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Monotone weak distributive laws over the lifted
powerset monad in categories of algebras

Quentin Aristote &
Université Paris Cité, CNRS, Inria, IRIF, F-75013, Paris, France

—— Abstract

Noticing the similarity between the monotone weak distributive laws combining two layers of non-

determinisms in sets and in compact Hausdorff spaces, we study whether the latter law can be
obtained automatically as a weak lifting of the former. This holds partially, but does not generalize
to other categories of algebras: we then characterize when exactly monotone weak distributive laws
over powerset monads in categories of algebras exist, exhibiting a law combining probabilities and
non-determinism in compact Hausdorff spaces and showing on the other hand that such laws do not
exist in a lot of other cases.
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1 Introduction and preliminaries

In the study of the semantics of programming languages, and since the seminal work of
Moggi [29], effectful computations are usually modeled with monads: an effectful function of
type X —+ Y is interpreted as a function of type X — TY, where the monadic structure on
T allows for having identities and compositions of such effectful functions. When considering
several effects at the same time, a natural question arises: given monads corresponding to
two effects, is it possible to construct a monad that corresponds to the combination of these
two effects? In particular, combining probabilities and non-determinism has been a very
popular subject of study in the topological and (dually) domain-theoretic setting: see for
instance the introduction to [24] for an extensive bibliography on the topic.

The most straightforward way to combine two monads S and T would be to compose their
underlying functors, but unfortunately in general the resulting endofunctor ST may not carry
the structure of a monad. For this to hold, one usually requires the existence of a distributive
law of T over S, a natural transformation TS = ST satisfying four axioms involving the
units and multiplications of the two monads [4]. Such a distributive law makes ST into a
monad, and its data is equivalent to the data of a lifting of S to the Eilenberg-Moore category
EM(T) of T-algebras or to the data of an extension of T to the Kleisli category KI(S) of free
S-algebras.

Unfortunately, distributive laws turn out to be not so common: proving that some specific
pairs of monads do not admit any distributive law between them has been the focus of several
works [25, 32, 15], culminating in [34] where general techniques for proving the absence of
distributive laws between monads on Set, so-called “no-go theorems”, are exhibited. Among
the culprits are the powerset monad P and the probability distributions monad D: there is
no distributive law PP = PP nor DP = PD.
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A next step in combining monads is thus to weaken the requirements asked for by
distributive laws. In [6] a 2-categorical theory of such weakened distributive laws, where the
axioms relating to the units of the monads are relaxed, is developed. This theory encompasses
two orthogonal kinds of weakened laws, both called weak distributive laws: those of [31],
extensively studied in [8, 9, 7], and those more recently put light on in [18] and given further
instances of in [22, 23, 10]. This work focuses on the latter kind of laws: in the following
a weak distributive law of T over S will thus be a natural transformation of type TS = ST
(again), where only three of the four axioms of distributive laws are required. Such a weak
distributive law need not make ST into a monad, but do so of a retract of it when the
category is well-behaved. Weak laws TS = ST are equivalent to weak extensions of T to KI(S)
— extensions of the semi-monad underlying T, i.e. of its endofunctor and multiplication
but not of its unit — or, when the category is well-behaved, weak liftings of S to EM(T) —
liftings of S up to a retraction.

Weak extensions are a precious tool for building weak distributive laws, because monotone
extensions to Rel — the category of sets and relations, which also happens to be the category
of free algebras of the powerset monad P on Set — admit a nice characterization: this makes
it possible to find weak distributive laws without having to guess their formulae anymore,
and the monotonicity of the extension is a strong indicator that the resulting law will be
semantically interesting. This strategy was put together and first used by Garner [18], who
exhibited a law PP = PP, but also a law BP = PB combining the ultrafilter monad p and
the powerset monad and whose corresponding weak lifting turned out to be the Vietoris
monad V of closed subsets on the category KHaus of compact Hausdorff spaces (the algebras
of B [27]). The same strategy was then used for instance in [22], where a law DP = PD,
combining probabilities and non-determinisim, is described.

In fact, to the best of the author’s knowledge, all non-trivial weak distributive laws in
the literature (trivial ones are described in [20]) are laws of type TP = PT built using this
strategy. All laws, except those in [23]: the goal there was to find weak distributive laws
in other categories than Set, and was reached as a law VV = VV, combining two layers of
non-determinism in a continuous setting, was described. This last law was also built by
constructing a monotone weak extension, and its formula is thus very close to that of the
law PP = PP.

The goal of the present work is to take over this program of finding non-Set-based weak
distributive laws: we focus here in categories of algebras, which fit in the general framework
for monotone weak laws presented in [23]. In particular, we notice in Lemma 11 that the
law VV = VV is not only very similar to the law PP = PP, but is also actually some sort of
weak lifting of it. We thus study whether there is a general framework for not only weakly
lifting monads (as weak distributive laws do), but also weakly lifting weak distributive laws
themselves: this framework should yield or simplify the construction of the law VV = VV,
and hopefully generalize it to other categories of algebras, in particular EM(P) and EM(D)
which have weakly lifted powerset monads thanks to the laws PP = PP and DP =- PD.

This question is largely related to the problem of composing weak distributive laws, which
was investigated in [21] from the point of view of the Yang-Baxter equations — the usual tool
for composing and lifting plain distributive laws [14]. We end up getting a general “no-go
theorem” for monotone weak laws over weakly lifted powerset monads: in that sense this
work is also close in spirit to [34], where general no-go theorems for (strict) distributive laws
are given. While not restricted to monotone distributive laws, these theorems are unlikely
to generalize to our setting because they are based on the correspondance between monads
and algebraic theories, which is mostly restricted to Set and does not have any obvious
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generalization to semi-monads — to which weak distributive laws are deeply related.

This article is organized as follows. In Section 2, we recall definitions and notations for
and give examples of monads and weak distributive laws, as well as the framework of [23] for
monotone weak distributive laws in regular categories. This culminates in Lemma 11, where
we notice that the law VV = VV is some sort of weak lifting of the law PP = PP. The next
two sections focus on lifting weak distributive laws: in Section 3 we study the approach of
the Yang-Baxter equation, showing it indeed allows for weakly lifting weak laws but does not
apply to the examples we consider; while in Section 4 we focus on the monotonicity of the
laws, giving a simple characterization for the existence of monotone weak laws in categories
of algebras and applying it to several examples. We conclude in Section 5.

Our main contributions are the following:

we show that, while the law VV = VV is a kind of weak lifting of the law PP = PP

(Lemma 17), this lifting does not come from a Yang-Baxter equation (Corollary 15), the

usual approch to lifting laws: it is an instance of a general no-go theorem for Yang-Baxter

equations involving the law PP = PP (Proposition 14);

we characterize the Kleisli category of the weak lifting S of a monad S to the algeb-

ras of a monad T as the category of T-algebras and KI(S)-morphisms between them

(Proposition 21);

we identify an abstract class of morphisms in any category of algebras, which we call de-

composable morphisms (Definition 23), and which encompass in particular both open maps

between compact Hausdorff spaces and disintegration in convex algebras (Example 24);

these decomposable morphisms play a central role in characterizing the Kleisli categories

of weakly lifted powerset monads as subcategory of relations (Theorem 26): it follows that
monads must preserve these decomposable morphisms to have monotone weak distributive
laws over weakly lifted powerset monads, and this is in fact a sufficient condition for

monads that are themselves weak liftings (Corollary 34);

concrete instances of this result are then easily derived: there is a law combining

probabilities and non-determinism in compact Hausdorff spaces (Theorem 35) but we

observe otherwise that monotone weak distributive laws over weakly lifted powerset

monads in categories of algebras seem very rare (Table 1).

2 Preliminaries

In this section we first recall the theory of weak distributive laws from [18] and the tools
that come along, especially the ones developed in [23]. The reader is assumed to be familiar
with the basics of category theory, an introduction to which appearing for instance in [11].

2.1 Monads and (weak) distributive laws

» Definition 1 (monad). A monad on a category C is the data (T717T,/¢T), often abbreviated
T, of an endofunctor T:C — C and natural transformations n':1d — T and p":TT — T
satisfying the axioms p" o Tn' =id=pu" o' T and p" o T =pT o pu'T.

» Example 2 (monads). In this work we will be particularly concerned with the following

monads on Set. Thereafter X and Y are sets, = is an element of X and f: X — Y is a

function.

The powerset monad P. PX = {subsets of X}; fore C X, (Pf)(e) = fle] = {f(a') | 2’ € e};
n%(z) = {x}; for E C PX, ui(E)=UE.
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The probability distributions monad D. DX is the set of finitely-supported probability
distributions on X, i.e. functions ¢: X — [0,1] such that ¢~1([0,1]) is finite and
> sex (z) = 1; Df is the pushforward along f given by (Df)(¢)(y) = 2, cp-1(,) #(2)
for ¢ € DX and y € Y; n% () is the Dirac &, for # € X, i.e. the probability distribution
such that &, (x) = 1; and uP computes the mean of a distribution of distributions, so that
for ® € DDX, puP(®)(x) = > penx 2(p) - p(2).

The ultrafilter monad B. BX is the set of maximal filters on X, where filters are sets E €
PPX that are non-empty, up-closed (for inclusion), stable under finite intersections and do
not contain the empty set; for an ultrafilter E € BX, (Bf)(E) = {¢’ D f(e) | e € E}; nf (2)
is the principal filter {e € PX | z € e}; and, for € € BBX, 1 (€) = U{Ne| e € €}.

We will also be concerned with a topological analogue of the powerset monad, defined on the

category KHaus of compact Hausdorff spaces and continuous functions. Let X and Y be a

compact Hausdorff space, x € X, and f: X — Y be a continuous function.

The Vietoris monad V. VX is the space of closed subsets of X equipped with the to-
pology for which a subbase is given by the sets Ou = {¢c € VX | ¢ Cu} and Qu =
{ceVX | cNu# @} where u ranges among all open sets of X; (Vf)(c) = fl =
{f(z) | x € ¢} for c € VX; 0% (z) = {x}; and pu%(C) = JC for C € VVX.

Weak distributive laws are a certain type of natural transformations involving monads.

» Definition 3 ((weak) distributive law [18, Definition 9]). A monad T weakly distributes over
a monad S when there is a weak distributive law of T over S, i.e. a natural transformation
p: TS = ST such that the Diagrams (™), (u=), and (u*) below commute. A (strict)
distributive law is a weak distributive law that moreover has the diagram (77_ ) below commute.

If p: TS = ST is a distributive law, ST, TTS — TST — STT
T =n°n" and p°7 = p>pu" oSpT form a /77 \ 2 Sl (™) lSu
monad [4]. If it is only a weak distributive TS ———— ST TS ———— ST

law this is not the case anymore, because

13T on>TST is not the identity anymore, T4 T ST TS5 — S'l;S SSTS
. . Hmo R 7 B e

only an idempotent (its composite with sT TS T
itself is itself). But suppose now it is a P p

split idempotent, i.e. that there is a functor S e T and natural transformations p:ST = Se T
and i:Se T = ST such that poi =id and iop = ®T 0 °TST. Then S e T can be made into
a monad [18] with unit n°*T = p o n°" and multiplication pS*T
monad S e T is called the weak composite of S and T.

=pousu’ oSpT oii: the

» Example 4 (weak distributive laws). In this work we will be particularly concerned with

the following weak distributive laws:
in Set, the weak distributive law AP/P: PP = PP given by Equation (1) below has for
weak composite the monad P e P of sets of subsets closed under non-empty unions [18];
in KHaus, there is a weak distributive law A\V/V: VV = VV given by Equation (2) below [23];
in Set, the weak distributive law AP/P:DP = PD given by Equation (3) below has
for weak composite the monad P e D of convex sets of finitely supported probability
distributions [22].

)\;/P(E):{e’GPX’e'QUEandVeGE,eﬁe’;é@} (1)
V() = {c’ e VX ‘ ¢ c|JCandvee Ciend ;A@} 2)

AYP(@) = {(uX oDf) (®) | f:PX — DX and Ve € PX,®(c) # 0= f(e) € De}  (3)
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At this point the curious reader may ask two questions: how do we actually find these
weak distributive laws — the formulas in Example 4 are not trivial — and how exactly is the
monad structure on S e T constructed. These two questions will respectively be answered
in the next two sections, which give two other equivalent presentations of weak distributive
laws.

2.2 Regular categories and monotone (weak) extensions

Given a monad S, one may form its Kleisli category KI(S), which is intuitively the category
of S-effectful arrows of C: its objects are those of C, its arrows X —e+ Y are those arrows
X — SY in C, the identity arrow X —e+ X is given by n%: X — SX, and the composite of

S
two arrows f: X —> Y and ¢g: Y —e> Z is given by the composition X sy 59, ssz Lz, 57
in C. KI(S) comes with an adjunction Fs:C < KI(S):Us, such that UsFs = S: the left
adjoint Fs sends objects on themselves and an arrow f: X — Y to the pure effectful arrow

S
x Ly ™, SY', and the right adjoint Us sends an object X on SX and an effectful arrow

f: X — SY to the arrow SX 51, SSY i) Y. The unit of the adjunction is n° and its counit
is the natural transformation %: FsUs = Id (in KI(S)) with components the effectful arrows
idsx:SX — SX.

An endofunctor T: C — C extends to KI(S) if there is an endofunctor T:KI(S) — KI(S)
such that TFs = FsT. If T and T’ have extensions T and T', a natural transformation
a: T = T extends to KI(S) if a, given by aFs = Fsa, is a natural transformation T = T'.

» Definition 5 (extensions of monads). Let S be a monad on C. A monad (T,n",u") on C
weakly extends to KI(S) when T and pu' extend to KI(S). It extends to KI(S) when 0T also
extends to KI(S).

Giving an extension of a monad T to KI(S) is equivalent to giving a distributive law
p: TS = ST, just like giving a weak extension thereof is equivalent to giving a weak distributive
law of the same type [18]: in both cases, the law p induces the extension which sends f: X —

SY to TX 5 Tsy 2 STY, and is computed from the extension as p = UsTeSFs o °TS.
In particular Example 4 also yields examples of weak extensions.

Monotone extensions.

If KI(S) carries more structure than just that of a category then it is natural to ask that
extensions of functors preserve this additional structure: the more structure preserved, the
more semantically canonical the resulting law. For instance, recall that KI(P) is the category
Rel of sets and relations and that relations between two sets are ordered by inclusion. An
extension of an endofunctor that preserves this order, and the resulting law, are called
monotone. It turns out that such monotone extensions to relations can be defined and
characterized in any regular category, as described in [23] and recalled now.

Let C be a finitely complete category. The kernel pair of an arrow f: X — Y is the

pullback p1,po: X Xy X — X of the cospan X L Y é X. Assume C has all the coequalizers
of these kernel pairs: these coequalizers are called regular epimorphisms. C is then called
regular if these conditions are satisfied and if the regular epimorphisms are stable under
pullbacks'. Regular categories then enjoy the fact that every arrow f: X — Y may be

L a class of arrows is stable under pullbacks when for every pullback square a o b = cod, if a is in the

class then so is d
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factored as a regular epimorphism (denoted with —) followed by a monomorphism (denoted
with <), and this factorization is unique up to unique isomorphism — one should think
of it as factoring an arrow through its image. Set is a canonical example of such a regular
category.

Regular categories are useful because they are categories where we can speak of relations: if
C is a regular category, a C-relation between two objects X and Y is a subobject r: R — X x Y.
Relations are preordered: r: R — X X Y is smaller than s: 5 — X x Y, written r < s,
when there is a monomorphism m: R — S such that som = r. One may form the
category Rel(C) with objects those of C and arrows X «~ Y the equivalence classes of
relations between X and Y. The identity on X is the diagonal (idx,idx): X — X x X,

R xy S and composition of relations r = (rx,ry): R < X x Y and

v s={(sy,sz):S =Y xZ, written s-r: X «~ Z, is constructed as

R - ¥ g S in the diagram on the left — by considering the pullback R xy
TW sy 2 § 5 RxSof R Y <22 S, and taking the monomorphism
X ¥ Y < Z in the factorization of R xy S — R x S IXX9Z, X x Z. The

graph functor Graph:C — Rel(C) sends objects to themselves and an arrow f: X — YV
to the relation (idx, f): X < X x Y. There is also a contravariant transpose functor
—1:Rel(C) — Rel(C) that sends objects on themselves and a relation (ryx,ry): R — X x Y
to (ry,rx): R—Y x X. All in all, a relation (f,g): R — X x Y can also be written as the
composite Graph g - (Graph f)T: we will often omit Graph and write directly g - f7.

If KI(S) is a wide? subcategory of Rel(C) (with Graph being the X
left adjoint in the Kleisli adjunction), an extension to KI(S) can be i
constructed by first finding a monotone extension to Rel(C) and then YixzYs
restricting this extension to KI(S). This is a very useful technique / e \
because such monotone extensions to Rel(C), called relational exten- Y1 —— Z +— Y5
sions, have a very nice characterization in terms or near pullbacks: a square is a near pullback
when its limiting morphism into the corresponding pullback is a regular epimorphism —
as in the diagram on the right. A functor between regular categories is said to be nearly
cartesian when it sends pullbacks on near pullbacks and preserves® regular epimorphisms,
or equivalently when it preserves near pullbacks, while a natural transformation a: F = G
between nearly cartesian functors is nearly cartesian as well when its naturality squares
aoFf =Gf o« are near pullbacks.

» Theorem 6 ([23, Theorem 6]). Let F: C — D be a functor between regular categories. F has
a relational extension, i.e. an order-preserving functor Rel(F):Rel(C) — Rel(D) such that
Rel(F) Graph = Graph F, if and only if F is nearly cartesian. In that case there is only one
possible such Rel(F), given by Rel(F) (g- f1) = (Fg) - (Ff).

Let F,G:C = D be two such functors and o: F = G be a natural transformation between
them. Then Rel(a), given by Rel(«) Graph = Graph «, is a natural transformation Rel(F) =
Rel(G), called the relational extension of «, if and only if « is nearly cartesian.

Just like we omit to write Graph , we will often omit to write the functor Rel, and instead
write F for Rel(F) (g- f) = Fg- (Ff) and « for Rel(a).

» Example 7 (monotone extensions). Set is a regular category whose regular epimorphisms
are the surjections and such that Rel(Set) = Rel = KI(P). The endofunctors and the

2 a wide subcategory is a subcategory that contains all objects of the bigger category

3 throughout this work we will say that a functor preserves a class of diagrams whenever it sends any
diagram in that class to a diagram in that class
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multiplications of the monads P and D are nearly cartesian, hence P and D have monotone
weak extensions to KI(P): this is how the weak distributive laws PP = PP and DP = PD
of Example 4 were constructed [18, 22]. KHaus is also a regular category: its regular
epimorphisms are the surjective continuous functions and Rel(KHaus) is the category of
compact Hausdorff spaces and closed relations, i.e. closed subsets of X x Y, while KI(V)
is the category of compact Hausdorff spaces and continuous relations, i.e. closed relations
r: X e~ Y such that 77![u] is open in X for every open u of Y. The endofunctor and
multiplication of V are nearly cartesian hence they have a relational extension, which restricts
to continuous relations: this yields a monotone weak extension of V to KI(V), and this is
how the weak distributive law VV = VV of Example 4 was constructed [23].

2.3 Weak liftings

Let T be a monad over a category C. Its category of algebras EM(T) is the category whose
objects are pairs (A,a) of a C-object A and a C-arrow a: TA — A, and whose arrows
(A,a) — (B,b) are those C-arrows A — B such that foa =0boTf — the identity morphism
is the one with the identity as its underlying C-arrow, and composition of morphisms is
done by composing the underlying C-arrows. Just like for KI(T), there is an adjunction
FT:C S EM(T):UT such that UTFT = T: the left adjoint FT sends an algebra (A, a) to
its carrier object A and a morphism (A,a) — (B,b) to the underlying arrow A — B,
while UT sends an object X to the free T-algebra on X, given by the pair (TX , ,u}), and
an arrow f:X — Y to the morphism (TX7 ﬂ}() — (TY, ,u{,) with underlying C-arrow
Tf:TX — TY. There is finally a natural transformation e": FTUT — Id (in EM(T)) given by
UTE-(FAya) =a:TA — A

» Definition 8 (weak liftings [6, Definitions 4.1 and 4.2]). A weak lifting of an endofunctor
S:C — C to EM(T) is the data of an endofunctor S:EM(T) — EM(T) along with natural
transformations 7rST:SUT = UTS and Lg: UTS = SUT — also written g and tg when not
ambiguous — such that mg 0 1g = id.

Let a:S = R be a natural transformations between two C-endofunctors with weak liftings
(S, s, t5) and (R, mg, tg)- If a natural transformation@:S = R has Diagram (x ), Diagram (1)
or both Diagrams (w) and (1) below commute, it is respectively a weak 7-, weak - or a weak
lifting thereof.

T T
Tg _Ts T T & TS
As discussed in [6], weak m- and weak (- u's » SU sU » U'sS
liftings are necessarily unique and given by UTal (m) laUT aUTl (1) lUTa
UTa = wg oao Lg if they exist. Their existence UTR _ RUT RUT _ U'R
is moreover fully characterized: TR LR

» Theorem 9 ([6, Proposition 4.3 and Theorem 4.4]). Suppose idempotents split in C. Then
having a weak lifting of S: C — C to EM(T) is equivalent to having a law p: TS = ST that
has Diagram (u+) commute.

Fiz now liftings S and R of S and R given by laws p: TS = ST and o: TR = RT. Then,
a:S = R respectively has a weak 7-, weak ¢~ or weak lifting if and only if it makes Diagram (7),
Diagram (8) or both Diagrams (7) and (8) below commute. The latter case holds equivalently
if and only if c o Taw = aT o p.

This correspondance is moreover compositional: the composition of the weak (resp. weak
w-, weak t-) liftings of two functors is a weak (resp. weak 7-, weak v-) lifting of their
composite.
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TS L ST
sl . (7) BT laT
TTS —25 TST Ty TRT 274 RTT £ RT
n'TST (8) 1o
TS — TR

In [18], Garner instantiates Theorem 9 to give another presentation of weak distributive
laws: if idempotents split in C, a weak distributive law TS = ST is equivalently given by
a weak lifting of (S,ns,ps) to EM(T), i.e. by weak liftings of S, 7° and u°, respectively
coming from Diagrams (¢~ ), (nT), and (uT). That two natural transformations weakly 1ift
respectively means that Diagrams (7w on) and (¢ on) and Diagrams (7 o p) and (v o p) below
commute. When Diagram (n~) also commutes, p is a (strict) distributive law and this weak
lifting is a (strict) lifting: ¢ and ¢¢ are the identity.

W VT s SSUT 25, suTS =2 UTSS
n n T —
o L oy
SUT ————— UTS suT . us
g s

—— IS — Su
uUTssS == SuTs — ssuT

T
Uty nsuT s .
_ /(L 077)\‘ uTt] (vopu) Leu
TS ——— suT uTs . suT
LS LS

» Example 10 (weak liftings). All idempotents split in Set (they factor through their image).
The algebras of P are the complete join-semilattices (we write EM(P) = JSL): the weak
lifting corresponding to the law PP =- PP is the monad of subsets closed under non-empty
joins [23]. The algebras of D are the barycentric algebras, also called convex spaces (we
write EM(D) = Conv): the weak lifting corresponding to the law DP = PD is the monad of
convez-closed subsets [22]. Finally, there is also a weak distributive law BP = PB. Assuming
the axiom of choice, the algebras of B are the compact Hausdorff spaces [27] (we write
EM(B) = KHaus): the corresponding weak lifting is the Vietoris monad V. In that case mp
computes the topological closure of a subset, while (p embeds the set of closed sets into the
set of all subsets.

Write ng for the composite Lg ) 7TST . Then H—SI—FT is the idempotent ST = ST (which splits
into 7rST and Lg) and the weak composite monad can finally be obtained as the composite
of the adjunction F:C = EM(T):U with any adjunction for S, so that Se T = UTSFT,
nSoT _ UTﬂS FT o 77T and /~LS.T — UTMS FT o UT§ET§FT.

3 Weakly lifting weak distributive laws

With Example 10 and the fact that V is a weak lifting of P to KHaus in mind, we may now
notice that not only are the two laws PP = PP (1) and VV = VV (2) very similar, but the
second one seems to be some kind of weak lifting to KHaus = EM(B) of the first one:

» Lemma 11. UPAV/Y = 7,V o Prrp 0 AP/PUB 0 Py 0 0pV.

Is this just a coincidence, or is this an instance of Theorem 97 And in the latter case,
can the weak distributivity of A\Y/V be automatically derived from that of A?/P and does
this law PP = PP also weakly lift to laws on other categories of algebras where the powerset
monad weakly lifts, say EM(P) and EM(D)?
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3.1 The Yang-Baxter equation for weak distributive laws

The standard way to lift (strict) distributive laws is TRS -2 RTS Rp

Tr

to use the so-calledTYarTlg-Baxtesr e(sluation. Cor;sidsr TSR (YB) ™~ RST
three monads (T,n ) b ), (S,n S b ) and (R,n s b ) =~ T
and three weak distributive laws p: TS = ST, 0: TR = ? STR S5 SRT

RT and 7: SR = RS. The Yang-Baxter equation for these three laws holds when diagram (YB)
above commutes. If these laws are strict distributive laws, then it is well-known since [14] that
the Yang-Baxter equation is enough to show that Rp o ¢S: TRS = RST is a distributive law
of T over RS, and that the distributive law 7: SR = RS lifts to a distributive law 7:SR = RS
in EM(T). The composition of weak distributive laws using the Yang-Baxter equation was
investigated in [21]. A notable result is the following:

» Proposition 12 ([21, Theorem 4.3]). If the weak distributive laws p: TS = ST, 0: TR = RT
and 7:SR = RS have Diagram (YB) commute, then m3F°T o Rp o ¢S o Ti3F° is a weak
distributive law T(ReS) = (Re S)T.

The Yang-Baxter equation thus allows for weakly lifting ReS to EM(T). More importantly
for our purpose, we show it also allows for weakly lifting the weak distributive law SR = RS:

» Theorem 13. Weak distributive laws p: TS = ST, 0: TR = RT and 7: SR = RS satisfy
the Yang-Bazter equation if and only if 7: SR = RS weakly lifts to EM(T), i.e. if there is a
natural transformation 7: SR = RS such that Diagrams (14) and (15) commute. If this holds,
7 is a weak distributive law, and the weak composite R S and the weak lifting Re S (recall
that R @ S weakly lifts to EM(T) by Proposition 12) can be chosen to be equal (as monads).

SRUT ™% SUTR =5 UTSR UTSR -5 SUTR 2% SRUT

| (14) lu= ute] (15) o

RSUT +—+ RUTS — UTRS  UTRS — RUTS - RSUT
Ts TR 7S ts

When Theorem 13 holds it immediately follows that UT = mgSoRmgoTUT 0Sig0u¢R, which
is exactly the result we got in Lemma 11 for 7 = AV/V:VV = VV and 7 = AP/P: PP = PP. It
would thus be a reasonable conjecture that M\B/P.BP = PB, M\B/P.BP = PB and AP/P:PP = PP
satisfy the Yang-Baxter equation, from which we would immediately retrieve the weak
distributivity of A¥/V:VV = VV but also learn that the weak composite V o V is a weak
lifting of P e P. Unfortunately, the Yang-Baxter equation does not hold in that case. A
rather simple way to see this is to notice that \V/V does not make Diagram (15) commute,
i.e. it is not a ¢-lifting of AP/P. More generally, we show the following no-go theorem for
weak ¢-liftings:

» Proposition 14. Let \T/P: TP = PT be a weak distributive law with corresponding weak
lifting P, and write PPA = (PLP o Lpﬁ) [UTﬁﬁ(A,a)] when (A,a) is a T-algebra. If there
is such an (A, a) such that {A} € PPA and P,A ¢ PPA (where P,A={E C A | E # o}),
then \P/P.:PP = PP does not have a weak ¢-lifting to EM(T).

» Corollary 15. There is no weak ¢-lifting (let alone weak liftings) of AP/P to KHaus, JSL or
Conv.

» Remark 16. It is not hard to show that the Yang-Baxter equation holding for p: TS = ST,
0: TR = RT and 7: SR = RS is also equivalent to p: TS = ST having an extension p: TS = ST
to KI(R). In the case of \*/P:BP = PB, B is in fact a lax monad on Rel whose algebras are
the topological spaces [3]. Unfortunately, we have just shown that the Yang-Baxter equation
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does not hold for \B/P:BP = PB, AP/P: PP = PP and A\P/P: PP = PP, and so do not get a
way to weakly lift P to topological spaces for free.

Theorem 13 does have some concrete instances: in [21], Goy gives a substantial number
of examples of triples of weak distributive laws for which the Yang-Baxter equation holds,
although these examples all involve at least one strictly distributive law out of the three.

3.2 The 7-Yang-Baxter equation

We still do not have an explanation for why AY/V looks so much like AP/P. But AY/V being
a weak lifting of AP/P is not a necessary condition for retrieving Lemma 11: in fact, AY/V
being only a weak ¢~ or 7-lifting of AP/P would be enough. We saw in Corollary 15 that the
weak (-lifting hypothesis was a dead-end: how about A\V/V being a weak 7-lifting of AP/P?
This turns out to be true, although the proof is of course more involved than that of the
weaker Lemma 11.

» Lemma 17. \V/V:VV = VV is o weak w-lifting of \F/P: PP = PP.

Theorem 13 adapts to weak w-liftings, hence we immediately retrieve as a consequence of
Lemma 17 that A\V/V:VV = VV is a weak distributive law.

» Proposition 18. Weak distributive laws p: TS = ST, 0: TR = RT and 7:SR = RS satisfy
the 7-Yang-Bazter equation, given by Diagram (w-YB), if and only if 7: SR = RS weakly
w-lifts to EM(T), d.e. if there is a natural transformation 7: SR = RS such that Diagram (14)
commutes. If this holds, T is a weak distributive law.

We also retrieve that AY/V is a monotone weak distributive law:

» Proposition 19. Consider a monotone weak distributive law \3/P:SP = PS in Set that
has a weak 7-lifting to EM(T). If the components of kp: PUT = PUT are monotone functions
(they preserve inclusion of subsets) then AS/P:SP = PS is also a monotone weak distributive
law.

TSR I, TRS —255 RTS — 4 RST

Of course the point of Propositions 18 and 19 pRi TRS#T
is that they make it easier to exhibit weak dis- gTR (7-YB) RSTT
tributive laws in categories of algebras. Still, work- Sgl TRpT

ing with Diagram (7-YB) may be quite tedious, as  grT __s RST — TRST = RTST
it involves up to four composed layers of functors. T n'RST o5
In fact in Lemma 17 we did not use this 7-Yang-Baxter equation at all, instead we directly
proved that \Y/V was a weak w-lifting because we were already able to take for granted that
its components were morphisms of B-algebras, i.e. continuous functions. Another problem
with Proposition 18 is that even if we manage to disprove its prerequisites for some examples,
we only get that there is no weak 7-lifting of the weak distributive law, but we do not learn
anything about other possible meaningful weak distributive laws in the category of algebras.
For all of these reasons we do not try to apply Proposition 18 to weakly w-lift \P/P: PP =
PP to EM(P) and EM(D), and immediately turn towards another approach in Section 4
instead: we try to weakly lift the conditions for the existence of monotone weak distributive
laws (described in Section 2.2). This is a reasonable strategy because monotone laws are
easier to reason about (all non-trivial weak distributive laws described in the literature are
monotone) and are closer to being fully characterized, meaning we should hopefully be able
to prove no-go theorems for monotone weak distributive laws. In fact we will prove that
there is no such law PP = PP in EM(P) or EM(D), so that by Proposition 19 A\P/P cannot
weakly 7-lift to EM(P) nor to EM(D).
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4  Weakly lifting monotone weak distributive laws

Let T be a monad on a regular category C. It is folklore that, under mild conditions, EM(T)
is regular as well. For instance on Set, all finitary monads, and even all monads if the axiom
of choice is assumed to be true, have regular categories of algebras [12, Theorems 3.5.4 and
4.3.5]. Here we will assume that T is a nearly cartesian functor, but the following result also
holds for monads that preserve reflexive coequalizers.

» Theorem 20 (categories of algebras are regular). Let T be a monad with nearly cartesian
endofunctor on a regular category C. Then EM(T) is regular and U creates finite limits and
near pullbacks (a square is a near pullback in EM(T) if and only if its image by UT is so in

C).

Consider weak distributive laws p: TS = ST, 0: TR = RT and 7:SR = RS on C. When
7:SR = RS is a monotone weak distributive law thanks to the framework of [23], it is now
natural to ask when there is also a monotone weak distributive law SR = RS in EM(T)
arising in the same way: it is for instance the case for T =B and S=R =P.

To apply the framework for monotone weak distributive laws of [23] to monads S and R,
we need to characterize Kl(ﬁ) as a subcategory of relations — we do this in Section 4.1 —
and then prove that S and p° are nearly cartesian and investigate when the extension of S
to Rel(EM(T)) restricts to KI(R) — we do this in Section 4.2. We finally apply our results in
Section 4.3.

4.1 Kileisli categories of weakly lifted monads

Let us forget about regular categories and internal relations for an instant and first describe
the Kleisli categories of a weakly lifted monad R in terms of the Kleisli category of R itself.

» Proposition 21. Let 0: TR = RT be a weak distributive law in a category C where
idempotents split, so that R has a weak lifting R to EM(T) and T a weak extension T to KI(R).
Then KI(R)-arrows (A,a) —e+ (B,b) are in one-to-one correspondance with KI(R)-arrows
f: A —> B such that f o Fra = Frbo T f.

Assume that the framework of [23] applies: KI(R) is a wide subcategory of Rel(C) (and
the left adjoint coincides with the graph functor Graph: C — Rel(C)), T and u" are nearly
cartesian and the weak extension of (T, n', ,uT) to KI(R) is the restriction of the relational
extension of T and u" to Rel(C). By Theorems 6 and 20, UT has a relational extension
Rel(UT) :Rel(EM(T)) — Rel(C), and by Proposition 21 KI(R) correspond to C-relations
: A e~ B that are in KI(R) and such that ¢ - a = b Te. This category is itself a wide
subcategory of Rel(EM(T)):

» Lemma 22. When the endofunctor T is nearly cartesian, a C-relation : A «~ B is the
image of an EM(T)-relation (A, a) «~ (B,b) by the faithful functor Rel(UT) : Rel(EM(T)) —
Rel(C) if and only if ¢p-a > b- T,

We now describe in more concrete terms which EM(T)-relations are arrows in Kl(ﬁ).
Decomposable T-algebra morphisms play a central role in this description:

» Definition 23 (decomposable morphisms of algebra). Let T be a monad on a category C
such that EM(T) is reqular. A T-algebra morphism f: X — 'Y is called decomposable when
the square foek =&l o FTUTf is a near pullback.

Given a jointly monic span (vx, vy ) in EM(T), the corresponding relation ¥ = vy 1?;(
is called decomposable when ¢ x is so.

11
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» Example 24 (decomposable morphisms and relations in categories of algebras over Set). In
EM(B) = KHaus, a continuous map is decomposable if and only if it is open (it preserves open
sets), and decomposable relations are the continuous ones, i.e. those relations ¢: X «w Y
such that 1) ~![u] is open in X for every open subset u of Y.

In EM(P) = JSL, 9: X «~ Y is decomposable if and only if for every family (x;);er
of elements of X and every y € Y such that (Viel xi,y) € 1, there is a family (y;);er of
elements of Y such that (x;,y;) € ¢ for all i € I and \/;c; v = ¥.

In EM(D) = Conv, 9: X «~ Y is decomposable if and only if for every z € X, every
disintegration of x as a barycenter x = Y. | \;z; and every y € Y such that (z,y) € ¥, y
disintegrates as a barycenter y = > | \;y; such that (z;,y;) € ¢ for all i € I.

» Lemma 25. When UT creates near pullbacks, p" is nearly cartesian if and only if every
free algebra morphism FT f: (X7 u}) — (Y7 u)T,) is decomposable.

We are now able to state the main result of this section.

» Theorem 26. When the endofunctor T is nearly cartesian, a relation v: (A, a) «~ (B,b)
is decomposable if and only if UTep-a =b-TUT. If u' is also nearly cartesian and Rel(T)
restricts to KI(R) < Rel(C) for some monad R on C, then the Kleisli category Kl(ﬁ) of
the corresponding weakly lifted monad R on EM(T) has for arrows (A,a) —+ (B,b) the
decomposable relations 1: (A, a) «~ (B,b) in EM(T) such that UT4 is in KI(R).

» Corollary 27. If T has a monotone weak distributive law over P in Set, the Kleisli category
of the lifted powerset monad P on EM(T) is the category of T-algebras and decomposable
relations between them.

» Remark 28 (subobject classifiers in categories of algebras). Recall that an elementary
topos is a regular category such that the Graph functor has a right adjoint [17, §1.911];
the corresponding monad is called the powerset monad. If C is an elementary topos with
powerset monad P, and if T is a monad on C such that the endofunctor T and the natural
transformation y' are nearly cartesian, then by Theorem 26 EM(T) is an elementary topos
as soon as every T-algebra morphism is decomposable. We retrieve for instance that the
categories of group actions (algebras for monads G x — where G is a group) are toposes,
because the corresponding morphisms of algebras are easily shown to all be decomposable.

This is not a necessary condition for a category of algebras to be an elementary topos: it
is well known that categories of monoid actions (algebras for monads M x — where M is a
monoid) are toposes, but there are equivariant morphisms that are not decomposable.

If EM(T) is an elementary topos as in Remark 28, P1 classifies subobjects in the sense
that subobjects X < Y are in one-to-one correspondance with morphisms ¥ — P1, where 1
is the terminal object [17, §1.912].

This can be generalized when Theorem 26 holds as follows: R1 classifies decomposition-
closed subobjects, in the sense that decomposable monomorphisms X < Y are in one-to-one
correspondance with morphisms Y — R1 (the correspondance comes from the adjunction
KI(R) (Y,1) = EM(T) (Y,R1)). For instance, the Vietoris monad on KHaus = EM(B) classifies
clopen subsets of compact Hausdorff spaces, the non-empty-join-closed powerset monad on
JSL =2 EM(P) classifies downwards-closed subsets of join-semilattices, and the convex-closed
powerset monad on Conv & EM(D) classifies walls, i.e. subsets E such that if x € F and
ZZL:I x; =z, x; € E as well for all 1 < i < n (walls appear for instance in the structure
theorem for convex algebras, which state that every convex algebra is a subalgebra of the
Plonka sum of its walls [30, Theorem 4.5]).
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4.2 Monotone extensions to Kleisli categories of weakly lifted monads

In Section 4.1 we assumed T had a monotone weak distributive law over R coming from a
relational extension of T and ', and described the Kleisli category of the corresponding
weakly lifted monad R. Suppose now there is another monad S that weakly lifts to EM(T)
and that also has a monotone weak distributive law over R coming from a relational extension
of S and p°. When do we also get a monotone weak distributive law of S over R coming
from a relational extension of S and z°? B

For the relational extension to exist, we need S and p° to be nearly cartesian. This
always holds:

» Lemma 29. Let C be a regular category where idempotents split, and suppose T is nearly
cartesian. If F: C — C is nearly cartesian and weakly lifts to EM(T), then its weak lifting is
nearly cartesian. If a: F = G between two such functors is nearly cartesian and weakly lifts
to EM(T), then its weak lifting is nearly cartesian as well.

S thus has a relational extension Rel (§) By adapting Theorem 6, we can not only
characterize when relational extensions restrict to Kl (ﬁ), but when any endofunctor or natural
transformation has a monotone extension to Kl (ﬁ) We can even state this characterization
more generally, without necessarily speaking of decomposable morphisms: we do this now.

» Definition 30. Let I be a wide subcategory of a reqular category C such that, in C,
I-arrows are stable under pullbacks (in C);
if foeisal-arrow and e is a regular epimorphism (in C), f is a I'-arrow.
Then we define C-T1 to be the wide subcategory of Rel(C) whose arrows are the C-relations
: X e Y given by jointly monic spans (¥x,y) such that ¥x is a [-arrow, and we write
Graphp:C — C-TT for the restriction of Graph:C — Rel(C) to C-TT.
We also define a Tt - C-square to be a square a ob = cod such that a or ¢ is a I-arrow.

» Definition 31. Let C and D be two reqular categories with respective wide subcategories T
and A as in Definition 30. Let F be a functor C — D. A (T, A)-relational extension of F is a
functor Fr o: C- M — D- A such that Fr aGraphy = Graphp Fr o. If a:F = G is a natural
transformations between functors C — D with (', A)-relational extensions Fr o and Gr p, a
(', A)-relational extension is a (necessarily unique) natural transformation ar p:Fr o = Gr a
such that ar pGraphr = Graphp ar A-

» Theorem 32. Let C, D, I, A and F:C — D be as in Definition 31. F has a monotone
(I, A)-relational extension if and only if the following two conditions hold:

F restricts to a functor I — A;

F sends near pullback Tt - C-squares on near pullback (necessarily At -D-) squares (this is

always true when F is nearly cartesian).

Such a monotone (I', A)-relational extension, if it exists, is necessarily unique and given by
Fralg- )T =Fg-(FN)T.

Let a:F = G be a natural transformation between two functors C — D having such
monotone (I', A)-relational extensions. « has a (necessarily unique) (I, A)-relational extension
if and only if its has near pullbacks for its naturality squares along I'-morphisms (this is
always true when « is nearly cartesian).

A first corollary, while not especially ground-breaking, is the following:

» Corollary 33. In Set, a monad (T,nT, uT) with nearly cartesian endofunctor and multi-
plication also has a (necessarily unique) monotone weak distributive law over the monad P,

13
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of non-empty subsets, and over the monad Py of finite subsets if and only if T preserves
functions with finite pre-images of elements.

We could more generally characterize the existence of monotone weak distributive laws
over these powerset monads for any monad on Set. Still, Corollary 33 is already enough to
prove that P has monotone weak distributive laws over P; and P,, that D has a monotone
weak distributive law over P, but not over P, and that B has a monotone weak distributive
law over P, . A more impactful corollary — we will apply it repeatedly in Section 4.3 — is
the following:

» Corollary 34. Let T be a monad on Set equipped with a monotone weak distributive law
TP = PT, and let S be a monad on EM(T). If there is a monotone weak distributive law
SP = PS, S preserves decomposable T-algebra morphisms. Moreover if S is itself the weak
lifting of a monad on Set that has a weak distributive law over P, than the previous condition
is mot only necessary, but also sufficient.

4.3 Monotone weak distributive laws in categories of algebras

A first use of Corollary 34 is retrieving the monotone weak distributive law VV = VV:
once V and pV are shown to be nearly cartesian, we only need to prove that decomposable
morphisms are the open maps (Example 24) instead of proving that Kl(V)-arrows are the
continuous relations, and that V preserves open maps, which is technically much simpler
than proving that V preserves continuous relations, as originally done in [23, Proposition 20].
We are also able to answer quite easily Goy’s [20, Conjecture 7.31] on the weak distributivity
of the Radon monad — the monad of Radon probability measures on a compact Hausdorff
space — over the Vietoris monad:

» Theorem 35. The Radon monad R does not have a monotone weak distributive law over
the Vietoris monad V, but it has (a unique) one over the non-empty Vietoris monad V. —
the monad of non-empty closed subsets.

Let us stress the importance of this new weak distributive law: the question of how to
combine probability and non-determinism has been the topic of numerous works (again, see
the introduction of [24]), and this law provides an answer in KHaus that is derived from a
generic construction and thus comes with generic tools, e.g. generalized determinization
and up-to techniques [22, 20]. In fact in a very recent pre-print [19], Goubault-Larrecq also
constructs this law RV, = V.R as an instance of weak distributive laws between monads of
continuous valuations and non-deterministic choice in more general categories of topological
spaces: our result is more restricted, but our proof is more concise, exhibits the canonicity of
the law (it comes from a relational extension), and shows why the non-empty version of the
Vietoris monad is needed.

A second use of Corollary 34 is in proving the absence of monotone weak distributive
laws. In Section 3 we were able to prove that the law PP = PP does not weakly lift to EM(P)
nor EM(D), but we were not able to say anything about the existence of other monotone
weak distributive laws PP = PP. Now, thanks to the framework developed above and in

particular Corollary 34, we are able to prove that such laws cannot exist. We start with
EM(P):

» Example 36. In EM(P) = JSL, let P be the monad of subsets closed under non-empty
joins: the join-closure of a family of subsets of X is the join-closure (in X) of their union.
Let f:4 — 2 (where 2 = {0,1} and 4 = {0, 1,2,3}) be the function given by f(0) = f(2) =0
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and f(1) = f(3) = 1. Then FP f is decomposable (by Lemma 25), but PFP f is not. Indeed,
let A € PFP4 and B, By, B» € PFP2 be as depicted in Figure 2a (page 15): (PFF[f) (A) =
B = By V B, but there are no Ay, Ay € PFP4 such that A = A; V A, and (ﬁFPf) (A1) =By
as well as (PFP f) (A2) = B,.

P does not preserve decomposable P-algebra morphisms, and thus there is no monotone
weak distributive law PP = PP. In fact because the counter-example decomposable morphism
is surjective and has finite pre-images, this also proves that there are no monotone weak
distributive laws PP, = PP or PPy = P;P in EM(P).

Because there is a morphism of monads D = P (that sends a probability distribution to
its support), there is a functor EM(P) — EM(D) which allows us to transfer Example 36 to

EM(D): there are no monotone weak distributive laws PP = PP or PP, = P,P in EM(D).

But this argument is not entirely satisfying, as the resulting example is that of a morphism
of convex algebras with a very unnatural structure, namely that of complete join-semilattices:
one could imagine restricting to a full subcategory of EM(D) that does not contain these
semilattices, and perhaps P would preserve decomposable morphisms there. As shown by
the following example, due to Harald Woracek and Ana Sokolova (private communication),
this cannot be the case as soon as free convex algebras come in the picture.

» Example 37 ([33]). In EM(D) = Conv, let P be the monad of convex subsets: a convex
combination of some convex subsets of X is the convex set of the corresponding convex
combinations of their points (in X). Let f:{A, B,C} — {B,C} be the function given by
f(A) = f(B) = B and f(C) = C. Then FPf is decomposable (by Lemma 25) but PFPf is
not. Indeed, depicting FP{A, B, C'} as the triangle depicted in Figure 2b (page 15), FP{B,C}
is the line segment [BC] and FP f is the vertical projection. Now ${B} + 1[FC] = [DE] =
(PFPf) (IGD]), but [GD] itself cannot be disintegrated as the mean of two convex subsets
of ABC, one above B and the other above [F'C].

Using similar arguments, we are able to prove the existence or absence of monotone weak
distributive laws over lifted powerset monads in several categories of algebras: these results
are gathered in Table 1. All the negative results in this table come from the non-preservation
of decomposable morphisms, and thus the absence of monotone extensions of the endofunctors
themselves. The topmost row indicates in which category we work. A monad in the second
topmost row has a monotone weak distributive law over a monad in the left column if the
corresponding cell is filled with v/, otherwise it is filled with X . In Set, P and P, are the
usual powerset monads P and P,. L is the monad of lists, M that of multisets and Mg that

Figure 2 Counterexamples to preservation of decomposability
(a) In JSL. (b) In Conv.
{0,1,2,3}
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Set KHaus | JSL | Conv Mon CMon

LMDPBPB Ms|V R D P Mg

ol
ol
g
w]
ol
<
0

Z|

Plv v v v v v/ |v x| x| x

R

X X X |Xx X x X
Polv v v v Vv V|V V| X | X X

x

X X | X X X X

Table 1 Existence or absence of monotone weak distributed laws over weakly lifted powerset
monads in categories of algebras.

of modules for a semiring S satisfying the conditions of [10, Theorem 3.1]. Mon = EM(L) is
the category of monoids and CMon = EM(M) that of commutative monoids. Linear theories
distribute over commutative monads [28], hence L and M distribute over M, P, D and Mg
when S is commutative, and so these four monads have liftings (in particular weak liftings)
to Mon and CMon.

5 Conclusion

Noticing the similarity between the laws VV = VV and PP = PP, we developed the theory
for weakly lifting weak distributive laws and showed that it only applied partially in this
case. We then focused on the monotonicity of the laws, and gave full characterizations of
monotone weak distributive laws over weakly lifted powerset monads in categories of algebras
by characterizing the Kleisli categories of the latters, a key notion appearing then being that
of decomposable morphisms. We finally applied this result to exhibit a new law RV, = VR
for combining probability and non-determinism in KHaus, but also to show that in general
these monotone weak distributive laws seem to be quite rare.

We leave for further work the development of a full 2-categorical theory for iterating
weak distributive laws (in the vein of [14, 7]), which would complete Section 3 but would
likely be scarce in new examples. With monotone laws over powerset-like monads fully
characterized, another natural question is now whether this can be done in other settings,
e.g. in Pos-regular categories [26] or over other monads: the multiset monad for instance is
a good candidate as its Kleisli category can also be described through spans. Finally, the
author believes it would be interesting to develop the theory of decomposable maps, as they
somehow generalize open maps to categories of algebras.
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A Additional tool for the proofs: semi-algebras

Call a semi-monad on a category C the data (T,uT) of an endofunctor T:C — C and a
natural transformation p": TT — T such that u" o Tu" = u" o u'T. In particular, any
monad has an underlying semi-monad, weak distributive laws are really distributive laws
between a monad and a semi-monad, and weak extensions of monads are just extensions of
the underlying semi-monads.

Given a semi-monad T, one may form the category EM,(T) of its semi-algebras: a
semi-T-algebra is a pair (A, a) of an object A of C and of an arrow a: TA — A such that
aopl =aoTa, and a semi-T-algebra morphism (A,a) — (B,b) is an arrow f: A — B in
C such that foa = bo Tf — the identity morphism is the one with the identity as its
underlying C-arrow, and composition of morphisms is done by composing the underlying
C-arrows. Just like for EM(T), there are functors F!:C < EM,(T):UT such that UTFT =T,
so that F! sends a semi-algebra (4, a) to its carrier object A and a morphism (4,a) — (B, b)
to the underlying arrow A — B, while U] sends an object X to the free T-algebra on X,
given by the pair (TX7 u}), and an arrow f: X — Y to the morphism (TX, ,u}) — (TY7 MT,)
with underlying C-arrow Tf: TX — TY. There is a natural transformation e": FTUT — Id
(in EM4(T)) given by UIE(TA,a) =a:TA— A

If T is also a monad, we let EM(T) be the full subcategory of EM4(T) on the T-algebras, i.e.
semi-T-algebras (4, a) such that aon’; = id4. We write IT for the inclusion EM(T) — EM(T),
and FT and UT are the restrictions of FI and Ul to EM(T).

In general if U:D — C is a functor, a lifting of an endofunctor F: C — C along U is
an endofunctor F: D — D such that UF = FU, while a lifting of a natural transformation
a:F = G between endofunctors with liftings F and G is a natural transformation @ such that
Ua = aU.

» Definition 38 (lifting to algebras). Let T be a monad on C. A monad (S,ns,us) on C
semi-lifts to EM(T) when T, n' and u' lift along Ul. It lifts to EM(T) when it has a
semi-lifting to EM4(T) that restricts to EM(T).

Giving a lifting of an endofunctor S:C — C along UT is equivalent to giving a law
p: TS = ST having Diagram (™) commute the 1aw p induces the semi-lifting which sends

the semi-T-algebra (4, a) to (SA TSA 24, 5TA 2% SA) and is computed from the semi-

lifting as p = UTeTSFT o TSpT. If S and R have liftings S and R along U],
transformation o:: S = R has a lifting & along U] if and only if 0o Tae = aT o p. In particular,
semi-liftings of a monad (S, n°, us) to EMg(T) are in one-to-one correspondance with weak
distributive laws TS = ST.

Notice the resemblance with the conditions in Theorem 9: this is not a coincidence, as
we will show next that weak liftings (along UT) can be constructed from liftings along U].

a natural

Let T be a monad on a category C where all idempotents

split. It then follows that all idempotents in EM4(T) split as ,,,K,T,,
well. Because there is an idempotent natural transformation 2 EM(T

kT ld = Id in EM(T ) given by UTkT = UJeT onTUT each x1; &\ /
splits as k1, = ¢}, o7}y, and the resulting semi-T-algebra in the FT
middle is actually an algebra. In fact this constructlon yields a functor KT EM ) — EM(T)
so that &7 splits as 7" : 1d = ITKT followed by +T: ITKT = Id. We then get ITKTf =7k OfOLA
for f: A — B in EM,(T), KTIT = Id and that KT is both left and right adjoint to I7: ¢T is

the counit of IT 4 KT while 7" is the unit of KT —{ IT. To make notations less heavy, if S is a
semi-lifting of S, we also write 7TI for 77S and J for /7S, We will also omit the superscript
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T from the functors and natural transformations when non-ambiguous.

If S is a lifting of an endofunctor S along U, then S = KSI: EM(T) — EM(T) is a weak
lifting of S to EM(T). Similarly, if & is the lifting of a natural transformation o along U,
then @ = K@ | is a weak lifting of @ to EM(T). In particular, if (S,7n°, 1°) has a semi-lifting
to S, then S can be made into a monad by composing the adjunction |: EM(T) & EM(T) :K
with any adjunction that yields S.

B Proofs for Section 3 (Weakly lifting weak distributive laws)
» Lemma 11. UPAV/V = 7,V o Prrp 0 AP/PUB 0 Py 0 4p V.

Proof. Recall from [18] that, if X is a compact Hausdorff space that we see as a semi-B-algebra,
the X-component of 7 is the function PX — VX that takes a subset of a compact Hausdorff
space and outputs its closure, while the X-component of ¢, is the function VX — PX that
embeds closed subsets in the set of all subsets. Hence for C' a closed set of closed sets,

(PWPO)\P/PUBOPLPOLPV)X(C): {é ’ eQUCanchEC,cﬂe#@}
—{cevx|dac|Joamdveec cnd s o}
- (LPVoUBAV/V>X(C’)

(where € denotes the closure of e). Indeed if e C |JC then & C |JC because |JC = pV(C) is
closed, and if eNc # @ then eNc # @.
Because 7p o tp = id, UBAY/V = 7,V o Py 0 AP/PUB 0 Py 0 V. <

» Theorem 13. Weak distributive laws p: TS = ST, 0: TR = RT and 7: SR = RS satisfy
the Yang-Baxter equation if and only if 7: SR = RS weakly lifts to EM(T), i.e. if there is a
natural transformation 7: SR = RS such that Diagrams (14) and (15) commute. If this holds,
7 is a weak distributive law, and the weak composite R S and the weak lifting R ® S (recall
that R @ S weakly lifts to EM(T) by Proposition 12) can be chosen to be equal (as monads).

Proof. We apply Theorem 9: recall that SR and RS have weak liftings SR and RS thanks
to the laws So o pR and Rp o ¢S. Then 7:SR = RS weakly lifts to EM(T) as 7: SR = RS if
and only if Rpo oS o T7r = 7T o So o pR: this is exactly the Yang-Baxter equation. Because
the correspondance is functorial, it preserves any equation satisfied by 7, 7°, 7%, p° and uR
(they all weakly lift to EM(T)): since 7 is a weak distributive law, so is 7.

We now prove that m3F°: RS = Re S and (3F°:R e S = RS also weakly lift to EM(T)
as natural transformations RS = ReS and ReS = SR. It will then follow, again by
functoriality of the correspondance of Theorem 9, that these two liftings form a splitting of
the idempotent RS = RS and that Re S can thus be chosen as the weak composite monad
ReS.

We apply Theorem 9 again: RS and R e S have weak liftings RS and R e S thanks to the
laws Rpo oS and m3FST oRpo oS o TiRFS (see Proposition 12 for the latter). Thus 3 weakly
lifts to EM(T) if and only if

maFST oRpo oS o TidFS o TraF® = m3F°T o Rp o 0S
Similarly, (3 weakly lifts to EM(T) if and only if

RpooST 0 3F° = i3F°T o m3F°T o Rp o S o Ti3F®
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These two results are an immediate consequence of [21, Lemma 4.2] which states that
kFST oRpo oS =RpoaSo TkF®.

Note that it is also possible but much more tedious to prove this result by hand, by
checking that 7 as given by Diagrams (14) and (15) is indeed a weak distributive law. <

» Proposition 14. Let \T/P: TP = PT be a weak distributive law with corresponding weak
lifting P, and write PPA = (Pup 0 1pP) [UTPP(A, a)| when (A, a) is a T-algebra. If there
is such an (A,a) such that {A} € PPA and P, A ¢ PPA (where P.A={ECA| E # 2}),
then AP/P: PP = PP does not have a weak v-lifting to EM(T).

Proof. Suppose there is such an algebra, and consider any AP/P:PP = PP. Let thus E €
UTPP(A, a) be such that (Pp o tpP) E = {A}. Then, by Equation (1), (AP/P o Pip 0 tpP) (E)
AP/P({A}) = P,A. But P,A ¢ PPA, hence necessarily (PLP opPo UT)\P/P) (E) € PPA

must be different from P, A: Diagram (15) does not commute. <

» Corollary 15. There is no weak ¢-lifting (let alone weak liftings) of \°/P to KHaus, JSL or
Conv.

Proof. 1. Given a compact Hausdorff space given as a B-algebra (4,a), PP A is the set of
all closed sets (in the Vietoris topology) of closed sets of (A,a). {A} is such a closed set
of closed sets (all singletons and the whole set are always closed in a compact Hausdorff
space) but P, A is not in general because it contains all non-empty sets, in particular
non-closed sets if there are any (which is the case for the unit interval, for instance).

2. Consider a P-algebra (A, a), i.e. a complete join-semilattice where a: PA — A computes
the join of a subset. Then PPA is the set of all non-empty-joins-closed sets of non-
empty-joins-closed subsets of A. {A} is such a non-empty-joins-closed set of non-empty-
joins-closed subsets, but P, A is not in general because it contains all non-empty sets,
in particular non-join-closed subsets if there are any (which is the case of (P2,U) for
instance).

3. Consider a D-algebra (A, a), i.e. a barycentric algebra where a: DA — A computes convex
combinations of elements. Then PP A is the set of all convex sets of convex subsets of A.
{A} is such a convex set of convex subsets, but P, A is not in general because it contains
all non-empty sets, in particular non-convex subsets if there are any (which is the case of
(D2,U) for instance).

<

» Lemma 17. \V/V:VWV = VV is a weak w-lifting of \F/P: PP = PP.

Proof. We want to show that Diagram (14) commutes, i.e. that for any compact Hausdorff
space X and E € PPUPX we have that the two sets

{E BQUEandVe’EE,eﬂe’ig} (4)
and

{CGVX‘cgumanchlem,cﬂc’#Q} (5)
are equal.

Notice first that, since pV is a weak 7-lifting of 1", we have that |J{e | e € E} = J E.
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(4) C (5). Consider some e C |J E such that for every ¢/ € E, eNe’ # @. Thene C JF =
U{€ | e € E}. Consider now some ¢ € {€ | e € E}. If cNé = &, then c is in the open [Je°.
Hence there must be some e’ with ¢/ € E in this open as well, i.e. such that & Ne = @
and thus ¢’ Ne = &. Such an €’ does not exist by assumption, hence e N ¢ # &.

Hence every element of {& | e C | JE and Ve’ € E,e Ne’ # @} is contained in (5). Because
this latter set is closed in VVX, it follows that (4) C (5).

(5) C (4). Consider some ¢ € (5), i.e. some ¢ € VX such that ¢ C [JE and such that for
every ¢ e {e |ee€ E}, cnNd #@. Let Oug N();—; Ou; be a basic open set of VX that
contains c.

Then ¢ C ug, so by regularity (see for instance [23, Lemma 21]) and compactness of X
there is an open set u, of X such that ¢ C uj and uT) C ug. Consider the set e = |J ENuy,.
Then e C ug, and for every € € E, cNe’ # & hence u)y N e’ # @ and thus uj Ne' # @
(because uy, is open). And of course since ¢/ C | JE, ujNe’ Cene # @.
Moreover for every 1 < i < n, u; Nec # & and ¢ C uj hence (u; Nuj) Ne # @. Since
cCUE, (uinuh) NUFE # @ and thus (u; Nuh) NJ E # @ (u; Ny is open). We have just
showed that eNu; # @ so that eNu; # @, and of course € C uf) C up: € € DugN(;—; ;.
This shows that ¢ is in the closure of {€ | e C | JE and Ve’ € E,ene’ # @}, hence in (4).
<

» Proposition 18. Weak distributive laws p: TS = ST, 0: TR = RT and 7:SR = RS satisfy
the 7-Yang-Bazter equation, given by Diagram (w-YB), if and only if 7: SR = RS weakly
7-lifts to EM(T), d.e. if there is a natural transformation 7: SR = RS such that Diagram (14)
commutes. If this holds, T is a weak distributive law.

Proof. The proof is almost a copy-paste of that of Theorem 13.

We apply Theorem 9: recall that SR and RS have weak liftings SR and RS thanks to the
laws So o pR and Rp o 6S. Then 7: SR = RS weakly 7-lifts to EM(T) as 7: SR = RS if and
only if the corresponding instance of Diagram (7) commutes: this is exactly Diagram (7-YB)
(up to commuting of natural transformations). Because the correspondance is functorial, it
preserves any equation satisfied by 7, °, o, p> and uR (they all weakly n-lift to EM(T)):
since 7 is a weak distributive law, so is 7. <

» Proposition 19. Consider a monotone weak distributive law \3/P:SP = PS in Set that
has a weak -lifting to EM(T). If the components of kp: PUT = PUT are monotone functions
(they preserve inclusion of subsets) then A\S/P:SP = PS is also a monotone weak distributive
law.

Proof. Recall that morphisms X —+ Y in KI(P) correspond to functions X — PY, so
that f,g: X — PY are such that f < g if and only if f(x) C g(x) for every x € X. The
extension of the functor S to KI(P) then sends a morphism X —+Y given by the function

f: X — PY to the morphism SX —e+ SY given by the composite SX 51, spy & PSY.
That AS/P is a monotone law means that this extension is monotone, i.e. that if f < g then
MS/PoSfF < AS/PoSy.

Similarly, morphisms X —+ Y in Kl(ﬁ) correspond to T-algebra morphisms f: X — PY,
and the morphisms X —e+ Y can be ordered by saying that f < ¢g: X — PY if and only
if (tp)y o UTf < (tp)y o UTg. The extension of the functor S to KI(P) sends a morphism
X —+ Y given by a T-algebra morphism f: X — PY to the morphism SX —+ SY given by

. = Sf ==, AS/P —=
the composite SX — SPY —— PSY.
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We now show that this extension is monotone. Consider f,g: X — PY in EM(T) such
that ((tp)y o UTf)(x) C ((tp)y o UTg)(x) for every = € UTX. Then by monotonicity of A\S/P,

(X% 0S(tp)y 0 SUTY) (E') € (X% 0S(tp)y 0 SUTg) (E')
for every B/ € UTPX. It follows that
(Pas)y 0 X7 0S(up)y o SUTf 0 (1p)x ) (E) € (Plrs)y 0 4%/% o S(ip)y 0 SUTg o (1p)x ) (E)
for every E € PUTX, and finally by monotonicity of kpS that
(Kp)gy oP(ms)y oA F0S(1p)y oSUT fo(tp) x < (kp)gy oP(ms)y oA P 0S(1p)y 0SUTgo(1p) x

Because (p is a natural transformation and because AS/F is a weak 7-lifting of AS/P this
inequality can be rewritten as

(tp)gy © ur (ﬁ o §f) < (tp)gy © ur (W o§f)

so that the extension of S to Kl(ﬁ) is monotone. |

C Proofs for Section 4 (Weakly lifting monotone weak distributive
laws)

» Lemma 39. Let T be a semi-monad on a regular category C. Then U! creates all limits
that C has (in particular kernel pairs). If the endofunctor T is nearly cartesian, EM4(T) is
reqular and U] creates regular epimorphisms, so that Ul is in particular nearly cartesian.

Proof. This proof is very similar to the proof that categories of algebras over Set are regular,
which can be found in the literature [12, Theorem 4.3.5].

Let Alg(T) be the category whose objects are pairs (A, a) of an object A of C and of an
arrow a: TA — A, and whose arrows (A,a) — (B,b) are given by C-arrows f: A — B such
that foa=0boTf: Alg(T) is the category of functorial T-algebras, i.e. T-algebras when T is
seen as an endofunctor. It is well known that the obvious forgetful functor U: Alg(T) — C
creates limits, so that Alg(T) in particular has all limits that C has [1]: because C is finitely
complete, so is Alg(T). EM,(T) is a subcategory of Alg(T), and limits of semi-T-algebras are
again semi-T-algebras — recall that every finite limite can be constructed from pullbacks
and the terminal object:

the terminal functorial T-algebra (X, ) is a semi-T-algebra: x o & = x o Tz because

X =U(X,z) is terminal in C;

if (X,x) ERN (Z,z) & (Y,y) is a cospan of semi-T-algebras in Alg(T) and (P,p) =
(X,x) x (Y,y) is its pullback, then

Uropoup = (xoTUrx,yo TUry) o up

=(zopk oTTUrx,youy o TTmy)
={(xoTaxoTTrx,yoTyo TTrmy)
=(zoTrnxoTp,yoTmy oTp)
=UropoTp

and U7 is monic so po uh =po Tp.
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It immediately follows that UT, the restriction of U to EM,(T), creates limits.

We now work in EM(T). Consider the kernel pair u,v: (P,p) — (X, ) of a T-algebra
morphism f: (X, z) — (Y,y). Because U] preserves pullbacks, UTu, UTv: P — X is the kernel
pair of Ul f: let e: X — Q be its coequalizer.

T is nearly cartesian so Te is again a regular epimorphism, i.e. a coequalizer of its
kernel pair, and we now show that it is also a coequalizer of Tu, Tv: TP = TX. First,
because e ou = e o v is a pullback, the square Te o Tu = Te o Tv is nearly cartesian: writing
u',v": P/ — TX for the kernel pair of Te, there is a regular epimorphism e’: TP — P’ such
that v’ oe’ = Tu and v’ o ¢’ = Tv. Suppose now ¢g: TX — TZ is such that go Tu = go Tw.
Then because €’ is an epimorphism, g o v’ = g o v’ and g factors uniquely through Te (the
coequalizer of (u';v")).

Consider now the composite TX & X 5 Q. It satisfies eoxz o Tu =eouop=eovop =
eox o Tu, so it factors through the coequalizer Te of Tu and Tv. We let ¢: TQ — Q be the
corresponding colimiting arrow, which satisfies ¢ o Te = e o 2 by definition. Now (Q, ¢) is in
fact a semi-T-algebra:

qo,ugoTTe:queo,u}
~cowon}
=eozxoTx
=qoTeoTx
=qgoTgoTTe

Because TTe is a regular epimorphism, it is in particular an epimorphism: q o ,ué =gqoTgq.
e: X — @ is thus a semi-T-algebra morphism by definition.

Similarly, we prove that e: (X, z) — (Q,q) is the coequalizer of u,v: (P,p) — (X, z) in
EM;(T). Consider some morphism of semi-T-algebras g: (X, z) — (A, a) such that gou = gow.
Then Ul'goUTu = UlgoUlv in C, hence Ul g factors as h o e for some h: Q — A. We now
show that h is in fact a semi-T-algebra morphism (@, q¢) — (4, a):

hogoTe=hoeox
=gozx
=aoTg
=aoThoTe

Because Te is an epimorphism, hoq¢=ao Th.
By construction, e is a regular epimorphism in EM(T) if and only if UTe is so in C, so UT
creates regular epimorphisms. |

» Theorem 20 (categories of algebras are regular). Let T be a monad with nearly cartesian
endofunctor on a reqular category C. Then EM(T) is regular and UT creates finite limits and
near pullbacks (a square is a near pullback in EM(T) if and only if its image by UT is so in

C).

Proof. By Lemma 39, EM,(T) is a regular category and U creates finite limits and coequal-
izers of kernel pairs. It is easy to show in the same vein that this restricts to EM(T), i.e. that
limits and coequalizers of kernel pairs of algebras are algebras. Finally because UT creates
pullbacks and regular epimorphisms, it creates near pullbacks. <
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» Proposition 21. Let 0: TR = RT be a weak distributive law in a category C where
idempotents split, so that R has a weak lifting R to EM(T) and T a weak extension T to KI(R).
Then KI(R)-arrows (A,a) —e+ (B,b) are in one-to-one correspondance with KI(R)-arrows
f:A—> B such that f o Fra = Frbo T f.

Proof. Let us first prove that the Kleisli category of the semilifted monad R on EM(T) is
described as:

its objects are semi-T-algebras (A, a), i.e. objects of EM(T);

its arrows (4, a) — (B, b) are KI(R)-arrows f: A —+ B such that f o Fra = Fgrbo T f.

Call directly the category described above Kl (R) We will build the adjunction EM(T): Fg =
Uﬁ:KI(R), and, since Fiz will be bijective on objects, it will immediately follow that Kl(ﬁ) is
indeed the Kleisli category of R.

We let Fi: EM(T) — KI(R) be the functor that sends semi-T-algebras on themselves
and semi-T-algebra morphisms f: (A,a) — (B,b) to the KI(R)-arrow FRUT f: A —e+ B. We
indeed have that Fr UTf oFra = Frbo TFRr UTf because T is an extension of the endofunctor
T (TFgr = FRT), f is a semi-T-algebra morphism and Fg is a functor.

We let Ug: KI(R) — EMy(T) be the functor that sends a semi-T-algebra (4, a) to the
semi-T-algebra R (A, a) = (RA,Ra o 04), and a KI(R)-arrow (A, a) —e+ (B, b) with underlying
KI(R)-arrow f: A —+ B to the semi-T-algebra morphism R (A,a) — R (B,b) with underlying
C-arrow Ugf: RA — RB. To prove that this is indeed a morphism of semi-T-algebras, apply
Ug to the equality foFra = FrboT f, recall that o = URTeRFronRTR, and use the naturality

of eR: FRUR = Id and nR:1d = R:

UrfoRaooqs =RboUrT fooy
=RboUrTfo URI£ERA o 1¥raA
=Rbo UrTef 5 o URTFRURS 0 r 4
=Rbo URIEERB o RTURSf o nfra
=Rbo URIEERB o ntrp © TUrS
=RboogoTURrS

Notice that UgFg = R (because UTR = RUT). For the unit of the adjunction, we of

course take the unit R of the monad R.
We define the counit eR: FzUi = Id by letting EER_(A@): (RA,Raoc4) — (4,a) be the

KI(R)-arrow with underlying KI(R)-arrow €§RA: RA —e+ A: using the naturality of R, that
o= URrTeRFr o nRTR and that Fgr 4 Ur is an adjunction, we get

E'F'SRA oFrRRaoFrop = Frao EEFRA oFroa
R R R
= Fraoetp, 4 © FRURTEF, 4 © FRNITRA

_ R R R

= Frao I5FRA O EFRTRA © FRNTRA
R

= FRa o IgFRA

The obvious forgetful functor Uz KI(R) — KI(R) is such that UseR = eRUT and it is

faithful, hence €R is indeed natural because R is. In fact we get the four equalities
UsFg = FrUT
UTUg = UrUT
U}aﬁ = ERU}

uTnR = RUT

25
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so by faithfulness of Ul and USI again we immediately get that Uﬁaﬁ o 77_}_.2_.U'|§_ = id and
eR FgoFg onR = id from the corresponding equalities for nR and eR: (Fg, Ug, 7R, eR) is indeed
an adjunction, and (U], U}) in fact form a morphism of adjunctions. Another way to see this
is that not only does the monad R semilift to EM,(T), but its Kleisli adjunction does as well.

We similarly deduce that the monad arising from this semilifted Kleisli adjunction is

indeed (R nﬁ, ,uﬁ), and so because Fg is bijective on objects, we have indeed just described

the Kleisli category of R.
Finally, recall that we get the weakly lifted monad R by composing the adjunction IT 4 KT
with any adjunction for the monad R. We can in particular use the Kleisli adjunction for R:

the adjunction FglT:EM(T) = KI(R) :KTUg has for corresponding monad R. In particular,
we now retrieve the Kleisli category of R as the full subcategory of KI(R) on objects which
are images by the left adjoint of objects of EM(T): this is exactly the category described in

the statement of Proposition 21. |

» Lemma 22. When the endofunctor T is nearly cartesian, a C-relation 1: A «~ B is the
image of an EM(T)-relation (A, a) e~ (B,b) by the faithful functor Rel(UT) : Rel(EM(T)) —
Rel(C) if and only ifp-a > b- Te.

Proof. Recall [13, Proposition 1.8]: consider C-arrows f:C — A and ¢:D — B and
C-relations ¢:C «~ D and ¢¥: A «~ B respectively given by the jointly monic spans
(¢c, ¢p): S — C x D and (¢a,9p): R<— A x B. Then, g-¢ < - f if and only if there is a
necessarily unique t: S — R such that ¥4 ot = fo¢e and Yot =go ¢p:

C (e} S ¢D D C (e} S ¢D D
f - g — ! ¢ g
A Pa R VB B 4 Pa R VB B

Consider now an EM(T)-relation ¢: (A4,a) «~ (B,b), given by a jointly monic span
(V(a,a), ¥(B.)): (R, 1) = (A,a) x (B,b). Then, because UT preserves monomorphisms and
products (it preserves all limits), <UT1/)(A’a), UT’(/J(B’b)> : R — A x B is a jointly monic span for
the C-relation UT+. Factor (TU (4 ,q), TUTY54)): TR <> TAXTBas TR - S < TAxTB,
and call e: TR — S the regular epimorphism in this factorization. Then r factors through e
as well, and because e is an epimorphism, Diagrams (17) and (18) below commute.

TR
TUWJV ‘e \UT:IJ(B,b)
4
TA S B
| () as) s

R B
UTa,a) U (5.1

By [13, Proposition 1.8], we get that UT¢-a >b- TUT4.
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Conversely, consider a C-relation 9): A «~ B given by a jointly monic span (¢4, ¥p): R <
Ax B and such that ¢-a > b-Tt. Factor (T4, TYyp): TR - TAxTBasTA - S — TAxTB,
and call e:TA — S and ¢ = (¢1a,¢185):S — TA X TB the regular epimorphism and
monomorphism in this factorization. We then have the inequality:

TR
Tia | Ten
e
{
T4 oT1A o (392 B
a 7 b
4 ha R YB B

By [13, Proposition 1.8], we get a C-arrow ¢:.S — R such that ¢4 ot = a o ¢4 and
Ypot=>bog¢grp. Let r =toe: TR — R. We now show that (R,r) is a T-algebra, so that
¥4 and 1p are actually jointly monic T-algebra morphisms and v is an EM(T)-relation. On
the one hand,

Woronk={(aoTiha,boTyp)ony
= (aonyotha,bonkop)

=1
and on the other hand

q/)orou},%:<CLoT1/)A,l)oT1/)B>ou}—z
:<aoMAoTT1/)A,bo,quTT¢B>
={(aoTaoTTya,boTbo TTYR)
={(aoTpaoTr,boTygoTr)
=t¢oroTr

(R, r) is thus indeed a T-algebra because ¢ is a monomorphism.
It is easy to see that the correspondence between EM(T)- and C-relations we have just
described is bijective. |

Before looking at examples, let us give two lemmas that will make working with decompos-
ability of morphisms and relations easier.

» Lemma 40. If UT creates near pullbacks, a T-morphism f:(A,a) — (B,b) is decomposable
if and only if UTfoa =bo TUTf is a near pullback in C. In particular if T is a monad on
Set, this holds if and only if for every x € A and u € TB such that f(x) = b(u), there is
some t € TA such that (Tf)(t) = u and a(t) = x.

Proof. UT creates near pullbacks hence UT f o UTe(TAﬂ) = UTe(TByb) o UTFTUTf is a near
pullback in C if and only if f o E(TA@) = 5(TB7b) o FTUT f is a near pullback in EM(T).

In Set, regular epimorphisms are surjections hence foa = bo Tf is a near pullback if and
only if the limiting function from TA to the pullback A x g TB is surjective, which translates
to what is stated above. <
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» Lemma 41. Suppose UT creates and T preserves reqular epimorphisms. If g = hoe is
decomposable and e is a reqular epimorphism, then h is decomposable as well. In particular,
if f:R — X is decomposable then for any g:R —Y, g- f! is a decomposable relation.

Proof. Consider g: R - Y, e: R — S and h: S — Y as above. Since g is decomposable, we
have the nearly cartesian square

y
FIUTX «——— P )
L
% L

X — R

FTUTR

\

where P is the pullback of g and £%. Because g = h o e and because the composition of two
pullbacks is a pullback, this nearly cartesian square decomposes as

FTuTs £V pTyTR
FTUTX P’ P
. L L el
sl v,
X S R

where P’ is the pullback of h and e%. To show that h is decomposable means to show that the
morphism FTUTS — P’ in the diagram above is a regular epimorphism. We know that the
morphisms FTUTR — P and P — P’ are regular epimorphisms — because g is decomposable,
and because pullbacks of regular epimorphisms are regular epimorphisms — hence their
composite is a regular epimorphism as well. Moreover UTe is a regular epimorphism hence
TUTe and thus FTUTe are as well, respectively because T preserves regular epimorphisms
and UT creates them. It follows that this morphism FTUTS — P’ is indeed a regular
epimorphism: this is a general property of factorization systems [2, Proposition 14.9.1], and
regular epimorphisms and monomorphisms form a factorization system in every regular
category.

Consider now some decomposable f: R — X and some g: R — Y. Factor (f,g) into a
regular epimorphism e: R — R’ followed by a jointly monic span (f’,¢'): " — X x Y. Then
f = f"oehence f’is decomposable, and the two relations g - T and ¢’ - (f/)! are equal by
definition: g - fT is a decomposable relation. |

» Example 24 (decomposable morphisms and relations in categories of algebras over Set). In
EM(B) = KHaus, a continuous map is decomposable if and only if it is open (it preserves open
sets), and decomposable relations are the continuous ones, i.e. those relations ¥: X «w Y
such that 1 ~1[u] is open in X for every open subset u of Y.

In EM(P) = JSL, 9: X «~ Y is decomposable if and only if for every family (z;)icr
of elements of X and every y € Y such that (\/,c; #;,y) € ¢, there is a family (y;)ier of
elements of Y such that (x;,y;) € ¢ for alli € I and \/;¢; v = ¥.

In EM(D) & Conv, 9: X «~ Y is decomposable if and only if for every = € X, every
disintegration of x as a barycenter z = Y.~ ; \;z; and every y € Y such that (z,y) € ¢, y
disintegrates as a barycenter y = > | \;y; such that (z;,y;) € ¢ for all i € I.
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Proof. For the descriptions of decomposable relations, we make use of the characterization
given in the first part of Theorem 26.
In KHaus. This immediately follows from Theorem 26 and the description of KI(V) given
in [23]. But we can also recover this result by hand: by Lemma 40, a continuous map
f: X — Y is a decomposable B-algebra morphism if and only if for every ultrafilter E on
Y converging to y € Y, and every z € f~1(Y), there is an ultrafilter £’ on X converging
to « and such that E = {e 2 f(¢') | ¢ € E'}.
Suppose f is decomposable and consider some = € X and some neighborhood N of
x: N belongs to every ultrafilter converging to . Consider some ultrafilter £ on Y
converging to f(x). Then there is an ultrafilter £’ on X converging to z and such
that E = {e D f(¢') | ¢ € E'}. By definition N € E’, hence f(N) € E. f(N) is thus
a neighborhood of y, and f is open.
Conversely, suppose that f is open, so that if N is a neighborhood of x € X then f(N)
is a neighborhood of f(z). Fix y € Y, E converging to y and = € f~*(y).
Let F = {¢' 2 f~'(e)NN | e€ E,N € N(z)} where N(z) is the filter of neighbor-
hoods of x. Then F' is a filter: it is non-empty because X is a neighborhood of x hence
F contains X = f~1(Y); it is stable under finite intersections because E and N (z) are;
it is upwards-closed by definition; and it does not contain the empty set because every
neighborhood N of z is such that f(N) is a neighborhood of f(z), i.e. f(N) € E and
f(N) interesects every e € E.
Let E’ be any ultrafilter containing F'. Then E’ converges to x because it contains
N(z). Moreover f~1(e) € E’ for every e € E, and conversely if f~1(e) € E’ then
f1(ef) = f~Y(e)¢ is not in E’ so that e is not in E: because E is an ultrafilter, either
e € E or e° € E, so the former holds.
In other words, E = (Bf)(E’) and f is decomposable.
We could prove similarly by hand that decomposable relations are indeed the continuous
ones.
In JSL. A relation (A4,VvA) e~ (B,VP) in JSL given by some ¢: A «~ B in Set is decom-
posable if and only if for every a € A, E € PA such that a = \/A FE and b € B such that
(a,b) € 1, there is an F' € PB such that

Va' € E,3b € F,(d',b) € pand W € F,3a’ € E, (d',b') € ¢

and \/" F = b.

Consider some E = {a; | i € I} so that a = \/;46[ a; and some b € B such that (a,b) €
1. Then if ¥ is decomposable, consider the corresponding F' € PB and write F; =
{b/ € F | (a;,b) € ¢} and b; = \/B F;. By definition of F', every F; is non-empty and
Uier Fi = F, so that \/f;l b = VP F = b. Moreover ¢y C A x B is a relation of join-
semilattices and (a;,b’) € ¢ for every b’ € F;, hence (a;,b;) = g‘,ég (a;,b') € ¢ as
well.

Conversely, if v satisfies the stated property then if \/A E =aand (a,b) € 9, erE e=a
so there is a family (b.)ecp of elements of B such that (e, b.) € ¢ and \/feE be = b.
Taking F = {b. | e € E}, we see that 1) is decomposable.

In Conv. A relation A «~ B in Conv given by some ¥: A «~ B in Set is decomposable if
and only if for every a € A given as a =Y., \ja; with > ;A\, =1, \; #0 and a; € A
for every 1 < i < n, and b € B such that (a,b) € ¢, there are for every 1 < i < n some
m; > 1, (Ui,j)lﬁjfmi such that Z;ﬁl Hij = /\z and (bij)lgjgmi such that (ai,bij) S w for
all 1 S] <my; and Z?:l Z;n:ll ,uijbi]‘ =b.

29
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Suppose this holds. For every 1 < i < n, let b; = )\i 2311 pijbij. Then Y1 Ab; =
Dy Z;nzl pijbij = b, and for every 1 < i <mn, (a;,b;) = )\i Z:ij wij(ai, bij) € 1 because
1) C A x B is a relation of barycentric algebras.
Conversely, consider some a = Y., \;a; and b such that (a,b) € ¢ as above. If there
is always some (b;)1<;<n such that > | \;b; = b and (a;, b;) € ¢, then taking m; = 1,
i1 = A; and by; = b; for every 1 < ¢ < n shows that 1 is decomposable.

|

» Lemma 25. When UT creates near pullbacks, p' is nearly cartesian if and only if every
free algebra morphism FT f: (X7 u}) — (Y, ,ulT/) is decomposable.

Proof. u' is nearly cartesian if and only if for every f: X — Y in C, uf, o TTf = Tfouk
is a near pullback. But u" = UTeTFT, hence this holds if and only if for every such f,
UngTY oUTFTUTFTf =UTF fo UTegTX is a near pullback, i.e. if and only if every such

FT f is decomposable since UT creates near pullbacks. |

» Theorem 26. When the endofunctor T is nearly cartesian, a relation ¢: (A, a) «~ (B,b)
is decomposable if and only if UTep-a =b-TUT. If u" is also nearly cartesian and Rel(T)
restricts to KI(R) < Rel(C) for some monad R on C, then the Kleisli category Kl(ﬁ) of
the corresponding weakly lifted monad R on EM(T) has for arrows (A,a) — (B,b) the
decomposable relations ¥: (A, a) «~ (B,b) in EM(T) such that U1 is in KI(R).

Proof. Consider some EM(T)-relation : (A, a) «~ (B,b). By Lemma 22, it corresponds to
the C-relation UT4: A «~ B, which satisfies UTt - @ < b- TUT4. By Proposition 21, 1 is in
Kl(ﬁ) if and only if we have moreover that UT+ is in KI(R) and UT+-a = b- TUT¢. We now
show that this last condition is equivalent to 1 being decomposable.

If v is decomposable, it is given by a jointly monic span (¥(a,q), ¥ (Bp)): (R,7) —
(A, a) x (B,b) such that 14,4 is a decomposable morphism. Writing ¢4 = UTw(AJl) and
v = UTw(BJj), this means that ¥4 or = a o T4 is a near pullback in C. By definition of
the composite of two relations, this is equivalent to saying that wL ca=1-(Ta)t. But
because g,y is a morphism of T-algebras, we also have that ¢p -7 =0 Tep, and so

UTy-a=yp ol -a
=Yg -1 (Tya)t
=b-Typ - (Tya)
=b-TUTy

Conversely, suppose that 1) given as above is such that UTe - a = b- UT+). We now show
that 14 is decomposable: consider the pullback

To prove that ¥4 is decomposable, we need to prove that e: TR — P in the diagram above
is a regular epimorphism. By definition of the composition of relations, ¢,T4 -a =pR- pL,
so that b- Ty = v -a = Y - pr - pi\. Factor (pra,¥p o pr):P — TA x B into the
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regular epimorphism e’: P — P’ and the jointly monic span (pf 4,pz): P’ < TA x B. Then
Py (0ra) =B - pr -pL =b-Ty =g -r-(Tha)l, therefore ¢ o e: TR — P’, as in the
diagram below, must be a regular epimorphism.

o

TA +—— P’ R—H,bB

PTa
l

Pp

We will now show that e’ is a monomorphism and thus an isomorphism, and it will follow
that e must be a regular epimorphism as well. We have the commuting diagram

p__< ,p Pars) ryop
(pTa 7PR>£ \[(id-rA,a)xidB
TAX R TAx Ax B

idrax(Ya,¥B)

where all the arrows except e are monomorphisms: e is a also a monomorphism. |

» Remark 28 (subobject classifiers in categories of algebras). Recall that an elementary
topos is a regular category such that the Graph functor has a right adjoint [17, §1.911];
the corresponding monad is called the powerset monad. If C is an elementary topos with
powerset monad P, and if T is a monad on C such that the endofunctor T and the natural
transformation y' are nearly cartesian, then by Theorem 26 EM(T) is an elementary topos
as soon as every T-algebra morphism is decomposable. We retrieve for instance that the
categories of group actions (algebras for monads G x — where G is a group) are toposes,
because the corresponding morphisms of algebras are easily shown to all be decomposable.

This is not a necessary condition for a category of algebras to be an elementary topos: it
is well known that categories of monoid actions (algebras for monads M x — where M is a
monoid) are toposes, but there are equivariant morphisms that are not decomposable.

If EM(T) is an elementary topos as in Remark 28, P1 classifies subobjects in the sense
that subobjects X < Y are in one-to-one correspondance with morphisms ¥ — P1, where 1
is the terminal object [17, §1.912].

This can be generalized when Theorem 26 holds as follows: R1 classifies decomposition-
closed subobjects, in the sense that decomposable monomorphisms X < Y are in one-to-one
correspondance with morphisms Y — R1 (the correspondance comes from the adjunction
KI(R) (Y,1) = EM(T) (Y, R1)). For instance, the Vietoris monad on KHaus = EM(B) classifies
clopen subsets of compact Hausdorff spaces, the non-empty-join-closed powerset monad on
JSL =2 EM(P) classifies downwards-closed subsets of join-semilattices, and the convex-closed
powerset monad on Conv & EM(D) classifies walls, i.e. subsets E such that if x € F and
Z?:l x; =z, x; € E as well for all 1 < i < n (walls appear for instance in the structure
theorem for convex algebras, which state that every convex algebra is a subalgebra of the
Plonka sum of its walls [30, Theorem 4.5]).

» Lemma 29. Let C be a reqular category where idempotents split, and suppose T is nearly
cartesian. If F:C — C is nearly cartesian and weakly lifts to EM(T), then its weak lifting is
nearly cartesian. If a: F = G between two such functors is nearly cartesian and weakly lifts
to EM(T), then its weak lifting is nearly cartesian as well.
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Proof. Suppose F is nearly cartesian, i.e. preserves near pullbacks, and that it has a weak
lifting F to EM(T). Then it also has a semi-lifting F to EM,(T), and FUT = UT F is nearly
cartesian as well. Since U] creates near pullbacks by Lemma 39, F is nearly cartesian. Now
F=KTFIT, but KT and IT are both left and right adjoints, hence they preserve both limits
and colimits, and thus near pullbacks (regular epimorphisms are preserved as coequalizers of
their kernel pairs). It follows that F preserves near pullbacks.

Suppose a: F = G is a nearly cartesian natural transformation between two such functors
that has a weak lifting @: F = G to EM(T). Then it also has a semi-lifting & to EM,(T), and
aUT = U @ is nearly cartesian. Since U creates near pullbacks, @ is nearly cartesian. Now
@ = KT @17, hence since KT and IT preserve near pullbacks @ is also nearly cartesian. <

» Definition 30. Let I be a wide subcategory of a reqular category C such that, in C,
I-arrows are stable under pullbacks (in C);
if foeisal-arrow and e is a reqular epimorphism (in C), f is a I'-arrow.
Then we define C-T1 to be the wide subcategory of Rel(C) whose arrows are the C-relations
U: X «~Y given by jointly monic spans (Y¥x,y) such that x is a [-arrow, and we write
Graphp:C — C-TT for the restriction of Graph:C — Rel(C) to C-TT.
We also define a TT - C-square to be a square aob = cod such that a or ¢ is a T-arrow.

Proof. We prove that C-T'T is indeed a category. It contains all the identities of Rel(C) because
both C and I contain all the identities of C. Consider jointly monic spans {f1,g1): Ry < X XY
and (f2,g2): Ro — Y X Z such that f; and fy are in I, and let (f’,¢'): S < R; X Ry be
the pullback of ¢g1: Ry — Y and f3: R, — X. Then by the first property of ', f/ and thus
fiof' (T is a cateogry hence stable under composition) are in I'. Factor (f; o f/, g2 0 ¢’) into
a regular epimorphism followed by a jointly monic span: by the second property of I', the
resulting jointly monic span is also in C- I |

» Theorem 32. Let C, D, I, A and F:C — D be as in Definition 31. F has a monotone
(I, A)-relational extension if and only if the following two conditions hold:

F restricts to a functor I — A;

F sends near pullback I'T - C-squares on near pullback (necessarily AT -D-) squares (this is

always true when F is nearly cartesian).

Such a monotone (I', A)-relational extension, if it exists, is necessarily unique and given by
Eralg-f)T =Fg-(F)T.

Let a:F = G be a natural transformation between two functors C — D having such
monotone (I', A)-relational extensions. « has a (necessarily unique) (I, A)-relational extension
if and only if its has near pullbacks for its naturality squares along I-morphisms (this is
always true when « is nearly cartesian).

Proof. We adapt the proof of [20, Theorem 5.6], itself taken from [16, §5.3.11].

First note that a C-relation is in C-I'T as soon as it can be written g- f1 with f in I, without
f and g necessarily being jointly monic (and similarly for D and A): if (f,g) = (f',¢') oe
with e a regular epimorphism and f’ and ¢’ jointly monic, f' oe = f and f’ is thus also in T.
Moreover a C-arrow f is in I if and only if fT is in C- T (and, again, similarly for D and A):
fT is given by the jointly monic span (f,id).

Recall that for every arrow f: X — Y in a regular category, f1:Y «w X is the unique
relation such that idx < f7- f and f- ff <idy [13, §1.2 and §1.7]. If H:C- Tt — Rel(D) is
monotone, then for every MN-arrow f: X — Y,

Hf'H(fT) :H(f'fT) < H(idy) = idny
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and
idpx = H(idx) < H (fT- f) =H(fT) -Hf

and therefore H (fT) = (Hf)T.

In particular if we take H to be a (I, A)-relational extension of F followed by the inclusion
D - Af — Rel(D), we get that (Ff) is in D - A, and thus Ff is in A: F restricts to a functor
I — A. This forces H to be defined on C - ['-relations as H(g - fT) = Fg- (Ff)' (for f in

D). Consider now a near pullback I'f - C-square fog = go f/, so that f-g=g¢"- ()"

Applying H, we get (Ff)T-Fg=Fg'- (Ff)!, hence Ff o Fg’ = Fgo Ff’ is a nearly cartesian
At . D-square.

Conversely, suppose F satisfies the two properties above, and define Fr 5: C- r—p.Af
by Fr a (g . fT) = Fg - Ff% for jointly monic f and g: because F restricts as a functor I — A,

the result is indeed in D - Af. Fr A moreover preserves the identity: Fr A (idx -idjg() =

Fidy - (Fidx)" = idgx - ile. Finally, Fr A preserves composition:

Given f: R — X and ¢g: R — Y (not necessarily jointly monic), write (f,g) = (f',¢') oe
with e a regular epimorphism and (f’,¢’) a monomorphism, so that g- fT = ¢ - (f/)
and Fr A (g . fT) = Fg’ - (Ff")T by definition. Since F preserves regular epimorphisms (the
square id o e = id o e is a near pullback " - C-square hence id o Fe = id o Fe is a near
pullback as well), we get that Fr 5 (g- fT) = Fg'- (Ff")T = Fg - (Ff)I.

Given f:Y — R and g: X — R, write px: P — X and py: P — Y for their pullback:
ffog =npy ~p} and Fr A (fJr ~g) = Fpy - (Fpx)! by definition. The I'f - C-square
fopy = gopx is a near pullback, hence so is Ff o Fpy = Fgo Fpx: Fr Az (fJr ~g) =
Fpy - (Fpx)T = (Ff)T - Fg.

Consider now some a:F = G as stated above. ar o:Fr o = Gr o exists as a natural
transformation if and only if for every (f,g):R — X x Y in C-TT ie. with fin T,
ay -Fg- (FH))T = Gg- (Gf)' - ax. Of course ay - Fg = Gg - ap because « is a natural
transformation F = G, hence this is true if and only if ag - (Ff)T = (Gf)! - ax (consider
the case g = idg), i.e. if and only if the naturality square ax o Ff = Gf o ag is a near
pullback. |

» Corollary 33. In Set, a monad (T,nT, ,uT) with nearly cartesian endofunctor and multi-
plication also has a (necessarily unique) monotone weak distributive law over the monad P,
of non-empty subsets, and over the monad Py of finite subsets if and only if T preserves
functions with finite pre-images of elements.

Proof. A KI(P,) morphism is a function X — P,Y, i.e. a relation such that every element of
X is related to at least one element of Y. When seen as jointly monic spans (1) x, 1y ), these
relations are exactly those such that 1x is surjective. Surjections satisfy the two conditions
of Definition 30 because they are the same thing as regular epimorphisms and Set is regular,
and so we may apply Theorem 32 as nearly cartesian endofunctors preserve in particular
regular epimorphisms.

A KI(P#) morphism is a function X — P;Y, i.e. a relation such that every element of X
is related to a finite number of elements of Y. When seen as jointly monic spans (¥x, ¥y ),
these relations are exactly those such that v x has finite pre-images of elements. These
functions with finite pre-images of elements are easily seen to satisfy the two conditions of
Definition 30, and so we may apply Theorem 32. |
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» Corollary 34. Let T be a monad on Set equipped with a monotone weak distributive law
TP = PT, and let S be a monad on EM(T). If there is a monotone weak distributive law
SP = PS, S preserves decomposable T-algebra morphisms. Moreover if S is itself the weak
lifting of a monad on Set that has a weak distributive law over P, than the previous condition
is mot only necessary, but also sufficient.

Proof. We have seen in Lemma 41 that in EM(T), decomposable T-morphisms satisfy the
second condition of Definition 30. They must also satisfy the first condition (stability
under pullbacks) because, by Theorem 26, the composite of two decomposable relations is a
decomposable relation: decomposable relations are the arrows of Kl (ﬁ) We may thus apply
Theorem 32 to characterize monotone extensions to Kl(ﬁ). |

» Theorem 35. The Radon monad R does not have a monotone weak distributive law over
the Vietoris monad V, but it has (a unique) one over the non-empty Vietoris monad V. —
the monad of non-empty closed subsets.

Proof. See [20, §7.4] for an introduction to radon measures and the Radon monad. Recall
that R sends a compact Haudorff space X on the space RX of Radon probability measures
on X, or equivalently by the Riesz-Markov theorem to the space of positive continuous linear
operators C(X) — R with norm 1, where C(X) is the Banach space of continuous functions
X — R equipped with the uniform norm: for every such operator ¢ there is a Radon measure
m on X such that ¢(u) = [, udm for any v € C(X), and conversely integrating along a
measure defines an operator with the aforementioned properties. RX (seen as the space of
operators) is equipped with the vague topology, i.e. the weakest topology that makes each
evy: RX — R continuous, where f ranges in C(X) and evy is the function that evaluates an
operator at f.

Given f: X — Y in KHaus, ¢ € RX and g € C(Y), (Rf)(¢)(g) = ¢(go f). nR(z) € RX is
the operator that evaluates a continuous function at « € X, and for ® € RRX and f € C(X),

PR(@)(f) = P(evy).

Radon over Vietoris. Consider the inclusion f:1 — 2. 1 and 2 are sets equipped with the
discrete topology, so that f is an open continuous function. But R1 = 1 and R2 is the
unit interval: a point is never open in the unit interval, hence Rf cannot be open. R does
not preserve open maps, and by Corollary 34 does not have a monotone weak distributive
law RV = VR.

Radon over non-empty Vietoris. First note that V, is easily seen to be the weak lifting of
P, to KHaus 2 EM(B). By Theorem 26, KI(V,.) is the category of relations seen as jointly
monic spans (¢x, ¥y ) such that ¢x is open and surjective. All surjective continuous
functions between compact Hausdorff spaces are open, so this boils down to ¥ x being
surjective, i.e. a regular epimorphism (because UP creates regular epimorphisms). Regular
epimorphisms of course satisfy the conditions of Definition 30 in all regular categories,
hence we may apply Theorem 32: because R is is a nearly cartesian endofunctor [23,
Propositions 7.26 and 7.28], it has a monotone extension to KI(V.). We now show that
the naturality squares of uR along surjections are near pullbacks, so that xR also extends
to KI(V,) and we get a weak distributive law RV, = V.R.

Consider thus a continuous surjection f: X — Y in KHaus, and recall that Rf is also
surjective [20, Proposition 7.26] (in fact we will simply adapt the proof of preservation
of surjectivity to show our result). Consider some ® € RRY and ¢ € RX such that
pR(®) = (Rf)(¢), i.e. ®(evy) =1(go f) for every g € C(Y). Consider a first subspace
V1 of C(RX) consisting of continuous functions of the shape g o Rf for ¢ € C(RY):
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goRf — ®(g) defines a positive continuous linear operator ¥; of norm 1 on V5 (the
definition does not depend on the choice of g because there is only one such choice
as Rf is surjective). Similarly, consider a second subspace V5 of C'(RX) consisting of
continuous functions of the shape ev, for some g € C(X): then ev, — 1(g) defines
a positive continuous linear operator ¥o of norm 1 on V5. If a continuous function
in C(RX) is in V; N V4, it is of the shape evyor = evy o Rf for some g € C(Y), and
®(evy) = 1p(go f) by assumption: ¥ and Wy agree on V3 N V5. This defines a continuous
linear operator on V; + Vo, which extends to a continuous linear operator ¥ on C'(RX) by
the Hahn-Banach theorem [5, Theorem 1.12.26]. Now if 1 denotes the constant function
equal to 1, U(1) = U(ev;) = ¢(1) = 1 and U, as a continuous linear functional of norm 1,
must be positive.
We thus found some ¥ € RRX such that (RRf)(¥) = ® and uf(¥) = ¢: because UP
creates near pullbacks, this proves that the commuting square Rf o u% = uR o RRf is a
near pullback.

<

» Example 36. In EM(P) = JSL, let P be the monad of subsets closed under non-empty
joins: the join-closure of a family of subsets of X is the join-closure (in X)) of their union.
Let f:4 — 2 (where 2 = {0,1} and 4 = {0, 1, 2, 3}) be the function given by f(0) = f(2) =0
and f(1) = f(3) = 1. Then FP f is decomposable (by Lemma 25), but PF” f is not. Indeed,
let A € PFP4 and B, By, By € PFP2 be as depicted in Figure 2a (page 15): (ﬁFPf) (4) =
B = By V B, but there are no Ay, Ay € PFP4 such that A = A; V A, and (ﬁFPf) (A1) =By
as well as (ﬁFPf) (A2) = Bs.

Proof. Suppose indeed there are such A; and As. Then Ay, Ay C A and thus {0,1,2,3} €
A1 UAy ({0,1,2,3} is join-irreducible in A). This would imply {0,1} € By U Ba, which does
not hold. <

» Example 37 ([33]). In EM(D) = Conv, let P be the monad of convex subsets: a convex
combination of some convex subsets of X is the convex set of the corresponding convex
combinations of their points (in X). Let f:{A, B,C} — {B,C} be the function given by
f(A) = f(B) = B and f(C) = C. Then FPf is decomposable (by Lemma 25) but PFPf is
not. Indeed, depicting FP{A, B, C} as the triangle depicted in Figure 2b (page 15), FP{B, C}
is the line segment [BC] and FP f is the vertical projection. Now ${B} + 1[FC] = [DE] =
(PFPf) (IGD]), but [GD] itself cannot be disintegrated as the mean of two convex subsets
of ABC, one above B and the other above [F'C].

Proof. If such a disintegration existed, then the convex subset above B would contain both
B (because D € [DG]) and A (because G € [DG]), hence would be [AB]. The subset above
[FC] would contain at least one point, and hence the mean of these two subsets would have
to contain a non-trivial vertical line segment, which is not the case of [DG]. |

C.1 Proofs for Table 1

Let us first give an additional corollary of Theorems 26 and 32.

» Corollary 42. Let T be a monad on Set equipped with a monotone weak distributive law
TP, = P.T, and let S be a monad on EM(T). If there is a monotone weak distributive law
SP, = P.S, S preserves surjective decomposable T-algebra morphisms. Moreover if S is itself
the weak lifting of a monad on Set that has a weak distributive law over P, than the previous
condition is not only necessary, but also sufficient.
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Proof. By Theorem 26, the Kleisli category of P, has for arrows X —e+ Y the T-relations
given as jointly monic spans (x, %y ): R = X x Y such that ¢x is decomposable and UT+x
is surjective. The subcategory of surjective decomposable T-algebra morphisms satisfies
the two conditions of Definition 30, as both the subcategory of decomposable T-algebra
morphisms and surjective T-algebra morphisms (regular epimorphisms in EM(T)) do. We
may thus apply Theorem 32 to characterize monotone extensions to KI(E). |

For every monad we consider in JSL, Conv, Mon and CMon, we will prove that it does
not have monotone weak distributive law over P by exhibiting a decomposable morphism
that is sent by the underlying endofunctor on a non-decomposable morphism. In fact all
these morphisms will also be surjective, and so by Corollary 42 they will also prove that
these monads do not have monotone weak distributive laws over P,.

We do not prove that the example morphisms we exhibit are decomposable, as they will
all be free morphisms and thus immediately be decomposable by Lemma 25.

C.1.1 In Set.

[18] exhibits and proves the monotonicity of the weak distributive laws PP = PP and
BP = PB, [22] does it for the law DP = PD, while [10] does it for the law MgP = PMg. The
(strict) distributive laws LP = PL and MP = PM exist because linear theories distribute
over commutative monads [28]. These two laws are monotone, as noticed for instance in [20,
Example 2.23]: the extension corresponding to the law LP = PL is given in [20, Example
1.43] and is easily seen to be monotone, while the law MP = PM is an instance of the law
MsP = PMg when S = N [10, Remark 3.3]. By Corollary 33, these laws all restrict to
non-empty powersets.

C.1.2 In KHaus.

[23] exhibits the monotone weak distributive law VV = VV as the primary example for
the framework we started from here. It is interesting to note that after Section 4, this is
straightforward to show: by Example 24, decomposable B-algebra morphisms are exactly the
open maps, and because V is the weak lifting of P to KHaus = EM(B), by Corollary 34 there
is a monotone weak distributive law VV = VV if and only if V preserves open maps. This is
easily seen to be true. Consider indeed some open map f: X — Y, and some open subset u
of X. Then Ou = {c € VX | c Cu}isopen in VX, and (Vf)[Ou] = {f[c] | ¢ € Ou} = Of[u]
is open in VY. Similarly Qu = {c€ VX | cNu# @} is open in VX, and (Vf)[Ou] =
{fle] | ¢ € Ou} = Of[u] NOf[X] is open in VY. Because the sets Ou and Qu form a subbasis
of the topology of VX when u ranges among all open sets of X, this proves that V f is open.
The case of the Radon monad R is handled in Theorem 35. Because V preserves continuous
surjections, by a similar proof it also has a monotone weak distributive law over V..

C.1.3 In JSL.

The case PP = PP is handled in Example 36.

C.1.4 In Conv.

The case PP = PP is handled in Example 37.
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C.1.5 In Mon.

By Lemma 40, a morphism of monoids f: A — B is decomposable if and only if for every
f(a) =by---b, with a € A and b; € B, there are some a1, ...,a, € A such that f(a;) =b;
and a = a1 ---ay.

PP = PP. Here P = P is the monad of subsets of monoids: if A is a monoid with unit e,

PA is a monoid with unit {e} and multiplication ayas = {ajaz | a; € a;}.
Consider the constant function f:{a,b} — {a}. It extends to a monoid morphism
e {a, b} — {a}*. Let 8 = {aa}, p1 = B2 = {a} and a = {ab,ba}: B = B1P2 and
B = f*[a]. Suppose a1, as € P({a,b}*) are such that f*[o;] = ;. Then all the words in
«; must have length 1. Hence if ayas 2 «, a1 and ap must both contain a and b, which
implies that {aa, bb} C anas # a.

DP = PD. Here D = D is the monad of finitely supported probability distributions on a
monoid: if A is a monoid with unit e, DA is a monoid with unit J. and multiplication
(araz)(a) = 34, 0,—q @(a1)B(az).

The counter-example for P can be adapted: 046 = 0400 = (Df)(dap/2 + dba/2).

MgsP = PMg. Let S be a commutative (unital) semiring. Here Mg is the monad of S-
linear combinations: if A is a monoid with unit e, MgA is a monoid with unit 1- e and
multiplication (Zz (673 ai) (ZJ 5]' . b]) = Zi,j Oliﬂj . aibj.

The counter-example for P can be adapted: (1-a)((1+1)-a) = (14+1)-aa = f(1-ab+1-ba).
If there are ay, a2 € Mg ({a,b}*) such that f*[ay] = 1-a, f*lae] = (1 +1)-a and
ajag =1-ab+1-ba, then a; =w-a+z-band as =y-a+ z-b where w,x,y,z € S are
suchthat w+z =1, y+2=1+1, wy =0, wz =1, zy = 1 and zz = 0. This implies
that z = (w4 )z = wz + xz = 1 and similarly y = (w + )y = wy + zy = 1, hence that
w=0and z =0 and thus 1 = w+z = 0: S is the trivial semiring and Mg is the constant
monad {0}.

MP =- PM. This is the instance S = N of the case MgP = PMg.

C.1.6 In CMon.

By Lemma 40, a morphism of commutative monoids f: A — B is decomposable if and only
if for every f(a) = miby + -+ mub, with a € A, b; € B and m; € N, there are some
ai,...,a, € A such that f(a;) =b; and a = mya; + -+ + mua,.

PP = PP. Here P = P is the monad of subsets of monoids: if A is a commutative monoid
with unit 0, PA is a monoid with unit {e} and addition oy + as = {a1 + a2 | a; € o;}.
Consider the constant function f:{a,b,c,d} — {a}. It extends to a commutative monoid
morphism f:{a,b,c,d} x N—= N. Let § ={2a}, 81 = 52 = {a} and a« = {a + b,c + d}:
B =51+ B2 and 8 = f[a]. Suppose ay, s are such that f[o;] = 8;. Then all the words
in o; must have length 1. Hence if oy + as = «, one of them (and only one of them)
must contain a and the other one must then contain b, and similarly for ¢ and d. Say
a,c € ay and b,d € as: then a+d,b+c € a1 + as and a; + as # a.

DP = PD. Here D = D is the monad of finitely-supported probability distributions on a
monoid: if A is a commutative monoid with unit 0, DA is a commutative monoid with
unit §o and addition (a1 + az)(a) = -, | 4,—, @(a1)B(az).

The counter-example for P can be adapted: d2, = 04 + 04 = (Df)(datb/2 + dcta/2).

MsP = PMg. Let S be a commutative (unital) semiring. Here Mg is the monad of S-
linear combinations: if A is a commutative monoid with unit 0 and addition &, MgA
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is a commutative monoid with unit 1 -0 and addition (}_, ;- a;) ® (Z] Bj - bj) =
>, @il - (ai & b;).

The counter-example for P can be adapted: (1-a)® (1+1)-a) = (1+1)-2a =
fA-(a®b)+1-(c®d)). If there are oy, a2 € Mg({a,b, ¢, d} x N) such that f(a1) =1-a,
flae)=(1+1)-aand a1 ®ag=1-ab+1-cd, then oy =z, -a+xp-b+z.-c+x4-d
and ag =Yg -a+Yp - b+ ye - ¢+ yq - d where x4, Ty, T, Ta, Ya, Ybs Yo, Ya € S are such that
Tatwp+TetTa=1,Yat U+t Yetya=1+1 ZTayp + oY = 1, TeYa + Taye = 1,
TaYa = ToYp = TcYe = Tqya = 0 and x,y, + z4yp = 0 for every other p # ¢ € {a, b, ¢, d}.
Then 1 = (xayp + ToYa)(TcYa + Taye) = 0: S is trivial and Mg is the constant monad {0}.
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