that is right adjoint to opn.

3.13 Definition. A point of a frame F is a frame homomorphism p : F' — 2, with
2 ={T, 1} the two-element frame. Let pt F' be the collection of points of F' endowed with
the topology {@ | a € F'}, where @ = {p € ptF | p(a) = T}. For a frame homomorphism
f:F — F' define ptf : pt F' - ptF by p~ po f. The assignment pt defines a functor
Frm — Top.

A topological space that arises as the space of points of a lattice is called sober. The
sobrification of a topological space X is pt(opnX). <

There is a 1-1 correspondence between the points of a frame and the completely
prime filters of the frame: For a completely prime filter F' the map pg : A — 2 defined
by pp(a) =T iff a € F and pp(a) = L if a ¢ F is a point. Conversely, for a point p the set
p~1(T) is a completely prime filter.

Write SFrm, KSFrm and KRFrm for the full subcategories of Frm whose objects are
spatial frames, compact spatial frames and compact regular frames, respectively. For
topological spaces, write Sob, KSob and KHaus for the full subcategories of Top whose ob-
jects are sober spaces, compact sober spaces and compact Hausdorff spaces respectively.
Furthermore, we write = for an equivalence between categories.

3.14 Proposition. The functor pt is a right adjoint to opn. This adjunction restricts
to a duality between the category of spatial frames and the category of sober spaces,

SFrm = Sob®P.
This duality restricts to the dualities

KSFrm = KSob®P

and
KRFrm = KHaus®?.

For a more thorough exposition of frames and spaces, and a proof of the statements in
proposition 3.14 we refer to section C1.2 of [31]. We explicitly mention one isomorphism
which is part of this duality, because we will encounter it later on in this thesis.

3.15 Remark. Let X be a sober space. Then proposition 3.14 entails that there is an
isomorphism X — pt(opnX). This isomorphism is given by x — p,, where p, is the point
given by

a~»T ifxea

a1 ifzé¢a

px:oanC—>2:{

for all z € X and a € QX.
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3.2 COALGEBRAIC GEOMETRIC LOGIC

As stated in the introduction of this chapter, it is not clear what base space we should use
for the models of coalgebraic geometric logic. We have seen at the end of the previous
section three candidates, Sob, KSob and KHaus, which all have a dually equivalent
algebraic counterpart. We will start this section with defining the language and semantics
for coalgebraic geometric logic and thereafter relate the notions of modal equivalence and
behavioural equivalence.

The definitions of predicate liftings, geometric T-models, the language and its se-
mantics are the same whether we are working on Sob, KSob or KHaus. We write C for
any of these categories.

3.16 Definition. Let T be an endofunctor on C. An open predicate lifting for T is
a natural transformation

A: Q"> QoT.

A collection of open predicate liftings for T is called a geometric modal signature
for T. An open predicate lifting is called monotone in its i-th argument if for all
ai,...,an,6 we have Ax(ai,...,a;,...,an) € Ax(a,...,a;Ub,...,a,) and monotone if
it is monotone in every argument. A geometric modal signature for a functor T is called
monotone if every open predicate lifting in it is monotone, and characteristic if for
every object X in C the collection

{Ax(ai,...,an) | A€ A n-ary ,a; € QX}
is a sub-base for the topology on TX. <

Note that if T is an endofunctor on Sob that restricts to KSob or KHaus, then an
open predicate lifting A for T restricts to an open predicate lifting for KSob or KHaus
respectively.

The next two definitions are the analogs of definitions 2.26 and 2.27. Recall that ¢
is some fixed set of proposition letters.

3.17 Definition. A geometric T-model for a functor T : C - Cis a triple X = (X,~,V)
where (X,~) is a T-coalgebra and V : & — QX is a valuation of the proposition letters.
A map f:X - X' is a geometric T-model morphism from (X,v,V) to (X',~',V’)
if f is a coalgebra morphism between the underlying coalgebras and f~' oV’ =V. The
collection of geometric T-models and geometric T-model morphisms forms a category,
which we denote by Mod(T). N

3.18 Definition. The language induced by a geometric modal signature is the collec-
tion GML(A) of formulas defined by the grammar

pi=TIplernea| Vi |9 (o1, 0m),
where p € ® and X € A is n-ary. Abbreviate L =V @. <

3.19 Definition. The semantics of ¢ € GML(A) on a geometric T-model X = (X,~,V),
where T is an endofunctor on C, is given recursively by

M5 =X, I =V(), [prvl* =l nel*, Vel =Ulwl,

iel iel
[0 (@1, )] =7 Qe ([l - [en] ™))

We write X,z I ¢ iff z € [¢]*. Two states 2 and 2’ are called modally equivalent if
they satisfy the same formulas, notation z =5 z’. <
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The following proposition shows that morphisms preserve truth. Its proof is similar
to the proof of theorem 6.17 in [56]. We give it here for the sake of completeness.

3.20 Proposition. Let T : C - C be a functor and A a geometric modal signature for
T. Let X = (X,~,V) and X' = (X',7", V') be geometric T-models and let f:X - X' be a
geometric T-model morphism. Then for all p € GML(A) and x € X we have

X,zikp iff X f(z) -

Proof. We will prove that [¢]¥ = (Qf)[¢]* for all formulas ¢ using induction on the
complexity of the formula. The propositional case follows from the definition of a ge-
ometric T-model morphism. The cases A and V are routine, so the only case left is
[0M1,- o0 = (@OIA 1ss 0n)] ¥

Since f is a coalgebra morphism the left diagram below commutes. Applying 2 to
the diagram yields the right commutative diagram.

x —L o x ox —H ax
vl lv’ Q’YT TQV' (3.1)
TX —+ TX' UATX) g7y Q(TX')
We observe
[9* (1, - 0n)] = () O ([l - - - [en]™)) (definition 3.19)
= (27) Qe (D[] ™, -, () [ea] ) (induction)
= () (UTH A ([ea] ¥ [on] ™)) (naturality of A)
= QN ([l [en]™) (by (3.1))
= (N[ 1, .- 0n)]F (definition 3.19)
This proves the proposition. O

We will now relate modal equivalence to behavioural equivalence. It is necessary to
restrict our attention to a single base category, namely Sob, rather than the base category
C we have been working with until now. The following remark is very important.

3.21 Remark. The notion of behavioural equivalence depends on the base category
we are working over! Suppose T is a functor on Sob, A is a geometric modal signature
for T and X = (X,v,V) and X' = (X',7/,V’) are two geometric T-models. If z € X
and z’ € X' are behaviourally equivalent, then there exists a 3 € Mod(T) and model
morphisms f: X - 3 and f': X’ — 3 such that f(z) = f'(2).

Now suppose that T restricts to KHaus (write Tkpaus for this restriction) and X and
X’ happen to be compact Hausdorff spaces. If we view X and X' as geometric TkHaus-
models, the elements z and z’ are not necessarily behaviourally equivalent. Indeed, the
model 3 need not be compact Hausdorff. Therefore, we should be careful with the notion
of behavioural equivalence and, if ambiguity arises, specify with respect to which base
category the elements are behaviourally equivalent.

It turns out that modal equivalence and behavioural equivalence coincide when C =
Sob and the geometric modal signature for a functor is characteristic. The remainder of
this section is devoted to proving the following theorem, and a variation thereof.
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3.22 Theorem. Let T be an endofunctor on Sob, A a characteristic geometric modal
signature for T and X = (X,~,V) and X' = (X',7', V') two geometric T-models. Then
xeX and 2’ € X' are modally equivalent if and only if they are behaviourally equivalent.

In order to prove this theorem, we first investigate the necessary constructions.

3.23 Definition. Let T be an endofunctor on C and A a geometric modal signature
for T. We call two formulas ¢ and v equivalent on Mod(T) with respect to A, notation
p=r A if X2k @ iff X, 21+ for all geometric T-models X and states x € X. Denote
the equivalence class of ¢ by [p]. Let Equiv(T,A,®) be the collection of formulas
modulo =7 5 and define disjunction and arbitrary conjunction by

[e] A L] = [p A y]
Vied=[ Ve

iel iel

(This is well defined by lemma 3.24.) We call this the equivalence frame for T with
respect to A. <

3.24 Lemma. Let T be an endofunctor on C and A a geometric modal signature for T.
Then Equiv(T, A, ®) is indeed a frame.

Proof. We need to show the conjunction and disjunction from definition 3.23 are well
defined, that is, they do not rely on the choice of the representatives. Suppose ¢; =t A ¥;
for all 7 in some index set I. Then

X,zi-\ i Mt X,zi-g; forsomeiel iff X,z iff X,z \/ ¢
iel iel

The case for the conjunction is similar. O

The theory of a point z in a geometric T-model X is the collection of formulas that
are true at x. It is easy to show that the theory of x is a completely prime filter in
Equiv(T, A, ®). This motivate the next definition.

3.25 Definition. Let T be an endofunctor on C and A a geometric modal signature for
T. Define Z = pt(Equiv(T, A, ®)). For every geometric T-model X = (X,~, V') define

thy : X > Z:2- {pe GML(A) | X,z I+ ¢}. N

The space Z will turn out to be the state space of a final coalgebra in Mod(T). We
use the letter Z because it is the final letter of the roman alphabet. The functor T has
a dual on SFrm.

3.26 Definition. Let T be a functor on Sob and A a characteristic geometric modal
signature for T. Define

L:Frm — Frm
by

L =opnoT o pt.
Obviously, this functor restricts to an endofunctor on SFrm, where it is (trivially) dual
to T. <
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We will now endow Equiv(T, A, ®) with an L-algebra structure. For tidiness, and
because no confusion is likely to arise, we will write & for Equiv(T, A, ®).

Since A is characteristic, the frame L& is generated by the sets {Ax(a1,...,an)| A€
A a; € QZ}. Therefore we can define an assignment on these generators and use remark
3.3 to extend this to a frame homomorphism LE — &. Recall that by definition all open
sets of pt& are of the form @ for some formula p € GML(A).

3.27 Definition. Endow & with an LL-algebra structure § : L& — &, where ¢ is defined
on generators by

0: L€~ 8: Ax(B1,.., Fn) = [0 (o1, 0n)]. <
3.28 Lemma. § is well defined.

Proof. In order to prove that this is well-defined we need to show that the images of the
generators of & satisfy the same relations that they satisfy in L&. Recall Z = pt &, then
L& = opn(TZ). We need to show that

U(NA @ 80)) = U (N AEE L 38)) (32)

iel " jeJ; keK " fleLy,

implies

\/( /\ QMJ(SD%J‘V' ’Son” ) =T,A \/ ( /\ Q A ké?" 790nke)) (3'3)

iel " jeJ; keK " (leLy

where the J; and Lj are finite index sets. We will see that this follows from naturality of
A. Our strategy is to show that the truth sets of the right hand-side and left hand-side
of (3.3) coincide in every geometric T-model X = (X,~, V).

Observe that the map thy : X — 2, which sends a point to its theory, is continuous
because

thy! (@) = [¢]*, (3.4)

which is open in X for all formulas ¢. Compute

U( N AT T 19)

7T\ e,
- g(JQ A (thz" (@), - th3 (B ) (by (3.4))
-U (]Qi(T the) LY (B, .8 ) (naturality of \)
=(Tthx)‘1(i€LJ](jQiW(¢iJ, L)) (+)
= (T thx)’l(kg( ( /Q P ,{Eﬁfj))) (assumption (3.2))
=kg{(zgk(’]rthx) TOR@E L) (%)
= U (0 R R 1 i () (aturality of A
-U ( o AP, ot 1) (by (3.4))
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The steps with () hold because inverse images of maps preserve all unions and inter-
sections. This entails that for all geometric T-models and all states = in X we have

Ai’j -7 . .7 . . )\k,e k;’e k_7£
%,xw\/(/\v (gozl‘],...7(p;f’j)) iff %,xw\/(/\v PL s Py ),
iel " jed; keK " fleLy

and hence (3.3) holds. Therefore § is well defined. O

Since we defined ¢ on generators of L&, by remark 3.3 it extends to a frame homo-
morphism which, by abuse of notation, we shall also denote by §. The algebra structure
on & entails a coalgebra structure on Z.

3.29 Definition. Let (: Z — TZ be the composition

k—l
pte LN pt(LE) == pt(opn(T(pt&))) —— T(pt&)

Here krgpig) : T(pt&) — pt(opn(T(pt&))) is the isomorphism given in remark 3.15. Since
Z = pt & this indeed defines a map Z — TZ. <

For an object I' € Z, (ptd)(T") is the completely prime filter

F={X@1,...,5n) ept(opn(T(pt€))) | [0 (1, .-, on)] €T}

in pt(opn(T(pt&))). The element ((I') is the unique element in T(pt&) that corresponds
to F' under the isomorphism krpg). By definition of kp(y ), this is the unique element
in the intersection of

(NP1, Bn) | [9Met1, .- -, on)] €T

Moreover, it follows from the definition of kp(,g) that [OMp1,...,0n)] ¢ T implies
C(T) X, Bn).

Notation. If no confusion is likely to occur we will omit the square brackets that indicate
equivalence classes of formulas in &. That is, we shall write ¢ € & instead of [¢] € &.

3.30 Definition. Let Vg, : ® - QZ be the valuation p — P. <

The triple 3 = (%, (, V) is a geometric T-model, because it is a T-coalgebra with a
valuation. We can prove a truth lemma for 3:

3.31 Lemma (Truth lemma). We have 3, "I ¢ iff o €.

Proof. Use induction on the complexity of the formula. The propositional case follows
immediately from the definition of V. The cases ¢ = 1 Aps and ¢ = V,¢; ¢; are routine.
So suppose ¢ = 91, ..., ¢,). We have

3.0 0MNo1,. . 0n) iff (D) edx([e1]®,-- ., [en]?) (definition of I+)
iff {(T) e Ag(P1y---, Pn) (induction)
iff OMep1,...,0n) €l (definition of ¢)

This proves the lemma. O

3.32 Proposition. For every geometric T-model X = (X,~,V) the map thy : X - Z is
a T-coalgebra morphism.

33



Proof. We need to show that the following diagram commutes:

thy

X Z
|k
TX Tne TZ

Let x € X. Since TZ is sober, hence Ty, it suffices to show that T thx(y(x)) and ((thx(x))
are in precisely the same opens of TZ. Moreover, we know that the open sets of TZ
are generated by the sets Ay (&1,...,Pn), so it suffices to show that for all A € A and
i € GML(A) we have

This follows from the following computation,

Tthy(v(z)) € Ay (P1, ..., Pn)
iff  y(z) e (Tthy) ' (A(B1- .., Pn))

iff  y(x) € Ax(thx' (31), ..., the (F,)) (naturality of \)
iff (2) e ([ - Teal®) (by (3.4))
iff X,z 9N, ..., on) (definition of I+)
iff M1, ..., on) € the(x) (definition of thy)
iff  ((thx(x)) € Ay(P1,y.-.,Pn) (definition of ()
This proves the proposition. O

3.33 Theorem. The geometric T-model 3 = (%, (, V) is final in Mod(T).

Proof. Proposition 3.32 states that for every geometric T-model X = (X,v,V) there
exists a T-coalgebra morphism thy : X — 3, so we only need to show that this morphism
is unique.

Let f: X — 3 be any coalgebra morphism. We know from proposition 3.20 coalgebra
morphisms preserve truth, so for all z € X we have p € f(z) iff 3, f(x) IF ¢ iff X, 21+ ¢.
Therefore we must have f(z) = thy(x). O

We now have all the tools to prove theorem 3.22.

3.22 Theorem. Let T be an endofunctor on Sob, A a characteristic geometric modal
signature for T and X = (X,~,V) and X' = (X',7', V') two geometric T-models. Then
zeX and 2’ € X' are modally equivalent if and only if they are behaviourally equivalent.

Proof of theorem 3.22. Tt follow from proposition 3.32 and theorem 3.33 that 3 = (%, ¢, V)
is final in Mod(T). Suppose z and z’ are modally equivalent, then thy : X - Z and
thy : X' - Z' are T-model morphisms such that thy(z) = thy(2'), so  and 2’ are
behaviourally equivalent. Conversely, if z and z’ are behaviourally equivalent, then we
must have thy(z) = thy(2) so x =5 2. O

Theorem 3.22 does not simply carry over to coalgebras on compact Hausdorff spaces.
The reason is that the equivalence frame is not necessarily compact or regular. Therefore
its dual, which is the prime candidate of the state space of a final coalgebra, need not
be compact Hausdorff. This hinders the construction of a final coalgebra of theories.
However, with a little work we can achieve a similar result for the base category KSob
of compact sober spaces and continuous maps.
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3.34 Theorem. Let T be an endofunctor on KSob, A a characteristic geometric modal
signature for T and X = (X,~,V) and X' = (X',+', V") two geometric T-models. Then
xeX and 2’ € X" are modally equivalent if and only if they are behaviourally equivalent.

Proof. If x and 2’ are behaviourally equivalent, then there exists a geometric Tksop-
model U = (W, v, V) and T-model morphisms f : X - & and f’ : X’ - 4 such that
f(z)=f'(2"). Tt follows from proposition 3.20 that x and z’ are modally equivalent.

For the converse, we use a procedure similar to the one in between the statement of
theorem 3.22 and its proof.

Suppose z and z’ are modally equivalent. Define the equivalence relation =5 on
GML(A) by ¢ =5 o iff [¢]* = [¢]F and [¢]* = [¢]*. Let & be the collection of
formulae modulo =2 and denote by [¢] the equivalence class of ¢ in &. (Note these square
brackets mean something different than the ones in definition 3.23.) Define disjunction
and conjunction by

[Pl [0 =[pnv] and Vied:=[Veil
iel iel
It is routine to check that & is indeed a frame. We claim that &y is compact.

3.34.A Claim. The frame &y is compact.

Proof of claim. Suppose Vicr[wi] =[T] in &. Then V5 p; =2 T, so by definition
Ulpl® =X and  Ulp]™ = X"
iel iel
By compactness of X and X' there exist finite sets J,.J’ ¢ I such that
Ulpd* =% and U™ =X".
ieJ ieJ’

It follows that

V pi= T

ieJuJ’

This proves compactness of 8. O

Let Y := pt(&2). Then Y is a compact sober space. It is easy to see that the theory of
a point in X or X', i.e. the collection of formulas it satisfies, is a completely prime filter
in 8. Therefore we may define

thy : X >Y:z - {pe GML(A) | X,z I ¢}.

For every open set [¢] in Y we have th%([?z;]) ={zeX|X,z1r ¢} = [p]*. Since [¢]* is
open in X this shows that th} is continuous. Similarly, we may define a continuous map
thy : X' > Y.

Let I be the functor I = opnoT o pt on KSFrm. Then L is dual to T. Since A is
characteristic, the frame L&, is generated by the sets

My(len]s- s len]) [A e A [i] € QY

Endow & with an LL-algebra structure s : L& — & defined on generators by

§:L& — & : My([o1],-- - [en]) ~ [0 o1, ..., on)]-
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One can proof that do is well defined in a manner similar to the proof of 3.28. It then
follows from remark 3.3 that the assignment Jdo indeed defines a homomorphism, which
we shall also call ds.

We use the algebra structure on & to define a coalgebra on Y. Let 5:Y - TY be
the composition

k_l té&
P8y —0s pt(LEy) —— pt(opn(T(pt&s))) —d T(ptéy).

Here kr(ps,) : T(pt&2) — pt(opn(T(pté2))) is the isomorphism given in remark 3.15.
Since Y = pt & this indeed defines a continuous map Y — TY. It follows from unravelling
the definitions that for any I" € Y, the image 5(T") is the unique element x in TY satisfying

B(F) € Ay(mv" : 7m) it [Q?A((Pla- . wSOn)] el

Endow the coalgebra (Y, 5) with the valuation Vy: ® - QY : p — [p] and set

9 =(Y,8,Vy).
3.34.B Claim. The maps th% : X - Y and th, : X - Y are T-coalgebra morphism.

Proof of claim. We show this for thy : X - Y, the case for th}, being similar. We need
to show that the following diagram commutes:

!
thf

X —Y

| ls
TX m» TY

Let x € X. By the reasoning from proposition 3.32 it suffices to show that for all XA € A
and ¢; € GML(A) we have

Tthi(v(2)) € dy([e1]s-- - [en]) iff B(thy(2)) € Ay([e1],- -, [en])-

This follows from the following computation,

Tthy(v(x)) € Ay([w1],-- -, [¢nl])
iff y(x) e (Tthy) Ay ([@1],- .-, [en]))

iff y(z) € Ae((thy) 7 ([o1])s - -, (th%) " ([n]))  (naturality of A)

iff y(2) e ax([eals o [en]™) (by (3.4))

iff X,z Q?’\(cpl, ceyPn) (definition of I+)

iff Q?’\(gol, ceoypn) € thi () (definition of th)

it B(thi(z)) e Ax([o1l,-- -, [@n]) (definition of 3)
This proves the claim. O

One can easily see that if z € X and 2’ € X' are modally equivalent, then thy(z) =
thy/(2'). Since 9 = (Y, 8, Vy) is a geometric T-model and Y is a compact sober space,
this shows that z and 2" are behaviourally equivalent in Mod(T). O
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3.3 EXAMPLES

The Vietoris functor, introduced (in a different form) in [64], has been well investigated
in the literature [30, 63, 9, 58]. It is defined on the category of all topological spaces
and is known to preserve compactness, the Hausdorff property, and zero-dimensionality
[37], among others. Let Vy, denote the restriction of the Vietoris functor to KHaus
There is an Isbell dual functor N for V\, on the category of compact regular frames,
that is, there is a functor N : KRFrm — KRFrm and a natural isomorphism opnoVy, =
No opn. Coalgebras for Vi, are modal compact Hausdorff spaces. These spaces have
been extensively examined in [8].

3.35 Definition. The map N : KRFrm — KRFrm is defined on an object F' as the free
frame generated by Oa, Oa, (a € F') subject to the relations

(N1) oT=T (N2) oL=1

(N3) O(a A6) =D0a A6 (N4) O(avb)=3avob
(N5) O(a v6)<Oa v &b (N6) Oa A &6 < <O(anb)
(N7) oVA=\M{oa|ae A} (N8) OVA=\M{Calace A}.

For frame morphisms f : F' - F’ define Nf : NF' - NF” on generators by (Nf)(0a) =
0(f(a)) and (Nf)(Ca) = &(f(a)). <

In [57] a different but equivalent definition of N is given, which uses the cover modal-
ity.

We state the following proposition for future reference. A proof may be found in
[30] or in section II1.4 of [29]. An overview about dual functors for V for different base
spaces can be found in [58].

3.36 Proposition. There is a natural isomorphism opnoVkHaus 2 N o opn.

In the remainder of this section we focus on a generalisation of the monotone functor
from definition 2.38 and an Isbell dual for it. Observe that the assignment from definition
2.38 in fact defines an endofunctor on KHaus.

3.37 Definition. Let X = (X,7) be a compact Hausdorff space. Let Di,X be the
collection of sets W € PX such that a € W iff there exists a closed ¢ € « such that every
open superset of ¢ is in W. Endow Dy, X with the topology generated by the subbase

EEa::{WethDC|aEW}7 <8>a::{W€]thI)C|X\a¢W}7

where a ranges over QX. For continuous functions f : X — X' define Dy f : DiphX —
Dpp X' : W > {a e PX | f~1(a) e W}. <

The proof that Dy, f is indeed a well-defined continuous function is the same as in
lemma 2.39. We can easily show that Dy, preserves compactness.

3.38 Lemma. If X is a compact space then so is DX.

Proof. By the Alexander subbasis theorem it suffices to show that any cover of the form

UEEaiU U<8>5j

iel jeJ
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has a finite subcover. So suppose the above covers DX. Since @ € DX and & ¢ Ba for
any open set a € QX, we must have |J| > 1. Furthermore, we must have k € I such that
ay, is a superset of X \ 6; for some j € J, because otherwise the up-set 1{X \6;|j e J},
where each member is a superset of at least one of the 6;, is not in the cover.

Let j be such that X \6; ¢ ap. Let W e DX. If X \6; ¢ W then W € &6; and if
X N 6; € W then W € @ay. This shows that Bay U &6, is a finite subcover. ]

We know now that Dy, preserves compactness. However, we do not yet know whether
Dy, preserves the Hausdorff property as well. We will not prove this directly, but first
give an Isbell dual M of Dy, i.e. a functor on Frm such that for all compact Hausdorff
spaces X we have

M(opnX) = opn(DypX).

We then show that M(opnX) is compact regular, and it follows from proposition 3.14
that DX is compact Hausdorft.

3.39 Definition. Let F be a frame. Let MIF' be the frame generated by the set MF =
{Oa,Ca (a € F)} subject to the relations

(M1) a(aAb) <0a (M2) Ga<<o(avhb)
(M3) maA<Ob< L whenever aAb< L (M4) gav Ob>T whenever avb>T
(M5) oVVA=\Noa|ae A} (M6) OV A=\{Ca|ae A},

where a,b € F' and A is a directed subset of F'. For a homomorphism f: F — F’ define
Mf : MF — MF' on generators by Oa = O0f(a) and Ga — O f(a). The assignment M
defines a functor on Frm. <

The following proposition closely resembles that of proposition I1114.3 in [29].
3.40 Proposition. If F' is a regular frame, then so is MF.

Proof. We need to show that for all ¢ €e MF we have ¢ = \/{d € MF | d 2 ¢}. Tt follows
from lemma 3.9 that it suffices to focus on the generators of MF. Let a € F, then we
know V{d e MF | d 2 Oa} < Oa. Suppose b Z a in F, then by lemma 3.8 ~bva =T and
hence O~bvoa > T. Also ~bAb = 1 so it follows from (M3) that G~bA0b = 1. This
proves Ob € Oa, because the element &~b is such that G~bvOa =T and O~bADOb = 1.
Since F is regular and {be F' | b< a} is directed, it follows that

oa=0\/{beF|b<a}=\/{obeMF|b<a}<\/{deMF |d<0a}

so Oa = V{d e MF | d 2 Oa}. In a similar fashion one may show that ¢a = \V/{d € MF |
d Z &Ga). This proves the lemma. O

We now focus on a duality between Dy;, and a restriction of M. The proof of the next
theorem is similar to the proof of proposition III4.6 in [29]. The main difference with
the proof in [29] is the way we define a point of pt(M(opnX)) from a given element of
DynX. This is (of course) due to the fact that Vi, and Dy, are different functors.

3.41 Theorem. If X is a compact Hausdorff space then

pt(M(opn IX:)) ~ Dy X.
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Proof. Define a map
@ : Diw X = pt(M(opn X)) : W > pyy,

where we define pyy on generators by

Oa—T ffaeW

10W:I\/Jl(olﬂni)€)—>2:{<>a’_)l X g W

Conversely, for a point p € pt(M(opnX)) let

Wyi=t{Xa|p(Ca) =1}

This gives rise to a map v : pt(M(opnX)) - Dy X. It is clear that W), € Dy X because
it is the up-set of a collection of closed sets; indeed, for each 6 € W), there exists a closed
subset X \a ¢ 6 with p(®a) = L and by definition all open supersets of X \a are in W),

We will show that the py are well-defined, that ¢ is a bijection and that ¢ is
continuous.

3.41.A Claim. If W € DX then py : M(opnX) — 2 is a point.

Proof of claim. Since py is a frame homomorphisms defined on generators, it suffices to
check that the py (0Oa) and py (<Ga) (where the a range over QX) satisfy (M1) through
(M6) from definition 3.39. Let us check (M1), (M3) and (M5), items (M2), (M4) and
M6) being similar.

(M6)
(M1) If pw(o(anb)) =T then anb € W. Since W is upward closed a € W, so py(Da) = T.
(M3)

M3) If anb =@ then a € X \ 6. Suppose py(0a) =T then a € W so X N6 € W so
pw (©6) = 1 hence py (0a) A pw (O6) = 1.

(M5) We claim that for all W € DX and directed sets A ¢ QX we have J A € W iff there
is a € A with a € W. The direction from right to left follows from the fact that W
is upwards closed. Conversely, suppose [JA € W, then there is a closed set £ ¢ JA
with £ € W. The elements of A now cover the closed therefore compact set £, so
there is a finite A’ ¢ A with £ ¢ U A’ and since A is directed there is a € A with
UA'Ca. As£eW and £ C a it follows that a € W.

Now we have py (O0U A) = 1iff J A € W iff there is a € A with a € W iff \M{pw (0a) |
acA}=1. &

3.41.B Claim. For all p € pt(M(opnX)) we have X ~a e W), iff p(Ca) =L anda e W
iff p(Oa) =T.

Proof of claim. If p(Ga) = L then X \a € W),. Conversely, Suppose X \ a € W), then
there is some 6 with p(<&6) = L and X6 ¢ X~a. Therefore a € 6 and p(Ga) < p(O6) = 1.
This proves X \a € W, iff p(®a) = L.

If a € W), then there is X N6 € a in W), so p(O6) = L. Then a U6 = X, so it follows
from (M4) of 3.39 that p(0a) = T. If a ¢ W, and a’ < a, then there exists 6 with 6na’ = @
and 6ua = X. Since X \ 6 ¢ a, set set X \ 6 is not in W), and hence we must have
p(O6) =T. Asa’'nb = @ it follows from (M3) that p(0a’) = p(@) = 1. Now we use (M5)
and the fact that a =\!{a’ | @’ € a} (this is true because X is assumed to be compact
Hausdorff so opnX is compact regular) to find

p(0a) =\Wp(oa') |a"2a}=\{1|a' 2a} = L.

It follows that a € W), iff p(0a) = T. &
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3.41.C Claim. The maps ¢ and v define a bijection between DX and pt(M(opnX)).

Proof of claim. For p € pt(M(opnX)) and W € DX we will show that py, = p and
Wy = W. In order to prove that (the frame homomorphisms) p and pyw, coincide, it
suffices to show that they coincide on the generators of M(opnX). By definition and
claim 3.41.B have

p(Da)=T7 iff aeW, iff pw, (0a)=T

and
p((}a)=i iff X\aéWp iff pr(<>a')=J--

In order to show that W = W,,,, it suffices to show that X xa e W iff X xa e W,
for all open sets a, because elements of D, X are uniquely determined by the closed sets
they contain. This follows immediately from the definitions and claim 3.41.B,

X~aeW iff pw(Ga)=1 iff X~ael,,. &
3.41.D Claim. The map ¢ : DX — pt(M(opnX)) is continuous.

Proof of claim. The opens of pt(M(opnX)) are generated by Oa = {p | p(Da) = T} and
Sa = {p|p(Ga) =T}, for a € QX. We have

e (Ga)=¢ ' ({p|p(0a) =T}) ={W eDX |a e W} = @a

and similarly ¢ ™' ($a) = ®a. Since Ba and ®a are open in Dy, X, this proves continuity
of . O

We showed that ¢ is a bijective continuous function, hence a homeomorphism. This
completes the proof of the theorem. O

As announced before definition 3.39 we will now prove that Dy, sends a compact
Hausdorff space to a compact Hausdorff space.

3.42 Corollary. If X is a compact Hausdorff space, then so is D X.

Proof. Since X is compact Hausdorff the frame opnX is compact regular. By proposi-
tion 3.40 M(opnX) is regular. It follows from lemma 3.38 that opn(Dy,X) is compact
hence by theorem 3.41 M(opnX) is compact. So M(opnX) is compact regular. Since
pt(M(opnX)) = Dy, X the latter is compact Hausdorff by proposition 3.14. O

3.43 Remark. The proof of corollary 3.42 may appear incoherent, because of its many
switches between the frame side and the topological side. However, it demonstrates
precisely the power of a duality like the one given in theorem 3.41: regularity is easier
to prove on the frame side, whereas for compactness the topological setting was more
insightful.

It can be proven that M preserves compactness on the frame side as well. This proof
is given in section A.2 in the appendix.

Denote by My, the restriction of M to KRFrm. Theorem 3.41 yields a map M, (opnX) —
opn(Dy,X) for a compact Hausdorff space X given by

M (0pnX) ~=2P% opn(pt(Miy (0pn X)) ——2s opn(DynX).

Unravelling the definitions shows that, on generators, it is given by ODa ~ ®Ba and
Oa = da.
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3.44 Definition. For every compact Hausdorff space X define nx : My, (opnX) —
opn(Dy,X) on generators by nx(0a) = Ba and nx(<da) = ®a. By the preceding discus-
sion 1y is a well-defined frame isomorphism. <

It turns out that the maps 7y constitute a natural isomorphism.
3.45 Proposition. The collection 1 = (1x)xekHaus S @ natural isomorphism.

Proof. The isomorphism part is proposition 3.41, so we only need to show naturality.
That is, for any morphism f: X — X’ in KHaus, the following diagram commutes,

Mg (opn %) D 0 (opn )

| [

!
Upn(]D)kh)x W Upn(thx )

(Since opn is a contravariant functor, the horizontal arrows are reversed.) For this,
suppose Oa’ is a generator of M, (opnX’). Then

opn(Dyn f) o Ny (0a) = opn(Dyn f)(Ba) By definition 3.44
= (Dunf) H(Ba) By definition of opn
=mf!(a) By lemma 2.39
=nx(0f ' (a)) By definition 3.44
= 1x o M, (f(Da)) By definition of M
=1 o My, (opn f)(Da). By definition of opn

and by analogous reasoning QDyp f o 1y (<Ga) = nyx o My, (opn f)(<Ca). This proves that
the diagram commutes. O

Applying proposition A.6 to the previous proposition yields the following corollary.
3.46 Corollary. There is a dual equivalence
Alg(My,) = Coalg(Dn).

The functor Dy, is the analog of the monotone functor from example 2.7 and gives
rise to monotone logic on compact Hausdorff spaces. The fact that for both V,;, and
Dy, the functor given on objects by taking a free frame modulo the axioms of the logic,
suggests that KHaus is the most suitable base category for coalgebraic geometric logic.

The functor M whose restriction is dual to Dy, is defined for arbitrary frames, not just
for compact regular frames. Similarly, the action of Dyj, on objects could be applied to
any topological space, not just to compact Hausdorff spaces. (As we have seen in lemma
2.39 the morphisms, as they are defined now, do rely on the fact that we work over the
category of compact Hausdorff spaces.) We have not been able to extend the duality
from theorem 3.41 to either sober spaces and spatial frames, or compact sober spaces
and compact spatial frames. Even more important, we have not found a proof that D
preserves sobriety or that M preserves spatiality. Neither have we found counterexamples
showing that it is false. We leave this as an interesting open question.

For the Vietoris functor and its dual more is known, for an overview see [58]. However,
we still do not know whether the Vietoris functor preserves sobriety, even less so if there
is a dual equivalence with an endofunctor on SFrm that holds in this generality.

A third example of a functor which induces logic on compact Hausdorff-coalgebras is
that of the conditional functor. This functor gives rise to a duality similar to the duality
from theorem 3.41 and will be treated in chapter 5.

41



3.4 BISIMULATIONS

In this section we give various notions of bisimulations between models for coalgebraic
geometric logic and compare them. As in section 3.2 we use the symbol C to denote
either of the categories Sob, KSob and KHaus.

3.47 Definition. Let T be an endofunctor on C. An Aczel-Mendler bisimulation
between two geometric T-models is an Aczel-Mendler bisimulation B between the un-
derlying T-coalgebras such that for all (z,2") € B and pe ®, 2z € V(p) iff 2’ € V'(p). We
say that two states x and 2’ are Aczel-Mendler bisimilar and write x & 2’ if there is an
Aczel-Mendler bisimulation linking them. <

The following lemma is an immediate consequence of proposition 3.20.

3.48 Lemma. Let T be a functor on C, A a geometric modal signature for T and x and
x' states in two X, X’ two geometric T-models. Then x < x' implies x =5 x'.

If A is characteristic and C = Sob or C = KSob, it follows from the previous lemma com-
bined with theorems 3.22 and 3.34 that Aczel-Mendler bisimilarity implies behavioural
equivalence. If moreover T preserves weak pullbacks, the converse holds as well. The
proof of this is similar to theorem 4.3 and the preceding discussion in [49].

However, we do not wish to make this assumption. For example, the Vietoris functor
does not preserve weak pullbacks [9, Corollary 4.3]. Similarly to section 2.3 we define
A-bisimulations for C-coalgebras. They are an adaptation of ideas in [6, 17]. Under some
conditions on A, A-bisimilarity coincides with behavioural equivalence for any T.

3.49 Definition. Let T be an endofunctor on C, A a geometric modal signature for T
and X = (X,7,V) and X’ = (X',7', V') geometric T-models. A A-bisimulation between
X and X' is a relation B ¢ UX x UX' such that for all (x,2') € B and p € ® and all
B-coherent pairs of opens (a;,a;) € QX x QX' we have

reV(p) iff 2'eV'(p)

and

v(z) € Ax(ay,...,an) iff  A'(2") ey (al,... a}). (3.5)
Two states are called A-bisimilar if there is a A-bisimulation linking them, notation:
ez N

3.50 Remark. Let T be an endofunctor on C, A a geometric modal signature for T and
X =(X,7,V)and X' = (X',7',V’) geometric T-models. Suppose B ¢ X x X' with the
subspace topology is an object in C. Let 7: B - X and 7' : B - X’ be the respective
projections and

P opn(X")

fl Jopn)

opn(X) prvons opn(B)

the pullback diagram of the cospan (opn(7),opn(7’)) in Frm. Then a pair (a,a’) €
QX x QX' is B-coherent if and only if it is in P. If we unravel the definitions we find
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that equation 3.5 holds if and only if for all A € A the following diagram commutes:
(™"

opn(X)" pn T opn(X")"
y o
opn(TX) opn(TX') (3.6)
opn(v)l lopn(v’)

opn(f)C) W opn(B) W opn(f)C')

This point of view elucidates the similarity with A-bisimilarity for set-based coalgebras
in [6].

As is to be expected, A-bisimilar states satisfy the same formulas.

3.51 Lemma. Let T be an endofunctor on C and A a geometric modal signature for T.
Then <5 € =4.

Proof. Suppose x € X and 2’ € X' are A-bisimilar and B a A-bisimulation with zBz’. We
will show that for all formulas ¢ we have X,z I+ ¢ iff X', 2" I+ ¢ using induction on the
complexity of the formula. The propositional case is by definition. If ¢ is a finite meet or
an arbitrary join of formulas then the lemma is obvious. Suppose X,z IF 9*(¢1,...,¢n),
then () € Ax([p1]%,. .., [en]¥). We have B[[¢i]¥] € [i]¥ by the induction hypoth-
esis, so by definition of a A-bisimulation we find 7/(2') € Ay ([p1]¥, ..., [¢n]¥ ) and
hence X/, 2" I 9*(¢1,...,,). The converse direction is proven symmetrically. O

It turns out that the collection of A-bisimulations between two geometric T-models
forms a complete lattice.

3.52 Proposition. Let A be a geometric modal signature of a functor T : C - C and
let X = (X,v,V) and X' = (X',9', V") be two geometric T-models. The collection of
A-bisimulations between X and X' forms a complete lattice.

Proof. Tt is obvious that the collection of A-bisimulations is a poset. We will show
that this collection is closed under taking arbitrary unions; the result then follows from
theorem 4.2 in [12].

Let I be some index set and for all j € J let B; be A-bisimulations between X and
X' and set B = Uje; Bj. We claim that B is a A-bisimulation.

Let (aj,a}) be a B-coherent pairs of opens. Suppose zBz' and v(z) € Ax(a1,...,an).
Then there is j € J with Bjz’. As Bj[a;] € Bla;] € a, and B;l[a;] c B7[a!] ¢ ai,
all B-coherent pairs (a;,a;) are also Bj-coherent. As Bj is a A-bisimulation we have

/

v (2") € Adyr(ay, ... al). O
Every Aczel-Mendler bisimulation is a A-bisimulation.

3.53 Proposition. Let T be an endofunctor on C and A a geometric modal signature
for T. Then < c <.

Proof. Suppose B is an Aczel-Mendler bisimulation and let 8 be the map that turns B
into a coalgebra, then the following diagram commutes:

X« B .X
Wl lﬁ i”' (3.7)

TX TB —» TX'
Tw T
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We will show that B is a A-bisimulation. By definition = € V(p) iff 2’ € V'(p)
whenever xBx’. We prove the forth condition from definition 3.49. Let A € A and

(z,2") € B. Suppose (a1,ay),...,(an,a,) are B-coherent pairs of opens and ~y(z) €
Ax(ai,...,an). Then we have
B(z,z') e (Tn) ' (Ax(ar,...,an)) (follows from (3.7))
= Ag(n M (ar),..., 7 (an,)) (naturality of \)
c )\B((ﬂ',)_l on'[rHa)],..., (7)o W’[W_l(an)]) (monotonicity of \)
=Ap((x") " (Blai]), .., (x") " (Blan])) (Blal=momi'(a))
c (7)) ah),..., (") (al)) (monotonicity of \)
= (Tx") ' My (al,...,al)). (naturality of \)
Therefore
V' (a") = (Ta")(B(z,2")) € A (al, -, ap,),
as desired. O

It follows from lemma 3.51 and theorem 3.22 that, provided A is a characteristic
geometric modal signature for an endofunctor T on Sob or KSob, A-bisimilarity im-
plies behavioural equivalence. In order to prove a converse statement we need a slight
strengthening of the definition of open predicate liftings. We define the notion of a strong
open predicate lifting in the next definition and subsequently prove that for strong mono-
tone sets of predicate liftings, behavioural equivalence implies A-bisimilarity.

3.54 Definition. Let T be an endofunctor on C. A strong open predicate lifting
for T is a natural transformation

A:P"oU—-PoUoT

such that for objects X in C and aq,...,a, € QX the set Ax(ai,...,a,) is open in TX.
A strong open predicate lifting A is said to be monotone in its i-th argument if for
all (not necessarily open) subsets ay,...,an,6 € P(UX) we have Ax(ay,...,ai,...,an) S
Ax(ai,...,a;Ub, ... a,) and it is called monotone if it is monotone in every argument.
The dual of a strong open predicate lifting A is A\? defined by

)\:‘?C(al,...,an) =X\ A (X Nayg,...,XNap).

A collection of strong open predicate liftings A is called a strong geometric modal
signature. A strong geometric modal signature is closed under duals if A € A implies
M\ ¢ A and characteristic if for every X in C the collection

{Ax(a1,...,an)| A€ A n-ary,a; € QX}
forms a sub-base for the topology on TX. <

It follows immediately from the definitions that every strong open predicate lifting
restricts to a “normal” open predicate lifting. We call an open predicate lifting A\ strong
if there exists a strong open predicate liftings that restricts to A and strong monotone
if there exists a monotone strong open predicate lifting that restricts to it. A geometric
modal signature is called strong monotone if every open predicate lifting in it is strong
monotone.
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3.55 Example. The box- and diamond-lifting for both basic modal logic and monotone
modal logic are strong monotone open predicate liftings. <

The proof of the following proposition is similar to the proof of proposition 2.34 and
is inspired by the proof of theorem 4.1 in [16].

3.56 Proposition. Let T be an endofunctor on C and A a strong monotone geometric
modal signature for T. Let X = (X,v,V) and X" = (X',7', V") be two T-models. Then

~Coalg(T) & SA-

Proof. Suppose x and 2’ are behaviourally equivalent. Then there is some geometric
T-model 4 = (U, v, Vi) and there are T-model morphisms f : X - {l and f’: X’ - 4 such
that f(z) = f'(2"). We will define a A-bisimulation B linking x and z’.

Let B be the pullback of f and f’ in Top,

B ={(u,u) e X x X" | f(u) = f'(u)}.

Then clearly zBx'. It follows from proposition 3.20 that u and ' satisfy precisely the
same formulas whenever (u,u’) € B.

Suppose A € A is n-ary and for 1 <i <n let (a;,a.) be a B-coherent pair of opens.
Suppose uBu’ and y(u) € Ax(a1,...,a,). We will show that v'(u’) € Ayr(al,...,a,,),
the converse direction is similar. By monotonicity and naturality of A we obtain

y(u) € Ax(ars- - an) € (S (flar])se - S (flan])) = (TH T Oy (flarls - flan]))s

so (Tf)(v(w)) € \y(flail,..., flan]). (Note that the f[a;] need not be open in Y, but
My(flai],-.., flan]) is defined because A is assumed to be strong.) Since f and f' are
coalgebra morphisms and f(u) = f'(u') we have (Tf)(v(u)) = 06(f(u)) = 6(f'(u")) =
(Tf")(¥'(u")). Coherence of (aj,a;) and monotonicity and naturality of A yield

7' (W) € (TF) ™ Ow(flarl, -, flan]))

= Mo ()N (fla]), - ()7 (flan])) (naturality of \)

= Ay (Bla1l,...,Blan]) (strong monotonicity of \)

€ Ayr(ay,...,ap). (coherence of (a;,a;))
This proves the proposition. O

Let T be an endofunctor on C and A a geometric modal signature for T. The following
diagram summarises the results from theorems 3.22, 3.34 and 3.34, lemma 3.51 and
proposition 3.56. The arrows indicate that one form of equivalence implies the other.
The numbers indicate that the implication is under a certain condition.

m

e A =A “Coalg(T)

®3)

Here (1) holds if T preserves weak pullbacks, (2) is true when T is a functor on Sob or
a functor on KSob, and A is characteristic, and (3) holds when A is strong. This yields
the following theorem.
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3.57 Theorem. Let T be an endofunctor on Sob and A a characteristic strong monotone
geometric modal signature.

(i) If x and 2’ are two states in two geometric T-models, then
zepyx iff x=ad iff o ~Mod(T) z'.

(it) If T restricts to the endofunctor Tksep, on KSob and x,x’ are two states in two
geometric Tksop-models, then

! . _ / . /
repxx iff TEAT iff T *Mod(Tysy) T -

(11i) If T restricts to the endofunctor Tknaus on KHaus and x and =’ are two states in
two geometric Tkyaus-models, then

repyx iff x=paa.

3.58 Remark. A priori, we cannot apply the previous theorem to the monotone functor
Dyn. However, we will see in example 4.9 that Dy}, is the restriction of a certain functor
on Sob.

From the point of view of bisimulations, the category of sober spaces and continuous
maps seems to be an appropriate base category for coalgebraic geometric logic. However,
we saw in section 3.3 that looking at concrete examples suggests that the category
of compact Hausdorff spaces is a natural choice of base category. We leave it as an
interesting direction for further research to investigate how these concrete examples of
functors fit in the general theory we have developed.
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4

Lifting functors

This chapter is devoted to lifting endofunctors from Set to the categories Sob and Stone.
A functor T together with a set of predicate liftings A for T induces a functor on Sob
and on Stone, each accompanied by a set of open respectively clopen predicate liftings.
This will give rise to analogs of set-based frames. For example, the functor Dg (from
definition 2.38) corresponding to descriptive monotone frames is the lift of the functor
D (see example 2.7) with respect to a certain set of predicate liftings.

Section 4.1 presents a way of lifting set functors with respect to a set of predicate
liftings A to functors on Sob. This is inspired by the method of lifting a set functor to
a functor on Stone from [36], which is presented in section 4.2.

A different method of lifting a set functor to a functor on Frm has been developed in
[57]. This trivially yields a lifted functor Sob - Sob by using the duality between frames
and topological spaces (see section 3.1). The two differences of this way of lifting with
the method that we present in section 4.1 is that is does not depend on a set of predicate
liftings, but it does put restrictions on the functor T that is being lifted. We suspect a
connection between these two ways of lifting a set functor to a sober functor, and leave
this as an interesting open question.

In section 4.2 and 4.3 set functors are lifted to Stone functors in two ways. The
first way is a reformulation of the method in [36] and is similar to the procedure in
section 4.1. It relies on a given collection of predicate liftings A. The second way (lift
via pro-completions) only works for a certain class of set functors, but does not depend
on a collection of predicate liftings. We prove that for such a T and a suitable choice of
A the two ways of lifting coincide on objects (theorem 4.24) thus partially answering a
question posed in the conclusion of [36].

4.1 Frowm Set TOo Sob

In this section we lift a functor T : Set — Set together with a set of predicate liftings A
for T to a functor Ty : Top — Top which restricts to Th : Sob — Sob. To define the action
of T on objects, for a topological space X we take the following steps:

Step 1. Construct a frame of the images of predicate liftings applied to the open sets of
X (viewed simply as subsets of T(UX)), this is FxX;

Step 2. Quotient FoX with a suitable relation that ensures Ve A(6) = A(V B) whenever
A is monotone;

Step 3. Employ the functor pt: Frm — Sob to obtain a sober topological space.
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This is the content of definitions 4.1, 4.3 and 4.5. It is an adaptation of section 4 in [36].
Recall that U is the forgetful functor which sends a topological space to its underlying
set, and Q is the contravariant functor sending a set to its powerset Boolean algebra.

4.1 Definition. Let T : Set — Set be a functor and A a collection of predicate liftings
for T. We define a contravariant functor Fy : Top — Frm. For a topological space X
define ' X to be the subframe of Q(T(UX)) generated by the set

{Avx(ai,...,an) | A€ A n-ary, ay,...,a, € QX}.

That is, we close this set under finite intersections and arbitrary unions in Q(T(UX)).
For a continuqus function f : X — X' let Fof : FAX' — FAX be the restriction of
Q(T(UF)) to FpX'. N

4.2 Lemma. The map Fa defines a contravariant functor.

Proof. We need to show that F, is well defined on morphisms and that it is functoral.
To show that the action of Fy on morphisms is well-defined, it suffices to show that
(Faf)Oux(al,...,ah)) € Fo(X) for all generators Ayx(al,...,al) of FAX', because
frame homomorphisms preserve finite meets and all joins. This holds by naturality of A:

(Faf) Qe (@t an)) = (T (Ao (at, -, an)) = dox(f 7 (a1), -, £ (an))-

By continuity of f we have 1 (a;) € QX so the latter is indeed in FAX. Functoriality
of Fp follows from functoriality of Qo T o U. O

4.3 Definition. Let A be a collection of predicate liftings for a set functor T and let X
be a topological space. Let FoX be the quotient of FxX with respect to the congruence
~ generated by

Vse A(at, ..., ai-1,6,ai:1,...,an) ~ May,...,ai-1,V B,ais1,...,an)

for all a; € QX, B ¢ QX directed, and A € A monotone in its i-th argument. Write
g : FAX - IFADC for the quotient map and [x] for the equivalence class in FoX of an
element x € FAX. For a continuous function f X - X' define Ty f FAX' — FAX :

Dux(at, - an)] = [FaQux(ar, - an))]. <
4.4 Lemma. The assignment ¥y defines a functor.

Proof. We need to prove functoriality of Fa and that Fyf is well defined for every
continuous map f: X — X'.

In order to show that Fy is well defined, it suffices to show that F, f is invariant
under the congruence ~. If f: X — X’ is a continuous, then

Vies(Eaf) Qv (ar, -, @i1,6,a601,- - an))
=\Ven(TH) 'Oy (at, ... aio1,6,ais1,. .. an))
= Ve Axr (f 7 (@1)s o f 7 @inn), S 7H6), f 7 (@i, f7 (an)
~ e (F7H@1) oo S @inn) s STEVB), f T (@)oo f 7 (@)
=FafOuxr(ars- . a1,V B aist, - - an))
so Fa f is indeed invariant under the congruence. In the ~-step, we use that {f~1(6) |

6 € B} is directed in QX. Functoriality of F o f follows from functoriality of Qo ToU. So
Fp : Top — Frm is a functor. O
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We are now ready to define the sober Kupke-Kurz-Pattinson lift to Sob for a functor
on Set.

4.5 Definition. Define the sober Kupke-Kurz-Pattinson lift (KKP lift for short)
of T with respect to A to be the functor

TA = ptOIF"A.

This is a functor Top — Top and because pt lands in Sob it restricts to an endofunctor
on Sob. We shall view T as an endofunctor on Sob. <

The next definition and lemma describe how to lift a predicate lifting to an open pred-
icate lifting. Recall that Z is the forgetful functor which sends a frame to its underlying
set.

4.6 Definition. Let A be a collection of predicate liftings for a set functor T. A predicate
lifting A : P" > PoT in A induces an open predicate lifting A:Q > QoT for T via

Aux

Q"X Z(FAX) Z(FAX) Q(pt(FAX)) = Q(TX).

By Ayx actually means the restriction of Ayx to Q"X ¢ I@(U?C) “The”map kg is the
frame homomorphism given by a ~ {p € pt(FAX) | p(a) = 1}. Let A ={A| A€ A} be the
collection of lifted predicate liftings. Then A is a geometric modal signature for Tp. <

4.7 Lemma. The assignment \ is a natural transformation.

Proof. Let f:X — X' be a continuous function, then the following diagram commutes
in Set,

900 A 7% o W 74 0 o Q(pt(FAX))
e | = lﬂ(pt(f*))
Q"X Z(FpX) Z(FpX) Q(pt(FAX))

AUDC qux

FaX

Commutativity of the left square follows from naturality of A, commutativity of the
middle square follows from the proof of lemma 4.4 and commutativity of the right square
can be seen as follows: let af,...,al, € QX, then

Qpt(f™)) 0 Zkg, oo Qv (als - ap)) = {g € ptFAX) [ g o [ Qpar(as -+ ap)) = 1)
= Zkp,ox (f~ O (al, - a))-

So \ is an open predicate lifting. O
The nature of the definitions of T and A yields the following desirable result.

4.8 Proposition. Let T : Set —» Set be a functor and A a collection of predicate liftings
for T. Then A is characteristic for Ty.

Proof. Let X be a sober space. We need to show that the collection

{Mar1,...,an) | A€ A n-ary,a; € QX} (4.1)
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forms a subbase for the topology on 'IFAI)C An arbitrary open set of TADC is of the
form T = {p € pt(FpX) | p(x) = 1}, for x € FyX. An arbitrary element of FyX is the
equivalence class of an arbitrary union of finite intersections of elements of the form

{Mx(ai,...,an), for Ae A and ay,...,a, € QX. So we may write
X = U( ﬂ [)‘%[}‘?x(a?% e ’a:;’ljz‘j )
el jeJ;

for some possibly index set I, finite index sets J;, A%/ € A and open sets a,i’j e QX.
Unraveling the definitions gives
/\/

f:U( N [A%‘?‘x:(a%j’".’a;jz‘j ])

iel  jed;

= U( N X&j(a?j’ ,a;{fg))

iel " jed;
This shows that the open sets in (4.1) indeed form a subbase for the open sets of TAX. [

Let us put our theory to action to (re)obtain the monotone functor on KHaus from
definition 2.38.

4.9 Example (The monotone functor). Recall the set functor D from example 2.7:
D:X - {W ePPX | W is up-closed under inclusion order}. The box and diamond are
given by the predicate liftings A7, \® : P - P o D defined by

ANy (a) = {WeDX |aeW}, A{(a)={WeDX|(X\a)¢W},

where X € Set. Furthermore recall from definition 3.37 that for a compact Hausdorff
space X the space DX is the subset of D(UX) of collections of sets W satisfying for
all u € UX that « € W iff there exists a closed ¢ € u such that every open superset of ¢
is in W. So U(DkpX) € D(UX). The set Dy, X is topologised by the subbase

EIEIGZZ{WEthIX:|a€W}, ®a:={W€thX|(X\a)¢W}.

By theorem 3.41 the functor M : Frm — Frm from definition 3.39 is such that M(opnX) =
opn(Dy,X) whenever X is a compact Hausdorff space.

Let X be a compact Hausdorff space. We claim that ]:‘E.‘{)\E\)\()}x = opn(DypX). Define
a map ¢ : M(opnX) — ]:‘E"{)\D,)\O}x on generators by Oa + [A%(a)] and Ga = [A€(a)].
This is well-defined because the [A%(a)],[A®(a)] satisfy relations (M1) — (M6) from
definition 3.39 and it is surjective because the image of ¢ contains the generators of
F{)\D,)\O}x.

So we only need to show injectivity of . Our strategy to prove this is to define a
map 1 : I‘F{)\D)\(}}x — opn(Dy,X) and show that it is inverse to ¢ on the level of sets.
Since a set-theoretic inverse suffices we do not need to prove that 1 is a homomorphism;
we just want it to be well-defined. Instead of defining ) : I’F{AD)\Q} — opn(Dy,X) directly,

we will give a well-defined map 1)’ : ]F{ 20,2303 X = opn(DyX) whose kernel contains the

kernel of the quotient map gx : Fyyo yoy = Fyo y0yX. This then yields the map ¢ we
require. In a diagram:

,¢I

Fiao 003X opn(DypX)
w‘ ip////v (42)
I'E"{)\[\’)\O}x
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Define 1)’ : I‘F{)\D’)\O}x — M(opnX) on generators by A\%(a) = Ba and A\¥(a) ~ ®a.
In order to show that this assignments yields a well-defined map (hence extends to
a frame homomorphism by remark 3.3) we need to show that the presentation of an
element in F{ 22,203 X does not affect its image under ¢. That is, if

U(N A @) n N A%ai)) = U (N A @) n N AC(ane)), (4.3)

iel " jeJ; J'eJ] keK " fleLy, Lel;,

where J;, J], L, and Lj are finite index sets, then

U(N e 0%(ais)n Ny )= U (N¢0%@)n N #/0 (@)

iel " jed keK " leL

As stated we have U(IDy,X) € D(UX). Observe
wl()\m(a)) = Ha = {W € ]D([U:X:) | a € W} n U(thX) = )\D(a) n U(]D)khIX:).

and similarly ¥/ (A¢(a)) = A%(a) nU(DypX). Suppose the identity in (4.3) holds, then
we have

U(N#' O @))n N @' (0 (ais))

el " jeJ jleJ’

= U( N (A7 (aiy) NUDRX)) 0 () (A (ai)n U(thx)))

iel " jeJ g'ed’

- U(U(Din2X) 0 m A (aig)n () A(aiy))

iel gleJ’

= U(DkpX) N U( M A7 (ai)n ﬂ A% (aiy ))

iel " jeJ ‘eJ

= U(DnX) 0 U (m%k,z)n M A%(are))

keK " leL {el’

= U (N#'O%@)n N /(0 (are))).
keK " (leL e’
So 1) is well defined.
It is easy to see that Vigep A(6) ~ A(V'B) implies (Ve A(6), A(V'B)) € ker(¢) for
A e {\7, A}, Since these pairs generate of the congruence from definition 4.3, we have
~ = ker(gx) € ker(¢)") and hence there exists a map 1 : F{AD’AO}DC - opn(TX) such
that the diagram in (4.2) commutes. Therefore 1 is (well) defined on generators by
[A°(a)] = Oa and [A®(a)] = ©a. One can easily check that 1) o ¢ =id and @ o1 =id
by looking at the action on the generators. It follows that ¢ is injective.
This entails that for compact Hausdorff spaces X,

Dyxo 103X = DX,

Furthermore, it can be seen that for continuous maps f : X — X' we have Fooaorf =
opn(Dy, f). As a consequence, when restricted to KHaus we have

(Dyro,001) tKHaus = Dich

that is, lifting the monotone functor on Set with respect to the box/diamond lifting
yields the monotone functor on KHaus from definition 3.37. <
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4.10 Example. Using similar techniques as in the previous example, one can show
that, when restricted to KHaus, the sober Kupke-Kurz-Pattinson lift of P with respect
to the usual box and diamond lifting coincides with the Vietoris functor. (An algebraic
description similar to the one in theorem 3.41 is given in definition 3.35. It is shown in
proposition I114.6 of [29] that this algebraic description is dual to Vi) <

A third example of this method of lifting functors can be found in section 5.2: The
functor on KHaus corresponding to geometric conditional frames arises as the restriction
of the lift of the functor C from example 2.10 with respect to the predicate liftings A=, \¥
from example 2.22.

4.2 FRroM Set TO Stone

We turn our attention from sober spaces to Stone spaces. Let T : Set — Set be a functor
and A a collection of predicate liftings for T. Along the same lines as the previous section,
we construct a lifted version Ty : Stone — Stone (the Kupke-Kurz-Pattinson lift).

4.11 Definition. Let T : Set — Set be a functor and A a set of predicate liftings for T.
For a Stone space X let ByX be the sub-Boolean algebra of Q(TX) generated by the set

{Mvx(a1,...,an) | AN ar,...,a, € ClpX}. (4.4)

That is, BAX is obtained by closing the set in (4.4) under taking complements, finite
intersections and finite unions. For a continuous map f: X — X' let Bof : BAX' — BAX
be the restriction of Q(Tf) to BAX'. N

4.12 Lemma. The assignment Ba defines a contravariant functor.

Proof. We need to show that B is functorial and that By f is well defined for every
continuous function between Stone spaces f: X — X’. For the latter, it suffices to show
that for all generators Ay (af,...,a’,) of BX' we have (Bof)( Ay (a),...,al)) € BoX,
because the homomorphism Q(Tf) (of which By f is a restriction) preserves taking

complements, finite intersections and finite unions. By naturality of A we have

Baf) O (ats--an)) = (TH O lats - van)) = 27 ar)s - f 7 (an)

and because the f~'(a!) are clopen in X, the result is in BAX. Functoriality of By
follows from functoriality of Q o T. O

4.13 Definition. Let T : Set — Set be a functor and A a set of predicate liftings for T.
The Kupke-Kurz-Pattinson lift of T to Stone is

TA = ufo@A. <

4.14 Definition. Let A be a set of predicate liftings for a functor T. Then any A : P -
PoT in A induces a clopen predicate lifting A : Clp - ClpoTy for Ty via

Zhg, x

Cp" X — 2 7(BAX) Clp(uf(BAX)) = Clp(TAX).

(To be precise, the domain of Ayy is Q" (UX). We only need the restriction to Clp™ X.
We still write Ayx for this restriction in order to avoid clutter.) The map kpx is the
isomorphism given by Stone duality. Naturality of A follows from naturality of A. <
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We state some properties of lifted predicate liftings, the proofs of which are left to
the reader.

4.15 Lemma. Let T be a set functor, A a collection of predicate liftings for T, Ta the
KKP lift of T with respect to A and A ={X|\eA}.

(i) If X A is monotone, then so is \.
(ii) If A is monotone, then so is A.
(iii) If A is closed under duals, then so is A.

4.16 Remark ([50], proposition 43). As an instance of the Yoneda lemma, the n-ary
predicate liftings for a set functor T are in one-to-one correspondence with subsets of
T(2"). (The set 2" is the n-fold product of the two-element space 2 = {T,1}.) To an n-
ary predicate lifting A assign the subset Aon (771 ({T}),..., 7,1 ({T})) € T(2"), where ; :
2" — 2is the i-th projection. Conversely, for C' ¢ T(2"), the assignment Ag(al, ceyQp) =
(T{Xay, - -+ Xan)) L [C] € TX yields a predicate lifting for T. The angled brackets denote
the tupling of the indicator functions x,;.

The correspondence gives a canonical collection of predicate liftings for each set
functor T, namely the collection of all predicate liftings for T.

Example 10 in [36] states that P with the collection A of all predicate liftings gives
Pp = V. A different way to obtain Vg as a lifted functor is by lifting P with respect
to the usual predicate lifting for box and diamond. Before we can show this in example
4.19, we need the following definition and lemma. For a proof we refer to [29, Section
I11.4].

4.17 Definition. The map Ny, : BA — BA is defined on an object B as the free Boolean
algebra generated by Oa, <a, (a € B) subject to the relations

(V1) or=T1 (V2) oL=1
(V3) o(a Ab) =0a AOb (V4) &(avb)=<Cavob
(V5) o(a v6) <oa v o6 (V6) Oa A 06 < O(a nb)

For a homomorphism f : B — B’ define Np,f : Ny,B — Np, B’ on generators by
Npa(Oa) = 0(f(a)) and Npa(OGa) = O(f(a)). <

4.18 Lemma. If X is a Stone space and Vg is the Vietoris functor on Stone, then
X+ €lp(VetX) — Nia (clp X)
defined on generators by Ba — Oa and ®a — Oa is an isomorphism.

We will now show that the Kupke-Kurz-Pattinson lift of the powerset functor P with
respect to the box- and diamond lifting (given below) yields the Vietoris functor on
Stone.

4.19 Example. Recall that for the powerset functor P, the box- and diamond-lifting
AP, AC P - PP are given by

Ay iam {bePX |bca}, A{:a~ {bePX|bna=+go}.
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Let X be a Stone space. We claim that TP?{AD’AO} = V.

Let X be a Stone space. We will show that E{AD’AO}DC ~ ¢lp(VX). Define ¢ :
clp(VaeX) — @{)\D,)\O}x on generators by Ba + A\%(a) and ®a +— Aa. By lemma 4.18
we may view ¢ as a morphism Np,(clpX) — E{Au)\o}x so in order to show that ¢ is
a well-defined Boolean algebra homomorphism, it suffices to show that the A”(a) and
A% (a) (where a ranges over Clp X) satisfy relation (V1) — (V6) from definition 4.17. We
leave this verification to the reader.

The map ¢ is surjective because the generators of @{ Aoy are all in its image. So
we only need to show injectivity. Observe that, when seen as subsets of P(UX), we have

ma = A7 (a)NVgX and @ a=A\%(a)nVaX.

Since A? is the dual of A\°, every element of clp(VsX) is a finite union of finite in-
tersections of generators (i.e. elements of the form ®a,®a, where a € clpX). (In-
deed, we do not need to take complements because the generators are closed under
complementation in X.) So we may write an arbitrary element x € clp(V4X) as x =
U?zl(ﬂj”fl Ba;j N ﬂ;’fil ®a; jr). It is easy to see that x = p(x) N V&X. Therefore, if x, 2’
are elements of ¢lp(V4X) and p(x) = ¢(2’), then x = 2’. This shows that ¢ is injective.

It follows from unraveling the definitions that ﬁP\’{ aopoyf = Vs f when f is a continuous
map between Stone spaces. Therefore

ﬂﬁ{)\lzh)\()} = Vst7

that is, the Kupke-Kurz-Pattinson lift of P with respect {A\%,A®} to Stone gives the
Vietoris functor on Stone. <

We have seen in example 4.10 that, when restricted to KHaus, the lift of P with respect
to {A2, A®} to a functor on Sob coincides with the Vietoris functor, i.e. (I.P){)\D’)\Q}) tKHaus =
Vkn. This implies ) _

(Pao, 201 ) 1stone = Pao yoy-

A natural question that arises is how Ta compares to Ty in general. We leave this as
an interesting open question.
We give another example.

4.20 Example. Let D be the monotone functor on Set and A7, A¢ the usual predicate
liftings for D. Using similar reasoning as in example 4.19, it can be seen that Dyyo yo) =
Ds;. <

In section 5.1 the objects of study are descriptive conditional frames. The functor
that corresponds to descriptive conditional frames can be obtained by lifting C from
example 2.10 with respect to the predicate liftings A=, A from example 2.22 to a Stone
functor. We will see that @{,\=>7,\u} is not the restriction of C{/\:,)\u} to Stone.

4.3 THE PRO-COMPLETION LIFT FROM Set TO Stone

In the final section of this chapter we define a different way to lift a certain class of set
functors to Stone functors and we compare this lift with the Kupke-Kurz-Pattinson lift
from definition 4.13. We assume that the set functor T that we work with sends finite
sets to finite sets and preserves cofiltered diagrams (that is, T sends cofiltered diagrams
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to cofiltered diagrams). Let FinSet and FinStone be the full subcategories of Set and
Stone whose objects are finite sets and finite Stone spaces, respectively. We make use of
the following important observations.

Observation 1. The category Stone is equivalent to the pro-completion of FinStone [29,
Theorem VI2.3]. Essentially, this means that every Stone space is an inverse limit of
finite Stone spaces. For details, see chapter VI of [29)].

Observation 2. A topology on a finite set is a Stone topology if and only if it is the
discrete topology. Therefore every function between finite Stone spaces is continuous. It
follows that the category FinSet of finite sets and functions is isomorphic to the category
FinStone of finite Stone spaces and continuous functions.

Observation 3.  Since T restricts to FinSet and FinSet is isomorphic to FinStone, the
restriction of T to FinSet defines a functor on FinStone.

Observation 4. A finite quotient gy : X - Y of a Stone space X is simply a partition
of X into clopen subsets. For z € X, let [2] be the equivalence class of x in Y. For each
[2] €Y the set qgl([x]) is an element of this partition. Moreover, since Y is finite {[x]}
is clopen for each [z] €Y, so by continuity of gy the set qgl([az]) c X is clopen in X.

Observation 5. The category BA has all limits and colimits because it is the category
of models of an algebraic theory (for details see [18]). Since Stone is dually equivalent
to BA it has all limits and colimits as well.

The first observation suggests that we could maybe define a functor T on Stone by
defining its action on finite Stone spaces and then taking the pro-completion. Although
there is a neat way of lifting T to a map on the collection of Stone spaces, we have not
yet found a suitable way of defining Tf, for morphisms f in Stone.

In the following definition we define the action of T on objects. When we say that Y
is a finite quotient of X, we take this literally, i.e. Y = X/~ for some equivalence relation
~ on X. Therefore, each finite quotient Y of X comes equipped with a unique quotient
map qy : X =Y.

4.21 Definition. Let T be a set functor which sends finite sets to finite sets. Let X be
a Stone space. Let C be the collection of finite quotients of X,

C={Y|Y is a finite quotient of X}.

For each Y € C let ¢y : X - Y be the unique corresponding quotient map. For all
Y,Y € C, add to C those continuous maps f:Y - Y’ that satisfy foqy = qy, i.e. such

that the following commutes:
X
‘IV \:ﬂ
y f

Then C is a diagram in Stone and in FinStone. B
Let TC be the diagram obtained from applying T to the diagram C. Define TX to
be the categorical limit

yl

lim TC

<«
of the diagram TC in Stone (see figure 4.1). This exists by observation 5 above. We call
this the lift via pro-completion. <
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< T(UY;) ——— ) T(UY;) /)

Figure 4.1: The coloured area represents the diagram TC.

Although, formally, a diagram in C is a functor F' : J - C, where J is some index
category, we shall think of a diagram as a collection of objects and morphisms between
them in C.

4.22 Definition. A diagram C in some category C is filtered if:

(i) For any two objects X, X’ in C there exists an object Y and morphisms f: X —
Y,f: X'">Y in C; and

(ii) For any two parallel morphisms f, f': X - X’ in C there is a morphism g: X’ - Y
in C such that gf = gf’.

The definition of a cofiltered diagram is the same, but with the direction of the
morphisms reversed. <

The diagram C from definition 4.21 is cofiltered.

4.23 Lemma. Let X be a Stone space and C the diagram of finite quotients of X as
defined in definition 4.21. Then C is a cofiltered diagram.

Proof. For the first item of definition 4.22, suppose Y1 and Yo are two finite quotients
of X. We may view them as finite partitions of X into clopen sets, say, Y1 = {a1,...,an}
and Yo = {61,...,6,}. Let Y3:={a;n6;|1<i<n,1<j<m}. Clearly the a; n6; are
clopen in X, so Y is a finite partition of X, hence a finite quotient. Define f; : Y3 - Y;
by fi([z]3) = [z]; for i = 1,2, where [z]; denotes the equivalence class of z in Y;. It is
easy to check that the f; are well defined and in C.

For the second item, let fi, fo : Yo — Y1 be parallel morphisms in €. Then the
identity morphism on Yo has the desired property:

//\

id

f2

Indeed, for all [z]s € Y we have fi(idy,([z]2)) = fi(q2(z)) = q1(x) = fa(ga(z)) =
f2(idy, ([z]2)). O

The question whether this lift via pro-completions and the KKP lift coincide was
posed in the conclusion of [36]. We conclude this section by answering this question
affirmatively for the objects.
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4.24 Theorem. Let T be a set functor that restricts to FinSet and which preserves
cofiltered diagrams. Then on objects the canonical lift given in definition 4.21 and the
Kupke-Kurz-Pattinson lift of T to Stone with respect to the collection A of all predicate
liftings coincide.

Proof. Let X be a Stone space and C the collection of finite quotients as defined in
definition 4.21. We will compare the clopen set Boolean algebras of TX and TX. The
latter, BoX, is generated as a sub-Boolean algebra of QTUX by the elements

(XS (at,...,an) |0 20,0 cT(2"),a; € ClopX},

where \¢ denotes the n-ary predicate lifting corresponding to the subset C' ¢ T(2"),
cf. proposition 4.16. Abbreviate B := BoX. (Note that we implicitly use Stone duality
to say that clp(TX) = clp(uf B) = B.)

Let B be the clopen set Boolean algebra of TX. Then by the duality of Stone and BA
the Boolean algebra @B is a colimit of the diagram opn(TC) in BA obtained by applying
clpoT o U to the diagram C. (After applying T o U we view the objects as finite Stone
spaces rather than finite sets.)

Observe that, if we view T(U(Y;)) as a Stone space, we have clp(T(U(Y;))) =
Q(T(U(Y;))). Moreover, for all morphisms f in € we have (T(Uf))™! = clp(T(Uf)) =
Q(T(Uf)). Accordingly, the map (T(Ug;))™! : clp(TY;) - QTUX is a Boolean algebra
morphism for each of the Boolean algebras clp(T(U(Y;))). Applying Qo T o U to the
diagram C shows that these morphisms commute with the morphisms in clp(TC). There-
fore, by the definition of a colimit, there exists a homomorphism f : @ - Q(T(UX)).
(See figure 4.2.)

Q(T(UX))
(T(Ug;)) ™t
///f
B = clp(TX) (T(Ug;))™
(o p(TUY) —arsa— (T(UY;)) -~ />

Figure 4.2: The coloured area represents the diagram clp(TC).

Let B be the sub-Boolean algebra of QTUX generated by the clopen sets (T¢;) ' (a)
where 4 ranges over I and a ranges over the clopens of Y;. Then im f = B. We will now
show that f is in fact injective, hence an isomorphism.

4.24.A Claim. We have an isomorphism of Boolean algebras B = ®.

Proof of claim. We already have an onto homomorphism f : B - B, so we only need to
show that f is injective. By lemma A.8 it suffices to show that f(z) = 1 implies z = 1
for all z € 3.

Given ¢; : X - Y;, define r; : Y; — X by choosing for each equivalence class in Y; a
representative. Then r; is a section of g;, that is, ¢; o r; = idy,.
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Let z € clp(TX) = B such that f(z) = 1. By lemma 4.23 the diagram C is cofiltered, so
since T preserves cofiltered diagrams the diagram TC with limit TX is cofiltered as well,
hence by duality the diagram clp(TC) with limit B is filtered. It follows from a routine
argument that z comes from some y € clp(TY;) for some i € I, so f(2) = (Tg;) ' (y). Then
(Tg:) (y) = L. As (Tr;) o(Tg;)™ = (Tidy,)! = Tidy, = idry,, we see that (Tg;)™! has
a left inverse, hence is injective. Therefore (Tq;)™*(y) = L implies = 1 which in turn
implies z = 1. So f is injective. O

So it suffices to compare B and B, which are both sub-Boolean algebras of QTUX.

4.24.B Claim. Every generator of B is in B, hence B is a sub-Boolean algebra of B.

Proof of claim. Pick n>0, C ¢ T(2") and ay,...,a, € ClpX and consider

)‘C(ala .. -aan) = (T(Xalﬁ s 7Xan>)_1[c]'

This is an arbitrary generator of B. We will show that XC(ay,...,a,) € B. Recall
that ., is the indicator function X - 2 and (Xa,,---,Xa,) is the tupling of indicator
functions.

For every a € ClpX, let Y, be the finite quotient of X given by {a,X \ a} and
let g, be the corresponding quotient map. (This is well-defined because obviously ¢,
is continuous.) Let ij : 2 - Y,, be the isomorphism which sends T to the equivalence
class ar in Y and 1 to X \ ag. Then the tupling ¢ = (i1,...,4,) is an isomorphism
i:2" > Y., x-xY,, is an isomorphism. Set ¢ = (qa,,---,qq,). Then the upper square
in the left diagram below commutes.

Let F:={N"6;|6; €Y} and j: Yo, x -+ xYu, = F:(61,...,6,) » N6;. Then F
is a finite quotient of X. Call the corresponding quotient map gr. The lower triangle in
the left diagram commutes by construction. Applying T to the left diagram yields the
right diagram.

(Xﬂlv“‘7xﬂn> T(Xalv---v)(an

op DevmoXen) o, TX ) T(am)
H | H |
X —Lv Y, xxY,, TX — % T(Yy, %+ x Ya,,)
qaF lj Tqr lTj
F TF

Since 7 is an isomorphism, so is Ti. Now we get

(T{Xars- - Xan ) [C] = (T@) " [(TH[C]] = (Tgr) ™" [Tj 0 Ti[C]].
cTF

This shows that A\°(a1,...,a,) € B. Since this holds for any generator A (ay,...,a,)
of B, we have B ¢ B. O

Our next claim is the converse of claim 4.24.B.

4.24.C Claim. FEvery generator of B is in B, hence B is a sub-Boolean algebra of B.

Proof of claim. Let Y ={a1,...,an} and let gy : X - Y be a finite quotient of X and let
B cTY be a subset. (Since TY is finite B is automatically clopen.) Then the following
diagram commutes
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(Xa17---7Xan) on

Ji

q
X — Yo, xxYa,

xgj

where ¢, ¢ and j are as before. It is obvious that the diagram commutes. Apply T to
the diagram to see that

(Tq)™'[B] = (Tq) " [(T5) " [BI] = (T(Xas -+ » Xan )T [(T) ™" o (T) ' [B]]-

Note that (Ti)™ o (Tj)"![B] ¢ T(2"). This proves that every generator of @ is in B,
hence B € 3. <&

X
H

_ We conclude that the clopen set Boolean algebras of TX and TX coincide. Therefore
TX = TX. This proves the theorem. O

This concludes the general theory that we treat in this thesis. The next chapter will
consist of a case study where we will see parts of the developed theory in action.
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5)

Coalgebraic conditional logic

Recall from section 2.2 that the modality = (the conditional arrow) expresses a notion
of conditionality which generally differs from the implication —, and a formula ¢ =
may be thought of as “If ¢ holds, then usually v holds as well.” Conditional logics
have a long history and tradition in philosophical logic [53, 13, 54]. They are used in
various applications such as non-monotonic interference, belief change and the analysis
of intentions. For more information on conditional logic we refer to [13, 4, 42].

This chapter consists of two parts. The first part contains the generalisation of
conditional frames (from example 2.10) to descriptive conditional frames. We show that
these can be seen as coalgebras for a certain functor Cs on Stone and give an endofunctor
on BA dual to Cg. Also we generalise conditional bisimulations from [7] to descriptive
conditional bisimulations and show how they relate to A-bisimulations (where A is the
set of clopen predicate liftings that corresponds to conditional logic), modal equivalence
and behavioural equivalence.

In the second part we develop geometric conditional logic by adding two modalities,
= and |}, to the language of geometric logic via predicate liftings. We generalise con-
ditional frames to geometric conditional frames, show that these are coalgebras for a
certain functor and give an Isbell dual of this functor.

5.1 CONDITIONAL LOGIC ON Stone-COALGEBRAS

In this section we develop conditional logic on so-called descriptive conditional mod-
els. We define descriptive conditional models and show how they can be viewed as a
coalgebras. In subsection 5.1.2 we investigate duality with Boolean algebras. In sub-
section 5.1.3 we define descriptive conditional bisimulations, which are an adaptation of
ideas in [7], and we show that descriptive conditional bisimilarity coincides with modal
equivalence, behavioural equivalence and A-equivalence (for a suitable A).

5.1.1 DESCRIPTIVE CONDITIONAL MODELS

Recall from definition 2.8 that a conditional frame is a pair (X, v) where X is a set and
v: X xPX - PX a function satisfying certain properties. We extend this by adding
to such a pair a collection A € PX of admissible subsets of X. We require A to be a
Boolean algebra that is closed under certain properties, such that the truth set of every
formula (see definition 5.12) is in A. Besides, A will serve as the clopen subbase for a
topology on X. But this is jumping ahead; let us start with the definition of a general
conditional frame.
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5.1 Definition. A general conditional frame is a triple (X, v, A) where

e X is a set;

e A cPX contains @ and X and is closed under Boolean operations and the map
my : AxPX - PX defined by

my(a,6):={reX |v(z,a)cb}
e v: X xA—PX is a map that satisfies for all x € X and a,6 € A,

(i) ifanb =g, then v(z,a)nb =g,

(i) if @ €6 and v(x,6) € a, then v(x,a) = v(z,6).

A general conditional frame morphism from (X,v, A) to (X',v/,A") is a map
f:X - X’ such that f'(a’) € A for all a’ € A" and f[v(z, f1(a’))] = V' (f(z),a") for
all ze X,a’ e A'.

A general conditional model is a tuple (X,v, A, V) where (X, v, A) is a general
conditional frame and V : & — A is a valuation of the proposition letters. A gen-
eral conditional model morphism f: (X,v, A, V) » (X',v/, A", V') is a descriptive
conditional frame morphism f: (X,v, A) - (X’,v/, A") such that f~lo V' =V, <

As in the set case (cf. remark 2.9) condition (i) is equivalent to v(z,a) < a for all
reX,acA.

5.2 Definition. Let X = (X,v, A) be a general conditional frame. Write X for the
topological space with underlying set X and a topology generated by the subbase A,
and KX for the collection of closed subsets of X. Call a general conditional frame
differentiated if for all distinct z, 2" € X there is a witness a € A such that z € a and
z' ¢ a, closed if v(x,a) € KX for all z € X and a € A, and compact if N Ay # @
whenever Ag € A has the finite intersection property.

A descriptive conditional frame is a differentiated, closed, compact general con-
ditional frame. The category of descriptive conditional frames and general descriptive
frame morphisms is denoted by DCF. A descriptive conditional model is a general
conditional model whose underlying general conditional frame is descriptive. Let DCM
be the category whose objects are descriptive conditional models and whose morphisms
are general conditional model morphisms. <

It turns out that descriptive conditional frames can be viewed as coalgebras.

5.3 Definition. Let CsX be the set of maps h : ClpX — KX such that for all a,6 €
ClpX,

(C1) h(a) ca;and

(C2) if a €6 and h(6) € a, then h(a) = h(6).

Endow C4X with a topology generated by the subbase
B(a,6):={heCqX|h(a)cb}, &(a,6):={heCxqX|h(a)nb+z}

for a,6 € ClopX. Observe that CaX \ B(a,b) = ®(a,X \ 6), so this is in fact a clopen
subbase. For a continuous map f :X — X’ between Stone spaces, define Cg f : Cst X —
Cs X' by

Cotf(h)(a) = f[R(f ' (a))]
for h € C4¢X and a € ClpX. <
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5.4 Lemma. Let f : X - X' be a continuous map between Stone spaces. The map
Cstf : CstX — C: X' is well defined and continuous.

Proof. In order to prove that Cg f is well defined we need to show that for each h € C5X
and a € ClpX the set f[h(f1(a))] € X is closed and that Cs f(h) satisfies (C1) and
(C2). Since a is clopen in X, f~*(a) is clopen in X. By construction h(f!(a)) is closed
in X, and since X is compact and X’ is Hausdorff, f is a closed map so f[h(f (a))]
is closed in X’. The map Cg f(h) satisfies (C1) and (C2) for similar reasoning as in
paragraph 2.10, hence it is indeed an element of CsX'.

For continuity, it suffices to show that (Cs f)™*(@(a,8)) is clopen in C;X, whenever
a,6 € ClpX'. Unravelling the definitions yields

(Caf) ' (8(a,6)) = {h e CaX | Cstf(h) € B(a,6)}
={h e CaX | Cstf(h)(a) b}
= {heCaX | f[(f7'(a))] € 6}
= {heCaX | h(f'(a)) € f7(6)}
=a(f " (a), [7(6)).

Clearly the latter is clopen in CsX. This proves the lemma. O

We have not yet proved that C4X is indeed a Stone space whenever X is. The next
two lemmas will show this.

5.5 Lemma. Let X = (X,7) be a topological space. If X is zero-dimensional, then so is
CstX. If X is a Hausdorff space, then so is C4X.

Proof. C4X is zero-dimensional.  Follows from the fact that the topology on CqX is
generated by a clopen subbase.

CsX is Hausdorff. Suppose X is a Hausdorff space and h # h' in Cs;X. Then
h(a) # h'(a) for some a € ClpX. Without loss of generality assume that there is
x € h(a) such that = ¢ h'(a). Since X is a Stone space and h'(a) is closed in X, there is
a clopen 6 € ClpX such that x € 6 € X~\h'(a). Let d := X \6, then h/(a) € d but h(a) ¢ ¢,
because x ¢ d. Therefore h' € B(a,d) and h ¢ B(a,d). Furthermore h’ ¢ ®(a,6) and
h e ®(a,b), so C4X is a Hausdorff space. O

Showing that C4X is a Stone space whenever X is a Stone space is more involved.
5.6 Lemma. Let X = (X,7) be a Stone space. Then CX is compact.

Proof. Let C' be the collection of all functions h : ClpX — KX topologized by the
subbase @(a,6) :={h e C'X | h(a) € 6} and ®(a,b) :={h e C'X | h(a)nb # @}, where
a, 6 range over ClpX. That is, we do not require the elements of C'X to satisfy (C1)
and (C2) from definition 5.3. We will first show that C'X is compact, and then that
CuX is a closed subset of C'X.

5.6.A Claim. Let X = (X, 1) be a compact topological space. Then C'X is compact as
well.

Proof of claim. Suppose

CIIX::UEE((M,BZ')U U@(Cj,cfj) (51)

iel jeJ

62



is a cover. Let A = {a; | i € I} and define B,C,D similarly. Let D, = {d € D |
®(c,d) is in the cover}. Define

] fa¢A
h:ClpX->KX:a~{ X ifaceAanda¢C
X\UD, ifaeAnC

This element is in C'X, so it must be in the cover (5.1).

If h e &(cj,dj) for some j € J, then we must have h(c;) nd; #+ &. If ¢; ¢ A then
h(c;) = @ hence h(cj) nd; = @. So this cannot be the case. Therefore we must have
cj€Aand h(c;)=(X~UD,)nd;#@. Since d; € D,;, this is a contradiction; see figure
5.1. So we must have h € 8(a;, 6;) for some i€ I.

Figure 5.1: (X ~ UD(‘J.) nd; =@

If h e B(a;,6;) for some i € I, then we must have h(a;) €6;. If a; ¢ C then h(a;) = X
hence 6; = X (for otherwise h ¢ B(a;,6;)) and we are done, because 8(a;, X) = C'X. So
suppose this is not the case, then we must have h(a;) = X \ UD,, < 6;. This implies
6ulUD,; =X, so by compactness of X we find a finite number d1,...,d, € D, such that

budiu---ud, =X.

As a result
B(a,b)u®(a,d;)u-—-ud(a,dy) (5.2)

is a finite subcover of (5.1). (By construction all basic clopens in (5.2) are indeed basic
clopens in the cover (5.1).) To see this, we need to show that the finite cover in (5.2)
indeed covers all of C'X. Let g € C"X be any element, then either g(a) touches one of
the ¢; or g(a) €6, so (5.2) is indeed a cover.

It follows from the Alexander subbase theorem that C'X is compact. O

5.6.B Claim. Let X be a Stone space. Then C&X is a closed subspace of C'X.

Proof of claim. Let h € C'X such that h ¢ C&X. Then either there exists a € Clp X such
that h(a) ¢ a or there are a € 6 in ClpX such that h(6) € a and h(a) # h(6).

In the first case, ®(a, X \ a) is an open neighbourhood of h in C'X disjoint from
CstX and we are done. In the second case we consider two subcases: If h(a) ¢ h(6) there
exists « € h(a) such that x ¢ h(6). Since X is (compact Hausdorff hence) regular and
has a clopen subbase we can find disjoint clopens ¢ and ¢ such that x € ¢ and h(6) € d
(see figure 5.2). But then

hem(b,a)n®(a,c)nm(6,d),

which is open in C'X. Moreover, it is disjoint from CgqX because a € 6 and for all
h'em(6,a)n®(a,c)ns(b,d) we have h(6) ca and h(a)  h(6).

If h(6) ¢ h(a) we can use similar reasoning to find disjoint clopens ¢ and ¢ such that
h(a) € ¢ and z € d. Then the clopen set B(6,a) n B(a,c) N ®(6,d) contains h and is
disjoint from CsX. We conclude that C'X \ CsX is open, so CsX is closed in C'X. <
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Figure 5.2: The sets h(a),h(6),c and d in X.

Since closed subspaces of compact spaces are compact, this proves that CgqX is
compact. O

We now work our way towards proving that the category of descriptive conditional
frames is isomorphic to the category Coalg(Csy;) of Cg-coalgebras.

5.7 Lemma. Let X = (X, v, A) be a descriptive conditional frame. Let T4 be the topology
on X generated by A and set X = (X,74). Definey, : X - (ClpX - KX) by v, (x)(a) =
v(xz,a). Then (X,v) is a Cg-coalgebra.

Proof. The topological space X is zero-dimensional because it has a clopen basis, com-
pact because the frame X is compact and Hausdorff because X is differentiated. So X is
a Stone space.

We have v, (z)(a) € KX for all a € A because X is closed (that is, v(z,a) € KX
for all € A). Also 7, (z) satisfies (C1) and (C2) from definition 5.3 because v satisfies
conditions (i) and (ii) from definition 5.1.

We need to show that v, is continuous. Since 7,' preserves taking complements,
unions and intersections, it suffices to show that v, (&@(a,6)) € A for all a,6 € A. Let
B(a,6) be a clopen set in CetX, then

7% (8(a,6)) = {ze X |(z) e ®(a,6)}
={zeX[n(z)(a)cb}
={reX|v(z,a)cb}
=my(a,b) € A.

This shows that -, is continuous. O

5.8 Lemma. Let X = (X, 1) and let (X,~) be a Cs-coalgebra. Define vy : X x ClpX —
PX by vy(z,a) =~(x)(a). Then (X,v,,ClpX) is a descriptive conditional frame.

Proof. Evidently, v, is a map from X x ClpX to PX that satisfies (i) and (ii) from
definition 5.1 (because 7 satisfies (C1) and (C2) from definition 5.3). It is obvious
that ClpX contains @ and X and that it is closed under taking finite unions, finite
intersections and complements. Let a,6 € Clop X, then

my,(a,6) ={ze X |vy(z,a)c b}
={zeX|y(z)(a) c b}
={zeX|v(z)em(a,b)}
="' (x)(8(a,6)).
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This is clopen by continuity of 7. So (X,v,,ClpX) is a general conditional frame.

The frame (X, v,,ClpX) is closed because v (x,a) =v(x)(a) e KX forall z € X,a €
ClopX. It is compact and differentiated because X is compact and Hausdorff. Thus
(X,vy,ClpX) is descriptive. O

It is obvious that the previous two lemmas establish a 1-1 correspondence between
objects of DCF and objects of Coalg(Cg). From now on we will use the terms descriptive
conditional frame and Cg-coalgebra interchangeably.

5.9 Proposition. Let (X,7) and (X',~") be two Cs-coalgebras and let (X,v,A) and
(X', v, A") be their corresponding descriptive conditional frames. Let f: X — X' be a
map between sets. Then f is a general conditional frame morphism if and only if it is a
Cgt-coalgebra morphism.

Proof. For all x € X,a € A" we have

(Caef)(1(2))(a) = fIy(@)(f 7 (a))] = flv(z, f(a))]. (5:3)

Suppose f is a general conditional frame morphism, then f is continuous because
f(a) € A for all @ € A’ and it is a Cg-coalgebra morphism because for all z € X
and a € A" we have

Coef ov(z)(a) = flv(e, [ (@)] =V (f(2),a) = (f(2))(a).

The first equality holds by (5.3), the second one because f is a general conditional frame
morphism, the third one by the correspondence between objects of DCF and Coalg(Cyg;)
given in lemma 5.7 and 5.8.

Conversely, suppose f is a Cg-coalgebra morphism. Then f~1(a) € A for all a € A’
by continuity of f. Furthermore f is a general conditional frame morphism because for
all z € X and a € A’ we have

flv(e, f7H(a@))] = Caef o y(2)(a) =7 o f(2)(a) =V (f(2),a).

The first equality holds by (5.3), the second because f is a Cg-coalgebra morphism and
the third one because of the correspondence between objects given in lemma 5.7 and 5.8.
This proves the proposition. O

5.10 Theorem. We have an isomorphism of categories
DCF = Coalg(Cyg).
Proof. Follows from lemma 5.7 and 5.8 and proposition 5.9. ]

It follows directly from the definitions that descriptive conditional models are pre-
cisely Cgi-models. It is an easy exercise to show that general conditional frame morphisms
are Cq-model morphisms. This yields the following result:

5.11 Theorem. There is an isomorphism of categories
DCM = Mod(Cy).

From now on we will identify descriptive conditional models and Cg-models, and use
the terminology interchangeably. We finish this subsection with a definition and remark
about the conditional language on descriptive conditional models.
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5.12 Definition. Define the clopen predicate liftings A~ , A : Clp? — Clp oCg by
AX (@,6) = {h e C4X | h(a) €6} and  M(a,6) = {h e CsX | h(a) N6 # @}
Then L(A™,\) is given by

pu=Llplenteo=v[el,
where p € . <
5.13 Remark. Let X = (X,~,V) be a Cg-model, then

Xaokp=y iff (z)e X" ([e]* [¥]F)

and
Xzply iff y(z) e N ([e]¥, W)

Indeed, X,z - ¢ = 1 iff X, 21+ =(p | —1).

Moreover, the topology on CeX is generated by A~ (a,6), A (a,6) where a,6 € Clp X,
so {\7, )\U} is a characteristic set of clopen predicate liftings for Cgs. This allows us to
use various results from chapter 2. In particular, it follows from proposition 2.29 that
modal equivalence coincides with behavioural equivalence.

5.1.2 DuALITY

The goal of this section is to give a functor Ag on BA, the category of Boolean algebras,
such that the following diagram commutes,

clp
BA = Stone

e

uf
W T e
clp

BA > Stone

——

uf
We present a functor on BA and then show that it is the dual of Cg;.

5.14 Definition. Let B be a Boolean algebra. Let Ag B be the Boolean algebra gener-
ated by the elements O(a,6), &(a,6) where a,6 € B subject to the relations

(Al) o(a,a) =Tap (A2) O(a,1p) =1aB

(A3) o(a,b) AO(a,c) =0(a,b Ac) (A4) O(a,6)vo(a,c)=(a,bve)

(A5) O(a,6ve) <0(a,8) v o(a,c) (A6) O(a,6) Ao (a,c) <o(a,bAc)

(A7) O(a,8) AD(a,c) = 0(a,6) AD(6,c)  (A8) O(a,6) A O(a,c) = O(a, 8) A >(6,¢)
if6<a if6<a.

If f: A— B is a Boolean algebra morphism, define Agf : Aq¢A - Ag B on generators

by Astf(O(a,6)) = 0(f(a), f(6)) and Astf(O(a,6)) = O(f(a), f(6)). (One can easily
see that the images of the generators of A under Agf satisfy relations (Al) through
(A8), so by remark 3.3 Ag f indeed defines a frame homomorphism.) Then Ay defines

an endofunctor on BA. <
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5.15 Remark. Relations (A5) and (A6) together imply O(a,6) = - < (a,-6).

Although it would have been possible to define Ag B using only the boxes as gener-
ators, we have chosen for this presentation, as it provides a smoother transition to the
geometric case in section 5.2. Furthermore, we identify ultrafilters of a Boolean algebra
B with homomorphisms from B to 2 = {T,1}.

5.16 Lemma. There is a one-one correspondence between ultrafilters on a Boolean
algebra B and (Boolean algebra) homomorphisms p: B — 2.

The proof of the next theorem is very similar to the proof of theorem 5.38, so we
only give a proof sketch here. We decided to spell out the proof of theorem 5.38 because
it is slightly more involved than the proof of the proposition below.

5.17 Proposition. Let X be a Stone space. Then uf(Ag(clpX)) = CetX.

Proof. We view ultrafilters of Ag(clp X) as Boolean algebra homomorphisms p : A (clp X) —
2. Define a map
¢ : CaX > uf(Ast(clp X)) : h = pp,

where py, is defined on generators by

0(a,6) > T iff h(a)c6

ph:ASt(C[px)—>2:{ <>(a,6)l—)T iﬂ”h(a)ﬂﬁ#@ ’

Conversely, define

7,[1 : uf(Ast(C[p 'X)) i d (Cst:x
as follows: For an ultrafilter p: Ag(clpX) - 2 let by : clp X - KX be the map given by
hp(a) =X~ J{6 e clpX | p(©(a,6)) = L}.

In order to show that these maps give rise to an isomorphism, we need to show that
both ¢ and v are well defined, that they are mutually inverse and that ¢ is continuous.
This is completely similar to the four claims in theorem 5.38. O

The map ¢ from the previous theorem yields a map 7y : Agt(¢lp X) — clp(CetX).

5.18 Definition. For a Stone space X let 1y be the concatenation of clp, uf and clp ¢,
where ¢ is defined as in theorem 5.17, that is,

clpou cl]
e A (clp20) —E2Y clp(uf(Ase(clp X)) —2% % clp(CyX).

A routine calculation reveals that this map is given by O(a,6) — 8(a,6) and O(a,6) —
®(a,b). N

The collection of isomorphisms 7y constitute a natural isomorphism.

5.19 Proposition. The collection 1 = (7x)xeStone give a natural isomorphism

7 Ag o clp — clp oCq.
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Proof. 1t follows from proposition 5.17 that nx is an isomorphism for each Stone space
X. So we need to show naturality of n, that is, for all continuous maps f : X - X' in
Stone, the following diagram commutes

Act(clpXer) <=L A (ctp )
le l’ix’
C[p(CStX) W c[p(Cstxl)
Let O(a,6) be a generator in Ag(clpX’). Then
clp(Cotf) (11 (0(a, 6))) = (Catf) ™ (8(a, 6)) Def of clp and 7
= {h € (Cst:x: | ((Cstf)(h) € EE(a,E)}
={heCsqX | (Cstf)(h)(a)cb} Definition of @
= {heCuX | f[h(f (a))] <6} Definition of Cf
= {heCaX | h(f™ (a)) € F7H(6)}
=m(f(a), f1(6)) Definition of @
= (8(f ™ (a), [71(6))) Definition of 7
=nx(Ast(clp £)(O(a,b))) Def of clp and Ay

The <& case follows from the fact that <(a,6) = -0 (a,-6). Therefore n is a natural
isomorphism. O

5.20 Corollary. There is a dual equivalence
Alg(As;) =P Coalg(Csy).

Proof. Follows from proposition 5.19 and lemma A.6. O

5.1.3 BISIMULATIONS BETWEEN DESCRIPTIVE CONDITIONAL MODELS

In [7] the authors introduce a notion of conditional bisimilarity between conditional mod-
els. We modify their notion slightly to work well with Cg;-models (descriptive conditional
models).

5.21 Definition. Let (X,v) and (X',7") be two descriptive conditional frames (viewed
as Cg-coalgebras). A closed subset B € X x X' is a descriptive conditional bisimu-
lation if, for all B-coherent sets of clopens (a,a’) and (x,z') € B we have

o v(z)(a) € B[+ (2")(a")] and v'(2")(a’) € B[~(z)(a)]-

A conditional bisimulation between descriptive conditional models X = (X,~,V) and
X" = (X',9',V') is a conditional bisimulation between the underlying frames with the
extra condition that

o zeV(p)iff 2/ € V/(p) for all pe ®.

Two states in two descriptive conditional frames or models are called descriptive con-
ditional bisimilar if there is a conditional bisimulation linking them. <
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5.22 Remark. We can rephrase the first bullet in definition 5.21 as follows: for all
B-coherent pairs of clopens (a,a’) and (x,2") € B we have

e for all y € v(x)(a) there exists y' € v'(z")(a") such that (y,y’) € B, and vice versa.
This wording resembles more the formulation of definition 5 in [7].

In section 2.3 we defined A-bisimulations for Stone coalgebras. A natural question is
how these relate to descriptive conditional bisimulations. It turns out that, in terms of
bisimilarity, they coincide. The remainder of this subsection is devoted to proving the
following theorem.

5.23 Theorem. Let (X,v,V) and (X',7',V') be two descriptive conditional models,
rz€X and 2’ € X'. Then the following are equivalent:

(i) x and x' are descriptively conditionally bisimilar;
(ii) = and ' are {7, A} -bisimilar;
(111) = and x' are modally equivalent;

(iv) x and x’ are behaviourally equivalent.

As a corollary of this theorem (combined with proposition 2.33) we find the following
relation of descriptive conditional bisimilarity to Aczel-Mendler bisimilarity.

5.24 Corollary. If two states v and x' in two descriptive conditional frames are Aczel-
Mendler bisimilar, then they are descriptive conditional bisimilar.

We isolate some of the implications of theorem 5.23 as separate propositions.

5.25 Proposition. Let X = (X,~,V) and X' = (X,~', V') be two descriptive conditional
models and B ¢ X x X a descriptive conditional bisimulation. Then B is a {\™,\}-
bistmulation.

Proof. Let (x,z") € B. By definition z € V(p) iff 2’ € V'(p). Suppose (a,a’) and (6,6")
are B-coherent. If y(z) € A3’ (a,6) then y(z)(a) € 6 and hence
¥ (a")(@") € Bly(z)(a)] € B[6] < ¢, (5:4)

so 7/(2") € AZi(a’,6"). The first inclusion in (5.4) follows from the fact that B is a
descriptive conditional bisimulation, the last one from the coherence of (6,6"). The
converse direction is proven similarly. For A, recall that lemma 2.18 states that (X~
6,X' N 6") is B-coherent whenever (6,6") is, so
y(x) e M(a,6) iff y(x) ¢ A7 (a, X\ 6)
iff ~'(2") ¢ \Yo(a, X N6) iff A/(a)e )\gc,(a',l?').
This proves the proposition. O

5.26 Proposition. Let X = (X,7,V) and X' = (X',7/, V") be two descriptive conditional
models. Let x € X and x' € X' be modally equivalent. Then they are descriptively
conditionally bisimilar.
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a a’

6 6’
v

z e 7

Figure 5.3: The image of UX \ a under B is 6.

Proof. Let B ¢ X x X' be the relation of modal equivalence. We will show that B is a
descriptive conditional bisimulation. Let w € X and w’ € X’ be modally equivalent and
let (a,a’) € Clp(X) x Clp(X') be B-coherent. Assume towards a contradiction that B
does not satisfy the bisimulation property for a and a’, then we claim that this implies
that w and w’ are not modally equivalent. We will show this in a couple of steps:

Step 1. Show that B is closed in X x X'.

Step 2. Build a formula « that will play the role of @ and @’ in the antecedent. That is
a ¢ [a]* ca ur with ¢ a set of “non-relevant” states, and similarly a’ ¢ [o]* ¢
a'ut.

Step 3. Show that y(w)([a]*) = y(w)(a) and 7' (w')([o]¥') = y(w)(a").

Step 4. Find a contradiction with the assumption that B does not satisfy the bisimula-
tion property for a and a’.

Step 1. Suppose (x,z') ¢ B, then there exists ¢ such that X,z I- ¢ and X', 2" I+ -, so
(z,2") € [¢]™ x [~¢]™ which is open in X x X’ and clearly disjoint from B. Therefore
B is closed in X x X'.

Step 2. Let 6 = B"Y(X’'~a’) and v = X\ (a ub). Observe that 6 is disjoint from a,
for otherwise Bla] ¢ a’. Moreover, elements in 6 are not modally equivalent to elements
in a, because this would imply that Bla] ¢ a’. Observe also that elements in ¢ are not
related to anything in X', that is, they are not modally equivalent to any element in X'.
With this notation, UX is the disjoint union of a,6 and z,

UX=aubur.

In a similar way we can write UX' =a’u 6’ ut’. See figure 5.3.
The set 6 is closed in X. To see this, note that

6=B'X'\a']=p[(X'xa')nB],

where p : X x X" - X is projection to the first coordinate. Observe that (X xa’) n B is
closed in X x X'. As X' is compact, p is a closed map and 6 is closed in X. For a similar
reason 6’ is closed in X'.

Since elements of a are not modally equivalent to elements of 6 U (X'~ a’), for each
zea and y € 6Ub UL there exists ¢, such that X,z IF ¢, and X,y IF ¢z, when
yeband X',y IF ~p,, when y € 6’ Ur’. Fix z € a. Then 6 ¢ Uyes[~puy]* is an open
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covering of the closed set 6. By compactness there exists a finite subset I, € 6 such that
6 € Uyer, [~¢2y]*. Similarly we have 6’ Uz’ ¢ Uyeprinr [¢z,]% and by compactness we
find a finite I}, ¢ 6" U’ such that 6’ Uz’ € Uyer [024]¥ is a finite subcover. Set

Then X,z I+ x, and for all y € 6 U6’ Ur’ we have y I} x,. Next, we find an open covering

a< Ul

Tea

and since a is closed, hence compact, there exists a finite set J € a such that a ¢
Uer[[Xxﬂx- Set
X = \/ Xx-

xeJ

Then x has the property that X,z I+ x for all z € @ and X,y If- x for y € 6 and X',y I} x
for ¢y’ € 6/ ur'. In a symmetric way we can define a formula x’ which is true for all x € a’
and false for all y € 6’ Ub U.

Let a:= x v x'. Then

acfo]*caur and a'c[a]¥ ca’ur. (5.5)

Step 3. Our next goal is to show y(w)([a]*) = y(w)(a). Let z € v(w)([o]*). By
condition (C1) from definition 5.3 we know z € [a]* and by equation (5.5) this means
either z €a or z €.

If z € v then z is not modally equivalent to any x € X'. Therefore we can make a
formula 3 that is true everywhere in X’ but that is not true on z: For each x € X', there
exists o, such that X,z I- ¢ and X',z If- ¢, so the clopen sets [-¢,]¥ (where x ranges
over X') form an open cover of X'. By compactness there exists a finite subcover, say,
X' = [~1]¥ U U [~on]¥ . Set

B = =1 VeV —on,

then X,z It 8 while X',z I+ B for all 2 € X'. In particular this means y(w)([a]¥) ¢
[8]F and v'(w)([a]*) < [B]¥. Therefore X,w |} a = B while X', w’ I a = 3. A
contradiction with the assumption that w and w’ are modally equivalent. We conclude
that z e a.

As a ¢ [o]* and v(w)([a]*) < a, it follows form condition (C2) from definition 5.3
that

y(w)([]) =~(w)(a).

In a similar way one may show that v'(w’)([a]¥) = 7/(w')(a’).

Step 4. Now suppose for a contradiction that B does not satisfy the bisimulation
property for the sets a and a’. Then without loss of generality, there is x € v(w)(a)
such that for all ' € 4'(w’)(a’) we have (z,2") ¢ B. For each 2’ € /(w")(a’) let v, be
such that X,z I- =, and X', 2 IF ¢,7. Then the union

[ea]™
a'ey’(w')(a’)
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is an open cover of 7'(w’)(a’). Since v (w')(a’) is closed, hence compact, there is a
finite set I ¢ ~'(w')(a") such that Uyes[pa]* covers 4/(w’)(a’). Therefore the formula
Y = Vprer o that is false at 2 and true everywhere in ' (w’, [[a]]%/). But then X, w I
a =1 and X',w’ I+ a = 1), a contradiction. This shows that B must be a descriptive
conditional bisimulation. a

Recall theorem 5.23; the proof is now easy:

5.23 Theorem. Let (X,v,V) and (X',7', V") be two descriptive conditional models,
x€X and 2’ € X'. Then the following are equivalent:

(i) x and x' are descriptively conditionally bisimilar;
(ii) = and ' are {\=, A} -bisimilar;
(11i) = and x' are modally equivalent;

(iv) x and x' are behaviourally equivalent.

Proof of theorem 5.23. The implication (i) = (ii) follows from proposition 5.25, (ii) =
(iii) is lemma 2.32, (iii) = (i) is proposition 5.26 and (iii) < (iv) is proposition 2.29. [

A notion of bisimulation is called structural if it does not rely on the truth set of any
formulas apart from the propositional variables. Structural bisimulations are preferred
over non-structural ones. (For a discussion about this in the scope of conditional logic
see e.g. [15].) In particular A-bisimulations (see definition 2.30) are non-structural.
Theorem 5.23 provides a structural charactarization of { \=, A} }-bisimilarity (and modal
equivalence and behavioural equivalence).

5.2 GEOMETRIC CONDITIONAL LOGIC

In this section we develop (the frames for) geometric conditional logic. We first generalise
the conditional frames from example 2.10 to geometric conditional frames. We show how
geometric conditional frames can be viewed as coalgebras for a functor Cy;,. Thereafter,
we define two open predicate liftings that correspond to the binary modalities = and |.
In subsection 5.2.2 we give a functor on Frm whose restriction to KRFrm is dual to Cyy,.

5.2.1 GEOMETRIC CONDITIONAL FRAMES

5.27 Definition. A topological conditional frame is a triple (X,v, A) where X is
a set, ACPX is a topology on X and v: X x A -» PX is a map, such that

e A is closed under the maps m,,n, : A x PX — PX defined by

my(a,6) :={zeX|v(z,a)<cb}, ny(a,b):={xeX|v(z,a)nb=+a},

e v: X xA— KX satisfies for all x € X, a,6 € A;

(i) if an6 =@, then v(z,a) N6 =@,
(i) if @ €6 and v(x,6) € a, then v(x,a) = v(z,6). N
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5.28 Definition. Let X = (X,v, A) be a topological conditional frame and denote by
X the set X topologised by A. We say that X is differentiated if for all z,y € X there
exist disjoint a,6 € A such that z € a and y € 6, closed if v(z,a) is closed in X for all
reX and a € A, and compact if X is compact.

A geometric conditional frame is a compact, closed and differentiated topological
conditional frame. A geometric conditional frame morphism from (X,v,A) to
(X',v/,A")isamap f: X — X' such that f~!(a’) € A for alla’ € A’ (i.e. f is continuous)
and f[v(z, f(a))] = V' (f(x),a) for all z € X,a € A’. Write GCF for the category of

geometric conditional frames and geometric conditional frame morphisms. <
Let us take a coalgebraic perspective.

5.29 Definition. For a topological space X, let CopX be the collection of maps h :
QX — KX such that for all z € X and a,6 € QX we have

(Cl) if anb =@ then h(a)nb = @; and

(C2) if a €6 and h(6) € a then h(a) = h(6).

Endow Ciop X with the topology generated by the subbase
B(a,6):={heCwpX|h(a)<cb}, &(a,b):={heCwpX|h(a)nb=+*z}

where @ and 6 range over the opens of X. For a continuous map f : X — X' between
topological spaces, define Ciop f : CiopX — Ctopf)C' by

Copf(h)(a) = f[R(f71(a))]-
(The overline denotes closure.) Then Cyop defines an endofunctor on Top. <

5.30 Remark. (i) Condition (C1) can be reformulated as h(a) ¢ @. The intuition
behind this is as follows: The opens of a topological space will serve as the interpretants
of geometric modal formulae and v(z)([¢]) indicates the relevant states of [¢] for x.
If the truth set [¢] of some formula ¢ is disjoint from the truth set [¢] of v, then we
require that ¢ = 9 is false, i.e. h([¢])N[¢)] = @. However, we want to allow the situation
where every state in [¢] is relevant for x, so a € h(a). The set h(a) must be closed, and
the smallest closed set containing a is the closure @. Therefore, we tolerate h(a) = a.

(i) If f: X - X' is a morphism in KHaus then f[h(f(a))] ¢ X' is closed, so
FIh(f1(a))] = f[R(f'(a))]. Since a is open in X', f1(a) is open in X. By construc-
tion h(f~(a)) is closed in X, and since X is compact and X' is Hausdorff, f is a closed
map so f[h(f1(a))] is closed in X'.

5.31 Lemma. Let f: X — X' be a continuous map between topological spaces. Then
Ciopf : CeopX = CiopX' is a well-defined continuous map.

Proof. We need to show that for each h € CiopX, the conditions (C1) and (C2) from
definition 5.29 hold, and that Ciep f is continuous. Checking (C1) and (C2) is similar to
example 2.21.

For continuity, it suffices to check that for all a,6 € QX', the sets (Ciopf) ' (8 (a,6))
and (Ciopf) *(®(a,6)) are open in CiopX. It can be shown by a straightforward com-
putation that

(Ceopf) ' (B(a,6)) =8(f'(a),f'(6)) and (Ciopf) (&(a,6)) =&(f " (a), [7'(6)).

Since f is continuous, f~'(a) and f71(6) are open in X, hence ®(f (a), f1(6)) and
&(f'(a), f1(6)) are open in CiopX. This proves that Ciopf is continuous. O
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5.32 Lemma. If X is a compact Hausdorff space, then so is CiopX.

Proof. Cyop is Hausdorff. Suppose h # h' in CiopX, then h(a) # h'(a) for some
open set a of X. Without loss of generality assume there exists z € h'(a) such that
x ¢ h(a). Since h(a) is closed and X is compact Hausdorff, hence regular, there exist
disjoint open neighbourhoods u, ¢ of h(a) and x respectively. Now we have h € B(a,u),
h' ¢ B(a,u) and h ¢ ®(a,v), h' € ®(a,v). For any j € CopX, whenever j € 8(a,u) we
have vn j(a) =@ so j ¢ ®(a,v). Therefore B(a,u) and &®(a,v) are disjoint and CiopX
is Hausdorft.

Ciop is compact. The proof of this is similar to the proof of lemma 5.6. O

5.33 Definition. Let Cy}, denote the restriction of the functor Ciop to KHaus. Lemma
5.32 entails this is an endofunctor on KHaus. <

5.34 Proposition. GCF 2 Coalg(Cyy,).

Proof. There is an obvious bijection between objects of GCF and objects of Coalg(Cyp).
Let (X,v,A) and (X',v/, A") be two geometric conditional frames and let (X,~) and
(X',4") be the corresponding Cyp-coalgebras. Let f: X — X’ be a function. We claim
that f is a geometric conditional frame morphism if and only if it is a Cy-coalgebra
morphism.

Suppose f is a geometric conditional frame morphism. Then f is continuous as
fHa") e Afor all a’ € A" and A’ is precisely the set of opens in X. Let = € X and
a € QX, then

(CHO (@) () = flv(@)(fHa)] = flvle, (@) = (f(2),a) =7 (f(2))(a),
so f is a Cyp-coalgebra morphism. The converse direction is similar. O

5.35 Remark. The functor Cy, coincides with the restriction to KHaus of the sober
Kupke-Kurz-Pattinson lift (from section 4.1) C D=0 of C with respect to the predicate

liftings A=, A¢ (from example 2.22). This can be proved in a way similar to example 4.9
and using the duality from theorem 5.38 below.

We close this subsection with a brief look at the open predicate liftings that constitute
geometric conditional logic.

5.36 Definition. Define the open predicate liftings A=, A\ : Q2 - Qo Ciop by
AX (@,6) = {h € CiopX | h(a) €6} and  M.(a,6) = {h € CiopX | h(a) N6 % @},
Recall that we write ® for a set of proposition letters. Then GML({\™, A}) is given by

eu=L|ploinea | Veil o= 2|1 e,
1€l

where p € ®. <
Let X = (X,7,V) be a Ciop-model, then

Xzke=v iff y(2)([e]*)c [¥]*

and
Xrkely it (@) ([e]) n [T = 2.

Moreover, the topology on CiopX is generated by A7 (a,6), \*(a,6) where a,6 € QX,
so {\7, M} is a characteristic set of open predicate liftings for Cyop.
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5.2.2 AN ISBELL DUAL FOR Cy,

We will now work towards a dual functor for Cyy, on the frame side, analogous to theorem
3.41. Recall from definition 3.7 that for an element «a in a frame F' the negation is defined
as ~a=V{beF|anb=1}.

5.37 Definition. Let B be a frame. Define AB to be the frame generated by the set
{0(a,6),0(a,6) | a,b € B} subject to the following relations:

Al D(a,ﬁ):TAB if6v~a=T1 A2 Q(a,b)=lABifa/\b=J_

(A1) (A2)
(A3) o(a,6) rno(a,c)=0(a,b6Ac) (A4) O(a,b)vo(a,c)=(a,bve)
(A5) (A6)
(A7) (A8)

A5) o(a,6ve)<o(a,6)v<o(a,c) A6) O(a,b) A O(a,c) < O(a,bAc)

A7) o(a,6) AoO(a,c) =0(a,6) AO(6,¢) A8) 0O(a,b6) A O(a,c) =0(a,6) AO(6,¢)
if6<a if6<a

(AQ) \fﬁeA D(a76) = D(aa\fA) (Al()) \fﬁEA <>(aa6) = <>(a>\fA)
if A is directed if A is directed

If f: B - B’ is a frame homomorphism, define Af : AB - AB’ on generators by

Af(0(a,6)) =o(f(a), f(6)) and Af(O(a,6)) =O(f(a), f(6)). (By remark 3.3 Ag f is
well defined.) N

We will now show that there is a duality between Cy, and a restriction of A. The
proof of the next theorem is somewhat similar to the proof of theorem 3.41 and to the
proof of proposition I114.6 in [29]. The main difference with the proof in [29] is the fact
that we use binary modalities instead of unary ones. Therefore our maps (that constitute
the aforementioned duality) are defined differently. The second argument of each of the
modalities is treated similarly to the proof in [29].

5.38 Theorem. If X = (X,7) is a compact Hausdor(f space then
pt(A(opn ZX:)) ~ CynX.
Proof. Define a map
¢ : CnX — pt(A(opnX)) : b~ pp,
where py, is defined on generators by

0(a,6) » T iff h(a) <6

Ph:A(OPnQC)—>2:{ a6y T iTh(a)nbio

Conversely, for a point p € pt(A(opnX)) define hy, : QX - KX by

hp(a@) = X~ U6 € X | p(0(a,6)) = 1}.

This gives rise to a map 9 : pt(A(opnX)) - C, iy X.

Note the absence of the box in the definition of h,. This is less surprising that it may
seem at first sight: Diamonds and boxes interact via relation (A5) and (A6). It follows
from claim 5.38.C below that it is also possible to define h,(a) using boxes, namely via

hp(a) =( {6 € QX |p(a(a,8)) =T}.

We will show that both ¢ and 1 are well defined, that they are mutually inverse and
that ¢ is continuous. Throughout, we write X := UX.
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5.38.A Claim. For each h € C, X, the map py indeed defines a point.

Proof of claim. Since a point is simply a frame homomorphism Ay (opnX) — 2 and
pp is defined on generators, by remark 3.3 it suffices to show that the p(o(a,6)) and
p(O(a,6)), where a,6 range over QX, satisfy relations (A1) through (A10).

(A1) Observe that ~a = X \@. Let 6 be such that 6u (X \@) = X. Then @ ¢ 6. Since
for all h in Cyy X we have h(a) € @, we know py(0(a,6)) =T.

(A2) Let a,6 € QX and suppose anb = @. As a and 6 are open, we have anb = @. Since
h(a) ca it follows that h(a)n6 = @, so pp(O(a,b)) = L.

(A3) For all a,b6,c € QX we have pp(0(a,6nc¢)) =T iff h(a) € 6nc iff [A(a) € 6 and
h(a) cc] iff [pp(o(a,6)) =T and pp(0(a,c)) = 7] iff pr(0(a,6) AO(a,c)) =T.

(A4) For all a,b,c € QX we have pp(<(a,b) v O(a,c)) = T iff [pp(O(a,b)) = T or
pr(O(a,c)) =T]iff [A(a)nb + @ or h(a)nc # @] iff h(a)n(6uc) = @ iff pp(O(a,bu
¢))=T.

(A5) Suppose pp(O(a,b6uc)) =T. If pp(0(a,6)) =T we are done, so suppose otherwise.
Then pp(0(a,6)) =1, so h(a) c6uc and h(a) ¢ 6. Then h(a) nc # @ and hence
pr(O(a,c)) =T.

(A6) Suppose pp(O(a,6)) = T and pp(<C(a,c)) = T. Then h(a) nc # &, so there is
some x € h(a) such that x € ¢. Since h(a) € 6 this x must be in 6, and hence
h(a)n(6nc) + @, so that hy(O(a,6nc)) =T.

(A7) Suppose 6 € a. If h(a) € 6 then by (C2) from definition 5.29 h(a) = h(6), hence
h eo(a,c) iff h e a(b,c). So if pp(0(a,6)) = T we have pyp(O(a,c)) = pp(0(6,¢)),
which proves that (A7) holds.

(A8) Suppose 6 € a. If h(a) € 6 then by (C2) from definition 5.29 h(a) = h(6), hence
he(a,c)iff heo(6,c). Soif pp(a(a,b6)) =T we have pp(O(a,c)) = pr(<O(6,¢))
for all ¢, which proves that (A8) holds.

(A9) We need to show that \ses pr(0(a,6)) = pr(0(a,JA)). Suppose Vsea pr(0(a, b)) =

T, then pj,(0(a,6)) = T for some 6 € A. So for this 6 we have h(a) € 6. Since 6 ¢ J A
this implies h(a) € UA and hence pp,(a,JA) =T.
Conversely, suppose pp,(0(a, JA)) = T, then h(a) € UA. The sets in A form an
open cover of h(a) and since h(a) is closed it has a finite subcover. Since A is a
directed set, there is some 6 € A containing the union of this finite subcover, and
therefore h(a) € 6. But then py,(0(a,6)) = T and hence Y44 pp(0(a,6)) = T.

(A10) We need to show that \gea pr(O(a,6)) = pp(&(a,JA)). Suppose Vsea pn(O(a,6)) =
T, then there is some 6 € A such that p,(&(a,6)) =T, s0 h(a)nb # @. Since 6 ¢ J A
this implies h(a) n (UA) # @, hence p,(O(a,JA)) =T.

Suppose Vgea prn(<(a,6)) = L. Then h(a) N6 = @ for all 6 € A. Therefore every
6 € A is contained in the open set X \ h(a), hence UA ¢ X \ h(a). This implies
h(a)n(UA) =@, so pr(O(a,JA)) = L.

So for each h € Cy, X, the map py, is indeed a point. O

5.38.B Claim. For each point p € pt(A(opnX)) the map hy is an element of CypX.
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Proof of claim. It is clear that hy(a) € KX, because it is the complement of a union of
open sets. We need to show that h, satisfies conditions (C1) and (C2) from definition
5.29.

First (C1). Let a € QX. Using (A2) we find p(<C(a,~a)) = p(L) = L so U{c |
p(<O(a,c)) =1} 2 ~a and hence

hp(@) = X~ U{e | p(0(@)) = 1} € X ~a =@

Now (C2). Suppose 6 € a and hy(a) € 6. We need to show that h,(a) = hy(6).
Abbreviate C, = {c € QX | p(¢(a,c)) = L}. Then UC, € QX. Moreover, C, is directed,
because p(O(a,c)) = p(O(a,c’)) = L implies p(G(a,cuc’)) = p(S(a,c)) vp(O(a,c’)) =
1v1=1. Now (A10) implies p(a,UC,) = L.

Since hy(6) € a we have X = a U (X \ hy(6)) = a ulUC. Because p(a,X) =T and
p(a,UCy,) = L it follows from (A5) that p(0(a,6)) = T. Therefore, by (A8), p(<(a,d)) =
p(<(6,4)) for all d so hy(a) = hy(6). Clearly this implies hy(a) = hy(6), as desired. &

5.38.C Claim. For every point p we have
(1) hp(a)nb + @ iff p(O(a,6)) =T; and
(it) hy(a) <6 iff p(O(a,6)) =T.

Proof of claim. Abbreviate C, = {c € QX | p(&(a,c)) = L}. We have seen in the proof of
claim 5.38.B that p(<¢(a,UC,)) = L. It follows from (A4) that for any ¢ < UC, we have
p(O(a,d)) = L. By definition p(&(a,d)) = L implies ¢ € C,. Therefore

hp(a)nd g iff ¢ JC, it p(O(a,d))=L if p(&(a,b))=T.

This proves (i).

Proving (ii) requires some more work. Suppose hyp(a) € 6. Then 6 UUC, = X so
p(0(a,6 UUC,)) = T. By (A5) we have p(0(a,6 UUC,)) < p(O(a,b)) v p(S(a,UC,))
and since p(<¢(a,UC,)) = 1, we must have p(0(a,6)) =T.

For the converse, suppose hy(a) ¢ 6. Then X \UC, ¢ 6, so

6ul e, = X. (5.6)

If 6’ 2 6 then by lemma 3.8 ~6’ v 6 =T, so by (5.6) ~6' ¢ UC and hy(a) n~6 # @; hence
by part (i) of this proof p(<&(a,~6")) = T. Relation (A8) gives

p(0(a,6)) Ap(O(a,~6") <p(O(a, b’ n~b")) = p(O(a, 1)) = L

and since p(O(a,~6")) = T this implies p(O(a,6")) = L. It then follows from (A10) and
regularity of X that

p(0(a,6)) = p(0(a,Up«b")) = p(Ug<s 0 (a,6")) = Usresp(0(a, 6')) = L.
We may conclude that p(0(a,6)) = T iff hy(a) < 6. &
5.38.D Claim. The maps ¢ and v define a bijection between CynX and pt(A(opnX)).

Proof of claim. We will show that for all p € pt(A(opnX)) we have p = p,, and for all
h € CknX we have h = hy,, . We start with showing p = pp,,.
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It suffices to show that p and py, coincide on the generators of A(opnX). It follows
from the definition of p; (for a point p) and claim 5.38.C that

p(0(a,6)) =71 iff hy(a)cé iff pp,(0(a,6))=T

and
p(O(a,6)) =1 iff hp(a)nb+o iff php(<>(a,6)):T.

Therefore p = py,,.

Now let us prove h = hy, . It suffices to show that for each a,6 € QX we have h(a) € 6
iff hy, (a) € 6. By definition of p;, we have h(a) c 6 iff ps(0(a,6)) = 7. It follows from
claim 5.38.C that py(0(a,6)) = T iff hy, (a) € 6. This proves the claim. &

5.38.E Claim. The map ¢ is continuous.

Proof. The opens of pt(A(opnX)) are generated by O(a,6) = {p | p(0(a,6)) = T} and
5(a,6) = {p | p(0(,6)) = T}. Wo have

¢ (8(a,6)) = ¢ ({p | p(B(a,6)) = T}) = {h € CxX | h(a) € 6} = B(a,6)
and similarly ¢~ '(<&(a,6)) = ©(a,6). This proves continuity of ¢. O
This completes the proof of the theorem. O

An immediate corollary of this theorem is the fact that the functor A on Frm preserves
compact regularity. Let Ay, be the restriction of A to KRFrm. Theorem 5.38 entails that
the frames Ay, (opnX) and opn(Cy,X) are isomorphic for every X € KHaus.

5.39 Definition. For a compact Hausdorff space X, let nx be the map

A (opnX) P opn(pt(Aw (0pnX))) —2e opn(CnX).

It is routine to verify that, on generators, this is given by O(a,6) — 8(a,6) and &(a,6) —
®(a,b). N

It turns out that the the collection (7x)xekHaus cOnstitutes a natural isomorphism
between Ay, o opn and opn oCyy,.

5.40 Proposition. Let 17 = (7x)xekHaus- 1hen 1 : Ay, o opn — opnoCyy, is a natural
isomorphism.

Proof. 1t follows from theorem 5.38 that 7y is an isomorphism for each compact Haus-
dorff sapce X, so we only need to show naturality. Let f : X — X' be a continuous
map between compact Hausdorff spaces. We need to show that the following diagram

commutes

A (opnX) <D 4 (opn ')

| Jre

Upn(Ckh:X) W Upn((Ckhx,)
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Let O(a,6) be a generator in Ay, (ClopX’). Then

opy(Crn f) (e (9(a, 6)))

= (Cnf) N (a,b)) Def of opn and 7y
= {h € Ckhx | ((Ckhf)(h) € Eﬂ(a,ﬁ)}

={h e CkpnX | (Cknf)(h)(a) €6} Definition of @
={heCuX| f[R(f " (a))] 6} Definition of Cyh f
= {heCaX | h(f(a)) € f71(6)}

=@(f ' (a), f1(6)) Definition of @
(O (@), £7(6))) Definition of 7
= nx (Awr(opn £)(0(a, 6))) Def of Ay, and opn

With a similar argument it can be shown that

(opn(Cin /) (1 (O (@, 6))) = nx(Ar (0pn ) (O (a, 6))).
This proves that 7 is a natural transformation. O
Applying lemma A.6 to proposition 5.40 yields the following corollary.

5.41 Corollary. There is a dual equivalence
Alg(Ak) =P Coalg(Cyn).

This section provided an initial attempt at the development of geometric conditional
logic. We finish this section on the claim that there are still many interesting questions
concerning geometric conditional logic, some of which can be found in chapter 6.
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6

Conclusion

We have started building a framework for coalgebraic geometric logic and investigated
some examples of concrete funtors. There are still many unanswered and interesting
questions. We outline possible directions for further research.

Bisimulations In [6] the authors define A-bisimulations (which are inspired by [17])
between set coalgebas. In this thesis we define A-bisimulations between Stone coalgebras
(section 2.3) and between sober coalgebras (section 3.4). This raises the question whether
a more uniform treatment of A-bisimulations is possible, which encompasses all these
cases.

Lifting functors In section 4.1 we give a method to lift a set functor T together with
a set of predicate liftings A for T to an endofunctor Ty on Sob. We know three instances
where this lifted functor preserves the compact Hausdorff property: when lifting the
powerset functor, the monotone functor and the conditional functor (with respect to
a suitable A). An interesting question is whether we can find general conditions (on
T or A) which imply preservation properties of T, like preserving compactness or the
Hausdorff property. This search could be inspired by the cases where we know that the
compact Hausdorff property is preserved.

Besides, in [57] the authors give a method for lifting a certain class of set functors
to endofunctors on Frm, which leads to geometric logic with an added modality V. We
suspect that there is a connection with our way of lifting set functors to sober functors,
in the sense that, for a cleverly chosen set of predicate liftings A, the lift of T to a functor
on Frm is dual to TA.

Examples in theory As mentioned at the end of chapter 3, it is not completely clear
how the concrete examples of functors we have seen fit in the general theory that we
developed. An interesting direction for further research is to investigate how examples
fit within this general theory.

Proof theory Throughout this thesis we have focussed on the semantics of certain
coalgebraic logics. An interesting course of action is to investigate the syntactic side of
the logics involved. One could either try to do this in full generality, or (as a first step)
develop proof theory for examples such as monotone and conditional geometric logic.
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7

Populaire samenvatting

We schetsen wat een set-coalgebra is en hoe zulke coalgebras verschillende structure
beschrijven.

Coalgebras Laat T een formule zijn die van elke verzameling X een (andere) verza-
meling TX maakt (dat noemen we een functor). Een voorbeeld van zo’n formule is de
machtsverzameling functor P, die stuurt een verzameling X naar de machtsverzameling
PX ={V |V ¢ X}. Een T-coalgebra is dan simpelweg een paar (X,~) van een verza-
meling X en een afbeelding v : X — PX. Coalgebras zijn een algemeen raamwerk om
structuren te beschrijven. We geven twee voorbeelden van zulke structuren en hoe ze
als coalgebra gezien kunnen worden.

Transitie systemen Een transitie systeem is een verzameling X met daarop een re-
latie R. Een relatie is een deelverzameling van X x X. Als z en y twee punten in X zijn
dan zeggen we “x ziet y” als (z,y) € R.

Een voorbeeld van een transitie systeem is

T2

TN

T3

Dit is een weergave van (X, R) met X = {x1, 22,23} en

R ={(21,22), (v1,73), (z2,71), (v2,73) }.

We kunnen dit zien als een P-coalgebra door g : X — PX te definiéren als vy(x;) = {z; €
X | (zi,2z;) € R}. Dan beschrijft de P-coalgebra (X,vgr) precies het transitie system
(X, R); dat wil zeggen, als we alleen (X,vg) zouden weten kunnen we daaruit aflezen
wat (X, R) is en andersom.

In het algemeen corresponderen transitie systemen één-op-één met P-coalgebras.

Gelabelde transitie systemen Stel nu dat we aan elke pijl een label toevoegen. Zij
A een collectie labels waaruit we kunnen kiezen. Een gelabeld transitie systeem een paar
(X,L) met X een verzameling en L ¢ X x A x X een gelabelde relatie. Een voorbeeld
van een gelabeld transitie systeem is

T2

-
Qaq

il T3
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Dit is (X1, L1) met X7 = {21, 29,23} en
Ly = {(z1,a2,22), (%1, a4,23), (x2,a1,21), (2,03, 23) }.

Om dit als een coalgebra te zien kunnen we niet meer P gebruiken maar moeten we een
andere functor, L, maken.
Voor een verzameling X definiéren we

LX =P(Ax X).

We kunnen het gelabelde transitie systeem (X7i,L1) nu beschouwen als L-coalgebra:
Laat vr, () = {(a,z;) | (xi,a,2;) € L}. Dan is

Il = {(a2,$2),(a4,l‘3)}
Vo, i X > PX :{ xo - {(a1,21),(as,z3)}
xr3 > J

en dan kunnen we uit het paar (X,vr,) het gelabelde transitie systeem (X, L) achter-
halen. In het algemeen corresponderen gelabelde transitie systemen precies met IL-
coalgebras.

Deze scriptie Coalgebras zoals hierboven, maar in een meer algemene vorm, vormen

de basis van deze thesis. We definiéren logica op coalgebras en bestuderen eigenschappen
van verschillende klassen coalgebras.
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A
Appendix

A.1 NOTATION

Throughout this thesis, ® denotes a denumerable set of proposition letters. Also we have
number of notational conventions. Sets come in many forms and, when the setting is not
yet set, are written as capital letters X, X', Y. Elements of a set are denoted by lower
case letters x,2’,y,u. Subsets of a given set X are written in lower case calligraphy,
a,B. Collections of subsets of a given set are written as W, W', V. Topological spaces
are indicated by bold upper case calligraphic letters, X,X’, Y and their underlying sets
by the upper case normal font of the letter.

Categories are denoted in this font. Usually C stands for an arbitrary category. We
fix some categories:

e Set is the category of sets and functions;
e Top is the category of topological spaces and continuous functions;

e Topg, Sob, KTop, KSob, KHaus and Stone are the full subcategories of Top with as
objects Tp-spaces, sober spaces, compact spaces, compact sober spaces, compact
Hausdorff spaces and Stone spaces respectively;

e BA is the category of Boolean algebras and Boolean algebra homomorphisms;
e Frm is category of frames and frame homomorphisms;

e SFrm, KFrm, KSFrm and KRFrm are the full subcategories of Frm with objects spa-
tial frames, compact frames, compact spatial frames and compact regular frames
respectively.

More categories are defined as we go.

Functors are usually denoted by a blackboard font letter, A,B,C. An arbitrary
functor is written as T and its the domain and range should be clear from the context.
The following functors will be used throughout the thesis:

e U: Top — Set is the forgetful functor sending a topological space to its underlying
set;

e 7 : Frm — Set is the forgetful functor sending a frame to its carrier in Set, in
particular this restricts to a functor BA — Set;

e P: Set — Set is the covariant powerset functor;
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e Q: Set — BA is the contravariant functor sending a set to its powerset Boolean
algebra and a function on Set to its inverse image.

Some functors do not adhere to the rule of being a blackboard letter:

e uf: BA — Stone is the contravariant functor which sends a Boolean algebra B to the
Stone space of ultrafilters topologised by {@ | a € B}, where @ = {uecufB |a € u},
and a homomorphism f : B — B’ to uf f : uf B’ - uf B defined by (uf f)(u’) =
() o'y

e clp : Stone — BA is the contravariant functor which sends a Stone space to its
Boolean algebra of clopen sets and a continuous function f to f~;

e pt: Frm — Top is the contravariant functor which sends a frame to its space of
points, this is defined in definition 3.13;

e opn: Top — Frm is the contravariant functor which sends a topological space to its
frame of open sets and a continuous map f to f~!, see definition 3.6.

The functors uf and clp constitute Stone duality; the functors pt and opn constitute a
duality between sober spaces and spatial frames. Furthermore we have the abbreviations

e P=7Z0oQ:Set > Set, known as the contravariant powerset functor;
e Clp =Zoclp: Stone — Set sends a Stone space to its set of clopen subsets;
e (2=7Zoopn: Top — Set sends a topological space to its set of open subsets.

Along the way, more functors will be defined when required.

We often use diamonds and boxes. When we use these to as formal symbols who
generate a frame we use an “empty” box and diamond, O and ¢&. When using boxes
and diamonds to define open or clopen sets in some topological space, we use “crossed”
boxes and diamonds, B and ®.

Sometimes we have split up long proofs into several claims. The claims are then
numbered with letters within the proposition or theorem. The proof of such a claim is
closed by a diamond, <, instead of a box, in order to differentiate between to proof and
it subproofs.

A.2 THE MONOTONE FUNCTOR ON Frm

Recall that the monotone functor M : Frm — Frm is defined as follows: For a frame F
the frame MF is the frame generated by the set MIF' = {Oa, Ca (a € F')} subject to the
relations

(M1) o(aab) <0a (M2) Ga<o(avhb)
(M3) oaA<&b<0 whenever a Ab<0 (M4) gav Ob>1 whenever avb>1
(M5) oVVA=\Noa|ae A} (M6) OV A=\{Ca|ae A},

where a,b € F and A is a directed subset of F. For a homomorphism f: F' — F’ define
Mf : MEF — MF’ on generators by

Oa+~Of(a), <ar Of(a).
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We have seen that M preserves regularity in proposition 3.40. Via the duality from
theorem 3.41 it follows from lemma 3.38 that M preserves compactness as well. But we
can also prove this fact without using the duality to move the problem to the topological
side. Before we prove this, we give an equivalent definition of MIF', which is inspired by
theorem 4.2 from [57]. We then show that this equivalent frame is compact whenever F'
is. The proof is similar to the proof of theorem 4.2 from [57].

A.1 Definition. Let D be a frame. Define

M'D = Fr{p,D x p,D (qua v-semilattice) |

(i) (yu{anb},d) < (yuia},d)

(i) (v.0u{a}) < (y,6uf{avb})

(iii")  (yu{a},0) A (7,0U{b}) < (7,8) ifanb=0

(iv") T<(yu{a},du{b}) ifavb=1

(v")  (vu{VA}9) <Vea(yu{a},0)

(vi") (7, {V' A} Ud) <Vgea(v, {a} v )
)

Here we use T to denote the top element of M’'D and 1 for the top element of D. The
join structure is given by (v,0) v (v/,0") = (yu~',0 ud’). <

A.2 Lemma. Let D be a frame. Then MD =~ M'D.

Proof. Define
0a ~ ({a},2)

M:MD»MD:{ ars (2. 1a))

and

n:MD - MD: (y,6) » \/Ocv \/ &d.
cery ded

These maps obviously give a bijection. We will show that both assignments preserve the
relations from definition 3.39 and A.1, wherefore they can be lifted to frame homomor-
phisms. Moreover, both maps are frame homomorphisms.

The map u is a homomorphism because it is defined on the generators and is well-
defined for it preserves the relations from definition 3.39.

We first show that the assignment p preserves (i) — (vi).

(i) First (i), ',
u(0(and)) = (fanb},2) < ({a},0) = u(0a).
(ii) Second, )
w(0a) = (2,{a}) € (@, {av b}) = p(o(av b)),
(iii) For (iii), suppose a A b = 0, then

w(oan ob) = ({a},2) A (2. (b)) < (2.2) = u(0).

(iv) Now suppose a Vv b= 1, then
p(1) =1 € = ({ah2) v (@, (b)) = p(0a) v j1(Ob) = j(Ba v Ob).
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(v) For (v), first observe
H(EVA) = (9 41.2) <V (0).2) =Vaea i(50) = (Vo 0.

From (1) it follows that
({a}, @) = ({(VA) na}, @) < ({V A}, 2)
so that u(0a) < u(o\V' A) and hence u(Vyes 0a) = Vges p(0a) < u(o\V A).

(vi) From (vi’) we get u(OV'A) < u(Vgea ©a). From (ii’) it follows that (@, {a}) <
(@, A) so that u(Ga) < (O V' A) for all a € A and hence pu(Vigea Ga) = Vigen p(<a) <
u(OVA). This proves equality.

In order to show that n defines a frame homomorphism we need to prove that it
preserves joins and relation (0’) — (vi’). The preservation of joins is obvious. For (i’),

n(yu{anb},d) =\ ocvolarb) v\ &d

cey ded
<\Voevoav\/ ¢d

cey ded
=n(yu{a},9).

In a similar way (ii’) can be treated.
For (iii’), suppose a A b =0, then

n(yu{a},8) An(y,6u{b})=(\Voecvoa\/ od) A (\oev\/ &dv ob)

=\ oev\/ odv (Oa A Ob)
<\Voev\V/odvo
=1(7,9).
The dual notion (iv’), can be treated similarly.
For (v’),
n(yu{VA4},0)=\/oevoVAv\ &d
cey ded
=\ ocvVicaoav/ od
cery ded
=Veea(VOcvoa v/ ©d)
= \faeA(’Y U {a}a 5)
Lastly (vi’) is similar. O

A.3 Theorem. Suppose D is compact. Then MD is compact.

Proof. The frame MD is compact iff there is a preframe homomorphism ¢ : MD — 2
that is right adjoint to the unique frame homomorphism !: 2 - MD (cf. [57, Theorem
4.2]).

By proposition A.2 MD =~ M'D, so we may work with the latter. Because all the
relations in definition A.l are join stable, we can use the preframe coverage theorem
(theorem 5.1 in [32]) to find

M'D = PreFr{ p,D x p,D (qua poset) | same relations as definition A.1 ).
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Define ¢ : M'D - 2 by

| 1 iff there are c €y such that cv (V) =1
#(7,0) = { 0 otherwise '

We need to check that ¢ is indeed a pre-frame homomorphism. Since ¢ is defined on
generators, it suffices to show that it preservers the relations (i) — (vi’), because if it
does it can be lifted in a unique way to a frame homomorphism M’'D — 2. We check
that ¢ preserves the relations one by one.

(i) Suppose p(yu{a},d) =0, then cvV =0 forall ceyand (arnb)vVI<avVd=0.

(i") If p(vy,0 u{a}) =1, then cvV(du{a}) =1 for some ce~, socvV(@u{avb})>
cvV(@du{a})=1.

(iii’) Suppose ¢(yu{a},d) =1 and ¢(v,d U {b}) = 1. Then either there is some c € 7
such that ¢v V¢ = 1, which implies ¢(7,d) =1, or a vV = 1. In the latter case,
note that we also have some ¢’ € v such that ¢’ v\/dvb=1, so that

dv\/d=v\/ov(aab)=(av\/iv)a(dv\/dvb)=1n1l=1.
The first equality holds because a A b= 0. Again we find ¢(v,0) = 1.
(iv’) If avb=1, then avV(0u{b})=1so p(yu{a},du{b})=1.

(v’) Suppose p(yu {\V}A},8) = 1, then either cv (V§) = 1 for some c € v, or 1 =
(VA) v (V) = Vseala v (VI)) (note that the latter is indeed a directed set,
because A is). By compactness of D this gives a v (V) = 1 for some a € A. So

both cases yield o(Vgea(yu{a},d)) = 1.

(vi’) Suppose p(v,{\V' A} ud) =1, then, for some c € v, we have
l=cv\/({VA}ud)=V(cvav\/d)

and by compactness we must have ¢ v \/({a} ud) =1 for one of the a. (The set
{cvavViéd|ae A} is directed and by (ii’).)

Lastly, we need to check that ¢ is right-adjoint to ! : 2 > M'L (defined by 1 — T =
(1,1) (note that (1,1) is in the equivalence class of T), and 0 » (@,2)). It suffices to
show that ¢(!(p)) > p and !(¢(7,0)) < (7,0). For the first, suppose p = 1, then !(p) is
the equivalence class of (1,1) and ¢(!(p)) = 1. For the second, if ¢(v,0) = 1, then there
are c €y such that ¢v (V) =1 (in particular § #+ @) and hence

1=({1},0) = ({ev (V9)},0) < ({c},0) < (7,9).

The first inequality follows from recalling that ¢ is a finite set and applying (vi’) repeat-
edly. O

Proposition 3.40 and theorem A.3 combined yield the following result.

A.4 Corollary. The functor Ml on Frm preserves compactness.
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A.3 FOR REFERENCE

A.5 Lemma. Let C and D be categories and 1: C - D, J: D — C two functors that
constitute a dual equivalence between C and D. Let S : C - C and T : D - D be
endofunctors. The following are equivalent

(i) there is a natural isomorphism n:SoJ — JoT;
(ii) there is a natural isomorphism p:Tol —1ToS.
Proof. (i) to (ii): define u by

I

TT —= IJTI —2s ISJT —=€5 TS,

These are all natural isomorphisms. (ii) to (i) is similar. O

A.6 Lemma. Let C and D be categories and I : C - D, J: D - C two contravariant
functors that constitute a dual equivalence between C and D. Let € : Id - Jol and
1:1d = ToJ be the corresponding natural isomorphisms. Let S:C—- C and T:D - D be
endofunctors. Suppose there is is a natural isomorphism n:SoJ — JoT. Then there is

a dual equivalence
Alg(S) =P Coalg(T).

Proof. We define two functors X : Alg(S) — Coalg(T) and Y : Coalg(T) — Alg(S) and we
will give two natural isomorhisms Idjgs) 2 Y o X and Idceaig(r) = X o Y.

Definition of X. By lemma A.5 we get a natural isomorphism p:Tol —ToS.
Let 6 : SX -» X be an S-algebra. Applying I gives 6 : IX — ISX and composition
with ,u}l gives
-1
Ix —2. 1sx 2. TIX. (A.1)
So if we put s := uy! o I8 the pair (IX,7s) is a T-coalgebra. Define X(X,d) := (IX,7s).
Let f: X - X' be a S-algebra morphism from (X,d) to (X’,6"). The the following

diagram commutes,

sx . sx’
51 15' (A.2)

!/
X 7 X

Moreover, the following diagram commutes

IX 4 px7

d e

ISX L 15X’

I l ll&lf

TIX <5 TIX

Commutativity of the upper square follows from applying I to the diagram in (A.2) and
commutativity of the lower square follows from the fact that u is a natural isomorphism.
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This shows that If is a T-coalgebra morphism from (IX,~s) to (IX’,~s ). Define Xf :=
If.

Definition of Y. Define Y : Coalg(T) — Alg(S) in a similar way, where Y(X,~) =
(IX,6,) and Yf =Jf. Here d, is the composition

sIx . gTx . JX. (A.3)

The natural isomorphism & : ldpgs) = Y o X. We need an algebra isomorphism
§(x,0) 1 (X,0) > YoX(X,6) = (JIX,d,;). That is, the following diagram must commute

S
Sx 209 sy1x

I

X — JIX
§(x.,5)

Let §(x,5) = €x. We claim that with this definition the diagram above commutes.
Obviously this yields an isomorphism. For commutativity:

SJIX X JISJIX
E€SJIX
JInrx
S(ex) JISJIX —2X, JIITIX i
J HS( € X ) J iT]I X
€sx Jpx Thx
SX JISX JTIX — . SJIX
) JIs Jvs O
X X JIX JIX JIX

Since I and J form an adjunction, we have Idy = €' o Ji™" (see e.g. [40] section IV.1
theorem 1), so €j' = J1.

The upper square commutes trivially. The middle square commutes by definition
of p. The squares left and right of the middle square commute because € is a natural
transformation, as does the left lower square. For the middle right square, recall e}l =Ju
The middle and right lower squares commutes by definition of s and d,. It follows that

€x 00 = 0y5 0S(ex),
as desired. This gives the natural isomorphism Idpgs) = Yo X.
The natural isomorphism ( : Idceaig(ty > X o Y. This can be treated similar to &.

Conclusion. This proves that there is a dual equivalence Alg(S) =°P Coalg(T). O

As we often work with Stone duality and Isbell duality, the previous lemma provides
a powerful tool.
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A.7 Lemma. (i) Pullbacks in Sob are computed as in Top.
(ii) Pullbacks in KHaus are computed as in Top.

Proof. (i) Let

x Loy Lx (A.4)
be a cospan in Sob. The pullback of this diagram in Top is P = {(u,u’) e X x X" | f(u) =
f'(u")} viewed as a subspace of X x X'. Let 7: P — X and 7’ : P - X' be projections.
Since dual equivalences send limits to colimits and vice versa the diagram

pt(opnX) pHopnr) pt(opnX’)

pt(opnm) pt(opn f')
i l

pt(opnX) o pt(opnY)

is a pullback diagram in Top. By proposition 3.14 the cospan

pt(opn0) P pi(opny) WD pi(opnax)

is isomorphic to the cospan in (A.4), hence pt(opn?P) is also a pullback of the cospan in
(A.4). Since pullbacks are unique up to isomorphism P = pt(opn?P). By definition 3.13
the latter is sober, therefore P is sober.

(ii) Suppose the diagram of (A.4) is in KHaus and we take the pullback P in Top. The
product of two Hausdorff spaces is a Hausdorfl space and the subspace of a Hausdorff
space is Hausdorff, so P is Hausdorff. Suppose (u,u’) € X x X" is not in P. Then
f(u) = f'(u') in Y so there exist disjoint open sets a,a’ in Y containing v and '
respectively. Then a x a’ is open in X x X’ and disjoint from P. Therefore P is closed.
As the product of two compact sets is again compact and closed subsets of compact sets
are compact, P is compact. O

A.8 Lemma. Let f: A— B be a Boolean algebra homomorphism. Then f is injective
if and only if f1(TR) = {Ta}.
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