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Abstract

In the context of quantaloid-enriched categories, we rely essentially on the classifying property of presheaf
categories to give a conceptual proof of a theorem due to Hohle: the double power monad and the composite
power monad, on the category of quantaloid-enriched categories, are the same. Via the theory of distributive
laws, we identify the algebras of this monad to be the completely codistributive complete categories, and
the homomorphisms between such algebras are the bicontinuous functors. With these results we hope to
contribute to the further development of a theory of @-valued preorders (in the sense of Pu and Zhang).
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1. Introduction

If P = (P, <) is an ordered set, then its downclosed subsets form a sup-lattice (Dwn(P), C), and the order-
preserving inclusion P— Dwn(P): z —/x has a left adjoint if and only if P has all suprema. Dually, taking
the upclosed subsets of P produces an inf-lattice (Up(P), D) (note that upsets are ordered by containment,
whereas downsets are ordered by inclusion), and the order-preserving inclusion P—Up(P): x —1z has a
right adjoint if and only if P has all infima. Of course, P is a sup-lattice if and only if it is an inf-lattice,
and then it is said to be a ‘complete lattice’.

These two object correspondences can be made functorial in several ways, and the resulting functors
interact in at least two ways. For starters, the inverse image of an order-preserving function f: P— @ is
a new order-preserving function f~!: Dwn(Q)— Dwn(P). This action on objects and morphisms defines
a 2-functor on the locally ordered category Ord of ordered sets which reverses arrows and local order; for
the sake of this introduction, let us write it as £: Ord — Ord“°?. It then so happens that this is a left
2-adjoint, and that the action of its right 2-adjoint R: Ord“®®® — Ord on objects is @ — Up(Q). As a result,
the induced 2-monad T := RL: Ord — Ord acts on objects as P — Up(Dwn(P)): it is the double power
monad on Ord.

On the other hand it is well-known that the locally ordered category Sup of sup-lattices and sup-
morphisms is included in Ord by a forgetful 2-functor U: Sup— Ord, right 2-adjoint to an F: Ord — Sup
whose action on objects is P — Dwn(P); a 2-monad Dwn = UF: Ord — Ord results, and its action on
objects is P +— Dwn(P). In a similar manner, because the forgetful 2-functor V: Inf — Ord admits a left
2-adjoint G: Ord — Inf, their composition produces a 2-monad Up = VG: Ord — Ord, whose action on ob-
jects is @ — Up(Q). Now it turns out that the composition of these 2-monads, 8§ := UpDwn: Ord — Ord, is
again a 2-monad, and its action on objects is thus P +— Up(Dwn(P)): it is the composite power monad
on Ord.

In this note we show how the double power monad and the composite power monad are the
same. We prove this in the generality of quantaloid-enriched categories, of which not only ordered
sets but also metric spaces [Lawvere, 1973], partial metric spaces [Hohle and Kubiak, 2011; Stubbe, 2014],
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sheaves [Walters, 1982], fuzzy preorders and sets [Stubbe, 2014; Tao, Lai and Zhang, 2014], and several
other structures, are instances. In doing so, the downsets/upsets of an orderd set must be replaced by con-
travariant /covariant presheaves on a quantaloid-enriched category. This result is due to U. Hohle [2014] (see
his Theorem 5.10), for whom it is a stepping stone towards a definition of ‘quantaloid-enriched topological
spaces’, but our (somewhat more conceptual) proof technique is different from his. Putting the classifying
property of enriched presheaf categories central, our treatment of the double power monad follows easily
from R. Street’s [2012] characterisation of the core of an adjunction; and the theory surrounding the com-
posite power monad is, quite naturally, that of J. Beck’s [1969] distributive laws. A simple description
(in fact, several equivalent descriptions, thanks to [Stubbe, 2007]) of the algebras of the double/composite
power monad follows from all this: they are precisely the completely codistributive complete categories; and
the homomorphisms between such algebras are precisely the bicontinuous functors.

The level of generality offered by quantaloid-enriched categories is, in our opinion, particularly appro-
priate in fuzzy logic and set theory. To make our point, let us recall Zadeh’s definition of fuzzy preorder
[1971]: it is a set X together with a map P: X x X — [0, 1] such that P(x,y) A P(y,z) < P(z,z) and
1 < P(z,z) hold for any x,y,z € X. This [0, 1]-valued interpretation of the axioms of a preorder is easily
generalised to obtain so-called quantale-enriched categories: replace [0, 1] by any quantale Q = (Q,0,1)
(i.e. a complete residuated lattice), and replace A by the multiplication o in ). However, as analysed by
[Hohle, 1995; Pu and Zhang, 2012], such fuzzy preorders in the sense of Zadeh are still defined on crisp
sets—which, besides bringing about certain technical deficiencies, also makes them not quite “fully fuzzy”.
To amend this, these authors propose the following definition, in the case where @ is a divisible and commu-
tative quantale (e.g. any continuous ¢-norm on [0, 1], or any complete Heyting algebra, or any BL-algebra):
a @Q-valued preorder is a set X together with a map P: X x X — @ such that P(z,y) < P(z,x) A P(y,y)
and P(z,y) o (P(y,y) = P(y,z)) < P(z,z) hold for any z,y,z € X (where = is the residuation for the
multiplication in @). This new notion no longer fits in the theory of quantale-enriched categories, but it
is still an example of a quantaloid-enriched category! Indeed, from any quantale () one can construct the
so-called quantaloid of diagonals D(Q), so that D(Q)-enriched categories are precisely the same thing as
Q-valued preorders [Hohle and Kubiak, 2011; Pu and Zhang, 2012]. Interestingly, such diverse mathematical
structures as partial metric spaces and localic sheaves both are examples of Q-preorders in this sense (see
[Stubbe, 2014] for an overview and [Hofmann and Stubbe, 2016] specifically for partial metrics); but also
for further theoretical developments of fuzzy preorders the quantaloidal point of view has proven beneficial
[Tao, Lai and Zhang, 2014; Pu and Zhang, 2014].

Acknowledgement. This work was first made public in September 2013 as a note in the preprint series
Cahiers du LMPA of the Université du Littoral. It was directly inspired by a preprint that U. Hohle had
sent me of [Hohle, 2014], following our participation in the 33rd Linz Seminar on Fuzzy Set Theory in 2012.
Further discussions with D. Zhang, especially during my stay at Sichuan University in 2014, convinced me
to submit this paper for publication in this journal for fuzzy logicians and set theorists. The referee reports
helped me to improve this paper.

2. Notations

Throughout this note we shall use the definitions and notations for quantaloid-enriched categories, dis-
tributors and functors, as in [Stubbe, 2005]. All preliminaries for this note can be found either in that paper
or in [Stubbe, 2007]; the reader may find [Stubbe, 2014] a useful introduction, with many examples from
fuzzy logic and set theory. For the sake of readability, we quickly recall a few notational conventions.

A quantaloid Q is a category — say with objects and arrows written as f: A— B, g: B—C, etc.,
composition as g o f: A— C and identities as 14: A— A — such that each set of arrows with the same
domain and codomain forms a complete lattice — with suprema written as \/, fi: A— B — and for which
the composition distributes on both sides over these suprema: go (\/, fi) = V,(go fi) and (\/, fi) o h =
V,(fioh). The resulting right adjoints to composition with a fixed arrow f (the “residuations”) are denoted
by fo—-f\— and —o f 41—/ f. That is to say,

gof<h <+ f<g\h <= g<h/Sf
2



holds for any three arrows f: A— B, g: B—C and h: A—(C in Q. A quantaloid with a single object
is a quantale: it is precisely a monoidal complete lattice in which multiplication distributes over arbitrary
suprema.

In all that follows we fix a base quantaloid Q and assume it to be small, that is, the collection of all
arrows of Q is a set (so in particular the objects of Q form a set Qp).

A Q-category A is determined by a set A, a so-called type-function t: Ag—Qq, and a (Ag x Ag)-
indexed matrix of so-called hom-arrows A(a’,a): ta—ta’ in Q; this data is subject to transitivity and
reflexivity axioms:

A(a",a")oAld',a) < A(a",a) and 14 < Ala,a).
A distributor ®: A—e+B is an (By X Ag)-indexed matrix of arrows ®(b,a): ta—>tb in Q, subject to action
axioms:
®(b,a)oAla,a’) < ®(b,a’) and B,b) o ®(b,a) < B, a).
The composition of ®: A—e+B and ¥: B—e+C is written as ¥ ® ®: A—e+C and computed with a “matrix
multiplication formula”:
(V@ ®)(c,a) = \/ ¥(c,b)oP(b,a).
bEBy

Note that the identity distributor on a Q-category A is A: A —e+ A itself. As moreover parallel distributors
are ordered elementwise,

<P A-osB L VY(a,b) € Ag x By: B(b,a) < ¥'(b,a),

the supremum of a family (®;: A —+B);c;, written as \/, ®;: A—e+B, is computed as:
(\/ @:)(b,a) = \/ ®;(b,a).

A (large) quantaloid Dist(Q) of Q-enriched categories and distributors results; here too, adjoints to compo-
sition are written as ®® — 4 ®\,— and —® ® 4 —  ®. The reader will have no difficulty in verifying that,
for distributors ®: A—e+B, ©: C— B and ¥X: C—e+D, the elements of N\ O: A—+C and ¥/ P: C—+D
are exactly

(@\O)(c,a) = N\ @(b,0)\\O(b,a) and (T ®)(d,b) = /\ B(d,c)/ (b,c).

beBo ceCy

Because Dist(Q) is a particular 2-category (there is a 2-cell between two parallel morphisms ® and ® precisely
when ® < &), we can apply all available notions from general 2-category theory. In particular, an adjoint
pair of distributors

)

A L B

v

means by definition that A < U ® & and ® @ ¥ < B; here ® is the left adjoint to ¥ (and ¥ is the right
adjoint to ®).
A functor F': A— B is a function F': Ag—By: a — Fa preserving types and satisfying a functoriality
axiom:
ta=t(Fa) and A(d,a) <B(Fd,Fa).

Functors compose in the obvious manner, so a category Cat(Q) results. Every functor F': A— B between
Q-categories determines an adjunction in Dist(Q):



The assignment F — B(—, F—) (resp. F' — B(F—, —)) extends to a covariant (contravariant) inclusion of
Cat(Q) in Dist(Q). In doing so, Cat(Q) inherits the 2-cells of Dist(Q): explicitly, for F, F’: A—B we put

F S F/ def,

B(—, F-)<B(—,F'-) <= Va€Ay:1ly, <B(Fa,F'a).
Note, however, that this order relation on functors is not anti-symmetric: it may very well be that F < F’
and F' < F (a situation that we shall write as F' & F'), but still F # F’. In particular, a diagram of
Q-categories and functors, e.g.

B

——D
K

H/
—

@} %m >

may not commute strictly (so K o H # K’ o H') even though it does commute up to isomorphism (so
Ko H = K'o H'). Henceforth we use the term “commutative diagram” whenever we have commutativity
up to isomorphism.

In the 2-category Cat(Q), an adjoint pair of functors

is defined to mean that 1y < Go F and F o G < 1. It is however easily verified that
FH4G < V(a,b) € Ag xBy: B(Fa,b) = A(a, Gb),

and the latter expression explains why F' is said to be the “left” adjoint, and G the “right” adjoint.

For any object X € Qp, we write 1x for the one-element Q-category whose single hom-arrow is 1x.
Clearly, a functor 1x — A into any Q-category A determines, and is determined by, an element a € Ay
of type ta = X. From the order relation on parallel functors, we now infer the underlying order of a
Q-category A:

d<a &1, <Al a).
This order relation is indeed transitive and reflexive, but need not be anti-symmetric!. With this natural
definition we then find (with notations as above) that

F<F <+ VYa€lAy:Fa<Fd
and also these familiar-looking characterisations of adjoint functors:

FAG <= VYae€ Ay,b€eBy:a <GFaand FGb<b <— VaeAO,beIB%O:[Fagb <— a < Gb|.

Furthermore, a functor F': A—B is fully faithful whenever A(a’,a) = B(Fd', Fa) for all a,a’ € Ag; it
is then necessarily essentially injective in the sense that Fla & Fa' implies a = a’. And F: A—B is

LA Q-category A is said to be skeletal if its underlying order is anti-symmetric. Some authors prefer all their quantaloid-
enriched categories to be skeletal, thus making all commutative diagrams of functors in fact strictly commutative. Even though
this is not our choice here, if one so wishes, one can restrict all that follows to skeletal Q-categories; indeed, our main tool
— the formation of Q-categories PA and PTA of presheaves on a given Q-category A, see Section 3 — always produces skeletal
Q-categories.



essentially surjective when for every b € By there exists an a € A such that Fa = b; it is then necessarily
dense in the sense that B(V, F—) @ B(F—,b) = B(V, ) for all b, b’ € By.

Finally, a word on duality. When Q is a quantaloid, then so is its opposite Q°P obtained by formally
reversing the direction of the arrows. Whenever C is a Q-category, define C°P to have the same objects and
types as C, but put C°?(y,z) := C(z,y); this produces a Q°°-category C°P. Extended to distributors and
functors in the obvious way, we obtain isomorphic 2-categories

Dist(Q) = Dist(Q°)° and Cat(Q) = Cat(Q°P)®,

where the “co” means that we formally reverse the order between the arrows (but keep the direction of the
arrows). This now gives a duality principle: when a notion, say a widget, is defined for general quantaloid-
enriched categories, it has an incarnation in Q-categories and an incarnation in Q°P-categories; translating
the latter back in terms of Q-categories via the above isomorphisms, produces the dual notion to the original
widget, usually (but not always) called cowidget. We shall encounter several such situations further on.

Example 2.1 To relate the above definitions to the introductory section of this paper, we shall work out
the simplest of examples. Let 2 be the quantaloid with a single object, two arrows 0 and 1, one 2-cell 0 < 1,
and composition given by infimum (making 1 the identity arrow). In other words, 2 is (the “suspension” of)
the two-element boolean algebra {0 < 1}. Writing out the definition of a 2-category A, the type function is
obsolete (because its codomain is a singleton), and we are left with a binary predicate

A: Ay x A()*){O,l}

which encodes a transitive and reflexive relation; in other words, we may regard A = (A, <) as an ordered
set. (Requiring A to be skeletal would make it an anti-symmetric order.)

A distributor ®: (A, <)—e+ (B, <) is, in the same vein, a relation ® C B x A which is downclosed in B
(b€ ® and V' < b implies ¥’ € @) and upclosed in A (¢’ € ® and ¢’ < a implies a € ®); its composite with
another distributor ¥: (B, <)-e»(C, <) is

UR®={(ca)cCxA|IbeB:(cb)€¥and (ba) € P},
whereas the identity distributor on (A4, <) is
A={(d,a) e Ax A|d <a}.

The order-relation between parallel distributors is given by inclusion, the supremum of parallel distributors
is thus their union.

A functor F: (A,<)— (B, <) is an order-preserving function from A to B. Written as relations, the
adjoint pair of distributors determined by F is

B(—, F—-)={(bja) e Bx A|b< Fa} and B(F—,—)={(a,b) € Ax B|Fa<b}.
The order on functors is pointwise, and an adjoint pair of functors is a (monotone) Galois connection.

As we develop, in the course of this paper, some very general quantaloid-enriched category theory, we shall
always come back to ordered sets as our running example. Whereas several other examples — including
sheaves, fuzzy sets and fuzzy relations, fuzzy orders, and partial metric spaces — are worked out in the papers
mentioned at the end of the Introduction, we want to indicate the expressive power of quantaloid-enriched
categories by briefly describing the case of fuzzy orders.

Example 2.2 A left-continuous ¢t-norm is a binary operator
[031] X [Oal]ﬁ[(ll] (‘Tay) = Txy

which provides the multiplication for a commutative (x *y = y *x) and integral (1 xx = x = x x 1) quantale
structure on the sup-lattice ([0,1],\/). Examples include the product t-norm (x x y = xy), the Lukasiewicz
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t-norm (x*xy = max{x+y—1,0}), and the minimum t-norm (x*y = min{z, y}); these are in fact continuous
t-norms, and it is well-known that any continuous ¢-norm is — in a precise manner — an amalgamation of
these three. An example of a left-continuous non-right-continuous ¢-norm is obtained by setting x x y to
min(z,y) if x +y > 1 and to 0 otherwise. Such ¢t-norms are important structures in fuzzy logic: taking
the real unit interval as a model of possibly vague statements, conjunction is interpreted by a t-norm. A
standard reference on this (and much more) is [Gottwald, 2001].

Let us now fix a continuous t-norm ([0, 1], *). Regarding it as a one-object quantaloid, it makes perfect
sense to consider a [0, 1]-enriched category A: it consists of a set Ay (with obsolete type function, since its
codomain is a singleton) together with a predicate

A: AO X A()H[O, 1]

which satisfies A(z,y) * A(y,z) < A(z,z) and 1 < A(z,z). Reading A(y,z) as “the extent to which y
precedes z”, the “fuzzy transitivity” seems to indicate that we can think of the predicate A as a “fuzzy
order relation”. However, the reflexivity axiom requires that 1 < A(z, ), that is, the extent to which any
x € Ay exists, is necessarily equal to 1. In still other words, a [0, 1]-enriched A is a crisp set endowed with
a reflerive and fuzzy transitive relation.

An elegant manner to completely “fuzzify” the notion of ordered set, goes as follows. Let D0, 1] be the
quantaloid with

- objects: the elements of [0, 1],

- arrows: an arrow a: u— o is an a < uAv in [0, 1], the composite with b: v— w is bx (v = a): u—> w,
and the identity arrow on u € [0,1] is u: u—u itself,

- local suprema: \/,;(a;: u—>v) = (\/; a;: u—>v) is computed as in [0, 1].

(We wrote = for the residuation in [0, 1] wrt. the given ¢t-norm.) Taken literally, a D[0, 1]-category A is a
set Ag together with functions

t:Aoﬂ[O,l] and AIAQXAo—)[O,l]
which satisfy
A(y,x): tr—ty in D[0,1], 14 < A(z,z2) and  A(z,y) * (Ay,y) = Ay, z)) < Az, z).

Translating this back into inequations in the quantale [0,1], and using that ta € [0,1] is the identity arrow
on the object ta of D[0, 1], this means that

Aly,z) <tz Aty, tz<A(z,z) and A(z,y)x*(A(y,y) = Aly,x)) < A(z,z).

Clearly now, the unary predicate is implicit in the binary predicate, and the reflexivity axiom is obsolete,
so we are actually left with

Aly,z) < A(z,z) AA(y,y)  and  A(z,y) * (Ay,y)) = Ay, 2)) < Az, @)

If we now read A(y,x) as “the extent to which y precedes x”, and in particular A(z,x) as “the extent to
which z exists”, then we find here a fuzzy order relation on a set of fuzzy elements. We happily follow
(amongst others) [Hohle and Kubiak, 2011; Pu and Zhang, 2012] in promoting this notion to be taken as the
definition of a fuzzy order. With a little more care this procedure carries over to left-continuous ¢-norms
too, in fact even to general quantales and quantaloids—see [Stubbe, 2013, 2.14].



3. Presheaves

A contravariant presheaf of type X € Qg on a Q-category A is defined to be a distributor ¢: 1x —e+A.
We shall write the elements of such a distributor as ¢(a): X —ta in Q (one for each a € A), thus avoiding
the more cumbersome notation ¢(a,x*): tx —>ta where the * would denote the single object of 1x. To
support the idea that such a ¢: 1x —e+ A indeed merits to be called a “contravariant presheaf” on A, it is
useful think of it as a function

¢: Ag— {arrows in Q with domain X}: a — ¢(a)

satisfying
Va,a' € Ay : Ald,a) < ¢(a') ¢(a).

This function taking values in the set of arrows in Q (the “truth values” in the world of Q-categories), makes
it a presheaf on A; and the “backward residuation” in the right hand side of the above inequation accounts
for its contravariance.

The collection of all contravariant presheaves on A quite naturally forms a (skeletal) Q-category PA, as
follows. For two presheaves, say ¢: 1x —o+A and ¢: 1y —e+ A, we may compute the lifting in the following

diagram:
A
7

Iy —eo——1y

(N

The distributor ¥ \,¢: 1x —e+ 1y is completely determined by a single arrow X — Y in Q; only slightly
abusing notation? we shall use ¥ \, ¢: X —Y as notation for that Q-arrow too, which we can compute
explicitly as

No = /\ ¢(a)\s(a).

a€hg

This suggests the construction of a new Q-category PA as follows:
- (PA)g is the collection of all contravariant presheaves on A,
- the type of an element ¢: 1x —o+ A of (PA)g is X,

- for any two elements ¢: 1x —o+A and ¢: 1y o> A of (PA)g, the hom-arrow PA(), ¢): téd—> 1) is
PN\b: X — Y.

Remark that, for any two ¢, € PA their order qua elements of PA coincides with their order qua distrib-
utors; that is to say,

1 < ¢ wrt. the underlying order of PA <= Va € Ag: ¢¥(a) < ¢(a).

It follows in particular that PA is a skeletal Q-category (even when A is not). The Yoneda embedding
is the functor Y: A—PA: a — A(—,a). The well-known Yoneda lemma says that, for any a € A and
¢ € PA, PA(Yaa, ) = ¢(a) (from which it follows in particular that Yy is indeed an essentially injective,
fully faithful functor.)

Dual to the above, a covariant presheaf of type X on A is a distributor ¢: A —e+x*x; as before, we
shall write its elements as ¢(a): ta—> X. When thought of as a function

¢: Ag— {arrows in Q with codomain X}: a — ¢(a)

2There is a full embedding of Q in Dist(Q) by sending any f: X —Y in Q to the distributor (f): 1x —e 1y whose single
element is f. We may thus identify Q with a full subquantaloid of Dist(Q), which is precisely what we do here.
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it satisfies the inequality
Va,a’' € Ag 1 Ald',a) < ¢(a’) \é(a),

which clearly exhibits the covariance of ¢. The (skeletal) Q-category PTA of covariant presheaves on A is:
- (PTA)g is the collection of all covariant presheaves on A,
- the type of an element ¢: A e+ 1y of (PTA)yis X

- for any two elements ¢: A—e+1x and ¢: A—e+1y of (PTA)g, the hom-arrow PTA(, @) : to—>t1) is
b b X —Y.

Note that the underlying order of PTA is “odd”:
Y < ¢ wrt. the underlying order of PTA <=  Va € Ag: ¢(a) < ¥(a);

it is best thought of as an ordering-by-containment. The Yoneda embedding is Yg cA—PTA: a— Ala, ),
and the Yoneda lemma now says that PTA(¢,Y,Ja) = ¢(a) (which implies fully faithfulness of Y,1).

Proposition 3.1 FEvery functor F: A— B determines adjunctions

P F PLF
PN RN
PA +—P, F—— PB and PIA 2P F—— P'B (1)
il 1
P.F PIF

in Cat(Q), where
PF(¢) =B(—,F-)®@¢  PLF(¢):=¢,/B(—, F-)
F($) == B(F—,—) & PIF(Y) = ¢ @B(—, F-)
F(¢) =B(F—,-)\¢  PLF(¢):=¢@B(F—,-)

These actions on arrows in Cat(Q) determine 2-functors

P, Cat(Q) —s Cat(Q) PL: Cat(Q) — Cat(Q)
P,.: Cat(Q) — Cat(Q)©°%P  PI: Cat(Q) — Cat(Q)«P
P,: Cat(Q) — Cat(Q) Pi: Cat(Q) — Cat(Q)

(where “coop” means taking formally opposite arrows and 2-cells) that satisfy the following equalities:

PP, =P,P PP =P.P, =PP PP, =DP.DP,
PPl =P, Pl PPl =P Pl =22 PPl =P
PiP, =Plp, PP, =Plp, =PiP, Pip, =PIP,

?T?T Pipl Plpt = pipl — piopl fPTrPT ?T?T

The Yoneda embeddings provide for natural transformations Y': 1cao)=P1 and yt: Lcat(Q) =PI, that
is, for any functor F': A—B the following diagrams commute:

A—Lf . A—F .p
PA - PB PrA PR



Proof : First we perform some generally valid computations with liftings/extensions through left/right
adjoints, in the quantaloid Dist(Q). Given ¢ € PA and 1) € PB, we have that

PiF(¢) =B(—,F-)®@¢<v < ¢ <B(—,F-)\.
Because B(—, FF—) 4 B(F—, —) in Dist(Q), it furthermore follows that

and also

fPrFW) :B<F_’_)®w§¢ — w SB(F—,—)\(b:fP*F(QZﬁ)

This proves exactly that P;F 4 P,.F 4 P, F. The results for the covariant presheaves are dual.

The 2-functoriality of P; etc. is easy to see; one must only be a bit careful with the direction of 2-cells and
remember that PTA and PTB have an “odd” underlying order. Each of these 2-functors therefore preserves
adjunctions. Applying P; to P F 4 P.F 4 P F gives PP F 4 P;P.F 4 PP, F; but on the other hand
we know that PP F 4 P.PF 4 P, P F too; so uniqueness of adjoints implies that P;P.F = PP F and
PP F =P, P F. Similar arguments work for the other equations.

The naturality of the Yoneda embeddings is easy to check, e.g.

PF(Yaa) =B(—, F-) @ A(—,a) =B(—, Fa) = Yg(Fa),

and similar for the other commutative square. O

Note how both Yoneda lemmas can be written in terms of the 2-functors from Proposition 3.1:
Lemma 3.2 For any Q-category A we have that P,.Yy o Ypp = 1ps and ‘PjYAT o YULA = Lopiy.

Example 3.3 To pick up with Example 2.1, we apply the above generalities to the particular case of 2-
enriched categories, i.e. ordered sets. A contravariant presheaf ¢ on an order A = (A, <) is a subset ¢ C A
which is downclosed: a < o’ and o’ € ¢ implies a € ¢. The 2-category PA corresponds with the set of all
downclosed subsets of (A4, <) ordered by inclusion, usually written as (Dwn(A), C). The Yoneda embedding
Ya: (4,<)—(Dwn(A), C) sends a € A to the principal downset La = {a’ € A | ¢’ < a}, and the Yoneda
lemma says that

Va€ A, eDwn(A): a€¢ << |aCo.

Dually, PTA is the set of all upclosed subsets of (A4, <) ordered by containment, usually written as (Up(4), D),
the Yoneda embedding is YAT: (A, <)— (Up(A),D): a+ Ta and satisfies
VYVae A,peUp(A): ac¢d << TaDo.

Given an order-preserving function F': (A, <)— (B, <) it is not difficult to compute explicitly the order-
preserving functions of Proposition 3.1—to find in particular the familiar notions of direct and inverse
image:

- for ¢ € Dwn(A), PiF(¢p) ={be B|Jac A:b< Fa and a € ¢} = downclosure of F(¢),

for » € Dwn(B), P, F(¢) ={a€ A|F € B: Fa<band b€} =F1(y),
- for ¢ € Up(A), PLF(¢) ={b€ B|Ja€ A:a € ¢ and Fa < b} = upclosure of F(¢),
- for ¢y € Up(B), P]F(¢¥) ={a€ A|IbEB:bey and b < Fa} = F~1(y)).

The naturality of the Yoneda embeddings now says that | Fla is the downclosure of F'(}a), and that 1 Fa is
the upclosure of F(Ta).



4. Double power monad

Both PA and PTA enjoy a universal property: they classify distributors, but each in a different manner.
Precisely:

1. Dist(Q)(B,A) — Cat(Q)(B, PA): (¢: B—o>A) — (Fp: B—PA: b — ®(—,b)) is an isomorphism of
ordered sets, with inverse (F': B—PA) — (®p: B-e> A, ®(a,b) = F(b)(a)),

2. Dist(Q)(B, A)— Cat(Q)(A, PIB)P: (U: B—e+A) = (Gy: A—P'B: a > ¥(a,—)) is an isomorphism

of ordered sets, with inverse (G: A— PTB) — (Vg : B+ A, ¥(a,b) = G(a)(bh)).

Composing (and turning upside down) these isomorphisms of ordered sets, we get an isomorphism
map: Cat(Q)«°P(PA,B) = Cat(Q)(B, PA)°P = Dist(Q)(B, A)°P = Cat(Q)(A, PIB);
explicitly,
map(F: B—PA) = (7(F): A—P'B: a — F(—)(a))
Top(G: A—PTB) = (771(G): B—PA: b — G(—)(b)).

Proposition 4.1 The object functions A — PA and A — PTA together with the family of order-isomor-
phisms 7y 5: Cat(Q)«°P(PA, B) —s Cat(Q)(A, PTB) consitute the core of an adjunction in the sense of
[Street, 2012]. This means that these object functions uniquely extend to a pair of 2-functors, making the
family of order-isomorphisms natural (in A and B) so that it expresses the 2-adjunction of this pair of
2-functors. In fact, this 2-adjunction turns out to be precisely

Pr
—
Cat(Q) 1 Cat(Q)o°r |
7

with units Ba: A—PTPA: a > 1pa(—)(a) and counits ap: A—PPTA: a > 1pia(—)(a).

Proof : We begin with some definitions (using the notations of [Street, 2012]):

1. By € Cat(Q)(A,‘PTfPA) is WA,?A(lTA),

2. ay € Cat(Q)«°P(PPTA, A) is ﬂ;}AA(lym),

3. Upp: Cat(Q)®°P(A,B) — Cat(Q)(PTA, PTB) sends F: B— A to mpis p(as o F),
4. Fpp: Cat(Q)(A,B) — Cat(Q)°P(PA, PB) sends F': A—B to 7@7%33(5]3 oF).

It is fairly easy to compute that, for any G: C—B and F': B— PA,
mac(F oG) =Ucr(G)oman(F),
and (equivalently), for any F': A—B and G: B— P'C,
77&7(1(:(61‘ oF)=Fxp(F)o 7T]B:]13(G).

Street’s [2012] general theorem then implies that there is a 2-adjunction ¥ 4 U with unit 5 and counit «.
Explicit computations furthermore show that, in the case at hand, ¥ = P,. and U = fP}L. O
The unit and counit of the 2-adjunction in the above Proposition can be understood in terms of the Yoneda
embeddings:

Lemma 4.2 With notations as in the proof of Proposition 4.1 we have:
- Bu=Y], oYy =PIV oY),
10



- ap =Y oY) =PY oy,

Proof : The composite functor YSI 4O Ya: A— PTPA has the same domain and codomain as B4, and it maps
a € A to the covariant presheaf Y;A(YA(a)) = PA(—,Ya(a)) on PA. In ¢ € PA the latter takes the value
¢(a) (by the Yoneda Lemma), which is exactly what Sa(a) does too. Therefore we find that Sy = Y,;A oYy
as functors; and the equality YUI L O Ya = PiYy o Yg follows from naturality of Y. (Similar for ay.) O

By “abstact nonsense”, the above 2-adjunction determines a 2-monad like so:

Theorem 4.3 (Double power monad) There is a 2-monad (T, m,u) on Cat(Q) as follows:
- the 2-functor is T := szrfPT,
- the multiplications are my := fP;Lozpr,

- the units are uy := By.

Example 4.4 We work out the above Theorem 4.3 for 2-categories, i.e. ordered sets, as begun in Examples
2.1 and 3.3. Writing Ord = Cat(2) for the 2-category of ordered sets, order-preserving functions, and
pointwise order on those functions, the 2-functor J: Ord — Ord sends F': (A, <) — (B, <) to

P}, F': Up(Dwn(4)) —Up(Dwn(B)): T+ {4 € Dwn(B) | F~ () € T}.
The multiplications and units that make T a monad are given by
- m: Up(Dwn(Up(Dwn(A)))) — Up(Dwn(4)): © — {6 € Dwn(4) | {T' € Up(Dwn(4)) | ¢ € T} € 2},
- ua: A—Up(Dwn(A)): a = {6 € Dwn(4) | a € ¢},

This description of the double power monad will be simplified in the next half of this paper, where we
shall show it to be the composite of two simpler (“single power”) monads, from which a straightforward
characterisation of its algebras will be possible.

5. Composite of power monads

Suppose given a distributor ®: A—e+B and a functor D: B— C, all between Q-categories. Using the
adjoints to composition in Dist(Q) we may compute the distributor ® \(C(D—, —): C—e+A. If there is a (nec-
essarily essentially unique) functor colim(®, D): A—C such that &\, C(D—, —) = C(colim(®, D)—, —),
then we call it the ®-weighted colimit of D. A functor F: C—C’ is said to preserve colim(®, D) if
F o colim(®, D) coincides (up to isomorphism) with colim(®, F o D). All this is illustrated in the diagrams
below:

B(D—, —
B2 ¢ sl2Po7c B—L c—L o
® > o o coli‘m(:@,D‘)» 1 (I) oD
Tenc(D-,-) o eolim(@,F o D)

A A A

A Q-category C is cocomplete if it has all colimits (for all weights ® and all diagrams D); and a functor
F: C—(C’ is cocontinuous if it preserves all colimits that happen to exist in its domain. It is furthermore
well known [Stubbe, 2005, 6.8] that:

11



Proposition 5.1 For a cocomplete Q-category A, a functor F': A—B is cocontinous if and only if it has
a right adjoint; and the right adjoint in case is exactly F*: B— A: b colim(B(F—,b), 1,).

Writing Cocont(Q) for the 2-category of cocomplete Q-categories and cocontinuous functors, the forgetful
2-functor U: Cocont(Q) — Cat(Q) is monadic, with its left 2-adjoint given by P;. The unit for this 2-
adjunction is the Yoneda embedding Yy : A — PA. The counit is given by “supremum”: if B is a cocomplete
category, then supg: PB— B is the map that sends ¢ € PB to the element of B picked out by the functor
colim(¢, 1g): 1,4 —>B. The 2-monad on Cat(Q) determined by this 2-adjunction is thus:

- the 2-functor Py,

- with multiplications supp, : PPA— PA,

- and units Yy : A— PA.
It is a so-called KZ-doctrine [Zoberlein, 1976; Kock, 1995]: the inequality P; Yy < Yp, holds. This implies
in particular that:
Proposition 5.2 Concerning a Q-category B, the following statements are equivalent:

1. B is cocomplete (in the sense recalled above),

B is injective wrt. fully faithful functors in Cat(Q),
Yg has a left inverse in Cat(Q),

Yg has a left adjoint in Cat(Q),

B is a P;-algebra;

R

in particular is the left adjoint/left inverse to Y then exactly supg.

Proof : The equivalence (1 < 4) is in [Stubbe, 2005, 6.10], and the equivalence (4 < 5) is the whole point of
P, being a KZ-doctrine (as [Kock, 1995] puts it, “structures are adjoint to units”), so here we shall only prove
that (1 = 2 = 3 = 4). First, assume B to be cocomplete, and consider functors F: A—C and G: A—B,
with F fully faithful; we must exhibit a (not necessarily unique) factorisation (up to isomorphism) of G
through F. The C(F—, —)-weighted colimit of G provides a functor H: C— B, and from the general rules
for computing a weighted colimit it follows — with the aid of F’s fully faithfulness in the second equality —
that, for any a € A, H(Fa) = colim(C(F—, Fa),G) = colim(A(—, a),G) = Ga. So B is injective wrt. fully
faithful functors. Next, from the mere injectivity of B and Yp’s fully faithfulness, the diagram

B B

.
k

exhibits a left inverse to Yp. Finally, suppose that L o Y3 = 1. For any ¢ € PB we then have that
¢ = PB(Yp—,¢) < B(LYp—,L¢p) = B(—,Lp) = YpL¢, hence Y o L > 1pp, which suffices to show that
LY. m|

The dual version of the above goes as follows. A Q-category C is complete if, for any ¢: B—e+A and
any functor D: B— C, there exists a (necessarily essentially unique) functor lim(®, D): A— C such that
C(—,lim(®,D)—) = C(—,D-) / ®. A functor F: C—C’ is said to preserve lim(®, D) if F o lim(®P, D)
coincides with lim(®, F o D); and a functor is continuous if preserves all limits that happen to exist in its
domain. Continuous functors into a complete category coincide with right adjoint functors.

3This is the content of a two-page note by the author, entitled “Cocomplete Q-categories are precisely the injectives wrt. fully
faithful functors”, distributed privately in June 2006; for completeness’ sake we repeat the argument here. For an extensive
study of the link between monads and injectives we refer to [Escardé, 1998].
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Writing Cont(Q) for the 2-category of complete Q-categories and continuous functors, the forgetful 2-
functor UT: Cont(Q) — Cat(Q) is monadic, with left 2-adjoint Pl: the unit is given by Yoneda embeddings
YAT: A—PTA and the counit is given by “infimum”, infg: PB—B: ¢ — lim(¢, 1g). The resulting 2-
monad on Cat(Q) is:

- the 2-functor P,
- with multiplications infpi, : PTPTA — PTA,
- and units YAT: A—PTA.

It is a co-KZ-doctrine, because iP:EYg > YGL A+ This gives many characterisations of complete categories,
entirely dual to Proposition 5.2:

1. B is complete,

2. B is injective wrt. fully faithful functors in Cat(Q),
3. Yﬂg has a left inverse in Cat(Q),

4. Y]B;' has a right adjoint in Cat(Q),

5. B is a Pi-algebra;

and the right adjoint/left inverse to YIB;r is exactly infp.

As is immediately clear now, a Q-category B is complete if and only if it is cocomplete—for both reduce
to the self-dual notion of injectivity wrt. fully faithful functors in Cat(Q). (This was observed in [Stubbe,
2005, 5.10] too, but with a different proof.)

The Yoneda lemmas, as stated in Lemma 3.2, now have the following incarnation:

Lemma 5.3 For any Q-category A, suppy = P, Yy and infpry = fPlTYAT.

Proof : The free P-algebra PA is necessarily cocomplete, so sups, is the left adjoint/inverse to Yp,. The
statement in Lemma 3.2, saying that P,Y} is left inverse to Yp,, is thus equivalent to the statement that
supp = PrYa. Similar for the other statement. O

Lemma 5.4 For any (co)complete B,

iPlTY]B = Plsupy PVp = Prsupy P.Ye = Posupy PlYe = fPlTsupB
PlYy = Plinfy P, Vy = Piinfz  P.Yy = P,infy P}V = Plinfy

Proof : We know that supg - Y, and by 2-functoriality of (say) P; it follows that P;supp - P; Y too.
However, P;supg - P,supg too, so by uniqueness of adjoints we find that P,.supy = P;Yp. Similar for the
other equations. O

Suppose now that F': A— B is any cocontinuous functor between cocomplete Q-categories: it has a right
adjoint F*: B— A (by Proposition 5.1). Applying the 2-functor Pl : Cat(Q) — Cat(Q) produces again an
adjunction Pl (F) - PI(F*), exhibiting P{F: PTA— PTB to be a cocontinuous functor between cocomplete
categories. This shows that the 2-functor P} lifts to the full subcategory Cocont(Q) of Cat(Q):

Pt
Cat(Q) ————— Cat(Q)
u u (3)

Cocont(Q) 7 » Cocont(Q)
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Because P; is a KZ-doctrine, the forgetful 2-functor U: Cocont(Q) — Cat(Q) is injective on objects and
morphisms, so there can be at most one lifting of P]. to Cocont(Q). In the speak of the theory of distribu-
tive laws [Beck, 1969], the existence of this (necessarily unique) lifting is equivalent to the existence of a
(necessarily unique) distributive law of the monad P; over the endofunctor Pl: a natural transformation
A: Py o Pl =Pl o P; satisfying the commutativity of

SUPpptp

PPTA PPPTA
Y,
PTA s PPIPA (4)
\ J/)\TA
Py,
PTPA PIPPA
Plsupg,

Indeed, the commutative diagram in (3) determines (via the “calculus of mates”) the distributive law as
follows?:

Supptpa
—_

PPIY,
PPA T2 PPIPA PTPA

And conversely, the distributive law A determines the lifting of P} to Cocont(Q) in the following sense:
for any cocomplete A, i.e. P;-algebra sup,: PA— A, the P;-algebra structure on the (free) Pl-algebra
infpi,: PTPTA—PTA is
t
PPTA L PTPA m> PtA
In other words, if A is cocomplete then supp:, = Pisup, o Ay; in still other words, if A is cocomplete then
Yt 4 is right adjoint to Pisup, o Aa.

So, with a minimal effort, we exhibited a distributive law A of the monad P; over the endofunctor Pi: A
is compatible with the multiplication and the unit of the monad P;, as expressed by the commutativity of
the diagram in (4). It takes a bit more effort to show that A is also compatible with the multiplication and
unit of the monad P}.

Lemma 5.5 The transformation A satisfies the commutativity of

Piinf
A MUPTA  pptpiy
PY,
o o
PA Aa PrPPtA
\ lg)irﬂ Aa
YT
PA
PHPA - PTPTPA
ll'lfipt?A

Proof : Using naturality of Yt in the upper trapezoid, cocontinuity® of Yf; , in the lower trapezoid, (one of)
the unit-counit axioms for the 2-adjunction P; 4 U in the left-hand triangle, and the definition of A in the

4Note that A is left adjoint to ?,«?iYA oYpipy-
5Because PA is (co)complete, Y;A has a right adjoint, namely infp,.
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right-hand triangle, the following diagram is seen to commute:

Py,
PA i PPTA
1pa PPA ——— PPTPA AA

P PIPA

PYS,
Supopp SUPpipa
A 1
Ypu

The outer square is exactly the triangle in the statement of the proposition.

As for the rectangle in the statement of the proposition, we break it down in two parts. First we use the
definition of X in the left-hand triangle, continuity of (the right adjoint) P1Y, in the upper trapezoid and
cocontinuity® of infptp, in the lower trapezoid to check the commutativity of the following diagram:

Pinf
PIPA Hoia PPIPTA
P,PLY,
s PPIPTY,
A4 PPIPA +— PPIPIPA
(0L ptpa
SUPpipa SUPpiptpa
PIPA : PHPTPA
lnfg)’rpr

Next, by naturality of Y in the upper-left square, cocontinuity” of PIP;P1Y, in the lower-left square,
cocontinuity® of PIsupp:ip, in the lower-right square, (one of) the unit-counit axioms for the 2-adjunction
P; 4 U in the upper-right triangle, and finally the definition of A for the remaining bent arrows, we obtain

6Because infprp, = T;Y,gA by Lemma 5.3, it is a left adjoint, with right adjoint TPIY,;A.
"Because ’J’,tfPlfPiYA = CP;TPTTIYA by Proposition 3.1, it is a left adjoint, with right adjoint ?i?r?IYAA
8Because PTPA is (co)complete, fPIsupU,m,A = :PzTYUDT'PA by Lemma 5.4, so it is a left adjoint, with right adjoint TiY:PT:PA-
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the commutativity of:

pptpta DT g
PiPiYpia PPl Ypipy
Apia|  PPIPPIA PRI ety TIPSt
SUPptppta SUPptpptpa SUPptptpa

PIPPIA — s PIPPIPA ——— s PIPIPA
PIPPLY, Plsupgprpy,

Pidg

Pasting these two commutative diagrams together along their common side supp:pipy © PPIPIY, produces
a big diagram whose contour is precisely the rectangle in the statement of the proposition. O

The above lemma establishes the distributive law A between the monads P; and PI; in the next one we shall
compute the so-called A-algebras, i.e. those that will turn out to be the algebras of the composite monad.

Lemma 5.6 IfB is a (co)complete category, then the diagram

inf
ppip SUME L pp

w
Kf@

pY B

PIPB —— PIB
Plsupg

commutes if and only if infg: PTB—B is cocontinuous.

Proof : Tt was indicated before that Pisupg o A = supspiy, so the diagram in the statement of the lemma

is identical to

{J)linf]g

PPIB PB

SUppip Suppg
PB— B
infp

Its commutativity amounts to the cocontinuity of infp. a

Dualizing results from [Stubbe, 2007, 4.1, 5.4] provides us with several equivalent characterisations of the
objects encountered in Lemma 5.6:
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Proposition 5.7 For a (co)complete category B, the following conditions are equivalent:

1. infg is cocontinuous,

2. infy has a right adjoint in Cat(Q),

3. infg has a continuous right inverse,

4. B is projective wrt. essentially surjective morphisms in Cont(Q),

5. for the distributor Ap := B(infg—, —)\CPTIB%(—,Y]B;[—): B—o+B we have that

Vb€ By : b= infg(Ag(b,—));

and then Dg: B— PIB: b — Ag(b, —) is the right adjoint/continuous splitting of infg. Such a (co)complete
Q-category is said to be completely codistributive (or also totally cocontinuous).

The theory of distributive laws now has the following conclusion for us:

Theorem 5.8 (Composite power monad) The natural transformation \: PyPL=>PIP; with compo-
nents
>\A = SUPptpy © CPITIYA

is a distributive law of the 2-monad P; over the 2-monad Pl. This means in particular that we can speak of
their composite 2-monad:

- the 2-functor is 8 := PIP,,
- the multiplications® are pip = (infpig * supgpy) o (1% Mg * 1),
- and the units are n = PLY, o YAI.

A Q-category A is an 8-algebra if and only if it is (co)complete and completely codistributive; and an 8-
homomorphism between 8-algebras A and B is a bicontinuous (i.e. both cocontinuous and continuous) functor
F: A—B.

6. Double power monad = composite power monad

With notations as in the previous two sections we may now conclude:

Theorem 6.1 The double power monad (T, m,u) is equal to the composite power monad (8, 11,1).

Proof : The underlying 2-functors of T = ‘PlePT and § = PIP,; are identical thanks to Proposition 3.1, and the
units of both monads are trivially identical. The only thing to verify, is the equality of the multiplications.
But recall that

ma = T}O[{PA = {P}—KJIA (o} ?IY?TTA

whereas
pa = infpip, 0 PLPIsupy, o PiAps = infpipy o Plsuppips = infprps © P Viprgy,
so it suffices to see that infpipy = TPZTY;A. This is an incarnation of the Yoneda lemma, cf. Lemma 5.3. O

Note in particular that each my = py is a right adjoint, and so is each functor in the image of J. It follows
that Hohle’s [2014] ‘Condition (R)’ is satisfied (see his Definition 4.3 and Theorem 5.13), which is important
for his study of ‘regular topological T-spaces’.

9Here the operation ‘*’ is the Godement product (i.e. the horizontal composition) of natural transformations.
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Example 6.2 As in Examples 2.1, 3.3 and 4.4, we shall specify the above results to the case of 2-categories,
viz. ordered sets. The 2-functor P;: Ord — Ord sends an order-preserving function F': (A, <)— (B, <) to

P, F: Dwn(A) —Dwn(B): ¢ — downclosure of F(¢).
The multiplications and units that make P; a monad are:
- SUPpyn(a): Dwn(Dwn(A4)) —Dwn(A): I'—= T,
- Ys: A—Dwn(4): a —la.

The category of P;-algebras, which we wrote as Cocont(2), has as objects the ordered sets having all suprema,
and as morphisms those (order-preserving) functions that preserve all suprema. If we would restrict our
attention to anti-symmetric orders (i.e. to skeletal 2-categories), this is exactly the “usual” category Sup of
sup-lattices and sup-morphisms.

Dually, the monad P : Ord— Ord sends F': (A, <)— (B, <) to

PIF: Up(A)—Up(B): v — upclosure of F(¢))
and comes with multiplications and units
- infyp(a): Up(Up(4)) —Up(A): I' = UT,
- Yj: A—Up(4): a —Ta.

The category Cont(2) of Pi-algebras is, essentially, the category Inf of inf-lattices and inf-morphisms.
The literal definition of the distributive law \: P; Pl => PIP; says that it has components

Aa : Dwn(Up(A)) — Up(Dwn(A))
= (H{E eUp(Dwn(A)) | Fyel: XD {pcDwn(A) |Jac A:a€~vand |aC ¢}}

but — luckily — this complicated expression reduces to As(T') = {¢ € Dwn(A) | Vy € T : ¢ N~y # 0}, an
expression sometimes referred to as the cross-cut of T".
Indeed, let us for the sake of the argument write, for I' € Dwn(Up(A)),

Ar={2eUp(Dwn(A))|FyeTl: XD {pcbDwn(d)|JacA:acvyand JaC ¢}}.
For any v € Up(A4) and ¢ € Dwn(A) we have that
JacA:ac€vyand laC¢p <= INy#£D

so that already
Ar ={X € Up(Dwn(A)) | FyeT: XD {p cDwn(A) | ¢pNvy#0}}.

Furthermore, given any ¥ € Ar we know (by assumption) that there is an element s, € T' for which
2 {¢€Dwn(4) | dNvs # 0}
and conversely, given any v € I'; we may define
¥, ={¢ €Dwn(A4) | N~y #0} € Ar.

Finally, we also put
Yo={peDwn(A) |VyeT:pnN~y+#0}eAr.

From the inclusions ¥g C ¥,,, € ¥ in Ap we then have

So 2 )Ar = qz'y 2 Yo,
ye
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so we conclude that A4 (T') = 3, as claimed.
The distributive law guarantees in particular that the composite 2-functor § = P} P;: Ord — Ord, which
sends an F': (A, <)— (B, <) to

P1P.F: Up(Dwn(A))— Up(Dwn(B)): T~ {¢ € Dwn(B) | 3y € T : Fy C 43},
is again a monad, with multiplications and units given by
- 14+ Up(Dwn(Up(Dwn(A)) — Up(Dwn(A)): © = {(w € Up(Dwn(A)) | w € 0},
- ma: A—Up(Dwn(4)): a — {6 € Dwn(4) | a € 6}.

Theorem 6.1 shows this monad to be identical to the monad T = Tj?r from Example 4.4.
The diagram in Lemma 5.6 can be written out to state that a complete lattice (B, <) is an algebra for
the composite power monad if and only if

VI € Dwn(Up(B)) : \/{/\7 |vyeTl} = /\{\/qﬁ | $ € Dwn(B) is such that Vy € I': ¢ Ny # 0},

which is a familiar (choice-free) expression for the complete codistributivity of B. Via Proposition 5.7 we
find several equivalent characterisations, particularly that

voeB: b= \{t € B|VyeUpB): N <b=1 ey}

(in words: each b € B is the infimum of the elements totally above b). The homomorphisms between such
algebras are the sup-and-inf-preserving functions.
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