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Abstract

This thesis comprises two parts whose unifying thread is the concept of categorical
density. The overarching theme is understanding what structure and properties
of a category can be extended to a larger category inside of which the first one
sits.

The first guise this idea takes is as a categorical generalisation of the concept of
density for metric spaces. Following Lawvere’s insight, which sees a metric space
as a category enriched in the quantale of nonnegative reals, we study the enriched
functors corresponding to maps whose image is topologically dense. These are
the Cauchy dense functors. We explain how fully faithful Cauchy dense functors
are intimately linked to Morita equivalence. We also give characterisations of
Cauchy density in several contexts, and study the case of Cauchy dense functors
between one-object enriched categories, i.e. monoids.

The second, and more substantial, undertaking of this thesis is investigating
the construction of pushforward monads introduced in Street’s formal theory
of monads. Pushforward monads give a universal way of transporting a monad
along a functor subject to the existence of a right Kan extension. They generalise
codensity monads, which are the pushforwards of identity monads.

We study the properties of pushforward monads in a 2-category. In the 2-
category of categories, pushforwards along a fully faithful functor are an impor-
tant case, because the induced functor between categories of monads is itself fully
faithful and has a partial left adjoint. In particular, every monad on a suitable
full subcategory is the restriction of a monad on the entire category.

This highlights the question: if a monad 7' admits a lift along a functor
G, what is the pushforward of this lift? We argue that the resulting monad
deserves to be thought of as a generalisation of the composite monad induced by
a distributive law of the codensity monad of G over T. We give conditions for
when the pushforward is in fact the (weak) composite of such a (weak) distributive
law.

Finally, we provide numerous examples of pushforward monads. These include
pushforwards along the inclusions of the category of finite sets into that of all sets,
of the category of fields into that of commutative rings, and of the category of
finite families in a category into that of all families.
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Lay Summary

A category is a mathematical device which consists of a collection of ‘things’
called objects and information on how these objects relate to each other. These
relations cannot be entirely arbitrary: the way that A relates to B, together
with the way that B relates to C, influence the way that A relates to C. The
most fundamental example of a category is that whose objects are sets and where
the information of how A relates to B is the collection of functions from A to
B. Almost eerily, the idea of a category turns out to accurately describe the
behaviour of many ‘things’ across mathematics. This gives a common ground to
such different fields as algebra, topology and geometry.

Since categories emphasise the importance of relations between objects, it is
natural to ask in what ways two categories can be related. This gives the notion
of a functor from a category A to a category B, which assigns an object of B to
each object of A preserving those relations in A.

A monad is a gadget one can attach to a category which allows for the consid-
eration of objects equipped with some kind of structure. For example, a certain
monad might bring into focus those objects of a category which admit a notion of
addition, such as the set of integers Z in the category of all sets. In the language
of category theory, we say that Z is an algebra for that particular monad.

Now suppose that we have two categories A and B, a functor G between
them, and a monad T attached to A, i.e. a kind of structure that the objects
of A can carry. What kind of structure can the objects of B carry which would
make them most closely resemble the algebras for our monad 7?7 The answer
is given by the pushforward of the monad T along the functor G. This is the
canonical monad generated by T which can be attached to B through G. It
might be quite a complex monad, but the fact that it is generated by T provides
a first step to understanding it. As an example, we could ask: what structure
can sets carry which would make them most closely resemble finite sets? The
answer turns out to be the structure of a particular kind of continuous space,
called a compact Hausdorff space. This is remarkable, because finite sets are far
from being representative examples of compact Hausdorff spaces such as spheres
or tori.

In this thesis, we study the construction of pushforward monads in various
levels of generality. We use it as a tool to prove properties about complex monads
from simpler monads which generate them. We show how several important
monads are in fact generated as pushforwards. Separately, we also consider a
particular way in which two categories can be closely related, called a Cauchy
dense functor, which is itself inspired by the topological notion of a dense subset.
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Chapter 1

Introduction

Kan extensions are a ubiquitous tool in category theory. They provide universal
answers to the question: how can a functor A — C be extended along a functor
A — B to a functor B — C? This simple question, when considered in the right
contexts, is able to encapsulate surprising amounts of category theory, prompting
Mac Lane to famously argue that ‘all concepts are Kan extensions’ [48, §X.7].
It is therefore natural that most of the contents of this thesis depend on this
construction.

We will use Kan extensions to understand what structure on a category B is
actually determined by, or can be induced by, structure on a category A through
a functor A — B. The actual structure in question will shift throughout the
thesis. In Chapter 3 on Cauchy density, the structure we consider is that of a
functor into a third category C. In Chapters 4, 5 and 6 on pushforward monads,
the structure will be that of a monad on A.

1.1 Cauchy density

Among Hausdorff spaces, a continuous map f: A — B whose image is dense
is an epimorphism: two continuous maps g,h: B — C which agree on a subset
must also agree on its closure. One can transfer this topological idea into category
theory using Lawvere’s insight of viewing metric spaces as enriched categories [43].

He realised that a category X enriched in the monoidal poset of nonnegative
extended reals R™ = ([0, 00], >, 4, 0) ought to be thought of as generalised metric
space. Indeed, to each pair of points a,b € X, one assigns a distance X (a,b) € R*
from a to b. Composition corresponds to the triangle inequality

X(a,b) + X(b,c) 2 X(a,0),

and identities give X(a,a) = 0. This notion differs from that of a classical
metric space in the sense that distances may be infinite (because oo € [0, o0]),
different points might be distance 0 apart, and, most importantly, distances may
not be symmetric (X (a,b) # X(b,a) in general). An Rt-enriched category is
commonly known as a Lawvere metric space. An R*-functor is a short map of
metric spaces, also called a distance-decreasing or 1-Lipschitz map, i.e. a function
f: X — Y such that X(a,b) > X(fa, fb).
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Note that R* is good base for enrichment because it is a complete and cocom-
plete, symmetric monoidal closed category. Such a category is commonly called a
Bénabou cosmos. Lawvere specialised many concepts of enriched category the-
ory to the R case to recover important notions of metric geometry. For instance,
the Yoneda embedding becomes the isometric embedding of a metric space X into
the space of RT-valued short maps with the sup metric, and the space of closed
subsets of X equipped with a nonsymmetric version of the Hausdorff metric is
naturally a subspace of the space of presheaves on X.

Through this programme, Lawvere highlighted that many of the basic notions
of metric geometry did not depend on the axioms of a classical metric space
beyond those of a Lawvere metric space, i.e. finiteness, separation and symmetry.
Thus, enriched category theory can help inform metric geometry. Perhaps more
importantly, though, he showed that this relationship extends both ways: metric
geometry can help inform enriched category theory.

The foremost example of this is his categorical characterisation of the comple-
tion of a metric space X, i.e. the set of equivalence classes of Cauchy sequences
in X. He showed that this is exactly the completion of X under those R*-
colimits weighted by an absolute weight. This notion makes sense regardless of
the base of enrichment, and gives the definition of the Cauchy completion C
of a V-category C. This process turns out to be extremely meaningful: if V is a
Bénabou cosmos and .4 and B are small V-categories, then [A°P, V] ~ [B°P V)] iff
A ~ B. A proof can be found e.g. in Kelly’s book [33, Prop. 5.28].

As well as the completion of a metric space, Lawvere generalised the notion
of a short map with dense image (in the topological sense) to V-functors. A
V-functor F': A — B is Cauchy dense if the map

/ " B(Fa. 1) ® B(b, Fa) —— B(b,¥) (1.1)

induced by composition in B is an isomorphism for all b,' € B. The reader
familiar with V-profunctors will recognise this as the condition that the counit of
the profunctor adjunction F, 4 F™* be invertible. Lawvere called such functors V-
dense, but the word dense has since taken a different (although related) meaning
in category theory. Because of this, we use the term ‘Cauchy dense’ instead,
following Day [17, p. 428].

Because of the added categorical structure, Cauchy dense functors are not
quite epimorphisms of V-categories, as is the case for classical metric spaces.
Instead, they are the cofully faithful 1-cells of the 2-category V-Cat, also called
lax epimorphisms, i.e. those V-functors F': A — B such that precomposing with
F is a fully faithful (ordinary) functor V-Cat(B,C) — V-Cat(A,C) for all C. In
fact, Lucatelli Nunes and Sousa [47, Thm. 5.6 and 5.11] showed:

Theorem. Let V be a Bénabou cosmos. The following are equivalent for a V-
functor F': A — B between small V-categories:

(i) F is Cauchy dense;

(ii) F is cofully faithful in V-Cat;



(iii) the V-functor [F,C]|: [B,C] — [A,C] is fully faithful for all C;
(iv) F is absolutely dense;
(v) F is absolutely codense.

For a functor F' to be absolutely dense means that (15,1r) is a pointwise
left Kan extension of F' along itself and, moreover, that this extension is preserved
by any V-functor. If (15, 1r) is an absolute right Kan extension instead, then F' is
absolutely codense. It follows, in particular, that every Cauchy dense functor
is dense and codense.

In Chapter 3, we revisit this result and study the properties of Cauchy dense V-
functors. We provide a streamlined proof of the theorem above using the proarrow
equipment (—),: V-Cat — V-Prof (Theorems 3.1.6 and 3.1.8). Restricting to the
fully faithful Cauchy dense functors, we obtain a universal property of the Cauchy
completion of a small V-category A: it is the largest V-category that admits a
fully faithful Cauchy dense functor from A. (Theorem 3.2.5). For V = R*, this
recovers the fact that the completion of a space X is the largest space into which
X embeds isometrically as a dense subset. This is analogous to a result by Avery
and Leinster [8, Cor. 8.3 and Thm. 8.4] which gives a similar characterisation of
the reflexive completion R(A) of a small V-category A as the largest category
into which A admits a fully faithful, dense and codense functor.

In turn, this gives a characterisation of fully faithful Cauchy dense functors
akin to that in part (iii) of the theorem above: a V-functor F' : A — B is fully
faithful and Cauchy dense iff [F,C]: [B,C] — [A,C] is an equivalence for every
Cauchy complete C (Theorem 3.2.7). This result is essentially already present
in work of Lucatelli Nunes, Prezado and Sousa [53, Thm. 2.5], but was obtained
independently by the author.

The remainder of Chapter 3 focuses on studying the behaviour of Cauchy
dense V-functors for a number of V. An important special case is given by
Cauchy dense maps of monoids, seen as one-object V-categories. For V = Set
and V = Ab, we show that they are exactly the epimorphisms of monoids. This
does not hold in general however, and we provide a counterexample where V is
the category of finitary endofunctors of Set.

Lastly, we study whether the Cauchy density condition can be simplified to
only requiring that the map (1.1) be invertible when b = b’'. We show that this is
possible when V is a preorder, as is the case for V = R*, or when F: A — B is
split-full (Definition 3.2.2).

1.2 Pushforward monads

The second and more substantial part of this thesis focuses on the construction
of pushforward monads. These were introduced by Street in his formal theory of
monads [58], but have received little attention since. In Chapters 4, 5 and 6 we
undertake an extensive study of the properties of this construction, its relation
to other important notions in the theory of monads (such as distributive laws),
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and several examples of it. Chapter 4 and some parts of Chapter 6 are based on
the article [24] published by the author.

Monads are a central notion in category theory which have enjoyed many
applications in fields such as homological algebra, universal algebra and pro-
gramming language semantics. For our purposes, we will mostly view them as an
instrument for categorical universal algebra. We now give an overview of their
role as such, building up to the motivation for the study of pushforward monads.

From algebraic theories to monads Classical universal algebra is concerned
with structures defined by a set of abstract finitary operations subject to a set of
universally quantified equations involving these operations. The classic example
is the theory of groups, which can be presented by a binary operation m, a unary
operation ¢ and a nullary operation (i.e. a constant) e, subject to the universally
quantified equations

m(z1, m(xe, x3)) = m(m(z1, x2), x3),
m(e,x1) = 1 = m(z1,e),

m(i(z1),z1) = e = m(xq,i(x1)).

Such a theory gives a notion of model: a set equipped with operations interpreting
the abstract operations in the theory and satisfying all the equations. A model for
the theory above is, of course, a group. Importantly, a theory also gives a notion
of model homomorphism, which in our example is just a group homomorphism.
The category of models and model homomorphisms T-Mod for a theory T has a
forgetful functor U”: T-Mod — Set, which is always monadic.

Thus, every theory T gives a monad on Set whose category of algebras is
T-Mod. If all the abstract operations of T have finite arity, as in the example of
groups above, then the corresponding monad is finitary, i.e. it preserves filtered
colimits. In fact, there is a one-to-one correspondence between finitary theories
and finitary monads on Set. Thanks to this, one obtains finitary monads on Set
whose algebras are traditional objects of study in algebra: monoids, groups, rings,
modules, Lie algebras, etc.

An analogous correspondence holds if the arity of the abstract operations in
T is always less than some fixed regular cardinal x: such theories correspond to
monads on Set which preserve k-filtered colimits. In general, however, not every
monad on Set is induced by a theory with operations bounded by some cardinal. A
good example of this is the theory of suplattices (or complete join-semilattices):
to present it one needs an abstract operation of each possible arity «, which
correspond to taking the supremum of a subset of cardinality a. The framework
of monads on Set allows one to speak of theories which do not have a set of
operations, but rather a proper class, so long as the operations of any given arity
do form a set. Such monads are said to have no rank and are significantly less
well-behaved than those arising from theories with bounded arities, but allowing
them vastly increases the number of categories which are considered algebraic,
i.e. which admit a monadic functor to Set.

On the other hand, it should be noted that some theories are too large to
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correspond to monads on Set. These are the theories with a proper class of
operations for some fixed arity. The classical example of this is the theory of
complete lattices, which has a proper class of ternary operations (see Johnstone’s

book [31, §1.4.7]).

The operations of a monad One way to understand monads on Set as theo-
ries is by considering their operations. If 7" is such a monad and n is a finite set,
then Tn is the set of n-ary operations of the corresponding theory. Indeed, for
any T-algebra (A, a), each 8 € T'n gives a map A™ — A: the composite

€Vo

A" = Set(n, A) —L— Set(Tn,TA) —2%5 TA —2 A.

Each such 6 does not just give a concrete operation for each T-algebra, but these
combine into a global operation on the whole category of algebras, because every
T-algebra map must commute with the operation induced by 6. Explicitly, each
6 € Tn gives a natural transformation (UT)" — UT where U7 : Set” — Set is the
forgetful functor and (UT)" is its (objectwise) n-th power. In fact, we have

Tn = [Set”, Set](Set” (F'n, ), U") = [Set”, Set] (U”)", U”)

by the Yoneda lemma, because (UT)" is the functor represented by FZn, where
FT: Set — Set” is the free T-algebra functor. This makes sense even if n is not
finite, so that we can speak of operations of arbitrary arity. The data of the
monad 7" hence contains that of the n-ary operations for each not-necessarily-
finite set n. Once the set of n-ary operations is given for each n, what remains to
specify the monad T, i.e. the functor structure, the unit and the multiplication,
is exactly what it takes to specify how operations of different arities compose
together to form other operations.

The passage from finitary monads to all monads on Set is partially reversible.
Formally, the fully faithful inclusion Mndget < Mnds; of the category of finitary
monads on Set to that of all monads on Set has a right adjoint (—)f. This is
because the inclusion J: FinSet < Set is the free cocompletion of FinSet under
filtered colimits, so that a functor F': Set — A preserves filtered colimits iff it
is the left Kan extension Lan; F'J of FJ along J. The coreflection (—)f then
sends a monad T on Set to the filtered-colimit-preserving endofunctor Lan; T'J
equipped with an induced monad structure. From the operations point of view,
this process simply remembers the finitary operations of 7', and generates the
higher-arity operations in terms of those. We call T* the finitary part of 7.

The theory induced by a functor Given a category over Set, i.e. a functor
G: A — Set, one can ask to what extent A is algebraic. If G has a left adjoint
F: Set — A, then it induces a monad GF on Set and a comparison functor
K: A — Set®" over Set. This functor measures the failure of G to be monadic:
K is an equivalence iff G is monadic. In fact, USF is the monadic reflection
of G, in the sense that for any monad 7" on Set and functor H making the left
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diagram commute, there exists a unique functor H making the right one commute:

H

A—H 5 get” Set¢F - H__, > Set”
(X /U . UGN /U . (1.2)
Set, Set.

If G does not have a left adjoint then it cannot be monadic. We can however
still look for the theory it induces by finding its monadic reflection. Taking the
operations point of view, the n-ary operations that G admits form the collection
T%n of natural transformations [A, Set](G", G). Note that in general this may be
a proper class, in which case there is no hope to have T extend to an endofunctor
of Set, let alone a monad. If nevertheless each T%n is a set, e.g. if A is small, then
they assemble into a monad T'¢ on Set for which U T¢ is the monadic reflection of
G in the sense above. This is the codensity monad of G. One can also consider
the finitary part (T¢)f of T, which we will call the finitary codensity monad
of G. In this case, U (T is the finitary monadic reflection of G, i.e. it satisfies the
analogous universal property in (1.2) with respect to finitary monadic functors.

If G is a right adjoint, then its codensity monad is GF'. Thus, the forgetful
functor U: Grp — Set induces, unsurprisingly, the theory of groups, as does
its restriction to the full subcategory on the free groups. In fact, if we are only
interested in the finitary operations, we can further restrict to the full subcategory
of finitely generated free groups Grpg,. Let D: Grpg, < Grp be the corresponding
inclusion and V = UD. The finitary theory induced by V is again the theory of
groups. Indeed, for a finite set n,

TVn = [Grpg,, Set](V", V) = [Grpg,, Set](Grpg, (Fn, —),V) 2 VFn

by the Yoneda lemma, where F': FinSet — Grpg, is the free group functor. The
reader familiar with Lawvere theories will recognise Grpg, as the opposite of the
Lawvere theory of groups. In fact, the same argument shows that for any finitary
monad T on Set, the finitary codensity monad of the forgetful functor Set?.;g — Set
is again T'.

For another example, let 2: 1 — Set be the functor from the terminal category
whose image is the two-element set 2. The finitary theory induced by this functor
is commonly called the complete theory on the set 2. Its n-ary operations are
all the functions 2" — 2, which give the theory of Boolean algebras (see e.g.
Lawvere’s thesis [42, §III.1 Ex. 4]). The codensity monad of 2 is the double
powerset monad, whose category of algebras is that of complete atomic Boolean
algebras, equivalent to Set°.

Lastly, consider the inclusion J: FinSet < Set. The finitary theory it induces
is trivial, since FinSet = Setg,. If we also consider the operations of J of infinite
arity, however, we get a very different theory. Indeed, the codensity monad of J
is the ultrafilter monad, as shown by Kennison and Gildenhuys [37, p. 341]. Its
category of algebras was identified as the category CHaus of compact Hausdorff
spaces and continuous maps by Manes [50, Prop. 5.5]. This gives a surprisingly
simple universal algebraic explanation for the importance of compact Hausdorff
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spaces: they are the algebras for the theory induced by finite sets.

Monads on other categories Considering monads on other categories other
than Set allows one to speak of algebraic structure carried not by sets, but by
objects of an arbitrary category C. For instance:

o Categories are graphs equipped with algebraic structure, since the functor
Cat — Graph sending a category to its underlying graph is monadic. This
well-known fact is proved e.g. by Barr and Wells in [9, p. 105]

o Banach spaces are complete metric spaces equipped with algebraic struc-
ture, since the functor Ban; — CMet; sending a Banach space to its closed
unit ball is monadic by Rosicky’s [54, Thm. 4.1].

o Finitary monads on Set are finitary endofunctors equipped with algebraic
structure. This is true more generally for finitary monads on a locally
finitely presentable category, as proved by Lack [38].

The interpretation of monads as theories determined by their operations is
not immediately available in this setting (unless one asks for a strong monad
on a closed category). However, one can still define the monad induced by a
functor G: A — B, i.e. the codensity monad T¢ of G. Instead of considering
sets of natural transformations between powers of G, we define T¢ = Rang G. If
B = Set, this agrees with the previous definition whenever the Kan extension is
pointwise. When T'C exists, we still have that UT® is the monadic reflection of G
in the sense of (1.2) when Set is replaced by B. If B is locally finitely presentable,
we can also speak of the finitary codensity monad of G. As in the B = Set case,
this is the image of T under the right adjoint to the inclusion Mndg — Mndg.

Pushforward monads Suppose now that, in addition to a functor G: A — B,
we have a monad T on A. Pushforward monads give a universal answer to
the problem of transporting the monad 7' along the functor G. If Rang GT
exists, then it has a canonical monad structure induced by 7', which we call the
pushforward of T along G and denote by G4T'. Chapter 4 is devoted to the
properties of this construction, both in the generality of monads in a 2-category
and in the important case of monads in CAT.

In terms of monadic functors, U7 is the monadic reflection of GU7T, so that
GyT is the codensity monad of the composite

T
AT Uy p G

by Corollary 4.1.9. Therefore, pushforward monads are subsumed by the con-
struction of codensity monads, at least in a 2-category which admits the con-
struction of algebras in the sense of Street [58, p. 151]. On the other hand, the
codensity monad of GG is recovered as the pushforward of the identity monad.
One of the main reasons to study pushforward monads is that, beyond be-
ing examples of codensity monads, they carry a functorial structure. When all
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pushforward monads along G: A — B exists, they assemble into a functor
Gul MndA — MndB

by Lemma 4.1.4. If G is fully faithful, then so is Gy, and in fact it admits a
partial left adjoint defined for those monads on B which restrict along G (Theo-
rem 4.3.11). In particular, the category of monads on a small full subcategory .4
of a complete category B is a full subcategory of the category of monads on B.
If G: By, < B is the inclusion of the full subcategory of finitely presentable ob-
jects of a locally finitely presentable category, then there is another fully faithful
functor Mndp,, — Mndp which sends T' to Lang GT'. This less general inclusion
is compared to the one given by pushforwards in Remark 4.3.16.

The existence of the partial left adjoint to Gy will follow from our work in
Section 4.2, which gives an alternative universal property that pushforwards along
G: A — B satisfy with respect to G-determined monads on B, i.e. those
monads 7" on B which are isomorphic to Rang T'G. This generalises a result of
Adédmek and Sousa [3, §6], by showing that if G is fully faithful, the codensity
monad of G is the smallest G-determined submonad of a number of GG-determined
monads on B (Example 4.3.15(ii)).

In Section 4.3.3, we study the connection between codensity monads and free
completions under classes of limits. This allows us to relate codensity monads to
Diers’s multiadjunctions [23, p. 58] and Tholen’s D-pro-adjunctions [61, p. 148].
In particular, we use Diers’s theory to identify the category of algebras of the
codensity monad of the inclusion Field < CRing as the free product completion
of Field. An alternative explicit proof of this fact was independently discovered
by the author, and is presented later in Section 6.3.

Pushforward monads and weak distributive laws The composite of two
endofunctors is again an endofunctor. However, the composite of two monads
does not carry a canonical monad structure. Distributive laws were introduced
by Beck [10] as a way to specify a monad structure on the composite endofunctor.
Let T and S be monads on a category A. A distributive law of T over S is a
natural transformation 6: T'S — ST satisfying certain compatibility conditions
with the units and multiplications of T and S (Definition 2.3.11).

Given such a d, the endofunctor ST can be equipped with a monad structure
with unit and multiplication given by

ST S, T
LT s and  STST 3L, s2m2 HE . T

Moreover, one can define a monad S on AT which lifts S along UT by sending
the T-algebra (A, ) to SA equipped with the T-algebra structure map

TSA 4, sTA 5%, 54,
In fact, Beck showed that distributive laws are in bijection with

(i) monad structures on ST such that n°T: T — ST and SnT: S — ST are
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monad maps, and satisfying the middle unitary law (Theorem 2.3.13);

(ii) monad lifts S of S along the monadic functor UT: AT — A (Theo-
rem 2.3.14).

In the context of pushforward monads, it is natural to relax (ii) to a lift S of
a monad S along an arbitrary functor G: A — B. The pushforward G;S always
comes equipped with two monad maps Gyl — G4S and S — G}S, where Gyl
is the codensity monad of G, satisfying an analogue of the middle unitary law.
This situation is formally similar to (i), and leads to the natural question: when
is Gug the composite monad induced by a distributive law of G}1 over S?

This question is investigated in Chapter 5. The answer is affirmative when S
preserves the right Kan extension of G along itself. In fact, in many cases this
suffices to prove that there exists a unique distributive law of a given codensity
monad over another monad (Theorem 5.1.5). Conversely, this characterisation
can also be used to give a simple condition for the nonexistence of a distributive
law of the same type (Proposition 5.1.8).

In general, asking that GyS be the composite induced by a distributive law
is quite a strong requirement. Because of this, we also study the case of weak
distributive laws, as introduced by Bohm [14] and Garner [28]. In fact, we find
that the notion most closely related to GyS is that of a m-weak distributive law of
Gyl over S (Definition 5.2.3). These are more general than the weak distributive
laws of Garner. It follows from Bohm’s work that, subject to the splitting of
certain idempotents, m-weak distributive laws of T" over S correspond to certain
weak monad lifts of S along UT. We give an alternative characterisation of them
in terms of the ‘weak composites monads’ they induce in the spirit of (i) above
(Theorem 5.3.2). This is then refined in Theorem 5.3.4 to also give an analogous
characterisation of weak distributive laws.

This is then applied in Section 5.4 to study when the pushforward of a lifted
monad is the weak composite given by a m-weak distributive law (Theorem 5.4.4).
In Section 6.1.1, we use this result to recover Garner’s weak distributive law of
the ultrafilter monad over the powerset monad on Set [28, §5.1].

Examples of pushforward monads No formal theory is complete without
a collection of examples illustrating its relevance. Chapter 6 does this for the
theory of pushforward monads developed in the previous two chapters.

The first source of examples is given by monads on FinSet and their push-
forward along J: FinSet < Set. In Section 6.1, we compute the pushforward
along J and the corresponding category of algebras of several natural families of
monads. Recall that the codensity monad of J is the ultrafilter monad. Many of
these pushforwards along J turn out to be composite monads induced by unique
distributive laws under the ultrafilter monad. This is the case, e.g. for the excep-
tion monad — + E for a finite set £ (Example 6.1.8) and the free M-set monad
for a finite monoid M (Example 6.1.9).

The case of the powerset monad is particularly interesting. We prove that its
pushforward along J is the filter monad (Theorem 6.1.14), and that it is the weak
composite of a m-weak distributive law of the ultrafilter monad over the powerset
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monad (Theorem 6.1.18). This also allows us to show that there is no distributive
law of the ultrafilter monad over the finite powerset monad (Proposition 6.1.19).

Finally, we prove that, with two trivial exceptions, the pushforward of a monad
along J is never finitary. In fact, it has no rank (Theorem 6.1.24).

In Section 6.2, we consider an example of a pushforward along the inclusion
J: FinFam(€) — Fam(€) of the free finite coproduct completion of a category
€ into its free coproduct completion. Leinster [45, Thm. 8.5] showed that the
codensity monad of J is the ultracoproduct monad. When £ = (Set”)° for
some finitary monad T, this gives the ultraproduct construction of model the-
ory. We give a formula for the pushforwards of monads lifted along a (cloven)
Grothendieck fibration (Proposition 6.2.2). The particular example we study is
that of a lift of the powerset monad along the fibration FinFam(€) — FinSet for
a category £ with coproducts and cofiltered limits. The resulting pushforward
along J is then a lift of the filter monad on Set; it is the reduced coproduct monad
(Theorem 6.2.5). When &£ = (Set”)°P as above, it gives the reduced product con-
struction of Frayne, Morel and Scott [27].

Section 6.3 gives an explicit proof that the category of algebras of the coden-
sity monad of the inclusion Field < CRing is Prod(Field), i.e. the free product
completion of the category of fields. Although this was already derived from
results by Diers in Example 4.3.23(i), we believe that the explicit calculation il-
lustrates a general pattern in the theory of codensity monads and their relation
to limit completions. We briefly consider the operations of the corresponding
monad on Set, and show that it has no rank.

Lastly, Section 6.4 studies the special case of pushing forward a monad along
another monad. Since the complexity of calculating Rang greatly increases with
the complexity of G, we only provide examples of the most basic nature. In
particular, we compute the codensity monad and the corresponding category of
algebras of the exception monads — + E on Set, where E is a set. When |E| > 1,
the corresponding category of algebras is equivalent to Prod(Set) (Theorem 6.4.3).
The case of |E| =1 is special and is treated in Theorem 6.4.10.

Some directions for future work Although this thesis develops both the
general theory and specific examples of pushforward monads, there is much left
to be understood about them. We now list some possible directions for future
work.

o There are many examples of closed bicategories (i.e. bicategories with all
right extensions and lifts), such as Span(C), V-Mat, and V-Prof for suitable
choices of C and V. What does the pushforward process look like in each of
these? Does it recover a well-known construction?

e Left oplax Kan extensions of 2-functors have recently been used by
Tarantino and Wrigley [60] to unrelativise relative pseudomonads. This
process is similar to the one we discuss in Remark 4.3.16 below. Is there a
lax pushforward process for pseudomonads using right lax Kan extensions?

o As discussed at the end of the introduction to Chapter 5, one could in prin-
ciple talk about pushforward monads in the category MND(K) of monads in
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a 2-category K, i.e. pushforward distributive laws. In practice, this is com-
plicated by the lack of a convenient calculus of extensions in MND(K). One
approach is to consider the locally fully faithful 2-functor MND(K) — K~
into the arrow 2-category of KC, which reflects all extensions. When do
right extensions in MND(K) or K™ exist? What interesting pushforward
distributive laws can be obtained from this construction?

In Subsection 4.3.3 we review some results by Diers relating multimonadic
functors and codensity monads. Theorem 4.3.22 says that the product-
preserving functor G: Prod(A) — Set induced by G': A — Set is monadic
iff Prod(G): Prod(A) — Prod(Set) is monadic and the only cones in A sent
by G to product cones in Set are the trivial ones. Is the analogous statement
for other (sound) limit doctrines true? What happens if one replaces Set
by a category with the relevant limits?

11
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Chapter 2

Background

This chapter introduces all the necessary notions and notation needed for the
rest of this thesis. Familiarity with basic category theory is assumed, as covered
by the first three chapters of Borceux’s handbook [15], as well as some notions
of enriched category theory. In particular, we use Kelly’s notation for weighted
limits and colimits [33, Ch. 3].

The content presented here is collected from a number of sources. Section 2.1
serves as an introduction to the theory of 2-categories. Many examples are taken
from Lack’s helpful guide to the subject [39]. Section 2.2 focuses on the construc-
tion of extensions in a 2-category in general, and more concretely on Kan exten-
sions of V-functors. We have found that Wood’s proarrow approach pioneered
in [64] gives a gentle 2-categorical account of the latter without involving much
enriched category theory. Section 2.3 summarises the main results of Street’s for-
mal theory of monads [58], which are crucial to all but one chapter of this thesis.
Lastly, Section 2.4 reviews some classical theorems about monads in CAT and on
Set, and introduces several monads which we use as examples.

2.1 Some 2-category theory

Categories, functors and natural transformations are the main object of study
of category theory. Categories and functors assemble themselves into a (large)
category CAT, but this structure alone ignores the natural transformations. Given
two categories A and B, the collection of functors A — B forms itself a category,
denoted by [A, B]. Not only this, but functor composition is a functor

B,C] x [A,B] —— [A,C).

This allows us to view CAT as CAT-enriched category; this structure is called a
2-category.
Definition 2.1.1. A (strict) 2-category K consists of

« a collection of 0-cells or objects;

o for O-cells z and y, a category K(z,y), whose objects are called 1-cells and
whose morphisms are called 2-cells;

13



o for O-cells z, y and z, a functor
K(y’ Z) X IC(:L‘,y) % K:(ZE, Z)

called 1-cell composition;
o for each O-cell z, an identity 1-cell in K(z,x), denoted by 1, or z;

such that composition of 1-cells is strictly associative and unital, i.e.

(fog)oh=fo(goh) and lof=f=fol.

For 0-cells z and y in K, we write f: x — y to mean f € obK(z,y). We will
typically use Latin letters as names for 0- and 1-cells and Greek letters for 2-cells.

There are two basic ways to compose 2-cells in K. If f,g,h: x — y and we
have 2-cells a: f — g and B: g — h, then composition in the category K(z,y)
gives a 2-cell B8 - a. This is the vertical composite of a and . If instead
f,9: x > yand k,l: y — 2, and we have 2-cells a: f — g and v: kK — [ then the
action of 1-cell composition on morphisms gives a 2-cell yoa: ko f — log. This
is the horizontal composite of a and v. We will often omit the o symbol and
simply write ya: kf — lg. A frequent example of horizontal composition occurs
when either v or « is an identity. For example, we write the identity 2-cell on f
as 1y or simply f, and obtain the 2-cell vf: kf — If. This is commonly called
the whiskering of v and f. Since composition of 1-cells is a functor, it preserves
vertical composition of 2-cells, so that

la-yf=vya=ng-ka. (*)

This identity is usually called the interchange law.
A common way to represent 2-cells in a 2-category is using pasting diagrams.
For example, the 2-cell a above can be drawn as:

The axioms of a 2-category ensure that any sensible combination of these dia-
grams unambiguously specifies one composite 2-cell. For example,

x >y > u
glof/ lhﬂ;/ lm
zZ > W > U

represents the composite na - 8f - my.

Example 2.1.2. The primary example of a 2-category is CAT, the 2-category of
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locally small categories, functors and natural transformations. More generally,
if ¥V is a monoidal category, one obtains a 2-category V-CAT of V-categories,
V-functors and V-natural transformations as described by Kelly [33, §1.2].

Example 2.1.3. Any 2-category K gives rise to three more 2-categories by re-
versing the direction of the cells in different levels:

e The horizontal dual K° is obtained by reversing the 1-cells, so that
K (z,y) = K(y, 7).

e The vertical dual K° is obtained by reversing the 2-cells, so that
K (z,y) = K(x,y)°P.

e The horizontal and vertical dual K°°P is obtained by reversing both 1-
and 2-cells, so that K°P(z,y) = K(y, z)°P.

The notion of a 2-category is often too strict to accommodate many important
examples. The problem arises from the requirement that composition of 1-cells
be strictly associative and unital. The more general notion is that of a bicate-
gory, where the equations at the end of Definition 2.1.1 are replaced by natural
isomorphisms

(fog)oh——— fo(goh) and lof ——= f«+—— fol
subject to two coherence conditions (see Bénabou [12, §1.1]).

Example 2.1.4. A monoidal category amounts to the data of a one-object bicat-
egory. Indeed, if V is a monoidal category, there is a bicategory BV with a single
0O-cell  and BV(e,e) = V. Composition of 1-cells corresponds to the monoidal
product in V, and the identity 1-cell is the monoidal unit.

Example 2.1.5. There is a bicategory R where 0-cells are (not-necessarily-
commutative, unital) rings, l-cells A — B are (B, A)-bimodules and 2-cells
M — N are bimodule homomorphisms. The composite of the (B, A)-bimodule
M with the (C, B)-bimodule N is the (C, A)-bimodule given by the tensor prod-
uct N ® g M. The identity bimodule on the ring A is A, seen as a bimodule over
itself.

Note that R is not a 2-category: the tensor product of bimodules is not strictly
associative or unital. Instead, we have canonical isomorphism (P ®¢ N) ®p M =
P ®c (N ®p M) and similarly for tensoring with the identities.

Example 2.1.6. One can vastly generalise the previous example as follows. Let
VY be a cocomplete monoidal category where — ® — preserves colimits in each
variable. There is a bicategory V-Prof introduced by Bénabou [13, §3], where 0-
cells are small V-categories. A 1-cell ®: C — D is a V-profunctor (or distributor,
or bimodule). We will use the notation C ++ D to distinguish profunctors from
functors. Such a profunctor is a function ®: obD x obC — obV with an action
of C on the left and of D on the right, i.e. families of morphisms

Cle,d) ® ®(d,c) — @(d, ) and  ®(d,c) ® D(d',d) —— ®(d',¢)
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compatible with the composition and identities of D and C. A 2-cell a: ® — ¥
is a family of morphisms ay.: ®(d,c) — ¥(d,c) in V suitably compatible with
the actions.

Given profunctors ®: C — D and ¥: D — &, their composite is computed
using a coend in V:

(T ® ®)(e, c) = /dED ®(d,c) ® U(e, d).

The identity profunctor on C is simply C(—, —). The associator is given by the
preservation of colimits of ®, and the unitors correspond to the density formula.
The most common situation in which we consider V-Prof is when V is sym-
metric monoidal closed. In this case, a profunctor C — D amounts to a V-functor
DPRC— YV, and a 2-cell ® — ¥ is a V-natural transformation.
The bicategory R of the previous example is the full sub-bicategory of Ab-Prof
spanned by the one-object Ab-categories.

There are several notions of maps between bicategories. The most general one
is that of a lax functor F': K — L. It amounts to an assignment of

e a 0-cell Fz of L for each 0O-cell x of I,
 a functor F': K(z,y) = L(Fz, Fy) for each pair z,y of 0-cells of K,

o comparison 2-cells F'f o Fg — F(f og) and 1p, — F(1,) for each 0-cell
of K and pair f, g of composable 1-cells of K,

subject to coherence conditions analogous to those of a lax monoidal functor
between monoidal categories. If the comparison maps are invertible, we say that F’
is a pseudofunctor. If, moreover, X and L are 2-categories and the comparison
maps are identities, then we say that F' is a 2-functor. If P is a property
of functors, we say that a lax functor F': K — L is locally P if the functors
K(z,y) = L(Fz, Fy) are P.

Example 2.1.7. If V is a symmetric monoidal category, then every V-category
C has an opposite C°P. This extends to a 2-functor (—)°P: V-CAT* — V-CAT
which is its own inverse.

One of the main uses of 2-categories, or bicategories more generally, is to
view them as settings for formal category theory. Many notions in category
theory, such as equivalences, adjunctions and Kan extensions, can be defined in a
bicategory in such a way that one recovers the classical notions when taking the
bicategory in question to be CAT. For example, if f: z — y and g: y — x are
1-cells in a 2-category, an adjunction f - g amounts to two 2-cells n: x — gf
and €: fg — y, called the unit and the counit, satisfying the familiar triangle
identities. Since this is expressed purely in terms of composition and identities,
every pseudofunctor sends adjoint 1-cells to adjoint 1-cells.

Example 2.1.8. Let V be as in Example 2.1.6. There is an identity-on-objects
pseudofunctor (—),.: V-Cat — V-Prof which sends a V-functor F': C — D to the
profunctor F, given by

F.(d,c) =D(d, Fc),
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and a V-natural transformation a: F' — G to the ob C-indexed family of maps
D(d,a.): D(d, Fc) —— D(d, Ge).

The Yoneda lemma implies that (—), is locally fully faithful.
There is also an identity-on-objects pseudofunctor (—)*: V-Cat®°® — V-Prof
sending F' to the profunctor F™* given by

F*(c,d) = D(Fc,d),
and « to
D(a.,d): D(Ge,d) —— D(Fc,d).

Again, (—)* is locally fully faithful.
Note that the density formula implies that, given a string of two functors and
a profunctor

AL, %,c.C D,

one has
(2 F)ca) = [ " Bv, Fa) ® ®(c, b) = ®(c, Fa), 2.1)
@ o o)) = [ " B(c,b) ® C(Gd, ¢) = B(Gd, b). 2.2)

The two profunctors obtained from a functor F': C — D in this way are always
adjoint to each other: F, - F™*. The unit of this adjunction is given by the action
of F' on morphisms:

Fc c’
Neer: C(e,d) —— D(Fc,Fd) = (F* ® Fy)(c, ). (2.3)

The counit is the morphism
ceC
caa: (F.® F*)(d,d) = / D(Fe,d) ® D(d, Fe) —— D(d,d)  (2.4)

induced by the cowedge whose legs are given by composition in D.

The pseudofunctor (—),: V-Cat — V-Prof is an example of a proarrow
equipment in the sense of Wood [64, §1], i.e. a locally fully faithful identity-
on-objects pseudofunctor which sends every 1-cell to a left adjoint and whose
codomain has all right lifts and extensions (see Definition 2.2.1 and Exam-
ple 2.2.5). This extra structure allows one to develop a more expressive formal
category than when using a mere bicategory. For example, one can talk about
pointwise extensions in a proarrow equipment.

Much of our theory will take place inside a fixed bicategory. For such purposes,
it is common and convenient to take this bicategory to actually be a 2-category.
This does not constitute any loss of generality: for any bicategory K there is a
2-category sk and a pseudofunctor F': K — sK which is a biequivalence, i.e.
each of the functors K(z,y) — sK(Fz, F'y) is an equivalence and F' is surjective
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on O-cells up to equivalence in sKC. This is known as the coherence theorem
for bicategories. For a streamlined treatment, we direct the reader to Leinster’s
notes [44].

2.2 Extensions and (co)density

The construction that underlies most of the content of this thesis is that of an
extension in a 2-category K, which we review in this section. We pay special
attention to the special case of pointwise extensions in V-CAT, where V is a
Bénabou cosmos, i.e. a complete and cocomplete symmetric monoidal closed
category.

If g: x — y is a l-cell and z is a O-cell, let g.: K(z,2) — K(z,y) and
9°: K(y,2) = K(z,z) denote the functors given by composing with g on the
left and right, respectively. If f: £ — 2z, we write ¢g°] f for the comma category
whose objects are pairs (k,a) of a 1-cell k: y — z and a 2-cell a: kg — f.

Definition 2.2.1. Given 1-cells f: £ — zand g: £ — y in K, a right extension
of f along g is a terminal object of g°| f.

In simple terms, it is a pair (ran, f,€) of a 1-cell rang f: y — 2z and a 2-cell
€: (rang f)g — f such that, for all pairs (k,a) fitting into the left-hand side
diagram, there exists a unique 2-cell @ fitting into the right-hand side one:

I#Z .’EL)Z.
N TN
y yrangfk

The 2-cell € is called the counit of the right extension. A left extension,
right lift and left lift are a right extension in £, K° and K°°P, respectively.
These are denoted by lan, rift and lift, respectively. Being defined by a universal
property, right/left extensions/lift are unique up to unique isomorphism.

Another way to view right extensions is to note that ran, f is the value of at
f of a (partial) right adjoint ran, to ¢g°. All right extensions along ¢ exists iff
this partial adjoint is total. In particular, ran,: K(z, z) — K(y, 2) is a partial
functor, so that if ran, f and ran, f’ exist and a: f — f’ is a 2-cell, there is a
2-cell rang a: ran, f — ran, f’. Dually, left extension along g provides a (partial)
left adjoint to ¢°, and right/left lifts along g provide (partial) right/left adjoints
to g..

Much like limits in a category, we can ask when right extensions are preserved.
Given the extra structure in a 2-category, there are now two situations in which
we talk about preservation: internally and externally.
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Definition 2.2.2. Consider the diagram in X:

f N\ h N\
X > 2 > W
€
N
)

The 1-cell h preserves the right extension of f along g if

(k,€) is a right extension of f along g
= (hk, he) is a right extension of hf along g.

A right extension is absolute if it is preserved by every 1-cell.

A pseudofunctor F': K — L preserves the right extension of f along g
if

(k,€) is a right extension of f along g
—> (Fk, Fe) is a right extension of F'f along Fg.

If instead the converse is true, we say that F' reflects this right extension.

We now collect some well-known properties of extensions (and dually lifts)
which we will find useful. Their straightforward proofs are omitted.

Lemma 2.2.3. The following statements hold:
(i) Locally fully faithful pseudofunctors reflect extensions.
(ii) Right adjoint 1-cells preserve right extensions.

(i) If fry—z,9: x =y and h: x — z are 1-cells then and f - g with counit
€: fg — x, then (hf, he) is an absolute right extension of h along g.

(iv) In the diagram

w
f l
k
AN
T > Y > 2,

g h

if (k,€) is a right extension, then (I, e - ag) is a right extension iff (I, ) is.
Example 2.2.4. Let V be a Bénabou cosmos. There are three successively

stronger notions of right extension for V-functors. Let F': A - C, G: A — B
and H: B — C be V-functors and €: HG — F be a V-natural transformation.

(i) The weakest notion is asking that (H,€) be a right extension of F' along G
in the 2-category V-CAT.
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(ii) The next is that of a right extension in the V-CAT-category of V-categories.
While a right extension in a 2-category amounts to a bijection between sets
of 2-cells, this one asserts that the composite

B,C)(K, H) —% [A,Cl(KG,HG) —=— [A,C|(KG, F)

is an isomorphism between the V-objects of natural transformations for all
K: B — C. These two notions coincide when the functor V(I,—): V — Set
reflects isomorphisms.

(iii) The third and strongest notion is that of a V-enriched right Kan extension
of F along G, as described by Kelly [33, Ch. 4]. It asserts that for each
b € B the cylinder

B(b,G-) —E C(Hb, HG—) —=— C(Hb, F-)

realise Hb as the weighted limit {B(b, G—), F—} in C. If this limit exists
for each b € B, then they assemble into a V-functor which is the V-enriched
right Kan extension of F' along G. The required limits clearly exist when
A is small and C is complete. Extensions in the 2-category V-CAT obtained
this way are called pointwise and denoted by Rang F' with a capital R.

When V = Set, this weighted limit can be further written as a conical one:

(Rang F')(b) = lim (b,LG LUy N C> : (2.5)

where II, is the forgetful functor from the comma category.

Dually, V-enriched left Kan extensions (or pointwise left extensions in
V-CAT) are given by a weighted colimit formula:

(Lang F)(b) = B(G—,b) x F — . (2.6)

Example 2.2.5. With V as above, we now consider extensions in XX = V-Prof.
Given V-profunctors ¥: A + B and ®: A + C, the right extension of ® along ¥
always exists, and is given by the weighted limit

(rang ®)(c,b) = {¥(b, —), ®(c, -)}

inV for c € C and b € B. This is precisely the V-object of natural transformations
between the functors ¥ (b, —) and ¥(c,—): A = V.
Dually, V-Prof also has right lifts. If ©: C -» B, then

(rifty ©)(a, c) = {¥(—,a),0(—,c)} (2.7)
for a € A and ¢ € C. Again, this is the V-object of natural transformations from

U(—,a) to O(—,c): B® = V.
Let F: A— Cand G: A — Bbe V-functors with small domain and codomain.
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If Rang F exists, then

(rang, F\)(b,c) = {B(b,G-),C(c, F—)}
= C(Cv {B(ba G_)a F_})
= C(c, (Rang F)(b))
= (Rang F).(b, )

because representables preserve limits. This means that the pseudofunctor
(—)«: V-Cat — V-Prof preserves those right extensions in V-Cat that are point-
wise. Conversely, if rang F' exists and is preserved by (—)., then

C(c, (rang F)(b)) = (rang F).(b, c)
(rang, F.)(b,c)
{B(b,G—),C(c, F-)}
Cle, {B(b,G—), F-}),
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and so rang F' is pointwise by the Yoneda lemma. Thus, a right extension in V-Cat
is pointwise iff it is preserved by the pseudofunctor (—).. Dually, pointwise left
extensions are those sent by (—)*: V-Cat® — V-Prof to right lifts.

Remark 2.2.6. Since (—). reflects extensions by Lemma 2.2.3(i) because it
is locally fully faithful, this confirms that pointwise extensions are in particu-
lar extensions in V-Cat. Moreover, since we have characterised them purely in
terms of 2-categorical language, it is easy to see that the last three statements
of Lemma 2.2.3 hold for V-Cat when the words ‘right extension’ are replaced by
‘pointwise right extension’.

The use of the word extension can be misleading, since in general the (co)unit
of an extension need not an isomorphism. In V-CAT there is an often-used way
to ensure that a pointwise extension is a genuine extension.

Lemma 2.2.7. If G is a fully faithful V-functor, then the counit of any pointwise
right Kan extension along it is invertible.

Once again we can use the proarrow equipment (—).: V-Cat — V-Prof to
verify this without much knowledge about enriched category theory. First, we
internalise another basic notion of category theory to a 2-category.

Definition 2.2.8. A 1-cell f: x — y in a 2-category K is fully faithful if the
functor f,: K(z,z) = K(z,y) is fully faithful for all O-cells z.

Lemma 2.2.9. A left adjoint 1-cell f: x — y s fully faithful iff the unit of the
adjunction is invertible.

Proof. This is famously true in CAT (see e.g. Borceux’s book [15, Vol. I,
Prop. 3.4.1]). For each 0-cell z, there is a representable 2-functor K(z,—): K —
CAT which sends f to f,. Since 2-functors preserve adjunctions, if f 4 g is an
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adjunction with unit : x — gf, then f, - g, is an adjunction with unit n - —.
Then

f is fully faithful <= Vz, f,: K(z,z) = K(z,y) is fully faithful
< V2, n—: lxie) = Gofo is invertible
<= 7 is invertible,

where the last forward implication is seen by taking z = x. m

Lemma 2.2.10. A V-functor F: A — B is fully faithful iff F, is a fully faithful
1-cell of V-Prof. If so, F is also a fully faithful 1-cell of V-Cat.

Proof. By the description of the unit of F, -+ F* in (2.3) and the previous lemma,
it is clear that F, is fully faithful iff F' is fully faithful as a V-functor. Since any
locally fully faithful pseudofunctor reflects fully faithful 1-cells, it follows that F'
is fully faithful as a 1-cell of V-Cat. ]

Note that a fully faithful 1-cell of V-Cat need not be fully faithful as a V-
functor. This is true however if V(I,—): V — Set reflects isomorphisms. It
is also true if F' has a right adjoint by Lemma 2.2.9, since then the unit is an
invertible 2-cell of V-Cat which is sent to an invertible 2-cell by (—)..

Proof of Lemma 2.2.7. Let F: A — C and G: A — B be V-functors such that
Rang F' exists and G is fully faithful. Since the extension is pointwise, we have
((Rang F)G). = (rang, Fi) ® G,. Since G, 1 G*, Lemma 2.2.3(iii) implies that
this is isomorphic to rang:(rang, F). Part (iv) of the same lemma further sim-
plifies this to rang:gq, Fi. Since G, is fully faithful by assumption, Lemma 2.2.9
gives that G* ® G, is the identity profunctor, so this is isomorphic to F. Since
(=)« is locally fully faithful, this implies that (Rang F)G = F. O

The pointwise left and right extensions of a V-functor along itself are an
important special case.

Definition 2.2.11. A V-functor G: A — B is dense if (15,1¢) is a pointwise
left extension of G along itself. Dually, it is codense if it is a pointwise right
extension.

The use of the word ‘dense’ is motivated by recalling that the pointwise left
extension of G along itself is computed as a weighted colimit in B. Hence, if G is
dense then

b= B(G—,b) x G—

for all b € B, so that each object of B is a colimit of objects in the image of G in
a canonical way. The next lemma gives a related well-known characterisation of
density which is often taken as the definition.

Lemma 2.2.12. A V-functor G: A — B is dense iff B(G—,—): B — [A°®,V] is
fully faithful.

Proof. By (2.7), G is dense iff {B(G—,b),B(G—,t)} = B(b,V) for b, € B. [
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Dense V-functors satisfy some convenient closure properties which we now
record. They are proved in Kelly’s book [33, §5.2], although a proof using the
proarrow equipment (—), is also possible.

Lemma 2.2.13. Let G: A — B and H: B — C be V-functors.
(i) If G is dense and H preserves Rang G, then H is dense iff HG is.
(ii) If H s fully faithful and HG 1is dense, then both G and H are dense.

Remark 2.2.14. Note that the condition in (i) that H preserve Rang G cannot
be dropped. The following example is due to Kelly [33, §5.2]: the ordinary
functors G: 1 — FinSet picking out 1 and y: FinSet — [FinSet°?, Set] are both
dense, but their composite is not.

Dense V-functors which are also fully faithful play an important role: they
correspond to free cocompletions under classes of colimits. Note that, by part (ii)
of the previous lemma, the full image factorisation of any dense V-functor is of
this type. There are two slightly different notions which one might refer to as a
free cocompletion. Given a category A, we can freely adjoin colimits for

(i) a class © of diagrams, seen as pairs (W, D) where W: Z°° — Vand D: Z —
A, to obtain a fully faithful functor J: A — D[A] such that W x JD exists
for each (W, D) € ©; or

(ii) a class € of functors W: Z°° — V), thought of as the weights of the colimits
being adjoined, to obtain a fully faithful functor J: A < €(A) such that
¢(A) has all colimits weighted by elements of €. We call such colimits
¢-colimits, and categories having all of them ¢-cocomplete.

The sense in which these cocompletions are free is subtly different in each case:

(i) The functor J: A — D[A] has the property that, for any functor F': 4 — B
such that Wx F'D exists in B for each (W, D) € D, there exists a unique-up-
to-isomorphism functor F': D[A] — B such that F F'J and F preserves
the colimit W x JD for each (W, D) € D.

The category ©[A] is the full subcategory of [A°P, Set| on the representables
and the colimits W x yD for (W,D) € ©, where y: A — [A%,V)] is the
Yoneda embedding. The functor J: A < D[A] is the restriction of y. For
F as above, F is given by Lan; F.

(if) The functor J: A < €(.A) has the property that, for any functor F': 4 — B
where B is €-cocomplete, there exists a unique-up-to-isomorphism functor
F': ¢(A) — Bsuch that F = F'J and F is ¢-cocontinuous, i.e. F preserves
all €-colimits.

When the domain of each weight in € is small, the category €(.A) is the
closure of the representables in [A°P, V] under colimits whose shapes are
in €. This closure is constructed through a transfinite inductive process.
Letting Ay denote the full subcategory of [A°P, V] on the representables
and « be an ordinal, we set 4,11 to be the full subcategory of [A°P, V]
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containing A, together with all the ¢-colimits of diagrams whose image is
in A,. For a limit ordinal 3, we let Ag = U,<p As. Then €(A) = U, Aa.
If the cardinality of the domains of the weights in € is strictly bounded by
some regular , then €(A) = A,. The functor J: A — €(A) is again the
restriction of y, and F~TLan,F.

That the given definitions of ©[A] and €(A) satisfy these properties is shown
in Kelly’s book [33, §4.10 and §5.7]. Note that (ii) is a special case of (i) by
construction: given a class of weights €, we can take the class © of pairs (W, 14)
where W € €(A) (or, more conveniently, small diagram pairs with the same
colimit) to get D[A] = €(A). Even so, the universal property expressed by (i) in
this case is stronger than the one in (ii).

The second construction is much better behaved in practice, because it is
uniform across the category A. In fact, €(A) is the value at A of a lax-idempotent
pseudomonad €(—) on V-CAT, in the terminology of Kelly and Lack [34].

Theorem 2.2.15. A fully faithful functor F: A — B is dense iff it is equivalent
to a free cocompletion of the form J: A — D|[A] for some class of diagrams ©.
Moreover, letting € = {B(F—,b) | b € B}, the following are equivalent:

(i) B is Cp-cocomplete and B(F—,—): B — [A°, V] is €g-cocontinuous;
(ii) F 1is equivalent to the free cocompletion J: A — €p(A);

(iii) F is equivalent to a free cocompletion J: A — €(A) for some class of
weights €.

Proof. Any free cocompletion J: A < ©[A] is dense by Lemma 2.2.13(ii) because
the Yoneda embedding y: A — [A°P, V)] is dense. Conversely, if F' is dense then B
is equivalent to a full subcategory of [A°P, V] containing B(F—,b) = B(F—,b) xy
for each b € B, so that we may take © = {(B(F—,b),y) | b € B}.

For the second part, the equivalence of (i) and (ii) follows from Proposition
5.62 of Kelly [33]. Trivially, (i) implies (iii). For the last implication, it suffices
to show that (i) holds for FF = J: A — €(A). Given W € €(A), note that
C(A)(J—,W) 2 W by the Yoneda lemma, so that €(A)(J—,—) is simply the
inclusion K: ¢(A) — [AP,V)].

One proves that €(A) is € -cocomplete and that K is €j-cocontinuous by
transfinite induction. If W € A, then W = ya for some a € A and W x D = Da
for any D: A — [A°,V)], so €(A) has W-indexed colimits and they are preserved
by K. f W € Ayi1, then W = XxE forsome X: Z°* -V e Cand F: Z — A,.
For any D: A — €(A), we have W x D = (X x E) x D 2 X % (E— % D) which
exists and is preserved by K by induction because Fi € A, for each i € Z. The
limit case is trivial. O

2.3 The formal theory of monads

Much of this thesis is concerned with monads. The definition of a monad makes
sense not just on a category, but on a 0-cell of a bicategory. We work more simply
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with a 2-category, since the coherence theorem ensures no loss of generality. This
more general notion of monad was identified by Street in [58], where he defined
a 2-category of monads in a 2-category. We will cover some useful aspects of the
classical theory of monads on categories later in Section 2.4.

For the rest of this section, fix a 2-category L. The constructions we introduce
will often involve axioms amounting to the commutativity of a diagram of 2-cells
in K. Each of these diagrams has been given a suggestive label, written in blue
inside the face of the diagram. These labels will be used in later chapters to justify
the commutativity of larger diagrams. They follow the syntax (A.B), where A is
an instance of the structure the axiom applies to and B is used to identify which
axiom of the corresponding structure we mean. When a face is labelled inside a
proof, the label is a hyperlink to the definition of the relevant axiom. Readers
using a hard copy may refer to the index of face labels on page 149.

Definition 2.3.1. A monad on a 0-cell z of K is a triple (¢, u*, n*) where t: z — z
is a 1-cell, and ut: t2 — t and n': 1 — ¢ are 2-cells such that the following
commute:

s 2 t—>t2 t—>t2
o b e N\
2 —— t,
W

The 2-cells ' and n* are called the multiplication and unit of ¢. We will
often abbreviate the triple (¢, uf, n") to just .

Example 2.3.2. Of course, a monad in CAT is the familiar notion of a monad
on a category. Varying the 2-category K we have:

e A monad in V-CAT is a V-enriched monad.

e A monad in the bicategory BY of Example 2.1.4 is a monoid in V.

A monad in the bicategory R of Example 2.1.5 on a commutative ring A is
an associative unital A-algebra.

A monad ®: A + A in V-Prof is called a promonad. The multiplication
and unit give maps

®(b,c) ® D(a,b) —— P(a,c) and  A(a,b) —— ®(a,d)

for a,b,c € A. This amounts to a V-category A* with A%(a,b) = ®(a,bd)
and an identity-on-objects V-functor A — A®.

There are three different notions of morphisms between monads.
Definition 2.3.3. Let ¢t and s be monads on x and y, respectively. A lax monad

functor (z,t) — (y, s) is a pair (g, ) where g: £ — y is a 1-cell, and ¢: sg — gt
is a 2-cell such that the following commute:
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t
s%g 5, sgt Ld > gt?

usgl (p-11) lgut / (0. ,7\

89 7 > gt, sg —> gt.

A colax monad functor (z,t) — (y, s) is a lax monad functor (y, s) — (z,t) in
K°P. Explicitly, it is a pair (h, ) where h: z — y is a 1-cell, and ¢: ht — sh is
a 2-cell such that the following commute:

Pt

ht? s sht » s2h t h
hn Yj’h
hut . sh
ug (Y1) %U )
t >
’l,b sh, ht T> sh

If x =y, a monad map t — s is a 2-cell §: ¢ — s such that (1,,0) is a colax
monad functor. Explicitly, # must make the following commute:

2

T
AN

a (6.m)
t—5— s

(0.1)
9 %

2 9,

ut

-

Let Lax(t, s), Colax(t,s) and Mnd,(t, s) be the collections of lax monad functors,
colax monad functors and monad maps from (z,t) to (y, s), with £ = y in the
last case. Let Lax,(t,s) C Lax(t,s) consist of those lax monad functors whose
1-cell part is g, and similarly for Colax,(t, s). It follows by definition that

Mnd,(t, s) = Colax,(t, s) = Lax,(s, ).

Example 2.3.4. If t is a monad on z, then n*: 1, — ¢ is a monad map. The pair
(t, ") is both a lax monad functor (z,1,) — (z,t) and a colax monad functor

(z,t) = (z,1,).

Example 2.3.5. If f 4g: y — x is an adjunction in X, with unit 7 and counit
€, then gf becomes a monad on x with unit 7 and multiplication gef. A straight-
forward verification gives that (g, ge): (y,1,) = (z,gf) is a lax monad functor.

Given (g,¢), (h,%) € Lax(t,s), a lax monad functor transformation
(9,) = (h,v) is a 2-cell o: g — h such that

g SO

wl lw (2.8)

commutes. Equipping Lax(t, s) with these transformations as morphisms makes
it into a category.

Given lax monad functors (g,¢): (z,t) = (y,s) and (h,?¥): (y,s) = (z,7),
the composite pair (hg, hy - 1g) is a lax monad functor (z,t) — (2,7). One can
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extend this to lax monad functor transformations to form a 2-category MND(K)
whose objects are pairs (z,t) of a O-cell z in K and a monad ¢ on z, and where

MND(K)((z, t), (y, s)) = Lax(t, s).

The category of monads on a 0-cell x of K is Mnd,,, where objects are mon-
ads on x and morphisms are monad maps. It is precisely the subcategory of
MND(XC°P)°P on the monads on z and the 1-cells whose first component is 1,. This
is isomorphic to the category of monoids in the monoidal category (K(z, ), o, 1,).
As with all categories of monoids, we have:

Lemma 2.3.6. The forgetful functor Mnd, — K(x, ) creates limits.

The most important object attached to a monad 7' on a category C is its
Eilenberg-Moore category CT: the category of T-algebras. One approach to
generalise this to monads in 2-categories is to follow the philosophy of generalised
elements. If ¢ is a monad on z, then a t-algebra (of shape y) is a pair (a, )
where a: y — x is a 1-cell and a: ta — a is a 2-cell such that

t

2a —1% tq a 1% 1
Mtal la and \ /
«
ta T> a a

commute. These are in fact the algebras for the monad ¢, on the category K(y, z),
or equivalently they are the lax monad functors (y,1) — (z,t). In CAT, the
traditional category of algebras is obtained by considering t-algebras whose shape
is the terminal category.

Street gave a very elegant way to internalise this within /C, so that instead of a
category of t-algebras of each possible shape, we can speak of an object of K acting
as the object of t-algebras. There is an obvious 2-functor Und: MND(K) — K
which forgets the monad structure. It has a right 2-adjoint Id: X — MND(K),
which is given by sending a 0-cell to the identity monad on it. We say that K
admits the construction of algebras when Id has a further right 2-adjoint
Alg: MND(K) — K.

If ¢t is a monad on z, we write Alg(z,t) as z* and call it the Eilenberg—
Moore object of t. We write the counit of the adjunction at (z,t) as (u’: z* —
z, X' tut — W), If (g,0): (z,t) — (y,s) is a lax monad functor, we write
Alg(g, ) as g¥: ¥ — y*. The adjunction ensures an isomorphism of categories

K(y,z") 2 MND(K)((y, 1,), (z,t)) = Lax(y, t), (2.9)

so that z! represents the functor that sends y to the category of t-algebras of
shape y.
The naturality of the counit of the adjunction gives, for each lax monad functor
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(9,¢), commutative diagrams

¢ 1 °
(t,1) YU (1) -~ A
(x| [y 2 . (210
(.’Ii,t) - (y75) z T> Yy

(9,9)

in MND(K) and K, respectively. This being a 2-adjunction, there is a similar
commutative diagram for 2-cells. In fact, Lack and Street show in [41, §2.2] that:

Theorem 2.3.7. If K admits the construction of algebras, the assignment
(z,t) = u® and (g,9) — (9%, 9) extends to a locally fully faithful 2-functor

MND(K) —— K7,
where K™ is the arrow 2-category of K.

Hence, every 1-cell g¥ of K fitting into the right-hand diagram of (2.10) cor-
responds to a unique lax monad functor (g, ¢) on the left. The 1-cells equivalent
to those of the form v’ in K~ are called monadic. It follows that MND(K) is
biequivalent to the full sub-2-category of X~ on the monadic 1-cells. One should
see this as evidence that the definition of MND(K) is meaningful.

Example 2.3.8. The 2-category CAT admits the construction of algebras. If
T is a monad on A, then Alg(A,T) = AT is the Eilenberg—Moore category of
T and the functor part of the counit at (A,T) is exactly UT: AT — A, ie.
the classical forgetful functor from the category of T-algebras. By the previous
theorem, lax monad functor (G, ¢): (A,T) — (B, S) are in bijection with functors
G?: AT — BS such that GUT = USG¥.

Example 2.3.9. The 2-category CAT°? also admits the construction of algebras.
Note that monads in CAT°? are the same as monads in CAT, because the categories
of endo-1-cells are unchanged. In this case, Alg(C,T') = Cr is the Kleisli category
of T and the functor part of the counit at (C,T) is the left adjoint Fr: C — Cr
of the Kleisli adjunction for 7. By the dual of the previous theorem, lax monad
functors (G,9): (A,T) — (B,S) are in bijection with functors Gy: Ar — Bg
such that FsG = Gy Fr.

In particular, the data of a map #: T'— S of monads on A is both equivalent
to the data of a functor U?: A5 — AT over A and to the data of a functor
Fy: Ar — Ag under A.

We saw in Example 2.3.5 that every adjunction in X induces a monad. In
general, not every monad is induced by an adjunction, but this is the case if K
admits the construction of algebras. Indeed, transporting the lax monad functor
(t,pt): (z,1;) — (z,t) along the adjunction (2.9) gives a unique 1-cell f*: z — z*
such that u'ft = t and x'f* = ut. One then shows that f* - u' and that this
adjunction induces the monad t.
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Moreover, if f 4 g: y — z induces the monad ¢, then (g, ge) € Lax(y,t) of
Example 2.3.5 gives a unique comparison 1-cell k: y — z! such that v’k = g
and u'ke = u'ek. This is the Eilenberg—Moore comparison 1-cell. Dually,
one obtains the Kleisli comparison 1-cell when K°P admits the construction of
algebras.

As was discussed in Section 1.2 in the case where K = CAT, it is not just right
adjoints that induce monads in a 2-category. Given a 1-cell g: y — z, if ran, g
exists then it has a canonical monad structure, called the codensity monad of
g. When K admits the construction of algebras, the right adjoint u™"s9 gives the
monadic reflection of g in the sense of the following theorem. Let (Ky/z)™" be
the category whose objects are 1-cells g in K with codomain z such that ran, g
exists, and whose morphisms are commutative triangles over x. Then:

Theorem 2.3.10. If K admits the construction of algebras, the fully faithful
functor
Mnd% = Lax, <% (Ko/z)™="

given by restricting the 2-functor of Theorem 2.5.7 has a left adjoint, which sends
g: y — x to its codensity monad.

Note that this is an adjunction of ordinary categories, not of 2-categories. In
simple terms, it says that any commuting triangle on the left, factorises uniquely
through a pair of commutative triangles on the right:

> T y } wrangg _____ > €T
\ / lurang g
g9 ut 9 ’Ll,t
Z, z,

where k: y — x™"99 is given by the unit of the adjunction.
We will need to generalise one last notion from the classical theory of monads
on categories to monads in a 2-category: the distributive laws of Beck [10].

Definition 2.3.11. Let s and ¢ be monads on z. A distributive law of ¢ over s
is a 2-cell §: ts — st such that (s,d) is a lax monad endofunctor of ¢ and (¢, 6) is
a colax monad endofunctor of s. Explicitly, § must make the following commute:

s —05 4 gpg S0, o2 t t t
ua n’
tusl (6.1%) lust Zé-ns)
ts > st, ts —— st,
5 5
t2s 10 st O, 2 s
nts Snt
uté’l (6.u%) lsut (6%
ts 5 > st, ts — st.

Remark 2.3.12. Note that what we call a distributive law of ¢ over s is some-
times called a distributive law of s over ¢ in the literature, e.g. by Garner in [28,
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Def. 4]. We choose to follow Beck’s original terminology in [10], bearing in mind
that he writes composition of functors in diagrammatic order, i.e. opposite to our
convention for 1-cells. This convention agrees with the maxim ‘multiplication dis-
tributes over addition’, which gives a distributive law of the free (multiplicative)
monoid monad on Set over the free (additive) abelian group monad.

As is the case for Beck’s notion, distributive laws in K allow us to compose
monads.

Theorem 2.3.13. Let t and s be monads on the 0-cell x of K. Then there is a
bijection between

(i) distributive laws 0: ts — st;
(i) 2-cells p: (st)? — st such that
(a) (st,u,n*n') is a monad,

(b) the 2-cells sn*: s — st and n°t : t — st are monad maps,

(c) the middle unitary law holds, i.e. the following diagram commutes:

sntnSt/ st\

stst T> st.

The composite monad structure on st obtained from a distributive law d in this
way is denoted by s ost.

Proof. The equivalence between (i) and (ii) is proved for K = CAT in Beck’s
work introducing distributive laws [10, §1]. The proof in a general 2-category is
identical. The multiplication of s o4t is the composite 2-cell

s,,t
stst S0t g2z HHL o

Conversely, one obtains a distributive law as the composite

ts M stst —— st. [
Note that in (ii) we need not have specified the unit of the composite monad
as n°n’, since this is necessary from the fact that sn’ and n°t are monad maps.
Examining the first two diagrams in Definition 2.3.11 together with (2.8), one
sees that a lax monad endofunctor (s, §) of t gives a distributive law iff »° and p*
are lax monad functor transformations

lay — (s,0) and  (s,0) 0 (s,6) = (s?,80-ds) —— (s,9),

respectively. In other words, § is a distributive law iff ((s,d), 4*,n°) is a monad
in MND(K) on the 0-cell (z, ).
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By Theorem 2.3.7, if K admits the construction of algebras, such a monad
amounts to a monad on u': ¥ — z in K~ whose underlying monad on z is s.
Explicitly, this is a monad 5 on z* such that

u's = su’, uln® = n*u and uty® = piul.
We call this a monad lift of s along u’. Note that these conditions are equivalent
to requiring that (u’,1): (z%,5) — (z, s) be a lax monad functor.

Theorem 2.3.14. If K admits the construction of algebras, then distributive laws
d: ts — st are in bijection with monad lifts of s along u'.

Dually, if K°P admits the construction of algebras, a distributive law §: ts — st
amounts to a monad extension of ¢ along fs: £ — x,, where z, is the Kleisli object
of s.

The assignment of Theorem 2.3.13 of a distributive law to its composite monad
extends to a 2-functor Cmp: MND?*(K) — MND(K), which is in fact the com-
ponent at K of the multiplication of a 2-monad MND on the 2-category of 2-
categories. The component at K of the unit of this 2-monad is Id: X — MND(K).

If 0: ts — st is a distributive law and K admits the construction of algebras,
then there is an isomorphism between the Eilenberg—Moore objects of s o5 t and
of the monad lift 5 of s along u’ that ¢ induces. This follows from the Yoneda
lemma, because z°°5* and (z!)® represent the same functor. Indeed, the categories
of (sost)- and s-algebras of shape y are isomorphic by Beck’s characterisation in
the classical case, since (s ost), = S, 0, to.

In fact, Beck gave a third characterisation of these algebras. An (s os t)-
algebra of shape y amounts to a triple (a,a®, a*) where a: y — z is a 1-cell and
o®: sa — a and o': ta — a are 2-cells such that:

e (a,0®) is an s,-algebra,
e (a,a’) is a t.-algebra,

 the following diagram commutes:

tsa > sta
tasl lsat
ta > a4 sa.
ot o

Moreover, the category of (sost)-algebras of shape y is isomorphic to the category
of s-algebras of the same shape.

In particular, note that if K admits the construction of algebras then (IC, Alg)
is a pseudoalgebra for the 2-monad MND, since we have just seen that

MND?(K) _MND(Ale) MND(K)
Compl lAlg
MND(K) » K

Alg
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commutes up to isomorphism, as does the triangle in the unit axiom.

In [41], Lack and Street defined an alternative 2-category of monads in K,
called EM(K). It arose from the realisation that the Eilenberg-Moore object z,
being defined in terms of the category of 1-cells into it, is in fact a weighted
limit. In particular, let A, be the augmented simplex category, consisting of
finite ordinals and monotone maps between them. Under ordinal sum, it is the
free monoidal category containing a monoid. It follows that a 2-functor BA, — K
is precisely a monad ¢ in K. The algebra object z! for this monad is then the limit
of this 2-functor weighted by a fixed 2-functor W: BA, — Cat. The 2-category
EM(K) is defined as the free completion of K under W-weighted limits. It has
the same 0- and 1-cells as MND(K), but more 2-cells in general.

2.4 Monads in CAT and on Set

Monads in CAT are of course the prototype for the general theory of monads. As
we saw in Example 2.3.8, both CAT and CAT®? admit the construction of algebras,
recovering the classical Eilenberg—Moore and Kleisli categories for monads. In
this context, many natural questions one can ask about monadic functors and
categories of algebras have well-known answers, some of which we record here for
later use. We also focus on the case of monads on Set, giving several examples.

We begin by recording Beck’s monadicity theorems. The first can be found
in his original paper [11, Thm. 4.1]. The second is stated as in Barr and Wells’s
book [9, §3.5]. Recall that a functor U: B — A creates the colimit of a diagram
D: T — B if, given a colimit cocone A\: UD — L in A, there is a cocone y: D —
M in B such that Uy is isomorphic to A, and any such cocone is a colimit cocone.
In particular, it reflects colimits for D, and preserves them as soon as UD has a
colimit.

Theorem 2.4.1 (Monadicity). A functor U: B — A is monadic iff it is a right
adjoint and it creates U-split coequalisers.

Theorem 2.4.2 (Crude Monadicity). Let B be a category with reflexive coequalis-
ers and U: B — A be a right adjoint which preserves them and which reflects
isomorphisms. Then U is monadic.

If : T — S is a map of monads on a category A, we write U?: A5 — AT
for the functor between categories of algebras it induces. By Theorem 2.3.7, this
makes U™ : Mnd% — CAT/A into a fully faithful functor whose essential image
consists of the monadic functors. We call a functor of the form U? algebraic.

Proposition 2.4.3. Let : T — S be a morphism of monads on A.
(i) The algebraic functor U®: AS — AT creates U®-split coequalisers.
(i) UY is monadic iff it has a left adjoint.

Proof. Since UTU? = U®, if a parallel pair (f,g) in A% is US-split, then
(U°f,U%g) is UT-split. The first statement then follows from the fact that U®
and UT create US- and UT-split coequalisers, respectively.

The second statement is then obvious from the Monadicity Theorem. O
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The following theorem of Linton [46, Cor. 1] gives sufficient conditions for
algebraic functors to have left adjoints, and hence be monadic.

Theorem 2.4.4. Let T be a monad on A such that A° has reflexive coequalisers.

(a) For every monad map 0: T — S, the algebraic functor U°: A5 — AT has a
left adjoint, denoted by F°, whose value at the object (A,a) € AT is given
by the coequaliser in A of the reflexive pair

S
FSTA F°0, psgq A, psy,
FSa

(b) If A has coproducts, then AT is cocomplete.

We now focus on monads on Set. The next theorem follows from Borceux’s [15,
Vol. II, Thm. 4.3.5], and is a good example of how arbitrary monads on Set are
especially well behaved.

Theorem 2.4.5. Let T be a monad on Set. Then Set” is complete and cocom-
plete. In particular, all algebraic functors over Set are monadic.

Proposition 2.4.6. Let U: A — Set be a functor and UX: A — Set be given by
UX(A) = (UA)X for a set X. If U is monadic, then so is UX.

Proof. We may assume that U = U” for some monad T on Set. By the proof of
Borceux’s [15, Vol. II, Thm. 4.4.5], it suffices to show that FTX is a projective
regular generator of Set”. It is projective because a coproduct of projective objects
is projective, FX = "y FT1 and FT1 is projective. It is a strong generator
because Set” (FTX,—) = [[x UT reflects isomorphisms, by Corollary 4.5.11 in
Borceux’s book. This is enough because Set” is a regular category. O

Recall that algebraic theories whose abstract operations have arity less than
some regular cardinal k correspond to monads on Set preserving x-filtered colim-
its.

Definition 2.4.7. The rank of a monad 7T on Set is the smallest regular cardinal
k such that T preserves k-filtered colimits. If no such cardinal exists, we say that
T has no rank.

Finitary monads are hence those with rank ¥y;. Monads with rank are par-
ticularly well behaved, e.g. their categories of algebras are locally presentable.
However, not every monad on Set has rank, as we will see in the examples below.

There are two monads on Set which are exceptional in many ways. We write
g - f or simply gf for the composite of two functions f: X - Y and g: Y — Z.

Lemma 2.4.8. The following are equivalent for a monad T on Set:
(i) there is a T-algebra with at least 2 elements;

(ii) the unit n* is (pointwise) monic.
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Proof. If nI': 2 — T2 is monic then there is clearly a T-algebra with at least 2
elements. Conversely, let (A4, a) be a T-algebra with at least 2 elements and B €
Set. For any b; # by € B there is a function f: B — A such that f(b;) # f(b2).
Since f = a - Tf - n%, it follows that n%(b;) # n5(b2). O

A monad on Set which satisfies these conditions is called consistent. If T
is an inconsistent monad, then every T-algebra is either empty or a singleton.
Unsurprisingly, there are only two such monads up to isomorphism.

Example 2.4.9. The terminal object of [Set,Set| is the functor constant at 1.
As the terminal object in a monoidal category, it has a unique monoid structure.
This gives the terminal monad T on Set.

It is of course finitary: it corresponds to the theory presented by a single
constant and the equation x = y. Its category of algebras is hence equivalent to
the terminal category, with the forgetful functor 1 — Set picking out 1. It is one
of the only three idempotent monads on Set.

Example 2.4.10. The monad T has a unique submonad Ty with To@ = &. It is
again finitary, corresponding to the theory with no operations and the equation
x = y. Its category of algebras is equivalent to the walking arrow category, which
embeds as {& < 1} C Set. It is the remaining idempotent monad on Set, once
we account for the identity.

Proposition 2.4.11. If T is a consistent monad on Set, then both FT and T
reflect isomorphisms.

Proof. Since T = UTFT and U7 reflects isomorphisms, it suffices to show that
T does too. Let f: X — Y be a function such that 7'f is invertible. Since
nL - f =Tf - n% is injective because T is consistent, f is injective.

For A C X, let [A]: X — 2 ={0,1} denote the indicator function of A, and
similarly for B C Y. Note that [im f]f = [X]. Applying T,

Tlim f]- Tf = T[X],

and since T'f is invertible this shows that T'[im f] factors through T[X], which
itself factors through T applied to the inclusion ¢: {1} — 2. Now T'[im f] sends
n¥(y) to ni (1) if y € im f and to 1 (0) otherwise. Hence, to show that f is
surjective, it suffices to show that 71 (0) is not in the image of T't.

A T-algebra map g: FT2 — A is determined by g -nl: 2 — A. If n1(0)
is in the image of T't, then this is further determined by ¢ - T't, which is itself
determined by where 17 (1) is sent to. This gives a contradiction by taking A
with at least two elements and varying the value of g - p at 0 but not at 1. [

We now introduce a number of consistent monads on Set which we will use as
examples in later chapters. The reason for this particular collection of examples
is that each of these monads restricts to a monad on finite sets. We write XY for
the set of functions from a set Y to a set X.

Example 2.4.12. Any set F is a monoid in (Set,+,d) in a unique way, with
unit !|: @ — 1 and multiplication Vg: E + E — E. The functor Set — [Set, Set]
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which sends X to — 4+ X sends binary coproducts to functor composition, and
hence is strong monoidal. This makes —+ E a monad which we denote by Eg. In
programming language semantics, this is called the exception monad because
a function X — Y 4 E can be thought of as a function X — Y which may raise
an exception e € F.

This monad is always finitary. It corresponds to the theory with E constants
and no equations. Its category of algebras is hence the category of E-pointed
sets, which is equivalent to the slice category F/Set.

Example 2.4.13. Dually, any set [ is a comonoid in (Set, x,1) in a unique way,
with unit !: 7 — 1 and comultiplication A;: I — I?. The Yoneda embedding
Set®® — [Set, Set] sends binary products to functor composition since Set(X X
Y, —) = Set(X, —) o Set(Y, —), and hence is strong monoidal. This makes (—)! a
monad which we denote by R;. In programming language semantics, this is the
reader monad because a function X — Y7 is a function X — Y which depends
on a parameter ¢ € I which it ‘reads’. Note, in particular, that R, = T and
R, =1.

This monad is finitary iff I is finitely presentable, which in Set is equivalent
to being finite. In any case, it corresponds to the theory presented by a single
hyperaffine I-ary operation, i.e. an I-ary operation # such that

i—z)=z and OG> 0(j — zi;)) =00 — zy).

We now take I to be a finite set n. Being a finite power of the identity monad,
which is finitary and commutative, the category of algebras of R, is described
by Faro and Kelly in [26, Prop. 11]. It is the result of freely adjoining an initial
object to (Set>1)", the n-th power of the category of nonempty sets. The forgetful
functor sends the initial object to @, and (X;)icn to [Tic, Xi-

Example 2.4.14. The cartesian closed structure of Set gives an adjunction — x
S = (=) for any set S. This induces the monad (S x —)° which we denote by Sg.
In programming language semantics, this is the state monad because a function
X — (S x Y)® can be thought of as a function X — Y which has access to a set
of states S which it can ‘read’ and ‘update’.

It is finitary iff S is finite, which we now assume. Its theory admits a presen-
tation with a unary 7; operation for each ¢« € S and an S-ary operation ¢, subject
the equations'

mmi(z) = m;(x),

for all 4,5 € S. Clearly S = T. When S # @, its category of algebras is in fact
equivalent to Set. Indeed, the right adjoint (—)° is monadic by Proposition 2.4.6.

Example 2.4.15. The cartesian closed structure of Set also implies that
S~: Set® — Set is adjoint to itself on the right. This induces the monad S~

1 This presentation was shown to the author by Tom Leinster in a private communication.
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which we denote by Dg and call the endomorphism monad of S. We have
Dy = To and D; = T. For |S| > 1, this monad is never finitary. In fact, it has no
rank, as we will see in Theorem 6.1.24.

Taking S = 2 gives the familiar double powerset monad. The category of
algebras of D, is equivalent to Set?, which is itself equivalent to the category of
complete atomic Boolean algebras by Stone duality. This is because the functor
27, i.e. the contravariant powerset functor, is monadic thanks to a famous theorem
of Paré — see e.g. the book by Mac Lane and Moerdijk [49, Thm. IV.5.3]. The
finitary part Di corresponds to the theory of all Boolean algebras.

Something similar happens for 2 < |S| < co. The finitary part D% corresponds
to the theory of S-valued Post algebras. Omne can adapt the proof of Paré’s
theorem to show that S~ is monadic in this case too, so that the Dg-algebras are
those of S-valued functions on a set. Epstein [25, Thm. 18] showed that these
are precisely the complete atomistic S-valued Post algebras.

Example 2.4.16. Let M be a monoid. Much like in Example 2.4.13, the functor
Set — [Set, Set] which sends X to X x — is strong monoidal. This makes M x —
a monad which we denote by M,,; and call the free M-set monad.

It is always finitary. Its theory is presented by a unary operation for each
element of M, which compose exactly as the elements multiply in M. Its category
of algebras is the category of M-sets, i.e. sets equipped with a left action by M. It
is isomorphic to the functor category [BM, Set|, where BM denotes the one-object
category corresponding to M.

Example 2.4.17. For a set X, let PX denote its powerset. Given a function
f: X =Y, let Pf send a subset of X to its image in Y. This makes P into a
functor, which in fact has a monad structure given by

nx(z) ={z}  and ui(ﬂ)=AUmA,

commonly called the powerset monad. Like Dg for |S| > 1, P does not have
rank. Its finitary part is the finite powerset monad Pf, which sends X to the
set of finite subsets of X.

The theory corresponding to P! can be presented by a unital, associative,
commutative and idempotent binary operation. Its category of algebras is hence
the category of commutative idempotent monoids, which is isomorphic to the
category of bounded join-semilattices. The category of algebras of P is the cate-
gory of suplattices, whose objects are posets with arbitrary suprema (and hence
also arbitrary infima) and whose morphisms are supremum-preserving monotone
maps.

There is also the nonempty powerset monad P, C P and the nonempty
finite powerset monad PY C P

For our last two examples of monads on Set we will need some basic theory
of filters and ultrafilters on sets. This should come as no surprise, since the
codensity monad of J: FinSet < Set is the ultrafilter monad (defined below), as
shown by Kennison and Gildenhuys [37, p. 341]. The following definitions and
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properties are standard — see e.g. the book by Hofmann, Seal and Tholen [30,
§11.1.12 and 13].

Definition 2.4.18. Let X be a set. A filter on X is a subset F of PX such that
(i) X e F;
(ii) for A,BC X, we have ANB € Fiff A,B € F~.

A filter F is proper if it is a proper subset of PX, equivalently if & ¢ F. An
ultrafilter is a filter that also satisfies:

(iii) for A C X, either A € F or X \ A € F, but not both.

Ordering the filters on X by inclusion, ultrafilters are precisely the maximal
proper ones.
Given A C X, the principal filter at A is the filter

tA={BCX|AC B}.

This is an ultrafilter iff A = {z} for some z € X, in which case it is called the
principal ultrafilter at z. Any filter on a finite set is principal; indeed, a filter is
closed under finite intersections, and taking the intersection over the entire filter
gives a least element.

An ideal on X is a subset Z of PX such that
(iv) @ €I,
(v) for A,BC X, wehave AUB€Z < A, BeT.

Ideals are the dual notion of filters. Given A C X, the principal ideal at A is
the ideal
JA={BC X |BCA}

Note that the complement of an ultrafilter ¢/ is an ideal.
The most important result concerning ultrafilters is the ultrafilter lemma. It

can be derived using the axioms of choice. It is the main way of constructing
nonprincipal ultrafilters. For a proof, see [30, Cor. I1.1.13.5].

Lemma 2.4.19 (Ultrafilter lemma). Let X be a set, F be a filter on X and T
be an ideal on X such that F NZ = &. Then there exists an ultrafilter U on X
such that F CU andUNT = @.

Example 2.4.20. Let FX denote the set of filters on a set X. Then F becomes
a functor as follows: given a function f: X — Y and F € FX, let

Ff(F)={BCY | f'BeF} (2.11)

2This condition is often split into two: if A C B C X and A € F, then B € F; and if
A, B € F, then AN B € F. The equivalence between the two definitions is straightforward.
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It has a well-known monad structure, which we call the filter monad. The unit
sends z € X to 1{z}. Given § € F>X, we have

p(F) ={ACX| A" €T} where A'={FecFX|AcF} (2.12)

Much like P, the monad F does not have rank. Its finitary part is Pf. The category
of F-algebras was identified by Day [16, Thms. 3.3 and 4.5] as the category of
continuous lattices and maps preserving directed joins and arbitrary meets.

Let F. X be the set of proper filters on a set X. It is easy to see that F, is a
subfunctor of F. In fact, it is also a submonad, called the proper filter monad.
The unit of F already factors through F,. The multiplication becomes

p(E) ={AC X | A NF X €F}

for § € (F{)2X. The resulting filter is proper, because @* = {PX} and hence
FNFX=0¢7F.

Example 2.4.21. Let UX denote the set of ultrafilters on a set X. Then U
becomes a submonad of F, which we call the ultrafilter monad. Its action
on morphisms and unit are the same as those of F, noting that they produce
ultrafilters. Given 4 € U2X, then

pr() ={AC X | A NUX € u}. (2.13)

Once again, U has no rank. Its category of algebras was famously identified by
Manes [50, Prop. 5.5] as the category CHaus of compact Hausdorff spaces, with
its natural underlying set functor. This is in stark contrast to the underlying set
functor Top — Set which is as far from being monadic as possible, since it induces
the identity monad. Thus the theory of compact Hausdorff spaces, unlike that of
all topological spaces, is an algebraic one, albeit far from being finitary.

Briefly, every point z of a topological space X has a neighbourhood filter N,
consisting of all those subsets of X whose interior contains z. We say that an
ultrafilter 4 on X converges to z if N, C U. The space X is Hausdorff iff every
ultrafilter converges to at most one point, and it is compact iff every ultrafilter
converges to at least one point. This shows how to equip a compact Hausdorff
space X with a U-algebra structure: to each & € UX one assigns the unique
point of X to which U converges.
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Chapter 3

Cauchy density

In his influential 1973 article [43], Lawvere showed how metric spaces can be seen
as examples of categories enriched in the poset of extended reals Rt = ([0, oo], >)
with its additive monoidal structure. This important example led to the definition
of the Cauchy completion of an enriched category, as a generalisation of the
completion of a metric space.

In page 155 of the same article, he gave a categorical characterisation of when
a short map of metric spaces has a topologically dense image. He defined a V-
functor F': A — B to be V-dense when the counit of the adjunction F, 4 F* in
V-Prof is invertible. The term dense has since taken a different (although related)
meaning in category theory', and so we instead use the term Cauchy dense to
refer to such V-functors, following Day [17, p. 428].

Throughout this chapter and unless otherwise specified, every category, func-
tor and natural transformation will be assumed to be V-enriched, where V is
a Bénabou cosmos, i.e. a complete and cocomplete symmetric monoidal closed
category. All Kan extensions will be assumed to be pointwise. We write
(—)o: V-CAT — CAT for the underlying ordinary category 2-functor.

Lucatelli Nunes and Sousa [47] showed, using different terminology, that
Cauchy dense functors between small categories coincide with the cofully faithful
1-cells of V-Cat, as well as with the absolutely (co)dense functors. In particular,
every Cauchy dense functor is also dense. In Section 3.1, we review their charac-
terisation and streamline some of the proofs using the proarrow equipment point
of view. We will also briefly consider their behaviour under base change and the
corresponding notion for functors between large categories.

Section 3.2 focuses on those Cauchy dense functors which are also fully faith-
ful. These are exactly those 1-cells sent to equivalences by the pseudofunctor
(—)«: V-Cat — V-Prof. In the context of metric spaces, they correspond to em-
beddings of dense subspaces. Theorem 3.2.5 is the categorical generalisation of
the fact that the completion of a metric space is the largest space into which it
embeds as a dense subset. Such embeddings are replaced by fully faithful Cauchy
dense functors and the completion of a metric space is replaced by the Cauchy
completion of a category.

Incidentally, the significance of categorical density in the setting of metric spaces does not
seem to have been considered in the literature.
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We also give a characterisation in Theorem 3.2.7 of fully faithful Cauchy
dense functors F': A — B as those for which [F,C]: [B,C] — [A,(] is an equiv-
alence for every Cauchy complete C. A closely related result appears in work
of Lucatelli Nunes, Prezado and Sousa [53, Thm. 2.5], of which the author was
unaware at the time of writing.

Section 3.3 studies Cauchy dense functors in a number of special cases. Cauchy
dense functors between one-object categories, i.e. monoids in V, are shown to
coincide with the epimorphisms of monoids when V = Set and V = Ab. This is
not the case in general, and a counterexample is provided where V the category of
finitary endofunctors of Set. With V = Set, we show that Cauchy dense functors
induce bijections between connected components, which allows us to characterise
those Cauchy dense functors whose domain is a groupoid. Lastly, Theorem 3.3.20
shows that the condition in the definition of Cauchy density can be replaced by
an apparently weaker one when working with split-full functors (Definition 3.2.2).

3.1 Cauchy dense functors

We begin by defining our object of study:

Definition 3.1.1 (Lawvere). A functor F': A — B between small categories is
Cauchy dense if the counit of the profunctor adjunction F, - F* is an isomor-
phism, i.e. if for every b,b € B the map

e / " B(Fa,b') ® B(b, Fa) —— B(b, V)

induced by the composition of B is an isomorphism in V.

Recall from Lemma 2.2.10 that asking that the unit of F, 4 F* be an isomor-
phism is precisely asking that F' be fully faithful. Being Cauchy dense is hence a
dual condition.

The term ‘Cauchy dense’ is taken from Day [17, p. 428], and motivated by
the following proposition.

Proposition 3.1.2. An R*-functor f: A — B between classical metric spaces is
Cauchy dense iff its image is topologically dense in B.

Proof. The Cauchy density of f reduces to the condition
i%f(B(b, fa)+ B(fa,bt')) = B(b, V) Vb,V € B.

Taking b’ = b, we see that for any € > 0 there is some a € A with B(b, fa) < e.
Hence, fA is dense in B.

Conversely, let b,b’ € B and, for any € > 0, take a € A with B(b, fa) < e.
Then

B(b, fa) + B(fa, V') < B(b, fa) + B(fa,b) + B(b,b') < 2¢ + B(b, ).

Since € can be made arbitrarily small, we conclude that f is Cauchy dense. [
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For more general V, the Cauchy density of F': A — B does not only depend
on its image, although it does if V; is a preorder (Proposition 3.3.1 below).
Just as full faithfulness is a self-dual condition, so is Cauchy density.

Proposition 3.1.3. A functor F': A — B is Cauchy dense iff F°?: A°® — B°P
18.

Proof. For all a € A and b,b' € B, consider the commutative diagram

B(Fa,V) ® B(b, Fa) — 5, B(b,¥)

al%’ ’
B (Fa,b) ® BP(Y, Fa) —— B (¥,b),
Ber

where ¢ is the symmetry of V and Mg and Mpo are the composition of the
respective categories. The counit €/ of F, 4 F* is the map induced by the top
arrow as a varies, while the counit €*” of (F°P), 4 (F°P)* is the map induced by
the bottom arrow. Clearly, € is an isomorphism iff e is. n

Since pseudofunctors preserve adjunctions, it is easy to say when a left adjoint
is Cauchy dense. In fact, thanks to the self-duality of Cauchy density, the same
applies to right adjoints:

Proposition 3.1.4. A functor with an adjoint (either left or right) is Cauchy
dense iff said adjoint is fully faithful.

Proof. If F: A — B has a right adjoint G, then F, 4 G, and F* = G,, since
adjoints are unique up to isomorphism. The counit of the profunctor adjunction
F, 4 G, is given by e¢,, where € is the counit of F' 4 G. This is an isomorphism
iff € is an isomorphism iff G is fully faithful. If F' has a left adjoint, we apply this
argument to F°P instead. O

This proposition gives yet another proof of the folklore fact that, if H 41 FF 4 G
is an adjoint triple of functors, then H is fully faithful iff G is, for both conditions
are equivalent to F' being Cauchy dense.

Example 3.1.5. Any reflection and coreflection is Cauchy dense. Some examples
are the free functors Mon — Grp and Grp — Ab, the forgetful functor Top — Set,
and the completion functor from Met to its full subcategory on the complete
metric spaces. These categories are not small, but one can make sense of these
statements using the contents of Subsection 3.1.1 below.

Let us call a 1-cell of a 2-category cofully faithful if it is fully faithful as
a 1-cell of K° (Definition 2.2.8). Explicitly, f: z — y is cofully faithful iff the
ordinary functors f°: K(y, z) — K(z, z) are fully faithful for each z € K. By the
dual of Lemma 2.2.9, F' is Cauchy dense iff F, is cofully faithful as a 1-cell of
V-Prof. Since locally fully faithful pseudofunctors reflect (co)fully faithful 1-cells,
it follows that F' is cofully faithful as a 1-cell of V-Cat. In fact, the converse is
also true. The next theorem follows from the stronger Theorem 5.6 of Lucatelli
Nunes and Sousa [47], although the proof here is independent.
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Theorem 3.1.6 (Lucatelli Nunes and Sousa). A 1-cell of V-Cat is cofully faithful
iff it is a Cauchy dense functor.

Proof. We have just seen the proof of the backwards implication in the previous
paragraph. For the forwards one, suppose F': A — B is cofully faithful as a 1-cell
of V-Cat. We must show that F, is cofully faithful as a 1-cell of V-Prof. Given
profunctors ®,¥: B + C, we have

V-Prof (®, V) = [CP ® B, V]o(P, ¥)

[‘87 [Cop7 V]]O((I)a \D)

[A, [CP,V]]o(Po F,¥oF)

[Cop ® ‘A’ V]O((I)(_7 F_)’ \II(_v F_))

> V) Prof (®(—, F—), ¥(—, F-))

~ V-Prof(® ® F,,¥ ® F,) by (2.1),

1R 1R 1R

where we have used ® and ¥ to also denote the respective curried functors B —
[C°P,V]. The third isomorphism follows from the fact that F' is cofully faithful as
a 1-cell of V-Cat since, even though [C°P, V)] is not small, & and ¥ jointly factor
through some small subcategory because B is small. ]

Remark 3.1.7. The previous theorem can be interpreted as saying that the
pseudofunctor (—),: V-Cat — V-Prof not only reflects, but also preserves cofully
faithful 1-cells. This is in stark contrast with the situation for fully faithful 1-
cells. Recall from Lemma 2.2.10 that a fully faithful 1-cell of V-Cat need not be
a fully faithful V-functor, but the latter condition is equivalent to F\ being fully
faithful. This difference is explained by the absence of a formula like (2.1) for
F,®—.

The isomorphism of sets
B, [C°, V]]o(®, ¥) —— [A, [C®, V]}o(® o F, ¥ o F)

in the proof of the previous theorem actually lifts to an isomorphism in V. Indeed,
the V-functor — o F': [B,[C°?,V]] — [A, [C°?, V]| has a left adjoint Lang (since A
is small and [C°P,V)] is cocomplete). For such functors, the above isomorphism
of sets is enough to ensure an isomorphism in V, as shown by Kelly [33, p. 24].
Taking ® and ¥ representable, it follows that F'is Cauchy dense iff the V-functor
[F,C]: [B,C] — [A,C] (and not just the underlying ordinary functor) is fully
faithful for all small C. This recovers some of the remaining parts of Theorem 5.6
of Lucatelli Nunes and Sousa [47].

Their other characterisation of Cauchy dense functors is as the absolutely
(co)dense functors (Theorem 5.11 of the same article). Recall from Defini-
tion 2.2.11 that a functor F': A — B is dense if Lang F' = 15. It is absolutely
dense if, moreover, Lany F' is an absolute left Kan extension. Similarly, F' is
absolutely codense if Rang F' = 15 is an absolute Kan extension. Once again,
we give a simplified proof here using the proarrow equipment (—),.
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Theorem 3.1.8 (Lucatelli Nunes and Sousa). The following are equivalent for
a functor F: A — B between small categories:

(i) F is Cauchy dense;
(ii)) F is absolutely codense;
(iii) F' is absolutely dense.
Proof. Let F be Cauchy dense and G: B — C. Then

rang, (G« ® F.) = rang, (rang- G,) by Lemma 2.2.3(iii)
X rang, g+ Gy by Lemma 2.2.3(iv)
~ @G, since F, @ F* = 1.

Since all extensions of functors are understood to be pointwise and these are
exactly the ones preserved by (—)., this shows that F' is absolutely codense.
Now suppose F' is absolutely codense. Then F°P: A°® — B°P is absolutely
dense. In particular, Lange B(F—,b) = B(—,b) for any b € B. But this left Kan
extension is precisely (F, ® F*)(—,b) by (2.6) and this isomorphism is the counit
of F, 4 F*. Hence, F' is Cauchy dense.
The proof that (i) and (iii) are equivalent is dual by Proposition 3.1.3. O

Corollary 3.1.9. Let F': A — B be left adjoint to G. Then the following condi-
tions are equivalent:

(a) G is fully faithful;

(b) F is dense;

(c) F is absolutely dense;
(d) F is absolutely codense;
(e) F is Cauchy dense.

Proof. The counit of the Kan extension Ranp F' = F'G — 1z is the counit of the
adjunction by Lemma 2.2.3(iii), so (a) and (b) are equivalent. The remaining
conditions are equivalent to (a) by Proposition 3.1.4 and Theorem 3.1.8. O

Unlike (co)dense functors, Cauchy dense functors are closed under composi-
tion. Parts (a) and (c) of the next proposition also follow from the characterisation
of Cauchy dense functors as the cofully faithful 1-cells of V-Cat.

Proposition 3.1.10. Let F': A — B and G: B — C be functors between small
categories.

(a) If F and G are Cauchy dense, then so is GF.
(b) If GF is Cauchy dense and G is fully faithful, then F' is Cauchy dense.
(c) If GF and F are Cauchy dense, then so is G.
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Proof. The counit e of the profunctor adjunction (GF), - (GF)* is the com-
posite

G. e @ G*
= ~

G
G.QF.® F*Q G* G, G —*— 1,

where " and €“ are the counits of F, 4 F* and G, 4 G*, respectively.
If ¢F' and € are isomorphisms, then so is €%, giving (a). Similarly, if €' and
¢“F are isomorphisms, then so is €“, giving (c).

For (b), note that for all b,b’ € B we have a commutative square

F
[*B(Fa,¥) ® B(b, Fa) BV B(b,Y)
G Gl lG
J* B(GFa,GY) ® B(Gb, GFa) ——— C(Gb, GV,
€Gb,Gb!

If G is fully faithful, then the vertical arrows are isomorphisms. Hence, if e“F is
an isomorphism, so is €. O

The previous proposition shows that fully faithful Cauchy dense functors enjoy
the two-out-of-three property. Such functors will be the subject of Section 3.2.

Remark 3.1.11. If one removes from (b) the assumption that G is fully faithful,
then the result is no longer true, even if full faithfulness is replaced by Cauchy
density. An example can be easily found among functors between groups, since
for such functors Cauchy density is equivalent to surjectivity (i.e. fullness) by
Corollary 3.3.18 below.

If one removes from (c) the assumption that F' is Cauchy dense, then the
result is no longer true. A counterexample can easily be found among functors
between discrete categories, since for such functors Cauchy density is equivalent
to bijectivity (on objects) by Corollary 3.3.19 below.

Any lax monoidal functor S: Vy, — W, gives a 2-functor S,: V-CAT —
W-CAT, often called base change. The next proposition gives some elemen-
tary results on how Cauchy density behaves under base change when S is strong
monoidal.

Proposition 3.1.12. Let S: Vo, — W, be a strong monoidal functor, and
F: A — B be a V-functor.

(a) If S is cocontinuous and F' is Cauchy dense, then so is S, F.
(b) If S reflects colimits and S, F is Cauchy dense, then so is F.

Proof. For each b,b' € B and a € A, we have a commutative triangle in W,

SB(Fa,V)® SB(b, Fa)

A

S(B(Fa,¥) ® B(b, Fa)) 57—+ SB(G,Y),
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where p is the coherence isomorphism of S. For (a), the cowedge Mp is a coend
cowedge. Since S is cocontinuous, so is SMg and Mg,5. For (b), the cowedge
Mg, 5 is a coend cowedge, and then so is SMpg. Since S reflects colimits, Mp is
also a coend cowedge. O]

Example 3.1.13. Let Q2 = {L < T} denote the walking arrow category. The
representable functor (T, —) :  — Set is readily seen to be strong monoidal.
Moreover, it reflects colimits, being fully faithful, so an order preserving map
f: A — B between two {2-enriched categories is Cauchy dense if the correspond-
ing functor Q(T,—).f between preorders is Cauchy dense. The converse is not
true; see Subsection 3.3.2.

3.1.1 Between large categories

We conclude this section with some generalisations to large categories. For A
and B two not-necessarily-small categories, we say that F': A — B is Cauchy
dense if the coend

/ " B(Fa,¥) ® B(b, Fa)

exists and the map from it to B(b,¥’) induced by the composition of B is an
isomorphism for all b,b’ € B. Of course, this agrees with Definition 3.1.1 when A
and B are small, since V is cocomplete.

The proof of Proposition 3.1.3 still applies to this new definition, so that F
is Cauchy dense iff F°P is. Note also that this coend is the pointwise formula for
Lang B(b, F—) evaluated at ¥, so that its existence for all b’ gives the pointwise
existence of this left Kan extension.

In general, when A is large, there is no functor V-category [A, B], because
defining the V-object of V-natural transformations between two functors will in-
volve a large end. However, one can still generalise the parts of Theorem 3.1.8
that do not involve functor categories.

Theorem 3.1.14. The following are equivalent for a functor F: A — B between
(not necessarily small) categories:

(a) F is Cauchy dense;
(b) F is absolutely dense;
(c) F is absolutely codense.

Proof. We show that (a) and (c) are equivalent. The equivalence of (a) and (b)
will then follow from the fact that Cauchy density is a self-dual condition.

Let F' be Cauchy dense and H: B — C be an arbitrary functor. We must
show that Hb satisfies the universal property of Rany HF' evaluated at b for all
b€ B. Let c € C. We have a series of natural isomorphisms

C(c, Hb) = [B,V](B(b, —),C(c, H-)) by Yoneda,

= [B,V|(Lang B(b, F—),C(c, H—)) since F' is Cauchy dense,
[A,V]|(B(b, F—),C(c, HF—)) by the universal property of Lan.

[t
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Note that, a priori, only the first object of V listed exists, since the rest require
some weighted limit in V indexed by a large category. However, the series of
isomorphisms shows that, in fact, all of them exist. This proves that Hb satisfies
the defining universal property of {B(b, F—), HF'}, which gives the value at b of
Rangp HF'.

Conversely, let F' be absolutely codense. Then F°P is absolutely dense, which
implies that Lanpe B(F—,V) = B(—,V) for all ¥ € B. This is equivalent to
saying that F' is Cauchy dense. O

With this, Proposition 3.1.4 and Corollary 3.1.9 remain true for functors be-
tween large categories. This justifies the claims made in Example 3.1.5, since if
F has a left or right adjoint the relevant coends always exists.

Remark 3.1.15. With this definition of Cauchy density of functors between large
categories, one can try to remove the hypothesis in Proposition 3.1.10 that A, B
and C are small. Part (b) is still true, with the same proof. Parts (a) and (c)
hold as soon as A and B are small.

3.2 Fully faithful Cauchy dense functors

Given a metric space A, its completion A is the largest space into which A embeds
as a dense subset. In our language, this means that if f: A — B is a fully faithful
Cauchy dense R*-functor, then B embeds into A. The main purpose of this
section is to generalise this fact to V-categories.

Given a small category A we write A for its Cauchy completion. It is the
full subcategory of [A°P, V] on those presheaves that satisfy any of the equivalent
conditions in the next theorem, a proof of which can be assembled from the
contents of Kelly and Schmitt [35, §6], where they also cite Street [59].

Theorem 3.2.1 (Kelly and Schmitt, Street). Let A be a small category. For a
functor W: A°® — V| the following are equivalent:

(a) W is small-projective, i.e. [A°P,V|(W, —) preserves all small colimits;

(b) W is an absolute weight, i.e. W-weighted colimits are preserved by any
functor;

(c) W has a right adjoint in V-Prof when seen as profunctor 1 + A.

The category A is Cauchy complete if A coincides with A, or rather with
its image under the Yoneda embedding. Equivalently, A is Cauchy complete if
it has all colimits weighted by absolute weights. The name ‘Cauchy completion’
was suggested by Lawvere [43, §3], motivated by the fact that when A is a metric
space, its Cauchy completion A in the R*-enriched sense can be identified with
the familiar metric completion of A (the space of equivalence classes of Cauchy
sequences in A).

Our main theorem relates fully faithful Cauchy dense functors and Cauchy
completions. The key result that allows this, Lemma 3.2.3 below, actually holds
in slightly more generality for split-full Cauchy dense functors.
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Definition 3.2.2. A functor F': A — B is split-full if
Fow: Aa,a’) —— B(Fa, Fa')
is a split epimorphism for all a,a’ € A.

Assuming the axiom of choice, an ordinary functor is split-full iff it is full. For
different V), however, this is stronger than merely requiring F, ./ to be epic. For
example, if V) is a preorder, then a V-functor is split-full iff it is fully faithful.

Lemma 3.2.3. Let A be a small category and F': A — B be a split-full Cauchy
dense functor. Then B(F—,b): A® — V lies in A for all b € B.

Proof. We will show that B(F'—,b): 1 + A is left adjoint to B(b, F—): A+ 1in
V-Prof. The unit is a morphism I — [* B(Fa,b) ® B(b, Fa) in V, which we take
to be the composite

-1

5.= I -2 B(b,b) 2 / " B(Fa,b) ® B(b, Fa).

The counit has a component v, . : B(b, Fa') @ B(Fa,b) — A(a,a’) for each a,a’ €
A, which we take to be the composite

Fr,
Vow = B(b,Fd')® B(Fa,b) &5 B(Fa, Fd') —*%s A(a,a),

where F7 , is a right inverse to Fp .
We check one of the triangle identities, the other being exactly dual. For each
a € A, consider the following diagram in V:
—1 ’

1 € b ®1 pa , ,
1® B(Fa,b) 223 B(b,b) ® B(Fa,b) — [ B(Fd',b)® B(b, Fa') ® B(Fa,b)

\ lMB lfl@MB

B(Fa,b) +——Fo / " B(Fd,b) ® B(Fa, Fd))
1 l J1®F,

/

/a B(Fd',b) ® A(a,a’)

The arrow labelled [ is the left unitor in V), and ¢ is the isomorphism in the density
formula.

The triangle on the left commutes by unitality in B. The square commutes
since the same square with the top arrow replaced by its inverse commutes, by
associativity in B.

It remains to check the commutativity of the bottom triangle. The density
formula implies that €pqp - (/1 ® F, o) = ¢, where we use - to denote composition
in Vy. It follows that i ™' - €pap = [1® F} ,/, as needed.
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This shows that (v @ B(F'—,b)) - (B(F—,b) ® §) is the identity on B(F'—,b),
thus establishing one of the triangle identities. m

It is no coincidence that in the previous proof we have only used that €,
is invertible for all b € B, rather than the full strength of Cauchy density, i.e.
that €, is invertible for all b,b" € B. For split-full functors, Cauchy density is
equivalent to this apparently weaker condition (Theorem 3.3.20).

By the characterisation of free cocompletions under classes of diagrams in
Theorem 2.2.15, the previous lemma shows that a fully faithful Cauchy dense
functor amounts to the inclusion of a category A into its free cocompletion under
a class of diagrams whose weights are absolute.

Remark 3.2.4. If one strengthens the hypotheses of Lemma 3.2.3 so that F'is
fully faithful and Cauchy dense, then a simpler proof is possible through The-
orem 3.1.14, Avery and Leinster’s [8, Lem. 8.1] and Kelly and Schmitt’s [35,
Prop. 6.14]. In fact, from our lemma and the latter result, it follows that if F’
is split-full and Cauchy dense, then B(F'—,b) and B(b, F—) are a pair of Isbell
conjugate presheaves.

We are now ready to prove the universal property of the Cauchy completion
with respect to fully faithful Cauchy dense functors.

Theorem 3.2.5. Let A be a small category. Then A is the largest category
that admits a fully faithful Cauchy dense functor from A, i.e. for every fully
faithful Cauchy dense functor F': A — B there exists an essentially unique functor
(necessarily fully faithful) Np such that the triangle

A—25 A

P

commutes up to isomorphism, where z is the factorisation of the Yoneda embed-
ding. Moreover, the inclusion of A into any full subcategory of A containing the
representables is Cauchy dense.

Proof. We take Np(b) = B(F—,b), which by Lemma 3.2.3 lies in A. Then
Np(Fa) = B(F—,Fa) = A(—,a) = za naturally in a € A because F' is fully
faithful, so the triangle in the statement commutes up to isomorphism. By The-
orem 3.1.8, F' is dense, which is to say that N is fully faithful.

Since N reflects colimits, each object of B is an absolute colimit of objects
in the image of F. Any other functor Nj: B — A completing the triangle in the
statement preserves these colimits, and hence must be isomorphic to Ng.

For the last statement, it suffices by Proposition 3.1.10(b) and Remark 3.1.15
to show that z is Cauchy dense. It is so, by Theorem 3.1.14, because it is abso-
lutely dense by the definition of A. m

Avery and Leinster showed in [8, Cor. 8.3 and Thm. 8.4] that the reflexive
completion R(A) of a small category A is the largest category into which A
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admits an adequate functor, i.e. a functor F': A — B which is fully faithful,
dense and codense. Theorem 3.2.5 shows that the Cauchy completion admits a
similar description, where adequate functors are replaced by fully faithful Cauchy
dense functors. Since every Cauchy dense functor is dense and codense, it follows
that A C R(A), as Avery and Leinster have already shown [8, Prop. 10.1].

Corollary 3.2.6. Two small categories A and B are Morita equivalent, i.e. A~
B, iff there is a zigzag of fully faithful Cauchy dense functors connecting them.

Proof. If A and B are Morita equivalent, then A A A~BEEB gives the
desired zigzag,.

Conversely, it suffices to show that if F': A — B is fully faithful and Cauchy
dense, then A ~ B. Consider the following diagram of fully faithful functors:

AZAL A
F\[JV Nf@stF
BB

Note that Np and zgF' are fully faithful and Cauchy dense by Proposi-
tion 3.1.10(b) and Remark 3.1.15, so Ny, and N, exist by Theorem 3.2.5. Then
N.,rNn, and Ny, N,,r are isomorphic to the respective identities, because they
are so on representables and Cauchy completion is the free cocompletion with
respect to absolute colimits. n

The next theorem gives an alternative way of identifying the fully faithful
Cauchy dense functors among the Cauchy dense ones, in view of Theorem 3.1.8.

Theorem 3.2.7. Let F': A — B be a functor between small categories. Then
F is fully faithful and Cauchy dense iff the functor [F,C|: [B,C] — [A,C] is an
equivalence for every Cauchy complete category C.

Proof. First assume that F is fully faithful and Cauchy dense. In the commutative
diagram

[ZB’ C]
—_—

[B,C] [B,C]
[Noves €] |rc
A,C] ——— [A,C],
LACl 7 A
the horizontal arrows are equivalences by Kelly and Schmitt’s [35, 7.1], and so
is the left one by the proof of Corollary 3.2.6. Therefore, [F,C] must be an

equivalence too.
Conversely, consider the commutative diagram

A A (A V]

A

B W [BOp,V],
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where F = Lan, , ygF is the unique-up-to-isomorphism cocontinuous functor that
makes the diagram commute. In such cases, F always has a right adjoint, which
sends P: B°® — V to [B°?,V|(ysF—, P) (see e.g. Kelly’s [33, Thm 4.51]). By
Yoneda, this right adjoint is just [F°P,V)]. Since V is complete, V°P is Cauchy
complete, so [F,V°P] is an equivalence, and then so is [F, V°P|°P = [F°P V)]. Its
left adjoint, F, must also be an equivalence. It follows that F is fully faithful.
Moreover, F restricts to an equivalence between the full-subcategories of
small-projective objects, i.e. an equivalence F: A ~ B. Since Fz4 & zgF is
Cauchy dense and 2z is fully faithful, Proposition 3.1.10(b) gives that F' is Cauchy
dense. m

A closely related characterisation of fully faithful Cauchy dense functors ap-
pears in work of Lucatelli Nunes, Prezado and Sousa [53, Thm. 2.5]. The author
was unaware of their result at the time of writing.

3.3 Special cases

This last section deals with special cases and characterisations of Cauchy dense
functors in different contexts.

3.3.1 When YV, is a preorder

In Proposition 3.1.2, we saw that for metric spaces Cauchy density reduces to
topological density. This condition quantifies over each point of the codomain,
instead of over each pair of points of the codomain, as Cauchy density does. If
V), is a preorder, it turns out that one can always make this simplification.

Proposition 3.3.1. Let V, be a preorder. A V-functor F: A — B is Cauchy
dense iff epp: (Fx@F*)(b,b) — B(b,b) is an isomorphism for allb € B. Moreover,
whether F' is Cauchy dense only depends on the image of its object mapping.

Proof. The forward implication is clear. Now assume that €, is an isomorphism
for all b € B. Let b,b’ € B and consider the following diagram in V,

[*B(Fa,¥) ® B(b, Fa) o » B(b, )
J*Mp® 1T ll ® jib
fa B(b, b’) ®B(FCL, b) ®B(b, FCL) Tﬁbb> B(b, bl) ®B(b, b)

By assumption, the bottom arrow has an inverse, so we can compose with it to
get a morphism in the opposite direction to €. Since V, is a preorder, this
suffices to show that €, is an isomorphism.

For the last statement, note that since V), is a preorder, coends are simply
suprema. Hence, whether €, is an isomorphism only depends on the action of
F' on objects. ]

Remark 3.3.2. This is manifestly not true when ) is not a preorder. The
diagram in the previous proof does not typically commute. For example, the
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identity-on-objects functor from the discrete category {Ll, T} to the preorder
Q= {L < T} has &, an isomorphism for all b € Q, but is not Cauchy dense.
Nevertheless, there is a similar result for general V if one assumes that F' is
split-full. This is the content of Subsection 3.3.5.

3.3.2 Between preorders

Let €2 be as in the previous remark, i.e. the walking arrow category, which is
cartesian closed. An Q2-category is a preorder, and an Q-functor f: A — B is an
order preserving map.

Proposition 3.3.3. An Q-functor f: A — B is Cauchy dense iff it is essentially
surjective.

Proof. Using Proposition 3.3.1, the condition that f be Cauchy dense translates
in this context to

V[(fa<b)A(b< fa)]=T, VbeB.

a

This is equivalent to there being some a € A such that fa = b, in the sense that
fa<bandb< fa. m

Of course, one can also view preorders as ordinary categories, instead of €2-
categories. This is thanks to the strong monoidal functor Q(T,—): @ — Set,
which gives an inclusion (2-Cat < Cat. For ordinary functors between preorders
in Cat, Cauchy density is a stronger condition than for 2-functors.

Proposition 3.3.4. An ordinary functor f: A — B between preorders is Cauchy

dense iff
1 ifbo<b
cA|b<L fa<b} = -7
ol [b< fast} {@ otherwise.

Proof. Using the computation of coends in Set, we see that f is Cauchy dense iff
for all b,b’ € B the obvious diagram

LI B(fa',¥) x B(b, fa) —= | | B(fa,¥) x B(b, fa) —— B(b, ),

a<a’

is a coequaliser diagram. Now consider the preorder (really, a double comma
category) b/f/V/ = {a € A| b < fa <V} C A in the statement. The above
coincides with the computation using coproducts and coequalisers of the colimit
of the functor b/f/b' — Set constant at 1, which gives precisely the required
connected components. ]

It follows that Cauchy density is not preserved under base change in general.

o1



3.3.3 Between monoids in V

In this subsection we study the behaviour of Cauchy dense functors between
one-object V-categories, i.e. between monoids in V. We will temporarily relax
our assumptions: we only require that }V be a monoidal category with reflexive
coequalisers, preserved by the monoidal product in each variable.

When specialised to monoids, the theory of profunctors becomes the familiar
theory of bimodules. For A, B € V-Mon, a profunctor M: A -» B amounts to
an (A, B)-bimodule. The composite of M with N: B + C' is the tensor product
M ®p N: A - C which is given by the coequaliser in V of the pair

M el
M®B®N —< MQ®N, (3.1)
1oAY

where pM and AV are the right and left actions of B on M and N, respectively.
This coequaliser exists under our assumptions on V because this pair is reflexive:
a common section is constructed using the unit n® : I — B. The tensor product
M ®g N has a left A-action and right C-action because A® — and —® C' preserve
this coequaliser. The notation M ®g N is borrowed from the ¥V = Ab case, where
this is the familiar tensor product of the right B-module M with the left B-
module N. The (ordinary) category of (B, B)-bimodules becomes monoidal with
this tensor product, with the unitors corresponding to the isomorphisms of the
density formula.

Let f: A — B be a morphism in V-Mon, seen as a functor between one-object
V-categories. The coend in Definition 3.1.1 then amounts to the tensor product
B ®4 B, i.e. the coequaliser of

1 f®1 pP o1
BRARB ——— BRQB®B :Bi B® B.

lou

Since B has an associative multiplication, u? coequalises this pair, and hence
induces a unique morphism fi®: B ®4 B — B in V, which actually lifts to a
morphism of (B, B)-bimodules. With this notation, f is Cauchy dense iff i? is
an isomorphism. Note that i? is always split epic: it has two canonical sections
given by the composites of the commutative pentagons

B—"" . Be.A B . Ae.B
1®nAl n"‘@ll
B®A lef  and A®B fer  (3:2)
1®fl f®1l
B®B —» Bo.B B®B —» B®aB,

where r: B4 A— B and l: A®, B — B are the left and right unitors in the
category of (A, A)-bimodules.
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Lemma 3.3.5. The following are equivalent for a morphism f: A — B in
V-Mon:

(a) f is Cauchy dense;
(b) the morphism i®: B ® 4 B — B induced by p®? is an isomorphism;
(c) the two sections (1 ® f) -~ and (f ®1)-17! in (3.2) coincide.

Moreover, if these conditions hold, then f is an epimorphism in V-Mon. The
converse is true, at least when V is symmetric monoidal, A is commutative and
f is in the centre of B, i.e.

A®B z »B® A

f®%’ ‘b®f

B® B s B < B® B

commutes, where 0 : AQ B — B ® A is the symmetry.

Proof. That (a) is equivalent to (b) follows from the fact that i is the unique
leg of € in Definition 3.1.1. Writing #® = f: A — B for the unit of B as a
monoid in the category of (A, A)-bimodules, we see that the two sections in (c)
are exactly B ®4 j° and #® ® 4 B respectively. The equivalence of (b) and (c) is
then a general fact about monoids in a monoidal category.

To show that f is epic, let g,h: B — C be morphisms in V-Mon such that
gf = hf. This composite gives C a single (A, A)-bimodule structure, and g and
h become maps of (A4, A)-bimodules. Let i¢ : C ® 4 C — C be the morphism
induced by u€. Since g is a monoid map, g - fi® = i° - (¢ ® g). This gives

g = h, as needed.

Lastly, if V is symmetric monoidal, A is commutative and f is in the centre
of B, then B ® 4 B is actually a monoid, and the two maps whose equality is
asserted in (c) are monoid maps. Moreover, f equalises them, so that if f is an
epimorphism in V-Mon then (c) holds. O

Remark 3.3.6. That Cauchy dense maps of monoids are epimorphisms does
not immediately follow from the fact that Cauchy dense ordinary functors are
cofully faithful in V-Cat. For example, for V = Set, that only ensures that if
g,h: B —=XC € Mon are such that gf = hf, then there is an invertible v € C
such that ug(b) = h(b)u for all b € B.
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Corollary 3.3.7. If V is symmetric monoidal, the epimorphisms in V-CMon are
precisely the Cauchy dense morphisms.

It turns out that for V = Ab and V = Set, this is true in the category of
all monoids, not just the commutative ones. The case V = Ab follows from the
following proposition of Silver [56, Prop. 1.1] whose proof is omitted.

Proposition 3.3.8 (Silver). A morphism f: R — S in Ring = Ab-Mon is an
epimorphism iff the map S ®r S — S induced by the multiplication of S is an
isomorphism, i.e. iff f is Cauchy dense.

Corollary 3.3.9. A morphism f: A — B in Mon is an epimorphism iff it is
Cauchy dense.

Proof. The backwards implication is part of Lemma 3.3.5, so we prove the for-
wards one. The free abelian group functor F': Set — Ab is a strong monoidal left
adjoint. Moreover, it reflects isomorphisms by Proposition 2.4.11. Being addition-
ally cocontinuous, it reflects all colimits which exist in Set, i.e. all small colimits.
On categories of monoids, F' induces the free ring functor F,: Mon — Ring, which
is again a left adjoint. If f: A — B in Mon is an epimorphism, then so is F, f. By
Proposition 3.3.8, F f is Cauchy dense, and then so is f by Proposition 3.1.12. [

Silver’s result and its corollary give a representation theoretic understanding
of epimorphisms of rings and monoids. Indeed, by Theorem 3.1.8, a map of rings
f: R — S is an epimorphism iff the restriction of scalars functor f*: S-Mod —
R-Mod is fully faithful, and similarly for monoid maps.

The coincidence of the epimorphisms in V-Mon and the Cauchy dense functors
does not hold for a general monoidal V with reflexive coequalisers preserved by
the product in each variable. We will provide a counterexample taking V to be
the category F of finitary endofunctors of Set, with its monoidal structure given
by composition. Monoids in V are then finitary monads on Set.

Before giving the counterexample, however, we give a more general charac-
terisation of Cauchy dense maps of monads. Let A be a cocomplete ordinary
category. Then [A,A] is cocomplete and strict monoidal under composition.
Since colimits of functors are computed objectwise, — o F' preserves them for any
F € [A, A]. However, F o — need not preserve reflexive coequalisers, so that
[A, A] does not satisfy our base assumptions for V. A way to fix this is passing to
the full subcategory [A, Al,. of endofunctors which preserve reflexive coequalisers.
Then [A, Al,.-Mon is the category of reflexive-coequaliser-preserving monads on

A.

Remark 3.3.10. If A is large, the category [A, A];,. may not be locally small.
In practice, we will take an even smaller subcategory, such as the category of
finitary endofunctors of Set (see Proposition 3.3.12).

Theorem 3.3.11. Let : S — T be a map of monads on a cocomplete ordinary
category A such that T preserves reflexive coequalisers. Let U?: AT — AS be the
corresponding algebraic functor. Then 6 is Cauchy dense iff U is fully faithful.
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Proof. By Theorem 2.4.4, U? has a left adjoint F°. Its value at (4,a) € A% is
given by the reflexive coequaliser in A7

T

(TSA, 1,) % (T2A, 1h) % (TA ) — F(A,0).  (33)
\/7
Ta

Since A has and T preserve reflexive coequalisers, reflexive coequalisers in AT
are created (and hence preserved) by UZ. In particular, applying U7 to (3.3), it
remains a coequaliser diagram. Taking (A, ) to be U°FTA = (TA, ik - 014) €
A% we see that UTFUPFT A is the coequaliser in A of the pair

T
7
TSTA L0144 — T
Tuy

This is precisely the value of T ®g T at A. Since colimits of endofunctors of A
are computed pointwise, this shows that T ®¢T = UTFU?FT. One checks that
the natural transformation T ®g T — T induced by u? becomes UTeFT under
this identification, where € is the counit of F¢ 4 U°.

By definition, # is Cauchy dense iff UTeF7 is an isomorphism. Since UT
reflects isomorphisms, this is equivalent to eF? being an isomorphism. This
means that for each A € A and B € AT, the functor U gives a bijection

AT(FTA,B) 2 AS(U°FTA,U°B). (3.4)

In fact, this is further equivalent to U? being fully faithful. Every (4, a) € AT
is the coequaliser of a UT-split pair FTT A = FT A, which we denote as a diagram
in AT by P,. Then

AT((A,a), B) = A% (colim P,, B)

> lim A" (P,, B)

~ lim A%(U°P,, U’B)

=~ A%(colim U’ P,, U’ B)

=~ A5(U? colim P, U’ B)

~ AS(U%(A,a),U’B),
where the third isomorphism follows from (3.4) and the fact that the objects in
the image of P, are free T-algebras, and the fifth is the fact that U? preserves U”-

split coequalisers by Proposition 2.4.3. Of course, if U? is fully faithful, then (3.4)
holds. ]

The maps of monads #: S — T such that U’ is fully faithful were called
dense by Karazeris and Velebil [32]. The previous theorem then shows that this
is equivalent to 6 being Cauchy dense, at least when restricting to the reflexive-
coequaliser-preserving monads.

The prime context in which Theorem 3.3.11 applies is when taking V to be
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the category of sifted-colimit-preserving endofunctors of a locally strongly finitely
presentable category under composition — see Lack and Rosicky’s treatment in [40,
§4]. A locally strongly finitely presentable category is, up to equivalence, the free
cocompletion of a small category under sifted colimits. This ensures that such
a V is locally small, cocomplete and has a monoidal product which preserves
sifted-colimits (and in particular reflexive coequalisers) in each variable.

To find an epimorphism of monads which is not Cauchy dense, we will take
VY to be F, the category of finitary endofunctors of Set. Since the inclusion
J: FinSet — Set is a free cocompletion under filtered colimits, F is equivalent
to [FinSet, Set] (through restriction and left Kan extension) and hence it is a
complete and cocomplete locally small category. Since colimits commute with
colimits, a colimit in [Set, Set| of finitary endofunctors is finitary, so it is reflected
to a colimit in F. This shows that colimits in F are computed as in [Set, Set],
i.e. objectwise. Monoids in F are, by definition, finitary monads on Set.

To use Theorem 3.3.11, and for F to satisfy our base assumptions for V, we
need the following result. The strategy for the proof is due to Kelly and Schmitt,
as they explain after Observation 8.13 in [35].

Proposition 3.3.12. The inclusion J: FinSet < Set is a free cocompletion under
sifted colimits. In particular, finitary endofunctors of Set coincide with those
preserving sifted colimits, and hence preserve reflexive coequalisers.

Proof. The doctrine of finite products is sound, as stated by Adamek, Borceux,
Lack and Rosicky in [1, Ex. 2.3(ii)]. By their Proposition 3.3, the free cocomple-
tion of a small category A under sifted colimits is the Yoneda embedding of A
into the category of sifted-flat presheaves A°® — Set. By their Theorem 2.4, if
A°P has finite products, then this is just the category of finite-product-preserving
functors A°P — Set, denoted by [A°P, Set]s,.

Now, FinSet®? has finite limits, so its free cocompletion under sifted colimits is
y: FinSet < [FinSet®®, Set]s,. But FinSet is the free cocompletion of the terminal
category 1 under finite coproducts, so

[FinSet?, Set]g, ~ [1, Set] = Set.

The equivalence is given by evaluating at the singleton set, so that y becomes J,
as required.

Since J is also a free cocompletion under filtered-colimits, every finitary endo-
functor F' of Set is isomorphic to Lan; F” for some F”: FinSet — Set. By the first
result, Lan; F” preserves sifted colimits. Clearly, every sifted-colimit-preserving
functor is finitary. m

Lastly, we need the following characterisation of epimorphisms of finitary mon-
ads on Set. It is a special case of Karazeris and Velebil’s [32, Prop. 5.1].

Proposition 3.3.13 (Karazeris and Velebil). A morphism 6: S — T of finitary
monads on Set is an epimorphism iff U° is injective on objects.

We are now ready for our counterexample, which simply builds Karazeris and
Velebil’s Example 5.3.
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Example 3.3.14. The forgetful functor from the category of monoids to the
category of semigroups is the algebraic functor corresponding to a monad mor-
phism 6: S — T, where S and T are the free semigroup and free monoid monad,
respectively.

A semigroup may have at most one identity, and so at most one monoid
structure. Thus, U? is injective on objects and, by the previous proposition, @ is
an epimorphism.

However, U% is not fully faithful. For example, let X = {0,1} seen as a
multiplicative submonoid of N. The function X — X which is constant at 0 is
a map of semigroups, but not of monoids. By Theorem 3.3.11, € is not Cauchy
dense.

3.3.4 Connected components

This subsection focuses on the V = Set case. In particular, we will show that a
Cauchy dense ordinary functor induces a bijection between the sets of connected
components. In this subsection, we will write my: Cat — Set for the connected
components functor.

Theorem 3.3.15. Let F': A — B be a Cauchy dense ordinary functor. Then
moF is bijective.

Proof. First, assume F is bijective-on-objects, and write F~! for the inverse of
its object function. Let b,b’ € B. The coend (Fi ® F*)(b,V’) can be written as a
disjoint union of coends, one for each connected component of A:

(For)b)= || | " B(Fa, ) x B(b, Fa). (3.5)

Cemg A

A simple way to see this is that the functor that sends a category C to the opposite
of its subdivision category, in the terminology of Mac Lane [48, p. 224], preserves
coproducts.

We will show that a and o’ are connected in A iff Fla and Fa' are connected
in B. The forward implication is true for any functor. Now suppose there is
a morphism f: Fa — Fa' in B. We have two equivalence classes [f,1r,| and
[1pa, f] in (Fi ® F*)(Fa,Fa') which are mapped to f by €, rpo. Since F' is
Cauchy dense, they must actually be the same equivalence class. In particular,
[f,1r.) and [1Fpy, f] must lie in the same component of the disjoint union in (3.5),
i.e. a and @' are connected. If instead of a morphism Fa — Fa' there is a zigzag
of morphisms, one can apply the same argument to each morphism in the zigzag
to conclude that a and a’ are connected. Since F' is bijective-on-objects, it follows
that moF' is bijective.

Now we relax the assumption that F' is bijective-on-objects. Write A N
im F Z B for the factorisation of F into a bijective-on-objects functor followed by
a fully faithful one. By Proposition 3.1.10(b), since H is fully faithful, G is Cauchy
dense, and then H is Cauchy dense by part (c) of the same proposition. We have
already shown that moG is bijective. By Theorem 3.2.5, B is a full subcategory of
the idempotent completion im F of im F' containing im F itself. In other words,
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the objects of B include all of im F' and the splitting of some (but possibly not
all) idempotents in im F'. Splitting certain idempotents does not change the
connected components of im F', so we conclude that moH is bijective. m

Note that the conclusion of the previous theorem fails if we replace the Cauchy
dense functor F' by a merely (co)dense one, even if we ask that it be fully faithful.
A simple example is given by freely adjoining the (co)product of the two objects
in the discrete category 2.

Corollary 3.3.16. An ordinary Cauchy dense functor F: A — B can be written
as | |; F;: Ll; A;i — L; B; where each F; is Cauchy dense and each A; and B; are
connected. Conversely, a functor of the form | |; G; is Cauchy dense iff each G;
is Cauchy dense.

Proof. Since moF' is a bijection, F' = | Ji¢x, 4 F; where Fj is the restriction of F' to
i € mo.A factorised through moF'(i) € moB. It is easy to see that each F; is Cauchy
dense if F' is from (3.5). Similarly, it is clear that a disjoint union of Cauchy
dense functors is Cauchy dense. m

Proposition 3.3.17. Let f: A — B be a monoid homomorphism with A a group.
Then f is Cauchy dense iff it is surjective. If this is the case, then B is also a
group.

Proof. By Lemma 3.3.5, f is Cauchy dense iff, for all b € B, (b,1) and (1,b) in
B x B become related under the quotient map to B® 4 B. This is the quotient by
the equivalence relation generated by setting (bf(a),¥’) ~ (b, f(a)b') for alla € A
and b,b’ € B.

Since A has an identity element, ~ is reflexive. It is also transitive, because
we can compose in A. Lastly, since A is a group we have

(b, f(@)b) = (bf(a) f(a™), f(@)b) ~ (bf(a), f(a™")f(a)V)) = (bf(a), ),

so ~ is also symmetric. Thus, ~ is already an equivalence relation.
Hence, f is Cauchy dense iff for all b € B we have (b,1) ~ (1,b), iff for all
b € B there is some a € A such that b = f(a). O

Corollary 3.3.18. A functor whose domain is a groupoid is Cauchy dense iff it
is equivalent to a disjoint union of surjective group homomorphisms.

Proof. Corollary 3.3.16 reduces our task to showing that a Cauchy dense functor
whose domain is a group must be equivalent to a surjective group homomorphism.

Let F': A — B be Cauchy dense, with A a group, and let A S imF % Bbe
its factorisation into a bijective-on-objects functor followed by a fully faithful one.
As before, both G and H are Cauchy dense because F' is. By Proposition 3.3.17,
G is a surjective group homomorphism. By Theorem 3.2.5, B is equivalent to
a full subcategory of the idempotent completion of im F' containing im F'. Since
im F' is a group, it is already idempotent complete, so H must be an equivalence.
Thus, F' is equivalent to a surjective group homomorphism. O

Corollary 3.3.19. A Cauchy dense functor whose domain is discrete is an equiv-
alence.
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3.3.5 Split-full Cauchy dense functors

We conclude by showing that for split-full functors, much like when V), is a pre-
order, Cauchy density is equivalent to an apparently much weaker condition. This
simplifies checking the hypotheses of Lemma 3.2.3. The proof, which is straight-
forward when V = Set, is slightly more involved in the general case. Note that in
the simpler condition below we quantify over a single b € B, instead of a pair of
them, and we ask for a split epimorphism, rather than an isomorphism.

Theorem 3.3.20. Let A be a small V-category, and F: A — B be a split-full
functor. Then F is Cauchy dense iff

€5 / " B(Fa,b) ® B(b, Fa) —> B(b,b)
is a split epimorphism for all b € B.

Proof. The forward implication is obvious, so we prove converse.
For by, ...,b, € B, we will use the abbreviation

B(b07 <o abn) = B(bn—la bn) Q- ® B(b07 bl)

We write My, : B(bg, b1,bs) — B(bg, bs) for the composition map, and similarly
for longer tuples.
Let b,b’ € B. First, we will show that €, is a split epimorphism. The square

a 1
/ B(b, Fa,b,t) —2** B(b,b,)

I M,,l JM;,
a
/ B(b, Fa,t') —go— B(b,Y)
commutes by associativity in B. Now, 1 ® €, is a split epimorphism by assump-
tion, and so is M, by the right unit axiom in B. It follows that €, is also a split

epimorphism.
It now suffices to show that €, is monic. The diagram

B(Fa,bt) ® A(d,a) ® B(b, Fa')

N@Fa’,a®1
MFa

B(b, Fd/,Fa,t)) ———— B(b, Fd', V)

MFa’l lca,

B(b, Fa,b) ——— / " B(b, Fa,b)

commutes when c is a cowedge, and in particular when c is the coend cowedge.
Since 1 ® Fy/, ® 1 has a right inverse by assumption, the square alone also
commutes. Seeing each of the composites in the square as an appropriate cowedge
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shows that the two maps

[ 1®era / B(b, Fa,b)
/ " B, Fd, Fa,V) - H

[ era @1 / " B, Fa,¥)

coincide.
The naturality of € ensures that the two squares in the diagram

’

/ " B(b, Fd,b, Fa, V)

fa 1 ® Eb/ / \fa, Gb,b’ ® ].
fa,a Mb

/

/ " B(b,b, Fa, ) / " B, Fd,b,b)

/

/ " B(b, Fd, Fa,b)

fa Mb . o , fa’ Mb
I 1®6b’V NEFa’,b ®1

/ " B(b, Fa,v) / " B, Fd,¥)

commute, so that the whole diagram commutes. Distributing tensors over coends,
the top leftmost map may in fact be written as 1 ® €3, and the top rightmost
map is just €,y ® 1. Both maps on the left-hand side have right inverses. Writing
€ for a right inverse to €5, the composite

L& / " B(b,b, Fa,b)

ll ®€,
/ ’

a o ar a , 1 a,a
/ B(b, Fa, i) I / B(b, Fd',b,b) <222 / B(b, Fd',b, Fa,t)

/ "B(b, Fa,t)) —" / "B(b, Fa,t) @I

’

is the identity, where r is the right unitor of V. Then, for any morphism z: X —
¢ B(b, Fa,b'), we have
z= (" M) - (eop @) -7
= (fa/ Mb) ey @ €ppie) - (2 ®1) - 77"
= (17 M) - (@yz ® ehyi) - 77"
In particular, z is determined by €, so €, is monic. O

Of course, a split-full Cauchy dense functor may not be fully faithful. For
example, a surjective group homomorphism is split-full and Cauchy dense (by
Corollary 3.3.18), but only fully faithful if it is an isomorphism.
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Chapter 4

Pushforward monads

The question of how a monad 7" on a category A can be transported along a
functor G: A — B to produce a monad on B has a well-known answer when G
has a left adjoint F'. If so, GTF has a monad structure induced from that of T'
and the adjunction. There is a lesser-known, more general answer however: even
if G is not a right adjoint, the right Kan extension of GT along T, when it exists,
has a monad structure. The monad obtained thus is the pushforward of T" along
G, which we denote by G4T'. This notion of pushforward monad can be traced
back to Street’s seminal paper [58, p. 155], but has received little attention since.
In this chapter, we explore the general properties of this construction, both in the
setting of monads in a 2-category and in that of monads in CAT, the 2-category
of locally small categories.

Pushforward monads generalise the concept of codensity monads, which cor-
respond to the case where T is the identity monad on A. This case has been
extensively studied, with the most famous example being the codensity monad of
the inclusion FinSet < Set. Kennison and Gildenhuys [37, p. 341] showed that
this is the ultrafilter monad, which had been identified by Manes [50, Prop. 5.5] as
the monad for compact Hausdorff spaces. This is a remarkable fact: the theory of
compact Hausdorff spaces is obtained from the concept of finite set through some
general categorical machinery, without any mention of topology. An account of
this and related results was given by Leinster [45]. Other well-known codensity
monads of functors without a left adjoint include:

e The codensity monad of the inclusion of finite groups into groups is the
profinite completion monad, whose algebras are profinite groups, or equiv-
alently, totally disconnected compact Hausdorff topological groups.

e The codensity monad of the inclusion of finite rings into rings is again the
profinite completion monad, whose algebras are profinite rings. These are
all the compact Hausdorff topological rings, which are automatically totally
disconnected. This and the previous result can be found in Devlin’s PhD
thesis [19, Thms. 10.1.30 and 10.2.2].

e The Giry monad, which sends a measurable space to the space of all prob-
ability measures on it, is the codensity monad of the inclusion of a cer-
tain (not full) subcategory of the category of measurable spaces. This and
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a number of similar results applying to other probability monads can be
found in work of Avery [7, Thm. 5.8] and Van Belle [62].

o If T is a finitary monad on Set, then the codensity monad of the inclusion
FinFam((Set”)°P) < Fam((Set”)°P) of the free finite coproduct cocomple-
tion of (Set”)°P into its free coproduct cocompletion gives the ultraproduct
monad of model theory, whose algebras are sheaves of T-algebras on com-
pact Hausdorff spaces (see Section 6.2).

All of these are examples of straightforward functors whose codensity monad
give interesting, nontrivial theories. Pushforward monads add a new axis to this
list, so that one can now vary both the functor and the monad on the domain
being pushed forward.

In Section 4.1, we develop the theory of pushforward monads in a general
2-category, starting from their construction. It includes a universal property
satisfied by pushforwards with respect to lax monad functors (Theorem 4.1.5),
which was first stated by Street [58, Thm. 5]. This allows us not only to see
codensity monads as special cases of pushforwards, but also vice versa.

Section 4.2 identifies a new kind of universal property of pushforwards with
respect to colax monad functors (Corollary 4.2.6), which later allows us to gener-
alise some ideas already present in Addmek and Sousa’s work on D-ultrafilters [3]
(Example 4.3.15(ii)).

In Section 4.3, we specialise these results to the 2-category CAT. We give
sufficient conditions for the existence of pushforwards (Proposition 4.3.5) and for
the possibility of their iteration (Proposition 4.3.6). One remarkable consequence
of the results in the previous two sections is the existence of two adjunctions be-
tween categories of monads, the most important one being the content of Theo-
rem 4.3.11. A particular instantiation of this adjunction shows that the concept of
the pseudoconstants of a theory appears naturally from the consideration of push-
forwards along Sets; < Set (Example 4.3.14). The last subsection shows that
codensity monads are stable in a suitable sense under limit completions (Propo-
sition 4.3.17), and relates them to Diers’s theory of multiadjunctions [21, 23],
and Tholen’s €-pro-adjunctions [61]. This allows us, for example, to identify the
category of algebras of the codensity monad of the inclusion Field — CRing as
the free product completion of the category of fields (Example 4.3.23(i)).

4.1 Pushforward monads

In this section, we spell out the construction of the pushforward of a monad and
give its general properties. Although it is largely expository, some of the results
here, such as Lemmas 4.1.4 and 4.1.7, do not seem to have appeared in print.
We work in the setting of a 2-category K, although from Section 4.3 onwards
we will take K to be CAT. The pushforward construction makes sense in any
bicategory, but we will do everything in the strict case for simplicity without any
loss of generality. We use the same notation as in Section 2.1, i.e. a - 8 for the
vertical composite of two 2-cells a and 3, and af for their horizontal composite.
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Given a 0-cell z and a 1-cell g: © — y in K, recall that we write g,: K(z,z) —
K(z,y) and ¢°: K(y, z) = K(z, 2) for the functors given by composing with g on
the left and on the right, respectively. Given a monad ¢ on z, and taking z = y,
we can form the comma category ¢g°lgt whose objects are pairs (s, o) such that
s € K(y,y) and o: sg — gt.

Proposition 4.1.1. Let t be a monad on z, and g: t — y be a 1-cell. The
comma category g°lgt admits a strict monoidal structure such that the forgetful
functor g°lgt — K(y,y) is strict monoidal.

Proof. Given two objects (s,o0) and (s',0") of g°lgt, we define (s',0") ® (s,0) to
be the composite

~ ~

r — .

The monoidal unit is simply gn: ¢ — gt. A routine calculation shows that the
axioms for a strict monoidal category follow from the axioms for the monad t.
That the forgetful functor ¢g°|gt — K(y,y) is strict monoidal is clear. O

A right extension of gt along g is precisely a terminal object of g°|gt. As the
terminal object of a monoidal category, it has a unique monoid structure. Taking
its image under the forgetful functor ¢g°lgt — K(y,y) gives a monoid in K(y,y),
i.e. a monad on y.

Definition 4.1.2. Let ¢t be a monad on = and g: x — y be a 1-cell. The push-
forward of ¢ along g is the right extension of gt along g, with its canonical monad
structure described above. When it exists, we denote it by gyt.

We can give a more explicit description of the monad structure of gyt. Let
(g4t, €) be a right extension of gt along g, as depicted by the diagram

x—>y
l gyt
T —G— .

We call € the counit of the pushforward gyt. The unit and multiplication of gyt
are the unique 2-cells 7%* and p?%' making

t
(91t)%g (oe, (gst)gt —L— gt

(79 / \ “g”tgl lgﬂt (4.1)

(n
(91)g —— gt (g5t)g y gt
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commute. Note that the commutativity of these diagrams means that (g, €) is a
lax monad functor (z,t) — (y, gyt).

Examples 4.1.3.

(i)

(i)

(iii)

If g: £ — y is right adjoint to f, with unit § and counit v, recall from
Lemma 2.2.3(iii) that the right extension of a 1-cell h: z — z along g is
(hf, hv). In particular, gyt = gtf, with its well-known monad structure:

% =gn'f-6 and %' =gu'f- gtutf.

The pushforward of the identity monad along g is the codensity monad
of g. In this case, the underlying endofunctor of the monad is the right
extension of g along itself. By the previous example, the codensity monad
of a right adjoint is the monad induced by the adjunction.

Let 1 be the terminal category. There is a unique monad on 1, namely
the identity monad. A functor G: 1 — A corresponds to an object x of
A. If A is locally small and has Set-indexed powers, then the codensity
monad of G is given by a — 24(%%). This is the endomorphism monad
of z, introduced in Example 2.4.15 for A = Set. Proposition 4.1.5 and
the discussion following it show that for any monad T on A, the T-algebra
structures on x correspond to monad maps from 7' to the endomorphism
monad of x.

Let V be a monoidal category. Monads in the one-object bicategory BV are
monoids in V, and right extension along an object x € V is by definition
a right adjoint to — ® z. If m is a monoid, and — ® = - [z, —], then the
pushforward zym is [z,z ® m], with unit and multiplication the respective
transposes of

[z,z@mM|Q [z, z2@m]|Qx

v[x,x@m] ® eVeem
T [z,2®@m|@zQm
lx(g)nm and eViem ® m
zT@®m x®7;;®m
zQum
xégm.

The pushforward construction is functorial in the monad argument. In fact,
the induced functor between categories of monads is as continuous as the 1-
cell along which one pushes forward, as shown by the next lemma. It is not
quite functorial in the 1-cell argument, but it does preserve composition laxly
(Lemma 4.1.7). Recall that we write Mnd,, for the category of monads on a 0-cell
z of K and monad maps between them (Definition 2.3.3).

64



Lemma 4.1.4. Let g: ¢ — y be a 1-cell. Then gy is a functor Mnd, — Mnd,
insofar as it is defined. Moreover, gy preserves the limit of any diagram D: T —

Mnd, such that g, preserves the limit of T 2 Mnd, — K(z,z).

Proof. Let t and s be monads on z such that gyt and gys exist, with counits €
and € respectively. Given 6 € Mnd,(t, s), there is a unique 2-cell g46: gyt — gys
such that € - (g40)g = g6 - €!. This is a monad map: the equation

(4.1)

t (27) gns = 68 . ngusg

e - (g0 -17")g = g0 - ¢ -n%g 2 gb- gn
implies that gy0 - n%* = n%* by uniqueness of factorisations through €°. The proof
that gy is compatible with the multiplication is similar. As is often the case, the
uniqueness of gy0 guarantees functoriality.

For the statement about of limits, recall that the functor U, : Mnd, — K(z, z)
creates limits by Lemma 2.3.6. Let A: !l — D be a limit cone. Then
goUzA: g Ul — goU,D is a limit cone in K(z,y) by assumption. Since ran, is a
partial right adjoint to ¢°, it preserves limits whenever it is defined, so rang g,Uz\
is still a limit cone. This is precisely the image under U, : Mnd, — K(y,y) of the
cone gyA: gyl — gyD, which is then a limit cone since U, reflects limits. O

Pushforward monads were first introduced by Street in [58, p. 155]. In fact,
he defines them in terms of a universal property (given in the next theorem)
with respect to the forgetful functor Und: MND(K) — K from the 2-category of
monads in K introduced in Section 2.3. He then shows that the right extension
in Definition 4.1.2 has this universal property in Theorem 5 of the same article.

Recall from Definition 2.3.3 that we write Lax(¢,s) for the collection of lax
monad functors between monads ¢t and s in K, and Lax,(¢,s) for the subset of
those whose 1-cell part is g. Similarly, we have Colax(t, s) and Colax,(t, s).

Theorem 4.1.5 (Street). Let g: © — y be a 1-cell, t be a monad on x, and s be
a monad on y. If gt exists, then there is a bijection

Lax,(t,s) = Mnd,(s, gst)
natural in t and s.

Proof. Let € be the counit of gyt, so that (g,¢) € Lax(t,gst). A monad map
6: s — gyt is in particular a lax monad functor (1,,6): gst — s, so composing with
(9,€) gives an assignment Mnd,(s, gyt) — Lax,(t,s). Given (g,¢) € Lax,(t,s),
the universal property of the right extension defining g4t gives a unique 2-cell
@: s — gyt such that ¢ = e- pg. It suffices to check that @ is a monad map, since
then this construction gives an inverse to the former assignment. We have

(<p=-n)

R s - s s (4.1)
e (@ n)g=€-Qg-n°g=p-n°g = gn° = e-n%y,

which implies that @ - n° = n9%! by uniqueness of factorisations through e. The
proof that ¢ is compatible with the multiplication is similar.
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Naturality in ¢ is with respect to monad maps in Mnd,, while that in s is with
respect to monad maps in Mnd,. They both follow easily from the fact that the
bijection is given by composition with (g, €) and that g is a functor. m

Street stated the previous universal property as the fact that (g,¢€): (z,t) —
(y, gyt) is pre-opcartesian with respect to Und: MND(K) — K.

Remark 4.1.6. Recall that MND(K) is a 2-category, so both sides of the bijection
in the previous theorem are actually categories. In each case, the morphisms can
be taken to be the corresponding 2-cells in MND(K). However, the bijection above
does not lift to an isomorphism (or even an equivalence) of categories. There is
a functor going left, because that direction is given by composing with a 1-cell in
MND(K), but there is no functor going the other way in general. Such a functor
would need to, for example, send an endo-2-cell of g to an endo-2-cell of 1,,.

The significance of this universal property becomes clear when K admits the
construction of algebras. Translating the above bijection along the locally fully
faithful 2-functor MND(K) < K~ of Theorem 2.3.7 gives a correspondence be-
tween the collections of dashed 1-cells which make each of the following diagrams
in K commute:

Utl s and " t\ /us (4.2)
T .

In the terminology of Sections 1.2 and 2.3, this means that w9’ is the monadic
reflection of gu’.

Lemma 4.1.7. Letg: x — y and h: y — z be 1-cells, and t a monad on x. Then
there exists a canonical map of monads on z

hy(gst) — (hg)yt

natural in t, assuming the domain and codomain exist. Moreover, this map is an
isomorphism if h preserves rang gt.

Proof. Let €9, € and €' be the counits of gyt, hy(gyt) and (hg)yt, respectively.
Since (g,€9) € Lax(t, gst) and (h,€") € Lax(gyt, hy(gyt)), their composite (hg, €"g -
he?) is a lax monad functor ¢t — hy(gyt) whose 1-cell part is hg. By Theorem 4.1.5,
this corresponds to a unique monad map hy(gyt) — (hg)yt. Naturality follows from
the fact that pushforward is a functor, and that the bijection in Theorem 4.1.5 is
natural in .

If h preserves ran,gt, the right extension of hgt along g is given by
(h(rang gt), he?). By Lemma 2.2.3(iv), ranp(ran, hgt) = ranp, hgt and the for-
mer may now be given as (rany h(ran, gt),e"g - he?). This is to say that the
factorisation of €”g - he? through €™ is an isomorphism, as needed. O

Informally, this lemma (together with the identification ¢ = z4t) can be in-
terpreted as saying that the assignment z — Mnd, and g — gy is a normal® lax

'In the sense that it preserves identity 1-cells strictly.
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functor from Xy (the underlying 1-category of K) to a 2-category of categories,
(partial) functors and natural transformations.

Remark 4.1.8. In the notation of Lemma 4.1.7, for h to preserve ran, gt it
suffices for one of g and h to be a right adjoint by Lemma 2.2.3. In CAT, it is also
sufficient for ran, g¢ to be pointwise, and for h to preserve the limits involved.
This happens, for example, if = is a small category, y is complete and h preserves
all small limits.

For an example where the map is not an isomorphism, one can take XC = CAT,
g to be the unique functor 0 — 1 from the initial to the terminal category, h to
be the functor 1 — Set picking out a set X with at least two elements, and t to
be the identity monad on 0. Then gyt is the identity monad on 1, and hy(gyt) is
the endomorphism monad of X (Example 4.1.3(iii)) while (hg)st is constant at
the terminal set.

Note that (4.2) says that u%* is the monadic reflection of gu’, but the same is
true for u(@¥):! agsuming (gu*)y1 exists. Since ' is a right adjoint, the previous
remark and lemma imply that (gu);1 = gy(u41), and by Example 4.1.3(i) we have
ugl = t. Altogether, this shows:

Corollary 4.1.9. Let K admit the construction of algebras, g: x — y be a 1-cell
in IC, and t a monad on x. Then gyt is the codensity monad of gu'.

This corollary seems to suggest that the study of pushforward monads is
subsumed by that of codensity monads. However, the pushforward construction
has several benefits that are lost by passing to the associated codensity monad.
Most importantly, pushforwards give a functor between categories of monads, and
so can be used to produce maps between complex monads from maps between
simple ones.

4.2 Colax monad functors and g-determined
monads

In this section, we study a different universal property that pushforwards enjoy
with respect to colax monad functors. It was inspired by Addamek and Sousa’s
work in [3], where they give explicit descriptions of the codensity monads of
several functors of the form Ag — A, where A is a locally finitely presentable
category and Ay, is its full subcategory on the finitely presentable objects. They
say a monad T on A has the limit property with respect to a full embedding
J: B — Aif (T,1r;) is the pointwise right Kan extension of T'J along J. They
then exhibit a certain monad S with this property, and show that the codensity
monad of J is the smallest submonad of S with the limit property. Our work
in this section will generalise this to the context of pushforward monads in a
2-category. For a more explicit comparison, see Example 4.3.15(ii) below.

Definition 4.2.1. Let g: x — y and h: y — 2z be 1-cells. We say that h is
g-determined if (h,1;,) is a right extension of hg along g. Dually, g is h-
opdetermined if it is h-determined in K°P, i.e. if (g, 15,4) = rift, hg. A monad
on y is g-(op)determined if its 1-cell part is.
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Example 4.2.2. Let g: £ — y be right adjoint to f, with unit n and counit
€. Then h:y — z is g-determined iff hn is an isomorphism. Indeed, we have
rang hg = (hgf, hge) by Lemma 2.2.3(iii). The claim follows easily from the
fact that hn is the unique morphism (hk,1s,) — (hgf, hge) in g°lhg, since the
codomain is terminal.

It follows that f is g-determined iff the adjunction f - ¢ is idempotent.
Moreover, if f is fully faithful, then any h: y — z is g-determined by Lemma 2.2.9.

The condition in Definition 4.2.1 can be replaced by an apparently weaker
one:

Lemma 4.2.3. In the notation of the previous definition, h is g-determined iff
there exists a monic 2-cell € such that rang, hg = (h,€).

Proof. The forwards implication is clear. Now let ran, hg = (h, €) with € monic,
and let a, 8: h — h be the unique 2-cells such that - ag = €-€ and € g = 1,.
Since € is monic, this implies that ag = €. Then

e(a-Blg=cag-fg=cc fg=¢

and

e-(B-a)g=¢€-Bg-ag=1p-ag=c¢
imply that o and 8 are mutual inverses, since € is the counit of a right extension
along g. It follows that § is an isomorphism (h, 154) = (h,€) in g°lhg, so (h, 15y)
is also a right extension. m

Theorem 4.2.4. Let g: x — y be a 1-cell, t be a monad on x, and s be a
g-determined monad on y. If gst exists, then right extending along g gives a
function

Colax,(t, s) — Mnd,(g4t, s)

natural in t and s. Moreover, it sends monic 2-cells to monic 2-cells.

Proof. Let € be the counit of gy¢t. Given (g, 1) € Colax,(t, s), we have ¢: gt — sg.
Let 9 = rangv: ran, gt — rangsg. Since s is g-determined, we may take the

right extension in the codomain to be (s, 1), so that 7,5 is the unique 2-cell such
that

hg=1)-e. (4.3)
We check that QZ is a monad map gyt — s. We have

-~ (4.3) (4.1) (¥.m)
(W n%)g = y-eifitg =y gn =

S0 15 -m9t = n®, since they both have the same factorisation through the counit

n°g,
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15¢. For the multiplication axiom we have

(- u)g =9 - p'y by (4.3)
=1 gu' - et (git)e by (4.1)
= p°g- sy -t -et- (gyt)e by (¢.1)
= ’g - sy - dyt - (gyt)e by (4.3)
= p’g - Psg - (g5t)¥ - (gyt)e by the interchange law
= g - Psg - (git)vhg by (4.3)

= (u* - Ps - (g:t)P)g.

For the same reason as before, this implies 9 - udt* = p* - s - (gﬁt)zz.

As in Theorem 4.1.5, naturality in ¢ is with respect to monad maps in Mnd,,
and naturality in s is with respect to monad maps in Mnd, between g-determined
monads. In both cases, it follows from the fact that ran, is a (partial) functor,
and that the monads on y are g-determined.

The preservation of monic 2-cells is immediate from the fact that rang is a
partial right adjoint. m

Remark 4.2.5. If K(z,z) has kernel pairs (e.g. if £ = CAT and z has kernel
pairs), then a map of monads on z is monic iff it is monic as a 2-cell. This
follows from Lemma 2.3.6, since a morphism is monic iff its kernel pair consists
of identities.

Corollary 4.2.6. In the notation of Theorem 4.2.4, if the counit of gyt is invert-
ible, then the function in that theorem is a bijection

Colax,(t, s) = Mnd,(gyt, s).

Proof. Let € be the counit of git. It is easy to see from Definition 2.3.3, that
for an invertible 2-cell p: sg — gt we have (g,¢) € Lax(t,s) iff (g,¢7') €
Colax(t,s). Then (g,e7') € Colax,(t,gst), and an inverse to the function in
Theorem 4.2.4 is given by composing by (g,€™!) on the right in the 2-category
Colax = MND(/C°P)°P. O

This corollary gives a second universal property of pushforwards whose counit
is an isomorphism. In V-CAT, this is the case as soon as g is fully faithful and
the right Kan extension defining gyt is pointwise by Lemma 2.2.7.

We will find it useful to dualise some results in this and the previous section.
Formally, these duals are obtained by passing to the 2-category K°P. This process
only reverses the direction of the 1-cells, so monads in K°P are the same thing as
monads in K. It does, however, interchange the concepts of lax and colax monad
functors. Left and right extensions then become left and right lifts, respectively
(Definition 2.2.1).

Definition 4.2.7. Let g: £ — y be a 1-cell, and s be a monad on y. The
universal monad lift of s along g is the right lift of sg along g, with its canonical
monad structure. When it exists, we denote it by g*s.
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Universal monad lifts have been used by Shirazi [55, §4] to give small presen-
tations of several monads in probability theory as codensity monads. The use of
the epithet ‘universal’, absent in the formally dual definition of pushforward, is
required by the fact that monad lifts are a well-established concept, e.g. they are
used in Theorem 2.3.14.

As with pushforwards, ¢* is a functor Mnd, — Mnd,, insofar as it is defined,
which preserves those limits that ¢°: K(y,y) — K(z,y) preserves. The dual of
Theorem 4.1.5 shows that, given a 1-cell g: x — y, and monads ¢t on z and s on
vy, there is a natural bijection

Colax,(t, s) = Mnd,(t, g*s) (4.4)

whenever g*s exists. Moreover, the dual of Corollary 4.2.6 shows that, if addi-
tionally ¢ is g-opdetermined and the counit of g*s is an isomorphism, then there
is a natural bijection

Lax, (¢, 5) = Mnd,(g*s, t). (4.5)

A moment’s glance at these isomorphisms together with their duals immedi-
ately gives two adjunctions between two pairs of full subcategories of Mnd, and
Mnd,:

(i) Theorem 4.1.5 and (4.5) give g* H gy; and
(ii) Corollary 4.2.6 and (4.4) give gy - g*.

In each case, the domain and codomain of gy must be suitable restricted to only
include those monads which satisfy the assumptions of the results used to prove
the adjunction. These conditions do not appear natural in a general 2-category.
However, we will see in Section 4.3.2 that at least in the case of the first adjunction
they are not rare when X = CAT.

4.3 Pushforwards in CAT

In this section we study pushforward monads in the 2-category CAT of locally
small categories, functors and natural transformations. We give sufficient condi-
tions for the existence of pushforwards, specialise and refine many of the results
in the previous section, and show that codensity monads are invariant under free
limit completions.

Much of the theory we develop here applies just as well to the 2-category
V-CAT for a Bénabou cosmos V. We have chosen to write the results for CAT for
ease of notation and terminology. In any case, the generalisation is straightfor-
ward.

4.3.1 Existence

Extensions in CAT are called Kan extensions, and there are well-known pointwise
formulas that compute them in terms of (co)limits in the codomain category
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(Example 2.2.4). In particular, if T" is a monad on 4 and G: A — B is a functor,
then the pushforward GyT is given by

IT,

G,T(b) = lim (bw v AL A-C, B) , (4.6)
for b € B when the right-hand side exists. If A is small, then so is b|G, so that the
limit in (4.6) is guaranteed to exist if B is complete. We can relax this condition
by transferring the smallness hypothesis from A to G.

Definition 4.3.1. A functor P: A — Set is small if it is a small colimit of
representables. A functor G: A — B is representably small if B(b,G—): A —
Set is small for all b € B.

This terminology is taken from Day and Lack’s work in [18], where they study
limits in categories of small functors. Note that what we call representably small
is what Avery and Leinster call corepresentably small in [8, Def. 4.6].

If a functor P: A — Set is representably small then it is small, since one can
take b to be the singleton in the definition. The reverse implication does not
hold, however; see [18, Ex. 8.1] for a counterexample. The following proposition
gives a useful equivalent condition for a functor to be small. We say a category
is cofinally small if it admits a cofinal functor from a small category.

Given a functor P: A — Set, we write El(P) for its category of elements,
which is the comma category 1] P where 1 € Set is the singleton.

Proposition 4.3.2. The following are equivalent for a functor P: A — Set:

(i) P is small;

(ii) P =Lang H for some functors K: B — A and H: B — Set with B small;
(iii) the category of elements E1(P) of P is cofinally small.

Proof. The equivalence between (i) and (ii) is proved in the more general enriched
context in Kelly’s book [33, Prop. 4.83].

Now assume (ii), and let n: H — PK be the unit of the left Kan extension.
Then 7 induces a functor El(H) — El(PK), which we can compose with the
obvious functor EI(PK) — EI(P) to get a functor D: El(H) — EI(P). It suffices
to show that D is cofinal, i.e. that the comma category D/ (a, ) is connected for
every a € A and z € Pa.

Since B is small and Set is cocomplete, the left Kan extension is pointwise, so
the assignment

f f

Kb va —— m-". prp LI pg

forms a colimiting cocone for Kla Loy B Hy Set. Hence, there exists some
f: Kb = a and y € Hb such that (Pf - n)(y) = z, and so f is a morphism
D(b,y) — (a,z) in EI(P). Moreover, for any other f': D(¥,y’) — (a,z), there
must be a zigzag of morphisms in El(HII,) connecting (b,y) and (¥,y’), by the
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computation of colimits in Set. The same zigzag connects them in D}z, so this
category is connected.

Lastly, we show that (iii) implies (i). One of the consequences of the Yoneda
lemma is that P is the colimit of the composite El(P)? — A°® — [A,Set]. If
El(P) admits a cofinal functor from a small category, then this colimit is equiva-
lent to a small colimit, showing that P is small. m

Remark 4.3.3. Despite what the name might suggest, a subfunctor of a small
functor need not be small. Let S be a large discrete category, and Sy be the
category resulting from freely adjoining an initial object, denoted by 0, to S.
Then the functor G: Sy — Set which is constant at the singleton set is small (in
fact representable), but the subfunctor F' of G which sends 0 to @ and acts as G
otherwise is not small. This is easily seen, by the previous proposition, from the
fact that EI(F) is isomorphic to S, which is clearly not cofinally small.

Examples 4.3.4.

(i) A functor A — Set from an (essentially) small category is small by taking
K = 14 in Proposition 4.3.2(ii). Consequently, any functor A — B is
representably small.

(ii) A right adjoint G: A — B is representably small, since B(b,G—) =
A(Fb,—) is already representable, where F' 4 G.

(iii) The fully faithful functor D: Set < Top that equips a set with the discrete
topology is representably small. Indeed, given a topological space X, the full
subcategory S of X | D = El(Top(X, D—)) on the surjections is cofinal. This
follows easily from the facts that Top has an (epi, strong mono) factorisation
system and that subspaces of discrete spaces are discrete. Note that S is
small, since for any surjection X — DS we must have |S| < |X]|.

(iv) The fully faithful forgetful functor V': Field — CRing is representably small.
Given a ring R and a field k, any homomorphism f: R — k factors through
a unique residue field of R, namely Frac(R/p), where p = ker f. Hence,
R|V has connected components in bijection with Spec R, and each of those
components has an initial object.

(v) The functor (—) 4+ E': Set — Set for E any set is representably small. This
is the underlying functor of the exception monad of Example 2.4.12, so
we denote it by Eg. Given a set X, the connected components of X |Eg
are in bijection with the functions f: X — 1 4+ FE, and the component
corresponding to f has an initial object given by the function X — f~!1+F
which acts as the identity on f~'1 and as f otherwise.

(vi) Let K be a set, and Sets i be the full subcategory of Set on the sets of car-
dinality at least that of K. The inclusion J: Setsx < Set is representably
small. Indeed, let X be a set. If | X| > | K|, then X |J has an initial object:
the identity on X. Otherwise, by cardinal comparability, there exists an
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injection m: X — K. We claim that the subcategory S of X|J depicted

by
X /
m| %

!
K —=< K/,
)
where (n1,n2) is the cokernel pair of m, and m' = nym = nam, is cofinal.

First note that n; and ny are also injective, so K’ € Set>x. Now take any
f: X =Y in X|J. It factors through m, either because X = @ or because
m splits, so S| f is nonempty. Seeing that it is connected involves a straight-
forward case analysis. We illustrate the most complicated case: where f
factors as gm’ and hm/. The next diagram shows a zigzag connecting g and

h in S]f:

where (hng, gny) is the unique function K’ — Y whose composites with n,
and ny are hny and gn,, respectively.

The importance of representably small functors in the theory of pushforward
monads in CAT is clear from the next proposition.

Proposition 4.3.5. Let G: A — B be a representably small functor into a com-
plete category. Then GyT exists for any monad T' on A.

Proof. 1t suffices to show that the right Kan extension along G of any functor
F: A — C with C complete exists. This follows from the limit formula (2.5),
since C is complete and b)G = El(B(b, G—)) is cofinally small by assumption. [

It follows that one can take pushforwards along each of the functors listed
in Examples 4.3.4. Representably small functors enjoy many convenient proper-
ties. For example, they are closed under composition, as proved by Avery and
Leinster [8, Lem. 4.7]. With this result, we can show that the pushforward con-
struction can often be iterated.

Proposition 4.3.6. Let G: A — B be a representably small functor into a com-
plete category, and T be a monad on A. If AT has finite connected colimits, then
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the top functor in the square

AT G, gGT

UT\L lUGuT

A T> B,
corresponding under Theorem 2.3.7 to the counit of GyT', is also a representably
small functor into a complete category.

Proof. That B%T is complete follows from the fact that U%T creates limits.
By Example 4.3.4(ii) and the fact that the composite of two representably
small functors is representably small, GUT = U%T(@’ is representably small,
so B(b,USTG'—) = B&T(FCTh, G'—) is small for every b € B. We can now use
the theory of limits in categories of small presheaves to show that BT (b, G'—)
is small for every b € BT not just the free GyT-algebras.

Let [AT,Set]; denote the full subcategory of [ AT, Set] on the small functors.
Day and Lack’s [18, Prop. 4.3] shows that [A7T, Set]; has all finite connected limits
and, as the Yoneda embedding (AT)°P — [AT, Set] factors through [AT, Set]s, it
is easy to see that such limits are computed objectwise. Every b € BT is a re-
flexive coequaliser of free GyT-algebras, say of the pair of morphisms (f, g). Since
equalisers are finite connected limits, we can take the equaliser E of BT (f, G'-)
and BT (g, G'—) in [A”, Set]s, which satisfies

Fa = B9 (coeq(f, 9), G'a) = BT (b, G'a),
naturally in a € AT. Hence, BT (b, G'—) = E is small. O

Remark 4.3.7. It seems that the hypothesis about the existence of certain col-
imits in A7 cannot be dropped if one wants to conclude that G’ is representably
small in general. This is because a composite GF' being representably small does
not imply that F' is representably small, even when G is faithful. (The author
has not found a counterexample where G is merely monadic.)

For an example, let Sy be as in Remark 4.3.3, and let 2 denote the category
with two objects, a and b, and exactly one non-identity morphism a — b. The
functor F': Sy — 2 which sends 0 to a and the rest of S to b is not representably
small, since Sy(b, F—) is not small by Remark 4.3.3. Now let G be the unique
functor 2 — 1, which is faithful. As 1(*, GF'—) is constant at the singleton (where
* is the unique object of 1), GF' is representably small by the same remark.

Example 4.3.8. Of course, another way of having G’ in Proposition 4.3.6 be
representably small is simply having A small. Taking T to be the identity monad,
this gives a codensity version of monadic towers. These (or rather their comonadic
dual) were introduced by Appelgate and Tierney in [5], where they are used
to decompose an adjunction into a reflection followed by a number of monadic
adjunctions. In the codensity case, we need not start with an adjunction, a
functor suffices; and instead of a reflection, the process ends once we reach a
codense functor (Definition 2.2.11). Here are some examples (see Figure 4.1):
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(1)

(i)

(iii)

Let 2: 1 — Set be the functor which picks out a two-element set. It follows
from Examples 2.4.15 and 4.1.3(iii) that the codensity monad of 2 is the
double powerset monad. Its category of algebras is that of complete atomic
Boolean algebras, which is equivalent to Set°”. The functor 2': 1 — Set?
picks out 1, because its composite with 27 : Set®® — Set is 2. Since 1 is a
dense generator of Set, the functor 2’ is codense.

Let I: fdVect — Vect be the inclusion of the full subcategory of finite
dimensional vector spaces over a fixed field. As proved by Leinster [45,
§7], its codensity monad is the double dualisation monad, whose category
of algebras is equivalent to Vect®®. The functor I’: fdVect — Vect® is the
composite of I°P and the equivalence (—)*: fdVect — fdVect®® given by the
fact that finite dimensional vector spaces are self-dual. Now I is dense,
because it is the inclusion of the category of finitely presentable objects of
a locally finitely presentable category, so I’ is codense.

Let J: FinSet < Set be the inclusion of the full subcategory of finite sets. Its
codensity monad is the ultrafilter monad on Set, whose category of algebras
is CHaus. The functor J': FinSet — CHaus equips a finite set with its unique
compact Hausdorff topology: the discrete topology. Its codensity monad
Jél sends a space X to the set of ultrafilters in its Boolean algebra of clopen
subsets. The category of Jﬁ 1-algebras is equivalent to Stone, the category of
Stone spaces. This follows from the following argument outlined, by Sipos
in [57, §5]:

Note that J' factors as FinSet =+ Stone < CHaus. Under Stone duality,
K°P corresponds to the inclusion of the category of finite Boolean algebras
into the category of all Boolean algebras. The former category contains all
of the finitely generated free Boolean algebras. Since Boolean algebras are
the algebras of a finitary algebraic theory, it follows that K°P is dense, and
so K is codense. By Remark 4.1.8, since U is a right adjoint, we have

J1 = (UK)jl = Uy(Kyl) = Uyl

As U is already monadic (being the inclusion of a reflective subcategory),
the category of algebras of Uyl is Stone. It also follows that J” = K, which
is codense, so the monadic tower stabilises after two steps.

4.3.2 An adjunction between categories of monads

We now revisit the adjunctions found at the end of Section 4.2. One of them
takes a particularly nice form when one pushes forwards along a fully faithful
functor (Theorem 4.3.11). Recall that we write riftg F' and liftg F' for the right
and left Kan lifts of F' through G (Definition 2.2.1).
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Figure 4.1: Three examples of codensity monadic towers.

Lemma 4.3.9. Let 0 be a natural isomorphism fitting into a diagram

%N’

A—F—C

where G is fully faithful. Then riftg F = (H,0) and liftg F = (H,671).

Proof. We prove the statement about the right Kan lift; the other is dual. Note
that since G is fully faithful, so is G: [A, B] = [A,C]. Given any a: F — GH’,
it follows that there is a unique @: H — H’ such that Ga = o - §~1. This is
exactly what it means for (H,0) to be the right Kan lift of F' through G. O

We aim to use the dual of Corollary 4.2.6, as given in (4.5). Lemma 4.3.9
allows us to simplify the conditions on the corresponding monads. Let G: A — B
be fully faithful. The previous lemma, together with the dual of Lemma 4.2.3,
implies that any monad on A is G-opdetermined (see Definition 4.2.1). Moreover,
a monad S on B such that G!S exists and has an isomorphism as counit is
precisely one that restricts along G, i.e. such that there exist an endofunctor
S’ of A (which inherits a monad structure) and an isomorphism GS’ = SG, since
Lemma 4.3.9 then implies that G#S = §'.

Examples 4.3.10.
(i) Clearly, the identity monad restricts along any fully faithful functor.

(ii) Most of the monads on Set introduced in Section 2.4 restrict along the
inclusion FinSet — Set. For example: the E-exception monad for a finite
set E, the free M-set monad for a finite monoid M, the powerset monad, the
endomorphism monad of any finite set (e.g. the double powerset monad),
the filter monad and the ultrafilter monad.

Theorem 4.3.11. Let G: A — B be a fully faithful, representably small functor
into a complete category. There is an adjunction

Gt
(_\
Mndgy L Mnd§©
S
Gy
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where Mnd;geSG is the full subcategory of Mndg on the monads that restrict along
G. Moreover, the right adjoint Gy is fully faithful.

Proof. Since G is representably small and B is complete, Gy is defined pointwise
on all Mnd4. Since G is fully faithful, the counit of a right Kan extension along
it is an isomorphism, showing that Gy has the right codomain. Lemma 4.3.9
ensures that G is defined on all Mnd%*®. By Theorem 4.1.5 and the dual of

Theorem 4.2.4, there is a bijection
Mnd4(G*S, T) = Laxg(T, S) = Mndg(S, GyT)

natural in S € Mnd%*® and T € Mnd 4.
As G is fully faithful, so are Rang and G, and hence so is Gy. This can also be
easily seen from the fact that the counit of the adjunction is an isomorphism. [

Remark 4.3.12. A consequence of the counit €: (GyT)G — GT being invertible
when G is fully faithful is that (G,e™') is a colax monad functor (B,GyT) —
(A, T). Hence, not only is there a lift of G to the respective categories of algebras,
but also an extension to the Kleisli categories. Explicitly, we have two commuting
squares of functors:

AT _G°, gaiT A—% . B
UT\L lUGuT and FT\L lFGnT
A T) B .AT ﬁ BGﬁT-

Given a T-algebra a:: T'a — a, the functor G¢ produces the GyT-algebra

(GT)Ga —2, GTa % Ga.
Given a morphism f: a — Tb in A, the functor G.-1 gives the morphism

—1
ca %L aTo s (TG0

In fact, it follows from the fact that G is fully faithful and e is invertible
that G¢ and G.-1 are also fully faithful. Indeed, let g: G*(a, @) — G¢(b, 5) be a

GyT-algebra map. Since G is fully faithful, g = G f for a unique f: a = b. Now
consider the diagram

(GyT)Ga %, GTa G2 Ga

(G,T Gfl GTfl le
(GyT)Gb —— GTb as" Gb.

The outside face commutes by assumption, and the left square commutes by
naturality of €. Since ¢, is epic, it follows that the right square also commutes,
so that f is a T-algebra map (a,a) — (b,3). To see that G.-: is fully faithful,
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simply note that for any morphism g: Ga — (G4T)Gb the composite €, - g is in
the image of GG, and hence g is in the image of G.-1.

Example 4.3.13. The only endofunctor of CHaus which fixes underlying sets
is the identity. Indeed, such an endofunctor amounts to an endomorphism of
the ultrafilter monad on Set by Theorem 2.3.7, which is the codensity monad of
J: FinSet — Set. Since J;: MndFinset — Mnds; is fully faithful, this corresponds
to an endomorphism of the identity monad on FinSet, which can only be the
identity.

Example 4.3.14. The adjunction of Theorem 4.3.11 takes a particularly simple
form when we take G to be J: Set>g < Set from Example 4.3.4(vi). All but two
monads on Set have monic unit by Lemma 2.4.8; i.e. the inconsistent monads of
Examples 2.4.9 and 2.4.10.

Every consistent monad 7T on Set restricts along J. Moreover, for every set X
such that T'X is nonempty, we have (J;J*T)X = TX. This is clear if | X| > |K].
Otherwise, Example 4.3.4(vi) shows that (JyJ*T)X is the equaliser of

Tn1
TK — = TK/,
TTL2

where (n1,n2) is the cokernel pair of an injection m: X — K. Since TX is
nonempty, there is a retraction r of T’'m. We also have the composite

T("7£7Tm A 77?() ¥

s=TK' . T2K MK TR,

where (f1, f2) denotes the unique morphism such that (fi, fa) -n; = f; for i €
{1,2}, for f; and f, such that fym = fom. One checks that r and s, together with
Tm, Tny and Tn, form a split equaliser diagram, showing that (J;J*T)X = TX.

If we take K = 1, then even the inconsistent monads restrict along J, giving

a reflection

Jt
L

Mndset>1 L Mndset (47)
o

Jy

Let a and b be the two functions 1 — 2. Given a monad T on Set, the equaliser
of the pair (T'a,Tb) is the set of pseudoconstants of 7. A pseudoconstant can
be understood as a unary term in the theory of T" which takes a constant value in
every nonempty algebra. Every constant induces a pseudoconstant; an example
of a pseudoconstant that does not come from a constant is the unique element of
any nonempty model of the theory of sets where all elements are equal.

The monad on Mndse induced by the reflection (4.7) sends a monad T to
JyJJ*T', which agrees with T on all nonempty sets and which sends & to the set
of pseudoconstants of T'. In other words, JyJ ¥ realises the pseudoconstants of
a monad as actual constants. The argument above implies the well-known fact
that as soon as there is at least one constant (so that 7X # @ for all X), all
pseudoconstants are induced by constants.
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As outlined at the end of Section 4.2, there is also a dual partial adjunction.

If G:

A — B is fully faithful and representably small and B is complete, then

Gy4T is a G-determined monad for all monads 7" on A. This gives:

Gy
o H

Mndy L+ Mnd§e®
Y -

Gt

where Mndgdet is the full subcategory of Mndz on the G-determined monads.
Notice the interchange of the left and right adjoints compared to Theorem 4.3.11.
In this case, G* need not be defined on all of Mnd§**. A simple sufficient condition
to make this adjunction total is that G be a left adjoint (such as the discrete-
topology functor Set — Top), since then right Kan lifts through G always exist
by the dual of Lemma 2.2.3(iii).

Examples 4.3.15.

(1)

(i)

If G: A — B is fully faithful, then any right Kan extension along G is G-
determined by Lemma 4.2.3. For example, the endomorphism monad on Set
of a finite set X is J-determined, where J: FinSet < Set. This follows from
Example 4.1.3(iii), because it is the codensity monad of 1 %> FinSet - Set,
and hence is given by Ran;x JX = Rany(Ranx JX).

In particular, the double-powerset monad on Set is J-determined. This is in
stark contrast to the powerset monad P on Set, which is not J-determined.
If it were, then P = Ran; PJ, but we will see in Theorem 6.1.14 below that
the right-hand side is the filter monad.

Let G: A — B be the inclusion of a full subcategory. By definition, a
monad on B is (pointwise) G-determined precisely when it has the limit
property of Addmek and Sousa [3, Def. 6.2]. Assuming A is small and B
is complete, their Theorem 6.5 shows that the codensity monad of G is
the smallest G-determined submonad of a carefully chosen G-determined
monad S on B. One of the key properties of S is that n° is pointwise
monic, and hence so is 7°G since G is fully faithful.

This result can be generalised easily using our theory of pushforwards. Let
G: A — B be a functor such that Gyl exists. If T is a G-determined
monad on B such that 7" G is a monic natural transformation, then Gyl is
the smallest G-determined submonad of 7'

This follows from the fact that for any monad T on B, the pair (G,nTG) is a
colax monad functor 14 — T'. If T is G-determined and n” G is monic, then
Theorem 4.2.4 gives a monic monad map n?G: Gyl =+ T. If0: S+ T isa
G-determined submonad, then the naturality in T' of this construction en-
sures that 0-n°G = nTG, making Gy1 the smallest G-determined submonad
of T.

Remark 4.3.16. One of the main consequences of Theorem 4.3.11 is that, under
some completeness conditions, the category of monads on a full subcategory A of
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B is a full subcategory of Mndg. In fact, we can obtain an alternative fully faithful
functor Mnd 4 < Mndp whenever G: A — B exhibits B as the free cocompletion
of a small A under a class of small colimit shapes (or weights in the enriched case).
In this case, the assignment 7" — Lang GT extends to the required functor.
This follows from the theory of relative monads of Altenkirch, Chapman and
Uustalu [4]. In Theorems 4.6 and 4.7, they show that if G is well-behaved then
Lang extends to a functor (necessarily fully faithful) from the category RMndg
of G-relative monads to Mndg. Arkor and McDermott [6, Rmk. 4.31] observed
that G is well-behaved in their sense iff it exhibits B as a free cocompletion of A
as above. At the same time, it is easy to see that if T' is a monad on A and G
is fully faithful then GT is a G-relative monad, and that this extends to a fully
faithful functor Mnd 4 — RMndg. Altogether, we get a fully faithful functor

G,: Mndy <% RMndg <2265 Mndp.

Just like Gy, this functor lands in the full subcategory MndgeSG, and it is easy
to see from the definition of Lang that it provides a left adjoint to the restriction
functor G*. Hence, when G is a free cocompletion as above and B is complete,

we have
Gy

VR

Mndy «— gt —— MndC.
NS
Gy

A prime example of this is given by taking G to be the inclusion J: Ag — A of
the full subcategory of finitely presentable objects of a locally finitely presentable
category. In this case, G,T is the unique finitary extension of a monad T on Ag,
to a monad on A, so that GyT is finitary iff it coincides with G,T.

One of the main examples we consider below (Section 6.1) is of this form:
the inclusion J: FinSet — Set. We will see that, for any consistent monad T
on FinSet, JyT does not coincide with J,T', and in fact it has no rank (Theo-
rem 6.1.24).

Note that there are monads on Set which restrict to FinSet and yet are not in
the image of J, or J;. An example is the powerset monad P. Clearly, J, J*P is the
finite powerset monad, while JyJ ¥P is the filter monad by Theorem 6.1.14 below.

4.3.3 Limit completions and codensity

We finish this section with the observation that codensity monads are invariant
under free limit completions, in a suitable sense. This allows us to relate codensity
monads to Diers’s multiadjunctions [23, p. 58] and Tholen’s pro-adjunctions [61,
p. 148]. In particular, Diers’s results allow us to identify the category of algebras
of the codensity monad of Field — CRing as the free product completion of Field
(Example 4.3.23(i)).

We will borrow the notation for cocompletions under classes of colimits from
the last part of Section 2.2 and apply it to completions under classes of limits
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instead. Explicitly, if © is a class of diagrams in a category A, we write D[A]
for the result of freely adjoining limits for each diagram in ®. If € is a class of
categories, thought of as shapes of diagrams, we write €(.A) for the free completion
of A under ¢-limits.

Suppose we are interested in the monadic reflection, and hence in the codensity
monad Gjyl, of a functor G: A — B. This will come equipped with a comparison
functor K: A — B%! over B. In particular, if D: T — A is a diagram such
that GD has a limit, then KD also has a limit, created by U%! from lim GD.
Let © be a class of diagrams D: Z — A such that lim GD exists. We could
instead consider the codensity monad of the induced functor G: D[A] — B.
Since monadic functors create limits, one would expect these two monads to be
related. Indeed, they are the same:

Proposition 4.3.17. Let G: A — B be a functor with a pointwise codensity
monad and ® be a class of diagrams D : T — A such thatlim GD exists. Consider
the commutative diagram

DA
Then G and G have the same codensity monad.

Proof. 1t suffices to show that G preserves Ran; J, since then
Rang G = Rang, GJ = Rang(Ran; GJ) 2 Rang(G o Ran; J) = Rang G

by Lemma 2.2.3(iv) and the fact that J is codense.

We assume without loss of generality that © contains all the singleton dia-
grams in A. Any [ € D[A] is colimy°? D in [A, Set] for some D: Z -+ A € D
and y: A — [A,Set]|°? the Yoneda embedding. It follows from the continuity of
a limit in its weight that the limit of F': 4 — C weighted by D[A](l,J—) = is
exactly lim F'D when either side exists. Hence,

G(Ran; J (1)) = G({D[AI(, J-), J-})
~ G(lim JD)
>~ Jim GJD by definition of G
~ (DA, J-),GJ-}
= Ran; GJ(I). O

In fact, the argument used in the first paragraph of the previous proof shows
that if

A—C B

e

commutes, K is codense and H preserves Rang K, then G and H have the same
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codensity monad. We can also obtain the analogous result for completions under
a class of limit shapes, which is of course a special case of the previous proposition.

Corollary 4.3.18. Let G: A — B be a functor with a pointwise codensity monad
and € be a class of categories such that B is C-complete. Let G: C(A) — B be
the unique C-continuous extension of G. Then G and G have the same codensity
monad.

Let € be a class of small categories. Recall that €(—) is a (colax-idempotent)
pseudomonad on CAT. In [61], Tholen used this pseudomonad to generalise the
concept of right adjoint and monadic functor. Explicitly, a functor G: A — B
is a right ¢-pro-adjoint or ¢-pro-monadic if €(G): €(A) — &(B) is a right
adjoint or monadic, respectively. Note that since €(—) is a pseudofunctor, any
right adjoint is a €-pro-adjoint.

Taking € to be the class Prod of all sets (seen as small discrete categories),
recovers Diers’s notions of right multiadjoint and multimonadic functor
defined in [23, p. 58] and [21, §3], respectively. The category Prod(.A) is the free
product completion of A.

Lemma 4.3.19 (Tholen). A functor G: A — B is a right multiadjoint iff, for
each b € B, the category blG has a set of connected components and each com-
ponent has an initial object.

Proof. The second condition is the original definition of right multiadjoint given
by Diers [23, p. 58]. The equivalence with the definition here was proved by
Tholen [61, Thm. 2.4]. O

That our definition of multimonadic functor coincides with that of Diers’s is
also due to Tholen [61, Thm. 4.1].

Our main reason to focus on the special case € = Prod is that Diers developed
the corresponding theory quite extensively in [21, 23, 22]. For example, there are
analogues of the monadicity theorems for multimonadic functors (see [21, §3
and §4]). There is also a sufficient condition for multimonadicity that is easy to
check in practice.

Definition 4.3.20. A functor G: A — B is relatively fully faithful if every
morphism of A is G-cartesian, i.e. for any pair of morphisms f: X — Z and
g:Y — Z in A with the same codomain, and any m: GX — GY in B such that
Gg - m = Gf, there exists a unique h: X — Y such that hg = f and Gh = m.

This condition may be summarised by the following diagram:

X vf GX Gf
Ellhl \Z G le \GZ.
Y Vg GY Gg

It can also be understood as saying that the obvious functor G/Z: A/Z — B/GZ
that G induces on the slice category is fully faithful for all Z € A.
The next proposition is part of Diers’s [21, Prop. 6.0].
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Proposition 4.3.21 (Diers). A functor that is both a right multiadjoint and
relatively fully faithful is multimonadic.

For ease of reference, we reproduce one last powerful result about multi-
monadic functors which can be found in Diers [22, p. 661]. It relates the mul-
timonadicity of a functor to the monadicity of the induced product-preserving
functor for categories over Set.

Theorem 4.3.22 (Diers). Let G: A — Set be a functor. Its unique product-
preserving extension R
G: Prod(A) — Set

is monadic iff G is multimonadic and satisfies:

for any set I, A € A and family of morphisms (f;: A — A;)icr in A,
if (GA,Gf;)icr is a product cone, then I has ezxactly one element.

(D)

If this is the case, the corresponding monad is the codensity monad of G.

Condition (D) implies that G does not create any products indexed by a set
I, unless I is a singleton. If G reflects products (e.g. if G is fully faithful), then
these two conditions are equivalent.

Examples 4.3.23.

(i) The argument in Example 4.3.4(iv) shows, in the light of Lemma 4.3.19, that
the forgetful functor V': Field — CRing is a right multiadjoint. It is clear
from the definition that right multiadjoints are closed under composition,
so the composite

Field — CRing —Z— Set

of forgetful functors is also a right multiadjoint. Since all field homomor-
phisms are injective, it is easy to see that UV is relatively fully faithful,
and hence multimonadic by Proposition 4.3.21. Moreover, UV reflects
limits, because both U and V do, and it is clear that it does not create
any nontrivial products. It follows from Theorem 4.3.22 that the functor
ov: Prod(Field) — Set taking a formal product of fields to the product of
their underlying sets is monadic, and that it is the monadic reflection of
Uuv.

Since CRing has all products and U preserves them, the functor UV factors
as

Prod(Field) —— CRing —Z— Set
where U is also monadic. It follows that H is an algebraic functor over Set
and hence monadic by Theorem 2.4.5. By Corollary 4.3.18, it induces the

codensity monad of V. In other words, Prod(Field) — CRing is the monadic
reflection of Field — CRing.

(ii) Similarly, Example 4.3.4(v) shows that Eg = (=) + E: Set — Set is a
right multiadjoint. In fact, it is also relatively fully faithful. Indeed, let
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f: X = Zand g: Y — Z be functions, and m: X + E — Y + E be such
that (9g+ E) -m = f + E. It follows that m must act as the identity on F,
so it is of the form h + FE for a unique h: X — Y such that gh = f.

The functor Ep satisfies (D) iff E has at least two elements. It is clear that
it fails for E = @ and E = 1 (the latter one by taking I = &). Now let
e,€ € E be distinct, I and X be sets, and (f;: X — X;);cr be a cone such
that (X + E, f; + X);er is a product cone. Since X + F is not terminal,
I is nonempty. If I has at least two elements, 7 and 4’, then there is some
element of X + E that maps to e under f; + F and to €’ under f; + E, but
this is impossible. It follows that I is a singleton.

Theorem 4.3.22 then gives a proper class of monadic functors
Eg: Prod(Set) — Set (one for each E with at least two elements), send-
ing the formal product of (X;);cr to the cartesian product [T;c;(X; + E).

Remark 4.3.24. Given that Corollary 4.3.18 applies to more general limit com-
pletions than those under products, it is possible to imagine generalisations of
Theorem 4.3.22 to €-pro-monadic functors, where € is perhaps a sound doctrine
of limits. We leave this investigation for future work.
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Chapter 5

Distributive laws and
pushforwards

When first learning basic arithmetic, one encounters the familiar equations
T (T +23) =21 -T2+ 1 - 23 and (X1 +22) - 23 =1 - T3 + X2 - T3.

They are commonly referred to as the distributive law of multiplication over
addition. From the point of view of algebraic theories, or more generally monads,
these equations allow us to rewrite any product of sums as a sum of products.
Writing A and M for the free abelian group and the free monoid monads on Set,
this gives a natural transformation §: MA — AM which is compatible with the
unit and multiplication of either monad. This natural transformation can be used
to endow the composite AM with a monad structure, which is exactly the free
(associative, unital) ring monad.

Beck realised that there is nothing special about the monads A and M in
this situation: such a natural transformation can always be used to endow the
composite endofunctor with a monad structure. He called this structure a dis-
tributive law (Definition 2.3.11), as a nod to the quintessential example above.
Recall from Theorems 2.3.13 and 2.3.14, which are essentially due to Beck, that
if T and S are monads on a category B then there is a one-to-one correspondence
between

(i) distributive laws of T" over S;

(ii) monad structures on ST such that SnT: S — ST and n°T: T — ST are
monad maps and the middle unitary law holds;

(iii) monad lifts S of S along the monadic functor UT: BT — B.

Such a monad lift amounts to a lax monad functor (UT,1): (B7,S) — (B,S).
Note that the passage from (iii) to (ii) is given by taking the pushforward UﬁT S,
while UuT 1="T.

Wolff [63] studied what happens to this equivalence if one relaxes (iii) above
to a monad lift S along a mere right adjoint U: A — B which induces the monad
T. The passage from (iii) to (i), or equivalently (ii), remains valid. Remarkably,
his Theorem 1.3 gives a converse statement under some mild assumptions: given
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a distributive law of T" over S, one can construct a lift of S along U, initial among
those inducing the given distributive law, as soon as A has and U preserves certain
colimits.

In this chapter, we take this one step further. Codensity monads give a way
to replace an arbitrary functor by a monadic one; what happens if we further
relax (iii) above to a monad lift S of S along an arbitrary functor G: A — B
whose codensity monad is T? It turns out that the resulting pushforward G;S
behaves in many ways like the composite monad in (ii). In particular, there
are monad maps S — GyS and T — G}S satisfying an analogue of the middle
unitary law (Lemma 5.1.1). Of course, the monad Gﬁg can only correspond to
the composite induced by a distributive law of T’ over S if GyS actually coincides
with ST as an endofunctor. This is quite a strong condition, so we also consider
the corresponding question for the monad induced by the more general concept
of a weak distributive law.

As in Chapter 4, we work in the generality of monads in a 2-category K.
In Section 5.1 we tackle the case of classical distributive laws. We show that
if g:  — y is a 1-cell and s is a monad on y whose underlying 1-cell preserves
ran, g, then any lift of s along g gives rise to a distributive law of g;1 over s whose
induced composite monad is exactly g;5 (Theorem 5.1.5). In fact, if the counit of
ran, g is invertible (as is the case e.g. when g is a fully faithful functor in CAT),
then there is a unique distributive law of this type, as soon as s admits a lift
along g. This allows us to prove that there is a unique distributive law between
certain pairs of monads (Example 5.1.7).

The remaining sections study the analogous situation for a weakening of dis-
tributive laws introduced by Bohm [14]. Section 5.2 introduces the necessary
background to understand these weak distributive laws and appreciate their im-
portance. In particular, we will focus on a variant of weak distributive laws which
we call m-weak (Definition 5.2.3). Every m-weak distributive law of a monad ¢
over a monad s induces a weak composite monad, i.e. a compatible monad struc-
ture on a retract of the composite st. Section 5.3 is devoted to proving theorems
characterising (7-)weak distributive laws in terms of their weak composites in the
style of Beck (Theorems 5.3.2 and 5.3.4). Section 5.4 then uses this characterisa-
tion to relate m-weak distributive laws to pushforwards of lifted monads as was
done in Section 5.1 for classical distributive laws (Theorem 5.4.4). This allows
use to recover Garner’s [28] weak distributive law of the ultrafilter monad over the
powerset monad from the perspective of pushforward monads (Example 5.4.5).

There is at least one other way in which distributive laws and pushforward
monads may interact which is not pursued in this chapter. As we saw at the end of
Section 2.3, distributive laws in a 2-category K are exactly monads in MND(K).
As such, one can in theory speak of pushing a distributive law forward along
a lax monad functor. The author explored this possibility but was faced with a
crucial obstacle: there seems to be no simple way of computing right extensions in
MND(K), even when K = CAT. A promising approach is to consider the locally
fully faithful 2-functor MND(CAT) < CAT~ of Theorem 2.3.7, which reflects
extensions by Lemma 2.2.3(i). Restricting to small categories, we have that Cat™
is isomorphic to the 2-category Cat(Set™) of categories internal to the presheaf
topos Set™, because category objects are defined in terms of limits and these are
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computed objectwise in Set”. However, even in this setting we have not been
able to obtain a simple ‘pointwise’ formula for right extensions in Cat(Set™).

5.1 Pushforwards and distributive laws

For the remainder of this section, let g: £ — y be a 1-cell in a 2-category K and
let (g,0): (z,5) = (y,s) be a lax monad functor. We assume that g;1 and g5
exist, and write € and €® for their respective counits. Already in this minimal
scenario two monad maps are available:

e 9: s — g43, corresponding under Theorem 4.1.5 to the lax monad functor
(9,0). It is the unique 2-cell such that

€ - vg =0; ()

e ¢: gyl — g3, the image of the monad map 1°: 1 — s under the (partial)
functor gy (see Lemma 4.1.4 and Example 2.3.4). It is the unique 2-cell such
that

€ pg=n° €. ()

Moreover, these maps satisfy a version of the middle unitary law of Theo-
rem 2.3.13, as the next lemma shows. In the ordinary middle unitary law, v
below is just an identity. In this generality, we need to involve a mediating 2-cell.

Lemma 5.1.1. The diagram

s(gy1)
zby X
(943)° s 95
commutes, where v is the unique 2-cell such that
€ -vg=0-sc. (v)

Proof. Consider the commutative diagram

x 0 _
s(gyl)g s€ > Sg > gs
spg () sgngl (%) lg@f

s(gy5)g s 895 —(— g5

S€

veme| ) w0 |
(945)%9 ——— (945)95 —— ¢5°
ET g I
prg | (e°.p) lgus
(955)9 = > gs.

€
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Altogether, this shows that

EE . ('ugﬁg . ¢¢) g= g’uJg ggrr’g 0 - se® (§=7") 0 - sex.

The result follows by the uniqueness of v. m

In the absence of a distributive law of gy1 over s, one cannot ask for v to be a
monad map, because its domain may not be a monad. If we do have a distributive
law 0: (g41)s — s(gy1), then v will be a monad map as soon as ¢ is compatible
with 6 in the sense of the following proposition.

Proposition 5.1.2. Let §: (gy1)s — s(gyl) be a distributive law. If

g

(941)s9 > s(g:1)g
(9:1)6 [se (5.1)

(941)g5 > g3 < sg
0

€’s

commutes, then v: sos gy1 — g45 in Lemma 5.1.1 is a monad map.
Moreover, if 5 is a genuine lift of s and g4l is a genuine extension of g, i.e.
if 0 and €* are invertible, respectively, then (5.1) commutes.

Proof. By Theorem 4.1.5, v is a monad map iff (g, 0 - s€*) is a lax monad functor
(z,35) = (y,s 05 gs1). We check the axioms for the latter.
First, note that

g ﬂ) sg sn-‘”lg
gngl (6.m) ‘ (eo.n) s(gsl)g
gs «5— 59 se”

commutes. Hence,
(6 - se7) - *nlg = gn,
so (g,0 - s€*) is compatible with the unit.
Second, consider the commutative diagram

s(gyl)se” s(gyg1)6 _
s(g41)s(gsl)g ——— s(gyl)sg ———— s(gy1)gs
s0(gyl)g (+) ség
N 2(ge)e Y
s'(gl)’g ——— s*(gl)g  (5.1) 5€"3
s2p9lg (e*.) 52T
+ ). 1 ~
s*(gyl)g 5e y s%g 56 > 505 5, gs?
K (gpL)g | (*) p'g (6.1) lgus
s(gsl)g p > Sg 7 > gs
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This shows that
(0 se™) - {pt ot - 56(gg1) } g = g™ - (0 - 5€™)5 - 5(gy1)(6 - 5€”),

so (g,0 - s€®) is compatible with the multiplication.

For the last part, we will actually prove a stronger statement: if n%!sg is epic,
then (5.1) commutes. The result follows because, if €* is invertible, then so is
n9tg = €' and further, if 6 is invertible, the so is n9%'sg = (g41)0~ " - n%'gs - 6.
Now consider the diagram

- 0
gs <« 8§ ——— 8¢
n-"”lgEl () ngﬁlsgl (8.7%7) lsng“g

(€”.n) (g41)g5 W (941)sg 5—g> s(ggl)g (¢"m)

lﬁwg sezl

gs < 7 sg.

The outside face commutes trivially. If n9%!sg is epic, then the bottom pentagon,
i.e. (5.1), commutes. O

The next proposition can be thought of as a partial converse to the previous
one. We will first need a simple lemma about monad maps.

Lemma 5.1.3. Let r, s and t be monads on x, and a.: v — s and : s — t be
2-cells with B monic. If B and B - a are monad maps, then so is «.

Proof. Since B is monic,
ﬂ ‘a- ,r"r' ((ﬁi)n) 77t (/[27) /B . ns,

implies that a - n" = n*. Similarly, « is compatible with the multiplication. [

If a: s — t is a monic 2-cell and ¢ has a monad structure, then s admits at
most one monad structure which makes o a monad map. This happens precisely
when u! - aa and 7t factor through «. In this situation, we say that the monad
structure of ¢ restricts along a.

Proposition 5.1.4. Let v: s(gy1) — 945 be as in Lemma 5.1.1. If v is monic and
the monad structure of g4s restricts along it, then the restricted monad structure
is the composite monad given by a distributive law of gy1 over s satisfying (5.1).
Moreover, this is the unique such distributive law.

Proof. Let n and p be the unit and multiplication of the restricted monad struc-
ture on s(gyl). It is easy to see that

v-spitl =9 and v-n°(gsl) = o, (5.2)

89



since

Since v, ¥ and ¢ are monad maps and v is monic, it follows from Lemma 5.1.3
that sn%! and n°(gy1) are monad maps. In particular, since they are compatible
with the unit, n = p*n9l.

Now consider the diagram

sn9ttn (gnl
s(gsl) ———2s {s(gs1)}® —2— s(gs)

NN M
gﬂs —>gﬂs

By Lemma 5.1.1, the bottom composite is v. Since v is monic, we conclude that
p-s1%'1°(gyl) = l(g,1). By Theorem 2.3.13, this shows that the monad structure
of s(gy1) comes from a distributive law of g1 over s.

That the corresponding distributive law §: (gy1)s — s(gy1) satisfies (5.1) fol-
lows from the commutativity of

n°(gg1)sn9tg

kg
(9:1)sg s(g1)s(gsl)g —— s(gl)g — .
(g)vg (5.2 vvg (v.) vg
(gs1)0| (v) (g41)(gy3 — > (945)%9 ——=— (945 s
s8] (¥) (g51) (g )g_ o) (gn_ V9 — s, 98)9 g
1(gs)e? (¥) (945)e” | (v)
(9s1)gs o r (g9)95 () €&
_ 0
€”s (¢) es§v
gs — > g§2 —— gs.
gn°s gu

Lastly, suppose d': (gs1)s — s(gy1) is a distributive law satisfying (5.1). By
Proposition 5.1.2, v is a monad map. Since v is monic, this means that the
monad structure s oy gyx is precisely the restriction along v of that of gys. Thus,
0’ and ¢ induce the same composite monad, which by Theorem 2.3.13 implies

that ¢’ = 4. O

We are now ready for the main result of this section, which generalises the
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construction of a distributive law from a monad lift along a monadic functor. We
call a lax monad functors (g, 6) strong if 6 is invertible.

Theorem 5.1.5. Let g: x — y be a 1-cell in K and s be a monad on y whose
1-cell part preserves rang g. FEvery strong monad functor (g,0): (z,3) — (y,s)
induces a distributive law 0 of gyl over s satisfying (5.1) such that the resulting
composite monad is gys.

Moreover, if the counit € of ran, g is invertible and there is at least one strong
monad functor (g,0): (z,5) — (y, s), then there exists a unique distributive law of
g4l over s, and the monad isomorphism class of g4s is independent of the choice

of lift s.

Proof. Since s preserves rang g, the 1-cell s(gy1) is a right extension of sg along
g with counit se®. Since 0: sg — ¢5 is an isomorphism, g45 is given by s(gy1)
with counit 6 - se®. It follows that the 2-cell v: s(gy1) — g45 of Lemma 5.1.1 is
the identity, and hence the monad structure of gys trivially restricts along it. By
Proposition 5.1.4, g45 = s(gy1) is the monad induced by the unique distributive
law of gy1 over s satisfying (5.1).

Now suppose €” is invertible and let (g,6): (z,5) — (y,s) be a strong
monad functor. By Proposition 5.1.2, any distributive law ¢ of g41 over s satis-
fies (5.1) and hence is equal to the one above. Any other strong monad functor
(9,0): (z,5') = (y,s) induces this unique distributive law, so that ¢;5' and g5
are isomorphic monads. n

Example 5.1.6. If g is a right adjoint, then s preserves rang g, and so every
strong monad functor (g,0): (z,5) — (y, s) induces a distributive law of g;1 over
s. This recovers the main statement of Lemma 1.1 of Wolff [63]. If g = v for
some monad ¢ on y, this is the familiar construction of a distributive law from
a monad lifted along u!. In particular, if ¢ = ' and (u%,0): (v¢,5°) — (y,s)
is the monad lift induced by a distributive law & of ¢ over s, then (5.1) always
commutes.

Example 5.1.7. As we will see in Section 6.1.1, Theorem 5.1.5 implies that there
is a unique distributive law of the ultrafilter monad on Set over

(i) the exception monad — + E, where E is a finite set;
(ii) the free M-set monad, where M is a finite monoid;
(iii) the reader monad (—)!, where I is a finite set;

(iv) the state monad (S x —)°, where I is a finite set.

The machinery needed to prove Theorem 5.1.5 can also be used to prove that
no distributive law of a given type exist.

Proposition 5.1.8. Let (g,6): (z,35) — (y,s) be a strong monad functor and €*
be invertible. Suppose the 2-cell v: s(gy1) — ¢4S in Lemma 5.1.1 is monic. Then
there is a (unique) distributive law of gy1 over s iff the monad structure of gys
restricts along v.
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Proof. By Proposition 5.1.2, any distributive law satisfies (5.1) for any strong
monad functor (g,6) as in the statement. The backwards implication is then
given by Proposition 5.1.4. For the forward one, Proposition 5.1.2 shows that v
is a monad map. Since it is monic, this is precisely what it means for the monad
structure of gys to restrict along v. ]

Proposition 6.1.19 below uses this characterisation to show that there is no
distributive law of the ultrafilter monad over the finite powerset monad.

5.2 The weak theory of monads

In [14], Bohm develops a generalisation of the formal theory of monads to allow
lax monad functors which are not necessarily compatible with the unit. The
result is a 2-category EM"(K) where the 0-cells are monads in K and the 1-cells
(z,t) — (y,s) are pairs (g,¢) of a 1-cell g: x — y and a 2-cell ¢: sg — gt such
that (¢.u) commutes. The price of relaxing the requirement on the 1-cells is
paid by imposing an extra condition on the 2-cells, when compared to the 2-cells
of EM(K), which is needed to make EM“(K) a 2-category. Explicitly, a 2-cell
(9,) = (h,?) in EMY(K) is a 2-cell a: g — ht in K such that

sg —2— gt —% 5 ht? 5 ht

g > shit
sal lh,ut and al ll/)t
s ht? > ht < ht?
sht e ht o ht ™"
commute.

Just as EM(K) contains Mnd(K) as a 1-full wide sub-2-category, Bohm defines,
not one, but two 1-full wide sub-2-categories of EM™(K) which approximate the
role of Mnd(K) in EM(K). These are the 2-categories Mnd‘(K) and Mnd™(K)
of [14, Cor. 1.4]. Their intersection Mnd‘(X) N Mnd™(K) is also a 1-full wide
subcategory, which we denote by Mnd”(KC). The relationships between all of
these 2-categories can be summarised by the diagram

Mnd(K) ———  Mnd"¥(K)

EM(K) » EM¥(K),

where the hooked arrows are inclusions of 1-full sub-2-categories and the horizon-
tal ones are inclusions of 2-full sub-2-categories, all of which are wide.

Our focus will be on Mnd"(K) because it has the strongest connection to
pushforwards of lifted monads. We formally introduce its data now. That these
data actually form a 2-category is the content of Bohm [14, Cor. 1.4].
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Definition 5.2.1 (Bohm). Let Mnd"(K) be the 2-category where
o 0-cells are monads in K, just like in Mnd(KC);
o 1-cells (z,t) — (y, s) are pairs (g, ) such that (¢.u) commutes;

o 2-cells (g,¢) — (h,®) are 2-cells a: g — h such that the following diagram

commutes:

gt < Ld sg 5 > sh

ot | l«p

\ \ 2 \
ht st oo Bt~ B,

Composition and identities are as in Mnd(K).

Just as a monad in Mnd(K) is a distributive law and a monad in EM(K) is
a wreath, we will call the data of a monad in Mnd"”(K) a weak distributive law
(following Garner’s terminology in [28, §3.2]) and that of a monad in EM"(K) a
weak wreath. In simple terms:

Definition 5.2.2. Let s and ¢ be monads on z. A weak distributive law of ¢
over s is a 2-cell §: ts — st such that (8.7%), (6.4°) and (d.4") in Definition 2.3.11
commute.

We do not write down the explicit data that make a weak wreath for two
reasons. First, it involves two endo-1-cells, but only one of them is required to
be a monad. This is too general for our purposes of relating such structures to
the pushforward of lifted monads, since in the latter case we always start with
two monads. Second, Bohm [14, Thm. 2.3] shows that weak wreaths correspond
bijectively to certain premonads in K. One may take this correspondence, stated
as Theorem 5.2.6 below, as an implicit definition of a weak wreath.

The structure that we will be most concerned with is that of a monad in
Mnd™ (K), which we call a m-weak distributive law. In simple terms:

Definition 5.2.3. Let s and ¢ be monads on z. A m-weak distributive law of
t over s is a 2-cell §: ts — st such that (§.u") and the following commute:

tn® s

t il y ts $2 <30 gpg (95 g2 M4

n’ l (6.wn*) l& e l (6.wp®) l(i

st > tst > st? > st st s tst » st2 > st.
ntst ot sut ’ nist ot sut

Since Mnd¥(K) C Mnd™(K) C EM¥(K), every weak distributive law is a -
weak distributive law, and every m-weak distributive law gives rise to a weak
wreath.

Given a monad ¢t on x and an endo-1-cell s of z, a wreath J: ts — st can be
used to equip st with a monad structure. A weak wreath can instead be used to
equip st with a premonad structure, as defined by Béhm [14, Def. 2.1].
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Definition 5.2.4 (Béhm). A premonad on z is a triple (¢, u,n) consisting of
a l-cell t: £ — x and 2-cells u: t> — t, the multiplication, and n: 1 — ¢, the
preunit, such that the following diagrams commute.

t t 2
3 2 t—1 2 1M g g2 My
p,tl (t.0) lu ntl (t.u) lu N“% ul (t.e) l,ut
2 2 2
2 — t 2 — t t

A premonad map (¢, ut,n') — (s, u%,7°) is a 2-cell §: t — s compatible with
the multiplication and the preunit, i.e. such that (f.x) and (6.n) commute.

As with monads, we will often use the 1-cell to refer to the entire premonad,
so that (¢, u,n) will usually be abbreviated to ¢. It is easy to see that every monad
is in particular a premonad.

Remark 5.2.5. Premonads on z and their maps form a category over K(z, z).
In fact, examining the axioms involved in Definition 5.2.4, it is clear that this is
the category of algebras in K(z, z) of a suitable ‘premonoid’ operad. As with all
such categories, if the 2-cell of K underlying an idempotent map of premonads
splits, then there is a unique lift of this splitting to the category of premonads.
In other words, if #: t — t is an idempotent map of premonads on x which splits
in K(z,z) as m: t — ¢ followed by ¢: £ — ¢, then ¢ admits a unique premonad
structure such that 7 and ¢ are premonad maps given by
t
p=2-% Nt T and F=1-Lt 7%

Theorem 5.2.6 (Bohm). Let t be a monad on = and s be an endo-1-cell of .
There is a one-to-one correspondence between

9)

(i) weak wreaths of t over s, i.e. monads (t L t,v,n) in EM¥(K);
(ii) premonads (st,u,n) in K such that the following commutes:

t
stst2 —H s o2

stsutl lsut

stst T> st.

The main interest of premonads and, in particular, weak wreaths is that,
subject to the splitting of a certain idempotent 2-cell, they correspond exactly to
the endo-1-cells which admit a retract with a monad structure, as the following
lemma shows. The main result of part (i) is given by Bohm [14, Lem. 2.2], but
we shall need the slightly sharper statement.

Lemma 5.2.7. Lett: x — x be a 1-cell in K.
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(i) If (¢t,u,m) is a premonad, then t g2 P is an idempotent map of pre-
monads. If the underlying 2-cell of this idempotent splits, say through
m:t >t and v:t — t, then t can be equipped with a unique premonad
structure such that w and ¢ are premonad maps, given by

~ 71'{

2y By Tf and f=1-t- %

i=
Moreover, (t,[i,7) is actually a monad.

(ii) Ife: t — t is a retract in K(z, x), with retraction w: t — t, and (¢, i, 7) is a

monad, then t can be equipped with a unique premonad structure such that

v and w are premonad maps and t is the monad arising from t by part (i),
given by

T, i’2

p=2 T2 Bf by and p=1-LF-Yt.

(iii) The two processes in (i) and (ii) are mutually inverse.

Proof. For (i), first note that we have

p=(p-nt)- p (5.3)
by
LA £2
IR ORI ”
t2 nt2>t3 M, g2 ot
\(t-_e)/‘
m

It is clear then that the 2-cell u - nt is idempotent. It is compatible with the
preunits by (¢.7), and the multiplication by

nt? 2t

£2 , ¢3 gt PH g Mg
2
et (tw) t/itl

(t.a)

plo (%) te tt —— 3 tp (ta) |p
tut

(t.e) %

t— t? 2 —— t.
nt M

By Remark 5.2.5, we split the idempotent u - nt to get a unique premonad
structure (%, fi,7) such that m: t — ¢ and ¢: ¢ — ¢ are premonad maps.

Since ¢ is a premonad map, we have v - i -7t = p-nt -t = ¢, 80 fi - 7jt = 1
because ¢ is monic. As p-tn = p-nt by (t.u), we similarly have i -t = 1. Hence,
t is actually a monad.

For (ii), first note that = and ¢ are compatible with the multiplication and
preunit defined in the statement (since 7 - ¢ = 1), so they will become premonad
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maps as soon as we show that (¢, u,n) is a premonad. Moreover, u = (¢ - 7) - p
and n = (¢-7)-n by definition. The axioms of a premonad for ¢ then follow easily
from those of ¢, e.g. (t.u) follows from

potn=1t-m-p-in
=i p-tg-m by (7.u) and (7.7)
= p-at-m by (t.u)
=¢-mopent by (7.u) and (7.7)
=p-nt.

Since (%, i, 7}) is a monad, the 2-cells in the second and third line are just ¢ -,
so that the idempotent p - nt is ¢ - 7. The monad structure induced by (i) on # is
easily seen to agree with its original one, since 7 - ¢ = {.

Now suppose (t,4',n') is a premonad structure on ¢ such that 7 and ¢ are
premonad maps and ' - 7't = ¢ - 7. Since ¢ is compatible with the preunits, we
immediately have ' = ¢ - j = 1. Moreover,

/1// (5:3) (L'?T)',LLI (g‘)bﬁﬂ_ﬂ_:u
Hence, (t, u,n) is the unique premonad structure on ¢ with these properties.

For (iii), we have already shown that passing from a monad structure on a
retract ¢ to a premonad structure on ¢ and back results in the original monad
structure. If (¢, u, n) is a premonad inducing the retract monad (%, /i, 77), we obtain
a new multiplication and preunit for ¢ as

o= T g2 By LTy and =1 -bt LTt

However, these coincide with the old multiplication and preunit since ¢-7 = p-nt,

W=t mop-w-mm
=L T-L-T [ by ((¢-m).p)
= p by (5.3),

and ¢-m-n =mn by (t.1). O

Thanks to the previous lemma and Theorem 5.2.6, a weak wreath, and in
particular a m-weak distributive law, induces a monad as soon as a certain idem-
potent 2-cell in K splits. We will call this monad the weak composite induced
by the weak wreath. We record its construction as a corollary.

Corollary 5.2.8. Let §: ts — st be a w-weak distributive law. Then the 2-cell

5t t

tst
T2, tst y st2 2 ot (5.4)

st

is idempotent. Moreover, if st - st — st is a splitting of this idempotent, then

96



the 2-cells

~ ~ s,,t -
fi = stat —L stst S0, g2 B g T LG

make (st, I,7) a monad, which we denote by s S5 t.

Proof. A m-weak distributive law is in particular a weak wreath, so we can use
Theorem 5.2.6 to construct a premonad structure on st. Examining the proof
of [14, Thm. 2.3], we see that the multiplication and preunit are

0

t,,S
ni=1-""T4ts %4 st

s,,t tSt St
LN BN LU T BN B S

u = stst

The corresponding idempotent of Lemma 5.2.7(i) is then u - nst which simplifies
to (5.4) by

st2 s t
b, stst S0ty 22 MU, g2 K L g

\ lt,ust (0.wp) ntsth
tt 2
tst 12 SR g3 (O g ntst

\
4

sutl (t.a) lst;ﬂ (%)

Z 2 yi
st < " st* < 5 tst.

The retract monad is that given by the same lemma. The unit 7 in the statement
already coincides with the one there since

L"IT'(S'?']tTISZL"]T‘d‘tT]S'T]t
=ttty by (0.wn®)
:L'T("’)’]S’I’]t

and ¢ is (split) monic. To see that the multiplication also agrees, simply note
that p =1 -m- put - sot. O

So far, all our statements have been about monads in XC. We should expect
corresponding statements about their Eilenberg—Moore objects, when they ex-
ist. This is achieved by the pseudofunctor J*: EM¥(K) — K constructed by
Bohm [14, Thm 3.5] under the assumption that X admits the construction of
algebras and splittings for all its idempotent 2-cells. It sends a monad ¢ on x to
its Eilenberg-Moore object z*. Given a 1-cell (g, ¢): (z,t) — (y, s), the 2-cell

t .t

s gut ut ute
gut T8 squt 22U gtut 2L gut
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is idempotent, and hence splits through some 79: gu* — g and 19: § — gu’. Then

t t
@ ¢ gute

ut
> gtu > gqu > g

~ ~ 8L t
Q=589 > SqU

is such that (g, $) is a lax monad functor (z*,z') — (y, s), and hence induces a
1-cell g: ¥ — y*® such that u®g = g. This is how J“(g, ¢) is defined. We will not
need the explicit action of J* on the 2-cells. In any case, being a pseudofunctor,
J¥ sends monads to monads, so that a weak wreath on ¢ induces a monad on z’.

Since our primary interest is on Mnd™(K), we focus on this process in this
restricted case.

Definition 5.2.9. For K admitting the construction of algebras, let Lift" (K) be
the 2-category where

o (-cells are monads in K,

o 1-cells (z,t) — (y, s) are tuples (g, g, 79,:9) fitting into a diagram

-
lm
<

S

X
ﬂ'g
t s

u u

Y

g9

Ty

<

in IC, where 79 - 19 =1,

o 2-cells (9,g,m9,19) — (h,h,n", ") are pairs (a, @) where a: g — h and

@: g — h are 2-cells in K such that

o~

(*
ml
<
)
|

88
:‘l
[
<
»

x
ut A u® '
md fa
r —— U
g g
Composition of 1-cells is by horizontal pasting, and composition of 2-cells

is done componentwise. Altogether, Lift"(K) admits two forgetful 2-functors
U,U: Lift"(K) — K, with

<

U(g,g,n% %) =g and U(g,g,n% %) =3.

Note that even though the section «9 does not play a role in the definition of
the 2-cells, it cannot be dropped without changing Lift™ (K), since it differentiates
1-cells with the same retraction but different sections.

Theorem 5.2.10 (Bohm). Let K admit the construction of algebras and splittings
of idempotent 2-cells. The restriction of the pseudofunctor J*: EM*(K) — K to
Mnd™(K) factors through U: Lift"(K) — K, and this factorisation is in fact a
biequivalence

Mnd" (K) ~ Lift" (K).
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Proof. This is essentially the content of B6hm [14, Thm. 4.4]. It only remains to
check that the pseudofunctor Mnd"(K) — Lift" (K) is bi-essentially surjective, in
the terminology of Lack [39, p. 122]. This holds by construction, because both
2-categories have the same 0-cells. O]

5.3 Weak composite monads

This section is devoted to characterising weak and w-weak distributive laws in
terms of the weak composite monads they induce by Corollary 5.2.8. Its main
results can be thought of as a generalisation of Theorem 2.3.13 to the weak setting.
The purpose of this generalisation from the point of view of pushforwards of lifted
monads should be clear from Section 5.1, where Theorem 2.3.13 was extensively
used to relate them to distributive laws.

The first step is to show that the canonical 2-cells from s and t to the weak
composite induced by a m-weak distributive law between them are monad maps.

Lemma 5.3.1. Let s and t be monads on x, and §: ts — st be a w-weak dis-
tributive law. Let st be the weak composite monad § induced by Corollary 5.2.8,
with splitting : st — st and v: st — st. Then the 2-cells

s’ T
o=8—> st—> st (o)
and
st -
o=t st - st (1)

are monad maps.

Proof. Tt is convenient to note that & factors through ¢: st — st and that compos-
ing with 7: st — st ‘fixes’ the commutativity of the diagrams that would make 4
a genuine distributive law, i.e.

Lm0 =0, (5.5)
n-8-n's=m-sn, (5.6)
w0 -tn® =m-nt, (5.7)
w0 tp’ =m-p’t-sd-ds. (5.8)

The first one follows from

ts s 125 S> ts > st

s| 0w e e
N )

st ntstf tst 5 > st
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Equation (5.6) then follows from

S > ts > St
Sntl (*) stn l (t.r)
\ \ 2 \
st ntst' tst 5 st " > St,

since ¢ is monic and

vomesnt=6-n's=1-mw-5-1n's.

Equations (5.7) and (5.8) are proved similarly, using (6.wn®) and (6.wu®), respec-
tively. We also record that, since m and ¢ 7 are premonad maps by Lemma 5.2.7,

f-mr=m-t-m-pSu’ - st =m- psut - sot,

(5.9)
and

vemeoptptosdt=0-meoromoput 80t =0 put - 80t - T
so that, as ¢ is monic,

7optut-s6t =m - psut - 8ot - w - . (5.10)

That o and 7 are compatible with the unit is immediate from their defini-
tion and that of 77 in Corollary 5.2.8. We have that 7 is compatible with the
multiplication by

st(e - m)

stst > stst stst —7 §t2
ot | (6:w1°) nststT (%) lsét
U g g Ot e TS g (5.9)
w| ) luts (6.1) sutl (s) lusut f
; t’ > 18 0 > st st
| (5.7) R |
st =




Similarly, o is compatible with the multiplication by

stst (v mst > stst stst —7 5t2
sntsnt| (5.6) stsntT (%) ls&t
s? n's” s 152 95 sts %0 2 Sztnt> s (5.9)
e (%) lt/ﬁ (5.8) s l (t.r) lmut [
s m's > ts o, st st st
snt (5.6) xﬂl (=) X 1
st . st st

]

Even in the case of (nonweak) composite monads and distributive laws, a
monad structure on st such that n°t: t — st and sn': s — st are monad maps is
not enough to guarantee that st is the monad induced by a distributive law. What
is missing is Beck’s middle unitary law (see Theorem 2.3.13). Condition (ii)(a) in
the next theorem is the analogue of this law for m-weak distributive laws. In fact,
the addition of only one more condition, namely (ii)(b), is enough to completely
characterise m-weak distributive laws of ¢ over s in terms of monad structures on
retracts of st.

Theorem 5.3.2. Let s and t be monads on x. There is a one-to-one correspon-
dence between

(i) m-weak distributive laws 6: ts — st such that (5.4) splits;
(ii) retracts st # st with a monad structure (st, [i, 7)) such that
sn’ T n°t T
o:=8—>8t—st and T =t—> st —>st

are monad maps and the following commute:

st stt 2 y st
oT Iy ~
() StTl (b) lsut
~9 ~ ~ ~
st —— st, st — st s st.
12 o L

Proof. First we show how the data of (i) give rise to those of (ii). The monad
structure on a retract of st is that of Corollary 5.2.8. We have already seen that
o and 7 are monad maps in Lemma 5.3.1.
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To show that (a)

and (b) commute, first note that

(¢ -m)t
(¢-m)
tst? sutt
st2 T g2 O, g3 ML g
s,utl (%) st,ul (t.a) lgut (5.11)
N N 2 N
st st tst T st o st,
W
LT
and
s(t-m)
(¢-m)
g2 ST, e SO, g2 SHL oy
LT (5.10) ™
s, t -
n's%t|  (5.6) stst S0ty g2 HH L g T g
pt TLL ST (5.10)
e s t _
() pg2g Dot gygp 80t t2 HE L st —T 5 st (5.12)
ust2 H
tust (8.wps) st? —> st (m-1)
(L-W)tl (5.11) lb-ﬂ'
t t v t -
st —2s tst ot yost2 —H s st — Ty st
ve
™
commute. Then (a) commutes by
T
stst 30, 242 (5.9) st’
sn stT (¢-m) ls%ut lﬁ
st _
o't om gy M g TG
(s.r) lﬂt (5.12) H
— > st.
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Lastly, (b) commutes since the outside face of

st2 m s stt —4 .y 512
YT @) s
e TS
sut (m.10) st3 ﬂ) st2 spt
| (o) lﬁ
st 9T gt HF oGt g

commutes by (5.11), and 7t is (split) epic.

Next, we show how the data of (ii) can be used to construct those of (i). We

define

M>§t L

§=ts % st > st,

and show that it satisfies the axioms of a 7w-weak distributive law (Defini-
tion 5.2.3). By definition,

T-d=[-TO. (5.13)
Then (6.u") follows from
ot
(9)
25 B st T st D s o2

N 61y | @ o] @

~3 Sth_ ~2 Sth  ~3 fist  ~2

uts (r.1) st s st < st st. (b) sut
it| (o) 7| (st.a) m
ts m>§t2 —— st st —— st.
I
(9)
1)
For the remaining two axioms, first note that
st st st
lﬁﬂt (st.l) la (a) lﬂ'
nist| (rm) s P, Gy ST, 52 _E L G (5.14)
th (©) Ltl (b) lL
tst s st? > st.

ot sut
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Using this, we see that (§.wn®) commutes by

t t —— st
Tnl (st.r) lT
; G
tn (U 77) st —— st t-m
® L
TTO’ (0) \
ts 5 > st,
and (d.wu®) commutes by
ts? 0s > sts 89 > 8%t #e > st
YG (5.13) mrl X:U (5.13) mrl YT (o.) oT
~3 ~2(a) ~3 ~r(a) ~3 :'KZ
st° —— st —— st —— st —— st. —— st (a) |7
e (o) Ai'vl ust ~l ust st ‘i stu ust _
p | (op - ~ ~
S (st.a) H (st.a) g (st.a) VM
~ % (6) \fL
ts 5 > st.

It remains to show that the two processes described are inverse to each other.
Starting with a m-weak distributive law ¢ produces a new m-weak distributive law

s t s,,t
§ = ts TN gpop LTI, gpop SO, gap WMLy ey g
But
8 =v-m-put-s6t-uw-wmw-ntsn’
=y’ - st - ntsn’ by (5.10)
= 1wt sty -4 by (*)
=170 by (5.5)

In the other direction, the data of (ii) induces a m-weak distributive law ¢ =
t-fi-7o. The corresponding idempotent in (5.4) is again ¢ - 7 by (5.14). This
induces a monad structure on st given by

7=m-0-n'n"=f-To-nn =[- =1,
since 7 and ¢ are compatible with the unit, and
oo=m- - sot-w.
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Note that

L-oT-Lt=m-1L=Sst. (5.15)
Then
B=m-put-sét-u

=7 pSut - sut- spit- sTot - u

=i -oT - p*ut - sut- spit - sTot - 1L by (a)

=i [ifi - cOTT - Stt - Sfit - STOt - 1L by (o.u) and (7.1)

= [i - fist - stfist - oOTT - sut - Sfit - STOt - 1L by (st.a)

= [i - fist - ostT - sjit - sTot - 1 by (5.15)

= [i - fist - stfist - oTOT - 1L by (%)

=[O 0TOT - 1L by (st.a)

= [ by (5.15),
so we recover the original monad structure on st. m

We would like a similar characterisation of weak distributive laws in terms of
weak composites. The following rewriting lemma will be useful for this. It implies
that if §: ts — st is a weak distributive law, then a composite of whiskerings of 9,
ut and p® by s and ¢ whose codomain is st is uniquely determined by its domain.
Faces of diagrams which commute by Lemma 5.3.3 will be labelled by (coh).

Lemma 5.3.3. Let M be the 2-category generated by a single object, two endo-
1-cells s and t, and 2-cells

o uf: 5% — s satisfying p® - sp* = p° - u’s,
o ut:t? — t satisfying pt - tut = ut - u't,
o 0:ts — st such that (0.4°) and (6.4%) commute,

and no other relations. Let w be a word in s and t with at least one copy of each.
Then M has a unique 2-cell of type w — st.

Proof. A 1-cell f of M is a (possibly empty) word in s and ¢. Let I(f) denote
the length of the word. Let p(f) be the number of pairs (i,5) with 1 < ¢ <
Jj < I(f) such that the i- and j-th letters of f are ¢t and s respectively. Let
q(f) = U(f) + p(f). We induct on g(w).

The 2-cells of M are composites of whiskerings of p®, u‘ and § by s and
t. We shall call such whiskerings basic 2-cells. If « is a basic 2-cell, then
¢(doma) > g(cod ). It follows that g(doma) > ¢(cod a) for any nonidentity
2-cell in M.

The base case is ¢(w) = 2. If [(w) < 1 then p(w) = 0, so we must have
[(w) = 2 and p(w) = 0. This implies that w = st. By the above observation, the
only 2-cell st — st is the identity.

Now let g(w) > 3. If [(w) = 2, we must have w = ts, and again it is clear
that the only 2-cell ts — st is 6. Otherwise, [(w) > 3. Let w = z122. .. Zyw)
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with z; € {s,t} for each . If p(w) > 0, then there is some ¢ such that z; = ¢ and
Tir1 = S, SO we have

171...5...J:l(w) |
w:gjl.,_ts,,,xl(w) >.’E1...$t....’L‘l(w)—>St,

where ! is the unique 2-cell given by induction, since g(z; ...st... W) < g(w).
Otherwise, there is some ¢ such that x; = z;;; and we can do something similar
with a whiskering of p*:. This shows the existence of the required cell.

Any nonidentity 2-cell a: w — st factors through some basic 2-cell 5: w — w'.
We show that o does not depend on the choice of 5. Let (;: w — w; and
B2: w — wy be two basic 2-cells. Being whiskerings of u*, uf or §, 8; and B, act
on two adjacent letters of w, say

ﬁl =T1...-T5-171Ti142 - - - ml(w) and ﬁg =T1...Ti5-1Y2Ti5+2 - -+ :L'l('w)

where 71,72 € {u, ut,8}. If iy = iy then B; = B, because the domains of p*, u*
and ¢ are different. If |i; —i2| > 2, then §; and B, affect disjoint sets of letters. In
particular, there is a whiskering 3] : w; — ws of ; and a whiskering £5: wy — ws
of v, with the same codomain. Then

commutes by strong induction, so #; and 3, result in the same 2-cell a.
Otherwise, i = 41 + 1 without loss of generality. A simple case analysis shows
that (vy1,72) € {(&f, 1), (', ), (1, 6), (6, u°)}. In each case, the relations the
generating 2-cells satisfy allow us to draw a diagram similar to the one above,
which again commutes by strong induction. O]

Theorem 5.3.4. Let s and t be monads on the object x € K. There is a one-to-
one correspondence between

(i) weak distributive laws §: ts — st such that (5.4) splits;

(ii) retracts st # st with a monad structure (st,[i,7) satisfying the condi-

tions of Theorem 5.3.2(ii) and such that the following commute:

t sts — 55 sts 5T st P sot 5L &%
T n°t ~
7 o\ st @ Lust
st ——— st, st > st > st.




Proof. First, we show that the data of (i) give rise to those of (ii). Any weak
distributive law is in particular a m-weak distributive law. By Theorem 5.3.2, we
need only check that the two new diagrams commute.

We have
. (t.0) )
1o g2 H oy
w0 e @) [ ) [
\ \ 2 N\
st st tst 5t st o st,
(¢-m)
LT
so that ¢ -7 =1 -7 - n°t = n°t, giving (c).
For the other diagram, first note that
s,,t
P stst 50t > 5212 il > st
tstst
'rytstntstv (t.r) mas (%) ntst
tst’st g tstst 4= ts?t? — o st
sp's 1
(1,-71')(1,-7'() (L-Tr) otot ot (L'Tr) LT
st?st? (coh) st?
sptsut syt
~ s, t ~
stst 50t > 5212 i > st,
and hence the outside face of
pout

stst S0t g2z HH L o
””l (5.9) lﬂ
st - > st
o
Lbl lb

stst —— s%t2 — st
sot 'uslut

commutes. Since 7 is (split) epic, the bottom pentagon also commutes, giving
L= piut - 86t - wL. (5.16)
Then one sees that (d) commutes by precomposing the following diagram with
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the 2-cell ¢s:

(t-m)s
sts ) s sts 50 s s%t
ﬁ Tsus (5.11)  |suts
sts —t> st’s —— st’s (coh) Bt
stnts (¢-m)ts
H (5.6) sto
~N s, t ~
sts —> stst LT gpsp SO, g2p HH Lo
\) l?rw *) 22 (5.16) L
~9 ~
— st — > st.
I

Next, we show how the data of (ii) give rise to that of (i). Again, by Theo-
rem 5.3.2 we get a m-weak distributive law

§= ts — % stst —s st —L st. (0)
The axiom (4.1°) follows from
tn®
(o n)
ts —7 st Ty
5l (5.13) :‘7 (st.r) l\
st ——— st st — st

together with (5.5). Finally, the axiom (6.4°) follows from

0s
(6)
152 TO8, GPs MO G 8y gts S0 4 o
st al (%) V.;to
(o.) st — st2 s
~_| st ~
" W oG [P W !
g_’t2 —_— gt Sgt
n
Vv % (5) \/L \KSL
N yi 2
ts 5 > St < e st.

These two processes are inverse to each other by Theorem 5.3.2.
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5.4 Pushforwards and weak distributive laws

In this last section we use our characterisations of m-weak distributive laws to
relate them to pushforwards of lifted monads much like we did for distributive
laws in Section 5.1. We use the same notation as there, i.e. g: x — y is a 1-cell
with codensity monad gy1 and counit €” and (g,6): (z,5) — (y, s) is a lax monad
functor. We abbreviate gy1 to ¢ for convenience.

The next proposition is the analogue of Proposition 5.1.2 for w-weak distribu-
tive laws.

Proposition 5.4.1. Let §: ts — st be a m-weak distributive law such that (5.4)
splits through m: st — st and v: st — st, giing st a monad structure. If (5.1)
commutes, then the unique 2-cell §: st — g45 such that

€-£g=0-s€"1g (€)

is a monad map.

Moreover, if 0 and € are invertible, and (v-m)g is the identity on stg, then (5.1)
commutes.

Proof. We will repeatedly use the fact that

0-s€®-(L-m)g=0-se, (5.17)
as shown by
(c-7)g
(v-m)
tst ot
stg 129 tstg —9 st?q A stg

seml tse””l (%) stezl (e%.p) lsem

sg (x) tsg 5—g> stg ——— sg

of w T ey o
> gs.

_ ngs _ €”’s

By Theorem 4.1.5, it suffices to show that (g, 0-se*-1g) is a lax transformation
of monads. Indeed, it is compatible with the unit because

n°ntg se” 0 _

> stg > > g8
Q 7 ean) To
stg g stg se””> sg
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commutes. It is compatible with the multiplication by

§3§§tg % gtstg ﬁ évtsg ﬂ évtg§
g (%) Lgs
st;tg stse”, stsg st6 > stgg
sotg| () ls&g (5.1) 55
ig| (m) s°tg ste”, s’tg se” s2g 80, 835
wug| (") V (0.12) 15

g (5.17

~

5=

stg — 8¢ > gS ——
S€ 0 gus
)

s~tg 9 > stg s 59

For the last statement, we use the same argument as for the last part of
Proposition 5.1.2. The face labelled (§.7%"™) there commutes in this case because

dg-m'sg=(-m-8-n's)g by (5.5)
=(-m-sn)g by (5.6)
= s1'g,
since we assumed that (¢ - 7)g = stg. O

Proposition 5.4.2. Let v: st — st be a retract, with retraction 7: st — st, such
that

stg (- m)g > stg

“wl lsex (5.18)

sg 0>g§<0 sg

commutes. Let &: st — 945 be as in the previous proposition. If £ is monic,
the monad structure of g45 restricts along it and Theorem 5.3.2(ii)(b) commutes,
then the restricted monad structure on st is the weak composite given by a T-weak
distributive law of gy1 over s satisfying (5.1).

Proof. We check the conditions of Theorem 5.3.2(ii). We already have that (b)
commutes by assumption.

Let v, ¢ and ¥ be as in Section 5.1 and 7 and 1) be as in Section 5.3. We
show that £ -m=v, -7 = ¢ and £ - 0 = 9. Since £ is monic, this makes 7 and
o monad maps by Lemma 5.1.3.

Since €° is the counit of a right extension, the first equation follows from
€ - (5-%)9(2 0-s€"-1g-mg (19 g . ger U € - vg.
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Then
¢rZ¢mpt=v-nt and € 0Z¢ m-spt=v-sn,
and we have
s s @) o st B s o =
€ -(v-nt)g=0-s"-ntg =0-n°g- € = gn° - = € - gy,
eg.(u-snt)g(é)é-sew-sntg (L) g @ € - g,

giving the other two.
The outside face of

st T, 52 58, (g435)?

R lﬁ (€-n) Lugﬁg

commutes by our equations and Lemma 5.1.1. Since £ is monic, this implies that
the left triangle, i.e. Theorem 5.3.2(ii)(a), commutes.
Lastly, (5.1) commutes by

tsg SLEEN s~t2g Ay >s~tg i > stg
%6 En) e

tsg 2% (g3)29 L% (gy3)g

W W e © s

tgs " (g5)95 (<) |&

em§l (0) |5

where the top composite is how dg is defined in Theorem 5.3.2, and the unlabelled
face commutes by our earlier equations. O

To give an analogue of Theorem 5.1.5 for m-weak distributive laws we need
the notion of a weak right extension. The word ‘weak’ here is taken in the sense
of ‘weak terminal object’, which is an object of a category that admits a (not
necessarily unique) morphism from any other object.

Definition 5.4.3. Let g: ¢ — y and f: £ — 2z be 1-cells in K. A weak right
extension of f along g is a weak terminal object of ¢g°|f. Explicitly, it is pair
(h,€) where h: y — z is a 1-cell and €: hg — f is a 2-cell such that for any other
such pair (k, ) there exists some 2-cell @: k — h such that €- ag = a.
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A 1-cell I: z — w weakly preserves (h,¢) if (Ih,le) is in turn a weak exten-
sion of [f along g.

Of course, every right extension is a weak right extension. Just as weak
terminal objects are not unique (e.g. any nonempty set is a weak terminal object
of Set), neither are weak extensions. If a category C has a terminal object 1,
then x € C is a weak terminal object iff the unique morphism z — 1 is a split
epimorphism. Indeed, any morphism 1 — x is a section.

Theorem 5.4.4. Let g: x — y be a 1-cell in K, whose codensity monad t exists
and has counit €°: tg — g, and s be a monad on y whose 1-cell part weakly
preserves rang g. The data of

(i) a strong monad functor (g,0): (z,5) — (y,s) such that g45 exists and has
counit €;

(i) a2-cellv: gy5 — st which is a section in g°|gs of the (necessarily split epic)
unique morphism m: (st,0 - se”) — (g43,€%), such that

(ggs)t i > st?
(gnE)(gnng)l lsut (5.19)
(g435)? ug”§> g4s —— st

commutes;

induce a m-weak distributive law § of t over s satisfying (5.1) such that the resulting
weak composite monad is gys.

Moreover, if € is invertible and (v - 7)g is the identity, the induced m-weak
distributive law is the unique one such that the idempotent in (5.4) is ¢ - 7.

Proof. The fact that ¢ - 7 is a morphism in ¢°|gs precisely means that (5.18)
commutes. Moreover, the monad map £ of Proposition 5.4.2 is the identity, since

eg-fg'wg(gz)9-56”-LQ-779=9~86$=6§'7T9

and 7 is (split) epic. The last equation is the fact that 7 is a morphism (st,6 -
5€%) — (gy3, €°) in g°l.gs. Proposition 5.4.2 then ensures that the monad structure
on g5 is induced by a m-weak distributive law of ¢ over s satisfying (5.1).

Now suppose €® is invertible and (¢ - w)g is the identity. Let 6: ts — st
be a m-weak distributive law such that the idempotent in (5.4) is ¢ - m. Since
splitting of idempotents is unique up to (unique) isomorphism, we may take st
in Proposition 5.4.1 to be g4 and &: st — 945 to be the identity. The same
proposition ensures that this is a monad isomorphism, so that g;s is the weak
composite induced by §. By Theorem 5.3.2, the 2-cells « and 7w and gy5 with its
pushforward monad structure uniquely determine 9. O]

Example 5.4.5. We will use the previous theorem in Theorem 6.1.18 to construct
a m-weak distributive law of the ultrafilter monad over the powerset monad, whose
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weak composite is the filter monad. In fact, this is the weak distributive law
constructed by Garner in [28, §5.1]. In our setting, the fact that this is weak
and not just m-weak is explained because the relevant section ¢: F — PU actually
makes Theorem 5.3.4(ii)(c) and (d) commute.

113



114



Chapter 6

Examples of pushforward monads

In this final chapter we put to use the general theory developed in Chapters 4
and 5 to compute several examples of pushforward monads in the 2-category of
categories. In fact, the patterns exhibited by these examples were the motivation
for developing much of our results so far.

In Section 6.1, we tackle our most extensive source of examples: pushing
monads forward along the inclusion J: FinSet < Set of the category of finite
sets into that of all sets. The most fundamental of these pushforwards, i.e. the
codensity monad of J, is the ultrafilter monad U, whose category of algebras is
the category of compact Hausdorff spaces and continuous maps between them.
This already exemplifies how, even though the starting data is elementary, the
resulting monads on Set can be quite interesting.

Monads on FinSet are rarer than one might expect at first. They correspond
precisely to those finitary monads on Set which preserve finiteness. In the lan-
guage of universal algebra, these are the locally finite varieties. We compute the
pushforwards and the corresponding categories of algebras of several natural such
monads (see Table 6.1). In particular, the pushforwards of the exception, reader,
state, free M-set and powerset monads arise from distributive laws (weak in the
case of the powerset monad) involving the ultrafilter monad. This provides exam-
ples for the results in Chapter 5. We also show that (with two trivial exceptions)
the pushforward of a monad along J does not have rank (Theorem 6.1.24).

Section 6.2 categorifies some of the earlier examples by considering push-
forwards along the inclusion FinFam(£) < Fam(€) of the free finite-coproduct
completion of a category £ into its free coproduct completion. Leinster showed
that the codensity monad of this inclusion, when £ has coproducts and cofiltered
limits, is the ultracoproduct monad®. We show that the pushforward of a par-
ticular lift of the powerset monad along the fibration FinFam(£) — FinSet gives
the reduced coproduct monad, dual to the construction of reduced products of
algebras introduced by Frayne, Morel and Scott in [27].

Section 6.3 revisits the computation of the category of algebras of the coden-
sity monad of the inclusion Field < CRing. We already saw in Example 4.3.23(i)
that this is the free product completion of Field using Diers’s theory of multi-
monadic functors. We give a detailed elementary proof of this fact, which was

1Leinster uses a dual convention, in which this is called the ultraproduct monad. What he
calls Fam(€) is our Fam(&°P).
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T | FinSet” JT Set’:" Reference

1 FinSet V) CHaus Theorem 6.1.5
T 1 T 1 Example 6.1.1
To | Q To Q Example 6.1.2
D, | FinBool D, Set? Example 6.1.3
V. | fdVect, Vect,(k~, k) | Vect” Example 6.1.4
Er | E/FinSet EzU E/CHaus Example 6.1.8
My | [BM,FinSet] | MU [BM, CHaus] Example 6.1.9
Rr | {2}((Set>1)") | R;U {2}((CHaus>;)?) | Example 6.1.10
Ss | FinSet SgU CHaus Example 6.1.11
P BddJoinSLat | F ContlLat Theorem 6.1.14

Table 6.1: Examples of pushforwards along J: FinSet < Set of several monads
T on FinSet and their categories of algebras (up to equivalence) computed in
Section 6.1.

found independently.

Finally, Section 6.4 briefly considers the situation of pushing a monad forward
along another monad. We compute the codensity monads and corresponding
categories of algebras of the exception monads — + F on Set.

6.1 Pushforwards from FinSet to Set

In this section, we explicitly compute the pushforward along the inclusion
J: FinSet < Set of various monads on FinSet. We will also show that, with
the exception of two examples, all pushforwards along J have no rank (Theo-
rem 6.1.24).

Note that J is a fully faithful, representably small functor into a complete
category, so we are in the setting of Theorem 4.3.11. In particular, the problem
of finding monads on FinSet reduces to that of finding monads on Set that re-
strict along J, i.e. that preserve finiteness. Moreover, since J is the inclusion of
the finitely presentable objects of Set, we are in the situation of Remark 4.3.16.
Hence, we can further reduce this problem to that of finding finitary monads
on Set which preserve finiteness or, equivalently, finitary algebraic theories all
of whose finitely generated free models are finite. In the language of universal
algebra, these theories are known as the locally finite varieties and they have
been studied, among others, by McKenzie and Valeriote [52]. A characterisation
of these theories and their corresponding pushforwards would be a substantial
undertaking, well beyond the scope of this thesis. Instead, we limit ourselves to
studying several natural families of monads on FinSet and their pushforwards.

Since J is fully faithful, any monad (or even endofunctor) 7" on Set which
preserves finiteness has, up to isomorphism, exactly one lift along J. We will
denote it by T. Because every monad on FinSet is the lift of some such monad on
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Set, its name will almost always be written with an overline (omitted in Table 6.1
for readability).

There are at least four families of monads whose pushforward along J is easy
to identify.

Example 6.1.1. Let T be the terminal monad on Set (Example 2.4.9). Then T
is the terminal monad on FinSet. It follows from the limit preservation property
of Lemma 4.1.4 that Jﬁ = T. The categories of algebras of T and T coincide:
they are both equivalent to the terminal category.

Example 6.1.2. Let T be the unique proper submonad of T (Example 2.4.10).
For any nonempty set X, the limit formula in (4.6) for J;T(X) and that for
JyTo(X) agree, so we have JyTo(X) = 1. Since J is fully faithful and @ € FinSet,
we have JﬁT_o(Q ) = @. Hence, JﬁT_O = Ty. Once again, the categories of algebras

of Ty and T, coincide: they are both equivalent to the walking arrow category .

Example 6.1.3. Let n be a finite set, and D,, be the endomorphism monad of
n on Set (Example 2.4.15). Then D,, is the codensity monad of n: 1 — FinSet
and D, is that of Jn. Note that the right Kan extension nyl is pointwise, and its
computation only involves finite limits. Since J preserves finite limits, it preserves
Ran, n, and by Lemma 4.1.7 we have J,D,, = Jy(ny1) = (Jn)yl = D,,.

The same argument shows that, for any functor G: A — FinSet from a finite
category, and any monad T on A, we have Jy(GyT) = (JG)4T. Note that GyT
exists pointwise because FinSet has all finite limits.

Example 6.1.4. Let k£ be a finite field, and Vj, be the free k-vector space monad
on Set, which preserves finiteness. We have a commutative diagram of functors

fdVect, <i> Vecty,

le lUVk

FinSet ‘T> Set,

where the vertical arrows are monadic. Hence,
JVi 2 (JUV)1 22 (UVeJp)y1 = (UV*)y(Jigl)

by Lemma 4.1.7 and Remark 4.1.8. The monad J;1 was shown by Leinster [45,
Thm. 7.5] to be isomorphic to the double dualisation monad (—)** on Vecty.
Thus, the monad J;V}, sends a set X to

UVE(FVeX)** = Vecty([kX, k], k) = Vecty(k*, k),

where k¥ is the X-th power of k in Vecty.

Leinster’s Theorem 7.8 shows that the category of (—)**-algebras is equivalent
to Vect.”, which itself is equivalent to the category of linearly compact k-vector
spaces. In fact, the proof shows that (—)*: Vect;® — Vecty, preserves all coequalis-
ers, and hence satisfies the hypotheses of the Crude Monadicity Theorem. The
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latter is also true of UV* because Vj, is finitary. Hence,

_)* vV
Vect;? RN Vect, -7+ Set

is monadic, and so the category of JﬁV_k-algebras is again equivalent to Vect;”.
A direct proof of this fact using Borceux’s [15, Vol. II, Thm. 4.4.5] suggested by
Richard Garner involves noting that Vecty is abelian and hence coexact, and that
k is an injective regular cogenerator.

For the remainder of our examples, computing the relevant pointwise right
Kan extension using (4.6) will be a significant part of the work needed to find
a pushforward. Given a monad T on FinSet, we will write (g): J;T(X) — JTY
for the leg of the limit cone at g: X — JY € X|J. Which monad on FinSet this
refers to will be clear from the context. We will often drop J from our notation,
since it is simply a witness that Y is finite. The cone condition amounts to the
fact that, if f: Y — Y’ is a function between finite sets, then

(fo)=TF - (9), (6.1)

where we have already started to drop J. As demonstrated by this equation, we
write fg or f - g for the composite of two functions f and g, reserving the latter
notation for those cases where ambiguity might arise.

Since the ultrafilter monad will play a crucial rule in the computation of the
remaining pushforwards, we provide a proof of its identification with J;1. The
reader may recall the necessary background on ultrafilters from Definition 2.4.18.
Given a subset A C X, we write [A]: X — 2 for the characteristic function of A,
where 2 = {0, 1}.

Theorem 6.1.5 (Kennison and Gildenhuys). The codensity monad of
J: FinSet < Set is the ultrafilter monad U.

Proof. Since every ultrafilter on a finite set is principal, U = J*U is isomorphic
to the identity. In particular, we have a map of monads ¢: U — J;1, which is
the component at U of the unit of the adjunction in Theorem 4.3.11. Given an
ultrafilter U on a set X and a function g: X — Y into a finite set, (g)px (U) is the
unique y € Y at which Ug(l{) is principal, i.e. the unique y such that g~'{y} € U.
We show that ¢ is invertible, and hence an isomorphism of monads.

Given ¢ € Jy1(X), note that the following are equivalent for A C X:

(i) (g)(t) =y forall g: X - Y € X|J and y € Y such that g~ {y} = 4;
(ii) (g)(t) =y for some g: X - Y € X|J and y € Y such that g7 {y} = A4;
(iii) ([A])() = 1.

This is because if g: X — Y € X|J and y € Y is such that g7'{y} = A, then
[A] = [{y}]g. By (6.1), we have ([4]) = [{y}](g) and so

([(ADE) =1 <= (9)(t) = v.
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The equivalence between the three conditions then follows from the fact that the
left-hand side does not depend on g or y.

The component of the inverse of ¢ at X sends t € J;1(X) to the collection
U, of A C X such that these equivalent conditions hold. We check that U; is an
ultrafilter.

First, taking g in (ii) to be !: X — 1 shows that X € U;. Given A,B C X,
consider the function ([A],[B]): X — 2% and note that the preimage of (1,1) is
exactly AN B. Then

ANB el = (([A],[B)) () = (1,1) by (i) and (ii)
< ([A])(#) =1 and ([B])(¢) =1 by (6.1)
<— A€ Z/lt and B € L{t by (111)

Lastly, note that [X \ A] = —[A], where —: 2 — 2 is logical negation. Hence,
either ([A])(¢¥) = 1 or ([X \ A])(¢) = 1 but not both, giving the last ultrafilter
axiom.

It remains to show that this indeed provides an inverse to ¢x. If U is an
ultrafilter on X and A C X, then

AcUpywy <= ([A)(pxU) =1 = [A] {1} =AclU.
Conversely, if t € Jy1(X), 9: X Y € X|J and y € Y, then

(@) (exth) =y <= g H{y} el = (9)(t) =v. O

Implicit in the previous proof is the idea, extensively used by Leinster in [45],
that the value at X of J;1 is the set of natural integration operators for finite-
valued functions on X. This means that t € J;1(X) gives a way of assigning,
to each g: X — Y with Y finite, an integral [gdt € Y with respect to ¢,
which is (g)(¢) in our notation. Condition (iii) in the proof then shows that
such an integration operator is determined by a 2-valued measure on X, where
the measure of A C X is [[A]dt = ([A])(t) € 2. The measures obtained in this
way are exactly the finitely additive ones (see Leinster’s Lemma 3.1).

Recall from Example 2.4.21 that the category of U-algebras is CHaus equipped
with the underlying set functor. Using the notation of Section 5.1, if T" is a
monad on Set which preserves finiteness, we have monad maps ¢: U — JﬁT and
v: T — JﬁT. In terms of categories of algebras, this translates to a commutative
square of algebraic functors

SetJﬁ U—w> Set”

CHaus —— Set.
UU

By Theorem 2.4.5, U¥ and U¥ are monadic. Hence, regardless of whether there
is some kind of distributive law of U over T', there is a monad on CHaus that T

induces whose category of algebras is Set”t” .
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Of course, this phenomenon is quite specific to Set. In general, the presence

of such a distributive law helps to understand the category of algebras of JyT'.
We now give examples of monads for which such distributive laws are available.

6.1.1 Distributive laws under the ultrafilter monad

First we tackle those monads 7" on Set which preserve Ran; J as well as finiteness.
Theorem 5.1.5 guarantees the existence of a unique distributive law of U over T,
whose induced composite monad is J;T'.

Corollary 6.1.6. Let T be a monad on Set which preserves finiteness and cofil-
tered limits. There exists a unique distributive law of U over T. Moreover, the

composite monad it induces is JyT'.

Proof. We check the hypotheses of Theorem 5.1.5. Since FinSet has finite limits,
the category X|J is cofiltered for any set S, and hence the limit in (4.6) used to
compute J;1(X) is cofiltered. By assumption, T" preserves this limit, and hence
Ran; J. Since T also preserves finiteness, we have a lift T of T to FinSet. Finally,
the counit of Ranj J is invertible by Lemma 2.2.7. O

The following standard result gives many examples of monads to which we
can apply this corollary.

Lemma 6.1.7. Any polynomial endofunctor of Set, i.e. one that can be written

as
> (=)P
acA
for some sets A and (By)aca, preserves connected limits, and hence cofiltered
limits.

Proof. Tt suffices to show that (—)Z: Set — Set and Y : Set? — Set preserve
connected limits for any sets A and B. The first is obvious, because (—)? is a
right adjoint. The second is the well-known fact that, in Set, coproducts commute
with connected limits. O

Example 6.1.8. Let E be a finite set and consider the exception monad Eg =
— + E (Example 2.4.12). It preserves cofiltered limits by the previous lemma,
since — + F = — 4+ Y .cg(—)?. Hence, by Corollary 6.1.6, there is a unique
distributive law : UEg — EgU and JﬁE = Egos U.

Given U € U(X + E), either X € U or E € U but not both. In the first case,
{ANX | A €U} is an ultrafilter on X, which is the value of dx(U). Otherwise,
{ANE | A €U} is an ultrafilter on E, which must be principal at some e € E,
and then éx(U) = e.

In fact, Manes and Mulry [51, Ex. 2.4.6] showed that there is a canonical
distributive law of Eg over any monad T given by the map

Ax:TX + E - T(X +E)
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which is T in the first component and T, - 7% in the second. This gives an
inverse to §, so that EgzU = UEg. This is part of the well-known fact that U
preserves finite coproducts.

The corresponding unique lift of Eg to CHaus is unsurprising. The finite set
FE admits a unique compact Hausdorff topology, i.e. the discrete topology. Since
CHaus has coproducts, the lift is simply given by the corresponding exception
monad —+ F on CHaus. Its category of algebras, which necessarily coincides with
that of JﬁE, is that of E-pointed compact Hausdorff spaces, which is equivalent
to E/CHaus.

Example 6.1.9. Let M be a finite monoid and consider the free M-set monad
My = M x — (Example 2.4.16). Lemma 6.1.7 implies that My, preserves cofil-
tered limits. Hence, there is a unique distributive law 6: UMy; — MU and
Jﬁm =M M ©§ u.

Given U € U(M x X), we must have {m} x X € U for exactly one m € M.
Then ox(U) = (m,m{AN ({m} x X) | A € U}). As before, since U preserves
finite coproducts, § is invertible, and so = is also a distributive law.

The corresponding unique lift of M), to CHaus is again unsurprising. The
finite monoid M becomes a monoid in CHaus with the discrete topology, and the
corresponding monad is that of actions of that monoid. Its category of algebras
is isomorphic to the functor category [BM, CHaus].

Example 6.1.10. Let I be a finite set and consider the reader monad R; =
(=)' (Example 2.4.13). Once again, this monad preserves cofiltered limits by
Lemma 6.1.7. Hence, there is a unique distributive law 6: UR; — R;U and
JﬁR_[ =R 10§ u.

Given Y € U(X') and i € I, we obtain an ultrafilter Um; (i) on X. This
is the i-th component of §x (/). Unlike in the previous two examples, § is not
invertible unless I € {@,1}. For I = 2, this follows from the fact that U is not
commutative.

Note that R; is the I-th power in Mnds,; of the identity monad, and similarly
for R; in Mndfinse. By Lemma 4.1.4, since J and hence J,: [FinSet, FinSet] —
[FinSet, Set] preserve finite limits, J;R; is the I-th power of U.

The finite set I with the discrete topology is an exponentiable object of CHaus
simply because

CHaus(X x I,Y) = CHaus(X,Y)’ = CHaus(X, Y’).

The lift of R; to CHaus is then the corresponding reader monad on CHaus, i.e.
the I-th power of the identity monad on CHaus. The same argument that Faro
and Kelly give in [26, Prop. 11] applies in this case (even though their argument
is given over Set, it works just as well over CHaus because the result of Barr
they cite also holds there). Hence, the category of JﬁR_I algebras is the result of
freely adjoining an initial object to (CHaus>;)?, the I-th power of the category of
nonempty compact Hausdorff spaces.

Example 6.1.11. Let S be a finite set and consider the state monad Sg =
(S x —)% (Example 2.4.14). It preserves cofiltered limits by Lemma 6.1.7. Thus,
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there is a unique distributive law §: USg — SgU and J@ & SgosU. The formula
for this distributive law is built from that in the previous two examples.

The lift of Sg to CHaus is the corresponding state monad on CHaus,
which exists because S is exponentiable. The composite of the right adjoints
(—)%: CHaus — CHaus and UY: CHaus — Set is exactly the S-th power of UY,
and it induces the monad J;Ss. Proposition 2.4.6 implies that (UV)% is monadic,
so that the category of algebras of J@ is equivalent to CHaus.

We now turn our attention to the powerset monad P (Example 2.4.17), which
clearly preserves finiteness. The functor P does not preserve Ran; J, but it does
so weakly in the sense of Definition 5.4.3. First, we show that J,P is isomorphic
to the filter monad F of Example 2.4.20. The proof mimics that of Theorem 6.1.5.

Lemma 6.1.12. The restriction of the filter monad F along J is P.

Proof. For aset X, let ox: PX — FX be the map sending A C X to the principal
filter 1A. It is natural in X because F f(1A) = 1f(A) for any function f: X — Y.
In fact, it is a monad map. That it is compatible with the unit is immediate from
the definition. For the multiplication, if 2f € P2X then

(0o)x () =1t{1A| A e}
and

B e (uF -00)x(A) < B' € (00)x()
<~ B'D{tA| A}
< VA€, BetA
< VA€, BDOA
< BoJau=p"®).
Recall that if F is a filter on a finite set Y, then NF = Nycr A is a finite
intersection of elements of F. This gives a least element of F, at which F is

principal. This shows that ¢J is an isomorphism, so that F and P have the same
restriction along J. O]

This lemma ensures that we have a monad map ¢: F — Juﬁ, the component
at F of the unit of the adjunction in Theorem 4.3.11. We will use the next result
to show that v is invertible.

Lemma 6.1.13. Let X be a set and t € JyP(X). The following are equivalent
for AC X:

(i) (9)(t) C B forallg: X - Y € X|J and B CY such that g7'B = A;
(i) (g9)(t) C B for some g: X - Y € X|J and B CY such that g7'B = A;
(iif) ([AD)(®) < {1}.
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Proof. If g: X - Y € X|J and B CY is such that g7’ B = A, then [A] = [Bg.
By (6.1), we have ([A]) = P[B] - (¢9) and so

([A)(t) € {1} <= (9)(t) C B.

The equivalence between the three conditions then follows from the fact that the
left-hand side does not depend on g or B. m

Theorem 6.1.14. The pushforward Jﬁﬁ 1s isomorphic to the filter monad F.

Proof. Given a set X, a filter F on X, and g: X — Y € X|J, we get a filter
Ff(F) on Y, which is principal at N F f(F). The monad map ¢: F — J,P is then
determined by

9x(F) =(Ff(F (6.3)

We now construct an inverse to ¥x.

Given t € Jﬁﬁ, we get a filter F; on X by declaring that A € F; iff it satisfies
any of the equivalent conditions of Lemma 6.1.13. Certainly, X € F; by taking
g in condition (ii) to be !: X — 1. Given A, B C X, consider the function
([A],[B]): X — 22 and note that the preimage of (1,1) is exactly AN B. Then

ANBeF < (A [B)() < {(1,1)} by (i) and (ii)
= ([A)(®) € {1} and ((B])(?) € {1} by (6.1)
< Ac F,and Be F; by (iii).

Hence, F; is a filter on X.

Lastly, we check that this provides an inverse to ¥x. Given t € Jnﬁ, for
g: X = Y € X]J, recall that (g)¢x(F;) is the smallest B C Y such that
g !B € F,;. But we have

g 'BeF, <= (9)(t) C B,

the forward implication coming from Lemma 6.1.13 condition (i), and the back-
wards one from condition (ii). Therefore, (9)¥x(F:) = (g9)(¢), as needed. In the
other direction, for 7 € FX and A C X we have

A€ Fypr) = ([A)yx(F) € {1} by (i)
— (FAI(F) < {1} by (6.3)
< {1} € F[A|(F)
= AT} =AeF by (2.11). O

Remark 6.1.15. It follows from the isomorphism in the previous theorem that
a collection F of subsets of X is a filter iff it induces a natural nondeterministic
integration operator for finite valued functions on X. Given a function g: X —Y
into a finite set, its nondeterministic integral with respect to F is [gdF =

(9)yx(F) CY

Using Theorem 5.4.4, we can show that F = J,P is in fact the weak composite
induced by a w-weak distributive law of U over P. This w-weak distributive law
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is not new; it is the weak distributive law constructed by Garner [28, §5.1] using
the theory of extensions of endofunctors and natural transformations from Set to
Rel, which is the Kleisli category of P. In our context, it arises not mainly due to
properties of P and its Kleisli category, but due to U being the codensity monad
of J.

Proposition 6.1.16. The endofunctor P weakly preserves Ranj J.

Proof. As discussed after Definition 5.4.3, it suffices to show that the comparison
natural transformation 7: P o Ran; J — Ranj PJ has a section ¢ such that Pe” -
vJ = €"7, where ¢’ and €/ are the counits of Ran; J and Ranj PJ, respectively.
Translating this along the isomorphisms of Theorems 6.1.5 and 6.1.14, m becomes
the natural transformation PU — F which sends a set of ultrafilters to their
intersection. The counits €/: UJ — J and €"/: FJ — PJ send an (ultra)filter on
a finite set to the element/subset it is principal at.
Let
x(F)={U e UX | F CU} (6.4)

for a set X and F € FX. This gives a well-known section to mx. Of course,
(m-)x(F) = Nex(F) 2 F. If F = PX, then the reverse inclusion is trivial.
Otherwise, there is some A C X not in F, and so | A is an ideal disjoint from F.
By the Ultrafilter Lemma, there is an ultrafilter &/ on X containing F disjoint
from | A, and hence not containing A. This proves N¢x(F) C F.

The section tx is natural in X. Indeed, if f: X — Y is a function, F € FX
and U € UY, then

UE (ty -Ff)(F) <= VBCY, (f'BeF = Becl),

and
Ue (PUf-1x)(F) < TV elUX, FCVand U =Uf(V).

The second line certainly implies the first one. If 7 = PX then the equivalence
is clear, since no U satisfies either line. Now assume F is a proper filter. For U
satisfying the first line, let

I={ACX|3BCY, B¢Uand AC f'B}.

We claim that Z is an ideal. It is certainly downwards closed and contains @. If
A; C f7'By and Ay C f!B, for some By, B, ¢ U, then B; U By ¢ U since the
complement of an ultrafilter is an ideal, and A; U Ay C f~(B; U By). Moreover,
T is disjoint from F, for if A C f~'B with B ¢ U, then f~'!B ¢ F by our
assumption on U, and thus A ¢ F. By the Ultrafilter Lemma, there is V € UX
containing F and disjoint from Z. This disjointness means that Uf()) contains
no B ¢ U, and so Uf(V) C U. Since ultrafilters are maximal with respect to
inclusion, we must have Uf(V) = U. Hence U satisfies the second line above,
concluding the proof of the naturality of ¢.

It remains to check that ¢ is compatible with €’/ and /. If X is finite, then
F = 1A for some A C X and €5/(F) = A. Similarly, tJx(F) = {t{a} | a € A}
which is sent by Pe’ to A, as needed. O
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The remaining ingredient which will allow us to apply Theorem 5.4.4 is the
compatibility condition of the section ¢ with uY. Following the notation there,
we let 7: U — F be the obvious inclusion.

Lemma 6.1.17. The section t: F — PU of the previous proposition satisfies the
condition of Theorem 5.4.4(ii), i.e. the following diagram commutes

FU Y, puy2

| [pye

F2 MF>F — PU.

Proof. Let X be a set and § € FUX. If § = PUX then both composites map it
to &, so we assume § is proper. The top composite sends § to

2A={{AC X | A'NUX € U} | il € U2X such that § C u},
while the bottom composite produces
B={UcUX|VACX, A\ nUX cF = AclU}.

That 2 C B is immediate from their definition.
For the other direction, let ¢ € 5 and define

J={BCUX|3ACX, A¢Uand BC A*'NnUX}.

This is an ideal on UX. Indeed, it is downwards closed and contains @. If
B; C A NUX and B, C AY N UX with Ay, Ay ¢ U, then A; U Ay ¢ U since the
complement of an ultrafilter is an ideal. Moreover,

BiUB, C (A" U4} NUX C (4, UA) NUX,

SO Bl U B2 e J.

Note that § and J are disjoint, since A ¢ U implies that A*NUX ¢ § because
U € B. Thus, by the Ultrafilter Lemma, there exists { € U?X containing § and
disjoint from J. This disjointness means that if A ¢ U then A* N UX ¢ 4, so
S (L) C U. Equality then follows from maximality. O

Theorem 6.1.18. The filter monad F = Jﬁﬁ is the weak composite of a m-weak
distributive law 6: UP — PU given by

Sx(¥) = {Ueux|vaey, Jaeu}

for a set X and U € UPX.

Proof. Aspromised in Example 5.4.5, this is a direct application of Theorem 5.4.4,
using Proposition 6.1.16 and the previous lemma. The formula for ¢ is obtained
as the composite

uP 225 F2 £, F s pU,




where we have used the notation of Section 5.4. Explicitly, ¢ is as in (6.4), 7 is
the inclusion and o is as in Lemma 6.1.12, i.e. it sends a subset to the principal
filter at it. m

One readily checks that ¢ in the previous theorem agrees with the weak dis-
tributive law of Garner [28, §5.1]. As explained there, it induces a weak lift of P
to CHaus, which is given by the Vietoris monad. This monad sends a compact
Hausdorff space X to the set of all its closed subsets, equipped with a suitable
compact Hausdorff topology. Its category of algebras necessarily coincides with
that of the filter monad, which is the category of continuous lattices, as we saw
in Example 2.4.20. The facts that a continuous lattice is a special kind of com-
plete lattice, and that it has a canonical compact Hausdorff topology are then
automatic from the pushforward construction, by taking 7" = P in (6.2).

We conclude this section with the negative result promised after Proposi-
tion 5.1.8. Recall that Pf denotes the finite powerset monad (Example 2.4.17).

Proposition 6.1.19. There is no distributive law 6: UPt — PfU.

Proof. Note that the restriction of Pf along J is just P. Let v: P!U — F be the
natural transformation of Lemma 5.1.1. It sends a finite set of ultrafilters to their
intersection. We show that v is monic.

Let A,B € PIUX for a set X, and suppose U € 2\ B. For each V € B,
there is some Ay, € V \ U. Since ‘B is finite and the complement of U is an ideal,
A = Uyeg Ay is not in Y but it is in every V € B. Thus, A € v(*B) but not in
v(2A).

By Proposition 5.1.8, it suffices to show that the monad structure of F does
not restrict along v. It is easy to see that the unit does restrict. However, we
show that uf - vv does not factor through v.

The image of v consists exactly of those filters which are the intersection
of a (uniquely determined) finite collection of ultrafilters. Indeed, if F is the
intersection of both 2 € PfFUX and 8 € PUX, then it is also the intersection of
any finite subcollection of 2 U B containing 2. Since v is monic, 2 must be the
only such subcollection, so 2l = 8.

Let X be an infinite set. We construct 4 € UPfUX such that (uF - vv)x ({4(})
is contained in infinitely may ultrafilters, and hence not in the image of v. Let §
be the filter on P'UX generated by the sets

A={2AecPUX | e AclU}

for each nonempty A C X. This is a proper filter, because for any nonempty
Ay, ..., Ay C X, each A; is certainly contained in some U; € UX and then
{U,...,U} € A;N---NA,. By the Ultrafilter Lemma, there is some ultrafilter
i containing §.

We claim that (uf - vv)x({U4}) = {A C X | v (A¥) € U} is the trivial filter,
which is of course contained in infinitely many ultrafilters. Note that

v (A) = {A € PIUX | WU € 2, Aeu} = (A°)°.

126



If A C X, then AC # @ and AC € { by construction. It follows that vyt (AY) ¢ 4,
and hence A ¢ (uf - vv)x({U}). O

The fact that there is no such distributive law means, among other things,
that it is impossible to lift the finite powerset monad P! along the underlying set
functor CHaus — Set.

There are analogous results if we take, instead of P and Pf, their respective
submonads P, and Pi which exclude the empty subset. They both restrict to
P, and JﬁP_+ is isomorphic to the proper filter monad F,. The proofs go through
almost unchanged, giving:

Theorem 6.1.20. The proper filter monad F = JﬁP_+ is the weak composite of
a m-weak distributive law §: UP,. — P, U.

Proposition 6.1.21. There is no distributive law §: UPL — PLU.

6.1.2 The rank of pushforwards

It is common for codensity monads to not be finitary. For example, Di Liberti
shows in [20, Thm. 4.4] that if A is a locally finitely presentable category, and
the codensity monad T of the inclusion Ag < A is finitary, then T" must be
the identity. In this last subsection we show that, at least when taken along
J: FinSet — Set, pushforward monads have a similar tendency. In fact, except
for those of the monads in Examples 6.1.1 and 6.1.2, i.e. the two inconsistent
monads, pushforwards along J never have rank.

This will be an easy consequence of the fact that, for any regular cardinal &,
any subfunctor of a k-accessible endofunctor of Set is k-accessible. This can be
proved from the fact that Set is strictly locally finitely presentable in the sense
of Addmek, Milius, Sousa and Wimann [2, Def. 3.9], and that, between such
categories, k-accessible functors coincide with x-bounded ones (Theorem 4.11 in
their article). However, we give an elementary direct proof here.

Proposition 6.1.22. Let k be a regular cardinal, and T: Set — Set be a k-
accessible functor. Any subfunctor of T is k-accessible.

Proof. We will use the fact that a functor out of Set is x-accessible iff, for all sets
X, it preserves the colimit of the canonical diagram Dx : Sub,(X) — Set, where
Sub,(X) is the poset of subobjects of X of cardinality less than . A proof of this
(in the finitary case) can be found in [2, Cor. 2.7]. Recall that a colimit cocone
for Dy is (’L Y — X)'L'eSub,@(X)-

Let m: S — T be a monic natural transformation, and consider the commu-
tative square

colimSDxy —— SX
colim sz\[ Jimx
colimTDyx —— TX.

The injectivity of the function on the left follows the construction of x-filtered
colimits in Set, and the fact that mDx is pointwise injective. Hence, the map on
the top is injective, so it suffices to show that it is surjective.
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This is trivial if X = &, so we assume otherwise. Let s € SX. Then
mx(s) = Ti(t) for some i: Y — X in Sub,(X) and t € TY. Without loss
of generality, we may assume that Y is nonempty, so that ¢ has a retraction, say
ri = 1ly. Then

mx - Si-Sr(s) =Ti-Tr-mx(s) by naturality
= Ti-Tr - Ti(t)
= Ti(t) since ri = ly
= mx(s),

and hence Si-Sr(s) = s. This shows that s is in the image of colim SDx — SX,
and, since s was arbitrary, that this map is surjective. O]

Remark 6.1.23. This proposition is crucially limited to functors whose domain
is Set. For example, the inclusion Z < Q is an epimorphism in CRing, and
since the Yoneda embedding CRing®® < [CRing, Set] preserves limits, it gives
a monomorphism CRing(Q, —) — CRing(Z,—). However, as rings, Z is finitely
presentable, while Q is not even finitely generated, so CRing(Z, —) is No-accessible,
but CRing(Q, —) is not.

Recall that a monad T on Set or FinSet is called consistent if 57 is monic.

Theorem 6.1.24. Let T' be a consistent monad on FinSet. Then JyT' has no
rank.

Proof. Since FinSet and Set have kernel pairs, monomorphisms in Mndg;,se: and
Mnds,: are exactly those whose underlying natural transformation is monic (Re-
mark 4.2.5), which coincide with those which are pointwise monic. As J pre-
serves monomorphisms, both J,: [FinSet, FinSet] — [FinSet, Set] and Ran; (being
a right adjoint) preserve monomorphisms, and hence so does J;. It follows that
JymT: U — JT is a monic natural transformation. Since the ultrafilter monad
does not have rank, Proposition 6.1.22 then implies that neither does J;T'.

That the ultrafilter monad does not have rank is stated in several sources, e.g.
in Borceux’s book [15, Vol. II, p. 235], but seemingly always without proof. Here
is the sketch of one: for a regular cardinal x and a set X of cardinality at least
k, the collection of subsets of X whose complement has cardinality less than x is
a proper filter. By the Ultrafilter Lemma, it is contained in some ultrafilter i.
One checks that U is not in the image of Ui for any i € Sub,(X). It follows that
the map colimUDyx — UX in the proof of Proposition 6.1.22 is not surjective,
and hence that U is not k-accessible. O

6.2 Pushforwards from FinFam to Fam

Let £ be a category with coproducts and cofiltered limits and FinFam(£) and
Fam(&) denote its free completion under finite and small coproducts, respec-
tively. Leinster [45, Thm. 8.5] showed that the codensity monad of the inclusion
J: FinFam(€) < Fam(€) is the ultracoproduct monad. When & = (Set”)° for
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some finitary monad 7T, this sends an A-indexed family of T-algebras (X,)sca
to the UA-indexed family of their ultraproducts ([T, X.)uecua, in the sense of
model theory. In this section, we compute the pushforward of a lift of the pow-
erset monad P to FinFam(€) along J, and show that it is the reduced coproduct
monad. The dual reduced products are again a familiar construction in model
theory, as defined by Frayne, Morel and Scott in [27].

The author is grateful to Richard Garner for suggesting the study of pushfor-
wards along J and helping to shape some of the results in this section.

The category Fam(€) is perhaps best introduced as the Grothendieck con-
struction E(£7) of the functor £7: Set®® — CAT which sends a set A to
EA = CAT(A, £). Explicitly, Fam(€) is the category where

 objects are pairs (A, z) where A is a set and £ = (z,)sca is an A-indexed
family of objects of &;

 morphisms (4,z) — (B,y) are pairs (f,¢) where f: A — B is a function
and ¢ = (a)eea is an A-indexed family of morphisms ¢, : £, — ys@) in €.

The identity on (A, z) is (14, (1s,)aca). The composite of

o) L2, By Y (¢

is (9f, (Yf@)¥Pa)aca). As the Grothendieck construction of £, the category
Fam(€) comes equipped with a (Grothendieck) fibration P: Fam(€) — Set.

The category FinFam(&) is easily recovered as the Grothendieck construction
of £7~: FinSet®® — CAT. Its objects and morphisms are the same as those of
Fam(€) except that we insist that the indexing sets are finite. It comes equipped
with a fibration @: FinFam(€) — FinSet fitting into a commutative diagram

FinFam(&) 2, Fam(&)

Ql lP
FinSet — Set,
which is easily seen to be a pullback in CAT.

Yet another way to view Fam(&) is as the lax slice category Set/€ in CAT,
whose objects are functors I'4: A — £ from a discrete category A and whose
morphisms from I'* to I'?: B — £ are pairs (f, p) where f: A — B is a function
and ¢: I'4 — I'Bf is a natural transformation.

Leinster [45, Thm. 8.5] showed that J,1 is the ultracoproduct monad U, which
lifts the ultrafilter monad U along P. For (A, z) € Fam(&),

U(A,z) = [ UA, (lim xa> ,
( Seu; UeuA

where we view U € UA as a poset under subset inclusion.
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When £ = (Set”)°P, for some finitary monad 7" on Set, this becomes

U(4, X) = (UA, (T X)yeua) »

where [[;; X is the ultraproduct of the A-indexed family of T-algebras X over
the ultrafilter &. Explicitly, it is the quotient of [J,c4 X, by the equivalence
relation which identifies (z,)qca and (ya)aca Whenever the set {a € A | z, = y,}
is in Y. This construction is of great importance in model theory thanks to Lo§’s
theorem, which states that a first-order formula holds in [];, X iff the set of those
i such that the formula holds in X; is in &. Kennison [36, Thm. 1.4] showed that
the category of U algebras is isomorphic to the category T-Shf, whose objects
are compact Hausdorff spaces equipped with a sheaf of T-algebras and whose
morphisms are maps of sheaves which induce T-algebra homomorphisms on each
stalk.

The following result, given by Leinster in [45, Lem. 8.2], is standard. It will
allow us to compute certain pushforwards along J. For a functor ¥: A°®? — CAT
and f: a = a' in A we write f*: Xa’ — Xa for the image of f under X.

Lemma 6.2.1. Let T be a category, and let A be a category with limits of shape
Z. Let ¥: A°® — CAT be a functor such that Ya has limits of shape I for each
a € A which are preserved by f* for all f: a’ — a in A. Then the Grothendieck
construction E(X) has limits of shape Z and they are preserved by the projection
P:E(X) — A.

Ezxplicitly, if D: T — E(X) is a functor with Di = (a;, ;) for i € I, then

lim Di = (lima;, lim7}x; |,
i€l €T L

where m;: lim; a; — a; are the legs of a limit cone in A for PD.

Recall from Proposition 4.3.2 that a functor G: A — B is representably small
iff b|G is cofinally small for each b € B. The next proposition is the analogue of
Leinster’s [45, Prop. 8.3] for pushforward monads. As we did in Section 6.1, if
T is a monad on A whose pointwise pushforward along G exists and f: b — Ga
is a morphism in B, we write (f): GyT'(b) — GTa for the leg of the limit cone
of (4.6) at f € blG.

First, we need to introduce some notation. Let X: A°® — CAT be a functor,
inducing the fibration P: E(X) — A. Let T be an endofunctor on A and T be
an endofunctor on E(X) which lifts T" along P. For each (a,z) € E(X), we have

I(aa Q) = (Ta, Iaﬁ)

for some T, x € ¥XTa. Note that T, becomes a functor ¥a — XTa, since
T(14,¢) = (174, T,¢p) for some morphism T',¢ in XTa.

Proposition 6.2.2. Let G: A — B and X: B°® — CAT be functors. Suppose G
is representably small, B is complete, b is complete for all b € B, and f* has a
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left adjoint f, for every morphism f in B. Consider the pullback diagram in CAT

E(EGr) —<5 B(D)

Ql lP
Let T be a monad on A and T be a monad on E(XG°P) which lifts T along Q.
Then the pointwise pushforward GyT exists, it is given by

G{T(b,2) = (GﬁT(b),leggnGaU)*L(f@)) ,

€blG
for (b,z) € E(X), and it is a lift of G4T along P.

Proof. Using the pointwise formula for the pushforward in (4.6), for (b, z) € E(X)
we have

G,T(b,2) = lim ((b, )16 2 BEGe) L BEG) —S E(E))

where Il . is the projection.

An object of (b, )]G consists of an object a € A, an object y € ¥(Ga), a
morphism g: b — Ga in B, and a morphism ¢: z — f*y in $b. By assumption,
such a ¢ corresponds to a unique ¥: fix — y in Z(Ga)._ Hence, the limit above
is equivalent to -

180 o hny G0 Y)

€G  ef2(Ga)
as soon as this limit exists. By assumption, fiz|3>(Ga) has an initial object, the
identity on fiz, so the inside limit simplifies to GT (a, fiz) = (GTa,T,(fix))-
Let S: Z — blG be a cofinal functor from a small category. This together
with the completeness assumptions ensures that the limit exists by Lemma 6.2.1,
and is given by

f:b—=Ga
eblG

(GaT(b), lim <f>*Ia(f!£))-

That the monad structure of GyT lifts that of GyT" along P is immediate
from its definition in terms of the universal property of limits and how they are
computed in E(X). O

Remark 6.2.3. Note that instead of assuming that G is representably small and
3b is complete for all b € B, we could assume that, for each b € B, the category
Yb has limits over all the shapes b'|G for b’ € B.

When £ has coproducts and cofiltered limits, taking ¥ = £~ : Set®® — CAT
and G = J: FinSet — Set satisfies the hypotheses of the previous remark. Given
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a function f: A — B, the reindexing functor f*: £8 — £4 has a left adjoint f;
as soon as £ has coproducts. Indeed,

gA(Qa f*g) = H g(xa,yf(a)) = H S(Ef(a):b wmyb)a

acA beB

so fixz has 3 cs-1p} Ta as its b-th component. Moreover, for every set A, the
category AlJ is cofiltered, so that each £F has limits of shape AlJ (computed
componentwise).

We now introduce a lift P of the powerset monad P along P: Fam(€) — Set.
It will itself lift along J to produce a lift P of P along @: FinFam(£) — FinSet.
For (A, z) € Fam(£), define

P(4,2) = (PA, (Cues Ta)sca) - (6.5)

For a morphism (f,): (A,z) — (B,y) in Fam(£), we put

P(f,0) = (Pf,(¢s)sca)

where ©g: 3 ,cs5Ta — Yues Yf(a) is the coproduct of the components of ¢ in S.
It is straightforward to see that P is a functor, which we endow with the following
monad structure.

The unit n® at (A, z) has 77} as its first component and the canonical isomor-
phism Z, — > ,/cfq) To for each a € A as its second component. The multiplica-
tion uP at (A,z) has pf as its first component and, for 20 C PA, the canonical

isomorphism
P
i DD % —— ). T
A€ acA “ENZ )

as its second component. Once again, it is easy to see that this defines a monad
P and that it lifts P along P. Just like P restricts along J to P, the monad P
restricts along J to the monad P on FinFam(£).

The P-algebras admit a simple description:

Proposition 6.2.4. The category of P-algebras is isomorphic to the lax slice
category SuplLat//E in CAT, where SuplLat = Set” is the category of suplattices
and supremum-preserving maps.

Proof. Let ((A,z),(a,a)) be a P-algebra. Since P is a lift of P, it follows that
(A, @) is a P-algebra, i.e. a suplattice. For each S C A, we have a morphism

ag: Zxa — ZTa(S)
a€S

in £. The suplattice A becomes a poset, and hence a category, by setting a < a’
iff a({a,a'}) = a’. Whenever this is the case, we have a morphism

o ’
Fa<d)=x,— > gy —2

be{a,a’}
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in £, where ¢, is the coproduct inclusion. The unit axiom for the P-algebra ensures
that I'(a < a) is the identity on z,. If a < o' < d" € A, let S = {{a,d'},{a’,a"}}
and consider the diagram

la

T, —— beMZbe—> Z Tp

be{a,a’'} S€eG beS be{a,a’,a"}
a{a’a/}l E(avg)ﬁl la{a,a/’a//}
Za/ (%% Z 2 a{a/’a//} La )
be{a’,a’}

where the top face commutes by definition of u, the left square by definition
of P and the right square by the P-algebra multiplication axiom. The bottom
composite is I'(a’ < a”) - T'(a < a'). A similar diagram shows that the top
composite is also equal to I'(a < a”), proving that I is a functor.

Conversely, suppose we have a suplattice (A4, @) and a functor I': A — &£. Let
z = (F'a)4ea and, for S C A, define

Qs Y Ty — Ga(s)
a€S

to be the map induced by I'(a < «(S)) for a € S. The P-algebra unit axiom
amounts the fact that these maps are identities when S is a singleton. The
multiplication axiom is similarly checked, using the fact that I' is a functor and
that maps out of a coproduct are determined by their components.

A morphism (f,¢): ((4,2),(a,a)) — ((B,y),(8,8)) of P-algebras amounts
to a supremum-preserving map f: A — B together with morphisms @,: £, —
Yf(a) in € for each a € A such that

E(f? (P)S
a€s bef(S)

aSl lﬁf(s)

-’I"a(S) Pa(s) yﬁ(f(S))

commutes for each S C A. Writing '*: A — £ and I'B: B — & for the cor-
responding functors, this gives a natural transformation I'* — I'Bf. Naturality
follows from taking S = {a,a’} for a < a’ € A in the above diagram.

Conversely, given a supremum-preserving map f: A — B and a natural trans-
formation ¢: I'" — I'Bf, we get a morphism of P-algebras. That the diagram
above commutes for each S C A is checked by precomposing with each coproduct
inclusion and using naturality. m

We now compute the pushforward of the restricted monad P on FinFam(€)
along J: FinFam(€) — Fam(€).
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Theorem 6.2.5. Let £ be a category with coproducts and cofiltered limits. The
pointwise pushforward J,P exists and is given by

JiP(A z) = ( <hm ;9%) ]:eFA)

for (A, z) € Fam(&), where we view F € FA as a poset under subset inclusion.

Proof. We use the formula in Proposition 6.2.2, which is valid in this case by the
discussion above. By Theorem 6.1.14, the first component of J,P(A, z) is exactly
FA. The second is given by

lim <f>*EB(f'§) hm <f>*EB (Zf(a)=b xa)beB

fiA>B T A>B
€AlJ eAU

=f:1}4nj>B > (Z Z a:a) by (6.5)

= .lji4mB ( )
fGAJT] acf-1T
Tas” \aer” 1<f o Fera

= l}qm
TP aer” 1<f (f) rera

since limits in £F4 are computed componentwise. We have omitted the isomor-
phism 9: F — J4P of Theorem 6.1.14, so that (f)(F) is the smallest subset T" of
B such that f~!T € F.

For F € FA, let Dr: AlJ — & be the diagram whose limit gives the F-
component above. If f: A— B € AlJ and g: B — C € FinSet, then (gf)(F) =
g({(f)(F)) by (6.1). Since T C g~'g(T) for any T C B, we then have

FHOF) € (9H)~Haf)(F)

with both sets in F. Then Dzg is the map

Yooz, —— > T,

acf~Hf)(F) a€(gf)~ (g f)(F)

induced by the coproduct inclusions.

Let Er: F — & be the diagram in the statement, which sends S C S’ € F to
the map > ,cq o = Y qecg o induced by the coproduct inclusions. We have just
shown that the assignment f — f~1(f)(F) gives a functor K: AlJ — F, and
that ExrK = Dx. It suffices to prove that this functor is cofinal. This in turn
follows easily from the fact that K is surjective on objects, AlJ is cofiltered and
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F is a poset. H

Being a lift of the filter monad F on Set along P, we denote lﬂE by F. By
the general theory of Section 5.1, F ought to be thought of as a combination of
J41 = U and P. How exactly these two monads are combined does not seem to
have a simple description. In particular, the m-weak distributive law of U over P
yielding F does not to lift to a m-weak distributive law of U over P yielding J ﬁE.
Already the section ¢: F — PU of Proposition 6.1.16 does not lift to Fam(£). A
lift would require, for each F € FA, a map

D ze—— 3. D

a€S UeUA a€S
FCU

which seems impossible to describe in this generality.
Setting £ = (Set” )P for a finitary monad 7', we have

F(4,X) = (FA, (cgtin TT . ) |
FeFA

a€S

For F € FA, the colimit in the F-component is the reduced product [Jr X
of X over F, as defined by Frayne, Morel and Scott in [27]. Much like the
ultraproduct, this is the quotient of [[,cs X, by the equivalence relation which
identifies (z4)aca and (Ya)aca whenever {a € A | z, = y,} is in F.

Every F-algebra (A,X) has underlying P- and U-algebra structures. The
latter implies that A is a compact Hausdorff space with a sheaf of T-algebras.
By Proposition 6.2.4, the former implies that A is a suplattice equipped with a
functor A°? — Set”. Since F lifts F, it also follows that A is in fact a continuous
lattice. An explicit description of the F-algebras would involve specifying how
these two structures interact. This is left as a subject for future work.

6.3 Codensity monads of the category of fields

In this section, we study the codensity monad K of the inclusion Field <— CRing
of the category of fields into the category of commutative unital rings (which we
will simply refer to as rings within this section). Although we already saw in
Example 4.3.23(i) that the category of K-algebras is the free product completion
of Field using results of Diers’s, this was proved independently by the author.
This alternative derivation, unlike Diers’s theory of multimonadic functors, is
restricted to the categories in question. On the other hand, it is far more explicit.
The action of K on objects was described by Leinster [45, Ex. 5.1]. For a ring

R we have
KR= ][] Frac(R/p). (6.6)

pESpec R

This can be seen from the limit formula (4.6) using the description of the category
R/Field in Example 4.3.4(iv).
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For p € Spec R, we will write m, for the projection KR — Frac(R/p). The
action of K on morphisms is as follows: for a ring homomorphism f: R — S,
x € KR and q € Spec R, we have

Kf(z)g = fo(T5-1q), (6.7)

where f, denotes the map of fields Frac(R/f'q) — Frac(S/q) that f induces.

On the p-component, the unit 7% is the canonical map R — Frac(R/p). This
unit embodies the philosophy of algebraic geometry: KR is a ring of dependent
functions on Spec R, and 7} realises elements of R as such functions. To under-
stand the multiplication, we need the following elementary result about ideals in
a product of fields.

Proposition 6.3.1. Let I be a set, and k; be a field for each i. The poset
of ideals of R = [l;cr ki is isomorphic to the poset of filters on I. All prime
ideals are mazimal, and they correspond to the ultrafilters. Moreover, for S C I,
the quotient map from R to its quotient by the ideal corresponding to 1S is the

projection

1€l €S

Proof. First, we introduce some notation. For z € R, let V(z) = {i € I | z; = 0}.
Given an ideal a of R, we define

F.=A{V(z) | z € a}.

One easily checks that this is a filter on I. Conversely, a filter F on I gives the
ideal
ar={ze€R|V(z) e F}.

It is clear that these two processes are mutually inverse, and that they preserve
inclusions.

If a is a non-maximal proper ideal, then JF, is proper but not an ultrafilter, so
there is some S C I such that S, I\ S ¢ F,. Taking z,y € R such that V(z) =S
and V(y) = I\ S then gives xzy = 0 € a and yet z,y ¢ a, so a is not prime.

For the statement about quotients, it suffices to note that, for S C I, the ideal

aps is precisely [T,ens ki X [Lies{0} € R. =

The multiplication p%: K2R — KR is then just the projection onto those
factors corresponding to the principal ultrafilters:

[I Frac(KR/a) — [ Frac(KR/ayyy)= ][ Frac(R/p)

geSpecKR pESpec R pESpec R

Since Field — CRing is fully faithful, so is the comparison functor Field —
CRingX by Remark 4.3.12. Thus every field is an example of a K-algebra. All
the free K-algebras are products of fields by (6.6), and in fact this will be true
for all K-algebras. To show this, we introduce the following notation: for a set
S C I, and fields k; for ¢ € I, let ds be the element of [];c; k; that is 1 in those
components in S and 0 elsewhere.
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Proposition 6.3.2. Let £: KR — R be a K-algebra structure map. Then R =
[Licr ki for some set I and fields k; for each i € I, and & is isomorphic to the
projection onto the components corresponding to the principal ultrafilters on I.

Proof. Let S C Spec KR be the set of those primes corresponding to nonprin-
cipal ultrafilters. Our description of u% implies that p%(ds) = 0, and then the
multiplication axiom says that K&(ds) € ker €. By the description of K on maps
n (6.7), K&(ds) = 1, where T' C Spec R is the set of those primes p such that
€1p € S. Hence, 1 € ker&.

By the unit axiom, if z € R is nonzero, then n%(z) ¢ ker £, so nk(z) is not a
multiple of §7. Using the product formula (6.6), this means that n(x) is nonzero
in at least one component outside of T'. In other words, for every nonzero € R,
there exists some p € Spec R such that x ¢ p and £~!p corresponds to a principal
ultrafilter. It follows that

(Il p=0 and keré= () &7'p.

pe(Spec R)\T p€E(Spec R)\T

Thus, ker £ corresponds to an intersection of principal ultrafilters, which is itself a
principal filter. Since R = KR/ ker £, Proposition 6.3.1 gives that £ is isomorphic
to a projection onto a subproduct of KR.

Now assume that R = [[;c; k; for some set I and fields k; for each < € I. Then

m aT{i} =0 and ker§ = n g_laT{i},

i€l i€l

so it suffices to show that {'aryy = argpiyy. Let € R be such that V(z) =
{i}, so z € a;; and this is the only prime ideal of R containing . Then
V(n%(z)) = {t{:}}, and the only prime ideal of KR containing n'%(z) is at1(iy}-
Since {n(z) = z and z € ayyyy, this ideal must be £ ay;. O

Since CRing has and UX creates products, CRing® has products. Proposi-
tion 6.3.2 then implies that its objects are precisely the products of fields, each
with a unique K-algebra structure. However, not every morphism of rings between
two products of fields is a K-algebra map.

Proposition 6.3.3. Let I and J be sets, and k; and h; be fields for each i € I
and j € J. For a ring homomorphism f: [licr ki — [l;es hj, the following are
equivalent:

(i) f is a K-algebra map;

(ii) for each j € J, the prime ideal f~ ar;y corresponds to a principal ultrafilter
on I under the correspondence of Proposition 6.3.1;

(iii) there exist a function f*: J — I, and field homomorphisms f;: kg«(jy = h;
for each j € J, such that m;f = fimp-;) for all j € J.

Proof. Throughout, let k and A be the unique algebra structure maps of [[;c; &;
and [[;c s hj, respectively.
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(i) = (ii). Let j € J and p = f~'ayg;. Consider dgy € K([Tier ki) If p is
not principal, then x(dy,3) = 0 and, since f is a K-algebra map, A - Kf(dg3) = 0.
This is a contradiction, because Kf(d(,)) is 1 in the ayy;3-component, and hence
so is A - Kf(dy) in the j-component.

(ii) = (iii). The function f*: J — I sends j € J to the unique i € I such that
frargy = argp. The field homomorphism f;: kg«(;) — h; is the one induced by f
on the quotients by aj(s«(;); and ayg;}, which are kg«(;) and h;, respectively. The
equations needed hold because these quotient maps are precisely the projections.

(iii) = (i). Let x € K([T;cs k). The j-component of fr(x) is fjms( k(). To
find the j-component of A - Kf(z), we must first find f~'ayg;;. This is precisely
the kernel of m;f = f;m«(;), which is ker mp-(;) = apqp«(j)}, since f; is a field
homomorphism, and hence injective. Then

miX - Kf (@) = fimrp6y (@) = fimp (@)
as needed. =

Condition (iii) is exactly what it means for f to be a morphism in the free
product completion of Field.

Theorem 6.3.4. The category Prod(Field) is monadic over CRing, and the cor-
responding monad is the codensity monad of the inclusion Field — CRing.

Proof. By Proposition 6.3.2, every object of CRing® is a product of fields, and
each such product has a unique K-algebra structure. This establishes a bijection
between the objects of CRing® and the objects of Prod(Field). Proposition 6.3.3
gives the bijection between the morphisms. m

Next, we examine the codensity monad of the forgetful functor Field — Set.
This forgetful functor is URJ, where R is the free ring monad on Set and
J: Field — CRing and UR: CRing — Set are the forgetful functors. Since UR
is a right adjoint, Remark 4.1.8 gives

(URT)s1 2 UR (1) = UFK.

By Lemma 2.2.3(iii), UK = URKFR, which is the monad induced by the com-
posite adjunction

FR FX
—l i
Set 1+ CRing L Prod(Field)
' <l —
UR UK

The next proposition sets up the use of the Crude Monadicity Theorem.

Proposition 6.3.5. The category Prod(Field) has and URUX preserves reflezive
coequalisers.

Proof. Let I and J be sets, k; and h; be fields for each 4 € [ and j € J, and
[, 9: ier ki =X Iljc; h; be morphisms in Prod(Field) with common section s.
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Let us focus on a single j € J. We have two field homomorphisms
fj: kf*(j) E— hj and gj: kg*(j) E— hj,

such that f;s¢«;) = 1 = g;84+(j)- Since all field homomorphisms are injective, this
implies that f; and g; are isomorphisms with inverses s« (j) and sy« (;, respectively.

Now let

J={jed|fG=90}

and let p: [l;c;h; — Iljes h; be the projection. We claim that p is the co-
equaliser of f and g in Prod(Field). First note that pf = pg, because f*p* = g*p*
by definition of J’, and for j € J' we have f; = g;, because they both have the
same inverse, i.e. sy=(;) = Sg=(;). Now let M be a set, I, be a field for each m € M,
and d: [l;c; hj = Ilnem lm be a morphism in Prod(Field) such that df = dg. For
each m € M, we must have f*d*(m) = g*d*(m), so d*(m) € J'. This shows that
d factors uniquely through p.

Lastly, let us consider the coequaliser of f and g in Set. This is the quotient
of [Tjcs h; by the equivalence relation generated by setting f(z) ~ g(z) for all
x € [lies ki It suffices to show that, for y,y’ € [I;cs by,

y~y = VieJ, y =1y, (6.8)

for then the quotient map is precisely p. First, note that for any = € [[;c; k; and
j € J', we have

F(@); = fi(@p) = 9i(@g () = 9(2);-
Since the condition on the right-hand side of (6.8) is clearly an equivalence rela-

tion, we conclude that it contains ~. Conversely, suppose y; = y; for all j € J'.
Let z € [];cr ki be such that

s(y)i = si(ys+(y) if @ € im f*,
0 otherwise.

This is well defined because if i = f*(j) = g*(j’) for some 7, j’ € J, then applying
s* throughout gives s*(i) = j = j’, and so j € J' and y; = y;. For j € J, we have

f(@); = fi(@p@) = Fi(s@)e) = F(s®); = v
so f(z) = y. Similarly, g(z) = ¢/, and we conclude that y ~ 3’ as needed. O

Theorem 6.3.6. The category Prod(Field) is monadic over Set, and the corre-
sponding monad is the codensity monad of the forgetful functor Field — Set.

Proof. The functor URUX is a right adjoint, and it reflects isomorphisms because
both UR and UX do. Proposition 6.3.5 then completes the hypotheses of the
Crude Monadicity Theorem. m

Corollary 6.3.7. The category Prod(Field) is complete and cocomplete. Both UK
and URUK create all limits and reflexive coequalisers.

139



Proof. Any category monadic over Set is complete and cocomplete by Theo-
rem 2.4.5. The statement about limits follows from the fact that monadic functors
create limits. They also create any colimits that the monad preserves. We have
just shown that URUK preserves reflexive coequalisers, and UR reflects them, so
UX also preserves them. n

This is quite remarkable: Field is a well-known example of a category that
is not monadic over Set. This is clear because Field does not have products.
Theorem 6.3.6 says that this is all it is missing. In the terminology of Section 1.2,
we may summarise this with the phrase:

the smallest algebraic category containing the category
of fields is the category of products of fields.

Alternative perspectives on Theorem 6.3.6 are given by Kennison and Gilden-
huys [37, pp. 341-342] and Diers [22, §3]. The former uses a topological approach:
fields are given the discrete topology, and their products, the product topology.
The morphisms in Prod(Field) are then precisely the continuous ring homomor-
phisms. Diers, on the other hand, shows that Field — Set is multimonadic and
satisfies (D), and then applies Theorem 4.3.22.

We conclude this section by examining the operations in the theory of products
of fields, and showing that the corresponding monad does not have rank. For ease
of notation, we write T = URKFR for this monad. Let X be a set and

0eTX= ][] Frac(Z[X]/p).

peSpec Z[X]

Recall from Section 1.2 that we may think of 6 as an X-ary operation in the
theory of products of fields. Given a set I and fields k; for each ¢ € I, 6 gives an
operation 0: (IT;c; k)X — [lier ks defined as follows:

An element a € ([I;c; k;)* corresponds to a unique ring homomorphism
fa: Z|X] = Tlier ki For each i € I, ker; f, is a prime ideal of Z[X]. Then

é(a)z == (Wifa,)kerm-fa (ekerﬂ'ifa))
where (7; fo)xerm: £, - Frac(Z[X]/ ker m;f,) — k; is the map induced by 7, f,.

This means that  will typically act differently on each component of the
product. Moreover, for a fixed a € ([T;c; k;)*, only those components of 6 indexed
by kerm;f, for each i € I matter, in the sense that if ( € TX is such that
Oker r; f. = Ckerm, £, for each ¢, then 0(a) = {(a).

Examples 6.3.8.

(i) The constants of the theory of Prod(Field) are the elements of Q x [T, Z/p,
where the product is over all prime numbers p. When acting on a field k&,
only the component corresponding to char k matters.

(ii) The set of unary operations is [T egpeczz) Frac(Z[z]/p). For a field k and
a € k, only the component corresponding to the kernel of the map Z[z] — k
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sending z to a matters. For instance, for /2 € R, the kernel is the principal

ideal (z> — 2), and then the corresponding component of a unary operation
is an element of Q(v/2) C R.

(iii) For n € N, consider the operation 6 € T{x1,...,z,} that is 1 in the compo-
nents corresponding to the prime ideals (0), (2), (3), (5),... of Z[z1, ..., z4],
and zero elsewhere. For a field £ and aq,...,a, € k, we see that

6(ai,...,a,) = 1 iff the ay,...,a, are algebraically independent over the
prime subfield of k.

Proposition 6.3.9. The codensity monad of the forgetful functor Field — Set
has no rank.

Proof. Let k be a regular cardinal, equipped with its least well-order. The as-
signment i — seg(i) gives a functor D: k — Set, whose colimit is « itself. The
fact that k is regular implies that this is a k-filtered colimit.

For i € k and p € Spec Z[k], the p-component of the comparison map TDi —
Tk is the bottom arrow in the square

Z|Di] « s Z[K]

canl lcan

Frac(Z[Di]/(p N Z[Di])) —— Frac(Z[x]/p)

Seeing Di as a subset of &, let p; be the ideal generated by nRDi C Z[x]. This
is prime, since Z[k]/p; is the integral domain Z[1i], where we write 17 for the set
of elements strictly above ¢ in k. In the p;-component, the bottom map in the
square becomes Q — Q(14).

Using (6.6), let y € KZ[k] be such that

_Jie Q1) if p = p; for some i € k,
Y 0 € Frac(Z[k|/p) otherwise,

for each p € SpecZ[k]. An element of colim, TD is represented by some z €
K(Z[Dj]) for some j € k. The image of such an = cannot be y, because if ¢ > j,
its p;-component is a rational constant, and not ¢. Thus, the comparison map
colim, TD — T(colim, D) is not surjective, and T does not preserve k-filtered
colimits. [

We end by remarking that a similar story unfolds if one takes the inclusion
of the category Field, of fields of characteristic p into CRing, where p is zero or a
prime number. In this case, the categories of algebras for the codensity monads
of the forgetful functors into both CRing and Set are the free product completion
Prod(Field,).
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6.4 Pushing forward along a monad

In this last section we consider the situation of pushing a monad forward along
another monad. As the first nontrivial example of this, we compute the coden-
sity monad of the exception monads Eg on Set for a not-necessarily-finite set £
(Example 2.4.12).

Let t and s be monads on a 0-cell z of a 2-category. At first glance, one might
not expect anything special to happen when taking syt, since s here is only acting
as a 1-cell. However, when s has a monad structure, there is some interaction
between this monad and the pushforward:

Proposition 6.4.1. With t and s as above, there is a canonical monad map
s — syt whenever the latter exists.

Proof. Recall from Example 2.3.4 that

(1z,m%) (s,18°)

(.’I?,t) (.’L’, 196) I (.’E,S)

are lax monad functors. Their composite is hence a lax monad functor whose
underlying 1-cell is s. By Theorem 4.1.5, this corresponds to a monad map
8 — syt. 0

Note that s;t does not depend on the monad structure on s, so any such
monad structure will give a map of monads s — sgt. For instance, let M be a
set, and My, be the functor M x —: Set — Set. Every monoid structure on M
can be used to give M, two monad structures whose algebras are, respectively,
the corresponding left and right M-sets. An (Mj,);1-algebra will simultaneously
have an underlying left and right M-set structure for every monoid structure on
M.

The difficulty of computing pushforwards along a functor greatly increases
with the complexity of the functor. Because of this, we will only consider the
most basic examples.

Example 6.4.2. Let T and T, be the terminal and subterminal monads on Set
of Examples 2.4.9 and 2.4.10. From (4.6), it is straightforward to see that
Tﬁ]. = T, TﬂTO = T, TﬁT = T, TOﬂ]- = To, TOﬁTO = To, and TOﬁT =T,

The rest of this section is devoted to describing (Eg)yl and its category of
algebras for a nonempty set E. In fact, Diers’s theory of multimonadic functors
already answered this question whenever |E| > 2 (Example 4.3.23(ii)). We record
this as a theorem here.

Theorem 6.4.3. Let E be a set with at least two elements. The functor
Prod(Set) — Set given by

(Xi)ier — [[(Xi + E)

i€l
is monadic, and the corresponding monad is the codensity monad of Eg.
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It remains to describe (E;)y1 and its category of algebras. For notational
convenience, we will write E instead of E;. Since the functor E does not satisfy (D),
we will need to take a more careful approach. Coincidentally, the monad E is quite
special: it is one of only six families of finitary monads on Set all of whose algebras
are free. Four of these families are given in Part II of a theorem of Givant [29,
p. 2]; the other two are the inconsistent monads T and Ty.

Let X beaset,and A C X. Throughout the remainder of this section we write
[A]: X — EA for the function that is the identity on A and sends everything else
to the basepoint x € 1. This is the initial object of the connected component of
X|E corresponding to the map E!-[A]: X — E1, as described in Example 4.3.4(v).
Using the limit formula (4.6), we get

E1(X) = [] EA.
ACX

For A C X, we write (4): E;1(X) — EA for the corresponding product
projection. Given a function f: X — Y and B CY we have

(B) - By1(f) = E(fly-18) - (f7'B). (6.9)

The counit ex : E;1(EX) — EX is simply (X), the projection onto the component
corresponding to X C EX. For each A C X, the unit n of E;1 satisfies

(4) - nx = [4], (6.10)
while the multiplication p is determined by
() - px = E((Alw1a) - ((4)714). (6.11)

We have dropped the name of the monad Ey1 from the notation of the unit and
multiplication for convenience. No confusion should arise since this is the only
monad we consider for the rest of the section.

As with the multiplication of K in Section 6.3, note that ux only depends
on the components indexed by (A)~'A for A C X. This will allow us to use a
similar strategy as in Proposition 6.3.2 to show that the Ey1-algebras are products
of pointed sets. First, we show how to endow a product of pointed sets with an
Eyl-algebra structure.

Proposition 6.4.4. Let I be a set, and X; be nonempty sets for each i € I. Let
X = [LerEXG, and Y; = 7' X; C X for each i € I. Then the unique function
¢: E41(X) = X such that

mi¢ = E(mily,) - (¥3) (6.12)

for each i € I is an E41(X)-algebra structure map.

Proof. First consider the case where I = {1}. The comparison functor Set —
SetF#! over E sends a set X to the Esl-algebra ex, : Ej1(EX;) — EX;. This agrees
with the one in the statement because ey, is just (X;). For a general I, taking
the product in Set®! of each of these Ejl-algebra structures on the EX; gives the
desired Eyl-algebra structure map ¢ on X. O]
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The result of the previous proposition remains true even if some of the X;
are empty. Asking that they be nonempty is a normalisation condition, since if
X; = & then removing it does not change the set X or its Ey1-algebra structure
up to isomorphism. Note that we can still obtain a singleton algebra from this
proposition by taking I = &.

Our plan is to show that every Eyl-algebra is isomorphic to one given by
Proposition 6.4.4. In order to do this, we must identify the subsets that will play
the role of the Y; there.

Definition 6.4.5. Let (X, ) be an Eyl-algebra. A subset A C X is relevant if
it is nonempty and £7'A = (A)"'A as subsets of E;1(X). Let R(&) be the set of
all relevant subsets.

Lemma 6.4.6. Let (X,&) be an Eyl-algebra, and A,B C X. If¢'B = (A)™' A,
then A = B.

Proof. For x € X, we have

6.10)

zeA R ny(z) € (A)'A=¢'B < ¢nx(z) =z € B. O

The name ‘relevant’ is motivated by the next lemma.

Lemma 6.4.7. Let (X,€) be an Eyl-algebra. Then & factors through the projec-
tion
T B1(X) —— ][] EA.
A€R(§)
Proof. Lety,y' € Ej1(X). It suffices to show that £(y) = £(y )Whenever (A)(y)
(A)(y) for all A € R(£). We will do this by constructing z,2’ € (E;1)*(X
The

i
such that ix(z) = y and pux(+') = ', and yet Es1(¢)(2) = E;L(€)(2).
multiplication axiom for £ then implies

§(y) = Eux(2) = £ Egl(€)(2) = € - ByL(§)(2) = Eux(2) = £(¥).

\/

We set

((A)7A)(2) =(A)(y) and  ((A)TA)() = (A,

for A C X, and (B)(z) = (B)(2') = * for any other B C E41(X). That ux(2) =y
and px(2') =y is immediate from (6.11). If A C X is relevant, then

(€7 A)(2) = ((A)7TA)(2) = (A)(y) = (D)) = ((A)TA) () = (£ A)(),

and otherwise ((71A)(z) = x = (€71 A)(2’) by Lemma 6.4.6. It follows from (6.9)
that Ey1(€)(2) = E41(£)(#). O

The relevant subsets of the Ey1-algebra (X, ¢) induced by a family of nonempty
sets (X;)icr by Proposition 6.4.4 are exactly the Y; defined there for i € I. Indeed,
given ¢ € I, Y; is nonempty because X; is, and for y € E41(X) we have

() €Ye &= m((y) = E(mly) - (Vi) (y) € Xi <= (Yi)(y) €Y,
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so that (7'Y; = (Y;)~'Y;. Conversely, if A C X is nonempty and not equal to
one of the Y;, then the value of {(y) does not depend on (A)(y). For z € A, let
y € E41(X) be equal to nx(x) in all components but the one corresponding to A,
where instead (A)(y) = *. Then ((y) =z € A but (A)(y) ¢ A, so that A is not
relevant.

We will need some notation for the proof of the next proposition. Let (X, &) be
an Eyl-algebra. Let £ be the factorisation of { through 7 afforded by Lemma 6.4.7.
For A C X and z € X, let 6% be the unique element of E41(X) such that

(A)E3) = [Al(z)  and  (B)(OF) =+

for all other B C X. In particular, if z ¢ A, all components of §% are *.

Proposition 6.4.8. Every Eyl-algebra is isomorphic to one described by Propo-
sition 6.4.4.

Proof. Let (X, &) be an Eyl-algebra and, for A € R(§), let

XA:A\( U B)QX.

BeR(§)\{4}

Each X4 is nonempty. Indeed, if A were a subset of a union U;c; B; of relevant
subsets B;, then

<A>_1A = 5_1A Q U f_lBi = U<Bz>_1Bz

i€l i€l

This is clearly impossible, because the values of (A)(y) and (B;)(y) for y € E41(X)
are independent.

Let Y = Il acr(e) EX4 with its canonical Ey1-algebra structure map ¢ given by
Proposition 6.4.4. We show that (X, &) and (Y, () are isomorphic. The inclusions
X4 C A for each A, give an inclusion Y C [[4cp(e) EA. Our isomorphism will be
the composite

B:Y—— [ EA— X
AR(e)

Its inverse is the unique map y: X — Y such that

£62) ifzeA,

) (6.13)
* otherwise,

Tay(z) = {

for all z € X and A € R(§). To see that £(6%) € X4 when z € A, note that for
any B € R(§) we have

£(0%) €EB < 5 €¢'B=(B)"'B «— (B)(¢%) € B < A=B.

Given z € X, we need By(z) = z. Let 2z € (E41)?(X) be such that (71 A)(z) =
0% for each A € R(£). From (6.9) and (6.11), we see that

T ELE)(E) =v(@)  and  rux() = mnx(a).
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Then

Br(z) = € - E{L(6)(2)
= ¢ E41(6)(2)

=Eux(2) by the multiplication axiom
= rpx(2)

= {mnx (2)

= {nx(z)

=z by the unit axiom.

Given y € Y, we also need v(3(y) =y. Let z € E;1(X) be such that (A4)(z) =
ya for all A € R(£), e.g. by setting (B)(z) = * for any nonrelevant B C X. Then
B(y) = &(z) by definition of 8. If yu is in X4 C A for some A € R(£), then
z€(AYyTA=¢"1A, so

E1(E)(051a) =057 and  px(8fa,) = 0

by (6.9), (6.11) and Lemma 6.4.6. Moreover, nx(y4) = 7(6%*) because ya € X4
implies that y4 ¢ B for any other B € R(&). Then

maYB(y) = Tavé(2)
= £(659) by (6.13) since z € £ A
=& E41(£)(05-14)
= Eux(0-1) by the multiplication axiom
= £(0%")
— &)
= &nx(ya)

= &nx(ya)
=Ya by the unit axiom.

If on the other hand y4 = *, then 2z ¢ (A)1A =¢71A, so

TaYB(y) = mav€(z) = *

by (6.13).

Lastly, we show that 3 is an Eyl-algebra map. For A € R(§), let Yy =
7, X4 C Y as in Proposition 6.4.4, and note that Yy = £ 1ANY = 7'A. Let
z € Eg1(Y). By (6.12) and (6.9),

ma((2) = E(maly,) - (Ya)(z)  and  (A)-E1(5)(2) = E(Blv,) - (Ya)(2)

for all A € R(€). Let w € (E41)*(X) be such that
(A) - (€7 A)(w) = 857
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for all A € R(€), where m4((z) € EX4 C EA. Then from (6.12), (6.11) and (6.9),
we have

(A) - px(w) =mal(z) and 7 -E1()(w) =7 E1(8)(2).
Altogether,

B¢(2) = Eux(w) by definition of 8
=& Eg1(¢)(w) by the multiplication axiom
= &7 - Eg1(¢)(w)
=& E1(B)(2)
=¢-E1(8)(2). 0

This characterises the E41-algebras, but we still need to study the maps be-
tween them. That is the content of the next proposition. Given a family of
nonempty sets (X;);cr and x € X; for some i € I, we now write 67 for the unique
element of [];c; EX; with z in its i-th component and * elsewhere.

Proposition 6.4.9. Let I and J be sets, X; and Y; be nonempty sets for each
i€landjeJ, and X = [[;c;EX; and Y = [[;c;EY;. Let (X,§) and (Y,()
be the Eyl-algebras given by Proposition 6.4.4. A function f: X — Y is an
Es1-algebra map (X, &) — (Y, () iff there exist

e a function f*: J — EI; and
o for each j € J such that f*(j) € I, a function f;: Xy — Y;,
such that
Efj - mp() whenever f*(j) €I,
mif = .
* otherwise.
Moreover, the data of f* and the f; whenever f*(j) € I uniquely determines f.

Proof. Let f be an Eyl-algebra map. For j € J, define f*(j) to be the (unique)
i such that (m;f)~'Y; = 7' X, or * if no such i exists. Since f is an Eyl-algebra
map,

7,f€ = mC - Ej1(f)
= E(njl,y,) - (71Y;) - EgL () by (6.12)
— E(n; flimy - 1y;) - (1) 7'Y5) by (69).  (613)

Given z € X, define z € E;1(X) by putting (7, ' X;)(z) = 67 for each i € I,
and (A)(z) = * for any other A C X, so that £(z) = z by (6.12). If f*(j) =i € I,
(6.13) gives

73 £(@) = E(rif, 1) (07,

Since the right-hand side only depends on z;, it is clear that =; f factors through
m;. This factorisation is unique because ; is epic. Moreover,

mif(x) =% <= & én'X, = =z ¢ X,
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so the factorisation is of the form Ef; for a unique f;: X; — Y;. If on the other
hand f*(j) = *, then (6.13) gives m; f(z) = *, as needed.

Now suppose f satisfies the conditions in the statement. We need to show
both sides of (6.13) are equal for all j € J and z € E41(X). If f*(j) =¢ € I, then

(m )Y = (Efy - m) 7Y = m 1 X,
and the left-hand side becomes

Efj - mi€(2) = Ef; - E(mil—1x,) - (7 Xi) (2) by (6.12)
= E(fjmil—1x,) - (w7 Xi) (2),

which equals the right-hand side. If f*(j) = *, then (m;f)"'Y; = &, and so the
only thing ((m;f)~'Y;)(2) can be is x. O

Altogether, our results give:

Theorem 6.4.10. The category Set™! is equivalent to the category whose objects
are products of nonempty sets with a basepoint adjoined and whose morphisms
are those described in Proposition 6.4.9.

Note how this is similar to the situation with K in Section 6.3. Crucially,
however, Set®! is not a product completion of Set®. Not only this, but there is
no functor Set® — Set®! over Set. Indeed, suppose G were such a functor. Let
X = {z,y, 2z} be an E-algebra with basepoint z, and f: X — X be the unique
E-algebra map sending x to y and y to z. Since |X| is prime, the set X has a
unique-up-to-isomorphism Eyl-algebra structure, isomorphic to the Eyl-algebra
E2 of Proposition 6.4.4. For f: GX — GX to be an Eyl-algebra map, it must fix
the new basepoint, which must then be z. But f is not constant at z, nor of the
form Ef’ for some function f’: {z,y} — {z,y}, so it cannot satisfy the conditions
of Proposition 6.4.9.
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Index of diagram labels

interchange law (p. 14)

*
~—

associativity axiom of a monad (p. 25)
left unitality axiom of a monad

|
=8
N—r

o~
~—

(

(

(

(_r) right unitality axiom of a monad

(_.p) multiplication axiom of a (co)lax monad functor or map  (p. 25)
() unit axiom of a (co)lax monad functor or map

(_.p—~)  multiplication axiom of a distributive law (p- 29)
(_.m—)  unit axiom of a distributive law

(_.u"—) weak multiplication axiom of a m-weak distributive law (p. 93)
(_.n"—) weak unit axiom of a m-weak distributive law

(v) definition of v: s(gyl) — ¢45 (p. 87)
(o) definition of o: s — st (p. 99)
(1) definition of 7: t — st (p. 99)
(0) definition of §: ts — st (p. 108)
(&) definition of £: st — g3 (p. 109)
(a) condition of Theorem 5.3.2 (p. 101)
(b) condition of Theorem 5.3.2 (p. 101)
(c) condition of Theorem 5.3.4 (p. 106)
(d) condition of Theorem 5.3.4 (p. 106)
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