DOI 10.1515/tmj-2017-0105

Equilogical spaces and algebras for a double-power monad

Giulia Frosoni' and Giuseppe Rosolini?

DIMA, via Dodecaneso 35, 16146 Genova, Italy

E-mail: frosoni@dima.1.1r1ig<-3.it1 , rosolini@unige.it2

Abstract

We investigate the algebras for the double-power monad on the Sierpisnki space in the category
Equ of equilogical spaces, a cartesian closed extension of ‘Topo introduced by Scott, and the
relationship of such algebras with frames. In particular, we focus our attention on interesting
subcategories of £qu. We prove uniqueness of the algebraic structure for a large class of
equilogical spaces, and we characterize the algebras for the double-power monad in the category
of algebraic lattices and in the category of continuous lattices, seen as full subcategories of Eqi.
We also analyse the case of algebras in the category ‘Topo of Typ-spaces, again seen as a full

subcategoy of Equ, proving that each algebra for the double-power monad in ‘Topo has an
underlying sober, compact, connected space.

1 Introduction

The category Equ of equilogical spaces, introduced by Scott in [Sco96], provides a useful extension
of the category ’Topo of Ty-spaces; indeed, Equ is locally cartesian closed, see [CR00], and the
inclusion functor ‘TOpO — Equ preserves the (existing) cartesian closed structure.

Considering the Sierpinski space ¥ as an equilogical space, the self-adjoint functor X(=): Equ —

unop gives rise to a monad on Equ: the double-power monad on ¥, which we denote >2 in the
following. Monads of this kind have been widely studied in different contexts: Taylor developed
Abstract Stone Duality investigating certain double-power monads under the weak assumption
that in category C the object ¥ can be exponentiated, see [Tay02a, Tay02b]. Townsend and
Vickers analysed the double-power monad for ¥ seen as a locale—aka the frame of open subsets of
Y —and they compared it to other important constructions in the category of locales, see [VT04,
Vic04]. Such monads played an important role also in the abstract approach to semantics of
computations, see e.g. [PRI7, PT97, Thi97b, Fiih99] and connections with the computational idea
of continuations, explored in particular in Hayo Thielecke’s PhD thesis [Thi97a], certainly require
further consideration.

In investigating the double-power monad on the Sierpinski topological space in a cartesian
closed extension of the category of Ty-spaces, one must take into account how fundamental a role
the functor (=) plays in the study of exponentiability in Top, as it is well-known that a topological
space X is exponentiable if and only if the exponential ©¥ exists in Top. The starting point of our
investigation is a connection between 32-algebras in Equ and frames; we know from [Dub70] that,
since Equ is cartesian closed, the algebras for the double-power monad in Equ are the internal
models of the algebraic theory of ¥ in Equ. As a consequence of this, in [FRS17] it was shown
that the X2-algebra structure on an equilogical space E induces a frame structure on the global
sections of E. On the other hand, the Lawvere finitary algebraic theory in Equ of ¥ is precisely
that of internal frames in Equ. The basic question we address in the present paper is whether the
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internal theory of ¥ coincide with its finitary part. In principle, one would expect a positive answer
since frames appear as the “algebrization” of open subsets, but to get such a positive answer has
proved extremely difficult. After all the work we put into the question, we suspect that the answer
is more subtle and we conjecture that the 32-algebras in Equ are only particular frames.

The study in the present paper focuses on certain subcategories of Equ on which one can
restrict the double-power monad in order to analyse the X2-algebras in these subcategories. These
include the category f‘l[gLatt of algebraic lattices and the category ContLatt of continuous lattices,
together with two other important subcategories, REqu and SEqu, introduced in section 2, which
are very relevant for the structure of the category Equ.

In section 3, after briefly recalling known facts about the double-power monad X2 and its
algebras, we characterize ContLatt as the intersection of the two subcategories SEqu and REqu.

In section 4 we outline some properties of the frame structure of a X2-algebra in ﬂégLatt and
in REqu, and we characterize ¥2-homomorphisms between them. We also prove the uniqueness
of the structure map for X2-algebras in AlgLatt, in REqu and in ContLatt.

In section 5, we apply the previous results to obtain a characterization for X2-algebras in
AlgLatt and ContLatt, involving algebraic frames and continuous frames.

Finally, in section 6, we investigate the case of X2-algebras in ‘Topo, analysing the topological
space 2 for a Ty-space X. We show that every X2-algebra in Topo is a sober, compact and
connected space, but not necessarily locally compact.

2 Preliminaries

Recall from [BBS04, Sco96] that an equilogical space is a triple E = (|E|, 7, =g), where (|E|, Tg)
is a Ty-space and =g is an equivalence relation on |E|. Given equilogical spaces (|E|, 7p,=pg) and
(|F|, 7F,=F), we say that a continuous function f: (|E|,7g) — (|F|, 7r) is equivariant if, for every
x,x’ € |E| such that © =g 2’, one has that f(x) =p f(2’). Two continuous equivariant functions
(B, 7e) = (|F|,7r) are equivalent—and we shall write f =pr f'—if for all z € |E|, one
has that f(z) =r f'(x).

The category Equ of equilogical spaces consists of

objects are the equilogical spaces E = (|E|, 7, =g);

an arrow [f]: E — F from the equilogical space E to the equilogical space F' is an equivalence
class of continuous equivariant functions with respect to the equivalence relation =pz. We
may refer to such an arrow as an equivariant map in Equ, often confusing a map with one
of its representatives;

composition of equivariant maps is defined by composition of a(ny) pair of continuous represen-
tatives. Hence, composition is associative and has identities.

The category Equ is locally cartesian closed (see [CRO0]) and it fully extends the category ‘Topo
of Ty-spaces and continuous functions; the functor

Y

Top, Equ

(1X], 7x ) ———= (1X],7x,=)
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is a full embedding and preserves products and all the exponentials which exist in Topo, see [Sco96].

Note that if [f] is an equivariant map whose target is in the image of the functor Y, then the
equivalence class of f is a singleton.

Since the cartesian closed structure of £qu plays an essential role in what follows, it is useful
to recall also Scott’s equivalent presentation of Equ from [Sco96]. It involves algebraic lattices and
partial equivalence relations on them. In order to keep the presentation reasonably self-contained,
in the following we review some basic concepts from the theory of lattices and universal algebra.
We shall refer mainly to [GHK"80].

On a complete lattice L = (]|, <) one can introduce a Ty-topology, called the Scott topology
which consists of those subsets U of |L| such that:

U is upward closed: if x € U and y is an element of |L| such that <y, then y € U;

U is inaccessible by directed joins: for every directed subset D C |L|, if \/ D € U, then there
exists d € D such that d € U.

It is easy to check that this collection of sets is closed under arbitrary unions and finite intersections;
we will denote that topology with 7g.. Moreover, given L and M complete lattices, a function
f:|L| — |M] is continuous with respect to the Scott topologies on L and M respectively, if and
only if f preserves directed joins, i.e. for every directed subset D C |L|,

 (Vaend) = Viep £

In that case, we shall say that the function f:|L| — |M] is Secott-continuous. In the following we
may sometimes confuse a complete lattice L with the topological space (|L], Tsc)-

Let L be a complete lattice and z,y € |L|. One says that z is way-below y, in symbols x < y,
if, for every directed subset D C |L| such that y < \/ D, there exists d € D such that z < d. It is
easy to see that the relation < is finer than <, and that < is transitive.

An element k of a complete lattice L is compact if k < k, i.e. for every directed subset D C |L]
such that k < \/ D, there is d € D such that k < d. The least element of a complete lattice is
compact and a finite join of compact elements is again compact. Note that a compact element k
determines a Scott-open subset k< := {y € |L| | k <y} of L. Denote by K (L) the subset of the
compact elements of L. It is a V-subsemilattice of L.

A complete lattice L is algebraic if every element a € |L| is the join of the compact elements
less than or equal to it:

a= \/keK(L) k.

k<a

Note that the join in the formula above is directed.

The category /’Zl[gLatt of algebraic lattices and Scott-continuous functions is the full subcategory
of Topo on the algebraic lattices endowed with the Scott topology.

Recall from [Sco76, GHK'80] that an algebraic lattice endowed with the Scott topology is
injective with respect to the subspace inclusions in the category Topo and that every Ty-space
X = (|X|, 7x) embeds as a subspace into the algebraic lattice on the powerset & (7x) ordered by in-
clusion: the embedding maps a point # € |X| to its neighbourhood filter U,: = {U € 7x ’ zeU} e
P (Tx).
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Remark 2.1. Let L and M be algebraic lattices considered as topological spaces with the respective

Scott topologies. Let X be a Tp-space and f: L x X — M a function which is continuous in each

variable. Then f is continuous from L x X into M. Indeed, suppose that a € |L|, z € |X| and

f(a,z) € V which is Scott-open in M. Since L is algebraic, a = \/keK(L) k. The hypothesis that f
k<a

is continuous in the first variable ensures that

fla,2) =\ oy Fks ).

k<a

Hence there is a compact k < a such that f(k,z) € V because V is Scott-open. Since f is continuous
in the second variable, there is an open neighbourhood U of = such that the image of {k} x U under
f is all contained in V. Therefore f(k= x U) C V.

Note that the argument just presented does not extend to arbitrary complete lattices with the
Scott topology.

It follows from 2.1 that, given algebraic lattices L and M, the set of Scott-continuous functions
from L to M endowed with the compact-open topology is the exponential M’ of the two spaces in
Topo. It is clear that M7 is also a complete lattice, and it is easy to see that it is algebraic and
the compact-open topology coincides with the Scott topology. So the embedding Y restricted to the
subcategory of algebraic lattices

Algra——L -~ Tq
A (4], 750, =)

preserves products and exponentials.

Remark 2.2. Given algebraic lattices A and B, every order-preserving function f: K (A) — B has
a unique extension to a Scott-continuous function f: A — B mapping

a— k).

kEK(A) f(
k<a

Thus, there is an order isomorphism between the set of Scott-continuous functions from A to B

and the order-preserving functions from K (A) to B.

A complete lattice L is continuous if every element is the join of the elements way-below it,
ie. for every x € |L| it is
= Ve v

y<Lz

On a continuous lattice the way-below relation is interpolative; in fact, < is interpolative on the
complete lattice L if and only if L is continuous.

A continuous retract of a continuous lattice is clearly continuous, and every continuous lattice
is a retract of an algebraic lattice, e.g. for a continuous lattice L, the function

2 (|L)) 2 (L)
P—s{yel|L||ly< P}
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is Scott-continuous and the lattice of its fixpoints is (isomorphic to) L, see [Sco76].
So the category ContLatt of continuous lattices and Scott-continuous functions is (equiva-
lent to) the full subcategory of Topo on the injectives with respect to subspace inclusion. It is

also equivalent to the idempotent splitting of ﬁlégLatu so the full embedding I extends to a full
embedding

ContLatt— L Equ
Cr——(IC], 78¢, =)

which preserves products and exponentials.

We are now in a position to introduce the category PEqu of partial equilogical spaces.

A partial equilogical space is a pair A = (La,~4), where L4 is an algebraic lattice and a4
is a symmetric and transitive relation on |L 4| (not necessarily reflexive). We denote the domain of
~aas Dy = {ac|La| | amyal.

Given partial equilogical spaces (L4, 4) and (Lg, ~p), for Scott-continuous functions g,¢’: L4 —
Lp, write g =pa g’ when

for all a,a’ € |L4| such that a ~4 @', it is g(a) ~p ¢'(d’). (1)

For a Scott-continuous function f: L4 — L say that it is equivariant from (L 4,2 4) to (Lp,~pg)
when f =pa f. So &~pa is an equivalence relation on equivariant functions from (L4,~4) to
(Lp,~p). Also, if f is equivariant from (La,=~4) to (Lp,~p), then it applies D4 into Dpg.

The category PEqu consists of

objects are partial equilogical spaces;

an arrow [f]: A — B from (La,~4) to (Lp,~p) is an equivalence class of equivariant functions
f+A — B with respect to the equivalence relation ~ga. We refer to such an arrow as an
equivariant map in PEqu;

composition of equivariant maps is defined by composition of a(ny) pair of continuous represen-
tatives.

Hence, composition is associative and has identities.

Remark 2.3. The category PEqu is the quotient completion of the elementary doctrine

P: ﬂ[gLattOp — InfSL where P(|L|) is the powerset of the underlying set of L and P(f) := f~1
for f: L — M a Scott-continuous function, see [MR13, MR15].

It follows from symmetry and transitivity that the partial equivalence relation ~ 4 is contained
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in D4 x Dy and so reflexive on D 4. That allows to define a functor

Z

PEqu Equ
(La,~a) (Da, Tsub, 24)
nl [ 152]
(L, ~p)! (DB Toun: ©B)

where 74,1, denotes the appropriate subspace topology.

There is also a functor W: Equ——sPEqu which exploits the facts, recalled from [Sco76, GHK " 80]
on p. 123, that the continuous function z — U,: (| X|,7x) = (£ (7x), Tsc) is a topological embed-
ding and algebraic lattices are injectives with respect to topological embeddings. The action of W
on the objects is

Equ U

PEqu
(1B, 78, =p) ——— (2 (TE), R ()

where ~ ;) is the image under U of the equivalence relation =g; the action on the maps is
obtained by injectivity.
Theorem 3.4 in [Sco96] gives the equivalence of categories.

Theorem 2.4. The functors Z: PEqu — Equ and W: Equ — PEqu are an adjoint equivalence.

The following proposition explains how to compute exponentials in PEgu. From this, using the
functors Z and W, one derives a construction of exponentials in Equ.

Proposition 2.5. Let A and B be objects in PEqu. Then
(i) their categorical product is
Ax B= (LA X LBa%AXB)
where (a,b) maxp (a/,V) if axy a’ and b= V', with the obvious projections;
(ii) their exponential is
B = (Lj* ~pa)

where LéA is the algebraic lattice (ordered pointwise) of the Scott-continuous functions from
L4 to Lp introduced in 2.1, &pa is the relation (1), and the evaluation map is that on the
algebraic lattices.

Finally, we introduce two subcategories of PEqu which play a fundamental role in the following,
see [FRS17].

Let REqu be the full subcategory of PEgu consisting of those pairs A = (La,=4) such that
=, is reflexive, i.e. Dy = |L4|. In other words =4 is an equivalence relation on |L 4].



Equilogical spaces and algebras for a double-power monad 127

Furthermore, SEqu is the full subcategory of PEqu consisting of those pairs A = (L4, ~a),
where ~ 4 is a subreflexive relation on |L4|, i.e. for all a,a’ € |L4|, if a ~4 d/, then a = a/. The
category SEqu is equivalent, under the restriction of the functor Z: PEqu — Equ, to the image of
the embedding Y: Topo — Equ.

Recall from [FRS17] the following result.

Proposition 2.6. For S an object in SEqu and R an object in REqu,
(i) S%is in SEqu;
(i) RY is in REqu.

Remark 2.7. Though the proof of 2.6 is not difficult, it is hard to evaluate its structural meaning.
In order to explain what we mean, consider how an object A = (La,~4) in PEqu appears in the
following diagram

(LAvA\LA\ N (DA X DA))CM (LAaA\LA\)
ﬁdA]J; (2)

(LA7Q’A)

where Az ,| denotes the diagonal relation on |L4|. The horizontal map is a subspace inclusion and
the vertical map is a coequalizer of the two parallel maps

(Lax LA7AQ,A):>>(LA,A‘LA| N (D4 x DA))

represented by the two projections.

A partial equilogical space A is in REqu if and only if the horizontal map in (2) is iso; it is in
SEqu if and only if the vertical map in (2) is iso.

So 2.6(i) is a direct computation using the properties with limits and colimits of an exponential
bifunctor. On the other hand, while 2.6(ii) is certainly correct, we failed to find a general justification
for it.

From now on, we shall work preferably with partial equilogical spaces. Therefore we shall refer
to the category PEqu rather than the category Equ, as well as its full subcategories SEqu and
REqu. We remark once more that, via the equivalence between Equ and PEqu, the image of the
embedding of ‘Topo into Equ is equivalent to SEqu. We shall show in section 3 that the category
of continuous lattices is equivalent to the intersection of SEqu and REqu.

3 The monad of the double power of X

The Sierpinski space X is the Ty-space with two points L and T and the only non-trivial open
subset is {T}. Clearly, ¥ is an algebraic lattice, with the order 1. < T with the Scott topology.
So, the pair (3, =) is a partial equilogical space. For simplicity, in the following, we will write the
partial equilogical space (3, =) simply as 3.

The self-adjoint functor

PEqu— 2" pEqu?
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gives rise to a strong monad on PEqu of the form of those studied in [Tay02a, Tay02b, Vic04, VT04],

whose endofunctor (=) maps each partial equilogical space F into 2" hence the name
double-power of ¥ for the monad.
The unit of the monad has components ng: £ — E(EE), the exponential adjunct of the composite

ev

Amm) op o p_ev

ExXE

Since typed A-calculus can be interpreted in any cartesian closed category, in A-notation the
above map is written
MF:2F Fz  in context x: E.

))

(=F
The multiplication component pg: n=* ) — ") is the map X"=£. In A-notation

E
AF:SE.GOU: ST UF)  in context G: 2™ ).

We shall sometimes adopt the notation of [Tay02a, Tay02b] and write the action X as ¥ (X),
so that &%) is written (X (X)) = ¥2(X) and so on. In this way the multiplication above is
written pg: X4 (E) — X2 (E).

In line with the new notation X2 for the underlying functor of the double-power monad, we shall
denote the monad as 32 so that the category of the Eilenberg-Moore algebras for it in PEqu is

fl’fguz . A ¥2-algebra is (E, a), where a: ¥2 (E) — E is a structure map on the partial equilogical
space E.

Note that ¥——=%&") is the underlying object of the initial 32-algebra (¥, ¥). So, for each
partial equilogical space E, (X¥,37#) is a $%-algebra in PEqu on the power ¥ of .

Since ¥ is both in REqu and in SEqu, by 2.6 the functor £(-): T‘EqquPunOp can be
restricted and corestricted to the subcategories REqu and SEqu in the following way:

REqu Dl SEquP SEqu Dl REqu°P

Hence, the monad X2 gives rise to a monad on REqu and a monad on SEqu. As usual, we denote
2
the categories of the algebras for the double-power monad of ¥ on REqu and SEqu with Kfquz

2
and quuz , Tespectively.
Since a continuous lattice is a retract of an algebraic lattice, the embedding

Wo I: ContLatt — ~PEqu

maps into both subcategories REqu and SEqu.

Lemma 3.1. Let X = (Lx,~x) be an object in SEqu isomorphic to an object in REqu. Then
X is a retract of an algebraic lattice.
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Proof. Suppose X = (Lx,~x) with ~xC Ay is isomorphic to an object of ngu; this means
that there are an object A = (L4, =4) in REqu and equivariant maps [f]: X — A and [g]: A — X
such that

1dL
(Lx,~x) = (Lx,~x)-

N g

(La,Ajp ) = (La,=a)
[ LA

So X is a retract of the algebraic lattice L4 since ~xC Ar . Q.E.D.

Theorem 3.2. The intersection of REqu and SEqu is (equivalent to) the image of the embedding
ContLatt — PEqu.

Proof. Tt follows from 3.1 since ContLatt is equivalent to the full subcategory of injectives of Topo
with respect to subspace inclusion as mentioned on p. 125. Q.E.D.

Hence the functor X(7) restricts to the category ComtLatt as well as f‘l[gLatt and we shall
also consider the categories of X2-algebras in these subcategories.

4 X2-algebras and frames

In [FRS17] Theorem 5.5 shows that a X2-algebra inherits a unique frame structure in PEqu,
induced by the frame structure of ¥. Indeed, by [Dub70], every X2-algebra (FE,«) can be seen as
a fPfgu—enriched cotensor-preserving functor

op  p)

(fl’fguzz) PEqu
D EP

op
Note that (fP‘Egu22> is equivalent to the theory of ¥ in PEqu, ie. Th(X) is the category

whose objects are the objects of PEqu and an arrow f: F — G is an equivariant map f: »F - »ne.

composition and identities of Tﬁ(E) are as in PEqu. Thus, applying the functor E() to the
distributive lattice structure of 3, given by the Scott-continuous functions

PP I YRS de g )
we obtain distributive lattice operations on the underlying object E of the X2-algebra (E, ).

Remark 4.1. We should remind the reader that the notation E(~) is only suggestive, the action
on the arrows is not just by pre-composition and uses the structure map «, see [FRS17]. Indeed, if
f:C — D is an arrow in ‘Tﬁ(Z), then it is an equivariant map f: 3¢ — £P and Ef is represented
by the equivariant function

c (=)
EC (n5) (E(ZE))C ) (ZC)(ZE) f N (ED)(EE) o (Z(EE))D a? EP
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In particular, the order determined on E is given as follows: let 2 = 1 4+ 1 be the discrete
equilogical space on the set {0,1} and (#) 14+ 1 — ¥ the function which maps 0 to L and 1 to

T. Then 2(7): £% 5 141 is monic and isomorphic to the order relation on ¥. An easy diagram

€L
chase shows that EZ(T) is represented by the equivariant function

E* E?~2ExFE

[ (), F(T))

which is indipendent of the structure a. Hence the internal distributive lattice determined in PEqu
on E depends only on the existence of a structure map a on F that turns it into a X2-algebra. For
this reason we shall denote the maps E”: E? — F and EV: E? — E, obtained by applying E(~) to
the maps
SR I YRAVED D= 3

simply as A: B2 — E and ¥ : E? — E.

Moreover, for every set I, seen as a discrete topological space, the join \/7: %! — ¥ is Scott-
continuous, so they induce (arbitrary) join operations

VIEl - F

which make E an internal frame in PEqu. If it causes no confusion, we omit the index I.
The following is an explicit description of the induced lattice operations in terms of representa-
tives of the equivariant maps of partial equilogical spaces:

A (er,e2) = a(ne(er) Ane(e2))

V' (ei)ier = a (\/iel 77E(6i))

where A and \/ which appear on the right-hand side in the definition above are the pointwise finite
meet and arbitrary join of continuous functions.

Again, in terms of representatives, if h: (E,a) — (D, 3) is a X2-homomorphism, then h is a
frame homomorphism up to the partial equivalence relation ~p, in the sense that

h(er A e2) =p h(er) p h(ea) forej,es € Dg

h (V €i> ~p V h(ez) for (61')1'6] € (DE)I
As a direct consequence, the global section functor I': PEqu — Set extends to a faithful functor
=2 T Frm

(E,Oé) IEDE/ ~p

PEqu

where Frm is the category of frames and frame homomorphisms. We denote the frame operations
on I'(E,a) = Dg/ ~p with i and |7].
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Remark 4.2. Clearly, the frame structure of I'(F, «) is unique and depends only on the existence
of a X2-structure on the object E.

2

Consider the particular case of $2-algebras in AfgLatt and suppose that (4, @) is in leéqLattE ,
ie. A= (La,=). Then the frame structure determined on A coincides with that given by the com-
plete order on L4 = (|Lal, A, ) since the mono

L

A= ym e

is (isomorphic) to the order relation of the algebraic lattice A. Therefore, every 32-homomorphism
h: (A,a) — (B, ) preserves arbitrary joins and finite meets. Since each structure map a: &
A is a 32-homomorphism from (Z(ZA), wa) to (A4, ), it preserves finite meets and arbitrary joins.
This allows us to prove the following.

2

Lemma 4.3. Let (A, «) and (B, 8) be objects in ﬂQ]Lattz .Ifh: Ly — Lp is a frame homomor-
phism, then it is a £2-homomorphism from (4, a) to (B, 3).

Proof. We have to prove that, given h: Ly — Lp a frame homomorphism, the following diagram is
commutative:

E(Zh) (=)

ey 27 %

| &

A—— 8B

Since the lattices involved are algebraic and all the maps in the diagram are Scott-continuous, it is
sufficient to prove that the diagram commutes on the compact elements of Z(ELA); they are finite

joins of step functions, so they are of the form

n m

VA Fi

i=1j=1
for appropriate compact elements k;; of L. The function I;\J = na(ki;) maps f € |ZF4| into the
function f(k;;). Thus, computing the two paths on a step function, we obtain

_— Z(Zh’) —

Vie1 Ajzy kit Vier N2y hlkig)

[ Iﬁ

Vim Aji kg = Vi AjLy kig) = Vi N ki)

which completes the proof. Q.E.D.

We shall extend the previous results to X2-algebras in REqu. First we need a result about the
»2-algebras which are powers of ¥.
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Theorem 4.4. Let E = (Lg, ~g) be a partial equilogical space. For all fi, fo € Dye and {f;}ier C
DEEa

flz/}gfz ~ye [ A fa E\/fi ~se Vi,

where the operations A and \/ which appear on the right-hand side of the identities are the pointwise
meet and join of the algebraic lattice 7=,

Proof. Write L for the partial equilogical space (Lg,=p,)—in other words, L is the algebraic
lattice Lg seen as a partial equilogical space. Assume first that E is in SEqu. Note that

[id‘ L E|] : E>——=1L. Since the following commutative diagram

22 (nt) =2 . wr

%2 (z[idlLE])i ig[idLE]

»2 (nF) =2 yp
and the vertical maps are surjections by 2.6, given fi, fo € |[2LE|,
hnte= X (nse (fi) Anse(f2) =se E7 (s (fi) Anse(f2)) = fi A fa

where A is the pointwise meet of the algebraic lattice S1=.

EE
The proof is similar for \/ .
For the general case of E a partial equilogical space, write X for the partial equilogical space
(Le, A, N (Dg x Dg)), see 2.7. Note that [id|r, ] : X——FE and consider the commutative
diagram

2 (nF) _X" B
512 (E[idLE])i lz[idwE]
2 (£X) _X ex
where the vertical maps are monic by 2.6. The result follows immediately. Q.E.D.
Consider now (A, «) and (B, f) in nguzz. If h:(A,a) — (B,f) is a X2-homomorphism,

then h is an internal frame homomorphism from (A, A,V ) to (B,4,Y ) in REqu. So, up to the
equivalence relation =g, for all a1,a2 € |L4| and for all {a;};er C |L 4|

h(ai A az) =g h(a1) A h(as) and  h (V ai> =5 Y h(a;).

Since each structure map «: TEY 5 Aisa ¥2_-homomorphism, it is a frame homomorphism

from S to A in REqu. By Theorem 4.4, for all G, G5 € \E(ELA)| and for all {G; }ier C |Z(ELA)|,

a(G1 A Go) =4 a(Gy) A a(Gs) and a (\/ Gi) =4 Y a(G)).
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2
Theorem 4.5. Let (4, «) and (B, 8) be objects in Kfz]uz . If h is an equivariant map from A to
B which, in addition, is an internal frame homomorphism from (A4, A,Y ) to (B, 4,V ) in REqu,
then it is a X2-homomorphism from (A, ) to (B, f3).

Proof. In order to prove that h is a 32-homomorphism, it is sufficient to prove that the following
diagram commutes

h
sty B s

| &

A——B

Each function G in ") is the directed join of the compact elements below it. Since each compact
element in X="*) is of the form \/I_, N\j=1 kij where for all i and j, k;; is a compact element of
Ly, G is of the form \/ Ak, where the meet in the formula is finite. Therefore,

N =" —
VAR 2 \/ ARGR)

OLI lﬁ

\Y Aleﬂl(\A/ A k)=BY 4 h(k)

Q.E.D.

Remark 4.6. The previous result does not extend directly to the general case of X2-algebras in
PEqu because, for a compact element k of Ly, the value h(k) need not be in the domain of the
partial equivalence relation ~p. Furthermore, if (A, a) is a X2-algebra in PEqu and G € Dy, z4,

then G =\/ Ak for some appropriate k € K (E(EA)), but we do not know if every % is in Dy, (sa,.
So, we cannot conclude that al(\/ Ak) =4 X A k-
Theorem 4.7. Let (A4, @) be a X2-algebra in REqu. Then the canonical surjection

qa:La — (|Lal/ =a,l0)
preserves directed joins.

Proof. Let (aq)qep be a directed family in L4 = (|Lal, A, V). Then

or (V) = [Vad] = o (V) | = [o (V)] =[] =Baatan

where the third equality follows from the fact that 14 preserves directed joins. Q.E.D.

We conclude this section proving uniqueness of a structure of 3X2-algebra on particular partial
equilogical spaces A.
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Theorem 4.8. Let A be an object of REqu, and let (A, 1) and (A, az) be X2-algebras. Then

a1 = Q9.

Proof. Suppose A = (La,=4) is an object of REqu and a1, ay: 2" 5 A are structure maps on
A. Since they are equivariant maps, in order to prove that they coincide, it is sufficient to show
that for every G € |Z(ELA)|, a1(G) =4 a2(G). Since (") is an algebraic lattice, each G is an
arbitrary join of finite meets of functions of the form 74;\, where k is a compact element of L 4. The
fact that oy and oy are frame homomorphisms from YCEY to 4 in REqu implies that

a1(G) = oy (\//\@) =4\ Ao (2) =AWV Ak=4 o (\/ /\@) = as(Q). Q.E.D.

=2 2
By 3.2, the previous result applies directly to the categories AlgLatt™ and ContLatt™ .

Corollary 4.9. Let A be an object of AlgLatt, and let (A, aq) and (A4, az) be X2-algebras. Then
a1 = (9.
Corollary 4.10. Let A be an object of ContLatt, and let (A,a1) and (A, az) be X2%-algebras.
Then a1 = an.

. . »2 »2
5 A characterization for ContLatt™ and AlgLatt

In this section, we show a characterization for the categories of X2-algebras in ContLatt and in
/‘Zléq[,att. In the following, we denote with ContFrm the category of continuous frames and frame

homomorphisms, and with ﬂ[gfrm the category of algebraic frames and frame homomorphisms.

2
Theorem 5.1. The categories ContLatt™ and ContFrm are equivalent.

2
Proof. One of the functors involved in the equivalence is the restriction to ContLattE of the
global section functor

fPEquE2 I Frm

2
For every (C, a) in ContLatt™ | the continuous lattice I'(C, @) is a frame and the same argument to
that for algebraic lattices proves that the frame structure on C' given by the X2-structure coincides
with that given by the order on the continuous lattice structure of I'(C, «). In other words, T'(C, «)

is a continuous frame, and I" maps ContLatt22 into ContFrm.

As for the other functor, we shall employ the construction of the space of points of a frame from
[GHK™'80, Joh82]. For F a frame, consider the sober topological space pt(F): its points are the
frame homomorphisms p: F — 3; its topology consists of the sets O(a) for a € |F| where a frame
homomorphism p: FF — ¥ is in O(a) if p(a) = T. It is easy to check that these are closed under
finite intersections and arbitrary unions and that

F40>pt(F)

at——> O(a)
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is a frame homomorphism. Also the assignment F' — pt(F) easily extends functorially, mapping a
frame homomorphism f: F' — G to precomposition with f

pt(@) 2 i)

p——>pof.
It is also well-known, see loc.cit., that, when F' is a continuous frame, the space pt(F') is locally

compact and O is an isomorphism. So pt(F’) is an exponentiable topological space and »P4F) g in
ContLatt and a X2-algebra. So consider the functor

ContFrm i ContLatt™
Fi (z(pt(F)), Enmp))
[ pt(f) J/
Gt (2(pt(G))’ an(@)

Now suppose that F' is a continuous frame. Then

(P > F.

2
If (C, ) is in ContLatt™ | then SPUT(C:@) = a5 continuous lattices, hence as partial equilogical
spaces. By 4.10, they are isomorphic as 32-algebras. Q.E.D.

2
Theorem 5.2. The categories AlgFrm and ﬂ[gLattE are equivalent

Proof. Since an algebraic lattice is continuous and ¥ is algebraic, the functors involved in the proof
22
of Theorem 5.1 can be restricted and corestricted to the categories AlgFrm and AlgLatt

»pt
— 22
AlgFrm AlgLatt
T

Q.E.D.

6 XZ2-algebras in Topo

Our final aim is to investigate the category ‘Zdopo22 of 32-algebras in Topo. We identified Topo with
the full subcategory SEqu of PEqu consisting of those partial equilogical spaces whose relation is
contained in the diagonal. As noted in section 3 using subreflexive partial equivalence relations,
although, for a Ty-space X, ©X need not be a topological space, nCE) s always a topological space
and the double power of X gives rise to a monad on ‘Topo.
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We do not see if the arguments that prove the uniqueness of the structure map in the cases of
the categories AlgLatt, ContLatt and REqu can be applied to SEqu. Indeed, if o is a structure
map on the object A of SEqu, we only know that « is a frame homomorphism on the elements of
Dy zay. But, for G € Dyza), it is G =V {c eK (E(ELA)) } c< G}. Alas, the compact elements
below GG need not belong to Dy, (sa,.

In order to outline some properties of X2-algebras in Topo, we move back to Equ and compute

in Equ the exponential REET) for X = (|X],7x) a Tp-space. Thus,

£Xlrx=) = (82020, 7y, =px)

where
e ©7(7x) is the algebraic lattice of Scott-continuous functions from 2 (7x) to X;

e for Scott-continuous functions f,g: & (7x) — X, f =sx g if for every x € | X]|, one has that
fUs) = g(Us).

We next compute
(X, 7x,=) X
E(Z ™) = (|Z(Z )|7Tsub7_—)

where

. |E(EX)| is the set of Scott-continuous functions G: £ (7x) — ¥} such that, for all f, g € £2(7x)
with f =gx g, it is G(f) = G(9);

o T is the subspace topology with respect to the inclusion |[E7)| C 2= into the
algebraic lattice.

Remark 6.1. [2)| is a subframe of pEZex), Suppose that {G;}ie; C |SE)| and take
f,g € 20x) such that f =5;x g. Then, for all i € I, G;(f) = G;(g). Since joins are computed
pointwise, \/_, Gi(f) = \,_, Gi(g); so \., Gi € |E(ZX)|. Similarly for finite meets.

Lemma 6.2. The identity function idyx)): (|E(EX)|,7'SC) — (|E(Ex)|,7'sub) is continuous.

Proof. Let V C |E(Zx)| be an open subset with respect to the subspace topology 7gup. So there is a
Scott-open set U C 27X quch that V = ISE)|NU. Let F € V and G € [S®)| be such that
F < @G. Since F € U and U is upward closed, G € U. Therefore, G € V. So, V is upward closed in
|=()|. Suppose now that {Gg}aep is a directed family of functions in [S™)| and suppose that
\/deD Gq € V. Then VdED G4 € U. Since U is inaccessible by directed joins, there exists d € D
such that G4 € U and, consequently, G4 € V. So, V is inaccessible by directed joins and it is a
Scott-open subset of [S(57)]. Q.E.D.

Theorem 6.3. The topological space X&) = (|SE™)|, 7,,1,) is compact and connected.
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Proof. Let {U;};er C |Z(EX)|, open with respect to Tg,p, and suppose that |Z(Ex)\ = U, Us. Since
const | € |Z(ZX)|, there exists j € I such that const; € U;. But, for all ¢ € I, U; is upward closed,
S0 |E(EX)| C U; and (|E(EX)|,TSUb) is compact.

Suppose now that there exists a disconnection for (|S")|, 7uup ), namely there are Uy, Uy C [S&)|

in 74up such that
X
I=ED| =U, U, UnNUs =92 Uy # @ # Us.

Say const; belongs to Uy; then |Z(EX)| = U;. Then U; NUs # @ which is a contradiction. q.r.p.

Corollary 6.4. If (X,«) is a X2-algebra in ‘Topo, then X is a compact, connected topological
space.

Proof. For a X2-algebra (X, ) in ‘Topo, the following diagram commutes
«
idx C X——> (1=, Toup)
Therefore, by 6.3, X is the image through a of a compact, connected space, so it is a compact,
connected space. Q.E.D.
Theorem 6.5. If (X, ) is a X2-algebra in Topo, then X is a sober space.

Proof. For the space of the proof, we denote with £2(3X,¥) the set of X2-homomorphisms from
¥X to ¥. Recall from [BR14] that

e x 772(2)‘) (E(EX))
(22(2X,) %), 7o) —= X&) — 5™ )
$(T"X)

is an equalizer in ‘Tap07 where T4yp is the subspace topology with respect to the inclusion e. There-

fore, we have
| \
j!
nx
v 2 ==%))

2y X (2¥X) —————————— (x(
e ———

We shall show that the functions j and « o e are inverse of each other, hence that X and
(22(2X, %), Tyup) are homeomorphic. By the properties of structure map, (aoe)oj = aonyx = idx.
To prove the other identity, we shall compose it with e and show that nx o @ o e = e. Consider

feX2(X¥ %) s0, forallg € ‘Z(2<EX>)|, itis g(f) = f(gonx). We have to prove that nx (a(f))(t) =
F(t) for all ¢ € |£X|. Suppose ¢ € |£X], thus toa € [£@T ).
mx(@(N)(t) = Ha(f) = (toa)(f) = F((to a) onx) = F(toidx) = F(1),

as required. By [BR14] (22(2(X7x:=) %) 7,3,) is sober, so also X is a sober space. Q.E.D.

Therefore
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Proposition 6.6. There are ¥2-algebras (X,a) in ‘Topo such that X is not an exponentiable
topological space.

Proof. We shall show that if X is a non-exponentiable topological space, then Y& s a > 2 algebra

X
in ‘Topo which is not exponentiable. Indeed, if nEY §g exponentiable, then RET ) g a topological
space and, in addition, it is injective because X is injective with respect to subspace inclusions and,
if Y is an exponentiable Ty-space, then the functor (—)¥ preserves injectives. But X% is a retract

in Equ of E(E(ZX)), as

idsyx X

~

X (=t
Nyx ’

Therefore, % is an injective topological space and so X is exponentiable. Q.E.D.

Remark 6.7. If X is sober, then X is exponentiable if and only if X is locally compact. So, the
previous proposition equivalently states that there are X2-algebras (X, ) in ‘Topo such that X is
not locally compact.
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