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ABSTRACT. Using the theory of coalgebra, we introduce a uniform framework for adding
modalities to the language of propositional geometric logic. Models for this logic are
based on coalgebras for an endofunctor on some full subcategory of the category of
topological spaces and continuous functions. We investigate derivation systems, soundness
and completeness for such geometric modal logics, and we we specify a method of lifting an
endofunctor on Set, accompanied by a collection of predicate liftings, to an endofunctor on
the category of topological spaces, again accompanied by a collection of (open) predicate
liftings. Furthermore, we compare the notions of modal equivalence, behavioural equivalence
and bisimulation on the resulting class of models, and we provide a final object for the
corresponding category.

1. INTRODUCTION

Propositional geometric logic arose at the interface of (pointfree) topology, logic and theoreti-
cal computer science as the logic of finite observations [1, 39]. Its language is constructed from
a set of proposition letters by applying finite conjunctions and arbitrary disjunctions, these
being the propositional operations preserving the property of finite observability. Through
an interesting topological connection, formulas of geometric logic can be interpreted in the
frame of open sets of a topological space. Central to this connection is the well-known dual
adjunction between the category Frm of frames and frame morphisms and the category Top
of topological spaces and continuous maps, which restricts to several interesting Stone-type
dualities [20].

Coalgebraic logic is a framework in which generalised versions of modal logics are
developed parametric in the signature of the language and a functor T : C — C on some
base category C. With classical propositional logic as base logic, two natural choices for
the base category are Set, the category of sets and functions, and Stone, the category of
Stone spaces and continuous functions, i.e. the topological dual to the algebraic category of

Key words and phrases: MANDATORY list of keywords.
* Paper appeared at CALCO...

Preprint submitted to © N. Bezhanishvili, J. de Groot, and Y. Venema
Logical Methods in Computer Science @ Creative Commons


http://creativecommons.org/about/licenses

2 N. BEZHANISHVILI, J. DE GROOT, AND Y. VENEMA

Boolean algebras. Coalgebraic logic for endofunctors on Set has been well investigated and
still is an active area of research, see e.g. [12, 28]. In this setting, modal operators can be
defined using the notion of relation lifting [31] or predicate lifting [32]. Coalgebraic logic
in the category of Stone coalgebras has been studied in [27, 18, 14, 6], and there is a fairly
extensive literature on the design of a coalgebraic modal logic based on a general Stone-type
duality (or adjunction), see for instance [11, 24] and references therein.

In this paper we investigate some links between coalgebraic logic and geometric logic.
That is, we use methods from coalgebraic logic to introduce modal operators to the language
of geometric logic, with the intention of studying interpretations of these logics in certain
topological coalgebras. Note that extensions of geometric logic with the basic modalities O
and <, which are closely related to the topological Vietoris construction, have received much
attention in the literature, see [39] for some early history. A first step towards developing
coalgebraic geometric logic was taken in [37], where a method is explored to lift a functor on
Set to a functor on the category KHaus of compact Hausdorff spaces, and the connection
is investigated between the lifted functor and a relation-lifting based “cover” modality.

Our aim here is to develop a framework for the coalgebraic geometric logics that arise if
we extend geometric logic with modalities that are induced by appropriate predicate liftings.
Guided by the connection between geometric logic and topological spaces, we choose the
base category of our framework to be Top itself, or one of its full subcategories such as Sob
(sober spaces), KSob (compact sober spaces) or KHaus (compact Hausdorff spaces). On
this base category C we then consider an arbitrary endofunctor T which serves as the type
of our topological coalgebras. Furthermore, we shall see that if we want our formulas to be
interpreted as open sets of the coalgebra carrier, we need the predicate liftings that interpret
the modalities of the language to satisfy some natural openness condition. Summarizing, we
shall study the coalgebraic geometric logic induced by (1) a functor T : C — C, where C
is a full subcategory of Top, and (2) a set A of open predicate liftings for T. As running
examples we take the combination of the basic modalities for the Vietoris functor, and that
of the monotone box and diamond modalities for various topological manifestations of the
monotone neighborhood functor on Set. The structures providing the semantics for our
coalgebraic geometric logics are the T-models consisting of a T-coalgebra together with a
valuation mapping proposition letters to open sets in the coalgebra carrier.

The main results that we report on here are the following:

e Section 4 contains a detailed description of the monotone neighbourhood functor on
KHaus, which naturally extends the monotone functor on Stone [18] that corresponds
to monotone modal logic.

e In Section 5 we discuss derivation systems for coalgebraic geometric logic, based on
consequence pairs, and derive a general completeness result.

o After that, in Section 6 we adapt the method of [25] in order to lift a Set-functor together
with a collection of predicate liftings to an endofunctor on Top. We obtain the Vietoris
functor and monotone functor on KHaus as restrictions of such lifted functors.

e In Section 7, we construct a final object in the category of T-models, where T is an
endofunctor on Top which preserves sobriety and admits a Scott-continuous, characteristic
geometric modal signature.
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e Finally, in Section 8 we transfer the notion of A-bisimilarity from [15, 3| to our setting,
and we compare this to geometric modal equivalence, behavioural equivalence and Aczel-
Mendler bisimilarity. Our main finding is that on the categories Top, Sob and KSob,
the first three notions coincide, provided A and T meet some reasonable conditions.

We finish the paper with listing some questions for further research.

2. PRELIMINARIES

We briefly fix notation and review some preliminaries.

2.1. Categories and functors. We use a bold font for categories. We assume familiarity
with the following categories and functors:

e Set is the category of sets and functions;

e Top is the category of topological spaces and continuous functions;

e KHaus and Stone are the full subcategories of Top whose objects are compact Hausdorff
spaces and Stone spaces respectively;

e BA is the category of Boolean algebras and Boolean algebra morphisms.

Categories can be connected by functors. We use a sans serif font for functors. In particular,
the following functors are regularly used in this paper:

e U: Top — Set is the forgetful functor sending a topological space to its underlying set.
The functor U restricts to every subcategory of Top, in which case we shall abuse notation
and also call it U;

e P:Set — Set and P : Set® — Set are the covariant and contravariant powerset functor
respectively;

e Q: Set’” — BA sends a set to its powerset Boolean algebra and a function to the inverse
image map viewed as morphism in BA;

e () : Top — Set sends a topological space to the set of opens.

Note that P = Uo Q. More categories and functors will be defined along the way. We use
the symbol = for categorical equivalence.

2.2. Coalgebra. Let C be a category and T an endofunctor on C. A T-coalgebra is a pair
(X,v) where X is an object in C and v : X — TX is a morphism in C. A T-coalgebra
morphism between two T-coalgebras (X,v) and (X’,7) is a morphism f: X — X' in C
satisfying 7' o f = T f o~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).

The notion of an algebra for T is defined dually, and gives rise to the category Alg(T).

Example 2.1 (Kripke frames). Kripke frames correspond 1-1 with P-coalgebras. For a
Kripke frame (X, R) define yg : X — PX : 2 — {y | zRy}. Then (X,~r) is a P-coalgebra.
Conversely, for a P-coalgebra (X,v) define R, by 2R,y iff y € y(z). Then (X, R) is a
Kripke frame. It is not hard to see that R,; = R and yg, = 7, so we obtain a bijection
between Kripke frames and P-coalgebras. Moreover, bounded morphisms between Kripke
frames are precisely P-coalgebra morphisms. Thus, we have

Krip = Coalg(P),

where Krip is the category of Kripke frames and bounded morphisms.
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Example 2.2 (Monotone neighbourhood frames). Let D : Set — Set be the functor given
on objects by
DX ={WCPX | ifae W and a C b then b € W},

where X is a set. For a morphism f : X — X’ define
Df:DX —» DX’ : W {d ¢ PX'| f~1(d) € W}.

Then the category of monotone frames a bounded morphisms is isomorphic to Coalg(D)
[10, 17, 18].

2.3. Coalgebraic logic for Set-coalgebras. Let T be a Set-functor and ® a set of
proposition letters. A T-model is a triple (X,~,V) where (X,v) is a T-coalgebra and
V :® — PX is a valuation of the proposition letters. An n-ary predicate lifting for T is a
natural transformation

A:P" 5 Po T,
where P" denotes the n-fold product of the contravariant powerset functor. A predi-
cate lifting is called monotone if for all sets X and subsets aq,...,a,,0 C X we have

)\X(al,...,ai,...,an) - )\X(al,...,aiub,...,an).
For a set A of predicate liftings for T, define the language ML(A) by
pi=pl=0loAe| Qe . 0n),
where p € ® and X € A is n-ary. The semantics of ¢ € ML(A) on a T-model X = (X,~,V)
is given recursively by

PI* =V®), leinel® =[al* nlead®s [l = X\ [o]%,
IIQQ/\(QOh SRR Qon)]]x = 771(>‘([[901]]x7 R [[Son]]x))a
where p € ® and A ranges over A.

]uilxample 2.3 (Kripke models). Consider for P-models the predicate liftings A\°, A® : P
P o P given by

AY(a)={bePX |bCa}, A}(a)={bePX|bnas#0}.
Then A7 and A® yield the usual Kripke semantics of 0 and <.

Example 2.4 (Monotone neighbourhood frames). Monotone neighbourhood models are
precisely D-models, where D is the functor defined in Example 2.2. The usual semantics for
the box and diamond in this setting can be obtained from the predicate liftings given by

MR(a)={WeDX|aceW}, I(a)={WeDX|X\ag¢gW}. (2.1)

We refer to [28] for many more examples of coalgebraic logic for Set-functors.
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2.4. Geometric logic. Let ® be a set of proposition letters. The language GL(®) of
geometric formulas is given by

pu=T|Llplerel\/ ¢
i€l
where p € ® and [ is some index set. Coherent formulas are defined in the same way, but
without infinitary disjuctions. These are also known as positive logic.
We describe the logical system as a collection of binary consequence pairs, written as
p<. A geometric logic is a collection consequence pairs closed under the following rules:
Identity

Y4,
cut
e Pax
paX
the conjunction rules
PP pdax
SD<]T7 90/\1/’490, 90/\7/)41/1’ A
PP N X

the disjunction rules
<4y (all p € 5)
VSay

pa\/S (pe9),

and frame distributivity
oA\ Sa\/{erv|yest

Note that these are in fact all schemata. We write G£ for the minimal geometric logic,
i.e. the smallest collection of consequence pairs closed under the axioms and rules given
above. We write ¢ gz 1 if the consequence pair ¢ <9 is in GL.

Note that frame distributivity allows us to reduce every formula to a disjunction of
finite conjunctions of proposition letters. Therefore, modulo equivalence, the formulas form
a set. A collection S of geometric formulas is called directed if for every pair ¢, € S there
exists y € S such that ¢ F x and ¢ F .

The topological semantics and algebraic semantics of geometric logic are given by
topological spaces and frames.

2.5. Frames and spaces. A frame is a complete lattice F' in which for all a € F' and
S C F the infinite distributive law holds:

a/\\/S:\/{a/\s | s € S}.
A frame homomorphism is a function between frames that preserves finite meets and arbitrary
joins.

For a,b € F we say that a is well inside b, notation: a € b, if there is a ¢ € F' such that
cANa=_1and ¢cVb=T. An element a € F is called regular if a = \/{b € 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=\{beF|anb= L}. A frame is said to be compact if \/ S = T implies that there is
a finite subset S’ C S such that \/ S" = T.

Lemma 2.5. For all elements a,b in a frame F we have a € b iff ~aVb=T.

Proof. See [20, III1.1]. [
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Lemma 2.6. 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 c Ad € a Ab. It is clear that cAd € a and ¢ Ad € b. Since ~(cAd)V (a Ab) =
(~(end)Va)A(~(cANd)Vb)=TAT=T weknow cAd<Z aAb.

Now suppose a and b are regular elements, then

anb=\clczapa\{d|dzb}=\/{ernd|cgadzb} <\/{c|cZanb} <and,

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

\/ai:\/(\/{C|C<ai}> é\/{c!c< \/al} <\ ai,
icl icl icl icl
so an arbitrary join of regular elements is regular. []

Frames can be presented by generators and relations.

Definition 2.7. 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
joins and finite meets.

Let F be a frame and ZF its underlying set. 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 ]?for any expression z build from the
generators in G using A and \/. We require:

(i) 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-t zF

™~
ZF

commutes.

The frame homomorphism from (iii) is necessarily unique, because the image of the
generating set {f(g) | ¢ € G} under h is determined by the diagram. A detailed account of
frame presentations may be found in chapter 4 of [39].

Remark 2.8. We will regularly define a frame homomorphism F — F’ from a frame F
presented by (G, R) to some frame F’. By Definition 2.7 it suffices to give an assignment
f'+ G — F’ such that (ii) holds, because this yields a unique frame homomorphism 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 fact allows us to define a frame by specifying generators and relations. A proof
can be found in [20, Proposition 112.11].

Fact 2.9. Any presentation by generators and relations presents a unique frame.
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The collection of open sets of a topological space X forms a frame, denoted opnX. A
continuous map f : X — X’ induces opnf = f~! : opnX’ — opnX and with this definition
opn is a contravariant functor Top — Frm. A frame is called spatial if it isomorphic to
opnX for some topological space X.

A point of a frame F' is a frame homomorphism p : F — 2, with 2 = {T, L} the
two-element frame. Let ptF' be the collection of points of F' endowed with the topology
{a| a € F}, where @ = {p € ptF | p(a) = T}. For a frame homomorphism f : F — F’
define ptf : ptF’ — 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).

We denote by Sob and KSob the full subcategories of Top whose objects are sober
spaces and compact sober spaces, respectively. Where Frm is the category of frames and
frame homomorphisms, SFrm, KSFrm and KRFrm are the full subcategories of Frm
whose objects are spatial frames, compact spatial frames and compact regular frames,
respectively. The functor Z : Frm — Set is the forgetful functor sending a frame to the
underlying set, and restricts to every subcategory of Frm. Note that Q2 = Z o opn.

Fact 2.10. 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°

and
KRFrm = KHausP.

For a more thorough exposition of frames and spaces, and a proof of the statements in
Fact 2.10 we refer to section C1.2 of [22]. We explicitly mention one isomorphism which is
part of this duality, for we will encounter it later on.

Remark 2.11. Let X be a sober space. Then Fact 2.10 entails that there is an isomorphism
X — pt(opnX). This isomorphism is given by = — p,, where p, is the point given by

a— T ifx€a

px:oan—>2:{ a— 1 ifzxéda

for all z € X and a € QX.

3. LOGIC FOR TOPOLOGICAL COALGEBRAS

Although not all of our results can be proved for every full subcategory of Top, we will give
the basic definitions in full generality. To this end, we let C be some full subcategory of Top
and define coalgebraic logic over base category C. In particular C = KHaus and C = Sob
will be of interest. Throughout this section T is an arbitrary endofunctor on C and we view
Q as a functor C — Frm. Recall that ® is an arbitrary but fixed set of proposition letters.
We begin with defining the topological version of a predicate lifting, called an open predicate
lifting.
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3.1. Open predicate liftings.

Definition 3.1. An open predicate lifting for T is a natural transformation

A:Q" = QoT.
An open predicate lifting is called monotone in its i-th argument if for every X € C and all
ai,...,an,b € QX we have Xx(ai,...,ai,...,a,) C Ax(ai,...,a; Ub,...,ay), and monotone

if it is monotone in every argument. It is called Scott-continuous in its i-th argument if for
every X € C and every directed set A C QX we have

)\X(al,...,UA,...,an) = U Ax(at, ..., b, ... an)
beA
and Scott-continuous if it is Scott-continuous in every argument.
A collection of open predicate liftings for T is called a geometric modal signature for
T. A geometric modal signature for a functor T is called monotone if every open predicate
lifting in it is monotone, Scott-continuous if every predicate lifting in it is Scott-continuous,
and characteristic if for every topological space X in C the collection

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

Remark 3.2. Using the fact that for any two (open) sets a, b the set {a,a U b} is directed,
it is easy to see that Scott-continuity implies monotonicity.

Scott-continuity will play a réle in Section 7, where it is used to show that the collection
of formulas modulo (semantic) equivalence is a set, rather than a proper class.

Let S be the Sierpinski space, i.e. the two element set 2 = {0, 1} topologised by {0, {1}, 2}.
For a topological space X and a C UX let x, : X — S be the characteristic map (i.e. x,(z) =1
iff x € a). Note that y, is continuous if and only if a € QX. Analogously to predicate
liftings for Set-functors [35, Proposition 43], one can classify n-ary predicate liftings as open
subsets of TS™. This elucidates the analogy with predicate liftings for Set-functors.

Proposition 3.3. Suppose S € C, then there is a bijective correspondence between n-ary
open predicate liftings and elements of QTS™. This correspondence is given as follows:
To an open predicate lifting \ assign the set gn(m; *({1}),..., 7, ({1})) € QTS", where
w : S™ — S be the i-th projection, and conversely, for ¢ € QTS™ define A° : Q" — QT by
M (a1, oyan) = (T(Xars - - - Xan)) " (c).

Definition 3.4. The language induced by a geometric modal signature A is the collection
GML(®, A) of formulas defined by the grammar

pu=TpleiAgal o[ ONer,. . on),
el
where p ranges over the set ® of proposition letters, I is some index set, and A € A is n-ary.
Abbreviate L :=\/ ). We call a formula in GML(®, A) coherent if it does not involve any
infinite disjunctions.
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3.2. Interpretation and examples. The language GML(®, A) is interpreted in so-called
geometric T-models.

Definition 3.5. A geometric T-model is a triple X = (X, v, 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) 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).

Definition 3.6. The semantics of ¢ € GML(®, A) on a geometric T-model X = (X,~,V)
is given recursively by

[MTF =X, BI*=VE), kAl =0kl Vel = Ul

el el
[OMer, .- on)]* =7 x([e1]™, - - [en]))-

We write X,z IF ¢ iff 2 € [¢]¥. Two states = and 2’ are called modally equivalent if they
satisfy the same formulas, notation: = =5 /. We say that ¢ is a semantic consequence of 1
in Mod(T), notation: ¢ It 1, if [¢]* C []* for all X € Mod(T).

The following proposition shows that morphisms preserve truth. Its proof is similar to
the proof of theorem 6.17 in [36].

Proposition 3.7. Let A be a geometric modal signature for T. Let X = (X,~,V) and
X' = (X, 4, V') be geometric T-models and let f : X — X' be a geometric T-model morphism.
Then for all ¢ € GML(®,A) and © € X we have

X,zlko iff X f(x) ke
We state the notion of behavioural equivalence for future reference.

Definition 3.8. Let X = (X,v,V) and X' = (X',7/,V’) be two geometric T-models and
z € X, 2/ € X' two states. We say that x and 2’ are behaviourally equivalent in Mod(T),
notation: = ~npeq(t) 2, if there exists a geometric T-model Y and T-model morphisms

x T v
such that f(z) = f/'(z').

As an immediate consequence of Proposition 3.7 we find that behavioural equivalence
implies modal equivalence. We will see in Section 7 that, under mild conditions, the converse
is true as well.

Let us give some concrete examples of functors.

Example 3.9 (Trivial functor). Let 2 = {0,1} be topologised by {0,{0,1}} (the trivial
topology). Define the functor F : Top — Top by FX = 2 for every X € Top and Ff = idg,
the identity map on 2, for every continuous function f. This is clearly a functor. Consider
the open predicate lifting A : Q — Q o F given by Ax(a) = U2 for all a € QX. For a F-model
X = (X,7,V) we then have X,z IF Q¢ iff y(z) € M([]*) iff [¢]* € QX. So O = T.

Next we have a look at the Vietoris functor on KHaus. Coalgebras for this functor
have also been studied in [5], where they are used to interpret the positive modal logic from
[13, 9]. In Section 4 we study the example of the monotone functor, which gives rise to
monotone modal geometric logic.
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Example 3.10 (Vietoris functor). For a compact Hausdorff space X, let VipX be the
collection of closed subsets of X topologized by the subbase

ma;:{bevthH)ga}, @a::{bevth|aﬂb7§@},

where a ranges over QX. For a continuous map f : X — X’ define Vinf : VinX — Vi X/
by Vknf(a) = fla]. If X is compact Hausdorff, then so is VxkaX [30, Theorem 4.9], and
if f:X — X’ is a continuous map between compact Hausdorff spaces, then Vi f is well
defined and continuous [27, Lemma 3.8], so Vi, defines an endofunctor on KHaus.

Let X = (X,v,V) be a Vgp-model. If we set

A%:QX—)Q(thX):LLl—) {bGthX | b C a},

where X € Top, then we have X,z I Op iff v(z) € AR ([¢]?) iff v(z) C [¢]* iff every
successor of x satisfies . Similarly )\§ : QX = Qo VinX, given by )\g(a) = &a yields the
usual semantics of the diamond modality.

3.3. Strong predicate liftings. In Section 8 it turns out to be useful to have a slightly
stronger notion of open predicate liftings, called strong open predicate liftings, as this allows
us to prove that behavioural equivalence implies so-called A-bisimilarity. Whereas the action
of open predicate liftings is defined only on open subsets, a strong open predicate lifting
acts on every subset of elements of a topological space. Recall that U : Top — Set is the
forgetful functor.

Definition 3.11. A strong open predicate lifting for T : C — C is a natural transformation
p:(PoU)® > PoUoT
such that for all X € C and ay,...,a, € QX the set Ax(ai,...,ay) is open in TX. Mono-
tonicity and Scott-continuity of strong open predicate liftings are defined in the standard
way.
We call an open predicate lifting (from Definition 3.1) strong if it is the restriction

of some strong open predicate lifting and strongly monotone if it is the restriction of a
monotone strong open predicate lifting.

Evidently, every strong open predicate lifting restricts to an open predicate lifting, and
it is only this weaker notion of open predicate lifting that has an effect on the semantics.
Our notion of strong open predicate lifting is similar to the notion of a topological predicate
lifting for endofunctors on Stone, which were introduced in [14].

Example 3.12. The predicate lifting corresponding to the box modality from Example 3.10
is strong, for it is the restriction of p : U — U o Vi, given by ux(u) = {b € ViknX | b C u}.
Likewise, all other predicate liftings from Examples 3.9, 3.10 and the monotone functor from
Section 4 are strong as well.

We devote the remainder of this section to investigating strong open predicate liftings.
Recall from Example 3.9 that 2 denotes the two-element set with the trivial topology.
We claim that natural transformations p : (I5 olU)” — PoUoT correspond one-to-one
with elements of |5UT2, provided 2 € C: To a natural transformation p associate the set
pz(py H({1}), .- -, prt({1})), where p; : 2" — 2 denotes the i-th projection. Conversely, for
¢ € PUT2 define u¢ by ps(at, .. an) = (T{XG,,- - ,Xﬁln>)_1(c), where X is a topological
space, a C UX and x,, : X — 2 is the characteristic map. Note that x/, is continuous
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regardless of whether a is open or not, hence T acts on all x/,. Details of the bijection are
left to the reader.

Proposition 3.13. Let T be an endofunctor on C and suppose that C contains the spaces
2 and S. Let s:S — 2 be the identity map and let ¢ € PUT2™. The natural transformation
ue is a strong open predicate lifting if and only if (Ts")1(c) C TS™ is open.

Proof. We give the proof for the case n = 1, the general case being similar. Left to right
follows from the fact that {1} is open in S, hence pg({1}) = (Txf{l})_l(c) = (Ts)~!(c) must
be open in TS. For the converse, let X be a topological space and a € QX. We need to show
that p§(a) is open. Since a is open, the characteristic map x, : X — S is continuous and
hence ), = s o x4. We have

p5(a) = (Txg) () (Definition of u°)
= (T(s 0 xa)) "' (0) (Xa = $°Xa)
= (TsoTxa) (¢ (Definition of functors)
= (Txa) ' o (Ts) o). (Definition of inverse)

Since Ty, is continuous and (Ts) () is assumed to be open in TS, the set u§(a) is open
in TX. [

The following proposition gives two sufficient conditions on T for its open predicate
liftings to be strong. For a full subcategory C of Top let preC denote the category of
topological spaces in C and (not necessarily continuous) functions.

Proposition 3.14. Let T be an endofunctor on C and suppose 2,S € C.

(1) If T preserves injective functions then every open predicate lifting for T is strong.
(2) If T extends to preC, then every open predicate lifting for T is strong.

Proof. For the first item, let ¢ € QTS" determine the n-ary open predicate lifting A°. Since s™
is injective, by assumption Ts” is as well, and hence ¢ = (UTs?)"1((UTs")[c]). Proposition
3.13 now implies that (YT is a strong open predicate lifting. It is easy to see that
VT extends A¢, hence the latter is strong.

For the second item we show that, under the assumption, T preserves injective functions.
Let f: X — Y be an injective function in C, then there exists a (not necessarily continuous)
function g : Y — X satisfying g o f = idx. Then Tgo Tf =T(go f) = Tidx = idyx, so Tf
has a (set-theoretic) left-inverse, hence is injective. [

Monotone open predicate lifting (hence also Scott-continuous ones) for an endofunctor
on KHaus are always strong:

Proposition 3.15. Let T be an endofunctor on KHaus and A a monotone geometric modal
signature for T. Then A is strongly monotone.

Proof. Let A € A. We need to show that A is the restriction of some strong monotone
predicate lifting. Define

Ax 1 PUX = PUTX : (ba,...,bn) = [ [{Ax(an, ... an) | a; € QX and a; 2 b;}.
Monotonicity of Ax ensures Ax(a) = Ax(a) for all a € QX and X is monotone by construction.

So we only need to show that \ is indeed a strong open predicate lifting, i.e. a natural
transformation P"UX — PUTX. We assume A to be unary, the general case being similar.
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For a continuous map [ : X — X’ between compact Hausdorff spaces we need to show
that Ax o f~! = (Tf)~! o Ax. Since, by naturality of ), the right hand side is equal to
N{x(f~1(a) | o’ € QX" and V' C @'}, it suffices to show

({x(0) [c€ QX and f71(¥) S} = J{Mx(fH(d)) | @' € QX' and V' Cd'}.  (3.1)

If ' is an open superset of b then clearly f=1(b') C f~!(a’). So every element in the
intersection of the right hand side is contained in the one on the left hand side and therefore
we have C in (3.1). For the converse, suppose ¢ € QX and f~1(b') C c. Then the set
a = X'\ f[X \ ¢] is open, contains ¥, and satisfies f~1(b') C f~1(a’) C c. Therefore
Ax(f~1(a’)) is one of the elements in the intersection on the left hand side of (3.1). Since
Ax(f~1(a")) € Ax(c) this shows “D” in (3.1). []

4. THE MONOTONE NEIGHBOURHOOD FUNCTOR ON KHaus

In this section we define the monotone neighbourhood functor on Frm and show that
it (individually) preserves regularity and compactness. This functor is a variation of the
Vietoris Locale [21, Section 1]. Subsequently, we give a functor on KHaus which is dual to
the restriction of the monotone neighbourhood functor to KRFrm.

4.1. The monotone neighbourhood frame.

Definition 4.1. For a frame F, let MF be the frame generated by Oa, $a, where a ranges
over F', subject to the relations

(My) O(aAb) < Oa (My) Ca < <(aVb)
(M3) da A <Ob= 1 whenever a Ab= L (Ms) OaV Gb=T whenever aVb=T
(M) oV'A=\{oa|ae A} (M) OVTA=V{Ca]ac 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 — Of(a) and ¢a — < f(a). The assignment M
defines a functor on Frm.

The proof of the following proposition closely resembles that of Proposition 1114.3 in
[20]. In a similar manner one can show that M preserves complete regularity and zero-
dimensionaity.

Proposition 4.2. If F' is a reqular frame, then so is MF.

Proof. We need to show that for all ¢ € MF we have ¢ = \/{d € MF | d € ¢}. Tt follows
from Lemma 2.6 that it suffices to focus on the generators of MF. Let a € F, then we know
V{d € MF | d € Oa} < Oa. Suppose b € a in F, then by Lemma 2.5 ~bV a = T and hence
O~bVOa > T. Also ~bAb= L so it follows from (M) that G~b A 0Ob = L. This proves
0b € Oa, because the element $~b is such that O~bV Oa = T and O~b A Ob = L. Since
F' is regular and {b € F' | b € a} is directed, it follows that

Da=0V'{beF|b<cal=\V{Obe MF |b<a} <\/{d€MF|d< 0a} < Oa

so Oa = \/{d € MF' | d € Oa}. In a similar fashion one may show that ¢a = \/{d € MF |
d € ¢a}. This proves the proposition. []
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We now prove that the functor M preserves compactness. We proceed in a similar
manner as [38, Theorem 4.2]. This relies on an auxiliary Definition and Lemma (Definition
4.3 and Lemma 4.4), in which we give an alternative description of MF. We then prove that
this alternative description preserves compactness.

In [16, Corollary 3.42] we proved the same result by first giving a duality result between
frames and topological spaces, and then proving preservation of compactness on the topolog-
ical side. The main difference between that proof and the one we present here is that the
current one is constructive.

Write P, of the finite powerset functor and recall that Z : Frm — Set is the forgetful
functor.

Definition 4.3. For a frame F define M'F' to be the free frame generated by P,ZF x P,ZF,
qua join-semilattice (that is, the join in M'F is given by (v,0) V (7/,d") = (yU~/,6 U ")),
subject to

(M7) (yU{anb},0) < (yU{a},d) (M}) (v,0U{a}) < (v,6U{aVb})
(M3) _(fw {Z},ég A (7,6 U{b}) < (7,9) (Mg) ¥§ (ZU {1a},5U {o})
LTaNb= TaVbo=

(M) (vu{V'4},0) < Vea(vUfal,0)  (ME) (7. {V'A}U8) < V' eu(r. {a} U )

This results an a frame isomorphic to MF:
Lemma 4.4. Let F be a frame. Then MF = M'F.
Proof. Define M'F' — MF': (7,6) = V e, OcV V45 Od and

Oa — ({a},0)
Ca (0,{a})
Clearly these define a bijection. Furthermore it is straightforward to verify that these maps

are well defined by checking that the images of generators satisfy relations of the respective
frame. L]

MF—)I\/I’F:{

Theorem 4.5. Suppose F' is compact. Then MF' 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, where 2 = {0,1} is the
two-element frame.

By Proposition 4.4 we have MD = M’D, and since all the relations in Definition 4.3 are
join-stable, we can use the preframe coverage theorem [23, Theorem 5.1] to find that M'F
viewed as a preframe is the preframe generated by P,ZF x P,ZF qua poset, subject to the
the relations from Definition 4.3.

Define

et ‘ 1 iff there are ¢ € vy such that ¢V (\/J) =1
@.MF—)2.(7,5)+—>{0 otherwise

First we check that ¢ is indeed a pre-frame homomorphism. Since ¢ is defined on generators,
it suffices to show that it preservers the relations (M) to (M{), because if it does it can
be lifted in a unique way to a preframe homomorphism M'F — 2. It is clear that ¢ is a
monotone morphism (hence preserves the poset structure of the generators). We check that
i preserves the relations one by one.



14 N. BEZHANISHVILI, J. DE GROOT, AND Y. VENEMA

(M) If p(yU{a},8) =0thencVVd=Tpforallceyand (aAb)VVI<aVVd=Tp.

(M}) Suppose o(yU{a},d) =1 and p(v,0 U{b}) = 1. Then either there is some ¢ € v such
that ¢V \/d = Tp, which implies ¢(7,d) =1, or a V\/§ = Tp. In the latter case,
note that we also have some ¢’ € 4 such that ¢ V\/d Vb= Tp, so that

dv\/o=dv\[svianb)=(@Vv\/ov)A(V\ VD) =TpATr=Ts

The first equality holds because a Ab= Lp. Again we find ¢(v,d) = 1.

(M}) Suppose o(y U {\/TA},8) = 1, then either ¢V (\/§) = T for some ¢ € 7, or
Tr=\TA)V(V) = \/TaeA(a V (Vd)) (note that the latter is indeed a directed set,
because A is). By compactness of F' this gives a V (\/d) = T for some a € A. So
both cases yield SD(VTaGA(Py U{a},d)) =1.

(My) If o(v,6U{a}) =1, then ¢V \/(§ U{a}) = T for some ¢ € v,s0 ¢V (§U{aVb}) >
cvVV(@U{a}) =Tp.

(M) Ifavb=Tp, thenaV \V(dU{b}) = Tr so p(yU{a},d U{b}) =1

(M}) Suppose o(7, {VTA} U ) = 1, then, for some ¢ € 7, we have

Tr=cv\/({V'A}us) =V'(cvav V)

and by compactness we must have ¢V \/T({a} U§) = T for one of the a. (The set
{cVaVv\/d]|ae A} is directed and by (M}).)

Lastly, we need to verify that ¢ is right-adjoint to ! : 2 — ML (defined by 1
Twr = {Trh{Tr}), and 0 — Lywp = (0,0)). It suffices to show that ¢(!(p)) > p
and !(¢(v,0)) < (,9). For the first, suppose p = 1, then !(p) is the equivalence class of
{Tr},{Tr}) and ¢(!(p)) = 1. For the second, if ¢(,d) = 1, then there are ¢ € 7 such that
¢V (V6) = Tg (in particular § # )) and hence

Twr ={Tr}ho) = ({ev(\/0)}.6) < ({c}.6) < (+,9).

The first inequality follows from recalling that ¢ is a finite set and applying (M) repeatedly.
This completes the proof. []

We now know that M restricts to an endofunctor on KRFrm. We write My, for this
restriction.

Remark 4.6. The category Loc of locales and locale morphisms is the opposite of Frm.
Therefore, we can also view M as an endofunctor on locales and MA as the monotone
neighbourhood locale, where A is a locale.

4.2. Monotone neighbourhood functor on KHaus. We now describe the topological
manifestation of the monotone neighbourhood functor.

Definition 4.7. Let X = (X, 7) be a compact Hausdorff space. Let DxpX be the collection
of sets W C PX such that v € W iff there exists a closed ¢ C w such that every open
superset of ¢ is in W. Endow Dy, X with the topology generated by the subbase

Ma :={W € DxknX|a e W}, Qa:={W € DypX| X \a ¢ W},

where a ranges over QX. For continuous functions f : X — X’ define Dyp f : DxnX — DinX' :
Wi {a€PX| fl(a) e W}
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Lemma 4.8. If f : X — X' is a morphism in KHaus, then Dy, f is a well-defined continuous
function from DynX to DynX'.

Proof. Dynf is well-defined. Let W € DygpX. We need to show that Dyy, f(W) € DxnX'.
Suppose @’ € Dy f(W). Then f~1[a’] € W, so there exists a closed ¢ C f~![a] such that
c € W. Since X is compact and X’ is Hausdorff, f[c] is a closed set in X'. In addition we
have f[c] C /. Suppose f[c] C b for some open b € QX', then ¢ C f~1[b] so f~1[b] € W
and hence b € Dyn f(W). So all open supersets of f[c] are in Dy f(W), and therefore
flc] € Dknf(W). Thus, for a’ € Dgn f(W), there exists a closed subset (in this case f[c]) of
a’ with the property that every clopen superset is in Dy, f(W).

Dxnf is continuous. For continuity we need to show that both (Dynf)~!(ma’) and
(Dxnf) 1 (<da’) are open in Dy X, whenever a' € Q(X'). It follows from a straightforward
computation that (Dynf)~!(Da’) = mf~'(a’), which is open in DX by definition, and
similarly (Dyxnf) ' (®d') = O fHd) € QDxnX. ]

For the time being, we regard Dy as a functor KHaus — Top, because we have no
evidence yet that it restricts to an endofunctor on KHaus. We aim to prove that Dyy, is
dual to the restriction of M to KRFrm. As a corollary, we then obtain that Dyy indeed
restricts to KHaus.

Theorem 4.9. If X is a compact Hausdorff space then
pt(M(opnX)) = DypX.

We temporarily fix a compact Hausdorff space X and define the two maps constituting
a homeomorphism.

Definition 4.10. For a compact Hausdorff space X, define ¢ : pf o M o opnX — Dy X by
sending a prime filter p to

Wy =X \a|p(Ca) =1}
We have W, € DxpX because it is the up-set of a collection of closed sets; indeed, for
each b € W), there exists a closed subset X \ a C b with p(¢a) = L and by definition all

open supersets of X \ a are in W),. Therefore ¢ is well defined. In the converse direction we
define:

Definition 4.11. For a compact Hausdorff space X, define
0 : DynX — pfoMoopnX : W — py,
where py is given on generators by

Oa— T iffacW

szMOOan_)Q:{ Car L iff X\aeW

Lemma 4.12. The assignment 6 is well defined.

Proof. Since py is a frame homomorphisms defined on generators, it suffices to check that

the py(Oa) and pw (Ca) (where the a range over QX) satisfy (M;) through (Mg) from

Definition 4.1. Let us check (M), (Mz) and (Ms), items (My), (Ms) and (Mg) being similar.

(My) If pw(O(and)) = T then anb € W. Since W is upward closed a € W, so pw(0a) = T.

(M) If anb = () then a € X \ b. Suppose py(Oa) = T then a € W so X\ b e W so
pw ($b) = L hence py (0Oa) A pw ($Ob) = L.



16 N. BEZHANISHVILI, J. DE GROOT, AND Y. VENEMA

(Ms) We claim that for all W € Dy, X and directed sets A C QX we have [ JA € 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 UA € W, then there is a closed set k C UA
with k € W. The elements of A now cover the closed therefore compact set k, so there
is a finite A" C A with k C |J A’ and since A is directed there is a € A with |JA’ C a.
As ke W and k C a it follows that a € W.

Now we have piy(OlJA) = T iff (JA € W iff there is a € A with a € W iff

Vpw(Da) |a e A} = T. ]

The following lemma is key for proving that ¢ and 6 are continuous and each other’s
inverses.

Lemma 4.13. For all p € ptoMoopnX we have X \ a € W), iff p(Ca) = L and a € W), iff
p(Oa) =T.

Proof. If p(¢a) = L then X \ a € W). Conversely, Suppose X \ a € W), then there is some
b with p(¢b) = L and X \ b € X \ a. Therefore a C b and p(<a) < p($b) = L. This proves
X \aeW,iff p(¢a) = L.

If a € W, then there is X \ b C a in W), so p(¢Ob) = L. Then a Ub = X, so it follows
from (Ms5) of Definition 4.1 that p(0Oa) = T. If a ¢ W, and @’ € a, then there exists b with
bNna =0 and bUa = X. Since X \ b C a, set set X \ b is not in W), and hence we must
have p(Cb) = T. As @’ Na = 0 it follows from (Ms) that p(0a’) = p(0) = L. Now we use
(Ms) and the fact that a = \/T{a’ | @’ € a} (this is true because X is assumed to be compact
Hausdorff so opnX is compact regular) to find

p(0a) = V{p(Od') | & € a} = V{1 |a' < a} = L.
It follows that a € W), iff p(Qa) = T. ]
We have now aquired sufficient knowledge to prove Theorem 4.9.

Proof of Theorem 4.9. We claim that the maps ¢ and 6 define a homeomorphism between
DxnX and pt(M(opnX)). First we prove that they are each other’s inverses, by showing that
for all p € pt(M(opnX)) and W € DypX we have py, = p and W, = W.

In order to prove that (the frame homomorphisms) p and py, coincide, it suffices to
show that they coincide on the generators of M(opnX). By Definition 4.11 and Lemma 4.13
have

p(0a) =T iff acW, iff pw, (Oa)=T
and
p(Ca) =1 iff X\agW, iff pw, (Ca)= L.

In order to show that W = W), it suffices to show that X \ a € W iff X \ a € W,,,, for
all open sets a, because elements of Dy, X are uniquely determined by the closed sets they
contain. This follows immediately from the definitions and Lemma 4.13 that

X\aeW iff pw(Ca)=1L iff X\aecW,,.

Therefore ¢ = 671,
We complete the proof by showing that ¢ and 6 are continuous. The opens of pt(M(opnX))
are generated by Oa = {p | p(0a) = T} and Ca = {p | p(Ca) = T}, for a € QX. We have

0~ (0a) =07 ({p | p(0a) =T}) = {W € DX | a € W} = ma
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and similarly 6~(Ga) = (>a. Continuity of  follows from the fact that Ma and {>a are
open in Dy X. Conversely, the opens of DX are generated by Ma and <{pa, where a ranges
over QX. It is routine to see that (~!(Ma) = Oa and (~*({P>a) = Ca. This proves continuity
of (.

We showed that 6 is a continuous function with continuous inverse (, hence a homeo-
morphism. This completes the proof of the theorem. []

Corollary 4.14. The assignment Dy defines an endofunctor on KHaus.

Theorem 4.9 yields a map My, (opnX) — opn(DxnX) for a compact Hausdorff space X
given by
My, (opnX) opn(pt(My, (opnX))) P opn(DknX).

Unravelling the definitions shows that, on generators, it is given by Oa — Ma and <$a — a.

Definition 4.15. For every compact Hausdorff space X define nx : My, (opnX) — opn(DxnX)
on generators by 7x(0a) = Ma and nx(<Ca) = Pa. By the preceding discussion nx is a
well-defined frame isomorphism.

It turns out that the maps nx constitute a natural isomorphism.
Lemma 4.16. The collection n = (x)xeKHaus forms a natural isomorphism.

Proof. Tt follows from Theorem 4.9 that each of the nx is an isomorphism, so we only need
to show naturality. That is, for any morphism f : X — X’ in KHaus, the following diagram
commutes,

My, (opnX) Yiwlopnf) My (opnX')

| [

/
opn(Dgp)X pemT opn(DxnX’)

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

opn(Dxn f) o nx/(0a) = opn(Dyn f)(Ma) (Definition 4.15)

= (Dxnf) ' (ma) (Definition of opn)

=mf (a) (Lemma 4.8)

=nx(0f H(a)) (Definition 4.15)

= nx o My (F1(0a)) (Definition of M)

= nx o Mg (opnf)(Oa). (Definition of opn)
and by analogous reasoning QDyy, f o 5/ (Ca) = nx o My (opnf)(<©a). This proves that the
diagram commutes. []

As an immediate corollary of Lemma 4.16 we obtain:

Theorem 4.17. There is a dual equivalence
Alg(Myy) =P Coalg(Dkn).
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4.3. Logic for the monotone neighbourhood functor. We give predicate liftings for
Dxn that give rise to monotone modal geometric logic. Define A2, \° : @ — © o Dy, by

AR(a) = {W €DX |a e W},  A{(a) = {W € DX | X\ a ¢ W}.

It is easy to see that these are strongly monotone.
Write O and < for the corresponding modal operators and let (X,~, V') be a Dygp-model.
Then we have
zl-ap iff y(2) € Ax([¢]) i [¢] €(2)
and similarly z IF Oy if X\ [¢] ¢ v(x). This is the same as neighbourhood semantics for
monotone modal logic over a classical base [10, 17].

Remark 4.18. We will see in Example 6.6 that the functor Dy, on KHaus can be
generalised to an endofunctor of Top which restricts to Sob.

5. AXIOMS, SOUNDNESS AND COMPLETENESS

We define the notion of one-step azioms (similar to [25, Definition 3.8]) and one-step rules for
a collection of predicate liftings. These give rise to axioms and rules for the logic GML(®, A)
from Definition 3.4, and to an endofunctor L on the category of frames. As in Section 3 we
let C be some full subcategory of Top, T an endofunctor on C, and we view Q as a functor
C — Frm.

At the end of Subsection 5.2, in order to derive a general completeness result, we restrict
our attention to a language without proposition letters. This need not be problematic:
proposition letters can be introduced via (nullary) predicate liftings. In particular, this
means that the category of T-models is the same as the category of T-coalgebras.

Ultimately, using the duality proved in Lemma 4.16, we derive that monotone modal
geometric logic without proposition letters is sound and complete with respect to Dyn-
coalgebras.

5.1. Axioms and algebraic semantics. Let A be a collection of predicate liftings for an
endofunctor T on C. Recall that ® denotes a set of propositional variables. The zero-step
formulas of GML(®, A) is simply the subcollection GL(®) of GML(®,A). The one-step
formulas in GML(®, A) are given recursively by

eu=T|LleAep]| \/gpi | QMmry, ..., ),
el
where A € A is n-ary and 71,...,m, € GL(®).
We define the notions of a one-step axiom and a one-step rule for GML(®, A):

Definition 5.1. A one-step axiom for GML(®, A) is a consequence pair a < 3, where «,
are one-step formulas. A one-step rule is an expression of the form
a; b, 1€l
a7
where [ is some index-class, a;, b; are zero-step formulas for i € I and «, 8 are one-step
formulas.

(5.1)
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First let us investigate how one-step axioms and rules give rise to an (equationally
defined) endofunctor Ly o) on Frm — when no confusion is likely we drop the subscript and
simply write L. Given a frame F, the frame LF' can be presented as follows. As generators
we take the collection

A(F) ={A(v1,...,vn) | A € A n-ary, v; € F}.
The idea is now to instantiate the (meta)variables of the axiomatisation Ax with the elements
of F. Zero-step formulas then naturally evaluate to elements of F. Consequently, an axiom
a<f3 gives rise to a relation o < /3, and a rule as in (5.1) yields the relation « < 3 condtionally,
that is, we only consider the relation in those cases where a; < b; for all 3.
Definition 5.2. For a frame F', define Ly ox)#" = LF' to be the frame
Fr(A(F))/R,
where R is the collection of relations that arises from substituting the metavariables from
the schemata in Ax with elements from F. For a morphism f : F' — F’ define Lf on objects
by
Lf(A(a1, .. an)) = A(f(a1), ..., f(an)).
Definition 5.3. A collection of axioms is called sound if the assignment p:LoQ — Qo T,
given for X € C by
px Lo QX = QoTX : Aay,...,an) — Aai,...,an),
defines a natural transformation.

Example 5.4. Suppose T = Dyy,, the monotone neighbourhood functor on KHaus, and
AP\ are given as in Subsection 4.3. The following collection of axioms and rules is sound:

a<db a<db
(1) @2 1) o a2
a/ANb< L T<aaVb
(m2) AoaAXhal (ms) TaAa v 2\
(m3) A°\/TA<\/{\%a | ac A} (mg) A°VTA<V{A%a|ae A}

where A is a directed set of GL(®)-formulas (cf. Subsection 2.4). To be somewhat more
precise, we can view both (mg) and (mg) to be the consequence of a rule, the premises of
which are given by a set of consequence pairs witnessing the directedness of A.

To see, for example, that (mg) is valid in a Dygp-coalgebra (X, ), we need to show that

mUJAcU{mal|ac A} (5.2)
in DgnX, where A is a directed set of clopen subsets of X. So suppose W & EI]UA, then
UA € W. By definition there must be a closed ¢ C [JA such that ¢ € W. Then |JA is
an open cover of ¢ and since c is closed, hence compact, there must be a finite subcover.
But then there must be a single a € A such that ¢ C a, because A is directed, and as W
is up-closed under inclusions we have a € W. This implies W € Ma, i.e. W is in the right
hand side of (5.2).

The functor M from Definition 4.1 is obtained from the procedure of Definition 5.2.



20 N. BEZHANISHVILI, J. DE GROOT, AND Y. VENEMA

Example 5.5. In a similar manner, one can find a collection of sound axioms and rules
for the Vietoris functor on KHaus such that the procedure from Definition 5.2 yields the
Vietoris locale from [21, Section 1].

For the remainder of this Section we work in the following setting:

Assumption 5.6. Throughout the remainder of this section, we assume given a collection
A of predicate liftings for an endofunctor T on C, and a set Ax of axioms and rules for
GML(A) which is sound in the sense of Definition 5.3. We write L for the endofunctor on
Frm given by the procedure in Definition 5.2 and p is the associated natural transformation.

Given a language GML(®, A) and a collection of axiom and rule schemata, we write
GML (P, A, Ax) for the (minimal) collection of consequence pairs ¢ <t of formulas in
GML(®, A) which contains all axioms and is closed under the rules from geometric logic
(cf. Subsection 2.4) and Ax. We write ¢ Fgyig(a,a,ax) ¥ if the consequence pair ¢ <1 is
in GML(®, A, Ax). If no confusion is likely, we omit the subscript from the turnstyle and
simply write ¢ - .

Suppose given ®, A and Ax, write L for the language GML(®, A) modulo the equivalence
relation —HF given by ¢ -+ ¢ iff o F ¢ and ¢ - ¢. Write [¢] for the equivalence class in L
of a formula ¢ € GML(A). Then L carries a frame structure by setting [¢] V [¢] = [¢ V 9]
and similar for the other connectives. Furthermore, we can define an L-algebra structure
{:LL — L via

Algrls- - lonl) = QM1 n)].

Recall that Alg(L) denotes the category of L-algebras and L-algebra morphisms (see Subsec-
tion 2.2). We have:

Lemma 5.7. The L-algebra £ = (L,{) is initial in Alg(L).
Moreover:
Lemma 5.8. For any two formulas ¢, we have ¢ & iff [p] < [¢] in L.

The initial L-algebra £ gives rise to an interpretation of GML(A) in every L-algebra:
The interpretation of a formula ¢ in A = (A, a) € Alg(L) is given by (¢ )4 = i.4([¢]), where
i4 is the unique L-algebra morphism £ — A. The interpretation is related to the semantics
via the complex algebra:

Definition 5.9. The complex L-algebra of a T-coalgebra X = (X,7) is XT = (QX, Qyopx),
where p is the natural transformation from Definition 5.3.

We can view the interpretation of a formula ¢ in a T-coalgebra as an element of its
complex algebra. Examination of the definitions shows that

[e]* = (e Dz+. (5.3)
Furthermore, we have [p] < [¢] if and only if (¢ )4 < (1) for all L-algebras A. Soundness
of the logic now follows from soundness of the axioms: Suppose ¢ I 9, then [¢] < [¢] in £
and hence (¢)4 < (¢ )4 in any L-algebra A. Therefore, by the observation from (5.3) we
have [o]* C [4]* for every X € Mod(T) hence ¢ It .
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5.2. Completeness. We keep working within the assumptions of 5.6. In order to prove
completeness with respect to Coalg(T), we want to show that

plFr 1 implies .

That is, if ¢ IF1 ¢ then (p,¢) € GML(A, Ax). By Lemma 5.8 it suffices to show that
[¢] < [¢] in the initial L-algebra £ = (L, ¢) whenever ¢ I 1.

If ¢ IFr 4, then we know that (¢)x+ < (¥ )x+ in every complex algebra X* for
X € Mod(T). However, there is no guarantee that £ should be the complex algebra of some
T-model, so we do not automatically get completeness.

The next proposition shows that in order to prove completeness it suffices to find a
T-coalgebra X and an L-algebra morphism h : X — L.

Proposition 5.10. If there exists a T-coalgebra X and an L-algebra morphism h : XT — L,
then

plFr Y implies @ .

Proof. Write i for the unique L-algebra morphism £ — XT. Then initiality of £ forces
hoi =idz. Suppose ¢ IF1 1, then we have [¢]* C [/]*, which in turn implies (@)x+ <
(¢ )x+ by (5.3). It follows from monotonicity of h that

[l = (phe=hoi((phe) =h((p)x+) < h(YDx+) = hoil(e)e) = (¢)c = [¥]-
This proves the proposition. []

Ideally, one would use a duality of functors to establish that such an X as in Proposition
5.10 exists. For example, this is how one can prove completeness for (classical) normal modal
logic: The Vietoris functor on Stone is the Stone dual of the endofunctor on BA which
determines the logic. However, since we do not start with a dual equivalence (like Stone
duality) but rather with a dual adjunction, endofunctors on both categories cannot be dual.

To remedy this, we will make use of the fact that the dual adjunction between Top
and Frm restricts to several dual equivalences (see Fact 2.10). Note that this does not
yet guarantee that the initial L algebra from Lemma 5.7 is the complex algebra of some
T-coalgebra! Indeed, its underlying frame need not be in the restricted dual equivalence.
We will see that some of the dual equivalences are good enough to “imitate” frames that fall
outside it.

We now investigate under which conditions we can use Proposition 5.10. As announced,
we shall restrict our attention to the case where ® = (), i.e. we work in a language without
proposition letters. This means that there is no need for having valuations, hence Mod(T)
is simply (isomorphic to) Coalg(T). If ® = (), we shall write GML(A) instead of GML(®, A)
and GML(A, Ax) for GML(P, A, Ax). The absence of proposition letters need not pose a
big deficiency: proposition letters can simply be introduced via predicate liftings.

Specifically, we look for a subcategory A of Alg(L) such that:

(1) Every L-algebra is the codomain of an L-algebra morphism whose domain is in A;
(2) Every algebra in A is the complex algebra corresponding to some T-coalgebra.

Clearly, if this is the case we can employ Proposition 5.10.
For the first item, it turns out useful to consider coreflective subcategories of Frm. We
recall the definition from [2] (which is equivalent to the one in [29, Section IV.3]).

Definition 5.11 ([2], Definition 4.25). A subcategory B of a category A is called coreflective
if for every A € A there exists a B € B and a morphism ¢ : B — A (called a coreflection) such
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that for every morphism f : B’ — A in A with B’ € B, there exists a unique f': B — B
such that

B/

fl XA

B —““> A
commutes.

We can now formulate simple conditions that guarantee item (1) to hold.

Lemma 5.12. Let F be a coreflective subcategory of Frm and suppose L restricts to an
endofunctor L' on F. Then for each L-algebra (A, «) there exists an L-algebra (B, ) with
B € F and an L-algebra morphism (B, ) = (A, «).

Proof. Let ¢: B — A be the coreflection of A in F. Then we have a diagram

LB —> LA
s
v
B—°¢ s A
where LB is in F by assumption. By definition there exists 8 : LB — B making the diagram
commute. []

Thus, if F is a coreflective subcategory of Frm and L restricts to F, then item (1) above
is satisfied. Examples of such coreflective subcategories are RFrm [33, Section 4.2] and
KRFrm [4, Proposition 3.

Now suppose F is spatial and write T for the subcategory of Top which is dually
equivalent to F. Furthermore, assume that T is a subcategory of C (for otherwise T is not
defined for every space in T).

If the restriction L’ of L is dual to the restriction T’ of T to T, then we know that
Coalg(T’) =°P Alg(L’). In particular, this means that every element of Alg(L’) is the
complex algebra of some T'-coalgebra (hence of some T-coalgebra), i.e. item (2) is satisfied.
Summarising;:

Theorem 5.13. Suppose there exists a coreflective subcategory F of Frm such that

o The dual T of F is a subcategory of C;

o L restricts to an endofunctor L' on F;

e T restricts to an endofunctor T' on FP;

o L' is dual to T';

Then GML(A, Ax) is complete with respect to Coalg(T), in the sense that for for every
consequence pair @ <Y of closed GML-formulas we have that

ol implies < € GML(A, Ax).
Let us apply this theorem to normal and monotone modal geometric logic.

Example 5.14. We denote by M the smallest collection of consequence pairs closed under
the axioms and rules from geometric logic (see Subsection 2.4) and the ones presented in
Example 5.4. (Note that the congruence rules follow from the monotonicity rules.) It follows
from the duality between Dyy and My,, the fact that KRFrm is a coreflective subcategory
of Frm, and Theorem 5.13 that M is (sound and) complete with respect to Coalg(Dgp).
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Example 5.15. Similar to Example 5.14, one can prove that normal geometric modal logic
N is sound and complete with respect to Coalg(Vyp). In this case, the axioms and rules of
N are the ones from geometric logic, those introduced for positive modal logic in [13, Section
2], and Scott-continuity. We leave the details to the reader.

6. LIFTING LOCICS FROM Set TO Top

In [26, Section 4] the authors give a method to lift a Set-functor T : Set — Set, together
with a collection of predicate liftings A for T, to an endofunctor on Stone. We adapt their
approach to obtain an endofunctor 'T'A on Top, and a collection of Scott-continuous open
predicate liftings A for :I:A. In this section the notation \/T is used for directed joins, i.e. joins
over directed sets.

6.1. Lifting functors from Set to Top. Let T be an endofunctor on Set and A a collection

of predicate liftings for T. To define the action of Ty on a topological space X we take the

following steps:

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

Step 2. Quotient FyX with a suitable relation that ensures \/TbeB)\(b) = A(\/"B) whenever
A is monotone;

Step 3. Employ the functor pt : Frm — Top to obtain a (sober) topological space.

This is the content of Definitions 6.1, 6.3 and 6.5. Recall that U : Top — Set is the forgetful

functor and that Q is the contravariant functor sending a set to its Boolean powerset algebra.

Definition 6.1. Let T : Set — Set be a functor and A a collection of predicate liftings for

T. We define a contravariant functor Fx : Top — Frm. For a topological space X let FoX
be the subframe of Q(T(UX)) generated by the set

{Aux(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
continuous map f: X — X' let Fpo f : FAX' — FAX be the restriction of Q(T(Uf)) to FAX'.

Lemma 6.2. The assignment Fa defines a contravariant functor.

Proof. We need to show that.FA is well defined on morphisms and that it is functorial.
To show that the action of Fy on morphisms is well-defined, it suffices to show that

(FAf)Aux(dh, ... al)) € FA(X) for all generators Ayx(d), ..., al,) of FAX', because frame

» '
homomorphisms preserve finite meets and all joins. This holds by naturality of A:

(FAf)(/\UX/(a1, . ,an)) = (Tf)il()\uxl(al, . ,an)) = Aux(ffl(al), L. ,fﬁl(an)).

By continuity of f we have f~!(a;) € QX so the latter is indeed in FaX. Functoriality of Fy
follows from functoriality of Qo T o U. (]

Definition 6.3. Let A be a collection of predicate liftings for a set functor T. For X € Top,
let FAX be the quotient of FAX with respect to the congruence ~ generated by

vaeBA(al’ e ,ai,l,b, Aj41y - - .,(ln) ~ )\((ll, e ,aifl,vTB,al'Jrl,. . .,an)
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for all a; € QX, B C QX directed, and A\ € A monotone in its i-th argument. Write
gx - FAX — FAX for the quotient map and [z] for the equivalence class in ?AX of an
element z € FAX. Eor a continuous function f : X — X’ define /F\Af : ?AX’ — EAX :
[Aux(al, e ,an)] — [FA(/\UX(ah e an))}

Quotienting by the congruence from Definition 6.3 ensures that the lifted versions of
monotone predicate liftings are Scott-continuous, see Proposition 6.11 below. This is useful
when constructing a final model, because Scott-continuity ensures that the the collection

of formulas modulo so-called semantic equivalence is set-sized (see Lemma 7.3 below), and
consequently the final model aids in comparing several equivalence notions in Section 8.

Lemma 6.4. The assignment fA defines a contravariant functor.

Proof. We need to prove functoriality of FA and that EA f is well defined for every continuous
map [ : X — X'. In order to show that F, is well defined, it suffices to show that F, f is
invariant under the congruence ~. If f: X — X’ is a continuous, then

VenFaf)Qux(ay, .. ai1, ¥ aly, .- ar))
= \/Tb/eB(Tf)fl()\UX’(alp g Uayy, . an)
=V'yeprux(f (@), M af), £V, £ ah)s o N a)
~ Aux(f @) f N ) TN VTB), ST ) T ()
= FafOux(al,....dj_1, V"B, dl 4, ..., d}))
so Fa f is invariant under the congruence. In the ~-step we use the fact that { f L) | ¥ € B}
is directed in QX. Functoriality of Fy f follows from functoriality of Qo T o U. []

We are now ready to define the topological Kupke-Kurz-Pattinson lift of a functor on
Set together with a collection of predicate liftings, to a functor on Top.

Definition 6.5. Define the topological Kupke-Kurz-Pattinson lift (KKP lift for short) of T
with respect to A to be the functor

-/IZA =pto /F\A.
This is a functor Top — Top and since pt lands in Sob it restricts to an endofunctor on
Sob.

Let us put our theory to action. As stated in Section 4 we can generalise the monotone
functor Dy, on KHaus from Definition 4.7 to an endofunctor on Top. We will show that
lifting the monotone set-functor D with respect to the predicate liftings for box and diamond
from Example 2.4 gives rise to a functor on Top which restricts to Dyp.

Example 6.6 (The monotone functor). Recall the set functor D from Example 2.2: D :
X — {W € PPX | W is up-closed under inclusion order}. The box and diamond are given
by the predicate liftings A7, A\¥ : P — P o D defined by

AR(a) :={WeDX |acW}, Ai(a):={WeDX|(X\a)¢W},
where X € Set. Furthermore recall from Definition 4.7 that for a compact Hausdorff space
X the space DxpX is the subset of D(UX) of collections of sets W satisfying for all u C UX
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that u € W iff there exists a closed ¢ C u such that every open superset of ¢ is in W. In
particular this means U(DgpX) C D(UX). The set DxnX is topologised by the subbase

Ma := {WGthX‘CLEW}, Pa = {WGthX\(X\a)¢W}
By Theorem 4.9 the functor M : Frm — Frm from Definition 4.1 is such that M(opnX) =
opn(DxnX) whenever X is a compact Hausdorff space.
We claim that R
Dikn = (Dxoro}) iKHaus (6.1)
and to prove this we will show that f{ Ao X = opn(DxnX) for every compact Hausdorff
space X. Define a map ¢ : M(opnX) — /F\{AD)\O}X on generators by Oa +— [AP(a)] and
Oa +— [A\°(a)]. This is well defined because the [A”(a)], [\®(a)] satisfy relations (My) — (Me)
from Definition 4.1 and it is surjective because the image of ¢ contains the generators of
F{AD,AQ}X.
So we only need to show injectivity of . Our strategy to prove this is to define a map
P /F\{AD7A<>}X — opn(DxnX) 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 v : ﬁ{Au’,\O}X — opn(DypX) directly, we will
give a well-defined map 1)’ : F{ 20,301 X — opn(DypX) whose kernel contains the kernel of the
quotient map ¢x : F{ADy)\Q}X — /F\{)\u’)\o}X. This in turn yields the map ¢ we require. In a
diagram:
W

F{AD7/\<>}X opn(DypX)
& ,//’/;b (6.2)
F{)\D7)\<>}X

Define v/ : F{AD’)\O}X — M(opnX) on generators by A\”(a) — Ma and A°(a) — {a. In
order to show that this assignments yields a well-defined map (hence extends to a frame
homomorphism by Remark 2.8) we need to show that the presentation of an element in
F{ A2,20}X does not affect its image under ', That is, if

U ( M *°@)n N A<><a,,j,>) - U ( N Aare)n () Ao(ak,g,)), (6.3)
i€l jeJ; j'ed; keK teLy el
where J;, J!, L, and L, are finite index sets, then
U ( ¢\ (i) N ) wl()\o(@i,j'))) = (ﬂ W (A (are)) N () ¢/()\<>(ak,£')))-
iel - jeJ jled’ keK tel ver
As stated we have U(DgpX) C D(UX). Observe
W'(A%(a)) = ma = {W € D(UX) | a € W} N U(DinX) = A%(a) N U(DxnX),
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and similarly /(A% (a)) = A°(a) N U(DxnX). Suppose the identity in (6.3) holds, then we

have
U(N@ 0@ n M ¢/ @y)))

i€l jeJ jled’
- ( M (A°(ai) NUDX) N () (A (asy) 0 U(thX))>
i€l jeJ jleJ’
= U (U(thX) N ﬂ )\D(aﬁj) N ﬂ )\O(ai’j/)>
i€l jeJ jleJ’
= U(thX) N U ( ﬂ )\D(ai,j) N ﬂ )\O(ai,j/))
i€l  jeJ jeJ’
UDx) | (A ax) 0 () A (arsn)
keK (el el’
= U (N¥0%@)n () w0 @),
keK fel ek’

So ¢ is well defined.

It is easy to see that \/TbeB)\(b) ~ A(\V'B) implies (\/TbeB)\(b),)\(\/TB)) € ker(y)
for A € {A\P,A°}. Since these pairs generate the congruence of Definition 6.3, we have
~ = ker(gx) C ker(¢') and hence there exists a map 1 : E{AD7A0}X — opn(TX) such that the
diagram in (6.2) commutes. Therefore v is (well) defined on generators by [A”(a)] — Oa
and [A°(a)] — <©a. One can easily check that 1) o ¢ = id and ¢ 09 = id by looking at the
action on the generators. It follows that ¢ is injective.

This entails that for compact Hausdorff spaces X,

DoaeyX = DX,

Furthermore, it can be seen that for continuous maps f : X — X' we have Fryo yor f =
opn(Dknf). As a consequence, when restricted to KHaus we have (6.1) indeed. That
is, lifting the monotone functor on Set with respect to the box/diamond lifting yields a
generalisation of the monotone functor on KHaus from Definition 4.7.

Example 6.7. Using similar techniques as in the previous example, one can show that,
when restricted to KHaus, the topological 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 4.9 is given in [20, Proposition I114.6].)

Example 6.8. Not every endofunctor on Top can be obtained as the lift of a Set-functor
with respect to a (cleverly) chosen set of predicate liftings in the sense of Definition 6.5.
A trivial counterexample is the functor F : Top — Top from Example 3.9. For every
topological space X we have FX = 2, which is not a Ty space, hence not a sober space.
Therefore F does not preserve sobriety, while every lifted functor automatically preserves
sobriety. Thus F is not the lift of a Set-functor.
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6.2. Lifting predicate liftings. We describe how to lift a predicate lifting to an open
predicate lifting. Recall that Z : Frm — Set is the forgetful functor which sends a frame to
its underlying set.

Definition 6.9. Let A be a collection of predicate liftings for a functor T : Set — Set. A
predicate lifting A : P* — P o T in A induces an open predicate lifting A : Q" — Qo Ty for
T A via

AUX = qu = ZkEAX ~ ~
Q"X Z(FAX) Z(FAX) Q(pt(FAX)) = Q(TAX).

By Aux we actually mean the restriction of Ayx to Q"X C IS(UX). The map kpx is the
frame homomorphism given by a — {p € pt(FAX) | p(a) =1}. Then A:={A | A€ A} isa
geometric modal signature for Ty.

Lemma 6.10. The assignment \ is a natural transformation.

Proof. For a continuous function f : X — X’ the following diagram commutes in Set:

~ / -~ Zkg U ~
orx/ &, Z(FAX/) Zgx Z(FAX/) FAX Q(pt(FAX/>)
= J”f)‘l lﬁf)‘l ln(pt«Tf)-l))
VK 5 LK) g Z(FaX) ——— Qpt(FaX))

Commutativity of the left square follows from naturality of A, commutativity of the middle
square follows from the proof of Lemma 6.4 and commutativity of the right square can be
seen as follows: let af,...,a), € QX', then

Qpt((TF)™) 0 Zke, v (Auxr (ah, - . -, aly))
={g € pt(FaX) | ¢o (T Aux(a, - ap)) =1}
= Zke, x((TF) " QAuxe (- -, ap))).
So \ is an open predicate lifting. ]
The nature of the definitions of 'T'A and A yields the following desirable results.

Proposition 6.11.

(1) Let T : Set — Set be a functor and A a collection of predicate liftings for T. Then A is
characteristic for Ty. R
(2) If A € A are monotone, then A € A is Scott-continuous.

Proof. Let X be a topological space. For the first item, we need to show that the collection

{XNay,...,an) | A € A n-ary,a; € QX} (6.4)
forms a subbase for the topology on 'T'AX. An arbitrary nonempty open set of 'IA'AX
is of the form z = {p € pt(FAX) | p(z) = 1}, for z € FAX. An arbitrary element

of fAX is the equivalence class of an arbitrary union of finite intersections of elements
of the form Ayx(ai,...,ap), for A € A and ay,...,a, € QX. So we may write x =
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Uier(Njes, [)\fj%g(ail’j, e ,ai{flj)]) for some index set I, finite index sets .J;, A*/ € A and open

sets aZ’] € OX. We get

—_— —
7= U ( ﬂ [/\fo(azlaw_,a%’j)]> — U ( ﬂ )\%J(allv]w”?anij))
icl  jeJ; i€l jeJ;
The second equality follows from Definition 6.9. This shows that the open sets in (6.4)

indeed form a subbase for the open sets of 'T'AX.
The second item follows immediately from the definitions. []

Example 6.12. Let A\® be the box-predicate lifting for the monotone functor D on Set
from Example 2.4. Then the procedure from Definition 6.9 sends an open a in a compact
Hausdorff space X to [A\x(a)] in FAX. We know from Example 6.6 that FyX is isomorphic
to M(opnX) (provided X is compact Hausdorff) and the element [Ajx(a)] corresponds to
Oa € M(opnX). Therefore

A2(a) = 0a € QoptoMoopnX = QoptoFaX

We know from Theorem 4.9 that pt o M o opn = Dyy, and under this isomorphism Oa €
QoptoMoopnX is sent to Ma € Q(DxpX). Therefore

A (a) = ma,
which yields to open predicate liftings defined in Subsection 4.3. Similarly, the predicate

lifting A“ from Example 2.4 lifts the similarly-named open predicate lifting for Dy, from
Subsection 4.3.

Example 6.13. Similar to Example 6.12, the predicate liftings from Example 2.3 for the
powerset functor lift to the open predicate liftings from Example 3.10 for the Vietoris functor
on KHaus.

7. A FINAL MODAL CONSTRUCTION

We construct a final model in Mod(T) for a functor T where either T is an endofunctor on
Sob, or T is an endofunctor on Top which preserves sobriety. This assumption need not be
problematic: If a functor on Top does not preserve sobriety we can look at its sobrification.
Topological functors which arise as lifts from set functors using the procedure in Section 6
automatically preserve sobriety.

Assumption 7.1. Throughout this section, fix an endofunctor T on Top which preserves
sobriety, and a Scott-continuous characteristic geometric modal signature A for T. Recall
that @ is a set of proposition letters.

Definition 7.2. Call two formulas ¢ and ¢ equivalent in Mod(T) with respect to A,
notation: ¢ =7 ¥, if X,z IF ¢ iff X,2 Ik ¢ for all X € Mod(T) and € X. Denote the

equivalence class of ¢ in GML(®, A) by [¢]. Let E = E(T, ®, A) be the collection of formulas
modulo =T 4.

Recall that a coherent formula is one which does not involve arbitrary disjunctions.

Lemma 7.3 (Normal form). Under the assumption, every formula is equivalent to a formula
of the form \/;c; @i, where all the ; are coherent.
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Proof. The proof proceeds by induction on the complexity of the formula. Suppose ¢ =
©1V 2. By induction we may assume that @1 =7z \/,;c;%; and @2 =72 VjeJ Y, where
all the 9; and 1; are coherent, and we have ¢ =1 5 \/ie]UJ Y5, as desired. If ¢ = @1 A v,
then ¢ =7 A (\/ie] Vi) A (\/jeJ ¢J) =T,A \/(iJ’)e]XJ ti \p;. Lastly, suppose ¢ = Q?)\(Vie] Vi),
where all the 9); are coherent. Then we have \/;c; ¥ = \V{V,cp ¢ | I’ C I finite} and
by construction the set {[\/;cp @:]¥ | I’ C I, I’ finite} is directed for every T-model X =
(X,~,V). Hence by Scott-continuity of A we obtain

Ax(T\ i) = AU\ il | 17 € I finite}) = | J{x(T\/ il | I C I finite}.

i€l el iel’
Therefore ¢ =t a V{0 (Vi i) | I’ C I finite}, ie. ¢ is equivalent to an arbitrary
disjunction of coherent formulas. The case for n-ary modalities is similar. L]

Corollary 7.4. The collection E from Definition 7.2 is a set.

Proof. This follows immediately from Lemma 7.3 and the fact that the collection of coherent
formulas is a set. []

Definition 7.5. Define top, bottom, disjunction and arbitrary conjunction on E by Tg = [T],
Le = [L], [p] A [U] == [p Ad] and Vi lwi] = [Viep 0il-

It is easy to check that E now forms a frame. The theory of a point z in a geometric
T-model X is the collection of formulas that are true at x. The theory of x defines a
completely prime filter in E. This motivates the next definition.

Definition 7.6. Let Z = ptE. For every geometric T-model X = (X,~, V') define the theory
map by

thy : X =>Z:z—{lp] e E| X,z IF ¢}

The space Z will turn out to be the state space of a final model in Mod(T) and we will
see in Proposition 7.13 that the theory maps are T-model morphisms.

Definition 7.7. Set L = opno Topt : Frm — Frm. This functor restricts to an endofunctor
on SFrm which is dual to the restriction of T to Sob. Since A is characteristic, the frame LE

is generated by {Ax([¢1],- - -, [npf:]) | A€ A, p; € GML(®,A)}. Define an L-algebra structure
0 : LE — E on generators by

5:LE = B: Aup(pi]. ... [pa)) = [P (o1, 0.

We need to show that J is well defined. For this purpose it suffices to show that the
images of the generators of E satisfy the same relations that they satisfy in LE. Recall
Z = ptE, then LE = opn(TZ).

Lemma 7.8. If
U(NA@Ea)) = U (N @ 8)) (7.1)

el jed; keK (€L
then y
L 4, 0,7 _ ; k0 ,
VAP G i) =ma V(A @ ek), )
el jeJ; keK el

where the J; and Ly are finite index sets and I and K are index sets of arbitrary size.
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Proof. We will see that this follows from naturality of A. Our strategy is to show that the
truth sets of the left hand side and right hand side of (7.2) coincide in every geometric
T-model X = (X,~,V).

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

thy' (§) = [, (7.3)
which is open in X for all formulas ¢. Compute

U (N AT Lok 1)

i€l jeJd;
- ( (M M (thz (7, ),...,th;{l(@"ﬁ{f’j)» (By (7.3))
i€l jed;
- ( () (T the) " (N (B, .. .,@”,‘;{j))> (Naturality of \)
iel - jed ’
=T (U (N W@ .82)) (%)
i€l jeJd;
- (Tthx)_l( U ( M AL, j’;f@))) (Assumption (7.1))
keK (el ’
U (N i) OB ) (%)
k€K 4cLy
- U ( M) Ao (thg (@), ..., thg( ,’;fe))) (Naturality of \)
keK (el ’
= U (N @ I ). (By (73))
keK leLy

The steps with (%) hold because inverse images of functions preserve all unions and intersec-
tions. This entails that for all geometric T-models and all states « in X we have

. i k@
%xll—\/(/\@AJgpl’],...,gpn’f’j)) iff %xlk\/(/\@A ) - ..,gpﬁﬁ)),
i€l jed; k€K (leLy,
and hence (7.2) holds. Therefore § is well defined. ]

The algebra structure on E entails a coalgebra structure on Z.

Definition 7.9. Let ¢ : Z — TZ be the composition

71
T(ptE)

ptE %5 pt(LE) —— pt(opn(T(ptE))) T(ptE).

Here kt(peg) : T(ptE) — pt(opn(T(ptE))) is the isomorphism given in Remark 2.11. Since
7Z = ptE this indeed defines a map Z — TZ.

For an object I' € Z, the element (ptd)(I") is the completely prime filter
F = {\®1,...,%n) € pt(opn(T(ptE))) | [0 (p1,...,9n)] €T}

in pt(opn(T(ptE))). The element ¢(I") is the unique element in T(ptE) corresponding to F’
under the isomorphism k(). By definition of kg, this is the unique element in the
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intersection of

@1 3) | 91, )] €T,
Mo~reover, Nit follows from the definition of kr(pg) that [QXp1,...,0n)] ¢ T implies ¢(T) ¢
A5 -5 @n)-
Notation 7.10. If no confusion is likely to occur we will omit the square brackets that

indicate equivalence classes of formulas in E. That is, we shall write ¢ € E instead of
[¢] € E.

We can now endow the T-coalgebra (Z, () with a valuation. Thereafter we will show
that (Z, () together with this valuation is final in Mod(T).

Definition 7.11. Let Vz : & — QZ be the valuation p — p.

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

Lemma 7.12 (Truth lemma). We have 3,T' I ¢ iff p € T'.

Proof. Use induction on the complexity of the formula. The propositional case follows
immediately from the definition of V7. The cases ¢ = @1 A 2 and ¢ = \/,, ¢; are routine.

So suppose ¢ = Q1 ..., 0,). We have
3T ONer, .. on) i CI) € Az([ei]®s - -, [en]®) (Definition of IF)
ifft {(T') € Az(@1,.-,Pn) (Induction)
iff QMer,...,n) €T (Definition of ¢)

This proves the lemma. L]

Proposition 7.13. For every geometric T-model X = (X,~,V) the map thy : X = 7Z is a
T-model morphism.

Proof. We need to show that thy is a T-coalgebra morphism and that th;l oV3 =V. The
latter follows from the fact that for every proposition letter p we have

V(p) = {z € X | X,z I p} = thy' (p) = thy ' (V3(p)).
In order to show that thy is a T-coalgebra morphism, we have to show that the following
diagram commutes:

X Z
|k
TX > TZ

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

Tthe(y(2)) € Az(P1,--.,¢n) i ((thx(z)) € AP, ..., @n).
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This follows from the following computation,

Tthx(v(z)) € Az(P1s -, Pn)

iff ~(z) € (Tthy) ' (Az(@1,- -, &n))
iff ~y(x) € )\X(thgl(@l), e ,th;l(ﬁn)) (Naturality of \)
it (2) € Al [oal) (By (7.3))
iff X,z 1F QMo ..., 0n) (Definition of I+)
iff  QMer, ..., on) € thy(x) (Definition of thy)
iff ((thx(x)) € A\z(@1,...,Pn) (Definition of ()
This proves the proposition. []

The developed theory results in the following theorem.

Theorem 7.14. Let T be an endofunctor on Top which preserves sobriety, and A a Scott-
continuous characteristic geometric modal signature for T. Then the geometric T-model
3=(Z,¢,Vz) is final in Mod(T).

Proof. Proposition 7.13 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 3.7 that coalgebra
morphisms preserve truth, so for all x € X we have ¢ € f(x) iff 3, f(x) IF ¢ iff X,z IF .
Therefore we must have f(x) = thy(x). ]

As an immediate corollary we obtain the following theorem. Recall from Definition
3.8 that two states x and 2’ are behaviourally equivalent in Mod(T) if there are T-model
morphisms f and f’ with f(x) = f'(2/).

Theorem 7.15. Under the assumptions of Theorem 7.14, we have =x = ~Njoq(T)-

Proof. If x and 2’ are behaviourally equivalent, then they are modally equivalent by Proposi-
tion 3.7. Conversely, if they are modally equivalent, then thy(x) = thy/(z’) by construction,
so they are behaviourally equivalent. L]

Remark 7.16. If T is an endofunctor on Sob instead of Top, then the same procedure
yields a final model in Mod(T). In particular, T need not be the restriction of a Top-
endofunctor. However, if T is an endofunctor on KSob or KHaus the procedure above does
not guarantee a final coalgebra in Mod(T); indeed the state space Z of the final coalgebra
3 we just constructed need not be compact sober nor compact Hausdorff.

Of course, there may be a different way to attain similar results for KSob or KHaus.
We leave this as an interesting open question. In Theorem 8.9 we prove an analog of Theorem
7.15 for endofunctors on KSob.

8. BISIMULATIONS

This section is devoted to bisimulations and bisimilarity between coalgebraic geometric
models. We compare two notions of bisimilarity, modal equivalence (from Definition 3.6)
and behavioural equivalence (Definition 3.8). Again, where C is be a full subcategory of
Top and T an endofunctor on C, we give definitions and propositions in this generality
where possible. When necessary, we will restrict our scope to particular instances of C.
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Definition 8.1. Let X = (X,~,V) and X' = (X',4/, V") be two geometric T-models. Let B
be an object in C such that B C X x X/, with projections 7 : B — X and «’ : B — X'. Then
B is called an Aczel-Mendler bisimulation between X and X' if for all (z,2') € B we have
x € V(p) iff ' € V'(p) and there exists a transition map 8 : B — TB that makes 7 and 7’
coalgebra morphisms. That is, § is such that the following diagram commutes:

X" B_—",X

bk

TX B X!
Tr Tn'

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

It follows from Proposition 3.7 that bisimilar states satisfy the same formulas. Further-
more, it easily follows by taking pushouts that Aczel-Mendler bisimilarity implies behavioural
equivalence. If moreover T preserves weak pullbacks, the converse holds as well [34].

However, we do not wish to make this assumption on topological spaces, since few
functors seem to preserve weak pullbacks. For example, the Vietoris functor does not
preserve weak pullbacks [7, Corollary 4.3] and neither does the monotone functor from
Definition 4.7. (To see the latter statement, consider the example given in Section 4 of [18]
and equip the sets in use with the discrete topology.) Therefore we define A-bisimulations
for Top-coalgebras as an alternative to Aczel-Mendler bisimulations. This notion is an
adaptation of ideas in [3, 15]. Under some conditions on A, A-bisimilarity coincides with
behavioural equivalence.

In the next definition we need the concept of coherent pairs: If X and X' are two
sets and B C X x X' is a relation, then a pair (a,a’) € PX x PX' is called B-coherent if
Bla] C o’ and B~![d/] C a. For details and properties see Section 2 in [19].

Definition 8.2. Let T be an endofunctor on C, A a geometric modal signature for T and
X =(X,~V)and X = (X',7,V’) two geometric T-models. A A-bisimulation between X
and X’ is a relation B C UX x UX’ such that for all (z,2') € B and p € ® and all tuples of
B-coherent pairs of opens (a;, a}) € QX x QX' we have

reV(p) iff 2 eV/(p)
and
y(x) € Ax(ai,...,a,) iff +(2") € Ag(a),...,a,). (8.1)

Two states are called A-bisimilar if there is a A-bisimulation linking them, notation: x £, 2.

We give an alternative characterisation of (8.1) to elucidate the connection with [3].
Remark 8.3. Let B C X x X’ be a relation endowed with the subspace topology and let
m: B — Xand 7' : B — X' be projections. Then (a,d’) € QX x QX' is B-coherent iff
7 (a) = () ().

Let P be the pullback of the cospan QX —%» QB <% QX' in Frm and let p :
P — X and p’ : P — X’ be the corresponding projections. Then the B-coherent pairs are

precisely (p(z),p'(z)), where z ranges over P. It follows from the definitions that equation
(8.1) holds for all B-coherent pairs if and only if

QroQyodxop™ = Q' o Qv o Xy o (p)",




34 N. BEZHANISHVILI, J. DE GROOT, AND Y. VENEMA

where X is n-ary.
As desired, A-bisimilar states satisfy the same formulas.

Proposition 8.4. Let T be an endofunctor on C and A a geometric modal signature for T.
Then €5 C =,.

Proof. Let B be a A-bisimulation between geometric T-models X and X', and suppose xBz’'.
Using induction on the complexity of the formula, we show that X,z IF ¢ iff X', 2 IF ¢ for all
¢ € GML(®, A). The propositional case is by definition, and A and \/ are routine. Suppose
X,z I QMepr, ... 0n), then v(2) € Xx([1]%, ..., [¢n]*). By the induction hypothesis
([, [:]*) is B-coherent for all 4. Then 7/(z') € A ([p1]¥, ..., [en]¥) since B is a
A-bisimulation, hence X', 2’ I Q*(¢1, ..., ¢n). The converse is proven symmetrically. [

Proposition 8.5. Let T be an endofunctor on C and A a geometric modal signature for T.
Then € C <,.

Proof. 1t suffices to show that every Aczel-Mendler bisimulation is a A-bisimulation. Suppose
B is an Aczel-Mendler bisimulation and let S be the map that turns B into a coalgebra,
then the following diagram commutes:

X ul B —T X/
[ b b o2

X B X/
Tr T’

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 8.2. Let A € A and (z,z") € B. Suppose

(ay,d),..., (an,al) are B-coherent pairs of opens and v(z) € Ax(a1,...,ay). Then we have
B(z,2') € (Tm) ' (Ax(ar, ..., an)) (Follows from (8.2))
=Ap(m~ (al) R () (Naturality of \)
CAp((w) o [m ar)],..., (x")  or'[r (an)]) (Monotonicity of \)
=g ((n)” 1( 1), -,(w’)*l(B[an])) (Bla] =« o 7~ (a))
CAg((n)H(a)),..., (") Hal)) (Monotonicity of \)
=(Tr")"~ I(AX'(CH, San)). (Naturality of \)
Therefore

Y (2" = (Tr")(B(z,2")) € M\ (al, ..., al),
as desired. ]

The collection of A-bisimulations between two models enjoys the following interesting
property.
Proposition 8.6. Let A be a geometric modal signature of a functor T : Top — Top

and let X = (X,~,V) and X' = (X/,4/, 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 the fact that
any complete semilattice is also a complete lattice, see e.g. [8, Theorem 4.2].
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Let J be some index set and for all j € J let B; be A-bisimulations between X and X'
and set B = J;c; Bj. We claim that B is a A-bisimulation.

Let (ai,a;) be B-coherent pairs of opens. Suppose Bz’ and v(z) € Ax(ai,...,an).
Then there is j € J with 2Bz’ hence x € V(p) iff 2’ € V'(p). As Bj[a;] C Bla] C d
and Bj_l[a’] C B7l[d] C aj, all B-coherent pairs (a;,a;) are also Bj-coherent. Since

!/

B, is a A-bisimulation we get 7/(2') € Ax/(al,...,a;,). The converse direction is proven

symmetrically. []

We know by now that A-bisimilarity implies modal equivalence. Furthermore, we
have seen in Theorem 7.15 that modal equivalence coincides with behavioural equivalence
whenever T is an endofunctor on Top which preserves sobriety and A is a Scott-continuous
characteristic geometric modal signature. In order to prove a converse, i.e. that behavioural
equivalence implies A-bisimilarity, we need to assume that the geometric modal signature is
strong.

Recall that two elements z, 2’ in two models are behaviourally equivalent in Mod(T),
notation: ~pjoq(T), if there exist morphisms f, f* in Mod(T) such that f(x) = f'(2').

Proposition 8.7. Let T be an endofunctor on C and A a strongly monotone geometric
modal signature for T. Let X = (X,~,V) and X' = (X',~, V') be two geometric T-models.
Then ~noa(t) € 2A-

Proof. Suppose x and 2’ are behaviourally equivalent. Then there are some geometric
T-model 9) = (Y, v, Vi) and T-model morphisms f : X — 9 and [’ : ¥ — 2) such that
f(z) = f'(«"). We will show that

B={(wu) € X x X'| f(u) = f'(u)} (33)
is a A-bisimulation B linking x and z’.

Clearly xBx’. It follows from Proposition 3.7 that u and v’ 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 v(u) € Ax(a1,...,a,). We will show that
v (W) € Axs(al, ..., al). The converse direction is similar. By monotonicity and naturality
of A\ we obtain

y(u) € Ax(ar, .. an) S Ax(fH(flar))s - ST (Flan))) = (T v (flard,- -, flan))),
so (Tf)(v(w)) € Ay(f[a1],- .-, flan]). (The fla;] need not be open in Y, but since A is strong,
Av(flai], ..., flan]) is defined.) Because f and f’ are coalgebra morphisms and f(u) = f’(u)
we have (T£)(y(u)) = v(f(u) = v(f'(u)) = (T F)(7/(u!)). Finally, we get

() € (TF) 7 Ow(flaal, -, flan]))
1

= X () (flaa])s - ()7 (flan)) (Naturality of A)
= \x/(Blai], ..., Blay]) (Strong monotonicity of \)
C M (al,...,al). (Coherence of (a;,a}))
This proves the proposition. ]

Remark 8.8. If C = KHaus in the proposition above, then Proposition 3.15 allows us to
drop the assumption that A be strong.

Let T be an endofunctor on Top and let A be a geometric modal signature for T. The
following diagram summarises the results from Propositions 8.4 and 8.7 and Theorem 7.15.
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The arrows indicate that one form of equivalence implies the other. Here (1) holds if T
preserves weak pullbacks, (2) is true when A is Scott-continuous and characteristic and T
preserves sobriety (cf. Theorem 7.15), and (3) holds when A is strongly monotone. Note
that the converse of (2) always holds, because morphisms preserve truth (Proposition 3.7).

(1)

m

p=3 SA =A Pa— :Mod(T) (84)

3)

As stated in the introduction we are not only interested in endofunctors on Top, but
also in endofunctors on full subcategories of Top, in particular KHaus.

The implications in the diagram hold for endofunctors on Sob as well (use Remark 7.16).
Moreover, with some extra effort it can be made to work for endofunctors on KSob as well.
In order to achieve this, we have to redo the proof for the bi-implication between modal
equivalence and behavioural equivalence. This is the content of the following theorem.

Theorem 8.9. Let T be an endofunctor on KSob, A a Scott-continuous characteristic
geometric modal signature for T and X = (X,v,V) and X' = (X/,7/,V') two geometric
T-models. Then =x = ~njod(T)-

Proof. If z and 2’ are behaviourally equivalent then they are modally equivalent by Proposi-
tion 3.7. The converse direction can be proved using similar reasoning as in Section 7. The
major difference is the following: We define an equivalence relation =2 on GML(®, A) by
© =5 Y iff [p]¥ = [¢]* and [¢]* = []¥. (Note that X and X’ are now fixed.) That is,
© =2 ¢ iff ¢ and 1 are satisfied by precisely the same states in X and X’ (compare Definition
7.2). The frame Ey := GML(®, A)/=2 can then be shown to be a compact frame and hence
Zo := ptEs is a compact sober space. The remainder of the proof is analogous to the proof
of Theorem 7.15. A detailed proof can be found in [16, Theorem 3.34]. []

We summarise the results for Top and two of its full subcategories:

Theorem 8.10. Let T be an endofunctor on Top, Sob or KSob and A a Scott-continuous
characteristic strongly monotone geometric modal signature for T. If x and x’ are two states
i two geometric T-models, then

/ - _ / - /
rzeyz off x=ac fff @ ~poam) T

9. CONCLUSION

We have started building a framework for coalgebraic geometric logic and we have investigated
examples of concrete functors. There are still many unanswered and interesting questions.
We outline possible directions for further research.

Modal equivalence versus behavioural equivalence: From Theorem 8.10 we know
that modal equivalence and behavioural equivalence coincide in Mod(T) if T is an
endofunctor on KSob, Sob or an endofunctor on Top which preserves sobriety. A
natural question is whether the same holds when T is an endofunctor on KHaus.
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When does a lifted functor restrict to KHaus?: We know of two examples, namely

the powerset functor with the box and diamond lifting, and the monotone functor on Set
with the box and diamond lifting, where the lifted functor on Top restricts to KHaus.
It would be interesting to investigate whether there are explicit conditions guaranteeing
that the lift of a functor restricts to KHaus. These conditions could be either for the
Set-functor one starts with, or the collection of predicate liftings for this functor, or
both.

Bisimulations: In [3] the authors define A-bisimulations (which are inspired by [15])

between Set-coalgebas. In this paper we define A-bisimulations between C-coalgebras.
A similar definition yields a notion of A-bisimulation between Stone-coalgebras, where
the interpretants of the proposition letters are clopen sets, see [16, Definition 2.19]. This
raises the question whether a more uniform treatment of A-bisimulations is possible,
which encompasses all these cases.

Modalities and finite observations: Geometric logic is generally introduced as the logic

[1]

of finite observations, and this explains the choice of connectives (A, \/ and, in the
first-order version, J). We would like to understand to which degree modalities can
safely be added to the base language, without violating the (semantic) intuition of finite
observability. Clearly there is a connection with the requirement of Scott-continuity
(preservation of directed joins), and we would like to make this connection precise,
specifically in the topological setting.
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