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Abstract

Lax monoidal powerset-enriched monads yield a monoidal structure on the category of
monoids in the Kleisli category of a monad. Exponentiable objects in this category are iden-
tified as those Kleisli monoids with algebraic structure. This result generalizes the classical
identification of exponentiable topological spaces as those whose lattice of open subsets forms
a continuous lattice.
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1 Introduction

The classical identification of exponentiable topological spaces by Day and Kelly ([9], see [10] or
[14]) can be summarized as follows:

A topological space is exponentiable if and only if its set of open subsets, ordered by
inclusion, forms a continuous lattice.

In [8], Day subsequently showed that continuous lattices were precisely algebras for the filter
monad F = (F,u,n) on Set. The occurrence of a monad in the cited exponentiability result
seemed anecdotal—until Géahler remarked in [12] that a topological space is exactly a monoid
in the Kleisli category of F (see Section 2.3 for details). By identifying the set of open subsets
of a topological space X with the set [X,2] of continuous maps into the Sierpinski space 2, and
defining a map conv : F[X,2] — [X,2] that sends a filter ¥ on the set of open subsets of X to
the set (J,cs (N A)° (with (—)° denoting the interior operation), Day and Kelly’s result can thus
be rephrased as:

An F-monoid X is exponentiable if and only if ([X, 2], conv) is an F-algebra.

The categorical product, that appears in the definition of exponentiability as a functor

X x (=) :Top — Top,
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can itself be related to F, via the monoidal natural transformation « : F'(—) x F'(=) — F(—x —)
whose components sends a pair of filters to their product. These features point to the ubiquitous
role of the filter monad. In this article, we introduce sufficient conditions for a monad T on Set to
reproduce the behavior of F: such a monad will be called a lax monoidal powerset-enriched monad,
and Day and Kelly’s result becomes our Theorems 3.2.3 and 3.3.7, summarized as follows.

1.1 Theorem. Let T be a lax monoidal powerset-enriched monad, and V a family of T-algebras
that is initially dense in Mon(Setr).

A T-monoid (X, ) is exponentiable if and only if ([X, V], conv) is a T-algebra for all V € V.

The definition of the category Mon(Sett) of T-monoids is given in 2.3, and that of a lax monoidal
powerset-enriched monad in 2.2 and 2.5. The fact that a T-algebra can be seen as a T-monoid is
recalled in Proposition 2.3.2, and the monoidal structure induced on Mon(Setr) is described in
Section 2.6. The notation [X, V] designates the set of all T-monoid homomorphisms f : (X, ) —
(V,q*), and the map conv : T'[X, V]| — [X, V] is defined in 3.3.4.

We illustrate the various notions of Section 2 with the powerset and filter monads, and apply our
main result to them at the end of Section 3. In Section 4, we give further examples.

2 Monads and monoidal structures

Classical references for the categorical concepts that we use here include [1], [2, 3] and [15]. We
also include a number of more specific references in the text.

2.1 Eilenberg-Moore algebras and sup-semilattices. Let us denote by P = (P, J,{—}) the
powerset monad on Set, and suppose that T is a monad with a monad morphism 7 : P — T.
Recall (for example from [3, Proposition 4.5.9]) that 7 induces a functor Set” : Set’ — Set®
between the corresponding Eilenberg-Moore categories: this functor commutes with the forgetful
functors to Set and sends a T-algebra (X, a) to a P-algebra (X, a-7x). As

Set” = Sup

is the category of complete sup-semilattices and sup-preserving maps (see for example [3, Propo-
sition 4.6.5]), any T-algebra (X, a) has an underlying complete sup-semilattice structure a - 7x.
It follows that a T-algebra homomorphism f : (X,a) — (Y,b) has a right adjoint f*:Y — X,
so that

Ix<f*f and f-fF<1ly,

where X and Y are equipped with their induced orders (a-7x)* : X — PX and (b-7y)*: Y — PY
respectively, and the hom-sets Set(X,Y’) are ordered pointwise. Note that a T-algebra structure
a:TX — X is in particular a split epimorphism in Set, so that one has

lrx <a*-a and a-a*=1x.



2.1.1 Example. The functor F' of the filter monad F = (F, u,n) associates to a set X the set F'X
of filters on X (that is, subsets of PX that are closed under finite intersection and up-closure),
and toamap f: X — Y, themap F'f : FX — FY defined for all BCY and x € FX by

BeFf(x) < ['(B)ex.

The components of the unit and multiplication can be described forx € X, A C X, and F € FFX
by
Aenx(z) < z€ A and Acux(F) — Afer,

where AT := {x € FX | A € x}. The Eilenberg-Moore category of F is the category of continuous
lattices with continuous sup-preserving maps [3]:

Setf =~ Cnt .

There is a monad morphism 7 : P — F, namely the principal filter monad morphism, that sends
A € PX to its up-closure 7x(A) = {B C X | AC B} € FX. Via 7, any F-algebra is a complete
sup-semilattice, and any F-algebra homomorphism has a right adjoint. Note that 7 equips the
sets F'X with the refinement order (ux - 7rx)* : FX — PFX, that is, the reverse inclusion of
filters:

XSy = x2y

for all x,y € FX.

2.2 Powerset-enriched monads. A powerset-enriched monad is a pair (T,7) in which T =
(T, p,m) is a monad on Set and 7 : P — T is a monad morphism (from the powerset monad P)
that makes the Kleisli category Setr into an ordered category; since composition in Sety is given
by

goh=npy -Tg-h
(for h: Z — TX and g : X — TY) and the hom-sets Set(X,TY) are ordered pointwise, the
condition for (T, 7) to be powerset-enriched is simply

f<g = py -Tf<puy-Tg (%)

for all f,g : X — TY. A morphism 0 : (S,0) — (T,7) of powerset-enriched monads is a
morphism in the comma-category (P | Mndset) of monads under P; that is, the monad morphism

0 : S — T makes the diagram
P
AN

S——T

commute. When working with powerset-enriched monads (T, 7), we will often assume a fixed
choice of 7, and speak of “the powerset-enriched monad T”.

2.2.1 Examples.



(1) The powerset monad P = (P, |J, {—}) is powerset-enriched via the identity monad morphism
1p : P — P. Hence, (P, 1p) is an initial object in the category of powerset-enriched monads
and their morphisms. The order on the sets PX described in 2.1 is simply subset inclusion
suprema are given by arbitrary union.

(2) The filter monad F = (F, u,n) is powerset-enriched via the principal filter monad morphism
7:P — F of Example 2.1.1.

The next result shows that condition (x) trickles down to the T-algebra level.

2.2.2 Proposition. Let T be a powerset-enriched monad. For any T-algebra (Y,b), and maps
f,9: X =Y, one has
f<g = b-Tf<b-Tyg.

Proof. Observe that
f<g = puy -TO - f)<puy -TO" -g) = b-puy -TO) - Tf<b-puy -TO") Tg.

The claimed result follows because the last statement is equivalent to b-Tf < b-Tg since
b-uy =b-Tband b-b" =1y. O

2.3 T-monoids. Let T = (T, n, 1) be a monad powerset-enriched via 7 : P — T. The category
Mon(Sett) of T-monoids (or Kleisli monoids) has as objects pairs (X, «), with X a set and
a: X — TX is a reflexive and transitive map:

Nx Sa, aoa<ajg
a homomorphism f: (X,«) — (Y, ) isamap f: X — Y satisfying
Tf-a<p-f.

In presence of the reflexivity condition, transitivity can be expressed as the equality a o a = «,
since
a=aony <aoca<la.

This idempotency condition makes a T-monoid structure o on X into a homomorphism « :
(X,a) = (T'X, p%); indeed,

aca<a <<= pux - Ta-a<a < Ta-a<py -«.

2.3.1 Examples.

(1) In the case of the powerset monad (together with its identity structure 1p), Mon(Setp) is
the category of preordered sets. Indeed, a map o : X — PX is precisely a relation on
X, and the reflexivity and transitivity conditions make this relation into a preorder; ax is
therefore the down-set map |y : X — PX. Amap f: X — Y is a morphism of Mon(Setp)
if and only if it preserves the relations, that is, if and only if f is a monotone map. Hence,

Mon(Setp) = PrOrd .



(2) When F is equipped with the principal filter monad morphism, Mon(Setr) is the category
of topological spaces and continuous maps [11]:

Mon(Setr) = Top .

Indeed, a Kleisli monoid o : X — F'X associates to each point x € X a filter a(z) € FX;
the elements of this filter all contain x by reflexivity of «, and transitivity translates as
the axiom required of a family of filters (a(x))zex to form the set of neighborhoods of
the topology it determines ([, Proposition 1.2.2]). A map f : X — Y is a morphism of
Mon(Setr) if and only if the image of the neighborhood a(z) of € X is finer that the
neighborhood S(f(x)) of f(x), that is, if and only if f continuous.

2.3.2 Proposition. Let T be a powerset-enriched monad. The map sending a T-algebra (X, a)
to the pair (X, a*) defines a functor L : Set® — Mon(Setr) that commutes with the underlying-set
functors.

Proof. Since a-nx <1x and a-pux < a-Ta, one has

nx <a* and pux - T(@*)-a*<(a"-a-Ta) -T(a") -a"=a".
A similar verification shows that a morphism f : (X,a) — (Y,b) of T-algebras yields a homo-
morphism of T-monoids f : (X, a*) — (Y, b*). O

2.3.3 Proposition. For a powerset-enriched monad T, the forgetful functor Mon(Sety) — Set
is topological: given a family (Y, 5;) of T-monoids, the initial structure induced on X by a family
of maps (fi : X — Yi)ier is

a= N\TFH) B fi.

iel
Proof. The claim follows from direct verifications (see [17, Remark 3.11]). O

2.3.4 Examples.
(1) When T is the powerset monad P, Proposition 2.3.2 simply described the functor

Sup = Set” — Mon(Setp) = PrOrd .

that send a complete sup-semilattice to its underlying preordered set. Proposition 2.3.3
recalls that the underlying-set functor PrOrd — Set is topological [1].

(2) In the case where T is the filter monad F, the functor
Cnt = Set” — Mon(Setr) = Top

of Proposition 2.3.2 sends a continuous lattice to its underlying topological space by equip-
ping it with the Scott topology. In turn, Proposition 2.3.3 yields the well-known fact that
the forgetful functor Top — Set is topological.



2.4 Monoidal functors. Let us denote by
Uxyz X XY XZ) = (XxY)xZ, Ax: X —=>Xx1 px: X —=>1xX

the associativity and unitality natural isomorphisms that form the cartesian structure of Set.
Consider a functor T : Set — Set, a map n; : 1 — T'1 (with 1 = {x} a singleton), and a family

of maps
R = (HX,Y TX xTY — T(X X Y))X,YGObSet

natural in X and Y. The functor T' is monoidal (with respect to (11, )) if it is compatible with
the cartesian structure of Set as follows:

(My) one has kxxy,z - (kx,y X 17z) - vrxryrz = Tuxyz - kxyxz - (Irx X Ky z):

11Xk

TX x (TY xTZ)—=TX xT(Y x Z) —=T(X x (Y x Z))

J JTU

kX1

(TX xTY)XTZ —>T(XXxY)XxTZ—"=T(X xY)xZ);

(MQ) one has KX (1TX X ?71) . )\TX = T)\X and R1,X - (771 X 1TX) PTX — Tpx:
TX TX
A TA and p Tp

TX x1 2P TX xT1—F 5 T(X x1)  1xTX " LT1xTX 55 T(1x X) .

2.4.1 Examples.

(1) There is a natural transformation 7 = (7xy : PX x PY — P(X x Y))x yeset associated
to the powerset functor P : Set — Set given by

TrX’y(A,B) =AxB
(for all A € PX and B € PY). The pair (P,{—}1) is a monoidal functor (where {—}; :
1 — P1 is the singleton map).

2) The product of the filters x € F.X and y € F'Y is defined by
Y
axy={CCXxY|JAex,Bey(AxBCO)}e F(XxY).

One obtains the product filter natural transformation k : F(—) x F(—) — F(— x —) by
setting

rxy (1Y) =xxy
(for all x € FX and y € FY). The pair (F,n) then forms a monoidal functor (where
7 : 1 — F'1 is the principal ultrafilter map).



2.5 Lax monoidal monads. A powerset-enriched monad T with a natural transformation & :
T(—)xT(—=) — T(— x —) is lax monoidal if T'is monoidal with respect to (11, ) and & is laxly
compatible with the monad structures as follows:

(M3) one has nxy < kxy - (nx X ny):

X xY
nxn n

TX xTY a T(X xY);

(My) one has puxxy - Thxy - krxory < kxy - (x X py):

TTX x TTY —55 S, TT(X x Y)

WJ > Js

TX xTY —% S T(XxY);

(M5) one has TX "TX)Y < KXY * (TX X Ty):

PX xPY —" 4 P(XxY)

TXTJ( > l‘r
TX xTY — " S T(X xY),
were 7 : P(—) x P(—) — P(— x —) is the natural transformation associated to the powerset

monad (Example 2.4.1(1)).

When referring to a lax monoidal powerset-enriched monad T, we will always assume that the
natural transformation k is given together with 7. Hence, a lax monoidal powerset-enriched
monad T is in effect a triple (T, 7,x) with 7: P — T and x : T(—) x T'(—) — T'(— x —) suitable
natural transformations.

Note that conditions (M) with (M;5) yield

px -1rx - Pex -mrx 1y = px - Tkx - Trx - TT7X,TY
<upx-Tkx - krxry - (Trx X Try)
<kxy - (px x py) - (rx x 7ry) = kxy - ((ex - 77x) X (pby - 717)) -

By adjunction, one obtains the diagram

PTX x PTY — 5", pT(X x Y)

(wr)* X(H'T)*T < T(H'T)*

TXxTY — S T(X xY);



Since (ux -7x)* : TX — PTX is the down-set map associated to the order induced by 7 on T'X,
this diagram means that x preserves the order induced by 7 in each variable:

(t,y) < (x,y) = rxy(xy) <rxy(,y)
for all x,x’ € TX, y,/ € TY.

2.5.1 Examples.

(1) The powerset monad P together with its powerset-enrichment 1p : P — P and the natural
transformation 7 : P(—) x P(—) — P(— x —) of Example 2.4.1(1) is a lax monoidal
powerset-enriched monad.

(2) The filter monad F with the principal filter monad morphism 7 : P — F and the product
filter natural transformation k : F(—) x F(—) — F(— x —) is a lax monoidal powerset-
enriched monad.

2.6 The box products of T-monoids. Let T be a lax monoidal powerset-enriched monad.
The boz product (X, a) X (Y, 8) of the T-monoids (X, «) and (Y, ) is obtained by equipping the
set X x Y with the structure a K3 : X xY — T(X xY) defined by

ap:=krxy (axp).

2.6.1 Examples.

(1) For the powerset-enriched monoidal powerset monad P, the box product of preordered sets
(X,lx) and (Y, ly) is the relation on X x Y that sends a pair (z,y) € X x Y to the set

mxy - (bx X dy)(@y) = Ix X lyy .

In other words,
(@, y) < (zy) = o<’ &y <y

(for all z,2" € X, y,y € Y), that is, the box product of preordered sets is their ordinary
product.

(2) For the powerset-enriched monoidal filter monad F, the box product of topological spaces
(X, ) and (Y, ) is given by the topology on X x Y that associates to a point (z,y) € X xY
their product neighborhood filter

kxy - (ax B)(z,y) = a(z) x ay) .

Hence, the box product of topological spaces is their ordinary product. In Section 4, we will
present categories of T-monoids for which the box product is not the categorical product.

2.6.2 Lemma. The box product of T-monoids defines a functor
(—)® (=) : Mon(Setr) x Mon(Setr) — Mon(Setr)

that commutes with the underlying-set functors.



Proof. For T-monoid morphisms f : (X,a) — (X', ), g: (Y, 8) — (Y, 3'), weset fRg = fxg.
Since

T(fxg) kxy (axB)=rxy - (TfxTg) (axp)<kxy (o' xp)(fxg)
by naturality and monotonicity of x, (=) X (—) is well-defined, and is therefore a functor. O

2.6.3 Proposition. Let P be a lax monoidal powerset-enriched monad. With E := (1,1m1), the
triple (Mon(Setr), X, E) is a monoidal category whose underlying structure maps are those of the
cartesian structure of Set.

Proof. It suffices to prove that the components of the natural transformations v, A and p are
isomorphisms of T-monoids. Thus, let (X, «a), (Y, ) and (Z,v) be T-monoids. With the use of
(M), the equalities

Tvxy,z kxyxz - (ax (kyz (B x7)))

=Tvuxyz kxyxz  (Irx X ky,z) - (a X (B x 7))
= RXXY,Z * (HX,Y X 1TZ) UTXTYTZ " (04 X (5 X ’Y))
= Kkxxv,z " (kxy X 1rz) - ((a x B) xv) - vxy,z

= rxxv,z ((kxy - (axB)) X)) vxyz

show that the associativity map vx,y,z is a T-monoid isomorphism. Similarly, (M>) yields that
Ax X — 1 x X and px : X — X x 1 are isomorphisms. (]

3 Exponentiability

3.1 Exponentiable T-monoids. Given a lax monoidal powerset-enriched monad T, we say that
a T-monoid (X, «) is exponentiable if the functor (—) X X : Mon(Sety) — Mon(Setr) has a right
adjoint Gx. In Lemma 3.2.1, we prove that the underlying set of an exponential GxY can be
identified with the set

[X,Y] := Mon(Setr)(X,Y)

of all T-monoid homomorphisms f : X — Y (with (Y, ) a T-monoid). Hence, we will often write
[X, —] in lieu of Gx (with the T-monoid structure nbhd : [X,Y] — T[X, Y] tacitly assumed when
necessary). To further simplify notations, we write YX for the hom-set Set(X,Y), so the counit
of the adjunction

((=) x X) 4 (=) : Set — Set

is given by the evaluation maps
evxy :Y¥x X =Y

(for all X,Y € obSet). We also denote by evy y the restriction evyy : [X, Y] x X — Y.

Note that we explicitly study the right adjoint of (—) X X only: the right adjoint of X X (—) can
be obtained mutatis mutandis, once the case for (—) X X has been elucidated.



3.2 Exponential T-monoids are T-algebras.

3.2.1 Lemma. Let T be a lax monoidal powerset-enriched monad, and E = (1,m1). There is a
natural bijection between [E, —] and the underlying-set functor | — | : Mon(Setr) — Set.

In particular, for an exponentiable T-monoid (X, «), the corresponding exponentials can be con-
sidered to be sets of the form [X,Y] with a T-monoid structure nbhd : [X,Y] — T[X,Y].
Proof. Any map z : 1 — X is a homomorphism z : (1,7;) — (X, ):

Tr-m=nx -z<a-x,

so that elements of X are in bijective correspondence with elements of [E, X]: [E, X] = X! = X.
It is also clear that the bijection [E, X] — X is natural in X.

Suppose that (X, «) is exponentiable in Mon(Setr), and denote by Gx the right adjoint to (—) X
X : Mon(Sett) — Mon(Setr). By the previous point, there are bijections

X,Y] = [EK X, Y] = [E,GxY] = [Gx Y|
that are natural in Y, so that one can always replace |GxY| by [X,Y]. O

3.2.2 Lemma. Consider a lax monoidal powerset-enriched monad T, and a T-algebra (V,q).
Let (X,a) be an exponentiable T-monoid, and ([X,V],nbhd) denote the Gx-image of the T-
monoid (V,q*). Then there is a unique T-monoid homomorphism conv : (T[X, V], puix,y)) —
([X,V],nbhd) that makes the following diagram commute:

X, VIRX ——V

COHVIEIXT g Tevr(1xa)
T[X,V]K X
Proof. The fact that the underlying set of the exponential object GxV is [X, V] follows from
Lemma 3.2.1. The map rxv) x - (Ipx,v) X @) : T[X,V]K X — T([X,V] x X) is a T-monoid
homomorphism:
T(kix,vyx - (Irpx vy X @) - mrixvyx - (Bxv) X @)

=Trixvx kxvyx - (rrxyy X Ta) - (pix ) X @)

< Trix v x - Bixvx s (v X o) - (rpxgvy X @)

< Uixvixx CRxvxc (rxv) X a)
and consequently so is the composite g := ¢-Tevx v - fxv) x - (Irx,y) x @) : TX, VKX — V.

The couniversal property of evx y : [X,V] x X — V then yields a unique T-monoid homomor-
phism conv : T[X, V] — [X, V] with evxy - (conv x 1x) = g, as claimed. O

3.2.3 Theorem. Let T be a laz monoidal powerset-enriched monad, and (V,q) a T-algebra. If
(X, «) is an exponentiable T-monoid, then ([X,V],conv) is a T-algebra.
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Proof. The exponentiable T-monoid (X, «) yields a T-monoid structure nbhd : [X, V] — T[X, V]
that makes evyy : [X,V] x X — V a T-monoid homomorphism:

TeVX7V “K[X,V],X (nbhd X a) < q* “evxy .

All the maps composing g := ¢q - Tevxy - Kix,v],x - (Lr[x,v] X @) are monotone and [X, V] is
ordered pointwise, so the defining equality evy y - (conv x 1x) = g (Lemma 3.2.2) implies that
conv is monotone. Moreover,
evx,y =¢q-nv-evxy =q-Tevxy - nxvixx
<q-Tevxy - Kxvx - (Mx,v) X nx)
<gq- Tevx,v “RIX V)X (U[X,V} X a) =evxy- (COIlV X 1)() . (U[X,V} X 1)() s
that is, 1;xy) < conv - nxy). The unicity of T-monoid homomorphisms [X,V] — [X,V] in

the couniversal property of evxy : [X,V] x X — V also forces conv - nbhd = 1ix,v) because
g-(nbhd x 1x) =evxy:

evx v < q- Teva “RIXV],X (U[X,V] X nx) < qg- (Ilbhd X 1)() < q- q* CeVX YV = evVxy .
Hence, monotonicity of conv and 7y 1/ < nbhd yield
conv - nyx,y] = conv - nbhd = 11y .

Since conv is a T-monoid homomorphism and uix,v| - Tnx,v] = lrx,v), one has lpxy) =
Tconv - T'nx,y) < Tconv - ME‘X V] < nbhd - conv, so

l7x,v] < nbhd - conv and pix,v] < Mix,v) - Tnbhd - T'conv .

By transitivity of nbhd, one obtains conv - u(x vy - Tmbhd < conv - y(x y) - Tnbhd - nbhd - conv =
conv - nbhd - conv = conv, so

conv - pyx,y] < conv - pux ] - I'nbhd - Teonv < conv - T'conv .
With
conv - T'conv < conv - T'conv - “FX,V] “Hix,v) < conv - nbhd - conv - pix vy

one concludes that
conv - fyx,y] = conv - Tconv

and ([X, V], conv) is a T-algebra. O

3.3 T-algebraic hom-sets are exponential. Let T be a lax monoidal powerset-enriched monad,
and V a family of T-monoids. We say that a T-monoid (X, «) is V-exponentiable if for all
(V,q) € V, there is a T-monoid structure nbhdx ] : [X,V] — T[X,V] that makes evxy :
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[X,V]x X — Vinto a ((—) X X)-couniversal arrow for V: for all g : Y ® X — V in Mon(Setr),
there is exactly one T-monoid homomorphism f:Y — [X,V] withevxy - (f x1x) =g

(X, V] [X,V]@XL)V
f fﬁl){T
g
Y YXX

Given a V-exponentiable T-monoid (X, «), we define for any T-monoid (Y, 3) a T-monoid structure
w: [X,Y] — T[X,Y] via the initial lift of the family ([X, f] : [X, Y] — [X, V])vey sevvi:

wi= N\, oy repy (T AT nbhdpy - (X, /]

(see Proposition 2.3.3).

3.3.1 Lemma. Let T be a lax monoidal powerset-enriched monad, V a family of T-monoids,
(X, ) a V-exponentiable T-monoid, and (Y, 3) a T-monoid. If V is initially dense in Mon(Setr),
thenevxy : [X,Y]|RX — Y is a T-monoid homomorphism.

Proof. By applying T to the equality f-evxy =evxy-([X, f] x1x) for all f € [Y, V], we obtain
that the maps f-evxy : [X,Y]X X — V are T-monoid homorphisms:
T(f-evxy) kxy - (wxa)
<ST(f-evxy)-rxy - (T[X, f])" - nbhdix v) - [X, f]) x @)
STf-Tevxy - (T([X, f] x 1x))" - sx,v - (nbhd[x vy - [X, f]) x @)
<Tevxy - kxy - (mbhdxy x a) - ([X, f] x 1x)
<q -evxy - (X, f] x1x)

:q*'f'eVX,Y .
As the family V is initially dense, evx y is a T-monoid homomorphism. O

3.3.2 Lemma. Let T be a lax monoidal powerset-enriched monad. Given T-monoids (X, ),
(Y,58), (Z,v) and a homomorphism g : ZXR X — Y, the map g. : X — Y is a T-monoid
homomorphism for all z € Z (where g.(z) := g(z,x) for allx € X ).

Proof. If ¢ : ZXK X — Y is a T-monoid homomorphism, then, denoting by z : 1 — Z the
constant map onto z € Z, one has
Tg, - a=Tg-T(zx1x) Tpx -«
=Tg -T(zx1x) k1 x - (m x17x) - prx -«
=Tg-kzx (nzx1rx) (2 x1rx) - prx -«
<Tg-kzx - (yx1lrx) - (1z xa)-(zx1x)-px
<B-g-(zx1x)-px=p-9:,

so that g, is a T-monoid homomorphism. O
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3.3.3 Proposition. Let T be a laz monoidal powerset-enriched monad and V an initially dense
family of T-monoids. A T-monoid (X, «) is V-exponentiable if and only if it is exponentiable.

Proof. Obviously, an exponentiable T-monoid is also V-exponentiable. To prove the other impli-
cation, we need to show that evxy : ([X,Y]|x X, kxy-(wxa)) — (Y, ) is a ((—)XX)-couniversal
arrow for any T-monoid (Y, 3). Lemma 3.3.1 already asserts that evyy is a homomorphism.

Consider a homomorphism g : ZXK X — Y and (V,q) € V. By Lemma 3.3.2, the unique
map f : Z — YX with evxy - (f x 1x) = g corestricts to f : Z — [X,Y]. The couniversal
property of evx,y, then produces for any h € [V, V] a unique homomorphism k : Z — [X,V]
with evxy - (k x 1x) = h-g; since

h-g:h-evxy-(fxlX):eVXy-(([X,h]-f) X 1)() R

one necessarily has [X,h] - f = k : Z — [X,V], that is, [X,h] - f is a homomorphism for all
h € [Y,V]. As w is the initial T-monoid structure on [X,Y] with respect to all h € [Y, V] with
V €V, one concludes that the unique map f: Z — [X,Y] is in fact a homomorphism. O

3.3.4 The convergence map. Let T be a lax monoidal powerset-enriched monad and (V,q) a
T-algebra. For a T-monoid (X, «), we equip the set [X, V] of all homomorphisms f : (X,a) —
(V,¢*) with its pointwise order. There is then a map conv(x,y) = conv : T[X, V] — [X, V] defined
as follows: for f € T[X,Y],

conv(f) == \{g € [X,V]|Vz € X (Tevxy - wxv) x(f o) < ¢ evxy(g,2))}
= /\{g €X,V][Vr e X (¢-Tevxy - kixvx - (Lxv) X @)(f,2) <evxyv(g,2))},
with infimum taken in VX (Lemma 3.3.5 below shows that the codomain of conv is indeed [X, V]).

With the pointwise order on [X, V)TV conv is then the smallest map ¢ : T[X,V] — [X,V]
that makes the following diagram commute laxly:

(X, V] x X — =V
CXIXT = g Tev-k-(1xa)

TIX, V] x X

3.3.5 Lemma. Let T be a powerset-enriched monad, (X, ) a T-monoid, and (V,q) a T-algebra.
With [X,V] ordered pointwise, one has \S € [X,V] for all S C [X,V], that is, the order-
embedding [X,V] < VX creates infima.

Proof. Let S C [X,V]. For any g € S, we have Tg - o < ¢* - g, or equivalently ¢-Tg- o < g. By
Proposition 2.2.2,
¢ T(NS) a<Njesa-Tg-a<A\S,

so A\ S is a T-monoid homomorphism: T'(AS) - a < g¢*- AS. O
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3.3.6 Proposition. Let T be a lax monoidal powerset-enriched monad, (V,q) a T-algebra and
(X,a) a T-monoid such that ([X,V],conv) is a T-algebra. Then ([X, V], conv*) with evx,y :
(X, V] x X =V form a ((—) ¥ X)-couniversal arrow for V.

Proof. First note that ([X, V], conv*) is indeed a T-monoid by Proposition 2.3.2, and that conv -
conv® = 1x 7 (since 1jx y) = conv - nxy] < conv - conv* < 1ix v, see [17]). Hence, for a given
f € [X, V] the infimum of those g € [X, V] such that

q-Tevxy - Kixv),x(conv*(f), a(r)) <evyyv(g,)

(for all x € X) is conv - conv*(f) = f. As the order in [X, V] is pointwise, one has

q-Tevxy - kix,v),x(conv™(f), a(z)) <evxyv(f,z),
so that evyy : [X,V]K X — V is a T-monoid homomorphism.

By Lemma 3.3.2, for a T-monoid (Z, ) and any homomorphism g : ZK X — V| there is a unique
map f : Z — [X,V] such that evyy - (f x 1x) = g. We are therefore left to show that f is a
homomorphism. For this, note that

Tevxy -kixyvx - (Tf-vxa)=Tevxy -T(f x1x) kzx - (v*x )
=Tg -kzx-(7Xxa)
<q¢-g=q¢ -evxv-(fxlx).

By definition of conv, we therefore have conv - T'f - v < f, that is, T'f - v < conv* - f. O

3.3.7 Theorem. Let T be a lax monoidal powerset-enriched monad, V a family of T-algebras
that forms an initially dense family in Mon(Setr), and (X, ) a T-monoid. If ([X, V], conv) is a
T-algebra for all (V,q) € V, then (X, «) is exponentiable in Mon(Setr).

Proof. If ([X,V],conv) is a T-algebra, we can apply Proposition 3.3.6 for each (V,q) € V. Thus,
(X, «) is V-exponentiable, and therefore exponentiable by Proposition 3.3.3. O

3.3.8 Remark. It was shown in see [17] that for a powerset-enriched monad T the family of
free T-algebras V = (T'X, ux) xcobset is always an initially dense in Mon(Setr). Not only is this
family V rather large, but a free object can be difficult to exploit; hence, one would hope to find
in Mon(Sett) a tractable initially dense family of T-algebras to play the role of a suitable V. In
our examples, it turns out that the single object (71, 1) alone can be used as test object.

3.3.9 Examples.

(1) Recall from 2.1 that a P-algebra is a complete sup-semilattice. We choose (V,q) to be the
set 2 = {0, 1} with structure map ¢ = \/ : P2 — 2; one has ¢*(z) = |z for all z € 2,
and (2,],) is an initially dense object in PrOrd = Mon(Setp). For a preordered set (X, ]x),
a monotone map ¢g € [X,2] can be identified with an up-closed subset A, C X (with
(x€eAg & x<y) = ye€A), the evaluation evx o with the truth-value of elementhood:

evxv(g,z) =1 < z €Ay,
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and the induced order on [X,2] with inclusion. Denoting by Up X the set of up-closed
subsets of X, the map conv : P[X,2] — [X,2] of 3.3.4 is given by

conv(A) = /\{9 € [X,2][ Ve € X (Pevx (A, Lxx) C Lg(2))}
=({A€UpX |Vz¢ AVBE A (x ¢ B)}
=[[{AcUpX |UACA}=UA

for all A C [X,2] = UpX (and with respect to the lax monoidal structure 7 of 2.5.1(1)).
Since Up X (with union as supremum) is always a complete sup-semilattice, Theorem 3.3.7
states that every preordered set is exponentiable (with respect to the cartesian product).
This is just the well-known result that PrOrd is cartesian closed.

(2) For the filter monad F, we consider for (V, ¢) the Sierpinski space 2 = {0, 1} with structure
map ¢(f) = Ases VA for all f € F2. The neighborhood map ¢* : 2 — F2 is given by
q*(0) = {{0},{0,1}} and ¢*(1) = {0,1}, that is, the singleton {0} is the only non-trivial
open subset; moreover, (2, ¢*) is initially dense in Top = Mon(Sety). For a topological space
(X, ), the set of continuous maps [X, 2] can be identified with closed subsets of X, ordered
by inclusion. Considering the product filter monoidal structure, one observes

conv(F) = \{g € [X,2] | Vo € X (Fevxa(F x a(z)) 2 ¢" - g(z))}
= ﬂ{A C X, closed |Vz ¢ A, 3A € F,3N € afx) (N C(\gea B°)}
= ﬂ{A C X, closed |Vz € A°,JA € F ([\gea BC € a(2))}

for all ¥ € F[X,2] (where B denotes the set-complement of B C X). The smallest closed
subset of X whose complement points each have one of the sets (.4 B (A € ¥) as
neighborhood is

(Uaesr (NeaB)) = Nacr Upeu B
(using the notations S and S° for the respective closure and interior of S C X). Hence, for
all ¥ € F[X,2],
conv(F) = Ager VA .

The isomorphism between the category of F-algebras and the category of continuous lattices
Set" = Cnt

(see for example [18, Section 5.4]) yields that conv is an F-algebra structure precisely when
[X, 2]°P is a continuous lattice (in the sense of [13]). Theorem 1.1 then returns the classical
result that a topological space is exponentiable (with respect to the cartesian product) if
and only if its set of open subsets, ordered by inclusion, is a continuous lattice'.

!As is often the case when working in an abstract setting, the order that emerges naturally from existing
structures clashes with the one usually appearing in the literature. To cite the “classical result” on exponentiability
of topological spaces, we need the corresponding definition of a continuous lattice—that is opposite to the one
presented in [18, Section 5.4]. Reversing the order on [X, 2] then leads us to switch from closed to open subsets.
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4 Applications

4.1 Interior spaces. The up-set monad U = (U, u,n) arises from the adjunction
Set(—,2) 4 PrOrd(—,2) : PrOrd®® — Set .

By identifying Set(X,2) with the powerset PX, we observe that UX = Up PX is the set of
up-closed subsets in PX, and this monad can then be described as follows:

BeUf(x) — fYB)ex, Acnx(z) — zcA, Acux(x) < Aecx,

for f: X =Y, x€UX,2€ X, XxcUUX, and where AV = {x € UX | A € x}. The monad
morphism 7 : P — U that associates to A € PX the principal filter

7x(A):={Be€ PX|ACB}

makes P powerset-enriched. As in the filter case, the order induced by 7 on the sets UX (via the
identification Set® 2 Sup as in 2.1) is given by reverse subset-inclusion:

A<y << x2y

for all x,y € UX, and one has
SetV = Ccd and Mon(Sety) 2 Int

where Ccd and Int denote the category of constructively completely distributive lattices and the
category of interior spaces, respectively (see [10]).

Let us note that the exponentiable spaces with respect to the cartesian product in Int are the
indiscrete ones (see [5, Corollary 2.3]). There is nevertheless a family of maps kxy : UX xUY —
U(X xY) given by

kxy(x,y) ={AxB|Ae€x,Bey}

(for all x € UX, y € UY) that makes (U, 7) lax monoidal, and allows us to define a monoidal
structure (—) X (=) on Int. The open subsets of the box product (X, a) X (Y, ) of two interior
spaces are given by arbitrary unions of open subsets of the form V' x W. By identifying open
subsets of (X, ) with the function space [X,2]°P and observing that the Sierpinski space 2 is
also initially dense in Int, Theorem 1.1 states that the exponentiable interior spaces are those
X whose set of open subsets forms a constructively completely distributive lattice. This result
faithfully reproduces the topological case, and provides an interesting collection of exponentiable
spaces.

4.2 Quantale-enriched categories. Given a quantale V' with tensor ® and neutral element k,
the V-powerset functor Py sends a set X to its V-powerset VX, and a function f : X — Y to
Pyf: VX = VY, where

Py f(9)(y) = Va;effl(y) o(x) ,
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for all € VY, y € Y. The multiplication p : Py Py — Py and unit 1 : 1see — Py of the
V -powerset monad Py on Set are given respectively by

ko ifx=y
px (@) (y) = Vyeyx ®(¢) @ d(y)  and  nx(z)(y) == .

1 otherwise ,
for all z,y € X, ® € vvE (where L denotes the bottom element of the lattice). There is a
monad morphism 7 : P — Py whose components 7x send a subset A C X, identified with its
characteristic function x4 : X — {L, T}, to the characteristic function 7x(A) = ¢- x4 of A in
VX
k ifxeA

1 otherwise.

7x(A)(z) := {

With this monad morphism Py, becomes a lax monoidal powerset-enriched monad and one
has
Set®™v = Sup¥’ and Mon(Setp, ) = V-Cat ,

where Sup" is the category of V-actions in Sup, and V-Cat is the category of small categories
enriched in V (see [19]). The order induced by 7 on the sets V¥ is the pointwise order, a Py-
algebra (X, a) is a complete sup-semilattice with structure map a : VX — X corresponding to
an action a(¢) = \/,cx ¢(x) ® , and the V-category (V,¢*) is initially dense in V-Cat.

4.2.1 The monoidal structure. If the quantale V is commutative, then for ¢ € Py X and
Y e ryY,
kxy (0, 9) =d®@Y

defines a natural transformation x : Py(—) X Py(—) — Py(— x —) that makes (Py,7) lax

monoidal. In this case, one computes for a V-category (X, «) and ¢ € 172940

conv(¢) = \{g € [X,V] | Ve € X (¢- Prevxv(é ® a(2)) < g()}
= /\{g = [Xa V] ’ Ve e X (VvEV,(f,y)eev_l(v) ¢(f) ® Ct(.??)(y) ®v < g(l’))}
=Viex o) @ f,

since k& < a(z)(z), and f € [X,V] means that .y a(z)(y) @ f(y) < f(x) for all z € X.
Mirroring the powerset case, every hom-set [X, V] of V-Cat is a V-action with this structure, so
that Theorem 3.3.7 simply states the well-known fact that V-Cat is monoidal closed (with respect
to its natural monoidal structure induced by the tensor of V' as above).

4.2.2 The cartesian structure. If the underlying lattice of V' is a frame, the maps pxy :
Py X x PyY — Py (X xY) given by
pxy (0, 0) =N

(for all ¢ € Py X, ¢ € PyY) form a natural transformation that defines the cartesian product in
V-Cat. This natural transformation makes (Py, 7, p) into a lax monoidal monad.
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For a subset A C [X, V], one computes

conv(xa) = \{g € [X,V] | Vo € X (¢- Prevxy(xaha(@) < g(x))}
= Ny e X, V]Vz € X (Vyeixvyex (xalf) Aal@)(y) @ fy) < g(x))}
= NoeX,V]|Ve € X (Vjcuyex(kAa(@)() @ fly) <g
Since k < a(x)(z) and /¢y a(z)(y) ® f(y) < f(x), one has

conv(xa) =V A

for all A C [X,V]; hence, if conv : Py[X,V] — [X,V] is a Py-algebra structure, the order
induced on [X, V] by conv - 7(x ] is the pointwise order. One also has conv - nx ) = 1[x 1] since
nix,v)(f) = xqpy for all f € [X,V].

If k=T in V, then for ¢ € Py[X, V], the map @E : X — V, defined by
1/3(y) = \/fe[X,V},zeXW(f) ANa(y)(z) ® f(z) ,

is a Py-monoid homomorphism. Indeed, for z € X, one has
q- Pri(a(@)) = Vyex a(@)(y) @ d(y)
= Vyex @(@)®) © (Ve vex (@) Aay)(2) © f(2))
<Vieveex ((Vyex a@) @) @ 0(£)) A (Vyex alz)(y) @ aly)(2))) @ f(2)
< Ve ex (W) Aa@)(2) @ f(z) = d(z) ,

so that Pyip - oo < ¢* - 1. Hence, for any ¢ € Py[X, V],
conv () = 4,
The condition conv - Pyconv(®) = conv - px v (®) for all & € VVIXV] then becomes

V(@) A alz)(y) @ ((f) Aaly)(2) @ f(z) =V (2(1) @ (f) Aa(z)(2) @ f(2) (1)

forall ® € VV™" and 2 € X , with the supremum on each side ranging over all ¢ € VIXV]
fe[X,V], and y,z € X. As the left-hand side is always smaller than the right-hand side, this
condition can be read with a “>” sign instead of equality. For a chosen t € X, if 9, ; € 1745514
is the map that sends a(—)(¢) € [X,V] to v € V and all other f € [X, V] to the bottom element
LeV,and ®&,,; € vV s the map that sends 1, ; to u € V' and all other maps to L, one
obtains from condition (f) and &k = T

Vyex (@A a(@) (@) @ (vAa@y)t) = V.ex (u@v) Aa(@)(2) ® a(2)(t)
> (u®v) Aa(x)(t) .

Hence, (1) implies

Vyex(una(@)(y) @ (v Aa(y)(2)) = (u©v) Aa(z)(2)
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for all u,v € V and z,z € X. Since (f) is also a consequence of this last condition, and
conv - nx,v] = l[x,v) always holds, Theorem 1.1 recovers the characterization from [6, Corol-
lary 3.5] of exponentiable V-categories (X, «) (with respect to the cartesian product) when the
underlying lattice of V' is a frame, and k£ = T. Note that commutativity of the tensor of V is not
necessary.
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