TOPOLOGICAL THEORIES AND CLOSED OBJECTS
DIRK HOFMANN

ABSTRACT. Recent work of several authors shows that many categories of interest to topolo-
gists can be represented as categories of lax algebras. In this paper we introduce the concept
of a topological theory as a syntactical tool to deal with lax algebras, and show the usefulness
of our approach by applying it to the study of function spaces.

INTRODUCTION

In 1970 M. Barr [Bar70] observed that, for the canonical extension U of the ultrafilter monad
U = (U, e, m) on Set to the bicategory Rel of sets and relations, topological spaces are precisely
the lax Eilenberg-Moore algebras (X, a : UX —— X) for this extension. Here “lax” refers to
the fact that we require the convergence relation a to satisfy only the inequalities

1x <a-ex and a-(]aﬁa-mx.

This presentation of topological spaces turned out to be very useful for the description of prop-
erties of topological spaces and continuous maps in the language of ultrafilter convergence, see
for instance [CHO2L [CHT03l, [CHJ05]. Of particular interest to this work is the characterisation
of exponentiable topological spaces [Mob81, [Pis99] as being exactly those spaces where the
second axiom holds strictly, that is, a - Ua=a -mx.

In our recent work [CHO3, [CT03|] we obtain more examples of lax Eilenberg—Moore algebras
by substituting Rel by a suitable bicategory Y which admits a suitable extension of a Set-
monad T. However, in order to obtain interesting results, it is often desireable to know more
about “suitable”. A first step in this direction was already done in [CT03] where the authors
considered instead of the generic bicategory Y the (more concrete) bicategory V-Mat of V-
matrices, for a quantale V. We feel, however, that this specialisation gives “only half of the
way” since the basic ingredients — the quantale V and the monad T — do not determine the
extension of T to V-Mat. In this paper we will take the next step and introduce a further
“player” which connects T and V, and they together provide enough information to develope
the theory unambiguously.

The main motivation for our approach comes from our recent study of completeness [CHO7]
(in the sense of Lawvere [Law73|), where we observed that the canonical extension [CH04] of T
to V-Mat is determined by (and determines) a map £ : TV — V. Guided by this observation, we
introduce topological theories as triples 7 = (T, V, ) consisting of a Set-monad T, a quantale
V and a map £ : TV — V compatible with the monad and the quantale structure. Now T can
be naturally extended to a lax functor T, on V-Mat. Moreover, we give conditions on 7 which
guarantee special properties of 7. Based on this extension, models of a theory T are defined
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as lax Eilenberg-Moore algebras as indicated above for the ultrafilter monad. We consider as
an important feature of our approach the fact that the map & : TV — V allows not only for an
extension of T', but also to lift the V-category structure hom : V xV — V on the quantale V to
a 7 -algebra structure on V. We prove several properties of the .7 -algebra V. We remark that
this common root of the extension of T and of the structure on V is crucial for our arguments.

Finally, we wish to prove that the framework developed so far is useful for the study of
special properties of lax algebras and characterise those objects X = (X, a) which admit nice
function spaces. By the latter we mean a (canonical) right adjoint to X ® _, where we consider
the natural lifting of the tensor product of the quantale V to the model category of 7. To do
so, for a 7 -algebra Y we equip YX with the largest structure which makes ev: X @ YX - Y
a lax homomorphism and show that Y is a .7 -algebra for each Y precisely if a - Ta=a-mx.
Of course, in the case of topological spaces we recover the characterisation mentioned at the
beginning.

1. THE CATEGORY OF V-MATRICES

Throughout this paper we consider a (commutative and unital) quantale V = (V,®, k).
Hence V is a complete lattice, £k € V and ® : V x V — V is a commutative and associative

operation on V such that

u®k=u, u®\/w:\/(u®vi)
el el
for all u,v; € V and ¢ € I. Since V is complete, the preservation of suprema by u @ _:V —V
is equivalent to the existence of a right adjoint hom(u, ) : V. — V to u ® _. Therefore we have
a map hom : V x V — V such that, for all u,v,w €V,

u®v<w <= v <hom(u,w).

Commutativity of ® implies v < hom(v,w) <= v < hom(u,w), hence hom(_,w) : VP — V
is right adjoint to hom(_,w) : V. — V°P. Obviously, if £ = L the bottom element of V we have
V = {k}. Otherwise V is called non-trivial and throughout this article we will always assume
V to be so.

Each complete Heyting algebra V is a quantale with ® = A and kK = T the top element
of V. Of particular interest to us is the two-element Boolean algebra 2 = {false |= true}.
A rich source of examples provides the real half line P = [0, cc] ordered by the “greater or
equal” relation >. With respect to this order, 0 is the top and oo is the bottom element, and
we have \/ = inf and A = sup in P. Then P is a Heyting algebra (with A = max) denoted
by P.. Another way of viewing P as a quantale goes as follows: we let + ® y = = + y (with
x4+ 00 =00+ 1z =00) for all z,y € P, then k = 0 is obviously the neutral element for ® = +
and we have hom(xz,y) = max{y — x,0}. We denote this quantale by P,.

The category V-Mat of V-matrices [BCSWS&3, [CT03] has sets as objects, and a morphism
r: X——Y in V-Mat is a mapping r : X x Y — V. Composition of V-matrices r : X —+ Y
and s : Y —— Z is defined as matrix multiplication

s-r(x,z) = \/ r(z,y) ® s(y, 2),
yey

and the identity arrow 1, : X —— X in V-Mat is the V-matrix which sends all diagonal elements
(z,z) to k and all other elements to the bottom element L of V. The complete order of V
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induces a complete order on V-Mat(X,Y) = VX*Y: for V-matrices 7,7/ : X —+ Y we write
r <7 if r(z,y) < 7'(x,y) for all z € X and y € Y. The composition functions preserve
suprema in each variable:

8‘\/?”7;:\/(8'7‘1') and <\/n> -t:\/(ri-t)
i€l i€l i€l iel
for matricest : X——Y,r;: Y= Z (i € I) and s : Z—— W. Given a V-matrices r : X— Y,

we define its transpose ° : Y —— X by r°(y,x) = r(z,y). We have the laws

o o o0

10 =1 (s-1)°=1r°-5° r°° =r,

X X

as well as 7° < s° whenever r < s. From that we see that V-Mat is selfdual.
The category Set can be naturally embeddedﬂ into V-Mat by sending a map f: X — Y to
the V-matrix

koif f(x) =y,

 X—+Y, =
f , f(z,y) {L lee.

To keep notation simple, in the sequel we will write f : X — Y rather then f : X—— Y for
a V-matrix induced by a map. We remark that the formula for matrix composition becomes
considerable easier if one of the V-matrices is a Set-map:

s f(z,2) = s(f(x), 2), g-r(@z) =\ ry
yeg—(2)
for maps f: X - Y and g: Y — Z and V-matrices r : X—— Y and s: Y —— Z. In particular
we see that each function f: X — Y satisfies the inequalities 1,, < f°- fand f- f° <1, ie.
f is left adjoint to f° and we write f - f°.

Examples 1.1. We have 2-Mat = Rel. Here Rel denotes the category with sets as objects
and (binary) relations as morphisms, composition is given by the usual relational composition.
For each relation r : X—— Y we let G, denote its graph G, C X x Y, then r = ¢ - p° in Rel,
where p : G, — X and ¢ : G, — Y are the projection maps. P _-Mat is the 2-category whose
morphisms a : X—— Y are generalised distances a : X XY — P,_ with composition given by

b-a(zr,z) =inf{a(z,y) + b(y,2) |y € Y};

1, : X—— X is the discrete distance sending the diagonal to 0 and all other pairs (z,z’) to
00.

Let V and W be quantales. A homomorphism of quantales is a map ¢ : V — W
(1) (P(u) ® SO(U) = (P(U ® U)> kvv = Qp(kv)a \/ (P(U’L) = 90(\/ Ui)a
i€l il
for all u,v,v; € Vand ¢ € I. Every homomorphism of quantales ¢ : V — W induces a 2-functor

® : V-Mat — W-Mat which is the identity on objects and sends a V-matrix a : X xY — V
to pa : X x Y — W. It is routine to check that 1, = ®(1,), ®(s) - &(r) = ®(s-r) and

ere we use in fact that V is non-trivial.
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®(r) < ®(r') whenever r < 7’. Moreover, ® commutes with the embedding of Set as well as
with transposing matrices, that is, the diagrams

()°
Set —— V-Mat V-Mat°? —— V-Mat
T S
W-Mat V-Mat®® —— W-Mat

commute.
The notion of a homomorphism of quantales turns out to be to restrictive for our purpose.
More useful will be the concept of a lax homomorphism of quantales where we require, instead

of , only
(p(u) ® (,0(?)) < <p(u ® U)v kw < Sp(kv)7 \/ @(Ui) < 90(\/ Ui)
i€l el
for all u,v € V. If ¢ : V — W is a lax homomorphism of quantales, then ® : V-Mat — W-Mat
is only a lax functor, that is,

1, <9(1y), P(s) - @(r) < @(s-7), ®(r) < ®(r') whenever r < 1/,

for all V-matrices r,7’ : X—— Y and s : Y—— Z. However, ® still commutes with the in-
volution: ®(r°) = ®(r)°. Moreover, we have ®(f) > f as well as ®(f°) > f° for each
map f with equality provided that ¢(L,) = L, and ¢(k,) = k. In general, a lax functor
T : V-Mat — W-Mat is a laz extension of the Set-functor T : Set — Set if 7X = TX and
Tf <Tfand (Tf)° <T(f°) forall f: X — Y in Set. It was already observed in [Sea05] that
such an extension necessarily preserves composition of V-matrices with Set-maps:

T(s-f)=Ts-Tf=Ts-Tf and T(g°-r)=Tg° - Tr="Tg° Tr

for V-matrices r : X—— Y and s : Y=+ Z and Set-maps f: X - Y andg:Z — Y. In
particular we have ®(s- f) = ®(s) - f and ®(¢° - 1) = ¢° - D(r).

Examples 1.2. (a) For each quantale V, the canonical embedding 6, : 2 — V sending false
to L and true to k is a (strict) homomorphism of quantales. It induces the embedding
O, : Rel — V-Mat which interprets a relation r : X —— Y as the V-matrix

k if xry,
(z,y) —
1 else.

To simplify notation, in the sequel we will not use ©,, and write simply r for the
V-matrix O, (7).
(b) The embedding 0& : 2— P, false — oo, true — 0 has a left adjoint

AP

false if x = oo,
+—>2,x;—>

true else,

and a right adjoint

true if x =0,
0:P.—2, z—
false else.
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Both A and g preserve the tensor product and satisfy o(0) = true = A(0) and p(c0) =
false = A(c0). Being a left adjoint, A preserves suprema, but o does not. Hence A
is a homomorphism of quantales and g is a lax one, and therefore induce a 2-functor
A : P_.-Mat — Rel and a lax functor R : P_-Mat — Rel respectively.

In the sequel it will be often convenient to assume that suprema commute with infima in
V, that is, \/ : 2¥"" — V preserves infima. Since 2V is complete, preservation of infima is
equivalent to the existence of a left adjoint to \/. A complete lattice X where \/ : 2" — X
has a left adjoint is called constructively completely distributive (ced) (see [Woo04] for a nice
presentation of this topic). Classically, a complete lattice X is called completely distributive

(cd) if
VIV(A)iere PX'. \/  Ar@=A\\V A4
fellies Ai i€l i€l

It can be shown (see [Woo04], for instance) that the equivalence (ccd) <= (cd) requires
and implies the axiom of choice. Each powerset PSS is constructively completely distributive
independently of the axiom of choice, whereby complete distributivity of PS (for S # @)
depends on choice. Note that a constructively completely distributive lattice is automatically
Heyting.

Let us now have a closer look at the left adjoint to \/ : 2X™ — X. It singles out, for each
x € X, a down-closed subset A(z) with the following property:

VSCX A)C 1S < z<\/S.

Choosing S = A(z) and S = |z we see that z < \/ A(x) and A(x) < |x respectively, hence
x =\ A(z). For u,z € X we define u << = (u is totally below z) if, for every S C X,z <\/ S
entails u € |S. We remark that v <« x implies © < x and v <€ v < x implies © < z. From
the properties mentioned so far it follows now that A(z) = {u € X | u << z}. Hence we have
seen that

Theorem 1.3. A complete lattice X is constructively completely distributive if and only if,
foreachz € X, x =\/{ue X |u < z}.

The theorem above implies at once that P as well as PS for any set S are constructively
completely distributive. In the first case the totally below relation is given by >, whereby in
the latter A <« B if and only if “A is an element of B”, that is, A = {y} for some y € B. The
next result shows that, in order to decide if X is constructively completely distributive, it is
not necessary to compute <.

Proposition 1.4. A complete lattice X is constructively completely distributive if and only if
there exists a relation T on X such that, for all u,v,x € X,

(a)uCv<zr = ulCuz,

(b) x =V{ue X |uC x, u is C-atomic}.
Here u € X is called C-atomic if, for each S C X, u” \/ S implies u € |S.

Proof. See for instance [CHO04, 5.3]. O

Remark 1.5. Of course, we can always choose C=<&. In that case each x € X is <<-atomic.
For X = PS another possible choice is C=C. Then A is C-atomic if and only if A is a
singleton.
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2. MONADS

Recall that a monad T = (T, e,m) on a category C consists of a functor T': C — C together
with natural transformations e : Idc — T (unit) and m : TT — T (multiplication) such that
the diagrams

ngj_@ T£>T2<TLT
T2 4>m T T

commute. If T and T’ are monads on C, a monad morphism j : T — T’ is a natural
transformation j : T — T” such that the diagrams

Id TT —2> 777
VRN |
m m/’
T : T T—17
J J

commute, where j2 = jp - Tj =T'j - jr.

There are two trivial monads on Set, one with TX = 1 for every set X and the other
with T@ = @ and TX = 1 for X # @. Any other monad is called non-trivial. They are
characterised by the following

Lemma 2.1. Let T = (T,e,m) be a monad on Set. Then the following assertions are equiv-
alent.

(a) T is non-trivial.

(b) e is monic.

(¢) T is faithful.
Proof. See [Law63, Man76]. O

Examples 2.2. We list some monads on Set which will be considered in this paper.

(a) The identity monad 1 = (Id, 1,1). Trivially, the identity functor Id : Set — Set together
with the identity transformation 1 : Id — Id forms a monad. It is the initial monad,
for every monad T = (T, e,m) the unit e is the unique monad morphism 1 — T. In
particular, every non-trivial monad T has 1 as a submonad.

(b) The word monad I = (L,e,m). The word functor L : Set — Set sends each set X to
the set LX of all finite words (z1,...,2,) (n € IN) of elements of X. Note that this
includes the empty word (). For each function f : X — Y, Lf : LX — LY sends
(x1,...,2n) to (f(z1),..., f(xy)). The X-component of the natural transformation
e:Id — Lisgiven by e, : X — LX,z — (z). An element of LLX is a word of
words of X, by removing inner brackets we obtain an element of LX. This defines the
X-component m, : LLX — LX of m: LL — L.

(c) The (contravariant) double powerset monad P~2 = (P~2,e,m). Here P~2X = PPX
for every set X and P~2f : P72X — P72Y, A {B CY | f~![B] € A} for every map
f: X — Y. The natural transformations e : Id — P~2 and m : P72P~2 — P72 are
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given by
e (r)=i={ACX|zecA} and m, (%) = {AC X | A* € %},

for all sets X, X € P~2P2X and x € X, where A* = {a € P72X | A € a}. Important
submonads of P~2 are
(i) The filter monad F = (F,e,m). The filter functor F' : Set — Set is the subfunctor
of P~2 that assigns to each set X the set FX of all (possibly improper) filters
on X. It is now easy to see that the monad structure of P2 can be restricted to
F. We remark that Ff(f) = {f[A] | A € {}.
(ii) The proper filter monad F™ = (F*,e,m). The proper filter monad is defined as
above except that we replace filter by proper filter everywhere.
(iii) The ultrafilter monad U = (U, e,m). The ultrafilter monad is defined as the filter
monad except that we replace filter by ultrafilter everywhere.

Example 2.3. Given a quantale V, we define the V-powerset functor P, : Set — Set by
putting P,(X) = VX and, for f: X — Y and p € VX,

PN =\ ela).
zef~(y)
We may interpret ¢ € VX as a V-matrix ¢ : 1—— X, and then write P,(f)(¢) = f - ¢.
The functor P, is actually part of a monad (P,,e,m) where e, = A, : X — VX and
my : P,P,(X) — P,(X) is defined by m, (®) = ¢ - ®, where the V-matrix ¢ : PL,X x X —V
is given by the evaluation map (¢, z) = p(z). Elementwise,
my (®)(z) = \/ () ®p(2)
peVX

for each ® € P,P,(X) and z € X. Of course, in case V = 2 we obtain the usual powerset
monad.

Let T = (T,e,m) be a monad on C. A T-algebra (also called Eilenberg-Moore algebra) is a
pair (X, «) consisting of a C-object X and a C-morphism « : TX — X making the diagrams

€x mx
X —TX TTrX —TX
\ ia Tal \LO&
lx
X TX X

«

commutative. Given T-algebras (X, a) and (Y, ), a C-morphism f : X — Y is a T-algebra
homomorphism if the diagram

Tf
TX —TY
|l
X Y

commutes. The category of T-algebras and T-algebra homomorphisms is denoted by C*.
Every monad morphism j : T — T induces a functor

¢ CY = T (X, 0) — (X, a-jy),
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and we have C/'7 = (7' . C7. In particular there is a canonical forgetful functor C¢: CT — C
sending a T-algebra (X, «) to its underlying C-object X.

The notion of a taut monad was independently introduced by A. Mébus [Mob81] and E.
Manes [Man02]. We sketch here some important results and refer to [Man02] for further
details. Let T : Set — Set be a functor which preserves monomorphisms. Note that this
property comes for free when T is part of a monad T = (T, e,m) (see [Man02, 1.10]). Given
t€TX and a subset ¢ : A — X, we write r € T'A whenever ¢ is in the image of T, and call A
a support of r. Following [Man02], we denote the set of all supports of r € T'X by supp, (x).

We address now the question when supp = (supr) « is a natural transformation. Let
f: X — Y be a function and ¢ € TX. P72f. supp, (x) = supp,, -T'f(r) translates to
Tf(x) e TB <= e T(f![B]) for every B C Y. This in turn is equivalent to T preserves
inverse images. Generally, a functor T is called taut [Man02] when it preserves pullbacks of
monomorphisms along arbitrary maps. Using the fact that m : A — Y is a monomorphism if

and only if
1
(2) A—22 4
Wl
A T) Y

is a pullback square, we see that a taut functor preserves monomorphisms. From that follows
that the composite of taut functors is again taut. With the exception of the double powerset
functor, all functors of Examples are taut. Every taut functor T' preserves in particular
intersections AN B, hence supp, (r) is a filter and supp : 7' — F' a natural transformation from
T to the filter functor F. Directly from the definition of supp we deduce that the naturality

square
supp
TA —5
7
TX @) FX

induced by a monomorphism ¢ : A — X is a pullback. In general, a natural transformation
j: T — T’ with this property is called taut. It is easy to see that, for natural transformations
j:T —T and j/ : T — T", ' - j is taut provided that j and j’ are, and j is taut provided
that j' - j and j' are. Every taut natural transformation j : T — T” reflects tautness, that is,
with 7" also T is taut. We conclude that a functor T : Set — Set is taut if and only if there
exists a taut natural transformation T — F to the filter functor F'. Moreover, for each natural
transformation n : T'— F we have

Acsupp, (r) <= r€TA= Acn,(r)

for each set X, A C X and r € TX, where the latter implication is an equivalence provided
that n is taut. In other words, supp is the smallest (w.r.t. the inclusion order of filters)
natural transformation and the unique taut natural transformation from a taut functor to the
filter functor. This can be seen as a generalisation of a result of Borger [Bor87] which states
that for each finite coproduct preserving functor 7' : Set — Set there exists a unique natural
transformation x : T — U from T to the ultrafilter functor U. In fact, extensivity of Set
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(see [CLW93|) implies that each finite coproduct preserving functor 7" : Set — Set (and each
natural transformation ' — U) is taut. Moreover, supp (r) is an ultrafilter, for each set X
and r € TX, since T preserves coproducts.

A monad T = (T,e,m) is called taut if T, e and m are taut. Looking again at Examples
m we have that all except the double powerset monad P2 are taut, in particular the filter
monad (F,e,m) is taut. On the other hand, both trivial monads are not taut. Let (T, 7, 1) be
any monad with a taut functor 7', then e : Id — F and m-supp? : T? — F are taut and hence

e C supp and m - supp” C supp -4,

with equality if and only if 7 respectively u are taut. We conclude that a monad T on Set
is taut if and only if supp : T — F is a taut monad morphism ([Man02, Theorem 3.3]). We
remark that tautness of 7 follows from tautness of 7' (|[Man02, Proposition 2.3|) provided that
T is non-trivial.
Let now V be a (ccd)-lattice. We define maps
&:FV—=V, i\ Nv=\{veV]|wef}

AecfveA

and

GiFV=V, e A o= AveVv|lvei)

AefveA
It is easy to see that & is order preserving and ( is order reversing, and both are Eilenberg-
Moore structures on V. Moreover, for each ultrafilter ¢ we have &, (r) = (,(r). Let now
T = (T, e,m) be a monad with T" taut. By composing with supp, we obtain maps

(3) & TV =V, t—\[{veV|reT(lv)}

and

¢ TV -V, ;»—)/\{UEV!}GT(M})}
satisfying

(4) gv'evzlvzcv'ew gv'vaggv'mv7 CV'TCVZCV'mV-

We have even equality provided that e respectively m is taut.

Example 2.4. In [Bar70] Barr devices an extension of a Set-functor 7' : Set — Set to Rel by
putting T(r) =Tq-(Tp)°, where r : X—— Y is a relation with projection maps p : G, — X
and ¢ : G, — Y (see Example . We have T'(r°) = (1r)° and T(s - r) > T's - Tr with
equality whenever s is a function. If T is taut, then we have also equality if r is an injective
function. This extension can be described in an interesting alternative way using the map
& : T2 — 2 (where &,(r) = true <= r € T(true)) provided that T is taut. Considering a
relation 7 : X—— Y as a function r : X x Y — 2, then TT(;,U) = true if and only if there
exists some v € T'(X x Y) with T'7, (o) = ¢, Tw, (w) = and &, - Tr(w) = true.

Lemma 2.5. Let T : Set — Set be a taut functor and e : Id — T be a natural transformation.
Let X andY be sets andy € TX andy € Y. Then there exists an element vo € T'(X xY') with
Tr,(w) =71 and T'm, (W) = e, (y) if and only if T!(x) = e, (x). Moreover, such v, if exists, is
unique and given by v =T(1,,y)(r).
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Here ! : X — 1 is the unique map into the terminal set and we identify y € Y with the map
1-Y,x—y.

Proof. If Tl(x) = e,(x), then o = T(1,,y)(x) clearly satisfies T'w, (tv) = ¢ and T'm, (tv) =
v (y). Assume now that there is some o € T'(X xY') with T'7, (w) = ¢ and T'7, (0) = e, (y).
Since

e

(1)

x Y xuy
|
1 ——Y

is a pullback square, tautness of T guarantees the existence of a unique t' € TX with T!(¢/)
e, (*) and T(1,,y)(¢') = ro. From T'r, (w) = r we deduce ¢’ =1.

Ol

So far we have only considered preservation of pullbacks of monomorphisms (along arbitrary
maps), further study requires also compatibility of 7" with arbitrary pullbacks. We say that a
commutative square

p—t-x
hl f

YT>Z

()

in Set satisfies the Beck-Chevalley Condition (BC) if f°-g = 1-h° in Rel. Such a diagram
we call for short a (BC)-diagram. Note that the inequality f°-g > [ h° follows already from
the commutativity of . Hence the Beck-Chevalley condition requires, for each z € X and
y € Y with f(z) = g(y), the existence of a (not necessarily unique) v € P with I(u) = x and
h(u) = y. This in turn is equivalent to the surjectivity of the canonical map can: P — X x, Z
into the pullback. From that follows immediately that is a pullback square if and only if
it satisfies (BC) and (h,[) are jointly monic. The following facts will be useful in the sequel.

Lemma 2.6. Consider the commutative diagrams

gt

A C
l 1 ny 02 i
X Z

—Y ——

in Set. Then the following statements hold.

(a) If [1] and [2] satisfy (BC), then so does the outer square [1,2]).
(b) If the outer square [1,2] satisfies (BC) and (h,l) are jointly monic, then [1] satisfies
(BC).

A functor T : Set — Set satisfies the Beck-Chevalley condition (BC) if T sends (BC)-
diagrams into (BC)-diagrams. Since every Set-functor preserves surjections, it is enough to
consider pullback diagrams. Using again the description of monomorphisms via pullbacks,
we see that every functor which satisfies (BC) preserves monomorphisms and is therefore taut.

For later use we record the following consequence of the lemma above.
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Corollary 2.7. Assume that T : Set — Set satisfies (BC) and let f: A— X andg: B —Y.

Then

7(A x B) " p(x < v)

can l ‘( can

TAXTB ——=TX xTY
TfxTg

satisfies (BC). Here the vertical arrows denote the canonical maps into the product.
Remark 2.8. Of course, tautness of T is sufficient if f and g are monomorphisms.

A natural transformation j : T' — T” satisfies the Beck-Chevalley condition (BC) if every nat-
urality square satisfies (BC). We say that a monad T = (T, e, m) satisfies the Beck-Chevalley
condition (BC) if T and m satisfy (BC). Note that we do not require anything about e. Of
course, e is still taut if T is not trivial, and therefore every non-trivial monad satisfying (BC)
is automatically taut. All monads of Examples satisfy (BC), with the exception of the
double powerset monad.

3. TOPOLOGICAL THEORIES

We will now join the two notions — quantale and monad — considered so far and introduce
the concept of a topological theory. Besides a monad T = (T,e,m) and a quantale V it
consists of a map € : TV — V compatible with both T and V. Using £ we are able to extend
the Set-functor T to V-Mat, and show that this extension has particularly nice properties if
£: TV — Vis “strictly” compatible with T and V. Finally, models of such a theory are defined
as lax Eilenberg—Moore algebras for this extension.

Definition 3.1. A topological theory 7 is a triple 7 = (T, V, &) consisting of
(a) amonad T = (T, e, m),
(b) a quantaleﬂ V= (V,®,k) and
(¢c) amap £:TV —V
such that
(Me) 1v <& €y>
(Mm) §-TE <&-m,,
Qe) ®-(§-Tm,, & Tmy) <&§-T(®),
T(®)

T(V x V)

(&Tmy 6 Try) l

IN
E —
axy

V xV

(Qk) k<& -Tk(p) for all r € T'1, and

2Recall that we assume k # 1.
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(Qy) for allmaps f: X =Y ¢: X —Vand¢:Y — V where ¢(y) <V -1, ¢(2) for all
y €Y, we have

§Tem) <\ € T
€T (n)
forally e TY.

We say that .7 satisfies (M), (M), (Qg) or (Qx) strictly, and write (M7), (M;,), (Qg) and
(Qy) respectively, if we have equality instead of “<”. In case .7 satisfies all four axioms
strictly we call . a strict topological theory.

Note that we have automatically (Qg) in case ® = A and (Qj) if k£ is terminal in V.
Condition (Qy/) can be expressed more elegantly using the functor P, of Example First
note that, for each set X, £ induces a map

gx : PV(X) - PVT(X)7 ¥ '_>§'T§0'
Now (QV) implies that &, is order-preserving, for each set X. Moreover, supposing that &,
preserves the order, it is enough to consider “=” in (QV) which in turn means precisely that

the diagram

) M p vy

sxl lfy

T(X) ——> P,TY

v P, T(f)

commutes. Hence, considering P, as a functor P, : Set — Ord, (Q\/) is equivalent to
(Q\//) (&y)x : P, — P,T is a natural transformation.

Our next lemma shows that & must be also compatible with the right adjoint hom.
Lemma 3.2. A topological theory = (T, V, &) satisfies also
(Qhom) f ' T(hom) < hom <§ ' T7T1 7§ ' T7T2>'

T (hom)

T(V x V) YA

<§‘T7r1 7§'T7T2 > l

A%
B —
axy

V xV

hom
Proof. Let w € T(V x V), we have to show that
€T () ®E&-Thom(w) <& - T, (o).
To this end, consider (m,,hom) : V xV — V x V and put w = T(r,, hom)(w). Note that
® - (m,,hom) <, and 7, - (m,,hom) = hom.

From (Qy/) we deduce

§-T®(w) <& Tm(w),  &-Tm(w)=E¢-Thom(w), & Tm(w)=¢- T (o)
and (Qg) implies £ - T, () @ £ - T hom(w) < £ - T'm, (1o). O

The following theorem provides us with some examples of topological theories.
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Theorem 3.3. The following statements hold.
(a) (1,V,1,) is a strict topological theory for each quantale V.
(b) Let T = (T,e,m) be a monad where T is taut and let V be a (ccd)-quantale. Then
(T, V,&,) is a topological theory where &, : TV — V is the canonical map as defined in

(Section[d).

(c) (IL,V,&,) is a strict topological theory for each quantale V, where
§e 1 LV — V.
(V1 ..oy Up) P U1 ® ... QU

)=k

Proof. (a) Obvious.

(b) Let T = (T,e,m) be a monad where T is taut and let V be a constructively completely
distributive quantale V. It was already observed in (4) that (T, V, &, ) satisfies (M) and (My,).
In order to see (Qg), let v € T(V x V) and put ¢t = T, () and y = T, (r0). Let u,v € V
such that r € T'(Tu) and y € T(Tv). By Corollary [2.7]

T(Tu x fvp——T(V x V)

can L J can

T(Tu) x T(Top—>TV x TV

is a pullback. Therefore v € T'(Tu x Tv) and consequently T® (to) € T'(1(u ® v)).

To see (Qx), just note that ¢ € Tk implies ¢ € T'(Tk).

Assume now that we have maps f: X — Y, op: X — Vand ¢ : Y — V such that, for each
Yy €Y, ¥(y) < Ve ¢(2). Let y € TY and v € V with T%(n) € T(Tv). Then y € TY,
where Y, is the pullback

Y/>——Y

gl lg

To—> V.
Let u << v. For each y € Y, we have v < g(y) < V,¢p-1(,) f(2), hence there exists some
r € h~l(y) with f(x) > u. Therefore the restriction h~'[Y,] N X, — Y, of h is surjective,
where X, is the pullback

X;— X

fi J{f

T——= V.
We conclude that there exists some ¢ € TX with T'f(r) =y and - T'o(r) > u.
(c) Let V be a quantale. Then & is a L-algebra structure since ® is associative and k is a

unit for ®. Axiom (Qg) follows from commutativity of ®, (Q;) from k ® k = k and (Qy/)
from the (componentwise) preservation of \/ by ®. O

In the sequel we will denote the identity theory (1,V,1,) by .%,, the “word theory” (L, V, &)
by $V® and the “ultrafilter theory” (U,V,¢,) by %,. In general, we write shortly .7, for a
theory of the form (T,V,¢,) as in (b).
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We are now turning to the semantic side and going to introduce models of a topological
theory. This requires in the first place an extension of the Set-functor T to V-Mat. Motivated
by the observation made in Example we define

Definition 3.4. Let .7 = (T,V,¢) be a topological theory. We extend the Set-functor T' to
V-Mat by putting 7, X = T'X for each set X and

Tr:TX xTY —V

(r:9) = \/ {€- Tr(w) | w € T(X x ), Ty (w) = & T, () = v}
for each V-matrix r: X x Y — V.

Note that so far we do not claim any functoriality properties of 7;. Let can = canxy :
T(X xY) — TX xTY denote the canonical map into the product. Then 7;(_) can be written
as the composite

Exxy P\/ (can)

P,(X xY) 22X P T(X xY) P,(TX x TY).

In order to make use of the description above, we remark that the composition in V-Mat can
be written as

5 P,
P(XxY)xP,(Yx2Z) 3 P(X XY x Z) Ao, P,(X x Z),
where ®(r,s) is given by

1y XAy X1z

XxYxZ XxY xYxZZ%vxvEv

and T =7xyz: X XY xZ — X x Z is the projection map.

Theorem 3.5. Let 7 = (T,V, &) be a topological theory. Then the following statements hold.

(a) For each V-matriz r: X——Y, T (r°) = T.(r)° (and we write 1;°).
(b) For each function f: X =Y, Tf <T.f and Tf° <1 f°.

(¢) For each V-matriz r: X ——Y and functions f: A— X and g:Y — Z,

L(g-r)=Tg T,r and L(r-f) <Tr-Tf.

In the latter case we have equality provided that T satisfies (BC) or that T is taut and
f is injective.

(d) For all V-matrices r : X——=Y and s : Y—— Z, T;s - I;r < T (s - 1) provided that T
satisfies (BC), and T.s - T,r > T.(s - 1) provided that (Qg) holds.

(e) The natural transformations e and m become op-lazx, that is, for every V-matriz r :
X—— Y we have the inequalities:

ey r <ILir-ey, my - TLr <Tir-my.
€x My

X —1X LT.X —T.X

f < nhl o< fm

Y?Téy Tg;YWI;Y

We have even equality provided that e (resp. m) satisfies (BC) and (M7 ) (resp. (M,)).
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Proof. (a) Obvious.
(b) Let f: X — Y be a map. By definition we have that the diagram

|

commutes. Applying 7" to the diagram above and combining it with (Qy) we see that, for each
r € TX, there is some w € T(X x Y) with Tr, () = ¢, T'm, (v0) =T f(r) and & - T'f(w) > k.
This proves T'f <1; f. The second inequality follows immediately from (a).

(¢c) Consider first r : X—— Y and g : Y — Z. Note that the diagrams

(1y.f)

—— X

XY
lf

V

k

Exxy P\/ (can)

P(XxY) 2L PT(X xY) L P,(TX x TY)
PV(1X Xg)l \LPVTOX xg) \LPV(Tlx xTg)

P,(X x Z) —= P,T(X x Z) — P,(TX x TY)

ExXxz P, (can)

commute. Applying the upper path tor € P, (X xY") gives Tg-1.r, whereby applying the lower
path gives T} (g - r). Consider now 7 : X—— Y and f: A — X. We obtain T (r - f) < T;r-Tf
from the commutativity of the diagrams

fx1 T(fx1y)

AxX —>XxY and T(Ax X) T(X xY)
r.fi / Canl lcan
\ TAXTX ————TX xTY.
TfxT 1,

We have actually equality provided that the right hand side diagram satisfies (BC), this proves
the second part of the statement (see Corollary [2.7).
(d) We consider

Exxy XEyxz P, can x P can
P (XXY)XP, (Y xZ) — S B, T(XXY)xP,T(YxZ) —— s B (TXXTY) x P,(TY xTZ)

P(XXYxZ)— S PT(XXxYxZ) ——— 5 P(TX xTY xTZ)

EXXYxZ P, can
Py (m) 3] P, T () 4] Py (m)
P, (X x 2Z) P,T(X x Z) P,(TX x TZ),
EXxzZ P, can

where ® sends (a,b) € P,T(XxY)xP,T(Y xZ) to
(6) T(X XY xZ)—=T(XxY)xT(Y x Z) 25 v xvEv.

Note that the lower path represents T, (- - -), whereby the upper path represents T;(-) - T;(-).
The diagram [3] commutes since (£ ) is a natural transformation, and [4] commutes since the
underlying diagram (without P,) does so. Moreover, we remark that all maps in [3] and [4]
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are order-preserving. We consider now diagram [2]. Let a € P,T(XxY) and b € P, T(Y xZ).
We put @ = P,can(a) and b = P, can(b). Applying the upper path of [2] to (a,b) gives

1 A 1 = F
TX XTY x TZ ZX 201z px o 7y « TY x TZ 28 v x v & v,

and the lower path gives P, can applied to @ Since the diagram
(7 T(X xY x Z) T(X xY)xT(Y x Z)

TX><TY><TZ1 TX xTY xTY xTZ

TZ

XAy X1

TX TY

commutes we have “lower path < upper path” in [2]. If in addition T satisfies (BC), then by
applying T to the pullback diagram

X xYxZ——Y xZ

| |

X xY Y.

we see that satisfies (BC) as well and therefore [2] commutes. Finally, consider r €
P, (X xY)and s € P,(Y x Z). The upper respectively lower path in the following diagram
corresponds to applying the lower respectively upper path of [1] to (r,s):

T(1y xAyX1z) T(rxs
T(X x Y x 2) —2X 2 pix 5 v < ¥ x 2) L p(v x V) s 1y

T l

T(X X Y)xT(Y x Z) —=TV x TV ¢
axgl

V xV

V.

The left hand side and the middle diagram commute, and (Qg) postulates that we have “lower
path < upper path” on the right hand side, and therefore “upper path < lower path” in [1].
If 7 satisfies even (Qg), then [1] commutes.
(e) Let r: X xY — V be a V-matrix. From

T(.Z‘,y) g g c €y T($,y) = f T - eXXY(-ray) S Tér(ex ($)7€y(y))
follows the first inequality. Assume now that e satisfies (BC) and 1, = £ -e,. Let z € X,
peTY and w € T(X x Y) with Tm () = e, (z) and T'7, () = y. Applying (BC) to the

naturality square

EX XY

XxY —>T(X xY)

- l lTﬂX

X TX

€x

yields o = exxy(x,y) for some y € Y. Hence y = e, (y) and

E-Tr(v)=¢-Tr-exxy(z,y) =€ e, -r(z,y) =r(z,y).
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To conclude the second inequality, we prove that
TTr(X,9) < Tir(my (X),m, (D))
for all X € 1,1, X and P € 1,1;Y. Recall that
TLr(%,D) = \{E T(Tr)(P) | B e T(TX x TY), Ty (B) = X, Trpy (B) = D}

Let P € T(TX x TY) which projects to X and ) respectively. Since the top square of

mxxy

TT(X xY) —=T(X x Y)
TTr Tr
TT(V) ———— TV

T < 3

TV

commutes, it is enough to show

\/  €-TE-TTrE) > ¢ T(Tr)(P)
WETT(XxY)
Tcan(20)=
which follows directly from (Qy/). Assume now that m satisfies (BC) and § - T¢ = £ -m,,. Let
XeTTX,peTY and p € T(X xY) with T'n, (p) = m,(X) and T, (p) =n. We wish to
find some P € T(TX x TY) such that T'r,., (P) =X, m, - T,y (P) =y and

§-Tr(p) <&-T(Tr)(P).

Since

mxxy

TT(X xY) ——T(X xY)

TTmy \L lTﬂ'X

TTX TX

mx

satisfies (BC), there exists 20 € TT(X x Y) such that TT7, (20) = X and mxxy () = p
(and therefore m,, - TT'm, () = y). With P = Tcan(20) we have

Tr, (B) =Tnr,, - Tcan(W) =TTn, (W) =%
and
my - T, (m) =m, -TTm, (QU) =19
and, since { - T'r <I;r - can,

E-Tr(p)=¢-Tr-mxxy (W) =¢&-m, - TTr(2W)
— ¢ T¢-TTr) < &-T(Tyr) - Tean(2W) = & - T(Tr)(P). O
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Remarks 3.6. The map £ : TV — V can be recovered from the extension 7; as follows. We
regard the projection map m, : 1 x V. — V as the V-matrix m, : 1—— V. Then T, !° :
l—— T1—— TV is essentially { since T, -!°(x,r) = £(¢).

Of course, the extension Id1v of the identity functor Id : Set — Set is the identity on V-Mat.
Choosing 1, : V — V is not the only way to turn the identity monad 1 into a topological

theory. For instance, for V= {L1,a, T} with L <a < T and ® = min we define

£(x) 1L ifz=1,
€Tr) =
T else.

Then (1,V,€&) is a topological theory. The extension Id, is the one considered in [CHT04,
Remark 3.2] and, as observed there, Id, is not the identity on V-Mat thought it is the identity
on functions. In general, the extension 1), = T, for (T, V,&,) of Theorem w (b) is exactly
the one obtained in [CHO4].

We say that T strictly extends T if 1.f = Tf (and hence T.(f°) = Tf°) for each Set-
map f: X — Y Note that Lf=1T(f 1) =Tf 1 1, hence the extension 7, is strict
if and only if T, 1, = 1, for all X. Let Ay : X — X x X be the diagonal map and

k. :k‘-!:X—>V,x>—>k‘. Then
ly(z,y) = \/ k

zeX,
AX (Z):(:B’y)

for all (z,y) € X x Y, hence (Qy/) implies that
ET(L )= \/ & The(r)

€TX,
TAX (x):m

for all w € T(X x Y). We conclude that T; 1, (x,n) = L for r,p € TX with ¢ # y, and
that 7, 1, (zr,r) = - Thy(x) > k with equality if we have equality in (Qx). On the other
hand, suppose that T, is a strict extension of 7" and consider the identity function 1 — 1. Its

corresponding V-matrix is k : 1 = 1 x 1 — V. Since T, is a strict extension of T', for each
r € T1 we have k = T k(r,r) = £ - Tk(r). We have seen that

Proposition 3.7. Let . = (T,V,&) be a topological theory. Then 1; is a strict extension of
T if and only if T satisfies (Q ).

We are now ready to define models of topological theories.

Definition 3.8. Let 7 = (T, V, &) be a topological theory. A V-matrix a : TX —— X is called
reflexive if 1, < a-ey, it is called transitive if a-T.a < a-my. A T -algebra is a pair (X,a)
consisting of a set X and a reflexive and transitive V-matrix a : TX —— X. We say that (X, a)
is a T -graph if a is only required to be reflexive.

A map f: X — Y between 7-algebras (resp. 7-graphs) (X,a) and (Y,b) is a lax ho-
momorphism if f-a < b-Tf. The resulting category of 7-algebras (.7-graphs) and lax
homomorphism we denote by 7-Alg (.7-Graph).

Examples 3.9. (a) For each quantale V, .7, -algebras are precisely V-categories and lax
homomorphism V-functors. In particular, .Z,-Alg is the category Ord of ordered sets
and ,ﬂﬂ -Alg is the category Met of (generalised) metric spaces [LawT73].
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(b) As already pointed out in [CT03], .,gv@—algebras can be described as V-multicategories
(see also [Bur71l, Her00]).

(c) The main result of [Bar70] states that %,-Alg is isomorphic to the category Top of
topological spaces. In [CHO3| it is shown that %'l -Alg is isomorphic to the category
App of approach spaces [Low97].

Remark 3.10. It is easy to see that with f : (X,a) — (Y,b) also T'f : (TX,T;a) — (TY,1;b)
is a lax homomorphism. But note that (7'X,7;a) need not be a 7 -graph even when (X, a) is
a J-algebra. On the other hand, with (X, a) also (T'X,Ta) is a V-category provided that T
satisfies (BC).

The category .7-Alg (resp. 7-Graph) comes with a canonical forgetful functor to Set which
sends (X, a) to X. In both cases this functor can be easily seen to be topological (see [CHO3],
and [AHS90] for the concept topological functor). In particular we obtain that both 7-Alg
and 7-Graph are complete and cocomplete categories.

4. KLEISLI COMPOSITION AND THEORY MORPHISMS

A F-algebra (X, a) can also be seen as a monoid in the Kleisli “category” .7-Kleisli of .7
which has sets as objects and a morphism X —-e-Y in Z-Kleisli is a V-matrix a : TX—+ Y.
Composition is given by Kleisli composition:

boa:=b-Ta -m,

mo

TX TY TX —>TTX
g
a b boa TY

Y A A
foralla: X—e=Y and b: Y- 7 in T -Kleisli. We have

o __ . o o _ .
ace . =a-Te -m =a-1T1l;,>a

and

[IPh)

that is, €}, is a lax identity for “o”. Moreover,
co(boa)<(cob)oa
if 7, preserves composition, and
co(boa)>(cob)oa

it m: T, — 1. is a (strict) natural transformation. Clearly, a : X—e-» X is reflexive if and
only if e} < a, and a is transitive if and only if aca < a.

Examples 4.1. (a) For each quantale V, .7, -Kleisli = V-Mat.
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(b) Kleisli composition for %, is associative and €S is a right unit for this composition.
In [Hof05] it is shown that e is also a left unit (precisely) if we restrict ourself to
those a : UX—— Y where, for each y € Y, {r € UX | a(r,y) = true} is closed in UX
with respect to the Zariski closure. In fact, as also shown in [Hof05], this restriction
of Z,-Kleisli is 2-equivalent to the category CSet which has sets as objects, and a
morphism from X to Y is a finitely additive map ¢ : PX — PY, that is, ¢(@) = @ and
c¢(AUB) = ¢(A) Uc(B). As consequence we obtain at once that a monoid a : X —e»X
in %,-Kleisli “is the same thing” as a Kuratowski closure operator on X.

Definition 4.2. Let 7 = (T,V,¢) and 9" = (T',V',£’) be topological theories. A morphism
(o) + T — T of topological theories is a pair (j,y) consisting of a monad morphism
j: T/ — T and a lax morphism of quantales ¢ : V. — V' such that £ - T"p < ¢ - £ - j,.

(Mor) Vv L AY
wl

TV < 3
|

v/ Vv

It (j/,¢) : 7" — 7" and (4,¢) : 7' — 7 are morphisms of topological theories, then so is
the composite

(j7¢) : (jlagpl) = (.7 'j/7<P/ SO) . y// — 9
The identity morphism on 7 is given by (1,,1,). If V=V" and ¢ = 1, then condition (Mor)

reduces to

v
Vv ——=1TV

<
< i c
é—/
V.
On the other hand, if T =T’ and j = 1., then (Mor) reduces to

T
TV — > TV

EJ/ 2 iﬁ’
/
\% — V.
Examples 4.3. (a) Let 7 = (T,V,§) be a topological theory. Then (e, 1,) : &, — 7 is
a theory morphism.
(b) (1;,0) = F, — Z+ (see Example is a theory morphism for each monad T =
(T, e,m) where T is taut.
(c) (1,,N): F — JP+ (see Example is a theory morphism, but (1,,A) : %, — %ar is

not.

Theorem 4.4. Let (j,¢) : 7' — T be a morphism of topological theories. Then the following
statements hold.
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(a) j: T{’,(P — @1 is an op-lax natural transformation, where ® : V-Mat — V/-Mat 1is the
lax functor induced by ¢ : V — V' (see Section .
(b) (4,¢) induces a laz functor

&7 : T Kleisli — T -Kleisli.
a:TX—+—Y—®a) j,:T'X—+—Y
(c) (4, p)-Alg: T-Alg — T'-Alg, (X,a) — (X,®I(a)) is a concrete functor.

Proof. (a) Leta:X——Y, ' €T'X and y € TY. We have
Jy - 7;//‘13(@)(25/7 U)
T o)) | v € T'Y. ), (v) = v}

&/

{5"T¢’-T/a(m’) ‘ peTV,j,(v)=pn eT' (X xY),n - n— t)’}
{-€-4 - Talw)

o e T'Y,j, (y) =mw €T/ (X x V)0 ¢, t)’}

< (V{¢ Ta(w)
=PTa-j, (')

(b)  First note that a < o’ implies ®/(a’) < ®/(a) since ® as well as _- j, preserve the

e T(X xY),Trx(w) =j,),Tr, () = U})

o

order. Since j is a monad morphism we have e ,° < €% - j from which follows ®/(e2.) > e ,°.

Finally, for a : X—~Y and b : Y-~ Z we have
®/(boa)=0(b-Ta-mS.) - jy
> ®b- dTa-mS, - jy

>®b-dTa- jry - T4 - m;, (7 is a monad morphism)
> Qb jy, - T, ®a-T'j - mS, (a)
>®b-j, ~Ts”,(<I>a “Jx)-m, (Theorem [3.5)
= ®/ho Pla.
(¢) Follows immediately from (b). O

5. THE Z-ALGEBRA V

It is well-known that each quantale V can be considered as a V-category with structure map
hom : VxV — V. Our next result implies that this structure on V can be lifted to a 7 -algebra
structure.

Lemma 5.1. Let 7 = (T, V,§) be a topological theory, (X, a) and (Y,b) be V-categories and
(X,a), (Y,) be T-algebras. Then the following assertions hold.
(a) (X,a-a) is a T -algebra provided that o : (T'X,T,a) — (X,a) is a V-functor. If
T : Set — Set satisfies (BC), then this condition is also necessary.
(b) f:(X,a-a)— (Y,b-3) is a lax homomorphism if and only if f : (X,a) — (Y,b) is a
V-functor and k < b(8-Tf(x), f - a(r)) for eachr € TX.
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Note: In case (Y, b) = (V,hom) the second condition in (b) is equivalent to §-T'f < f - .

Proof. The proof of the first assertion can be found in [CHOT7]. To see (b), assume first that
f:(X,a-a)— (Y,b-p) is a lax homomorphism. Let z,2’ € X and ¢ € TX. Then

a(z,2") = ala- ey (z),2") <b(B-Tfleg(2)), f(2') = b(B-ex(f(2)), f(2) = b(f(x), f(z))
and

k< a(a(r),a(r) <b(B-Tf), f- o)
Assume now that f satisfies the two conditions in (b). Let r € TX and x € X. Then

B-TfQ), [ ) ®ala(r),z)
(B-TfQ@), f-alr)@b(f-a), f(z))
(B-Tf(x), f(x)). O

IN

a(a(r), x)

IN

b
b
b

IN

As an immediate consequence we have

Corollary 5.2. Let 7 = (T, V, &) be a topological theory.

(a) Each Eilenberg-Moore algebra (X, ) is a 7 -algebra provided that T, is a strict extension
of T, i.c. if (QF).

(b) Consider homg = hom-{ : TV—— V. Then (V,hom¢) is a 7 -algebra if and only if
(M7) and (M;,).

e

Proof. Surely o : (T'X,T, 1x) — (X,1x) is a V-functor if T, 1x = 17y, which proves (a).
Lemma implies that & : (TV, T, hom) — (V,hom) is a V-functor, this proves the first part
of (b). It is left to show that (M) and (M;,) if (V,hom¢) is a .7-algebra. For each x € V we
have k < homg(e, (z),z) and hence ¢ - e, (z) < z. Let now X € T?V. For each ¢ € TV and
x € V we have

T, homg (X, r) ® home(x, 7) < homg(m, (X), z).

Put x = - T¢(X) and ¢ = T¢(X). Obviously we have k < homg(x, z), we show now that
also k < T, hom¢(X,r). In order to see that, consider (1,,£) : TV — TV x V and put W =
T(1,,£)(X). Clearly, 20 projects to X and ¢ respectively. Moreover, since k < homg -(1,,,§) we
have k < T, hom¢(X, x). O

Corollary 5.3. Let 7 = (T,V,&) be a topological theory where £ : TV — V is an Filenberg-
Moore structure on V. We consider the 7 -algebra V = (V, homy).

(a) For each set I, a map f : V! — V is a lax homomorphism if and only if f is a V-functor
and

T
T(V!) v

<§‘T7ri>l > l&

I
\Y 7 V.

() A : VI =V is a lax homomorphism.
(¢) hom(v,.) : V — V is a lax homomorphism for each v € V.
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(d) Assuming (Qg), v® -:V — V is a lax homomorphism for each v € V which satisfies

71 % v
|-
1 V.

We do not state yet anything about \/ : V! — V. Indeed, as known (for instance) for
topological spaces, it is in general not a lax homomorphism. However, in the next section we
will show that it is so assuming that I is compact and V! is equipped with the function spaces
structure.

6. CLOSED OBJECTS

Throughout this section we consider a topological theory 7 = (T,V,&) where T satisfies
(BC). Furthermore, we assume (Qj) to guarantee that 7T, is a strict extension of T' (see
Proposition [3.7), and (M) and (M;,) in order to have the 7-algebra V = (V, homy) available
(see Corollary [5.2). We wish to transport the tensor product ® on V to .7-Alg (or .7-Graph)
by putting (X,a) ® (Y,b) = (X x Y, ¢) and
(8) c(v, (z,y)) = a(x, =) @ by, y),

where v e T(X xY),z € X,yeY,r=Tn,(w) and y = T'7, (). For lax homomorphisms
f: X=X andg:Y -Y  themap fRg: XYV - X' ®@Y’, (z,y) — (f(z),9(y)) is a lax
homorphism as well. The structure ¢ on X x Y is easily seen to be reflexive, it is transitive
provided that (Qg). In fact, we have the following

Lemma 6.1. Assume that the structure ¢ on (V,hom¢) ® (V,homg) is transitive. Then we
have (Qg).

Proof. Let o € T(V x V) and put x = £ - T'mr1(t0) and y = £ - Tma(tv). By hypothesis we have,
for each 20 € T?(V x V),

Tece(2W, w) © c(w, (z,y) < c(my, (), (z,5)).
First observe that c(w, (x,y) = k. Let h: 1 — T(V x V) be the composite
A e
15V 2LV x v 22 TV x V)
and put 20 = Th - T!(w), where ! : V x V — 1. An easy calculation shows that
T.c(W,w) > §-T® () and c(my,, (), (z,y)) =& - Tmi(w) ® & - Tma(ro),
hence ® - (£ -T'm,,& - T'm,)(0) > € - T® (). O

Therefore we assume from now on that our given topological theory = (T,V,£) is a strict
theory.

Examples 6.2. The following theories satisfy the conditions mentioned above.

(a) The identity theory .7, for each quantale V (see Theorem (al)).

(b) For each quantale V, the theory Zf = (L,V,&,) (see Theorem (<))

(c) Any topological theory .7 = (T,V,¢) with a (BC)-monad T, ® = A and £ a (strict)
Eilenberg-Moore algebra. In this case we obtain the categorical product on 7-Alg.
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(d) The theory 02/P+ = (U,P, P+) (see Theorem (). To see (QF), recall first that
£(r) = sup{u € P_ | [u,00] € ¢} for each r € UP,. Let wv € U(P, x P,) and let
=U

+
r=Umn () and py 7, (). We have

£x)+&(m)= sup u+ sup v= sup sup u+wv
w:[u,00]E€x v:[v,00]€Y w:|u,00]€x v:[v,00] €Y

since w + _: P, — P,
and [v,00] € y. Then [u, 0] X [v,00] € w and therefore [u + v,00] € U+ (), which

implies - U+(w) > u + v.

preserves non-empty suprema. Let u,v € P, such that [u,o0] € ¢

We are interested in describing those objects X in .7-Alg where the functor X @ _: 7-Alg —

7 -Alg has a (canonical) right adjoint. Such an object is called closed (for the tensor product

®).

It is well-known that any V-category is closed in V-Cat (see [Law73]). This result can

not be extended to 7 -algebras in general as, for instance, the category of topological spaces

is

not Cartesian closed. Its exponentiable objects are described in many different ways, the

most convenient for our purpose is the following characterisation.

Theorem 6.3 ([M6b81l [Pis99]). A topological space (X, a : UX—— X) is exponentiable if and
only 0fa~Ua:a-mX.

We are now going to show that this condition also characterises (canonically) closed objects

for 7. In order to do so, fix a T -algebra X = (X, a). Recall first that a right adjoint to X ® _
associates to each Z-algebra Y a J-algebra YX such that we have, for each .7-algebra Z, a

natural bijection

X®7Z—-Y
7YX,

Choosing as test spaces Z = 1 with structure map e}, we see that

1 -YX
X®1—-Y
X =Y.

Here the structure ¢ on X = X ® 1 = (X,a) is given by

o faa) T = e (x),
a(wi)i
1 else,

for each t € TX and 2 € X. Therefore the underlying set of YX is given by

{f:X — Y| fis alax homomorphism}.

The structure d on YX must be chosen so that the evaluation map

ev:Y¥ x X =Y, (h,z) — h(z)

is a lax homomorphism. In fact, we define d to be the largest such structure:

) dw,n) = \{veV|vaeTr Lp)zeX allr(a),z)®v < b(Tev(a) h(x))},

X
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for each p € T(YX) and h € YX. Note that the supremum above is even a maximum since ®
distributes over suprema. Using the adjointness relation between ® and hom we obtain

d(p, h) = A\ hom(a(Tmy (q), ), b(Tev(q), h(x))).
geT(Y X x X),xz€X
a—p
It is easy to see that d is reflexive and defines indeed the right adjoint X to X @ _ in the
category .7-Graph, it also does so in 7 -Alg provided that d is transitive for each .7 -algebra
Y. Our first goal is to show that this is surely the case provided that X satisfies

(10) a-Ta=a-my.

The proof is very similar to the one of [Hof06, Theorem 3.5] which in turn is strongly motivated
by [CHT03]. The main difficulty here is to obtain Lemma 3.4 of [Hof06] in our setting.

Lemma 6.4. Let a : TX—— X and b : TY ==Y be V-matrices and define ¢ : T(X X
Y)—— X xY asin (). Then, for all PeT*(X xY),r€TX andy € TY,

\/ T.d(P,p) > Ta(T?m (P),r) ® T,o(T 7, (P), ).
Try (p)

peT (X XY): Tr, (p)

r
)
Proof. Let P € T>(X xY),r € TX and y € TY and put X = 7?7, (B) and Y = T3, (P).
Consider (with P =X xY)

T2(P) T(TP x P) Te
Tcani
T(axb)
T(TX xTY) T(TX x X xTY xY) TV x V) 22y

| o |

TQXXT2Y<—T(TX><X)xT(TYxY)—>TV><TV 3
§><£l
TX xTY V><V®—>V,

where the unlabelled arrows represent canonical maps. Both diagrams on the left hand side
satisfy (BC), the upper right as well as the middle diagram commute and the diagram on the
right hand side commutes by Axiom (Qg). Hence

Toa(X,x) © 1:0(,v)

Wo € T(TY xY): Wy +— P, Wa — 1

W e T(TX x X): 0 — X,201 — 1
:\/{E-Ta(ﬂﬁl)®£-Tb(QU2)‘ 1€ET(TX x X) : 0, 1 X}

WeT(TX x X xTY xY):
g\/{f-T@ ‘T'(a x b)(2) ‘ 2 — (z,1),20 — Tcan(P) }

- Td(20 ‘QﬁeT(TPxP) W (t, n)ﬂﬁH‘B}

¢
Ld(%.p) | p € T(X x V) : Tmy(p) = 2., (p) =0} O
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The following theorem can be proven as in [Hof06, Theorem 3.5]. Nevertheless, for the sake
of readability, we include its proof here.

Theorem 6.5. Let X be a T -algebra satisfying . Then, for each 7 -algebra Y, the
structure d on YX as defined in @D 1s transitive.

Proof. Assume that (X, a) satisfies and let (Y,b) be a J-algebra. Let f € T?(Y™X),
p € T(YX) and h € YX. We have to show that, for each x € X and q € T(YX x X) with

Tm, (q) =m, x (g‘B)v
Ted(B,p) @ d(p, h) @ a(Tm,(q), z) < b(Tev(q), h(z)).

Since m satisfies (BC), there exists Q € T(YX x X) such that m, . (Q)=qand T’ (Q) =
PB. Then

b(Tev(q), h(z)) = b(m,, - T%ev(2), h(x))
VoV LI ev(9), Tev(d) @ b(Tev(q), hiz)

ETX ¢ eT(YXXY):

v

T, (q')=p,
Tﬂz(q/):?
> \/ \V L(d®a)(Q,q) | @d(p,h) ©a(x,z)
wEerx |\ Ty (d)=p,
qJer(yX xY)ATWIQ (Z’):;
> \/ Td(PB,p) @d(p,h) © Ta(T*r,(2),1) @ alr, z)
€TX
= T,d(B,p) ® d(p, h) ® a(Tr,(q), ). O

Corollary 6.6. Fach T-algebra (X, «) is closed in 7 -Alg.

Our next goal is to show that Condition is also necessary for d being transitive. In
order to do so we will make use of the J-algebra V (see Corollary .

Lemma 6.7. Consider the T-algebra TX = (TX,m,). Thena : TX @ X — V is a laz
homomorphism.

Proof. First note that the structure ¢ on TX ® X is given by
1 if ¢ # my (T, (2)),
C(QIL (}3, x)) - { . * ~
a(Tﬂx (QH), x) ifr= My (TWTX (Qﬁ))

for WeT(TX ® X),r € TX and z € X. Assume that r = m, (T, (20)). We have to show
that
a(Tm, (2),x) < hom(§ - Ta(2), a(x, z))
which is equivalent to
£-Ta(W) @ a(Tm, (W), z) < a(r,z).

Now the assertion follows from

¢ Ta(W) < Ta(Tr, (W), Ty (W)). O
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Let X € TX. We define a map

p: X -V, z— \/ TLa(X,r) ®a(y, ).
€TX

Alternatively, with 7, : 1 — T?2X, %+ X we define a V-matrix v : 1—+ X as the composite

i Tea

1 T2X —+—=TX —— X.

We have ¢(x) = (%, ).
Lemma 6.8. ¢: X — V is a laz homomorphism.
Proof. Let x € X and ¢ € TX with T!(x) = e, (x). We have to show that

a(r,z) < hom(¢ - T(x), p())

which is equivalent to

§-To(x) @ alx,z) < p(x).
Note that
§-To(r) ®a(r,z) =T (e, (x),r) ®alr, ) <a-Lip-e (x ),
hence the assertion follows from
a-L-e :a~T§oz-T£2a-Ti3€ e,
=a-my T?a-e
=a-Ta-mgy-e
=a-Ta-iy =1. (]

Theorem 6.9. Let X = (X,a) be a T -algebra such that the structure d on VX as defined in
@D is transitive. Then X satisfies (10]).

Proof. Fix some X € T?2X. We have to show that, for each z € X,

a(my (%),2) < \/ Ta(Xr) @ a(x,z).
€T X

We consider
y="a :TX -V~ and yozy-eX:X—>VX,
and put v = Ty(X) and U = T?y,(X). First note that Tm, - T?e, (X) = X, hence
k=Tm, (T, (X),X) < T,m,(T?e,(X),X)

and therefore 7;d(%0,v) > k. Next we show that d(v,p) > k. The evaluation map ev : VX x
X — V can be viewed as V-matrix ev’ : VX —— X we have ev’ -y = a. Hence TLev' Ty =Ta,
which implies

(11) - Tev(w) < T;a(Y,n)
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forally € TX,9 € T?Y and w € T(VX x X) with o +— yand 10 +— Ty(2)). Let v € T(VX x X)
and x € X with tv — v. We have to show that

k®a(Tr, (w),z) <hom(¢ - Tev(w), p(x))
which by adjointness is equivalent to
¢ Tev(w) ® a(Tr (), ) < p(a).

But this follows immediately from the inequality - T'ev(w) <71 (X, T'ry (tv0)) which we deduce

from .
Transitivity of d implies now d(m, (), p) > k. We put 20 = T2 (yg, 1, )(X), 20 obviously
projects to X and ‘U respectively. From this follows

c(myy (W), (v, 2)) = a(my (X), z)
for each z € X, where ¢ denotes the structure on VX ® X. Note that in the diagram

(ex 15 ) yx1
X X rx w x —EXyX g x

1 V

the right hand triangle commutes, the top line is equal to (y,,1,) and on the left hand side
we have a - (e, ,1,) > k-I. Hence

k<& TE-T ev(W) =& -my, - T?ev(W) = & - Tev -m (20)

vX x x

and we conclude

a(m (X),2) < c(m, (), (p,2))
< hom(& - Tev-m,, (), p(x))
< hom(k, ¢ ()

= ()= \/ Ta(X 1) ®a(, )
€T X

for each z € X. O

Finally, we have to study “how necessary” is the structure d on Y~ (see @), e if X®_
might have a right adjoint without d being transitive. Unfortunately, we do not have a satis-
fying result available. However, to most of our examples one may apply the following theorem
which is essentially taken from [Sch84) Theorem 3.3].

Proposition 6.10. Assume that the inclusion functor 7 -Alg — 7 -Graph is finally dense.
Then X ® _ has a right adjoint if and only if the structure d of @ s transitive.

In many cases (ultrafilter monad, word monad), final density of .7-Alg < 7-Graph can be
shown using “elementary structures” as in [Hof06, 1.9].

We finish this paper by showing an interesting application of exponentials to the study of
compactness. Given a J-algebra X = (X, a), we define its degree of compactness

comp(X) = /\ \/ a(g, ).

€TX zeX
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For short we call X compact if comp(X) > k. We remark that compactness properties of lax
algebras are also studied in [Sch05].

Proposition 6.11. Let X = (X, a) be a 7 -algebra. Then the following assertions are equiv-
alent.

(a

) X is compact.
(b) \V : VX =V is a laz homomorphism.
)

(c

Here the exponential VX is taken in 7 -Graph.

6:TX =V, t— \,cxaly,z) is a lax homomorphism.

Proof. Assume first that X is compact, i.e. k < \/, .y a(x, ), for each r € TX. Let p € T(V¥)
and ¢ € VX. Note that, since \/ ¢ = \/ .y ev(p, z), Axiom (Qy) implies

TN\ =\ € Tev(a).
qe?;(.\_/:;xl)

Hence

dp.)= N\ bom(a(Trx(q),z), hom(€ - Tev(a), o))

qeT(VIxI)zeX
q—p

/\ /\ hom(a(T7x(q),z), hom(§ - Tev(q \/cp

qeT (VI xI1)zeX

IN

a—p
= /\ hom( \/ a(Trx(q),x),hom(¢ - Tev(q \/np
qeT(VIxI) z€X
a—p
< /\ hom(¢ - Tev(q \/(p)
qeT(VIXI)
a—p
=hom( \/ & Tev(a),\/¢)
qeT(VIxI)

qa—p

—home\/ \/<p

Assume now that \/ : VX — V is a lax homomorphism. Note that § can be written as the
composite

Tx L vX Yy,
which is a lax homomorphism by hypothesis and Lemma
Supose now that J is a lax homomorphism. Then we have

k < hom(€ : T((s ’ ex)(?)a 5(?))

respectively
é. ’ T(5 : eX)(x) < \/ Q(}ﬁ, .fC)7
zeX
for each r € TX. Finally, since k < § - ey, from Axiom (Qy/) and Axiom (Qx) we conclude
that & <\/ .y a(r, x). O

Corollary 6.12. For each T-algebra X, \/ : VX — V is a lax homomorphism.



30 DIRK HOFMANN

In [Esc04] M.H. Escardé develops a “synthetic view” on topology with the aid of the Sierpin-
ski space. Our description of compactness above permits us to import ideas from [Esc04] into
our setting. As an example we present the following argumentation which should be compared
with [Esc04, Theorem 9.15]. We call a map f : X — Y between 7-algebras X = (X,a) and
Y = (Y,b) closed if P,(f) : P,

(see Example [2.3]). We emphasize that we do not require f to be a lax homomorphism.

(X) — P,(Y) sends lax homomorphisms to lax homomorphisms

Proposition 6.13. Let X = (X,a) be a T -algebra. Then X is compact if and only if the
projection ma]ﬂ y : Y @ X =Y s closed, for each T -algebra Y = (Y, D).

Proof. Assume first that X is compact, i.e. \/ : VX — V is a lax homomorphism. Let ¢ :
X ®Y — V be a lax homomorphism. Then the composite

y 2oyx Yy

is a lax homomorphism as well, and an easy calculation shows that it is equal to P,my (¢).
Assume now that 7y : Y ® X — Y is closed, for each Z-algebra Y = (Y,b). We choose
Y = TX and consider the lax homomorphism a : TX ® X — V. The assertion follows now
from the fact that 6 = P,my(a). Alternatively, in case X is closed, we can choose Y = VX.
Then the assertion follows from \/ = P, 7y (ev). d
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