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The aim of theory really is, to a great extent, that
of systematically organizing past experience in
such a way that the next generation, our students
and their students and so on, will be able to
absorb the essential aspects in as painless a way
as possible, and this is the only way in which you
can go on cumulatively building up any kind of
scientific activity without eventually coming to a
dead end.

M.F. Atiyah, “How research is carried out”
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Preface

Atiyah described mathematics as the “science of analogy”; in this vein, the purview of
category theory is mathematical analogy. Specifically, category theory provides a mathe-
matical language that can be deployed to describe phenomena in any mathematical context.
Perhaps surprisingly given this level of generality, these concepts are neither meaningless
and nor in many cases so clearly visible prior to their advent. In part, this is accomplished
by a subtle shift in perspective. Rather than characterize mathematical objects directly, the
categorical approach emphasizes the morphisms, which give comparisons between objects
of the same type. Structures associated to particular objects can frequently be character-
ized by their universal properties, i.e., by the existence of certain canonical morphisms to
or from other objects of a similar form.

A great variety of constructions can be described in this way: products, kernels, and
quotients for instance are all limits or colimits of a particular shape, a characterization that
emphasizes the universal property associated to each construction. Tensor products, free
objects, and localizations are also uniquely characterized by universal properties in appro-
priate categories. Important technical differences between particular sorts of mathematical
objects can be described by the distinctive properties of their categories: that rings have all
limits and colimits while fields have few, that certain classes maps are monomorphisms or
epimorphisms. Constructions that take one type of mathematical object to objects of an-
other type are often morphisms between categories, called functors. In contrast with earlier
numerical invariants in topology, functorial invariants (the fundamental group, homology)
tend both to be more easily computable and also provide more precise information. Func-
tors can then be said to preserve particular categorical structures, or not. Of particular
interest is when a functor describes an equivalence of categories, which means that objects
of the one sort can be translated into and reconstructed from objects of another sort.

Category theory also contributes new proof techniques, such as diagram chasing or
duality; Steenrod called these methods “abstract nonsense.”! The aim of this course will be
to introduce the language, philosophy, and basic theorems of category theory. A comple-
mentary objective will be to put this theory into practice: studying functoriality in algebraic
topology, naturality in group theory, and universal properties in algebra.

Practitioners often assert that the hard part of category theory is to state the correct
definitions. Once these are established and the categorical style of argument is sufficiently
internalized, proving the theorems tends to be relatively easy.” The relative simplicity of the
proofs of major theorems occasionally leads detractors to assert that there are no theorems
in category theory. This is not at all the case! Counterexamples abound in the text that

IContrary to popular belief, this was not intended as an epithet.

2A famous exercise in Serge Lang’s Algebra asks the reader to “Take any book on homological algebra, and
prove all the theorems without looking at the proofs given in that book™ [Lan84, p. 175]. Homological algebra
is the subject whose development induced Eilenberg and Mac Lane to introduce the general notions of category,
functor, and natural transformation.



2 PREFACE

follows. A list of further major theorems, beyond the scope of this course, will appear
eventually in an epilogue.

Preview

It is difficult to preview the main theorems in category theory because we are not yet
fluent in the language needed to state them. Instead, here are a few corollaries, results
in other areas of mathematics that follow trivially, as special cases of general categorical
results.

CoRrROLLARY. In a path connected space, any choice of basepoint yields an isomorphic fun-
damental group.

CoroLLARY. Every row operation on matrices with k rows is defined by left multiplication
by some k X k matrix.

CoroLLARY. For any pair of sets X and Y and any function f: X XY — R

supinf f(x,y) < inf sup f(x,y).
Y yEY xeX

xeX V€
The following three results are corollaries of the same theorem:

COROLLARY. For any function f: A — B, the inverse image f~': P(B) — P(A), a function
between the powersets of A and B, preserves both unions and intersections, while the direct
image f.: P(A) — P(B) only preserves unions.

CoroLLARY. For any vector spaces U, VW, UQ (Ve W)= (U®V)®d (U W).

CoroLLARY. The free group on the set X || Y is the free product of the free groups on the
sets X and Y.

CoRroLLARY. Any bijective continuous function between compact Hausdorff spaces is a
homeomorphism.

Notational conventions

An arrow symbol “—”, either in a display or in text, will only ever be used to denote
a morphism in the appropriate category. The symbol “—”, read as “maps to,” will appear
occasionally when defining a function between sets by specifying its action on particular
elements. The symbol “~>” will be used in a less technical sense to mean something
along the lines of “yields” or “leads to” or “can be used to construct.” We use “=3” as an
abbreviation for a parallel pair of morphisms, i.e., for a pair of morphisms with common
domain and codomain.

One usage of italics will be to highlight technical terms; boldface will signal that a
technical term is being defined by its surrounding text.

Acknowledgments
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CHAPTER 1

Categories, Functors, Natural Transformations

A group extension of an abelian group H by an abelian group G consists of a group £
together with an inclusion of G < E as a normal subgroup and a surjective homomorphism
E — H that displays H as the quotient group E/G. This data is typically displayed in a
diagram of group homomorphisms:

05G—>E—>H-O!

A pair of group extensions E and E’ of G and H are considered to be equivalent whenever
there is an isomorphism E = E’ that commutes with the inclusions of G and quotient maps
to H, in a sense that we will make precise in §1.6. When we restrict consideration to
extensions E that are abelian groups, the set of equivalence classes of extensions of H by
G defines an abelian group Ext(H, G).

In 1941, Saunders Mac Lane gave a lecture at the University of Chicago in which
he computed that Ext(G,,Z) = Z,, the group of p-adic integers, where G, is the abelian
group generated by elements gy, g2, ... so that pg,.; = g,, for p a fixed prime. When he
explained this result to Samuel Eilenberg, who had missed the lecture, Eilenberg recog-
nized the calculation as the homology of the p-adic solenoid, a space formed as the infinite
intersection of a sequence of solid tori, each wound around p times inside the preceding
torus. In teasing apart this connection, the pair of them discovered what is now known as
the universal coefficient theorem in algebraic topology, which relates the homology H.,
and cohomology groups H* associated to a space X via a group extension [ML05]:

(1.0.1) 0 — Ext(H,_1(X),G) — H"(X,G) — Hom(H,(X),G) — 0.

To obtain the most general form of the universal coefficient theorem, Eilenberg and
Mac Lane needed to show that certain isomorphisms of abelian groups expressed by this
group extension extend to spaces constructed via direct or inverse limits. And indeed this
is the case, precisely because the homomorphisms in the diagram (1.0.1) are natural with
respect to continuous maps between topological spaces.

The adjective “natural” had been used colloquially by mathematicians to mean some-
thing on the lines of “defined without respect to particular choices.” For instance, to define
an isomorphism between a finite dimensional vector space V and its dual, the vector space
of linear maps from V to the ground field K, requires a choice of basis. However, there is
an isomorphism between V and its double dual that requires no choice of basis; the latter,
but not the former, is natural.

IThe zeros appearing on the ends provide no additional data. Instead, the first zero implicitly asserts that
the map G — E is an inclusion and the second that the map E — H is a surjection. More precisely, the displayed
sequence of group homomorphisms is exact, meaning that the kernel of each homomorphism equals the image of
the preceeding homomorphism.
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To give a rigorous proof that their particular natural isomorphisms extended to inverse
and direct limits, Eilenberg and Mac Lane sought to give a mathematically precise defi-
nition of the informal concept of “naturality.” To that end, they introduced the notion of
a natural transformation, a parallel collection of homomorphisms between abelian groups
in this instance. To characterize the source and target of a natural transformation, they
introduced the notion of a functor.?> And to define the source and target of a functor in
the greatest generality, they introduced the concept of a category. This work, described in
“The general theory of natural equivalences” [EM45], published in 1945, marked the birth
of category theory.

While categories and functors were first conceived as auxiliary notions, needed to give
a precise meaning to the concept of naturality, they have grown into interesting and impor-
tant concepts in their own right. Categories suggest a particular perspective to be used
in the study of mathematical objects, which we will gradually explore. Functors, which
translate mathematical objects of one type into object of another, have a more immediate
utility. For instance, the Brouwer fixed point theorem translates a seemingly intractable
problem in topology to a trivial one (0 # 1) in algebra. It is to these topics that we now
turn.

The axioms defining a category, introduced in §1.1, when suitably interpretted, are
self-dual. This duality, in analogy with the duality in projective plane geometry, can be
formulated precisely in first-order logic. Thus, as we describe in §1.2, for any proof of a
theorem about all categories from these axioms, there is a dual proof of the dual theorem
obtained by a syntactic process that is interpreted as “turning around all the arrows.”

Functors and natural transformations are introduced in §1.3 and §1.4 with examples
intended to shed light on the linguistic and practical utility of these concepts. The category-
theoretic notions of isomorphism, monomorphism, and epimorphism are invariant under
certain classes of functors, including in particular the equivalences of categories, intro-
duced in §1.5. At a high level, an equivalence of categories provides a precise expression
of the intuition that one type of mathematical objects are “the same as” objects of another
variety.

At its origins, category theory, in addition to providing a new language to describe
emerging mathematical phenomena, also introduced a new proof technique: that of the
diagram chase. The introduction to the influential book [ES52] introduces the notion of
commutative diagram, a new technique of proof appropriate for their axiomatic treatment
of homology theory. §1.6 provides an introduction to the art of the diagram chase. These
techniques are put to use to define the vertical and horizontal composition operations for
natural transformations.

1.1. Abstract and concrete categories

It frames a possible template for any
mathematical theory: the theory should have
nouns and verbs, i.e., objects, and morphisms,
and there should be an explicit notion of
composition related to the morphisms; the theory
should, in brief, be packaged by a category.

Barry Mazur, “When is one thing equal to some
other thing?”

2A brief account of functors and natural isomorphisms in group theory appeared in a 1942 paper [EM42b].
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DeriniTiON 1.1.1. A category consists of

e a collection of objects X, Y, Z, ...
e a collection of morphisms f, g, A, ...

so that:

e Each morphism has a specified domain and codomain among the collection of ob-
jects. The notation f: X — Y signifies that f is a morphism with domain X and
codomain Y.

e Each object has a designated identity morphism 1x: X — X.

e For any composable pair of morphisms, i.e., for any pair f, g with the codomain of
f equal to the domain of g, there exists a specified composite morphism® gf whose
domain is equal to the domain of f and whose codomain is equal to the codomain of
g e

f: XY g Y->Z ~ gf: X—Z
This data is subject to the following two axioms:

e Forany f: X — Y, the composites 1y f and f1x are both equal to f.
e For any composable triple of morphisms f, g, h, the composites h(gf) and (hg)f are
equal and henceforth will be denoted by hgf.

f:X->Y g Y—>Z hZ->W Mo hgf: X - W.

That is, the composition law is associative and unital with the identity morphisms serving
as two-sided identities.

A more efficient definition is possible. The objects of a category are in bijective cor-
respondence with the identity morphisms, which are uniquely determined by the property
that they serve as two-sided identities for composition. Thus, one can define a category
to be a collection of morphisms with a partially-defined composition operation that has
certain special morphisms, which are used to recognize composable pairs and which serve
as two-sided identities [FS90, §1.1]. But in practice it is not so hard to specify both the
objects and the morphisms and this is what we shall do.

It is traditional to name a category after its objects; in most cases, the appropriate
accompanying choice of structure-preserving morphisms is clear. However, this practice is
somewhat contrary to the basic philosophy of category theory: that mathematical objects
should always be considered in tandem with the morphisms between them. As we have
seen, the category can be recovered from the algebra of morphisms so of the two, the
objects and morphisms, the morphisms take primacy.

ExampLEes 1.1.2. Many familiar varieties of mathematical objects assemble into a category.

(i) Set has sets as its objects and functions, with specified domain and codomain,*

as its morphisms.

(i1) Top has topological spaces as its objects and continuous functions as its mor-
phisms.

(iii) Set. and Top, have sets or spaces with a specified basepoint® as objects and
basepoint-preserving (continuous) functions as morphisms.

3The composite may also be written less concisely as g - f when this adds typographical clarity.

4[EM45, p 239] emphasizes that the data of a function should include specified sets of inputs and potential
outputs, a perspective that was somewhat radical at the time.

A basepoint is simply a chosen distinguished point in the set or space.



(iv)

v)

(vi)

(vii)
(viii)

(ix)

1. CATEGORIES, FUNCTORS, NATURAL TRANSFORMATIONS

Group has groups as objects and group homomorphisms as morphisms. This
example lent the general term “morphisms” to the data of an abstract category.
The categories Ring of rings and ring homomorphisms and Field of fields and
field homomorphisms are defined similarly.

For a fixed ring R, Modg, is the category of R-modules and R-module homomor-
phisms. We typically write Vectx when the ring happens to be a field k, and
write Ab for Modz, as a Z-module is precisely an abelian group.

Graph has graphs as objects and graph morphisms (functions carrying vertices
to vertices and edges to edges, preserving incidence relations) as morphisms.
We will also be interested in the variant DirGraph whose objects are directed
graphs, whose edges are now depicted as arrows, and whose morphisms are
directed graph morphisms, which must preserve sources and targets.

Man has smooth (i.e., infinitely differentiable) manifolds as objects and smooth
functions as morphisms.

Poset has partially-ordered sets as objects and order-preserving functions as
morphisms.

For any first-order language L, specifying constant, function, and relation sym-
bols, there is a category Model whose objects are models of L, sets equipped
with appropriate constants, relations, and functions. Morphisms are functions
that preserve the specified constants, relations, and functions, in the usual sense.
Special cases include (iv), (v), (vi), and (viii).

The preceding are all examples of concrete categories, those whose objects have un-
derlying sets and whose morphisms are functions between these underlying sets, subject
to appropriate structure-preservation conditions; a more precise definition of a concrete
category will be given in 1.6.19. However, not all categories have this form.

ExampLEs 1.1.3.

®

(i)

(iii)

For Kk a field (or unital ring), write Matk for the category whose objects are
positive integers and in which the set of morphisms from »n to m is the set of
m X n matrices with values in K. Composition is by matrix multiplication with
identity matrices serving as the identity morphisms.

A group G (or more generally a monoid®) defines a category BG with a single
object.” The group elements are its morphisms, with composition given by mul-
tiplication. The identity element acts as the identity morphism for the unique
object in this category.

A poset P (or more generally a preorder®) may be regarded as a category. The
elements of P are the objects of the category and there exists a unique morphism
x — yif and only if x < y. Transitivity of the relation “<” implies that the re-
quired composite morphisms exist. Reflexivity implies that identity morphisms
do.

%A monoid is a set M equipped with an associative binary multiplication operation M X M 5 M and
an identity element e € M serving as a two-sided identity. In other words, a monoid is precisely a one-object

category.

TThe notation “BG” comes from topology, as the category BG serves as a model for the classifying space
of the group G.

8A preorder is a set with a binary relation < that is reflexive and transitive. In other words, a preorder is
precisely a category in which there are no parallel pairs of distinct morphisms between any fixed pair of objects.
A poset is a preorder that is additionally antisymmetric: x <y and y < x implies that x = y.
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(iv) In particular, any ordinal @ = {8 | B < «a} defines a category whose objects
are the smaller ordinals. For example, O is the category with no objects and
no morphisms. 1 is the category with a single object and only its identity mor-
phism. 2 is the category with two objects and a single non-identity morphism,
conventionally depicted as 0 — 1. w is the category freely generated by the
graph

0-1-52-53—>--.

in the sense that every non-identity morphism can be uniquely factored as a
composite of morphisms in the displayed graph; a precise definition of this no-
tion will be given in Example 4.1.12.

(v) A set may be regarded as a category in which the elements of the set define
the objects and the only morphisms are the required identities. A category is
discrete if every morphism is an identity.

(vi) Htpy, like Top, has spaces as its objects but morphisms are homotopy classes of
continuous maps. Htpy, has based spaces as its objects and basepoint-preserving
homotopy classes of based continuous maps as its morphisms.

(vii) Meas has measure spaces as objects. One reasonable choice for the morphisms
is to take equivalence classes of measurable functions, where a parallel pair of
functions are equivalent if their domain of difference is contained within a set
of measure zero.

Thus, the philosophy of category theory is extended. The categories listed in Ex-
amples 1.1.2 suggest that mathematical objects ought to be considered together with the
appropriate notion of morphism between them. The categories listed in Examples 1.1.3
illustrate that these morphisms are not always functions.’ The morphisms in a category are
also called arrows or maps, particularly in the contexts of the examples of 1.1.3 and 1.1.2,
respectively.

RemArk 1.1.4. Russell’s paradox implies that there is no set whose elements are “all sets.”
This is the reason why we have used the vague word “collection” in Definition 1.1.1. In-
deed, in each of the examples listed in 1.1.2, the collection of objects is not a set. Eilenberg
and Mac Lane address this potential area of concern as follows:

...the whole concept of a category is essentially an auxiliary one;
our basic concepts are essentially those of a functor and of a natural
transformation .... The idea of a category is required only by the
precept that every function should have a definite class as domain
and a definite class as range, for the categories are provided as the
domains and ranges of functors. Thus one could drop the category
concept altogether and adopt an even more intuitive standpoint, in
which a functor such as “Hom” is not defined over the category of
“all” groups, but for each particular pair of groups which may be
given. [EM45]

The set-theoretical issues that confront us while defining the notion of a category will
compound as we further develop category theory. For that reason, common practice among
category theorists is to work in an extension of the usual Zermelo-Fraenkel axioms of set
theory, with new axioms allowing one to distinguish between “small” and “large” sets, or

Miles Reid’s Undergraduate algebraic geometry emphasizes that the morphisms are not always functions,
writing “Students who disapprove are recommended to give up at once and take a reading course in category
theory instead” [Rei88, p 4].
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between sets and classes. The search for the most useful set-theoretical foundations for
category theory is a large and fascinating area of study that we will unfortunately not have
time to explore.!® For now, we will sweep these foundational issues under the rug, not
because these issues are not serious or interesting, but because they distract from the task
at hand.

For the reasons just discussed, it is important to introduce adjectives that explicitly
address the size of a category. A category is small if it has only a set’s worth of arrows;
this implies that it has only a set’s worth of objects. None of the categories in Example
1.1.2 are small, but they all satisfy a common useful set-theoretical property. A category is
locally small if between any pair of objects there is only a set’s worth of morphisms. In this
case, it is traditional to write C(X, Y) or Hom(X, Y) for the set of morphisms from X to Y in
a locally small category C.!! The set of arrows between a pair of fixed objets in a locally
small category is typically called a hom-set, whether or not it is a set of “homomorphisms”
of any particular kind.

A category provides a context in which to answer the question “when is one thing the
same as another thing?” Almost universally in mathematics, one regards two objects of the
same category to be “the same” when they are isomorphic, in a precise categorical sense
that we now introduce.

DermNiTiON 1.1.5. An isomorphism in a category is a morphism f: X — Y for which there
exists a morphism g: ¥ — X so that gf = 1y and fg = 1ly. The objects X and Y are
isomorphic whenever there exists an isomorphism between X and Y, in which case one
writes X = Y.

Whenever f and g are morphisms so that gf is an identity, we say that g is a left
inverse to or a retraction of f and, equivalently, that f is a right inverse to or a section
of g. A morphism can admit multiple left or right inverses, but if f is an isomorphism, its
inverse isomorphism is unique; see Exercise 1.1.1.

An endomorphism, i.e., a morphism whose domain equals its codomain, that is an
isomorphism is called an automorphism.

ExampLEs 1.1.6.

(i) The isomorphisms in Set are precisely the bijections.

(i1) The isomorphisms in Group, Ring, Field, or Mody are the bijective homomor-
phisms.

(iii) The isomorphisms in the category Top are the homeomorphisms, i.e., the con-
tinuous functions with continuous inverse, which is a stronger property than
merely being a bijective continuous function.

(iv) The isomorphisms in the category Htpy are the homotopy equivalences.

Examples 1.1.6.(i1) and (iii) suggest the following general question: in a concrete
category, when are the isomorphisms precisely those maps in the category that induce
bijections between the underlying sets? We will see an answer in Lemma 5.5.3.

DermiTion 1.1.7. A groupoid is a category in which every morphism is an isomorphism.

ExampLEs 1.1.8.

107he preprint [Shu08] gives an excellent summary, though it is perhaps better read after Chapters 1-4.

"Mac Lane credits Emmy Noether for emphasizing the importance of homomorphisms in abstract algebra,
particularly the homomorphism onto a quotient group, which places an integral role in the statement of her first
isomorphism theorem. His recollection is that the arrow notation first appeared around 1940, perhaps due to
Hurewicz [ML88]. The notation Hom(X, Y) was first used in [EM42a] for the set of homomorphisms between a
pair of abelian groups.
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(i) A group is a groupoid with one object.'

(ii) For any space X, its fundamental groupoid I1;(X) is a category whose objects
are the points of X and whose morphisms are basepoint-preserving homotopy
classes of paths.

A subcategory D of a category C is defined by restricting to a subcollection of objects
and subcollection of morphisms subject to the requirements that the subcategory D contains
the domain and codomain of any morphism in D, the identity morphism of any object in
D, and the composite of any composable pair of morphisms in D.

ExampLE 1.1.9. Any category C has a maximal subgroupoid containing all of the objects
and only those morphisms that are isomorphisms.

For instance, Fin;s,, the category of finite sets and bijections, is the maximal sub-
groupoid of the category Fin of finite sets and all functions. We will explore the relation-
ship between this groupoid and the laws of elementary arithmetic in Example 1.4.9.

Exercises.

Exercise 1.1.1. Show that any left inverse and any right inverse to a common morphism
necessarily coincide. Conclude that a morphism can have at most one inverse isomorphism.

Exercist 1.1.2. Let C be a category. Show that the collection of isomorphisms in C defines
a subcategory, the maximal groupoid inside C.

1.2. Duality

The dual of any axiom for a category is also an
axiom ... A simple metamathematical argument
thus proves the duality principle. If any statement
about a category is deducible from the axioms for
a category, the dual statement is likely deducible.

Saunders Mac Lane, “Duality for groups”

Upon first acquaintance, the primary role played by the notion of a category might
appear to be taxonomic: vector spaces and linear maps define one category, manifolds and
smooth functions define another. But a category, as defined in 1.1.1, is also a mathematical
object in its own right, and as with any mathematical definition, this one is worthy of
further consideration. Applying a mathematician’s gaze to the definition of a category, the
following observation quickly materializes. If we visualize the morphisms in a category as
arrows pointing from their domain object to their codomain object, we might imagine what
would happen if the directions of every arrow were simultaneously reversed. This leads to
the following notion.

DeriniTioN 1.2.1. Let C be any category. The opposite category C°P has
e the same objects as in C, and
o the same morphisms as in C. When necessary for notational clarity, we write f°P for
the morphism in C°P corresponding to a morphism f in C.
The remaining structure of the category C°P is given as follows:
e The domain of f°P is defined to be the codomain of f and the codomain of f°P is
defined to be the domain of f.
e For each object X, the arrow 1;‘3 serves as its identity in C°P.

12This is not simply an example; it is a definition.
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o To define composition, observe that a pair of morphisms f°P, g°° in C°P is composable
precisely when the pair g, f is composable in C, i.e., precisely when the codomain of
g equals the domain of f. We then define g° - f°P to be (f - g)°P.

The data described in definition 1.2.1 defines a category C°° — i.e., the composition
law is associative and unital — if and only if C defines a category. In summary, the pro-
cess of “turning around the arrows” or “exchanging domains and codomains” exhibits a
syntactical self-duality satisfied by the axioms for a category. Note that the category C°P
contains precisely the same information as the category C. Questions about the one can be
answered by examining the other.

ExampLEs 1.2.2.

(6] Matﬁp is the category whose objects are non-zero natural numbers and in which
a morphism from m to n is an m X n matrix with values in K. The upshot is that
a reader who would have preferred the opposite handedness conventions when
defining Matx would have lost nothing by adopting them.

(i) When a preorder (P, <) is regarded as a category, its opposite category is the
category which has a morphism x — y if and only if y < x. For example, w°P is
the category freely generated by the graph

> 3-52-1-0.

(ii1) If G is a group, regarded as a one-object groupoid, the category GP is again
a one-object groupoid, and hence a group. This group is called the opposite
group and is used to define right actions as a special case of left actions; see
Example 1.3.6.(v) below.

(iv) The category I' = Fin;” was described by Graeme Segal in [Seg74] as follows:
I' is the category whose objects are all finite sets, and whose mor-
phisms from § to T are the maps 6: S — P(T) such that 6(a) and
6(B) are disjoint when a@ # B. The composite of : § — P(T) and

¢: T — P(U)isy: S — P(U), where y(a) = |J ¢(B).
Peb(a)

This syntactical duality has a very important consequence for the development of cat-
egory theory. Any theorem of the form “for all categories C” also necessarily applies to
the opposites of these categories. Interpreting the result in the dual context leads to a dual
theorem, proven by the dual of the original proof, in which the direction of each arrow ap-
pearing in the argument is reversed. The result is a two-for-one deal: any proof in category
theory simultaneously proves two theorems, the original statement and its dual."?

To illustrate the principle of duality in category theory, let us consider the following
result, which provides an important characterization of the isomorphisms in a category.

Lemma 1.2.3. The following are equivalent:

(i) f: x — yisanisomorphism in C.
(it) For all objects ¢ € C, post-composition with f defines an isomorphism

fi: Cle, x) = C(c, y).
(iii) For all objects ¢ € G, pre-composition with f defines an isomorphism
7 C(@y,c) = C(x,0).

BMore generally, the proof of a statement of the form “for all categories Cy, Ca,...,C,” leads to 2" dual
theorems. In practice, however, not all of the dual statements will differ meaningfully from the original.
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In language that we will make precise in Chapter 2, Lemma 1.2.3 asserts that isomor-
phisms in a locally small category are defined representably in terms of isomorphisms in
the category of sets.

Proor. We will prove the equivalence (i) (ii) and conclude the equivalence (i) (iii)
by duality.

Assuming (i), namely that f: x — y is an isomorphism with inverse g: y — x, then,
as an immediate application of the associativity and identity laws for composition in a
category, post-composition with g defines an inverse function

g+: C(c,y) = C(c,x)

to f. in the sense that the composites g. f. and f.g. are both the identity function: for any
h:c—-xandk:c—y, g.fi(h) =gfh=hand f.g.(k) = fgk =k.

Conversely, assuming (ii), there must be an element g € C(y, x) whose image under
fi: C(y,x) = C(y,y) is 1,. In particular, 1, = fg. But now, by associativity of composi-
tion, the elements gf, 1, € C(x, x) have the common image f under f.: C(x, x) = C(x,y),
whence gf = 1,. Thus, f and g are inverse isomorphisms.

We have just proven the equivalence (i) & (ii) for all categories and in particular for the
category C°P: i.e., a morphism f°P: y — x in C°P is an isomorphism if and only if

(1.2.4) (f°P).: CP(c,y) = C%(c, x) is an isomorphism for all ¢ € CP.

Interpreting the data of C°P in its opposite category C, the statement (1.2.4) expresses the
same mathematical content as

(1.2.5) f*: C(y,¢) = C(x,c) is an isomorphism for all ¢ € C.

That is: C°P(c,x) = C(x,c), post-composition in C° translates to pre-composition in
the opposite category C. Similarly, f°P: y — x is an isomorphism in C°P if and only if
f: x — yis an isomorphism in C; the notion of isomorphism, as defined in 1.1.5, is self-
dual. A similar translation, as just demonstrated between the statements (1.2.4) and (1.2.5),
transforms the proof of (i)&(ii) into a proof of (i)&(iii). ]

A nice exposition of the duality principle in category theory may be found in [Awo10,
§3.1]. As we become more comfortable with arguing by duality, dual proofs and eventually
also dual statements will rarely be described in this much detail.

ExampLE 1.2.6. The real numbers with their usual linear order defines a poset (R, <) and
thus a category. Consider a subset A C R of objects. If x € R satisfies

Mae€eA,Ja— x) and Vye RMa€ A,Ta — y) implies (A x — y)),

then x is the supremum of A. Note that we have defined the supremum in a way that refers
only to the structure of the category (R, <): in plain English, the second clause asserts that
“if y is an object so that for any object a in A there exists a morphism from a to y, then
there exists a morphism from x to y.” In particular, we could also interpret this statement
in the opposite category (R, >). The resulting dual statement

MaeA,Ax > a) and Vye RMa€ A,y — a) implies Ay — x)),

defines the infimum.
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Exercises.

Exercise 1.2.1. The dual definitions of supremum and infimum given in Example 1.2.6
can be generalized to any poset (P, <), regarded as a category. Prove that the supremum of
a subset of objects of P is unique in such a way that the dual proof demonstrates that the
infimum of a subset of objects in unique.

1.3. Functoriality

The first component of what might be called the philosophy of category theory is that
any mathematical object should be considered together with its accompanying notion of
structure-preserving morphism. Categories are themselves mathematical objects, if of a
somewhat unfamiliar sort. So what is a morphism between categories?

Dermition 1.3.1. A functor F: C — D, between categories C and D, consists of the
following data:

e An object Fc € D, for each object ¢ € C.
e A morphism Ff: Fc — Fc¢’ € D, for each morphism f: ¢ — ¢’ € C. Note we
explicitly require that the domain and codomain of F f equal F applied to the domain
or codomain of f.
The assignments are required to satisfy the following two functoriality axioms:
e For any composable pair f,ginC, Fg- Ff = F(g- f).
e For each object cin C, F(1.) = 1.
Put concisely, a functor consists of a mapping on objects and a mapping on morphisms
that preserves all of the structure of a category, namely domains and codomains, composi-
tion, and identities.

ExampLEs 1.3.2.

(i) There is an endofunctor'* P: Set — Set that sends a set A to its powerset
P(A) = {A’ c A} and function f: A — Bto the direct-image function f, : P(A) —
P(B) that sends A’ C A to f(A”") C B.

(ii) Each of the categories listed in Example 1.1.2 has a forgetful functor whose
codomain is the category of sets. For example U: Group — Set sends a group
to its underlying set and a group homomorphism to its underlying function. The
functor U: Top — Set sends a space to its set of points.

(iii) There are forgetful functors Modg — Ab and Ring — Ab that forget some
but not all of the algebraic structure. The inclusion functors Ab — Group and
Field — Ring may also be regarded as “forgetful.” Note that the latter two, but
neither of the former, are injective on objects: a group is either abelian or not,
but an abelian group might admit the structure of a ring in multiple ways.

(iv) Similarly, there are forgetful functors Group — Set. and Ring — Set, that
take the basepoint to be the identity and zero elements, respectively. These
assignments are functorial because group and ring homomorphisms necessarily
preserve these elements.

(v) There are functors Top — Htpy and Top, — Htpy, that act as the identity on
objects and send a (based) continuous function to its homotopy class.

(vi) The fundamental group defines a functor 7;: Top, — Group; a continuous
function f: (X,x) — (Y,y) of based spaces induces a group homomorphism
fio: m(X,x) — m(Y,y) and this assignment is functorial, satisfying the two

14A endofunctor is a functor whose domain is equal to its codomain.
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functoriality axioms described above. A precise expression of the statement
that “the fundamental group is a homotopy invariant” is that this functor factors
through the functor Top, — Htpy, to define a functor 7; : Htpy, — Group.

(vii) There is a functor F: Set — Group that sends a set X to the free group on X.
This is the group whose elements are finite words whose letters are elements x €
X or their formal inverses x~!, modulo an equivalence relation that equates the
words xx~! and x~'x with the empty word. Multiplication is by concatenation,
with the empty word serving as the identity.

(viii) The chain rule expresses the functoriality of the derivative. Let Diff, denote the
category whose objects are pointed finite-dimensional real vector spaces (R”, a)
of varying dimensions and whose morphisms are pointed differentiable func-
tions. The total derivative of f: R" — R™, carrying the designated basepoint
a € R"to f(a) € R™, gives rise to a matrix called the Jacobian matrix con-
taining the partial derivatives of f at the point a. This defines the action on
morphisms of a functor D: Diff, — Matg; on objects, D assigns a pointed vec-
tor space its dimension. Given g: R” — R carrying the designated basepoint
f(a) e R"to gf(a) € R, functoriality of D asserts that the product of the Jaco-
bian of f at a with the Jacobian of g at f(a) equals the Jacobian of gf at a. This
is the chain rule.'?

More examples of functors will appear shortly, but first we want to illustrate the utility
of knowing that the assignment of a mathematical object of one type to mathematical
objects of another type is functorial.

Tueorem 1.3.3 (Brouwer Fixed Point Theorem). Any continuous endomorphism of a 2-
dimensional disk has a fixed point.

Proor. This follows more-or-less immediately from the functoriality of the fundamen-
tal group 7r; : Top, — Group. Supposing f: D> — D? is such that f(x) # x for all x € D?,
we can define a continuous function r: D> — S that carries a point x € D? to the in-
tersection of the ray from f(x) to x with the boundary circle S'. Note that the function r
fixes the points on the boundary circle S' c D?. Thus, it is a retraction of the inclusion
i: §' < D?, which is to say, the composite S 50?5 Stisthe identity.

Pick any base point on the boundary circle S! and apply 7; to obtain a composable
pair of group homomorphisms:

6 2 2 0% 2 ry(sh).

By the functoriality axioms, we must have
m(r) - m (D) = m(ri) = m(1s1) = 1y sy,

However, a computation involving covering spaces reveals that (S ') = Z, while 7 (D?) =
0, the trivial group. The composite endomorphism 7y (r) - 7(i) of Z must be zero, since it
factors through the trivial group. Thus, it cannot equal the identity homomorphism, which
carries the generator 1 € Z to itself (0 # 1). This contradiction proves that the retraction r
cannot exist, and so f must have a fixed point. O

The functors defined in 1.3.1 are called covariant so as to distinguish them from
another variety of functor that we now introduce.

15Taking a more sophisticated perspective, we could regard the derivative as the action on morphisms of a
functor from the category Man to the category of tangent bundles.
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DerNiTion 1.3.4. A contravariant functor F from C to D is a functor F: C? — D.!6
Explicitly, this consists of the following data:

e An object Fc € D, for each object ¢ € C.

e A morphism Ff: F¢’ — Fc € D, for each morphism f: ¢ — ¢’ € C. Note that the
domain and codomain of F f are respectively equal to F applied to the codomain or
domain of f.

The assignments are required to satisfy the following two functoriality axioms:

e For any composable pair f,ginC, Ff-Fg = F(g- f).

e For each object ¢ in C, F(1.) = 1p,.

Nortation 1.3.5. As ysed in the statement of definition 1.3.4, the author believes that the
following directional conventions offer the least possibility for confusion. A morphism in
the domain of a functor F: C® — D will always be depicted as an arrow f: ¢ — ¢’ in
C, pointing from its domain in C to its codomain in C. Similarly, its image will always be
depicted as an arrow F f: F¢’ — Fc in D, pointing from its domain to its codomain. Note
that these conventions require that the domain and codomain objects switch their relative
places, from left to right, but in examples, for instance in the case where C and D are
concrete categories, this placement will be the familiar one. Graphically, the mapping on
morphisms given by a contravariant functor will be depicted as follows:

cr T . p

c — Fc
fl - T iy
ol — Fc

In accordance with this convention, if f: ¢ — ¢’ and g: ¢’ — ¢” are morphisms in
C, their composite will always be written as gf: ¢ — ¢”. The image of this morphism
under F: C? — Dis F(gf): Fc¢” — Fc, the composite Ff - Fgof Fg: F¢”" — Fc¢’ and
Ff: Fc — Fc.

In summary, even in the presence of opposite categories, we always make an effort to
draw arrows pointing in the “correct way” and depict composition in the usual order.'”

ExampLEs 1.3.6.

(i) The contravariant powerset functor P: Set®® — Set sends a set A to its powerset
P(A) and a function f: A — B to the inverse-image function f~!: P(B) — P(A)
that sends B’ c Bto f~!(B") C A.

(i) There is a functor (—)*: Vec'[ﬁlD — Vecty that carries a vector space to its dual
vector space V* = Hom(V,Kk). A vector in V* is a linear functional on V,
i.e., a linear map V — K. This functor is contravariant, with a linear map

16y this text, a contravariant functor F from C to D will always be written as F': C°° — D. Some math-
ematicians omit the “op” and let the context or surrounding verbiage convey the variance. We think this is bad
practice, as the co- or contra-variance is an essential part of the data of a functor, which is not necessarily deter-
mined by its assignation on objects. More to the point, we find that this notational conventions helps mitigate the
consequences of temporary distraction. Seeing F: C°P — D written on a chalkboard immediately conveys that F
is a contravariant functor from C to D, even to the most spaced-out observer. A similar ethic will motivate other
notational conventions stressed below.

170f course, technically there is no meaning to the phrase “opposite category”: every category is the oppo-
site of some other category (its opposite category). But in practice, there is no question which of Set and Set’?
is the “opposite category,” and sufficiently many of the other cases can be deduced from this one.
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¢: V — W sent to the linear map ¢*: W* — V* that pre-composes a linear

functional W 5 Kk with ¢ to obtain a linear functional V s W k.

(iii) The functor O: Top®® — Poset that carries a space X to its ooset O(X) of open
subsets is contravariant on the category of spaces: a continuous map f: X — Y
gives rise to a function f~!': O(Y) — O(X) that carries an open subset U C Y to
its preimage f~!(U), which is open in X; this is the definition of continuity. A
similar functor C: Top®? — Poset carries a space to its poset of closed subsets.

(iv) Let G be a group, regarded as a one-object category BG. A functor X: BG — C
specifies an object X € C (the unique object in its image) together with an
endomorphism g.: X — X for each g € G. This assignment must satisfy two
conditions:

(@) h.g« = (hg). forall g,h € G.

(b) e. = 1y, where e € G is the identity element.
In summary, the functor BG — C defines an action of the group G on the object
X € C. When C = Set, the object X endowed with such an action is called
a G-set. When C = Vecty, the object X is called a G-representation. When
C = Top, the object X is called a G-space. Note the utility of this categorical
language for defining several analogous concepts simultaneously.

(v) The action specified by a functor BG — C is sometimes called a left action.
A right action is a functor BG® — C. As before, each g € G determines an
endomorphism g*: X — X in C and the identity element must act trivially. But
now, for a pair of elements g, 4 € G these actions must satisfy the composition
rule (hg)* = g*h".

(vi) For a generic small category C, a functor C°? — Set is called a (Set-valued)
presheaf on C. A typical example is the functor O(X)°? — Set whose domain
is the poset O(X) of open subsets of a topological space X and whose value
at U c X is the set of continuous real-valued functions on U. The action on
morphisms is by restriction. This presheaf is a sheaf, satisfying an axiom that is
discussed in §??.

The following result, appearing immediately after the definition of functors first ap-
peared in [EM42b], is arguably the first lemma in category theory.

Lemma 1.3.7. Functors preserve isomorphisms.

Proor. Consider a functor F: C — D and an isomorphism f: x — y in C with inverse
g:y — x. Applying the two functoriality axioms, we calculate that

F(QF(f) = F(gf) = F(1) = lpx.

Thus Fg: Fy — Fxisaleftinverseto Ff: Fx — Fy. Exchanging the roles of f and g (or
arguing by duality) shows that Fg is also a right inverse. O

Example 1.3.6.(iv) shows that a representation (or group action, more generally) may
be regarded as a functor whose domain is the group in question. Because the elements
g € G are isomorphisms, when regarded as morphisms in the 1-object category BG that
represents the group, their images under any such functor must also be isomorphisms in
the target category. In particular, in the case of a G-representation V: BG — Vecty, the
linear map g.: V — V must be an automorphism of the vector space V. The point is that
the functoriality axioms (i) and (ii) imply automatically that each g. is an automorphism
and that (g7!). = (g.)™!; the proof is a special case of Lemma 1.3.7. Neither condition
need be explicitly required. In summary:
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CoroLLARY 1.3.8. When a group G acts functorially on an object X in a category C, its
elements g must act by automorphisms g.: X — X and, moreoever, (g,)”" = (g71)..

Dermnition 1.3.9. If C is locally small, then for any object ¢ € C we may define a pair of
covariant and contravariant functors represented by ¢

C(c,—): C — Set C(-,¢): C? — Set.

The notation suggests the action on objects: the functor C(c, —) carries x € C to the set
C(c, x) of arrows from ¢ to x in C. Dually, the functor C(—, c) carries x € C to the set
C(x, o).

The functor C(c, —) carries a morphism f: x — y to the post-composition function
f«: C(c, x) = C(c,y) introduced in Lemma 1.2.3.(ii). Dually, the functor C(—, c¢) carries f
to the pre-composition function f*: C(y,c) — C(x, ¢) introduced in 1.2.3.(iii). Note that
post-composition defines a covariant action on hom-sets, while pre-composition defines a
contravariant action. There are no choices involved here — post-composition is always a
covariant operation, while pre-composition is always a contravariant one. This is just the
natural order of things.

We leave it to the reader to verify that the assignments just described satisfy the two
functoriality axioms. Note that Lemma 1.3.7 specializes in the case of represented functors
to give a proof of the implications (i)=(ii) and (i)=(iii) of Lemma 1.2.3. These functors
will play a staring role in Chapter 2, where a number of examples will be given.

The data of the covariant and contravariant functors introduced in Definition 1.3.9 may
be encoded in a single bifunctor, by which we mean a functor of two variables. Its domain
is given by the product of a pair of categories.

DerinitioN 1.3.10. For any categories C and D there is a category C x D which we call their
product whose

e objects are ordered pairs (c, d), where ¢ is an object of C and d is an object of D,
e morphisms are ordered pairs (f, g): (c,d) — (¢’,d’), with f: ¢ > ¢ € Cand g: d —
d €D,
and in which composition and identities are defined componentwise.

Derinition 1.3.11. If C is locally small, then there is a two-sided represented functor
C(-,-): C® xC — Set

defined in the evident manner. A pair of objects (x, y) is mapped to the hom-set C(x,y). A
pair of morphisms f: w — x and A: y — zis sent to the function

(f*h)
Cluy) L2 cow,2)

that takes an arrow g: x — y, pre-composes with f and post-composes with 4 to obtain
hgf:w— z

At the beginning of this section, we suggested that functors define morphisms be-
tween categories. Indeed, categories and functors assemble into a category. Here we are
confronted with size issues of an even more significant nature than we were confronted
with in Remark 1.1.4. Let Cat denote the category whose objects are small categories and
whose morphisms are functors between them. This category is locally small but not small:
it contains Set, Group, Groupoid, Monoid, and Poset as proper subcategories. However,
none of these categories are objects of Cat.

The non-small categories of Example 1.1.2 are objects of CAT, some category of
“large” categories and functors between them. We do not want CAT to be so large as
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to contain itself, so we require each object in CAT to be a locally small category; the cat-
egory CAT defined in this way is not locally small, and so is thus excluded. There is an
inclusion functor Cat — CAT but no obvious functor pointing in the other direction.

The category of categories gives rise to a notion of an isomorphism of categories,
defined by interpreting Definition 1.1.5 in CAT. Namely, an isomorphism of categories is
given by a pair of inverse functors F: C — D and G: D — C so that the composites GF
and FG respectively equal the identity functors on C and on D. An isomorphism induces a
bijection between the objects of C and objects of D and likewise for the morphisms.

ExampLEs 1.3.12. For instance:

(i) The functor (—)°P: Cat — Cat defines a non-trivial automorphism of the cate-
gory of categories.

(i) For any group G the categories BG and BGP are isomorphic via the functor
(-)~! that sends each morphism g € G to its inverse. Similarly any groupoid is
isomorphic to the opposite category via the functor that acts as the identity on
objects and sends a morphism to its unique inverse morphism.

(iii) For any space X, there is a contravariant isomorphism of poset categories O(X) =
C(X)°P that associates an open subset of X to its closed complement.

(iv) The category Maty is isomorphic to its opposite via an identity-on-objects func-
tor that carries a matrix to its transpose.

A category, however, is not generally isomorphic to its opposite category. Aside from
the finite ordinals, every (non-groupoidal) category mentioned thusfar provides a counter-
example.

ExampLE 1.3.13. Let E/F be a finite Galois extension: this means that F is a finite-index
subfield of E, every element of E satisfies some non-zero polynomial with coefficients in
F, and the field of elements of E fixed by the automorphism group Aut(E/F) of automor-
phisms of E fixing every element of F is F' (and no larger). In this case G = Aut(E/F) is
called the Galois group of the Galois extension E/F.

Consider the orbit category Og associated to the group G. Its objects are subgroups
H c G, which we identify with the left G-set G/H of left cosets of H. Morphisms G/H —
G/K are G-equivariant maps, i.e., functions that commute with the left G-action. By an
elementary exercise left to the reader, every morphism G/H — G/K has the form gH
gyK, where y € G is an element so that y"'Hy c K.

Let FieldZ denote the category whose objects are intermediate fields F ¢ K c E.
A morphism K — L is a field homomorphism that fixes the elements of F pointwise.
Note that the group of automorphisms of the object E € Fieldfi is the Galois group G =
Aut(E/F).

We define a functor ®: OF — Field}. that sends H C G to the subfield of E of
elements that are fixed by H under the action of the Galois group. If G/H — G/K is
induced by y then the field homomorphism x — yx sends an element x € E that is fixed
by K to an element yx € E that is fixed by H. This defines the action of the functor ® on
morphisms. The fundamental theorem of Galois theory asserts that ® defines a bijection

on objects but in fact more is true: ® defines an isomorphism of categories ng = Field%.

These examples aside, the notion of isomorphism of categories is somewhat unnatural.
To illustrate, consider the category Set’ of sets and partially-defined functions. A partial
function f: X — Y is a function from a (possibly-empty) subset X’ C X to Y; the subset
X’ is the domain of definition of the partial function f. The composite of two partial
functions f: X — Y and g: Y — Z is the partial function whose domain of definition
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is the intersection of the domain of definition of f with the preimage of the domain of
definition of g.

There is a functor (=), : Set’ — Set,, whose codomain is the category of pointed sets,
that sends a set X to the pointed set X, which is defined to be the disjoint union of X with
a freely-added basepoint. By the axiom of regularity, we might define X, := X U {X}.18 A
partial function f: X — Y gives rise a pointed function f, : X, — Y, that sends every point
outside of the domain of definition of f to the formally added basepoint of Y,. The inverse
functor U: Set, — Set’ discards the basepoint and sends a based function f: (X,x) —
(Y, y) to the partial function X\{x} — Y\{y} with the maximal possible domain of definition.

By construction, we see that the composite U(—), is the identity endofunctor of the
category Set’ of sets and partially defined functions. By contrast, the other composite
(U-),: Set, — Set. sends a pointed set (X, x) to (X\{x} U {X\{x}}, X\{x}). Now these sets
are isomorphic but they are not identical. Nor is another set-theoretical construction of the
“freely added basepoint” likely to define an inverse to the functor U: Set, — Set’. It is
too restrictive to ask for the categories Set’ and Set, to be isomorphic.

Indeed, there is a better way to decide whether two categories may safely be regarded
as “the same.” To define it, we must relax the identities GF = 1¢ and FG = 1p between
functors F: C —» D and G: D — C that define an isomorphism of categories. To do so, we
introduce what in French is called a morphisme de foncteurs, the notion that launched the
entire subject of category theory: a natural transformation.

Exercises.
Exercise 1.3.1. What is a functor between groups, regarded as one-object categories?
Exercise 1.3.2. What is a functor between preorders, regarded as categories?

Exercise 1.3.3. What is the difference between a functor C°°? — D and a functor C — D°P?
What is the difference between a functor C — D and a functor C°? — D%?

Exercise 1.3.4. Define an isomorphism between Segal’s category I' defined in Example
1.2.2.(iv) and Fin.

1.4. Naturality

Consider the category Vectf(d of finite dimensional k-vector spaces. Any object V €
Vectﬁj is isomorphic to its linear dual, the vector space V* = Hom(V, K) described in Exam-
ple 1.3.6.(ii), because the dimension of V* equals the dimension of V. This can be proven
through the construction of an explicit dual basis: choose a basis ey, . .., e, for V and then

define e, ...,e, € V* by
. L i=j
ei(e.,-)z{

0 i#]
The collection e7, .. ., e, defines a basis for V* and the map e; i ¢ extends by linearity to
define an isomorphism V = V*.

Now consider a related construction of the double dual V** = Hom(Hom(V, k), K)
of V. If V is finite dimensional, then the isomorphism V = V* is carried by the dual
vector space functor (—)*: Vect(llp — Vecty to an isomorphism V* = V**. The composite
isomorphism V = V** sends the basis ey, ..., e, to the dual dual basis e}*, ..., e;"

sCn -

1811 the axioms of Zermelo-Fraenkel set theory, elements of sets (like everything else in its mathematical
universe) are themselves sets. The axiom of regularity prohibits a set from being an element of itself. As X ¢ X,
we are free to add the element X as a disjoint basepoint.
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As it turns out, this isomorphism has a simpler description. For any v € V, the “eval-
uation function” ev,: f — f(v): V* — K defines a linear functional on V*. It turns out
the assignment v +— ev, defines a linear isomorphism V = V**  this time requiring no
“unnatural” choice of basis."”

What distinguishes the isomorphism between a finitely-dimensional vector space and
its double dual from the isomorphism between a finite-dimensional vector space and its
single dual is that the former assembles into the components of a natural transformation
in the sense that we now introduce.

DermniTioN 1.4.1. Given categories C and D and functors F,G: C =3 D,?° a natural trans-
formation «: F = G consists of:

e an arrow a.: Fc — Gc in D for each object ¢ € C, called the components of the
natural transformation,

so that, for any morphism f: ¢ — ¢’ in C, the following square of morphisms in D

(1.4.2) Fec—~+ Ge

4

Fcd —— G
ay

commutes, i.e., has a common composite Fc — G¢’ in D. A natural isomorphism is a
natural transformation in which every component is an isomorphism.

In practice, it is usually most elegant to define a natural transformation by saying that
“the collection of arrows X defines the components of a natural transformation,” leaving
the correct choices of domain and codomain functors, and source and target categories,
implicit. Here X should be a collection of morphisms in a clearly identifiable (target)
category, whose domains and codomains are defined using a common “variable” (an object
of the source category). If this variable is ¢ one might say “the arrows X are natural in
¢” to emphasize the domain object whose component is being described. However, the
totality of the data of the source and target categories, the parallel pair of functors, and the
components should always be considered part of the natural transformation. The naturality
condition (1.4.2) cannot be stated precisely with any less: it refers to every object and
every morphism in the domain category and is described using the images in the codomain
category under the action of both functors. For this reason, the “boundary data” needed to
define a natural transformation « is often displayed in a globular diagram:

ExampLEs 1.4.3.

(i) For vector spaces of any dimension, the map ev: V — V** that sends v € V to
the linear function ev,: V* — K defines the components of a natural transfor-
mation from the identity endofunctor on Vecty to the double dual functor. To

™ fact, e;* (e;) = e;(e,-) =evg; (e;), and so the two isomorphisms V = V** are the same — it is only our
description that has improved.

20We use the rather suggestive symbol “=3” as an abbreviation for a parallel pair of morphisms in a
category, e.g., the pair of functors F and G with common domain C and codomain D.
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(i)

(iii)

(iv)

v)

(vi)
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check that the naturality square

V ev V**

|k

w ev W

commutes for any linear map ¢: V — W, it suffices to consider the image
of a generic vector v € V. By definition, evy,: W* — k carries a functional
f: W — kto f(¢v). Recalling the definition of the action of the dual functor
on morphisms, we see that ¢**(ev,): W* — K carries a functional f: W — Kk to
fé(v), which amounts to the same thing.

By contrast, the identity functor and the single dual functor are not naturally iso-
morphic. One technical obstruction is somewhat beside the point: the identity
functor is covariant while the dual functor is contravariant.>! But there’s also
an essential failure of naturality. The isomorphisms V = V* that exist when V
is finite dimensional require the choice of a basis, which will be preserved by
essentially no linear maps, indeed by no non-identity linear endomorphism.?
There is a natural transformation 77: 1get = P from the identity to the covariant
powerset functor whose components 774: A — P(A) are the functions that carry
a € A to the singleton subset {a} € P(A).

For G a group, Example 1.3.6.(iv) shows that a functor X : BG — C corresponds
to an object X € C equipped with a left action of G. What is a natural transfor-
mation between a pair X,Y: BG — C of such functors? Its data consists of a
morphism r7: X — Y in C that is G-equivariant, meaning that for each g € G
the diagram

n
E—

X Y
X — Y
commutes.
The open and closed subset functors described in Example 1.3.6.(iii), here re-

garded as functors O,C: Top®® =3 Set, are naturally isomorphic. The compo-
nents O(X) = C(X) of the natural isomorphism are defined by taking an open
subset of X to its complement, which is closed. Naturality asserts that the pro-
cess of forming complements commutes with the operation of taking preimages.
The construction of the opposite group described in Example 1.2.2.(iii) defines
a (covariant!) endofunctor (—)°P: Group — Group of the category of groups; a
homomorphism ¢: G — H induces a homomorphism ¢°P: G? — HP defined
by ¢°P(g) = #(g). This functor is naturally isomorphic to the identity. Define
16 : G — G to be the homomorphism that sends g € G to its inverse g~' € G;
this mapping does not define an automorphism of G, because it fails to commute
with the group multiplication, but it does define a homomorphism G — G°P.

21 A more flexible notion of extranatural transformation can accommodate functors with conflicting vari-
ance [ML98a, IX.4]; see Exercise 1.4.4.

225 proof that there exists no extranatural isomorphism between the identity and dual functors on the
categories of finite dimensional vector spaces is given in [EM45, p 234].
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Now given any homomorphism ¢: G — H, the diagram

G s Gop

¢i i“

H—— H®
MH
commutes because ¢*P(g~") = ¢(g™!) = p(g)7L.

(vii) Define an endofunctor of Vecty by V +— V ® V. There is a natural transfor-
mation from the identity functor to this endofunctor whose components are the
zero maps, but this is the only such natural transformation: there is no basis-
independent way to define a linear map V — V ® V. The same result is true
for the category of Hilbert spaces and linear operators between them, in which
context it is related to the “no cloning theorem” in quantum physics.>?

Another familiar isomorphism that is not natural arises in the classification of finitely
generated abelian groups, objects of a category Abg,. Let TA denote the torsion subgroup
of an abelian group A: the subgroup of elements with finite order. In classifying finitely
generated groups one proves that every finitely generated abelian group A is isomorphic
to the direct sum TA @ (A/TA), the summand A/TA being the torsion-free part of A.
However, these isomorphisms are not natural, as we now demonstrate.

ProposiTioN 1.4.4. The isomorphisms A = TA ® (A/TA) are not natural in A € Aby,.

Proor. Suppose the isomorphisms A = TA @ (A/TA) are natural in A. Then the
composite

(1.4.5) A— AJTA - TA®(AJTA) = A

of the canonical quotient map, the inclusion into the direct sum, and the natural isomor-
phism would define a natural endomorphism of the identity functor on Abg,. We shall see
that this is impossible.

To derive the contradiction, we first show that every natural endomorphism « of the
identity functor on Aby, is multiplication by some n € Z. Clearly the component of a at
Z has this description for some n, and moreover by inspecting (1.4.5) in the case A = Z

we see that n # 0. But note that homomorphisms Z —>= A correspond bijectively to
elements a € A by choosing a to be the image of 1 € Z. Thus, commutativity of

az=n—

Z Z

forces us to define as(a) = n - a.

Finally, consider A = Z/2nZ. This group is torsion, so any map, such as az,z,
which factors through the quotient by its torsion subgroup is zero. Butn # 0 € Z/2nZ, a
contradiction. ]

ExampLE 1.4.6. The Riesz representation theorem can be expressed as a natural isomor-
phism of functors from the category KHaus of compact Hausdorff spaces and continu-
ous maps to the category Ban of real Banach spaces and continuous linear maps. Let

23The states in a quantum mechanical system are modeled by vectors in a Hilbert space and the observables
are operators on that space. See [Bae06] for more.
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%: KHaus — Ban be the functor that carries a compact Hausdorft space X to the Banach

space X(X) of signed Baire measures on X and sends a continuous map f: X — Y to the

map > o 71 Z(X) — Z(Y). Let C*: KHaus — Ban be the functor that carries X to

the linear dual C(X)* of the Banach space C(X) of continuous real-valued functions on X.
Now for each 1 € X(X), there is a linear functional ¢, : C(X) — R defined by

éu(g) :=fxgdu, g€ CX).

For each u € X(X), f: X -» Y, and h € C(Y) we have

thdﬂ=fyhd(u°f‘1),

which says that the assignment u — ¢, defines the components of a natural transformation
n: £ — C*. The Riesz representation theorem asserts that this natural transformation is a
natural isomorphism.

ExampLE 1.4.7. Consider morphisms f: w — x and &: y — z in a locally small category
C. Post-composition by / and pre-composition by f define functions between hom-sets

(1.4.8) C(x,y) —== C(x, 2)

,i l ;

Cw,y) ——=C(w,2)

In Definition 1.3.11 and elsewhere, i- — was denoted by A, and —- f was denoted by f*, but
we find this less-concise notation to be move evocative here. Associativity of composition
implies that this diagram commutes: for any g: x — y, the common image is hgf: w — z.

Interpreting the vertical arrows as the images of f under the actions of the functors
C(-,y) and C(—, z), the square (1.4.8) demonstrates that there is a natural transformation
C(-,y) = C(-,z) whose components are defined by post-composition with z:y — z.
Flipping perspectives and interpreting the horizontal arrows as the images of 4 under the ac-
tions of the functors C(x, —) and C(w, —), the square (1.4.8) demonstrates that there is a nat-
ural transformation C(x, —) = C(w, —) whose components are defined by pre-composition
with f: w — x.

A final example describes the natural isomorphisms that supply proofs of the funda-
mental laws of elementary arithmetic.

ExampLE 1.4.9. For sets A and B, let A X B denote their cartesian product, let A + B denote
their disjoint union, and let AB denote the set of functions from B to A. Then we have the
following natural isomorphisms

AX(B+C)=(AXxB)+(AxC) (Ax B¢ = A° x B¢
AB+C EABXAC (AB)C EABXC

In the first instance, the isomorphism defines the components of a natural transforma-
tion between a pair of functors Set x Set x Set — Set. For the others, the variance in
the variables appearing as “exponents” is contravariant. This is because the assignment
(B,A) — AB defines a functor Set® x Set — Set, a special case of the two-sided repre-
sented functor of Definition 1.3.11.

The displayed natural isomorphisms restrict to the category Fin;g, of finite sets and bi-
jections. Our interest in this category is on account of the cardinality functor | —|: Fini, —
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N, whose codomain is the discrete category of natural numbers.** Writing a = |A|, b = |B|,
and ¢ = |C], the cardinality functor carries these natural isomorphisms to the equations

ax(b+c)=(@xb)+(axc) (axb) =a° xb°

b+c (bxc)

" =a xa (@’

=da
through a process called decategorification. Reversing directions, Finj, is a categorifica-
tion of the natural numbers, which reveals that the familiar laws of arithmetic follow from
more fundamental natural isomorphisms between various constructions on sets.

Exercises.

Exercise 1.4.1. Suppose a: F = G is a natural isomorphism. Show that the inverses of
the component morphisms define the components of a natural isomorphism a™': G = F.

Exercise 1.4.2. What is a natural transformation between a parallel pair of functors be-
tween groups, regarded as one-object categories?

Exercise 1.4.3. What is a natural transformation between a parallel pair of functors be-
tween preorders, regarded as categories?

Exercise 1.4.4. Given a pair of functors F: AXBXB® - DandG: AXCxC®? - Da
family of morphisms

Qupe: Fla,b,b) = G(a,c,c)
in D defines the components of an extranatural transformation «: F = G if for any
fra—ad,g:b—b,and h: ¢ — ¢’ the following diagrams commute in D:

Qg pc F(14,15.8) A et

F(a,b,b)HG(a,C,C) F(aabab,)HF(a’b’b) F(a,b,b)4>G(a,c’,c’)
| | | l | |
F(f1p,1p) G(fle,1e) F(la,8.1p) Qabe Qabe G(1g, 1)
/ / 1 ¥

F(d',b,b) e G(d,c,c) F(a,b',b") s G(a,c,c) G(a,c,c) W)G(a, c,c)
The left-hand square asserts that the components a_j.: F(—,b,b) = G(—,c,c) define a
natural transformation in « for each b € B and ¢ € C. The remaining squares assert that
the components o, _.: F(a,—,—) = G(a,c,c) and o,y _: F(a,b,b) = G(a,—,—) define
transformations that are respectively extranatural in b and in c. Explain why the functors
F and G must have a common target category for this definition to make sense.

1.5. Equivalence of categories

Natural transformations bear close analogy with the notion of homotopy from topol-
ogy with one important difference: natural transformations are not generally invertible.?>
As in Example 1.1.3.(iv), let 1 denote the discrete category with a single object and let
2 denote the category with two objects 0,1 € 2 and a single non-identity arrow 0 — 1.
There are two evident functors iy, i; : 1 — 2 whose subscripts designate the objects in their
image. A natural transformation a: F = G between functors F,G: C =3 D is precisely a
functor H: C x 2 — D such that H restricts along i and #; to the functors F and G, i.e., so

24Mathematical invariants often take the form of a functor from a groupoid to a discrete category.
25 A natural transformation is invertible if and only if each of its constituent arrows is an isomorphism, in
which case the pointwise inverses assemble into a natural transformation by Exercise 1.4.1.
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that

i

(1.5.1) cC—".cx2<""¢C

Nl A

D

commutes. Here iy denotes the functor defined on objects by ¢ — (c, 0); it may be regarded
as the product of the identity functor on C with the functor .

For instance, if C = 2, each functor F,G: 2 — D picks out an arrow of D, which we
also denote by F and G. The directed graph underlying the category 2 x 2 looks like

(1.5.2)

o ——>=0

AN

together with four identity arrows not depicted here; the diagonal serves as the common
composite of the edges of the square. The functor H necessarily maps the top and bottom
arrows of (1.5.2) to F' and G, respectively. The vertical arrows define the components
a¢ and «; of the natural transformation, and the diagonal arrow witnesses that the square
analogous to (1.4.2) commutes.

If, in (1.5.1), the category 2 were replaced by the category I with two objects and a
single arrow in each hom-set, necessarily an isomorphism, then “homotopies” with this
interval would be precisely natural isomorphisms. The category 2 defines the walking
arrow or free-living arrow, while I defines the walking isomorphism or free-living iso-
morphism, in a sense that will be explained in 2.1.2.(ix) and (x). An equivalence of
categories is precisely a “homotopy equivalence” where the notion of homotopy is defined
using the category .

DermniTioN 1.5.3. An equivalence of categories consists of functors F: C & D: G to-
gether with natural isomorphisms n: 1¢ = GF, €: FG = 1p.%% Categories C and D are
equivalent, written C ~ D, if there exists an equivalence between them.

ExampLe 1.5.4. The functors (-), : Set’ — Set, and U: Set, — Set’ introduced in §1.3
define an equivalence of categories between the category of pointed sets and the category
of sets and partial functions. The composite U(—), is the identity on Set’, so one of the
required natural isomorphisms is the identity. There is a natural isomorphism 7: lgeg, =
(U-)+ whose components

N (X x) = (XA {x}h U XA\, X\ {x})
are defined to be the based functions that act as the identity on X\{x}.

Consider the categories Maty and Vec’[fkCl of K-matrices and finite dimensional K-vector
spaces together with an intermediate category Vec’[ﬁaSiS whose objects are finite dimen-
sional vector spaces with chosen basis and whose morphisms are arbitrary (not necessarily
basis-preserving) linear maps. These categories are related by the displayed sequence of

functors:
k™ basi U fd
Mat, =——= Vect™® — Vect,
H c

26The notion of equivalence of categories was introduced by Grothendieck in the form of what we would
now call an adjoint equivalence; this definition will appear in Proposition 4.3.3. This explains the directions we
have adopted for the natural isomorphisms 7 and €, which are otherwise immaterial (cf Exercise 1.4.1).
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Here U: Vect)™* — Vectl is the forgetful functor. The functor K©): Maty — Vect?®™
sends n to the vector space K", equipped with the standard basis. An m X n-matrix, inter-
preted with respect to the standard bases on kK and k™ defines a linear map k” — k™ and
this assignment is functorial. The functor H carries a vector space to its dimension and a
linear map ¢: V — W to the matrix expressing the action of ¢ on the chosen basis of V
using the chosen basis of W. The functor C is defined by choosing a basis for each vector
space.

These functors display equivalences of categories Maty = Vect}’(aSis ~ Vectff. The
composite equivalence Maty ~ Vect!?, which exists by Exercise 1.5.6, expresses an equiva-
lence between concrete and abstract presentations of linear algebra. A direct proof of these
equivalences, by defining suitable natural isomorphisms, is not difficult, but we prefer to
give an indirect proof via a useful general theorem characterizing those functors forming
part of an equivalence of categories. To state this result, we need a few definitions.

DeriniTioN 1.5.5. A functor F: C — D is

e full if for each x,y € C, the map C(x,y) — D(Fx, Fy) is surjective;

o faithful if for each x,y € C, the map C(x,y) — D(Fx, Fy) is injective;

¢ and essentially surjective on objects if for every object d € D there is some ¢ € C
such that d is isomorphic to Fc.

ReEmArk 1.5.6. Fullness and faithfulness are local conditions; a global condition, by con-
trast, applies “everywhere.” A faithful functor need not be injective on morphisms; neither
must a full functor be surjective on morphisms. A full and faithful functor may be referred
to as fully faithful, for short. A faithful functor that is injective on objects is called an em-
bedding; in this case, faithfulness implies that the functor is (globally) injective on arrows.
We say that a fully faithful injective-on-objects functor defines a full embedding of the
domain category into the codomain category. The domain then defines a full subcategory
of the codomain.

THEOREM 1.5.7. A functor defining an equivalence of categories is full, faithful, and essen-
tially surjective on objects. Assuming the axiom of choice, any functor with these properties
defines an equivalence of categories.

The proof of Theorem 1.5.7 makes repeated use of the following elementary lemma.

LemMma 1.5.8. Any morphism f: a — b and fixed isomorphisms a = @’ and b = b’ deter-
mine a unique morphism f’': a’ — b’ so that any of, or equivalently, all of the following
Sfour diagrams commute.

= a = ’ =

a ! a—->a a<—-3uad a a
fl f fi lf’ fi lf’ fl if’
b——Vb b——Vb b<=——1V b<—"V

Proor. The left-hand diagram defines f’. The commutativity of the remaining dia-
grams is left as Exercise 1.5.1. O

Proor oF THEOREM 1.5.7. First suppose that F: C - D,G: D — C, n: 1g = GF, and
€: FG = 1p define an equivalence of categories. For any d € D, the component of the
natural isomorphism €;: FGd = d demonstrates that F is essentially surjective. Consider
a parallel pair f,g: ¢ = ¢’ in C. If Ff = Fg, then both f and g define an arrow ¢ — ¢’
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making the diagram
c % GFc
for gl lGF f=GFg
¢’ % GFc'
that expresses the naturality of n commute. Lemma 1.5.8 implies that there is a unique
arrow ¢ — ¢’ with this property, whence f = g. Thus, F is faithful, and by symmetry, so

is G. Given k: Fc — Fc’, by Lemma 1.5.8 Gk and the isomorphisms 7. and 7.~ define a
unique i: ¢ — ¢’ for which both Gk and GFh make the diagram

CL>GFC

I T=> GF¢
-

J/Gk or GFh

commute. By Lemma 1.5.8 again, GFh = Gk, whence Fh = k by faithfulness of G. Thus,
F 1is full, faithful, and essentially surjective.

For the converse, suppose now that F': C — D is full, faithful, and essentially surjec-
tive on objects. Using essential surjectivity and the axiom of choice, we may define, for
each d € D, an object Gd € C and an isomorphism ¢€;: FGd = d. Foreach ¢: d — d’,
Lemma 1.5.8 defines a unique morphism making the square

FGd —~>d

Lk

FGd' %‘ &

commute. Since F is fully faithful, there is a unique morphism Gd — Gd’ with this
image under F, which we define to be G¢. This definition is arranged so that the chosen
isomorphisms assemble into the components of a natural transformation €: FG = 1p. It
remains to prove that the assignment of arrows £ — G¢ is functorial and to define the
natural isomorphism n7: 1¢c = GF.

Functoriality of G is another consequence of Lemma 1.5.8 and faithfulness of F. The
morphisms FG1, and F1g, both make

FGd —~>d

FGl, or Flcdl lld

FGd%d

commute, whence G1,; = 1g4. Similarly, given £’ : d” — d”, both F(G{’ - G¢) and FG({'{)
make

FGd — = d

113

F(GU'-G?) or FG(Z’t’)i l['(’

FGd” $ d’

€4/

commute, whence G¢' - G€ = G({'¢).
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Finally, by full and faithfulness of F, we may define the isomorphisms 7.: ¢ = GFc
by specifying isomorphisms F7.: Fc — FGFc; see Exercise 1.5.8. Define F7,. to be e;g.
For any f: ¢ — ¢/, the outer rectangle

Fne €Fc
Fc— FGFc—— Fc

Ffl fl lpf

F¢' —— FGFc' —— F¢’
Fne 925
commutes, both composites being F f. The right-hand rectangle commutes, by naturality
of €. Because €p. is an isomorphism, this implies that the left-hand square commutes; see
Lemma 1.6.25. Faithfulness of F tells us that . - f = GFf - 1, i.e., that i is a natural
transformation. O

Applying Theorem 1.5.7, it is easy to see that the functors
Maty S Vect?™* 2 Vect!

define an equivalence of categories. For instance, the morphisms in the category VectﬁaSis
are defined so that U is fully faithful.

A category is connected if any pair of objects can be connected by a finite zig-zag of
morphisms.

ProposiTiON 1.5.9. Any connected groupoid is equivalent, as a category, to the automor-
phism group of any of its objects.

Proor. Choose any object g of a connected groupoid G and let G = G(g, g) denote its
automorphism group. The inclusion BG < G mapping the unique object of BG to g € G
is full and faithful, by definition, and essentially surjective, since G was assumed to be
connected. Apply Theorem 1.5.7. O

As a special case, we obtain the following result:

CoroLLARY 1.5.10. In a path connected space X, any choice of basepoint x € X yields an
isomorphic fundamental group (X, x).

Proor. Recall from Example 1.1.8.(ii) that any space X has a fundamental groupoid
IT;(X) whose objects are points in X and whose morphisms are basepoint-preserving ho-
motopy classes of paths in X. Picking any point x, the group of automorphisms of the
object x € II;(X) is exactly the fundamental group (X, x). Proposition 1.5.9 implies
that every automorphism group is equivalent, as a category, to I1;(X); thus, by Exercise
1.5.6, any pair are equivalent to each other. An equivalence between 1-object categories
is an isomorphism. Exercise 1.4.2 reveals that an isomorphism of groups, regarded as
1-object categories, is exactly an isomorphism of groups in the usual sense (a bijective
homomorphism). Thus, all of the fundamental groups defined by choosing a basepoint in
a path-connected space are isomorphic. O

Remark 1.5.11. Frequently, one functor of an equivalence of categories can be defined
canonically, while the inverse equivalence requires the axiom of choice. In the case of the
equivalence between the fundamental group and fundamental groupoid of a path-connected
space, we can say more precisely that one direction is natural, while the other is not. Write
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Top!* for the category of path-connected based topological spaces. We regard the funda-
mental group 7r; and fundamental groupoid I1; as a parallel pair of functors:

m: Top™ =5 Group — Cat and IT; : Topt* Y Top SLR Groupoid — Cat.

The inclusion of the fundamental group into the fundamental groupoid defines a natural
transformation m; = II; such that each component m(X, x) — II;(X), itself a functor,
is furthermore an equivalence of categories. The definition of the inverse equivalence
I;(X) — m (X, x), requires the choice, for each point p € X, of a path connecting p to
the basepoint x. These (path homotopy classes of) chosen paths need not be preserved by
maps in Top}‘. Thus the inverse equivalences IT;(X) — (X, x) do not assemble into a
natural transformation.

The group of automorphisms of any object in a connected groupoid, considered in
Proposition 1.5.9, is one example of the skeleton of a category.

DerintTION 1.5.12. A category C is skeletal if it contains just one object in each isomor-
phism class. The skeleton skC of a category C is the unique (up to isomorphism) skeletal
category that is equivalent to C.

The category skC may be constructed by choosing one object in each isomorphism
class in C and defining skC to be the full subcategory on this collection of objects. Imme-
diately, the inclusion skC < C defines an equivalence of categories. This construction,
however, fails to define a functor sk(—): CAT — CAT.

Note than an equivalence between skeletal categories is necessarily an isomorphism of
categories. As Exercise 1.5.6 demonstrates, equivalence of categories is an equivalence re-
lation. Thus, two categories are equivalent if and only if their skeletons are isomorphic. For
this reason, we feel free to speak of the skeleton of a category, even though its construction
is not canonical.

ExampLEs 1.5.13.

(i) The skeleton of a connected groupoid is the group of automorphisms of any of
its objects (see Proposition 1.5.9).

(i) The skeleton of the category defined by a preorder, as described in Example
1.1.3.(iii), is a poset.

(iii) The skeleton of the category Vectﬁi is the category Mat.

(iv) The skeleton of the category Fin;s, is the category whose objects are positive
integers and with Hom(n, n) = Z,,, the group of permutations of n elements. The
hom-sets between distinct natural numbers are all empty.

(v) Let X: BG — Set be a left G-set. Its translation groupoid T;X has elements
of X as objects. A morphism g: x — yis an element g € G so that g-x = y. The
objects in the skeleton skTsX are the connected components in the translation
groupoid. These are precisely the orbits of the group action, which partition
X in precisely this manner. Consider x € X as a representative of its orbit
O,. Because the translation groupoid is equivalent to its skeleton, we must
have Homgyr,x(Oy, Ox) = Homr,_x(x, x), the set of automorphisms of x. This
group consists of precisely those g € G so that g - x = x. In other words, the
group Homrt,,x(x, x) is the stabilizer G, of x with respect to the G-action. Note
that this argument implies that any pair of elements in the same orbit must have
isomorphic stabilizers. As is always the case for a skeletal groupoid, there are no
morphisms between distinct objects. In summary, the skeleton of the translation
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groupoid, as a category, is the disjoint union of the stabilizer groups, indexed by
the orbits of the action of G on X.

The set of morphisms in the translation category with domain x is iso-
morphic to G. This set may be expressed as a disjoint union of hom-sets
Homr_x(x,y), where y ranges over the orbit O,. Each of these hom-sets is
isomorphic to Homr,x(x, x) = G,. In particular, |G| = |Oy| - |G|, proving the
orbit-stabilizer theorem.

A guiding principle in category theory is that categorically-defined concepts should
be equivalence invariant. Some category theorists go so far as to call a definition “evil”
if it is not invariant under equivalence of categories. The only evil definitions we have
introduced thus far are smallness and discreteness. A category is essentially small if it
is equivalent to a small category, or, equivalently, if its skeleton is a small category. A
category is essentially discrete if it is equivalent to a discrete category.

The following constructions and definitions are equivalence invariant:

If a category is locally small, any category equivalent to it is again locally small.

If a category is a groupoid, any category equivalent to it is again a groupoid.

If C ~ D then C° =~ DP,

The product of a pair of categories is equivalent to the product of any pair of equivalent
categories.

e An arrow in C is an isomorphism if and only if its image under an equivalence C — D
is an isomorphism.

We conclude with a final remark. By Theorem 1.5.7, a full and faithful functor
F: C — D defines an equivalence onto its essential image, the full subcategory of ob-
jects isomorphic to F¢ for some ¢ € C. Fully faithful functors have a useful property stated
as Exercise 1.5.8: if F is full and faithful and Fc and F¢’ are isomorphic in D, then ¢
and ¢’ are isomorphic in C. We will introduce what are easily the most important fully
faithful functors in category theory in Chapter 2: the covariant and contravariant Yoneda
embeddings.

Exercises.
Exercise 1.5.1. Prove Lemma 1.5.8.

Exercise 1.5.2. Show that any category that is equivalent to a locally small category is
locally small.

Exercise 1.5.3. Let G be a connected groupoid and let G be the group of automorphisms
at any of its objects. The inclusion G < G defines an equivalence of categories. Construct
an inverse equivalence G — G.

Exercise 1.5.4. Characterize the categories that are equivalent to discrete categories. A
category that is connected and essentially discrete is called chaotic.

Exercise 1.5.5. Prove that the composite of a pair of full, faithful, or essentially surjective
functors again has the same properties.

Exercise 1.5.6. Prove that if C ~ D and D ~ E then C =~ E. Conclude that equivalence of
categories is an equivalence relation.

Exercise 1.5.7. Consider the functors Ab — Group (inclusion), Ring — Ab (forgetting the
multiplication), (=)*: Ring — Group (taking the group of units), Ring — Rng (dropping
the multiplicative unit), Field — Ring (inclusion), Modg — Ab (forgetful). Determine
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which functors are full, which are faithful, and which are essentially surjective. Do any
define an equivalence of categories?

Exercise 1.5.8. In the presence of a full and faithful functor F: C — D prove that

(i) Objects x,y € C are isomorphic if and only if Fx and Fy are isomorphic in D.
(i1) A morphism f: x — y € C is an isomorphism if and only if Ff: Fx - Fy e D
is an isomorphism.

1.6. The art of the diagram chase

The diagrams incorporate a large amount of
information. Their use provides extensive savings
in space and in mental effort. In the case of many
theorems, the setting up of the correct diagram is
the major part of the proof. We therefore urge that
the reader stop at the end of each theorem and
attempt to construct for himself the relevant
diagram before examining the one which is given
in the text. Once this is done, the subsequent
demonstration can be followed more readily; in
fact, the reader can usually supply it himself.

Samuel Eilenberg and Norman Steenrod,
Foundations of Algebraic Topology, xi.

Speaking loosely, a diagram in a category consists of a collection of morphisms, usu-
ally depicted as a directed graph. The diagram commutes if any two paths of composable
arrows in this directed graph with common source and target have the same composite; a
more precise definition will be given in a moment. For example, a commutative triangle

h
o ——————— >0
]
asserts that the hypotenuse h equals the composite gf of the two legs. Commutative di-

agrams in a category can be used to define more complicated mathematical objects. For
example:

(1.6.1)

DeriniTiON 1.6.2. A monoid is an object M € Set together with morphisms p: MXM — M
andn: 1 — M so that the following diagrams commute:

1 1 1
MxMxM-—""% MxM M v <y
o AN
MxM———=M M

The morphism p: M x M — M defines a binary “multiplication” operation on M. The
morphism i7: 1 — M, whose domain is a singleton set, identifies an element € M. The
three axioms demand that multiplication is associative and that multiplication on the left
or right by the element 7 acts as the identity. The advantage of the commutative diagrams
approach to this definition is that it readily generalizes to other categories. For example:
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DermniTiON 1.6.3. A topological monoid is an object M € Top together with morphisms
u: MxM— Mandn: 1 — M so that the following diagrams commute:

MxMx M- Mx M MU s 2y
”X]Mi lﬂ kl’l%
MXM > M M

A unital ring?’ is an object R € Ab together with morphisms u: R ®z R — R and
n: Z — R so that the following diagrams commute:

1r®zu n®z1g 1r®z1
R® R® R—— R®z R R——=R® R<——R
S NG %
R

R®ZR—H>R

A k-algebra is an object R € Vecty together with morphisms u: R ® R — R and
n: K — R so that the following diagrams commute:

1 1 1
Ro Rk R —2% Rey R R ReR<2"R
’@klRl l“ \lﬂ/
R

R&cR———R

There are evident formal similarities in each of these four definitions; they are all
special cases of a general notion of a monoid in a monoidal category, as defined in §E.2.
The morphisms n7: 1 — M in the case of topological monoids, : Z — R in the case of
unital rings, and 7: K — R in the case of k-algebras do no more and no less than specify
an element of M or R to serve as the multiplicative unit. We will introduce language to
describe the role played in each case by the topological space 1, the abelian group Z, and
the vector space k in Chapter 2.

In the case of a topological monoid, the condition that u: M X M — M is a morphism
in Top demands that the multiplication function is continuous; an example is the circle
S c C with addition of angles. For unital rings, the morphism u: R ® R — R represents
a bilinear homomorphism of abelian groups from R X R to R; in particular multiplication
distributes over addition in R. The role of the tensor product in the definition of a k-algebra
is similar.

DermniTION 1.6.4. A diagram in a category C is a functor F: J — C whose domain, the
indexing category, is a small category.

A diagram is typically depicted by drawing the objects and morphisms in its image,
with the domain category left implicit. Nonetheless, the indexing category J plays an
important role. Functoriality requires that any composition relation that holds in J must
hold in the image of the diagram. To say that the diagram is commutative is generally
to assert that the indexing category J is a preorder, so that any two paths of composable
arrows have a common composite. Functoriality of the diagram then implies that these

2IA not-necessarily unital ring may be defined by ignoring the morphism 7 and the pair of commutative
triangles. We decline to introduce this definition, however, because Bjorn Poonen makes a persuasive case why
all rings should have a 1 [Poo14].
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composition relations must also hold in C. As an immediate consequence of the form of
our definition of a commutative diagram, we have the following result.

Lemma 1.6.5. Functors preserve commutative diagrams.

Proor. A diagram in C is given by a functor F: J — C, whose domain is a small
category. Given any functor G: C — D, the composite GF: J — D defines the image of
the diagram in D. O

ExampLE 1.6.6. Consider 2 X 2, the category with four objects and the displayed non-
identity morphisms

In 2 x 2, the diagonal morphism is the composite of both the top and right morphisms and
the left and bottom morphisms; in particular, these composites are equal. A diagram in-
dexed by 2x 2, typically drawn without the diagonal composite, is a commutative square.

Remark 1.6.7. In practice, one thinks of the indexing category as a directed graph, defining
the shape of the diagram, together with specified commutativity relations. For example,
to define a functor with domain 2 X 2 it suffices to specify the images of the four objects
together with four morphisms

a b

C

d
subject to the relation that 2f = kg. When indexing categories are represented in this way,
the commutativity relations become an essential part of the data. They distinguish between
the category 2 X 2 that indexes a commutative square and the category

N\

that indexes a not-necessarily commutative square; here the two diagonals represent dis-
tinct composites of the two paths along the edges of the square.

l\

|

k

|

v

o<—20

ExampLE 1.6.8. Consider 2% 3, the category with six objects and the displayed non-identity
morphisms

o —> 0 —> 0

NN

o ——>0 —> 0

The long diagonal asserts that the outer composite triples coincide. The short diagonals
assert, respectively, that the left-hand and right-hand squares commute. The inner paral-
lelogram also commutes. A diagram indexed by 2 X 3, typically drawn without any of the
diagonals, is a commutative rectangle.
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Two commutative squares define a commutative rectangle: a collection of morphisms
with the indicated sources and targets

(1.6.9) a——b——c

define a 2 x 3-shaped diagram provided that 4 f = kg and £j = mh. This is a special case
of the following more general result, which describes the induced relations in the “algebra
of composition” encoded by the arrows in a category.

Lemma 1.6.10. Suppose fi,..., f, is a composable sequence (“path’) of morphisms in a
category. If the composite fi fi—1 - fi+1fi equals g, --- g1, for another composable se-

quence of morphisms g1, ..., 8m, then fu -+ fi = fu--- fix18m -+ &1fic1 -+~ fi-

Proor. Composition is well-defined: if the composites g, --- g1 and fifi—1 - - fir1.f;
define the same arrow, then the results of pre- or post-composing with other sequences of
arrows must also be the same. O

This very simple result underlies most proofs by “diagram chasing.” When a diagram
is depicted by a simple (meaning there is at most one edge between any two vertices)
acyclic directed graph, the most common convention is to include commutativity relations
that assert that any two paths in the diagram with a common source and target commute.
For example, the category 2 X 2 X 2 indexes the commutative cube, which is typically
depicted as follows:

o —>0

l NN
o —> 0
[ ] l% [ ] l
N N
In such cases, Lemma 1.6.10 and transitivity of equality implies that commutativity of
the entire diagram may be checked by establishing commutativity of each minimal sub-
diagram. Here, a minimal subdiagram corresponds to a composition relation A, ---h; =

k. - - - k1 that cannot be factored into a relation between shorter paths of composable mor-
phisms. The graph corresponding to a minimal relation is a “directed polygon”

hy By

k2 kmfl

a commutative triangle, as in (1.6.1), being the simplest case. This sort of argument is
called “equational reasoning” in [Sim11, 2.1], which provides an excellent short introduc-
tion to diagram chasing.

The following results have simple proofs by diagram chasing.
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Lemma 1.6.11. Consider a commutative square fa = 0y in which each of the morphisms
is an isomorphism. Then o'~ = y~167".

ProoF. Post-compose the composition relation Sar = ¢y with ~'8~! and pre-compose
with y~1671. i

A number of important facts about natural transformations are also proven by diagram
chasing. A natural transformation in French is a morphisme de foncteurs. Indeed, for any
fixed pair of categories C and D, there is a category D whose objects are functors C — D
and whose morphisms are natural transformations of such.?® Given a functor F: C — D,
the natural transformation 1gp: F = F is defined with components (1r), = 1p.. The
following lemma describes composition of morphisms in DC.

LemMma 1.6.12. Suppose a: F = G and B: G = H are natural transformations between
parallel functors F,G,H: C — D. Then there is a natural transformation Ba: F = H
whose components (8 - @). = B, - a. are defined to be the composites of the components of
a and B.

Proor. Naturality of o and S implies that for any f: ¢ — ¢’ in the domain category
each square, and thus also the composite rectangle, commutes:

B

Fc—% s Ge —> > He

il o) | 0

Fd ——= G
. /36,

The composition operation defined in Lemma 1.6.12 is called vertical composition.
Drawing the parallel functors horizontally, a composable pair of natural transformations in
the category D fits into a pasting diagram

F

F
/TN /7N
C—G=D = Clp-aD
B/ N/
H H

As the terminology suggests, there is also a horizontal composition operation, defined by
the following lemma.

LemMma 1.6.13. Given a pair of natural transformations

F H
7N TN
Cla D UB E

G K

28Care should be taken with size when discussing functor categories. If C and D are small, then D€ is
again a small category, but if C and D are locally small then D® need not be; this is only guaranteed if D is locally
small and C is small. In summary, the formation of functor categories defines a bifunctor Cat®® x Cat — Cat
or Cat’? x CAT — CAT, but the category of functors between two non-small categories may be even larger than
these categories are.
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there is a natural transformation B« a: HF = KG whose component at ¢ € C is defined
as the composite of the following commutative square

(1.6.14) HFc -2~ KFe

Ha(i lK(y(

HGc —— KGc
Bée

Proor. The square (1.6.14) commutes by naturality of 8: H = K applied to the mor-
phism a.: Fc — Gcin D. To prove that the components (8 * @).: HFc — KGc so-defined
are natural, we must show that KGf - (B* a). = (B* @), - HF f for any f: ¢ — ¢’ in C.
This relation holds on account of the commutative rectangle

HFe —25 HGe —F%+ KGe

HFfi HGfl lKGf

HF¢ HGc KGc'
H B

@ G’

The right-hand square commutes by naturality of 8. The left-hand square commutes by
naturality of @ and Lemma 1.6.5, which states that functors, in this case the functor H,
preserve commutative diagrams. O

REMARK 1.6.15. The natural transformations Ha: HF = HG, Ka: KF = KG,BF: HF =
KF, and BG: HG = KG appearing in Lemma 1.6.13 are defined by whiskering the nat-
ural transformations @ and S with the functors H and K or F and G, respectively. The
terminology is on account of the following graphical depiction of the whiskered composite

H
/N

c—Lt~D B E—L>F

K

LBF: LHF = LKF of the natural transformation 8 with the functors F and L. As demon-
strated by Lemma 1.6.13, we are also interested in the case where either L or F is an
identity. See Exercises 1.6.2 and 1.6.3.

In certain special cases, commutativity of diagrams can be automatic. For instance,
any parallel sequences of composable morphisms in a preorder must have a common com-
posite precisely because any hom-set in a preorder has at most one element!

DeriNiTION 1.6.16. An object x € C is initial if for every ¢ € C there is a unique morphism
x — ¢. Dually, an object x € C is terminal if for every ¢ € C there is a unique morphism
Cc — X.

Lemma 1.6.17. Let fi,...,f, and g, ..., 8gn be composable sequences of morphisms so
that the domain of fi equals the domain of g\ and the codomain of f,, equals the codomain
of gm- If this common codomain is a terminal object, or if this common domain is an initial
object, then f,--- fi = gm - &1-

Proor. The two dual statements are immediate consequences of the uniqueness part
of Definition 1.6.16. O

ExampLEs 1.6.18. Many of the categories we have met have initial and terminal objects.



38 1. CATEGORIES, FUNCTORS, NATURAL TRANSFORMATIONS

(i) The empty set is an initial object in Set and any singleton set is terminal.
(i1) In Top, the empty and singleton spaces are respectively initial and terminal.
(iii) In Set,, any singleton set is both initial and terminal.

(iv) In Modg, the zero module is both initial and terminal. Similarly, the trivial group
is both initial and terminal in Group.

(v) The zero ring is a terminal object in Ring. To identify an initial object, we must
clarify what sort of rings are meant. Henceforth, let Ring denote the category of
unital rings and ring homomorphisms that preserve the multiplicative identity.
This is a non-full subcategory of the larger category Rng of rings which do not
necessarily have a multiplicative identity and homomorphisms which need not
preserve one if it happens to exist. The integers define an initial object in Ring
but not in Rng, in which the zero ring is initial.

(vi) The category Field of fields has neither initial nor terminal objects. Indeed, there
are no homomorphisms between fields of different characteristic.
(vii) The empty category defines an initial object in Cat, and the category 1 is termi-
nal.
(viii) An initial object in a preorder is a global minimal element, and a terminal object
is a global maximal element.

In certain cases, one can prove that a diagram commutes by appealing to “elements”
of the objects. For instance, this is possible in any concrete category.

DerniTION 1.6.19. A concrete category is a category C equipped with a faithful functor
U: C — Set.

The functor U typically carries an object of C to its “underlying set.” The faithfulness
condition asserts that any parallel pair of morphisms f,g: ¢ =3 ¢’ that induce the same
function Uf = Ug between the underlying sets must be equal in C. The idea is that the
question of whether a map between the underlying sets of objects in a concrete category is a
map in the category is a condition (e.g., continuity). By contrast, the functor U: C — Set
is not faithful if the maps in C have extra structure that is not visible at the level of the
underlying sets (e.g., homotopy classes of maps [Fre04]).

ExampLE 1.6.20. Each category listed in Example 1.1.2 is concrete, although care must be
taken in the case of Graph. The most obvious forgetful functors, which send a graph to its
set of vertices or its set of edges, are not faithful. However, the functor U: Graph — Set
that sends a graph to the union of its set of vertices and edges is faithful.

Consider a faithful functor U: C — D. Then any diagram in C whose image com-
mutes in D also commutes in C; the point is that the necessary relations between compos-
able sequences of morphisms are reflected from D to C by the faithful functor. In particular,
to prove that a diagram in a concrete category commutes, it suffices to prove commutativity
of the induced diagram of underlying sets. This amounts to showing that certain composite
functions between underlying sets are the same, and this can be checked by considering
the elements of those sets.

We close with a word of warning. We have seen that commutativity of a pair of adja-
cent squares as in (1.6.9) implies commutativity of the exterior rectangle, but the converse
need not hold, as illustrated by the following diagram in Ab, in which the outer rectangle
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commutes but neither square does:

727 0

]

OHZ?Z

=

Neither does commutativity of one of the two squares, plus the outer rectangle, imply
commutativity of the other in general. The issue is that a composition relation of the form

ghn -+ f = gkn---kif
need not imply that 4, ---hy = k,, - - - k; unless f and g have a special property, which we
now introduce.
DeriniTION 1.6.21. A morphism f: x — y in a category is

(i) a monomorphism if for any parallel morphisms h,k: w = x, fh = fk implies

that h = k.
(ii) an epimorphism if for any parallel morphisms i, k: y =3 z, hf = kf implies
that h = k.

In adjectival form, a monomorphism is monic and an epimorphism is epic. In common
shorthand a monomorphism is a mono and an epimorphism is an epi.

ExampLE 1.6.22. Suppose f: X — Y is a monomorphism in the category of sets. Then,
in particular, given any two maps x,x": 1 =3 X, whose domain is the singleton set, if
fx = fx’ then x = x’. Thus, monomorphisms are injective functions. Conversely, any
injective function can easily be seen to be a monomorphism.

Similarly, a map f: X — Y in the category of sets is an epimorphism if and only if
it is surjective. Given functions h,k: Y =3 Z, the equation hf = kf says exactly that A is
equal to k on the image of f.

Thus, monomorphisms and epimorphisms should be regarded as categorical analogs
of the notions of injective and surjective functions. As will be demonstrated in Exercise
1.6.6, a morphism f: x — y in a concrete category C is a monomorphism if its induced
function Uf: Ux — Uy between the underlying sets of x and y is injective. Dually,
f is an epimorphism if Uf is surjective. However, a concrete category may have more
monomorphisms and epimorphisms than just those maps that have injective or surjective
underlying functions (see Exercise 1.6.7).

ExampLE 1.6.23. Suppose that x 5 y S xare morphisms so that rs = 1,. The map s is a
section or right inverse to r, while the map r defines a retraction or left inverse to s. In
this case, s is always a monomorphism and r is always an epimorphism. To acknowledge
the presence of these one-sided inverses, s is said to be a split monomorphism and r is
said to be a split epimorphism.

A functor may or may not preserve monomorphisms or epimorphisms, but it necessar-
ily preserves split monomorphisms and split epimorphisms. One thinks of the retraction or
section as an “equational witness” for the mono or the epi.

ExampLE 1.6.24. By the previous example, an isomorphism is necessarily both monic and
epic, but the converse need not hold in general. For example, the inclusion Z — Q is both
monic and epic in the category Rng or in Ring, but this map is not an isomorphism in either
category.
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Lemma 1.6.25. Consider morphisms with the indicated sources and targets

and suppose that the outer rectangle commutes. This data defines a commutative rectangle
if either:

(i) the left-hand square commutes and m is a monomorphism.

(ii) the right-hand square commutes and f is an epimorphism.

Proor. The statements are dual. Assuming (i), we have mkg = €jf = mhf by com-
mutativity of the outer rectangle and right-hand square. Since m is a monomorphism, it
follows that kg = hf and thus that the rectangle commutes. O

Exercises.
Exercise 1.6.1. Show that any map from a terminal object in a category to an initial one is
an isomorphism.

Exercise 1.6.2. Given a natural transformation 8: H = K and functors F and L as dis-
played in

H

F /TN L
C——D |B E——F

K
define a natural transformation LBF: LHF = LKF by (LBF). = LBp.. This is the
whiskered composite of 8 with L and F. Prove that LBF is natural.

Exercise 1.6.3. Redefine the horizontal composition of natural transformations introduced
in Lemma 1.6.13 using vertical composition and whiskering.

Exercise 1.6.4. Given functors and natural transformations

F J
/Tax /TN
C—G=D—K=E
AN
H L

prove that (6y) * (Ba) = (0 * B)(y * @). That is, prove that the natural transformation
JF = LH defined by first composing vertically and then composing horizontally equals
the natural transformation defined by first composing horizontally and then composing
vertically. This is the rule of middle four interchange.

Exercise 1.6.5. Prove that the monomorphisms in any category define a subcategory of
that category. Apply duality to prove that the epimorphisms also define a subcategory.

ExEercise 1.6.6. Show that any faithful functor reflects monomorphisms. Thatis, if F: C —
D is faithful, prove that if F f is a monomorphism in D, then f is a monomorphism in C.
Argue by duality that faithful functors also reflect epimorphisms. Conclude that in any
concrete category, any morphism that defines an injection of underlying sets is a monomor-
phism and any morphism that defines a surjection of underlying sets is an epimorphism.
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Exercise 1.6.7. Find a concrete category that contains a monomorphism whose underlying
function is not injective. Find a concrete category that contains an epimorphism whose
underlying function is not surjective.

Exercise 1.6.8. For any group G, we may define other groups:
o the center Z(G) = {h € G | hg = ghVg € G}, a subgroup of G,
e the commutator subgroup C(G), the subgroup of G generated by the elements ghg™' /™!
for any g,h € G, and
o the automorphism group Aut(G), the group of isomorphisms ¢: G — G in Group.
Trivially all three constructions define a functor from the discrete category of groups (with
only identity morphisms) to Group. Are these constructions functorial in
e the isomorphisms of groups? That is, do they extend to functors Group;,, — Group?
e the epimorphisms of groups? That is, do they extend to functors Group,,; — Group?
e all homomorphisms of groups? That is, do they extend to functors Group — Group?
Exercise 1.6.9. Prove that a bifunctor F': C x D — E is uniquely determined by:
(i) A functor F(c,—): D — E for each ¢ € C.
(i) A natural transformation F(f,—): F(c,—) = F(c¢’,—) foreach f: ¢ — ¢’ in C,
defined functorially in C.

In other words, prove that there is a bijection between functors C x D — E and functors
C — EP.






CHAPTER 2

Representability and the Yoneda lemma

Traditional approaches to the foundations of mathematics are based on set theory. In
particular, many mathematical objects are defined to be sets with additional structure. For
this reason, we are particularly interested in functors taking values in the category of sets.
This chapter is devoted to their study.

2.1. Representable functors

A paradigmatic example is the bifunctor C(—,—): C°? x C — Set defined for any
locally small category C, the two-sided represented functor introduced in Definition 1.3.11.
It sends a pair of objects x,y € C to the set C(x,y) of morphisms in C with domain x and
codomain y. A pair of morphisms f: x’ — x and h: y — y’ define a function

ho—of ,
C(x,y) — C(x',y")

that maps a morphism g: x — y to the composite morphism hgf: x* — y’. Fixing an
object in either the domain or the codomain variable, this bifunctor restricts to define the
covariant and contravariant functors represented by the fixed objects

C(x,-): C — Set C(-,y): C® — Set

that were introduced in Definition 1.3.9.

DeriNiTION 2.1.1. A covariant or contravariant functor F from a locally small category C
to Set is representable if there is an object ¢ € C and a natural isomorphism between F'
and the functor of appropriate variance' represented by c. A representation for a covariant
functor F is then a choice of object ¢ € C together with a specified natural isomorphism
C(c, —) = F; similarly for a contravariant functor. In this case, we say that the functor F is
represented by the object c.

We will have more to say about the distinction between a functor being representable
and a choice of representation soon, where we will also answer the question of how unique
is the choice of representation for a representable functor.

One reason for our particular interest in representable functors is because many exam-
ples occur “in nature.”

ExampLEs 2.1.2. The following covariant functors are representable.

(i) The identity functor l1ge: Set — Set is represented by the singleton set. That
is, for any set X, there is a natural isomorphism Set(1,X) = X that defines a
bijection between elements x € X and functions x: 1 — X carrying the singleton

ISome authors use the term “corepresentable” for covariant representable functors, reserving “repre-
sentable” for the contravariant case. We find this distinction unnecessary since the variance is always evident
from the definition of the functor F.
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(i)

(iii)

(iv)

)

(vi)

(vii)

(ix)

)
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element to x. Naturality says that for any f: X — Y, the diagram

Set(1,X) —= X

)

Set(1,Y) ——=Y

commutes, i.e., that the composite function 1 5 X L Y corresponds to the
element f(x) € Y, as is evidently the case.

The forgetful functor U: Group — Set is represented by the group Z. That
is, for any group G, there is a natural isomorphism Group(Z,G) = UG that
associates, to every element g € UG, the unique homomorphism Z — G that
maps the integer 1 to g. This defines a bijection because every homomorphism
Z — G is determined by the image of the generator 1; that is to say, Z is the free
group on a single generator. This bijection is natural because the composite

group homomorphism Z 56 2 H carries the integer 1 to ¢(g) € H.

For any unital ring R, the forgetful functor U: Modg — Set is represented by
the R-module R. That is, there is a natural bijection between R-module homo-
morphisms R — M and elements of the underlying set of M, in whichm € UM
is associated to the unique R-module homomorphism that carries the multiplica-
tive identity to m. This explains the appearance of the abelian group Z and the
vector space Kk in Definition 1.6.3, where maps with these domains were used to
specify elements in the codomains.

The functor U: Ring — Set is represented by the unital ring Z[x], the polyno-
mial ring in one variable with integer coefficients. A unital ring homomorphism
Z[x] — R is uniquely determined by the image of x; put another way, Z[x] is
the free unital ring on a single generator.

The functor U(—)": Group — Set that sends a group G to the set of n-tuples
of elements of G is represented by the free group on n generators. Similarly,
the functor U(-)": Ab — Set is represented by the free abelian group on n
generators.

The functor (—)*: Ring — Set that sends a unital ring to its set of units is
represented by the ring Z[x, x~'] of Laurent polynomials in one variable. That
is to say, a ring homomorphism Z[x, x"'] — R may be defined by sending x to
any unit of R and is completely determined by this assignment, and moreover
there are no ring homomorphisms that carry x to a non-unit.

The forgetful functor U: Top — Set is represented by the singleton space: there
is a natural bijection between elements of a topological space and continuous
functions from the point.

(viii) The functor ob: Cat — Set that takes a small category to its set of objects is

represented by the terminal category 1: a functor 1 — C is no more and no less
than a choice of object in C.

The functor mor: Cat — Set that takes a small category to its set of morphisms
is represented by the category 2: a functor 2 — C is no more and no less than a
choice of morphism in C.

The functor iso: Cat — Set that takes a small category to its set of isomor-
phisms (pointing in a chosen direction) is represented by the category I, with
two objects and exactly one morphism in each hom-set.
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The functor comp: Cat — Set that takes a small category to the set of com-
posable pairs of morphisms in it is represented by the category 3. Generalizing,
the ordinaln+1 =0 — 1 — --- — n represents the functor that takes a small
category to the set of paths of n composable morphisms in it.

The forgetful functor U: Set. — Set is represented by the two element based
set: based functions out of this set correspond naturally and bijectively to ele-
ments of the target based set.

The functors Top — Set that carry a topological space to its set of paths or its set
of loops are representable by the unit interval I and the circle S by definition.
A path in X is a continuous function / — X while a loop in X is a continuous
function S — X.

ExampLes 2.1.3. The following contravariant functors are representable.

®

(i)

(iii)

(iv)

v)

The contravariant powerset functor P: Set® — Set is represented by the set
Q = {T, L} with two elements. The natural isomorphism Set(A, Q) = P(A) is
defined by the bijection that associates a function A — Q with the subset that
is the preimage of T; reversing perspectives, a subset A’ C A is identified with
its classifying function y 4 : A — Q, which sends exactly the elements of A’ to
the element T. Naturality says that for any function f: A — B, the diagram

Set(B, Q) — P(B)

T

Set(A, Q) —— P(A)

commutes. That is, given a function yg : B — Q classifying the subset B’ C B,

the composite function A i> B %5 O classifies the subset f~N(B’) c A, which
is easily seen to be the case.

The functor O: Top® — Set that sends a space to its set of open subsets is
represented by the Sierpinski space S. This is the topological space with two
points, one closed and one open. The natural bijection Top(X,S) = O(X) as-
sociates a continuous function X — § to the preimage of the open point. This
bijection is natural because a composite function ¥ — X — § classifies the
preimage of the open subset of X under the function ¥ — X.

The Sierpinski space also represents the functor C: Top® — Set that sends a
space to its set of closed subsets. Composing the natural isomorphisms O =
Top(—, S) = C we see that the closed set and open set functors are naturally iso-
morphic. Unpacking the definitions, we see that the composite natural isomor-
phism carries an open subset to its complement, which is closed. This recovers
the natural isomorphism described in Example 1.4.3.(v).

The functor Hom(— X A, B): Set®® — Set that sends a set X to the set of func-
tions X X A — B is represented by the set B* of functions from A to B. That is,
there is a natural bijection between functions XX A — B and functions X — BA.
This natural isomorphism is referred to as currying in computer science; by fix-
ing a variable in a two-variable function, one obtains a family of functions in a
single variable.

The functor U(-)*: Vectzp — Set that sends a vector space to the set of vectors
in its dual space is represented by the vector space K, i.e., linear maps V — k
are, by definition, precisely the vectors in the dual space V*.
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(vi) Fix atopological space Y, a set X, and a function f: X — UY. Define a functor
Ty: Top® — Set by taking T¢(A) to be the set of functions UA — X so that
the composite function UA — X — UY is a continuous function between the
spaces A and Y. This functor is represented by assigning X the coarsest topology
so that f is continuous. It has a subbasis given by preimages of open sets in (a
subbasis of) Y.

The representations considered in Examples 2.1.2 and 2.1.3 describe universal prop-
erties of the representing objects in a sense that we will soon make precise. Representabil-
ity of certain functors can also be used to define categorical properties of the domain cate-
gory, a strategy we will use repeatedly. Here is a first example.

ExampLE 2.1.4. For any category C, not necessarily locally small, we can define a constant
functor x: C — Set that sends every object ¢ € C to the singleton set. What does it mean
for this functor to be representable? In particular, representability implies that there is an
object i € C so that for any ¢ € C the set C(i, ¢) contains exactly one element. In other
words, the functor x: C — Set is representable if and only if C admits an initial object i.
Dually, C°? — Set is representable if and only if C admits a terminal object.

Exercises.

Exercise 2.1.1. For each of the three functors

1<——2
1
between the categories 1 and 2, describe the corresponding natural transformations be-
tween the covariant functors Cat — Set represented by these categories.

Exercise 2.1.2. A functor F defines a subfunctor of G if there is a natural transformation
a: F = G whose components are monomorphisms. In the case of G: C? — Set a
subfunctor is given by a collection of subsets Fc C Gc so that each Gf: Gc — G’
restricts to define a function F f: Fc — Fc¢’. Characterize those subsets that assemble into
a subfunctor of the representable functor C(—, ¢).

Exercise 2.1.3. Suppose F': C — Set is equivalent to G: D — Set in the sense that there
is an equivalence of categories H: C — D so that GH and F are naturally isomorphic.

(i) If F is representable, then is G representable?
(ii) If G is representable, then is F representable?

2.2. The Yoneda lemma

Yoneda enjoyed relating the story of the origins
of this lemma, as follows. He had guided Samuel
Eilenberg during Eilenberg’s visit to Japan, and in
this process learned homological algebra. Soon
Yoneda spent a year in France (apparently in 1954
and 1955). There he met Saunders Mac Lane.
Mac Lane, then visiting Paris, was anxious to
learn from Yoneda, and commenced an interview
with Yoneda in a café at Gare du Nord. The
interview was continued on Yoneda’s train until
its departure. In its course, Mac Lane learned
about the lemma and subsequently baptized it.

Saunders Mac Lane, “The Yoneda lemma”
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To gain a better understanding of the representable functors considered above and of
questions of representability, such as posed in Example 2.1.4, we would like to answer
the following question: given a functor F: C — Set, what data is needed to define a
natural isomorphism C(c, —) = F? More generally, what data is needed to define a natural
transformation C(c, —) = F?

As a first example, consider diagrams whose shape is given by the ordinal category
w. A functor F: w — Set is given by a family of sets (F,),en together with functions
Jame1: Fy — Fpi. The functor w(k,—): w — Set represented by the object k € w
corresponds to a family whose first k sets, indexed by objects n < k, are empty and whose
remaining sets, indexed by n > k are singletons. A natural transformation a: w(k,—) = F,
as always, is given by components «,: w(k,n) — F, satisfying a naturality condition.
Using the fact that the sets w(k, n) are either empty or singletons, we display the data in a
diagram

(l(]l ay \L Q-1 \L dkl 27381 l @y l
Fo fo F o Fiy Stk Fi Skt Fev o Fu

Evidently, the components a,, contain no information for n < k. For n > k, the components
determine elements @, € F,. The naturality condition demands that @,+; = f,+1(@y).
By an inductive argument, we see that the natural transformation «: w(k,—) = F' is com-
pletely and uniquely determined by the choice of the first element a; € Fy, which we think
of as the image of the morphism 1; under the k-th component map oy : w(k,k) — Fy.
Moreover, any element of Fj may be chosen as this image; naturality places no further
restrictions.
As a second example, we consider diagrams whose indexing categories are groups.

ExampLE 2.2.1. A group G, when regarded as a category, has a single object. Thus, there
is a unique covariant represented functor G — Set and a unique contravariant represented
functor G®* — Set. Example 1.3.6.(iv) characterized the functors from G to Set; in the
covariant case, they correspond to left G-sets and in the contravariant case, they correspond
to right G-sets. Recalling that the elements of G define the set of automorphisms of the
unique object in the category, we see that the covariant represented functor is the G-set G,
with its action by left multiplication, while the contravariant represented functor is again
G, but with its right action by right multiplication. The same remarks hold for monoids.

Consider a G-set X: G — Set. Example 1.4.3.(iv) observed that a natural transfor-
mation ¢: G = X is exactly a G-equivariant map ¢: G — X. Here ¢: G — X is the
unique component of the natural transformation; equivariance of this map expresses the
naturality condition. To define ¢ we must specify elements ¢(g) € X for each g € G.
Equivariance demands that ¢(g - h) = g - ¢(h). Taking & to be the identity element, we see
that ¢(g) = g - ¢(e). In other words, the choice of ¢(e) € X forces us to define ¢(g) to be
g - ¢(e). Moreover, any choice of ¢(e) € X is permitted, because the left action of G on G
is free.? Thus, we have proven:

ProrosiTioN 2.2.2. G-equivariant maps G — X correspond bijectively to elements of X,
the image of the identity e € G.

2The action of a group G on a set X is free if every stabilizer group is trivial. In the context of the left action
of G on itself, if there were distinct elements k, / so that g = k-e = h-e, we might be forced to make contradictory
definitions of ¢(g).
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For diagrams indexed by the poset w and by a group G, we have seen that natural
transformations whose domain is a represented functor are determined by the choice of a
single element, which lives in the set defined by evaluating the codomain functor at the
representing object. In each case, this element is the image of the identity morphism at
the representing object.® This is no coincidence. Indeed, the same is true for diagrams of
any sha})e by what is arguably the most important result in category theory: the Yoneda
lemma.

THeorEM 2.2.3 (Yoneda lemma). For any functor F: C — Set, whose domain C is locally
small, there is a bijection

Hom(C(c,-),F) = Fc

that identifies a natural transformation a: C(c,—) = F with the element a.(1.) € Fc.
Moreover this correspondence is natural in both c and F.

Proor oF THE BUECTION. There is clearly a function ®: Hom(C(c,—), F) — Fc that
maps a natural transformation a: C(c,—) = F to the image of 1. under the component
function a.: C(c,c) — Fc, i.e., (@) := a.(1.). Our first aim is to define an inverse
Y. Fc —» Hom(C(c, -), F) that constructs a natural transformation ¥(x): C(c,-) = F
from any x € Fc. To this end, we must define components W¥(x),: C(c,d) — Fd so that
naturality squares, such as the following for f: ¢ — d in C, commute:

W(x).
C(c,c)i>Fc

4

C(C,d) W Fd

The image of the identity element 1. € C(c, ¢) under the left-bottom composite is W(x),(f) €
Fd, the value of the component ¥(x), at the element f € C(c, d). The image under the top-

right composite is F f(¥(x).(1.)). In order for ¥ to define an inverse for ® we should let

Y(x).(1.) = x. Thus, naturality forces us to define

Y(x)a(f) = Ff(x).

This condition completely defines the components of W(x).

It remains to verify that W(x) is natural. To that end, consider a generic morphism
g: d — e in C (one whose domain is not necessarily the distinguished object ¢). We must
show that

Cle.d) ~24 Fq

C(c,e) —— Fe
Y(x),

commutes. The image of f: ¢ — d along the left-bottom composite is W(x).(gf) :=
F(gf)(x). The image along the top-right composite is Fg(¥(x)4(f)) := Fg(F f(x)), which
by functoriality of F, is the same element. This completes the definition of the function
¥Y: Fc —» Hom(C(c, -), F).

3Recall, the identity element in a group corresponds to the identity morphism in the one-object category.
For the history of the Yoneda lemma, which first appeared in print in a paper of Grothendieck [Gro60], see
[ML98b], quoted at the beginning of this chapter. I find Mac Lane’s use of third person to be extremely curious.
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By construction ®¥(x) = ¥Y(x).(1.) = x, so ¥ is a right inverse to ®. We wish to show
that Y®(a) = «, i.e., that the natural transformation W(a.(1.)) is . It suffices to show that
these natural transformations have the same components. By definition

Ylac(1e)a(f) = Fflac(le).

By naturality of a, the square

(2.2.4) Clc,¢) —<= Fe

T

Cle.d) —— Fd

commutes, from which we see that F f(a.(1.)) = a4(f). Thus, ¥(a.(1.))s = a4, proving
that ¥ is also a left inverse to ®. Thus, evaluation of a natural transformation at the identity
of the representing object defines an isomorphism

Hom(C(c, -), F) — Fe,
as claimed. O

Proor oF NaTUrRALITY. The naturality in the statement of the Yoneda lemma amounts
to the following pair of assertions. Firstly, given a natural transformation 8: F = G, the
element of G¢ representing the composite natural transformation fa: C(c,—) = F = G
for any @ € Hom(C(c,—), F) is the image under B.: Fc — Gc of the element of Fc
representing @, i.e., the diagram

Hom(C(c, -), F) —¥~ Fe¢

J

Hom(C(c, -), G) —> Gc

commutes. By definition ®(Ba) = (Ba).(1.), which is B.(a.(1.)) by the definition of verti-
cal composition of natural transformations, and this is 5.(D(@)).

Secondly, given a morphism f: ¢ — d in C, the element of Fd representing the com-
posite natural transformation af*: C(d,—) = C(c,—) = F is the image under Ff: Fc —
Fd of the element of Fc representing «, i.e., the diagram

Hom(C(c, -), F) —¥ = Fec
(f*)*l \LFf
Hom(C(d, -), F) —> Fd

commutes. Here, the image of a along the top-right is F f(a.(1.)), and the image along the
left-bottom is (@ f*)4(14). By the definition of vertical composition, the d-th component of
the composite natural transformation af™ is the function

Cd.d) —> Cle.d) — "~ Fd

14 = f = ay(f)

As demonstrated by the commutative square (2.2.4), aq(f) = F f(a.(1.)), which is what
we had hoped to show. O
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REmARrk 2.2.5. Were it not for size issues, we could express Theorem 2.2.3 more concisely
as saying that the maps ® define the components of a natural transformation of two functors
that we now introduce. The pair ¢ and F in the statement of the Yoneda lemma define an
object in the product category C x Set®; recall Set® is the category of functors C — Set
and natural transformations between them. There is a functor ev: C x Set® — Set that
maps (c, F) to the set Fc, i.e., the set obtained when evaluating the functor F at the object
c. This functor defines the codomain of the natural isomorphism ©.
The definition of the domain of ® makes use of a functor

cor Y o SetC

c — C(c,-)
f\L g Tf*
d — CWd,-)

This is also the functor obtained by applying Exercise 1.6.9 to Definition 1.3.11. Using
Exercise 1.3.3 to regard y as a functor C — (SetC)°P, the domain of @ is defined to be the
composite

X 1
C x Set® % (SetC)p x SetC — oM . gET

(c,F) —  (C(c,-), F) ~ Hom(C(c,-), F)

Here is where the size issues arise. If C is small, then SetC is locally small, and we have
a Set-valued hom functor, as in Definition 1.3.11. However, if C is only locally small,
Set® need not be locally small; we write SET to indicate that the collection of natural
transformations between a pair of functors F,G: C — Set might not be a set.

For the composite functor Hom(y(—), —): C x Set® — Set there is no problem, how-
ever, by the proof just given. So the Yoneda lemma asserts that evaluating at the identity
morphism on the representing object defines a natural isomorphism

Hom(y(-),-)

CxSet® =yo Set

7

The Yoneda lemma completely characterizes natural transformations between repre-
sentable functors. By Theorem 2.2.3, natural transformations

a: C(c,-) = C(d,-)

correspond to elements of C(d, ¢), i.e., to morphisms f: d — c¢in C. Given f: d — c,
the Yoneda lemma defines the components of the resulting natural transformation W(f) as

follows:

Cle.e) Y(f)e Cd, e)

g:c—oe B gfid—oe

Here gf € C(d, e) is the image of the element f € C(d, ¢) under the function g, : C(d, ¢) —
C(d, e). In other words, W(f) is the natural transformation C(c,—) = C(d, —) defined by
pre-composition by f. It’s clear that distinct morphisms induce distinct natural transfor-
mations: the images of the identity morphism at ¢ will necessarily differ. In this way, we
have arrived at the following important corollary to the Yoneda lemma.
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CoroLLARY 2.2.6 (Yoneda embedding). The functors

c—Y - getc” crC ' o get
c — C(—,0) c = C(c,-)
A A
d = C(-d d — C(d-)

define full and faithful embeddings.

In other words, C is isomorphic to the full subcategory of Set®” spanned by the
contravariant represented functors, and C° is isomorphic to the full subcategory of Set®
spanned by the covariant represented functors. The functors of Corollary 2.2.6 define the
covariant and contravariant Yoneda embeddings.

Fullness of the Yoneda embedding allows us to prove:

CorOLLARY 2.2.7. Every row operation on matrices with k rows is defined by left multipli-
cation by some k X k matrix.

Proor. Recall Maty is the category whose objects are non-zero natural numbers and in
which a morphism n — m is a mxn matrix, with m rows and n columns. The elements in the
image of the represented functor Hom(—, k) are matrices with k rows. The row operations
of elementary linear algebra, for instance, replacing the ith row with the sum of the ith
and jth row, are easily seen to define natural endomorphisms of Hom(—, k); naturality here
follows from linearity of (right) matrix multiplication. Thus, by Corollary 2.2.6, every row
operation must be definable by left multiplication by a suitable k£ X k matrix. Moreover,
Theorem 2.2.3 allows us to identify this matrix: it’s the result of applying the row operation
in question to the k X k identity matrix. O

ExampLE 2.2.8. In the case of a group G regarded as a one-object category, the image of
the covariant Yoneda embedding is the right G-set G, with G acting by right multiplication.
Corollary 2.2.6 tells us that the only G-equivariant endomorphisms of the right G-set G are
those maps defined by left multiplication with a fixed element of G. In particular, any
G-equivariant endomorphism of G must be an automorphism, a fact that might otherwise
come as a surprise.

In this way, the Yoneda embedding defines an isomorphism between G and the auto-
morphism group of the right G-set G, an object in Set®”. Composing with the forgetful
functor Set®” — Set, we obtain an isomorphism between G and a subgroup of the au-
tomorphism of group of the set G, which in this context is typically denoted by Sym(G).
This result, that any abstract group may be realized as a subgroup of a permutation group,
is known as Cayley’s theorem.

Exercises.

Exercise 2.2.1. As discussed in Section 2.2, diagrams of shape w are determined by a
countably infinite family of objects and a countable infinite sequence of morphisms. De-
scribe the Yoneda embedding y: w < Set®” in this manner (as a family of w®P-indexed
functors and natural transformations). Prove, without appealing to the Yoneda lemma, that
y is full and faithful.

Exercise 2.2.2. There is a natural automorphism ¢ of the contravariant power-set functor
P: Set® — Set whose component functions ¢4 : P(A) — P(A) send a subset A’ C A to
its complement. The Yoneda lemma tells us that ¢ is induced by an endomorphism of the
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representing object. What is it? Does this function induce a natural automorphism of the
covariant power-set functor?

Exercise 2.2.3. Do there exist any non-identity natural endomorphisms of the category of
spaces? Le., does there exist any family of continuous maps X — X, defined for all spaces
X and not all of which are identities, that are natural in all maps in the category Top?

2.3. Universal properties

The Yoneda lemma, of Theorem 2.2.3 and Corollary 2.2.6, allows us to define objects
in some category by means of their universal properties in a sense we now make precise.
We will make use of the following strengthening of Lemma 1.2.3, which shows that objects
in a category are isomorphic if and only if they are representably isomorphic.

Lemma 2.3.1. The following are equivalent:
(i) f:x— yisanisomorphism in C.

(ii) fi: C(—,x) = C(-,y) is a natural isomorphism.

(iii) f*: C(y,—) = C(x, —) is a natural isomorphism.

Proor. The implications (i)=(ii) and (i)=(iii) are instances of Lemma 1.3.7, fol-
lowing from the functoriality of the Yoneda embeddings. The implications (ii)=(i) and
(iii))=() follow from Corollary 2.2.6 and the fact that full and faithful functors reflect
isomorphisms. O

CoroLLARY 2.3.2. If x and y represent the same functor F: C — Set, then x and y are
isomorphic in C.

More precisely, the representing natural isomorphisms C(x, —) = F = C(y, —) induce
a canonical isomorphism x = y in C. For this reason, we often refer to the representing
object of a representable functor. Category theorists often use the singular “the” in contexts
where the object in question is well-defined up to canonical isomorphism.

CoroLLARY 2.3.3. Any two terminal objects in C are (uniquely) isomorphic. Dually, initial
objects are uniquely isomorphic.

Proor. Terminal objects represent the functor C°° — Set that is constant at the sin-
gleton set. O

In common mathematical practice, a definition by means of a universal property takes
the following form.

DermNiTioN 2.3.4. A representable functor F: C — Set or F: C®? — Set expresses a
universal property of its representing object.

Put another way, a universal property of an object x is a description of the covariant
representable functor Hom(x, —) or of the contravariant representable functor Hom(—, x).
Corollary 2.3.2 demonstrates that a representable functor determines a representing object
up to canonical isomorphism.

The Yoneda lemma also allows us to be more precise about what data is entailed by a
representation.

ExampLE 2.3.5. A functor E: G — Set, i.e., a left G-set E, is representable if and only
if there is an isomorphism G = E of left G-sets. This implies that the action of G on E
is free (every stabilizer group is trivial) and transitive (the orbit of any point is the entire
set), and that E is non-empty. Conversely, any non-empty free and transitive left G-set is
representable; a proof will be given in Example 2.4.6. By the Yoneda lemma, the data of a
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representation for E, i.e., a specific isomorphism G = E, is determined by the choice of an
element e € E, serving as the image of the identity e € G. In other words, a representable
left G-set E is a group that has forgotten its identity element. This is called a G-torsor.
For example, a torsor for the group R"” under addition is the set called n-dimensional
affine space, commonly denoted by A" (or Ay to emphasize the ground field). We think
of A" as being the collection of points in n-dimensional real space, but without a chosen
origin. Thinking of points in R” as vectors, the free and transitive action of R” on A" is easy
to describe: a point in A" is transported along the vector in question. This action is free,
because every non-zero vector acts on every point non-trivially, and transitive, because any
two points in affine space can be “subtracted” to define a unique vector in R” that carries
the one to the other. A choice of an origin point o0 in A" determines coordinates for all of
the other points, hence an isomorphism R"” = A”". The coordinates for another point p € A"
are defined to be the unique vector ¥ € R” so that ¥+ 0 = p. This construction is a special
case of the construction of the natural transformation in the proof of the Yoneda lemma.

ExampLE 2.3.6. Fix k-vector spaces V and W and consider the functor
Bilin(V, W; —): Vectx — Set

that sends a vector space U to the set of k-bilinear maps V x W — U. A bilinear map
f: VxW — U is a function of two variables so that for allv € V, f(v,—): W — U is a
linear map and for all w € W, f(—,w): V — U is a linear map. Equivalently, f may be
defined to be a linear map V — Hom(W, U) or W — Hom(V, U), where the codomains are
vector spaces of linear maps.

A representation for the functor Bilin(V, W; —) defines a vector space V ®¢ W, the
tensor product of V and W. That is, the tensor product is defined by an isomorphism

(2.3.7) Vectk(V & W, U) = Bilin(V, W: U),

between the set of linear maps V ®« W — U and the set of bilinear maps V X W — U that
is natural in U

Theorem 2.2.3 tells us that the natural isomorphism (2.3.7) is determined by an ele-
ment of Bilin(V, W; V @« W), i.e., by a bilinear map ®: V X W — V ® W. One says that
V ®k W is the universal vector space equipped with a bilinear map from V x W. The
Yoneda lemma allows us to unpack what this means. Via the natural isomorphism (2.3.7),
any bilinear map f: VX W — U is associated to a linear map f’: V®¢ W — U. Consider
the naturality square induced by f”.

Vect(V & W,V & W) —— Bilin(V, W; V @ W)
ﬂl lf;
Vectk(V & W, U) ——— Bilin(V, W; U)

Tracing lyg,w around the commutative square, we see that the bilinear map f factors
uniquely through the bilinear map ® along the linear map f”.

VXW—2>VeeW

I
EIRi
\

Y
U

SThis isomorphism is also natural in V and W.
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This universal property tells us that the bilinear map ®: VX W — V ®, W is initial in a
category that we shall introduce below.

Indeed, the defining universal property of the tensor product gives a recipe for its
construction. Supposing the vector space V ®x W exists, consider its quotient by the vector
space spanned by the image of the bilinear map® — ® —. By definition the quotient map
Veok W — Ve W/{vew) precomposes with —® — to yield the zero bilinear map. But the
zeromap V@ W — V@ W/(v®w) also has this property, so by the universal property of
V ® W, these linear maps must agree. Because the quotient map is surjective, this implies
that V ®« W is isomorphic to the span of the vectors v@ w for allv € Vandw € W
modulo the bilinearity relations satisfied by — ® —. This is of course the usual constructive
definition.

The universal property of the tensor product of a pair of k-vector spaces, more than
simply characterizing the vector space up to isomorphisms, allows one to prove useful
properties about it without ever appealing to a specific basis.

Lemma 2.3.8. For any K-vector spaces V. and W, V@ W = W @ V.

Proor. The functors Bilin(V, W; —) and Bilin(W, V; —) are naturally isomorphic: the
natural isomorphism Bilin(V, W; U) = Bilin(W, V; U) sends a bilinear map f: VW — U
to the bilinear map 4 W x V — U defined by ff(w,v) := f(v,w). Composing natural
isomorphisms, we see that the represented functors

(23.9)  Vect(V ® W,-) = Bilin(V, W; ) = Bilin(W, V; —) = Vect(W & V, -)

are naturally isomorphic. By Lemma 2.3.1, a corollary of the Yoneda lemma, this natural
isomorphism must arise from an isomorphism V @ W = W ® V in Vecty between the
representing objects. O

Moreover, the Yoneda lemma provides an explicit isomorphism V @ W = W @ V.
The image of the identity linear transformation under the composite isomorphism

Vect (Ve W, VerW) = Bilin(V, W; VerW) = Bilin(W, V; Ve W) = Vectk(WeV, Ve W)

defines an isomorphism ¢: W ® V Sv ®k W so that the natural isomorphism (2.3.9) is
defined by precomposing with ¢. In Example 2.3.6, we saw that the identity linear map
is sent under the bijection Vectk(V @k W,V @k W) = Bilin(V, W; V @ W) to the universal

(w,v)—=(v,w)

bilinear map ®: VX W — V®y W. This in turn is sent to the bilinear map W xV

VW S VerW. Appealing to the universal property of ®: WxV — WV, which defines
the natural isomorphism Bilin(W, V; V @ W) = Vecti(W ®« V, V ® W), this composite
bilinear map is sent to the unique linear map ¢ that makes the diagram

WxV—2sWeV
|
(w,v)b—>(v,w)l ¢
Y
VXW—= Ve, W

commute. This ¢ is the linear isomorphism we were seeking.

The image of a bilinear map is not itself a sub-vector space, so closing under span is necessary.
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Exercises.
Exercisk 2.3.1. Use the defining universal property of the tensor product to prove that
(1) k®k V = V for any K-vector space V
(i) U@k (Ve W) = (U ®k V)®k W for any k-vector spaces U, V, W.
Exercise 2.3.2. The set B of functions from a set A to a set B represents the contravariant
functor Set(— x A, B): Set®® — Set. In analogy with the universal bilinear map ® of
Example 2.3.6, describe the universal property of the element

ev: B*XA > B

in Set(BA x A, B) = Set(B*, B*) that classifies the natural isomorphism.

2.4. The category of elements

The definition of a universal property given in 2.3.4 is somewhat unsatisfying. A
functor F': C°? — Set encodes a universal property of a representing object ¢ € C. By
the Yoneda lemma, the data of the universal property is given entirely by the functor F
and an element x € Fc¢ inducing a natural isomorphism C(—,c¢) = F. But how do we
know whether a given functor F is representable? And if this is the case, how do we know
whether an element x € Fc¢ determines a natural isomorphism C(—,c) = F, rather than
simply a natural transformation C(—,c¢) = F?

To answer these questions, we introduce the category of elements of a Set-valued
functor.

DermiTioN 2.4.1. The category of elements of a covariant functor F: C — Set, denoted
fF , has

e pairs (¢, x) where ¢ € C and x € Fc as objects

e a morphism (c, x) — (¢, x’) is a morphism f: ¢ — ¢’ in C so that F f(x) = x'.
The category of elements has an evident forgetful functor fF - C.

For a contravariant functor F: C°® — Set, the category of elements fF is defined
to be the opposite of the category of elements of F, regarded as covariant functor of C°P.
The convention is that, for both covariant and contravariant functors on C, the category of
elements should have a canonical forgetful functor fF — C. Explicitly, the category of
elements of F': C°° — Set has

e pairs (¢, x) where ¢ € C and x € Fc as objects
e a morphism (¢, x) — (¢’, x’) is a morphism f: ¢ — ¢’ in C so that F f(x") = x.
The Yoneda lemma supplies an alternative definition of the category of elements of
F. In the contravariant case, an object in fF is a natural transformation a: C(—,c) = F
whose domain is a represented functor. A morphism from @ to 8: C(—, ¢") = F is a natural
transformation C(—, ¢) = C(—,¢’), i.e., by Corollary 2.2.6, a morphism f: ¢ — ¢/, so that
the triangle of natural transformations

C(-,c) ——=F x€ Fc
VA
C(—, ¢ yeFc

commutes.
Similarly, in the covariant case, an object in fF is a natural transformation o : C(c,-) =
F, and a morphism from @ to 8: C(¢’,—) = F is a natural transformation C(¢’,-) —
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C(c, —), i.e., a morphism ¢ — ¢’, so that

Clc,-) =—=F xe Fc
A4 -
C(,-) yeFc

commutes. In this case, the direction of the morphism from « to S is less intuitive. The
principle that the category of elements should always have a forgetful functor fF — Cwill
ensure that the directions are chosen correctly.

ExampLE 2.4.2. Objects in the category of elements of C(c, —) are morphisms f: ¢ — x in
C, i.e., the objects of fC(c, —) are morphisms with domain c¢. A morphism from f: ¢ — x
to g: ¢ — yis amorphism i: x — y so that g = hf; we say that & is a morphism under c.

C
SN
—_—

* h Y

This category has another name: it is the slice category ¢/C under the object ¢ € C. The
forgetful functor ¢/C — C sends a morphism f: ¢ — x to its codomain and a commutative
triangle to the leg opposite the object c.

Dually, fC(—, ¢) is the slice category C/c over the object ¢ € C. Objects are mor-
phisms f: x — ¢ with codomain ¢, and a morphism from f to g: y — ¢ is a morphism
h: x — y so that gh = f; h is a morphism over c.

The forgetful functor C/c — C projects onto the domain.

Note that C(—,¢) = C%(c,-): C®® — Set. And indeed c¢/(C°P), the category of
elements of C(—, ¢) regarded as a covariant functor of C°P, is isomorphic to (C/c), the
opposite of the category of elements of the contravariant functor C(—, ¢).

ExawmpLE 2.4.3. For a concrete category C, the objects in the category of elements for the
forgetful functor U: C — Set are objects ¢ € C together with an element x € Uc in their
underlying sets. Morphisms are maps in C whose underlying functions preserve the chosen
elements. Extending previous notation introduced in certain special cases, we identify f U
with C,, the category of based objects in C and maps preserving the specified elements.
Our interest in the category of elements stems from the following result.
ProposiTioN 2.4.4. A covariant Set-valued functor is representable if and only if its cat-
egory of elements has an initial object. Dually, a contravariant Set-valued functor is
representable if and only if its category of elements has a terminal object.
It’s easy to see that this condition is necessary. A natural isomorphism C(c,—) = F
induces an isomorphism of categories fF =] fC(c, —) = ¢/C, and the latter has an initial

object: the identity 1, € ¢/C. Thus, if F is representable, then fF has an initial object. The
surprise is that it is also sufficient.
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Proor. Let F: C — Set be a functor and suppose (¢, x) € fF is initial. We will
show that the natural transformation ¥(x): C(c, —) = F defined by the Yoneda lemma is
a natural isomorphism. For any y € Fd, initiality says there exists a unique morphism
(¢, x) = (d,y), i.e., aunique morphism f: ¢ — d in C so that F f(x) = y. This says exactly
that the component W(x),: C(c,d) — Fd is an isomorphism: in the proof of the Yoneda
lemma, W(x),(f) was defined to be F f(x). Existence of the morphism (c, x) — (d,y) says
that W(x), is surjective and uniqueness tells us that it is injective.

Reversing this argument, a natural isomorphism a: C(c,—) = F defines an object

a.(1.) € Fcin the category of elements. The bijection @, : C(c, d) > Fd says that for each
object (d,y) € fF , there is a unique morphism f: (¢, @.(1.)) — (d,y). Thus, the element
(c, @.(1,)) defining the natural isomorphism « is initial in the category of elements. O

Recall that a representation for a functor F': C — Set consists of an object ¢ € C
together with a natural isomorphism C(c,—) = F. lLe., a representation for F' is an initial
object in fF . Representations are not strictly unique: if ¢’ is any object isomorphic to
¢, then a representation C(c,—) = F induces a representation C(c’,—) = C(c,—) = F.
However, they are unique in an appropriate category theoretic sense.

ProposiTioN 2.4.5. For any functor F: C — Set, the full subcategory of fF spanned by its
representations is either empty or a contractible groupoid.

A contractible groupoid is a category that is equivalent to the terminal category 1.

Proor. If F' is not representable then it has no representations and this category is
empty. Otherwise, Proposition 2.4.4 implies that any representation defines an initial object
in fF . In any category, the subcategory spanned by the initial objects is either empty or
is a contractible groupoid: there exists a unique (iso)morphism between any two initial
objects. O

ExampLE 2.4.6. The category of elements of a G-set X: G — Set is the translation groupoid
introduced in Example 1.5.13.(v). Assuming X is non-empty, this groupoid is contractible
if and only if for each pair of elements x,y € X, there is a unique g € G so that g - x = y.
Existence tells us that the action of G on X is transitive. Uniqueness, in the case x = y,
tells us that it is free. Returning to Example 2.3.5, we conclude that X is representable if
and only if it defines a G-torsor.

In Definition 2.3.4, we said that a universal property for an object ¢ € C was given
either by a contravariant functor F' together with a representation C(—, c¢) = F or by a co-
variant functor F together with a representation C(c,—) = F. The representations define
a natural characterization of the maps into (in the contravariant case) or out of (in the co-
variant case) the object c. Lemma 2.3.1 implies that a universal property characterizes the
object ¢ € C up to isomorphism. More precisely, there is a unique isomorphism between ¢
and another object ¢’ representing F that commutes with the chosen representations. This
can be proven directly from the Yoneda lemma or extracted from Proposition 2.4.5.

In practice, in such contexts one says that “c is the universal object in C with a x,”
where x is the element of Fc classifying the natural isomorphism that defines the represen-
tation. The phrase universal object typically means that whatever data is being described
is either initial or terminal in the appropriate category. This category frequently turns out
to be the category of elements for the corresponding representable functor.

ExawmpLE 2.4.7. For example, a set X with an endomorphism f: X — X and a distinguished
element xo is called a discrete dynamical system. This data allows one to consider the
discrete-time evolution of the initial element xy, a sequence defined by x,,; = f(x,). The
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principle of mathematical recursion makes clear that the natural numbers N, the successor
function N — N, and the element 0 € N define the universal discrete dynamical system:
there is a unique function r: N — X so that r(n) = x,, i.e., so that 7(0) = x( and so that the

diagram

2.4.8)

N
_

éz

e

—
f

commutes.

The category of discrete dynamical systems is the category of elements for the functor
U: End — Set whose domain is the category of sets equipped with an endomorphism and
whose maps are functions so that the diagram analogous to (2.4.8) commutes. This functor
is represented by the object (N, s: N — N) and the representation is defined by the element
0 € N = U(N, s). Proposition 2.4.4 then implies the universal property just observed: that
(N, s: N — N, 0 € N) is the universal discrete dynamical system.

ExampLEs 2.4.9.

®

(i)

(iii)

The objects in the category of elements of the contravariant powerset functor are
pairs (A’ € A). A morphism f: (A’ C A) — (B’ C B)is a function f: A —» B
so that f~1(B") = A’. The terminal object, corresponding to the representation
described in Example 2.1.3.(i), is the set Q of two elements {T, L} with the
distinguished singleton subset {T} C €. This is the universal set equipped with
a subset.” For any (A’ C A), there is a unique function £: A — Q so that
h~'(T) = A’. Note that even if we begin with a skeletal category of sets, ({T} C
Q) is not the unique terminal object in fP. It is isomorphic to ({1} € Q).

An object in the category of elements of the forgetful functor U: Vecty — Set
is a vector v in some K-vector space V. A morphism (V,v) — (W, w) is a linear
map T: V — W that carries v to w. The element (K, 1), which represents U,
defines an initial object but it’s not the only one. Any non-zero scalar ¢ € K
defines a linear isomorphism ¢ - —: Kk — K. Thus, the pairs (K, ¢) are also initial
in the category of elements. More generally, any 1-dimensional vector space V
and non-zero vector v defines an initial object. Fixing such a pair, linear maps
V — W are in bijection with vectors w € W, taken to be the image of v.
Objects in the category of elements of Bilin(V, W; —) are bilinear maps f: V x
W — U, for some K-vector space U. Morphisms are linear maps 7: U — U’
so that the diagram of functions

VxWw—>uU

N

U/
commutes, i.e., so that the bilinear map f” is the composite of the bilinear map
f and the linear map 7. The universal property of the universal bilinear map

®: VX W — Ve W described in Example 2.3.6 says exactly that ® is initial
in this category.

In the topos of sets, {T} € Q is called the subobject classifier.
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(iv) An object in the category of elements of the functor U(-)": Group — Set
consists of a group G together with an n-tuple of elements g;,...,g, € G. A
morphism (g1,...,8, € G) = (hy,...,h, € H) is a homomorphism ¢: G —» H
so that ¢(g;) = h; for all i. The universal group with n elements, which we will

denote by F,, is some group with specified elements xi,...,x, € F, so that
for any (g1,...,8, € G) there is a unique group homomorphism ¢: F, — G
so that ¢(x;) = g;. The free group on n generators xi, ..., X, has this property.

Every element in F), is generated by the x;, so choices of n elements ¢(x;) € G
determines the entire map ¢: F,, — G. Moreover, there are no relations between
the x; in F,, so any choices are permitted.

(v) An object in the category of elements of the functor U(—)*: Vectﬁp — Set is
a vector space with a dual vector. That is, an object is simply a linear map
f:V — k. A morphism from f: V — Ktog: W — Kisalinearmap 7: V —
W so that f = gT. Immediately from this definition it is clear that the category
of elements of U(—)" is the slice category Vecty/K. Thus the identity on K is
terminal, i.e., 1: K — K is the universal dual vector.

(vi) An object in the category of elements of U: Ring — Set is a unital ring R
with an element r € R. Maps are ring homomorphisms preserving the chosen
elements. The initial object is x € Z[x]. In the category f U, x € Z[x] has no
non-identity endomorphisms: initial objects never do. But in the category of
rings, the universal property tells us that maps Z[x] — Z[x] are classified by
polynomials with integer coefficients, i.e., by elements p(x) € Z[x]. By Corol-
lary 2.2.6, all natural endomorphisms of U: Ring — Set must have components
R — R defined in this manner: i.e., the component of any natural endomorphism
of rings is a map p(x): R — R defined by r — p(r), where p is an integer poly-
nomial.

Definitions via universal properties will be an important theme in the coming chapters.

To whet the reader’s appetite, let us consider a basic example. Fixing two objects A, B in a
locally small category C, we define a functor

C(-,A) x C(~, B): C° — Set

that carries an object X to the set C(X,A) x C(X, B) whose elements are pairs of maps
a: X - Aand b: X — Bin C. What would it mean for this functor to be representable?

Exercises.

Exercise 2.4.1. Explain how duality can be used to convert the proof that a covariant func-
tor is representable if and only if its category of elements has an initial object into a proof
that a contravariant functor is representable if and only if its category of elements has a
terminal object.

Exercise 2.4.2. Given functors F: D — C and G: E — C, the comma category F | G
has as objects, triples (d € D,e € E, f: Fd — Ge € C), and as morphisms (d, e, f) —
(d',e, f"), apair of morphisms (h: d — d’,k: e — ¢€’) so that the square

Fd*f>Ge
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commutes in C. For example, given an object c: 1 — C, we have ¢ | 1¢ = ¢/C and
lclc=Cle.

Show that for F': C°? — Set, the category of elements fF is isomorphic to the comma
category y | F defined relative to the Yoneda embedding y: C — Set®” and the object
F:1— Set®”.

Exercise 2.4.3. Given F: C — Set, show that fF is isomorphic to the comma category

x| F of the singleton set *: 1 — Set over the functor F: C — Set.

ExEercise 2.4.4. Characterize the terminal objects of C/c.

Exercise 2.4.5. Fixing two objects A, B in a locally small category C, we define a functor
C(-,A) X C(-, B): C? — Set

that carries an object X to the set C(X,A) x C(X, B) whose elements are pairs of map

a: X > Aand b: X — Bin C. What would it mean for this functor to be representable?

Exercise 2.4.6. For a locally small category C, regard the two-sided represented functor
Hom(—, —): C°? x C — Set as a covariant functor of its domain. What is the category of
elements of Hom?



CHAPTER 3

Limits and Colimits

... whenever new abstract objects are constructed
in a specified way out of given ones, it is
advisable to regard the construction of the
corresponding induced mappings on these new
objects as an integral part of their definition.

Eilenberg and Mac Lane, “General theory of
natural equivalences”

From a very simple topological space, the real line R with its usual metric, one can
build a wide variety of new topological spaces. Taking products of R with itself, one
defines the Euclidean spaces R”, in both finite and infinite dimensions. The space R" has
interesting subspaces including the n-disk D" and the (n — 1)-sphere S™~! bounding it.
From the sphere S”, one can define real projective space RP" as a quotient. And from
spheres and disks one can build torii, the Mobius band, the Klein bottle, and indeed any
cell complex through a sequence of gluing constructions, in which disks are attached to an
existing space along their boundary spheres. In each case, the newly constructed object is a
particular set equipped with a specific topology. Surprisingly, all of these topologies can be
defined in a uniform way, via a universal property that characterizes the newly constructed
space either as a limit or a colimit of a particular diagram in the category of topological
spaces.

Limits and colimits can be defined in any category. Special cases include constructions
of the infimum and supremum, free products, cartesian products, direct sums, kernels,
cokernels, fiber products, amalgamated free products, inverse limits of sequences, and
unions, among many others. In this chapter, we begin by introducing the abstract notions
of limit and colimit and then turn our focus to practical results, which describe how more
complicated limits and colimits can be built out of simpler ones. This theme will continue
in the next two chapters, where we meet cases in which limits or colimits in one category
can be constructed from limits or colimits in another.

3.1. Limits and colimits as universal cones

Recall that a diagram of shape J in a category C is a functor F: J — C whose domain
is a small category. The limit of F, if it exists, is most simply described as the universal
cone over the diagram F, while the colimit is the universal cone under F.

To define a cone, we need one preliminary notion.

DeriniTion 3.1.1. For any object ¢ € C and any small category J there is a constant functor
¢: J — C that sends every object of J to ¢ € C and every morphism in J to the identity
morphism 1.. Indeed, there is an embedding A: C — CY that sends an object ¢ to the
constant functor at ¢ and a morphism f: ¢ — ¢’ to the constant natural transformation,
in which each component is defined to be the morphism f.

61
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DeriNiTION 3.1.2. A cone over a diagram F: J — C with summit or apex ¢, an object in
C, is a natural transformation A: ¢ = F whose domain is the constant functor at ¢. The
components (4;: ¢ — Fj)jey are called the legs of the cone. A cone under F* with nadir ¢
is a natural transformation A: F = c.

Cones under a diagram are also called cocones: a cone under F: J — C is precisely
a cone over F: J°* — C°P, so a cocone is the dual notion of a cone. However, this author
finds the terminology of “under” and “over” to be more evocative. For example, if F is a
diagram of shape (Z, <), the poset category, then a cone over F' with summit c is given by
a family of morphisms 4,,: ¢ — Fn so that for each n < m the triangle given by 4,,, 4,,, and
Fn — Fm commutes

¢
|

= I

AN
F

F(-1) FO

-2

F(-2)

The limit of F, if it exists, is the universal cone over F. As described in Chapter 2 there
are two ways to make this precise. We define the limit as a representation for a particular
contravariant functor or as a terminal object in its category of elements.

DermrTioN 3.1.3 (limits and colimits I). For any diagram F: J — C, there is a functor
Cone(—, F): C® — Set

that sends c to the set of cones over F with summit c. We leave a description of its action on
morphisms to Exercise 3.1.1. This functor is isomorphic to Hom(A(-), F), the restriction
of the hom functor for the category C” along the constant functor embedding defined in
3.1.1. A limit of F is a representation for Cone(—, ). By the Yoneda lemma, a limit
consists of an object lim F' € C together with a cone A: lim F = F, called the limit cone,
defining the natural isomorphism

C(-,lim F) = Cone(—, F).
Dually, there is a functor
Cone(F,—): C — Set

that sends ¢ to the set of cones under F' with nadir c. This functor is isomorphic to
Hom(F, A(-)). A colimit of F is a representation for Cone(F, —). By the Yoneda lemma, a
colimit consists of an object colim F € C together with a cone A: F = colim F, called the
colimit cone, defining the natural isomorphism

C(colim F, —) = Cone(F, -).

Applying Proposition 2.4.4, limits and colimits may also be defined to be, respectively,
terminal and initial objects in the appropriate categories of elements.

DEerintTION 3.1.4 (limits and colimits II). For any diagram F: J — C, a limit is a terminal
object in the category of cones over F, i.e., in the category fCone(—, F); again this data
consists an object, called the limit, together with a specified limit cone. An object in the
category of cones over F is a cone over F, with any nadir. A morphism from a cone
Ad:c = Ftoacone u: d = F is a morphism f: ¢ — d in C so that for each j € J,
ujf = 4;. In other words, a morphism of cones is a map between the summits so that each
leg of the domain cone factors through the corresponding leg of the codomain cone along
this map. The forgetful functor fCone(—, F) — C takes a cone to its summit.
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Dually, a colimit is an initial object in the category of cones under F, i.e., in the
category fCone(F, —); once more, this data is comprised of the colimit object together
with a specified colimit cone. An object in the category of cones under F is a cone under
F, with any summit. A morphism fromacone A: F = ctoacone u: F = d is a morphism
f: ¢ — dsothat for each j € J, u; = fA;. In other words, a morphism of cones is a map
between the nadirs so that each leg of the codomain cone factors through the corresponding
leg of the domain cone along this map. The forgetful functor fCone(F, —) — C again takes
a cone to its nadir.

The data of a diagram together with a limit cone over it will be called a limit diagram
and the data of a diagram together with a colimit cone under it will be called a colimit
diagram. Limit and colimit diagrams can also be characterized abstractly.

DeriniTION 3.1.5. A limit diagram is a commutative diagram indexed by a category with
an initial object such that the diagram has the following property: the images of the maps
whose domain is the initial object and whose codomain is a distinct object define a limit
cone over the diagram obtained by restricted to the full subcategory on the remaining ob-
jects.

There are special names for limits and colimits with certain diagram shapes.

ExampLE 3.1.6. A product is a limit of a diagram indexed by a discrete category, with only
identity morphisms. A diagram in C indexed by a discrete category (a set) J is simply a
collection of objects F; € C indexed by the elements j € J. A cone over this diagram is a
J-indexed family of morphisms A;: ¢ — F;, subject to no further conditions. The limit is
typically denoted by []; F; and the legs of the limit cone are maps 7i;: []; F; — Fj called
projections.

For instance, the product of spaces X and Y is a space X X Y equipped with continuous
projection functions

X< xxy 2 sy

satisfying the following universal property: for any other space A with continuous maps
f:A— Xand g: A — Y, there is a unique continuous function 2: A — X X Y so that the
diagram

A
[

8
Alh

X \ Ty
X<—XXY ——Y
commutes. Taking A to be the set X X Y equipped with various topologies, we see that
X x Y is defined to be the coarsest topology on the cartesian product of the underlying sets
of X and Y so that the projection functions 7y and my are continuous.'

ExampLE 3.1.7. A terminal object is often regarded as a trivial special case of a product,
where the indexing category is empty. A cone over an empty diagram is just an object in
the target category, and any morphism defines a map of cones. The category of elements is
just the category itself and so the limit, a terminal object in this category, is just a terminal
object in the sense of Definition 1.6.16.

ExampLE 3.1.8. An equalizer is a limit of a diagram indexed by the parallel pair, the
category e =3 e with two objects and two parallel non-identity morphisms. A diagram of
this shape is simply a parallel pair of morphisms f,g: A =3 B in the target category C.

Here coarsest means “having the fewest open and closed sets” while finest means “having the most open
and closed sets.”



64 3. LIMITS AND COLIMITS

The data of a cone over this diagram with summit C is comprised of a pair of morphisms
a:C - Aandb: C — Bsothat fa = b and ga = b; these two equations correspond to the
naturality conditions for each of the two non-identity morphisms in the indexing category.
Together, they assert that fa = ga; the morphism b is necessarily equal to this common
composite. Thus, a cone over a parallel pair f,g: A =2 B is given by a single morphism
a: C - Asothat fa = ga.

The equalizer h: E — A is the universal arrow with this property. In this case, the
limit diagram

f
ET>A:>>B

is often called an equalizer diagram. The universal property asserts that given any a: C —
A that equalizes the pair f and g, there exists a unique factorization k: C — E of a through
h.

C

|
k| 3\
\ f
E — A—<B
i 8
For instance, the equalizer of a group homomorphism ¢: G — H and the trivial ho-
momorphism e: G — H, sending every element of G to the identity in H, is the kernel
of ¢, and the leg of the limit cone is the inclusion ker¢ <= G. Indeed, the map from an
equalizer into the domain of the parallel pair that it equalizes is always a monomorphism.
See Exercise 3.1.3.

ExampLE 3.1.9. A pullback is a limit of a diagram indexed by the poset category
e — 0 — 0

comprised of two non-identity morphisms with common codomain. Writing f and g for
the image of a diagram of this shape in a category C, a cone with summit D consists of a
triple of morphisms, one for each object in the indexing category, so that both triangles in
the diagram

(3.1.10)

™

H C
R A
!
commute; the two triangles again represent the two naturality conditions corresponding to
the morphisms in the indexing category. The leg a asserts that gc and fb have a common

composite. Thus, the data of a cone over B —> Aéc may be described more simply as a

pair of morphisms B i DS cC defining a commutative square.
The pullback is a commutative square fh = gk with the following universal property:
given any commutative square (3.1.10), there is a unique factorization of its legs through
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the summit of the pullback cone:

(3.1.11)

P*k>

)

B——=A

[73K 1)

The symbol “.” indicates that the square gk = fh is a pullback, i.e., is a limit diagram,
and not simply commutative. Pullbacks are also called fiber products and are frequently
denoted by Bx4C. We will explore the precise relationship between pullbacks and products
soon.

When the map f in (3.1.11) represents an “element” of the object A, such as when its
domain represents an “underlying set” functor, the pullback P defines the fiber of the map
g: C — A over the element f € A. For instance, consider the continuous quotient map
p: R — S! that sends a real number 7 to the point > of S, thought of as the unit circle
in the complex plane. The pullback of the diagram

Z—- - >R

| N

b
Y
* — S

is the fiber of p over the point 1 € S'. This is the discrete subspace Z C R.

For another example, recall that maps Z — Z of abelian groups correspond to elements
n € Z, because Z represents the forgetful functor U: Ab — Set. Elements of the pullback
of

zZ
ln
7——17
m
are pairs of integers x and y so that nx = my. From this description, assuming m and n are

not both zero, it follows that the pullback is isomorphic to the abelian group Z and the legs
of the pullback cone

(3.1.12) 7_b. 7

|J
al \Ln
\i

are defined to be the unique integers so that ma = nb is the least common multiple of #» and
m.

ExampiE 3.1.13. The limit of a diagram indexed by the category w®P is called an inverse
limit of a tower or a sequence of morphisms. On account of this example, the term “inverse
limit” is sometimes used to mean a limit of an arbitrary shape. A diagram indexed by w°P
consists of a sequence of objects and morphisms

F; F, Fi Fy
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together with composites and identities, which are not displayed. A cone over this diagram
is an extension of this data to a diagram of shape (w + 1)°°. Explicitly, a cone consists
of a new object “all the way to the left” together with morphisms making every triangle

commute:
C
.. F3 F\X Fy

2 1

The inverse limit is the terminal cone.
For instance, the p-adic integers are defined to be the inverse limit of the following
diagram of rings:

1 n. .. 4 3 2
Z,=limZ/p Z|p Z/p Z/p Zlp

where the maps in the diagram are the canonical quotient maps.

Examples 3.1.6, 3.1.7, 3.1.8, 3.1.9, and 3.1.13 dualize to define coproducts, initial
objects, coequalizers, pushouts, and direct limits of sequences as colimits of diagrams
indexed by discrete categories, the empty category, the parallel pair, the poset category
o — o — o, and the ordinal w, respectively.

For instance, the coproduct of the based space S' with itself in the category Top,
defines a space S' v §! called the figure eight, or the wedge of two circles. This space
can also be defined to be the pushout of the diagram S! « % — S of unbased spaces. A
further pushout diagram in Top

(3.1.14) grablgry g
|
|
ry
D*- - —>T

defines the torus T = S ' xS . Here i is the inclusion of the circle as the boundary of the disk
and the map aba~'b~! is the loop in S' v §'! that wraps once around one circle, then once
around the other, then again around the first but in the reversed orientation, and then again
around the second but in the reversed orientation. Dualizing the convention introduced in
Example 3.1.9, the symbol “” indicates that the commutative square (3.1.14) is a pushout,
i.e., is a colimit diagram.

The coequalizer of a group homomorphism ¢: G — H paired with the trivial homo-
morphism e: G — H defines the cokernel, the quotient of H by the normal subgroup
generated by the image of ¢. The colimit of a sequence of sets and inclusions

X();)XI HXQ‘-)

can be understood to be their union U, X,,.

The examples mentioned above serve to illustrate the pervasiveness of limits and col-
imits among interesting mathematical objects, but how does one prove that a particular
diagram has a limit or colimit and construct one if it exists? There are two general strate-
gies. The first is to guess and check. A conjectured limit or colimit cone, such as displayed
in (3.1.12), can often be shown to have the appropriate universal property via an elementary
argument.

A second strategy is to construct a limit of a more complicated diagram out of limits
of simpler diagrams, whose constructions are easier to understand. In the next section, we
begin to explore this viewpoint in the category of sets.
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Exercises.

Exercise 3.1.1. For a fixed diagram F € CY, describe the actions of the cone functors
Cone(—, F): C°° — Set and Cone(F, —): C — Set on morphisms in C.
Exercise 3.1.2. Prove that the category of cones over F € CY is isomorphic to the comma
category A | F formed from the constant functor A: C — CY and the functor F: 1 — C.
Argue by duality the category of cones under F is the comma category F | A.
Exercise 3.1.3. Prove that if

f

E—lsA—=B

8

is an equalizer diagram then % is a monomorphism.

Exercise 3.1.4. Prove that if

P>L>C

B>—f> A
is a pullback square and f is a monomorphism then k is a monomorphism.

Exercise 3.1.5. Consider a commutative rectangle

whose right-hand square is a pullback. Show that the left-hand square is a pullback if and
only if the composite rectangle is a pullback.

Exercrse 3.1.6. Show that if J has an initial object then the limit of any functor indexed by
J is the value of that functor at an initial object.

3.2. Limits in the category of sets

Consider a diagram F: J — Set. A limit is a representation
Hom(X, lim F) = Cone(X, F)

of the functor that sends a set X to the set of cones over F' with summit X. Specializing to
a fixed singleton set 1, we see that

(3.2.1) lim F = Hom(1, lim F) = Cone(1, F),

because 1 represents the identity functor Set — Set. We can take (3.2.1) as a definition
of the limit object, for any diagram F valued in the category of sets: the limit is the set of
cones over [ with summit 1. The legs of the limit cone are functions 4;: lim F — Fj for
each j € J. Here the value of A; at a cone u: 1 = F is the element ;: 1 — Fjof Fj.
Checking that this data has the necessary universal property enables one to prove:

TueoreM 3.2.2. The category Set has all limits indexed by small categories. Explicitly, the
limit of F: J — Set is the set of cones over F with summit 1.

Proor. Guided by (3.2.1), let lim F denote the set of cones over F with summit 1. It is
easy to verify that the functions 4;: lim F — Fj define a cone over F' with summit lim F.
Consider a cone {: X = F. We must show that { factors uniquely through A: limF = F
along a function k: X — lim F'. For each element x € X, thought of as a function x: 1 — X,



68 3. LIMITS AND COLIMITS

we have a cone {x: 1 = F. Define k(x) € lim FF = Cone(1, F) to be this cone {x. By the
definition of the limit cone A;k(x) = ({x); = {;x, so the cone { indeed factors along
k through the cone A. This calculation also reveals that our definition k(x) = {x was
necessary, verifying that lim F has the required universal property. O

It is necessary in 3.2.2 that we restrict to diagrams indexed by small categories. If C is
locally small and J is small then the functor category C” is again locally small. Specializing
to C = Set this proves that the collection of cones over F with summit 1 forms a mere set
and not a proper class. A category admitting all limits indexed by small categories is called
complete.

ExampLE 3.2.3. The limit of a left G-set X: G — Set is the set of cones with summit 1. A
map x: 1 — X defines a cone over X if and only if the diagram

1
X——X
8

commutes for all g € G, i.e., if and only if gx = x for all g in G. In this way we see that
lim X = X©, the set of G-fixed points of X.

ExampLE 3.2.4. The product of sets A; indexed by the elements j € J of some set is the set
of cones over this collection with summit 1. Via the correspondence between a: 1 — A;
and a € A}, we see a cone over a discrete diagram of sets with summit 1 is just a tuple of
elements of the sets, which is exactly how we define the cartesian product.

ExampLE 3.2.5. The terminal object in Set is just the set of cones over the empty diagram
with summit 1. There is a unique such cone, which proves that the terminal object is again
a singleton set.

ExampLE 3.2.6. Given a parallel pair of functions f, g: X 33 Y, their equalizer is the set E
defined by

E:={xeX|f(x)=g)}

. f g .
ExampLE 3.2.7. Elements of the pullback of functions B — A « C are cones over this
diagram with summit 1, i.e., are commutative squares

1—=C

A

f
The data of a cone of this form consists of a pair of elements » € B and ¢ € C so that
f() = g(c). Thus
Bx, C={(b,c)e BxC| f(b) = g(o)}
ExampLE 3.2.8. Elements of the limit of a diagram F': w°® — Set are cones

\\\x
\ X2 X1 0:
o F% F fio Fo
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are tuples of elements (x, € F,),e, making each triangle commute. Thus we see that

limF = {(-xn)n € 1_[ Fn | f;l,n—lxn = xn—l}'

Comparing Example 3.2.7 with Examples 3.2.4 and 3.2.6 it looks like the pullback
may be constructed as an equalizer of a diagram involving a product. Namely, the set
B x4 C is the equalizer of the diagram

(b, f(b)
BxyC——BxC—<XA
(b,e)—gle)

Similarly, Example 3.2.8 defines the limit of a tower to be a subset of a product. These are
special cases of a much more general result.

THEOREM 3.2.9. Any limit in Set may be expressed as an equalizer of a map between prod-
ucts.

Proor. Elements of the limit of F': J — Set are cones with summit 1 over F. The
data of such a cone consists of an element A; in each set F j, indexed by the objects j € J.
The conditions that make this family of elements into a cone over F are indexed by the
(non-identity) morphisms in J: for each morphism f we demand that

1
/ldomf Acod_/
(3.2.10) / \ ie., Ff(/ldomf) = /lcodf~

The “data” will define the domain of the equalizer diagram and the “conditions” will define
the codomain, as in Example 3.2.6.
Explicitly, lim F is the equalizer of the diagram

limF—— [] Fj—= [] F(codf)

jeobd d  femord

in which the morphisms ¢ and d remain to be defined. The idea is that an element (4;); €
[1; Fj, thought of as the legs of a cone with summit 1 over F, is sent by ¢ to the element
(Aecoa ) € 1y F(cod f) and is sent by d to the element (F f(Adgom r))s € [1, F(cod f). The
equalizer is the subset of []; Fj for which these elements are equal, which is precisely
the set of legs with the necessary cone compatibility conditions. This, together with our
explicit descriptions of products and equalizers in Set given above, completes the proof
that lim F is the equalizer of ¢ and d. O

ReEmARrk 3.2.11. The maps in the equalizer diagram of Theorem 3.2.9 can also be defined
categorically, using the universal property of the product [] emory F(cod f). To define ¢
and 4 it is necessary and sufficient to define each component function, by which we mean
the composite with the projection 7y. The components of ¢ are themselves projections, as
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displayed in the top triangle:
F(cod f)

f

limF—— [| Fj——= T[] F(codf)
jeobd d femord

"dom_f\L \Lﬂf

F(dom f) F—f> F(cod f)

That is, the component of the map ¢ at the indexing element f € morJ is the projection
from the product []; F'j onto the component indexed by the object cod f € J.

The component at f of the map d, displayed in the bottom square, is defined by pro-
jecting from the product []; Fj onto the component indexed by the object dom f € J
and then composing with the map F f: F(dom f) — F(cod f). Considering the action of
these functions on elements, one can verify that the categorical descriptions agree with the
explicit ones described above.

ExampLE 3.2.12. An idempotent is an endomorphism e: A — A of some object so that
€? = e. The limit of an idempotent in Set is the set of cones with summit 1, i.e., is the set
of a € A so that ea = a. Alternatively, applying Theorem 3.2.9, the limit L is constructed
as the equalizer
1
L— s A —_— <A
e

The universal property of the equalizer (L, s) implies that e factors through s along a unique

map r.
|
rl ¢
\ 1

I—2>A—=ZA

The factorization e = sr is said to split the idempotent. Now srs = es = s implies that rs
and 1, both define factorization of the diagram

L

I
rsl 11, ’
Yy 1

I—2s>A—=A
e
Uniqueness implies rs = 1 so L is a retract of A.

Limits of general shapes can also be constructed out of terminal objects and pullbacks
(subject to size restrictions). For example, writing * for a terminal object, the pullback of
the diagram

AxB-2 B
ﬂAi l!
A4‘>>k

is easily seen to define the product AxB. Iterating this construction, arbitrary finite products
can be built out of pullbacks of diagrams constructed from smaller products and terminal
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objects (the empty product). Hence any category with pullbacks and a terminal object also
has binary (and by iteration finite) products.

Lemma 3.2.13. Equalizers may be defined as a pullback of the diagonal map from an object
to its binary product.

A diagonal map is one from an object to an iterated product of that object, all of
whose components are identities.

Proor. Elements in the pullback of

E——A

J/ l [€59)

BT>B><B

are pairs (a € A,b € B) so that f(a) = b = g(a). Thus, E is isomorphic to the subset of A
consisting of elements a so that f(a) = g(a). This is precisely the equalizer of fand g. O

A diagram is said to be finite if its indexing category contains only finitely many
morphisms.

CoroLLARY 3.2.14. Any finite limit in Set may be constructed from pullbacks and terminal
objects.

3.3. The representable nature of limits and colimits

Of course, we are not only interested in constructing limits in the category of sets; we
care about limits and colimits in all categories. But the considerations just discussed will
allow us to do precisely that because all limits and colimits are defined representably in
terms of limits in the category of sets.

To see why, fix a diagram F': J — C in a locally small category C and an object X € C,
and consider the functor

JSE et

F\\ c /C(X,—)

Theorem 3.2.2 tells us that the limit of C(X, F—) exists and Theorem 3.2.9 tells us how
it may be constructed. An element in the set limy C(X, F—) is an element of the product
[1jes C(X, Fj), i.e.,is a tuple of morphisms (4;: X — Fj)ey, subject to some compatibility
conditions. There is one condition imposed by each non-identity morphism f: j — kin J,

namely that the diagram

F]4>Fk

commutes. In this way, we see that an element of limy C(X, F-) is a cone over F with
summit X; hence

limy C(X, F—) = Cone(X, F).
This isomorphism is natural in X. Since the limit of ' was defined to be an object that
represents the functor Cone(—, F), we conclude that:
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TaeoreM 3.3.1. For any diagram F: J — C in a locally small category whose limit exists
there is a natural isomorphism

(3.3.2) C(X, limy F) = limy C(X, F-).

There are a number of interpretations of this result, a thorough discussion of which
demands that we introduce some new terminology.

DerintrioN 3.3.3. A functor F: C — D

o preserves limits of shape J if for any diagram K: J — C and limit cone over K, the
image of this cone is a limit cone for the composite diagram FK: J — D.

o reflects limits of shape J if any cone over a diagram K: J — C, whose image under
F is a limit cone for the diagram FK: J — D, is a limit cone for K.

e creates limits of shape J if whenever K: J — C is a diagram so that FK: J — D
has a limit, then K has a limit, and moreover F both preserves and reflects J-shaped
limits.

The first interpretation of Theorem 3.3.1 is that covariant representable functors C(X, —)
preserve any limits that exist in C, sending them to limits in Set: the image under C(X, —)
of a limit of a diagram F of shape J in C is a limit in Set of the composite diagram

C(X,-)
J—>C 7 Set .
Moreover, the functor C(X, —) preserves the legs of the limit cone because the natural
isomorphism of Theorem 3.3.1, by construction, commutes with the natural maps to the
product:

limyC(X,F-) = Cone(X,F) = C(X,limyF)

S~

HjEJ C(X9 F.])

The components of the left-hand map are the legs of the limit cone for the diagram C(X, F-).
The components of the right-hand diagram are the images of the legs of the limit cone for
F under the functor C(X, —).

A second way to interpret Theorem 3.3.1 is that the contravariant functor C(—, lim F')

represented by the limit of F: J — C is the limit of the composite diagram J Lecd
Set®™ whose objects are the representable functors C(—, Fj).> Put more concisely: the
Yoneda embedding y: C < Set®” preserves all limits that exist in C.

A final observation is that, by the Yoneda lemma, the natural isomorphism (3.3.2)
describes precisely the defining universal property of the limit of F. If L is an object of C
with a natural isomorphism

C(—, L) = limy C(—, F-) = Cone(—, F),

then the object L is a limit for F and the universal element A: L = F in limy C(L, F—) =
Cone(L, F) is a limit cone. This says exactly that the Yoneda embedding y: C < Set®”
reflects limits: if yA: yL = yF is a limit cone in Set®”, then A: L = F is a limit cone in
C.

In summary:
TaeOREM 3.3.4. Let C be any locally small category.

(i) Covariant representable functors C(X, —) preserve all limits that exist in C.

2This makes use of Exercise 3.5.1.
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(ii) The covariant Yoneda embedding y: C — Set®” both preserves and reflects
limits.
Dualizing the preceding discussion, we obtain a representable characterization of col-
imits. For fixed F: J — C and X € C, consider the functor

C(F-.X)
J%® —— Set

Nz

F> Gop TG0

Again Theorem 3.2.2 tells us that a limit exists and Theorem 3.2.9 tells us how the limit
may be constructed. An element in the set limyo» C(F—, X) is an element of the product
[Ty C(Fj, X), i.e., is a tuple of morphisms (4;: Fj — X)jeJ, subject to some conditions.
There is one condition imposed by each non-identity morphism f: j — k in J, namely that
the diagram

F]4>Fk

N A

commutes. In this way, we see that an element of limy» C(F—, X) is a cone under F with
nadir X. The isomorphism limj» C(F—, X) = Cone(F, X) is again natural in X proving
TueoreMm 3.3.5. For any diagram F:J — C in a locally small category whose colimit
exists there is a natural isomorphism

C(colimy F, X) = limye» C(F—, X).

The dual of Theorem 3.3.4 is:
TueoreM 3.3.6. Let C be any locally small category.

(i) Contravariant representable functors C(—,X) carry colimits in C to limits in
Set.

(ii) The contravariant Yoneda embedding y: C® — Set® both preserves and re-
flects limits in CP: i.e., a cone under a diagram in C is a colimit cone if and
only if its image defines a limit cone.

Theorems 3.3.4.(i) and 3.3.6.(i) tell us that limits of diagrams of hom bifunctors can be
“moved inside.” If the action of the diagram is in the domain variable, these limits become
colimits, indexed by the opposite categories. If the action of the diagram is in the codomain
variable, the limits remain limits. We will prove the following theorem by applying this
principle.

TueoreM 3.3.7. A locally small category C with coproducts and coequalizers has colimits
of any shape. Dually a category with products and equalizers has all small limits.
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Proor. Consider a diagram F': J — C. Dualizing the construction of Remark 3.2.11,
define maps d, ¢

(3.3.8) Fdom f

Lf
d

C<— |] Fj=— ]] Fdomf
Jjeobd ¢ femord

Leod f T TLf

Fcodf<TFdomf

between the coproducts indexed by the morphisms and objects of J respectively. By hy-
pothesis, their coequalizer C exists in C. Our aim is to show that C defines a colimit of
F.

By Theorem 3.3.6.(ii), the Yoneda embedding y: C® — Set® carries the colimit
diagram (3.3.8) to a limit diagram

C(F dom f, X)

W 10@ X)
f>
Cd.x)

jeobd C(e,X) femorJ

Cltcod £X) l i Cls,X)
C(F cod f, X) —SFm C(F dom f, X)

Applying Theorem 3.3.6.(i) to each vertex in this equalizer diagram we obtain an isomor-
phic diagram

(3.3.9) C(F cod £, X)

T

C(C,X)—— [] C(FiX)—= T[] C(Fcodf,X)

Jjeob Jop femor Jop

Tdom fl l/”f

C(F dom f, X) T C(F cod £, X)
Note that C(—, X) carries the coproduct inclusion maps to product projection maps; when
f is regarded as a morphism in J° its domain and codomain are exchanged, so we now
write “c” for the map C(d, X).

When X is fixed, Exercise 3.5.1 tells us that (3.3.9) defines an equalizer diagram in Set.
Applying Theorem 3.2.9 and 3.2.11 to the functor C(F—, X): J°* — Set, we recognize
(3.3.9) as the diagram whose equalizer defines the limit limyp, C(F—, X). Thus we conclude
that

limy» C(F—, X) = C(C, X),
which tells us that the coequalizer C is the colimitof F': J — C. O
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A direct proof of Theorem 3.3.7 simply constructs the diagram (3.3.8) in C and checks
that the coequalizer of ¢ and d has the universal property that defines colim, F. Either of
these strategies can also be used to prove the following:

CoroLLary 3.3.10. Any category with pullbacks and a terminal object has all finite limits.
Any category with pushouts and an initial object has all finite colimits.

Exercises.

Exercrse 3.3.1. Let C be a category admitting coproducts and coequalizers and consider a
functor F: J — C. Define a parallel pair between two coproducts whose coequalizer will
equal the colimit of F.

Exercise 3.3.2. Explain in your own words why the Yoneda embedding C < Set®” pre-
serves and reflects but does not create limits.

Exercise 3.3.3. Show that any equivalence of categories F: C — D creates all limits and
colimits that D admits.

Exercise 3.3.4. For any diagram D: J — C and any functor F: C — D define a canon-
ical map colim FD — F colim D, assuming both colimits exist. The functor F is said to
preserve the colimit of D just when this map is an isomorphism.

3.4. Examples

As we have seen, limits and colimits can be defined in any category, although they
need not always exist. In this section, we consider a few examples.

ExampLE 3.4.1. In any poset (or preorder), a limit of a diagram is an infimum of its ob-
jects, while a colimit of a diagram is a supremum of its objects. Whether or not there
are any morphisms in the diagram makes no difference because all diagrams in a preorder
commute.

For instance, in the poset of natural numbers with the order relation k < n if and only
if k divides n, the limit of a set of objects is their greatest common divisor, while the colimit
is their least common multiple.

Next, we consider limits of diagrams in Cat. In Examples 2.1.2.(viii) and (ix), we saw
that the functors ob, mor: Cat — Set are both representable. By Theorem 3.3.4.(i), both
functors preserve limits, which means that if the limit of a diagram of categories exists,
then its set of objects must be the limit of the underlying diagrams of object-sets and its set
of morphisms must be the limit of the underlying diagrams of morphism-sets. Furthermore,
domains, codomains, and identities are also preserved, as each of these maps is expressible,
by Exercise 2.1.1, as a natural transformation between representable functors. One might
reasonably guess that composition is preserved as well. This defines candidates for the
product of any categories and for the equalizer of any parallel pair of functors, allowing us
to prove that:

ProrosiTion 3.4.2. The categories Cat and CAT are complete.

Proor. The product, introduced in Definition 1.3.10, and higher arity versions defines
products of categories. The equalizer E of a pair of parallel functors

F
E>——C—=D
G

is the subcategory of C consisting of those objects ¢ € C so that Fc = Gc and those
morphisms f so that Ff = Gf. Now apply Theorem 3.3.7. O
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ExampLE 3.4.3. For any functor F: C — Set, the pullback of

? —— Set.

Lk

C ——— Set

F
is a category whose objects are pairs ¢ € C and (X, x) € Set, so that Fc = X. Morphisms
are pairs f: ¢ — ¢ and g: (X, x) = (X’,x’) so that Ff = Ug. Expressing this data more
efficiently, we see that the pullback is the category fF of elements of F.3
Categories also have all colimits, which can be proven by showing they have coprod-

ucts (disjoint unions) and coequalizers. But the latter can be rather more complicated than
was the case for equalizers, for reasons that we will explain in Chapter 4.

ExampLE 3.4.4. We can calculate the pushout

1[[1—>2

|

1——P

by describing its universal property. A functor P — C corresponds to a cone under the
diagram 1 « 1]]1 — 2 with nadir C. This data defines an endomorphism f in C,
a morphism 2 — C so that its domain and codomain are the same object 1 — C. In
defining P we must take care not to impose any relations on the composite endomorphisms
fof---of. Thus, P must be the free category with one object and one non-identity
morphism. Recalling that one-object categories can be identified with monoids, we find
that P is quite familiar: it is the monoid N of natural numbers, with addition.
Similarly, the group Z of integers with addition is the pushout

1[[1>——1

|

1—Z

in which | is the walking isomorphism, the category with two objects and two non-identity
morphisms pointing in opposite directions, which are inverse isomorphisms.

ExampLE 3.4.5. In any category with finite limits, we can define the kernel pair of a mor-
phism f: X — Y, which is the pullback of f along itself

R—sX

X——Y

These maps define a monomorphism (s,7): R > X X X, so the object R is always a sub-
object of the product X x X # In Set, a subset R C X X X defines a relation on X. Indeed,
objects R defined in this manner are always equivalence relations, in the following cate-
gorical sense:

3This pullback construction works for contravariant functors too, in which case we define fF to be the
opposite of the pullback of U: Set, — Set along F.
A subobject of an object ¢ is a monomorphism with codomain c.
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\

LN '

R
l ;
X

Y

e There is a reflexivity map

I

that is a section of both s and ¢, i.e., that defines a factorization of the diagonal

Ix,1
(1x,1x) I L YD ¢

N A

e There is a symmetry map

/

HX

- .Y
f

so that oo = s and so = t.
e There is a transitivity map whose domain is the pullback of 7 along s

RxyR—>R—'">Xx

The diagram defines a cone over the pullback defining R and thus induces a map

R Xx R

so that st = s§ and ¢ = 1.

71

A equivalence relation in a category C with finite limits is a subobject (s,#): R > X X X
equipped with maps p, o, and 7 satisfying the relations with s and ¢ described above.
When it exists, the coequalizer of the maps s,7: R = X of an equivalence relation defines
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a quotient object e: X - X/R. In Set, X/R is the set of R-equivalence classes of elements
of X. For equivalence relations arising as kernel pairs, there is a unique factorization

In good situations, such as when C is a regular category or a Grothendieck topos, the
map m is a monomorphism and this factorization is called the image factorization of the

map f.

Exercises.

Exercise 3.4.1. Let G be a group regarded as 1-object category. Describe the colimit and
the limit of a diagram G — Set in group theoretic terms.

Exercise 3.4.2. Show that if K: C — D is an equivalence then for any D-indexed functor
F, if the limit of FK exists then it also defines a limit of and limit cone for F.

Exercise 3.4.3. Following [GroS58], define a fiber space p: E — B to be a map in the
category of spaces subject to no further restrictions. A map of fiber spaces is a commutative
square. Thus the category of fiber spaces is the diagram category Top?. We are also
interested in the non-full subcategory Top/B C Top? of fiber spaces over B and maps
whose codomain component is the identity. Prove the following:

(i) A map

B ——B

of fiber spaces induces a canonical map between fibers over a point b € B’ and
its image f(b) € B.
(i1) The fiber of a product of fiber spaces is the product of the fibers.

(iii) A projection E = BXF — B defines a trivial fiber space over B. This definition
makes sense for any space F. Note then that each fiber is canonically isomorphic
to F. Characterize the isomorphisms in Top/B between two trivial fiber spaces
(with a priori distinct fibers) over B.

(iv) Prove that the assignment of the set of continuous sections of a fiber space over
B defines a functor Sect: Top/B — Set.

(v) Consider the non-full subcategory Toplfb of fiber spaces and maps which are
pullback squares. Prove that the assignment of the set of continuous sections to
a fiber space defines a functor Sect: (Toppz,b)Op — Set.

(vi) Describe the compatibility between the actions of the “sections” functors just

introduced with respect to the map g of fiber spaces p and g over B and their
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restrictions along f: B’ — B.

E ——FE

s ‘ \g
F ——F

e

B ———B

3.5. Limits and colimits and diagram categories

By the universal property of products, a diagram of shape J in a product category
[1. C. is a family of diagrams J — C,. It is easy to see if each component diagram has a
limit or a colimit, then the same is true of the diagram J — [], C,.

ProposiTioN 3.5.1. If A is small then the forgetful functor C* — C°°A creates all limits and
colimits that exist in C. These limits are defined pointwise, meaning that for each a € A,
the evaluation functor ev,: CP — C preserves all limits and colimits existing in C.

Proor. The category C°# of functors is isomorphic to the ob A-indexed product of
the category C with itself. By the argument just given, C°®* has all limits or colimits that
C does, and these are preserved by the evaluation functors ev,: C°®* — C. The remaining
details are left as Exercise 3.5.1. O

The functor category C°®A, the ob A-indexed product of the category C with itself, is

an example of a power in the category CAT. Iterated products of an object A € C are called
powers or cotensors. For a set I, the I-indexed power of A is denoted []; A or A’. The
representable universal property is

C(X,A") = C(X,A),

i.e., amap h: X — A’ determines an J-indexed family of maps h;: X — A defined by

composing with each product projection €;: A’ — A. In the case of C = Set, this notation is

consistent with the exponential notation introduced previously: the power A’ is isomorphic

to the set of functions from / to A, and the map ¢;: Al — A evaluates each function at i € I.
When C has all limits of a certain shape they assemble into a functor.

PropositioN 3.5.2. If C has all J-shaped limits, then a choice of limits for each diagram
defines the action on objects of a functor lim: C? — C.

As a warning, this functor is not canonically defined but rather requires an arbitrary
choice of a limit for each diagram.

Proor. Choose a limit and a limit cone for each diagram F € CY. It remains to
define the action of lim: C! — C on morphisms. The vertical composite of a natu-
ral transformation «: F = G and the limit cone A: limF = F for F defines a cone
a-A: limF = F = G over G. By the universal property of lim G, this cone factors
uniquely through a map lim F — 1lim G in C, which we define to be lim @. Uniqueness of
the universal properties implies that this construction is functorial. O

More generally, the construction of Proposition 3.5.2 implies that a natural transfor-
mation between diagrams gives rise to a morphism between their limits or between their
colimits, whenever these exist. (Whether the codomain category has all limits or colimits
of that shape is irrelevant.) Moreover, whenever the natural transformation is a natural
isomorphism, the induced map between the limits or colimits is an isomorphism.
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ProrosiTion 3.5.3. A natural isomorphism between diagrams induces a naturally-defined
isomorphism between their limits or colimits, whenever these exist.

The main computational motivation for Eilenberg and Mac Lane’s formulation of the
concept of naturality was that it is a necessary ingredient in this result. While the general
theory of limits and colimits had not yet been developed, [EM45] proves Proposition 3.5.3
in the special case of directed diagrams.

Proor. The proof of Proposition 3.5.2 defines a limit functor from the full subcategory
of C spanned by those functors admitting limits to C. This functor, like all functors,
preserves isomorphisms (Lemma 1.3.7). O

Indeed, naturality is a necessary condition.

ExampLE 3.5.4. Consider the group Z/2 and the Z/2-sets 2, the two-element set with a triv-
ial Z/2-action, and 2’, the two-element set where the generator of Z/2 acts by exchanging
the two elements. We may regard 2 and 2’ as functors Z/2 — Set from which perspective
they are pointwise isomorphic (because |2| = |2’]) but not naturally isomorphic (because
there is no isomorphism that commutes with the Z/2-actions).

For any G-set X: G — Set, the limit is the set of G-fixed points (see Example 3.2.3)
and the colimit is the set of G-orbits. In the case of our pair of Z/2-sets, lim?2 has two
elements while lim2’ is empty; similarly, colim?2 has two elements while colim?2’ is a
singleton.

ExampLE 3.5.5. To a finite set X, we can associate the set Sym(X) of its permutations or
the set Ord(X) of its total orderings. Note that these sets are isomorphic. The assignments
are functorial, not with respect to all maps of finite sets, but with respect to the bijections:
the functor Sym: Fin;s, — Fin acts by conjugation and the functor Ord: Fin;,, — Fin acts
by translation. The pointwise isomorphism Sym(X) = Ord(X) is not natural, and indeed
limits or colimits of restrictions of these diagrams need not be isomorphic.

A combinatorialist would call a functor F: Finy,, — Fina species.5 The image F(n)
of the n-element set n is the set of labeled F-structures on n. The set of unlabeled F-
structures on rn is defined by restricting Finis, to the full subcategory spanned by the n-

element set, i.e., to the group Z,, and forming the colimit of the diagram %, — Finj, i>
Fin. Because Ord and Sym are pointwise isomorphic, their sets of labelled F-structures
are isomorphic. However, the set of unlabeled Sym-structures on 7 is the set of conjugacy
classes of permutations of n-elements, while the set of unlabeled Ord-structures on 7 is
trivial: all linear orders on n are isomorphic. See [Joy81] for more.

Exercises.
Exercisk 3.5.1. Prove that for any small category A, the functor category C* again has any
limits or colimits that C does, constructed pointwise. That is, given a diagram F: J — CA,
with J small, show that whenever the limits of the diagrams

evy

.

J—LscA

exist in C for all a € A, then these values define the action on objects of lim F' € C*, a limit
of the diagram F.

3In this context, “species” is singular.
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3.6. Warnings

Limits, when they exist, are unique up to a unique isomorphism commuting with the
maps in the limit cone. But this is not the same thing as saying that limits are unique on
the nose. With the exception of skeletal categories, choices of limits of diagrams of fixed
shape, as required to the define the limit functor of Proposition 3.5.2, can seldom be made
compatibly. And even in skeletal categories, in which isomorphic objects are indeed equal,
various natural isomorphisms involving limit constructions might not be identities.

Lemma 3.6.1. For any triple of objects X, Y, Z in a category with binary products, there is
a unique natural isomorphism X X (Y X Z) = (X X Y) X Z commuting with the projections
toX, Y, and Z.

Lemma 3.6.1 asserts that the product is naturally associative. It follows that any iter-
ation of binary products can be used to define n-ary products. However, even in a skeletal
category, in which the objects X X (¥ X Z) and (X X Y) X Z are necessarily equal, the
natural isomorphism might not be an identity. The following example, from [ML98a,
p. 164] is due to John Isbell. Consider sk(Set), a skeletal category of sets. Since sk(Set)
is equivalent to a complete category it has all limits and in particular has products. Let
C denote the countably infinite set. Its product C X C = C and the product projections
my,mp: C — C are both epimorphisms. Suppose the component of the natural isomor-
phism C x (C x C) = (C x C) x C were the identity. Naturality would then apply that for
any triple of maps f,g,h: C — C that f X (g X h) = (f X g) X h. Maps

gxh
C—=cC

h
V) T U3 T
Ix(gxh)

CxC—=CxC

(f*g)xh
m \L m \L
f

C—=<C
fxg
between products are equal if and only if their projections onto components are equal.
Because 7 and 7, are epimorphisms, this implies that f = f X gand g X h = h. So we
conclude that any pair of maps f, g: C = C must be equal, which is absurd. It follows that
the component of the natural associativity isomorphism C X (C X C) = (C X C) x C is not
an identity.

3.7. Size matters

In developing the theory of limits we have taken care to consider only those diagrams
whose domains are small categories. In this section we explain the reason for our caution.
The following definition gives a precise meaning to the cardinality of a small category.

DeriniTioN 3.7.1. The cardinality of a small category is the cardinality of the set of its
morphisms. A category whose cardinality is less than « is called x-small.

A «-small diagram is one whose indexing category is k-small.
Proposrrion 3.7.2 (Freyd). Any k-small category that admits all k-small limits is a preorder.

In fact, this result is true under less restrictive completeness hypotheses, which the
reader will have no trouble formulating.
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Proor. Let A be the cardinality of the set of morphisms in a «-small category C, and
suppose there exists a parallel pair f, g: B — A of morphisms with f # g. By the universal
property of the power, there are 2* distinct morphisms B — A%, whose components are
either f or g. We have |C(B, AY)| > 2* > 1 = |mor C|, contradicting the fact that C(B, A%)
is a subset of mor C. O

Note that it is possible for a preorder to be complete or cocomplete. A poset P is
complete and cocomplete as a category if and only if it is a complete lattice, that is, if and
only if every subset A C P has both an infimum (greatest lower bound) and a supremum
(least upper bound).

There is one notable special case of large limits and colimits that frequently exist.

ExampLE 3.7.3. A limit of the identity functor 1¢: C — C is an initial object for C; recall
that initial objects are small colimits. Dually, a colimit of the identity functor defines a
terminal object, which is a small limit. The details are left as Exercise 3.7.1.

Exercises.

Exercise 3.7.1. Prove that a colimit of the identity functor 1g: C — C defines a terminal
object for C.

3.8. Interactions between limits and colimits

Consider a bifunctor F: | x J — C. By Exercise 1.6.9, F may also be regarded as a
functor F: | - Clor F: J - C'.

Tueorem 3.8.1. If the limits lim;e  lim ey F (i, j) and limjey lim;e) F(i, j) associated to a di-
agram F: | xJ — C exist in C, they are isomorphic and define the limit limy F.

If | = e =3 e is the category indexing an equalizer diagram and J = ¢ — e < e is the
category indexing a pullback, then Theorem 3.8.1 says that the limit of a diagram indexed

by the category | x J
[ ]
k\
[ ]
[ ]
N

e —————> @

may be formed either by first forming the two pullbacks and then taking the equalizer of
the induced map between them, as displayed below-left

" TR
P N 1IN

or by taking the equalizers of the three parallel pairs, and then forming the pullback of the
induced maps between them, as displayed above-right.



3.8. INTERACTIONS BETWEEN LIMITS AND COLIMITS 83

R

Proor. By the Yoneda lemma, it suffices to prove that C(X, lim;e limjey F(i, j))
C(X, lim jeixg F (0, j)) = C(X, limjey lim;e F(i, j)). By Theorem 3.3.4.(i), we know that

C(X,limlim F(i, j)) = lim C(X, lim F(i, j)) = limlim C(X, F(i, j)).
il jed i€l jed i€l jed

Thus, we have reduced to the case of proving for any Set-valued functor H: | x J — Set
that

limlimH(, j) = lim H(, j) = limlim H(, j).
el jed (i,))elxd jed i€l

On account of the isomorphism of categories | X J = J X |, it suffices to prove one of these
isomorphisms.

The set lim; jeixg H(i, j) is the set of cones with summit 1 over the | x J-indexed di-
agram H. The set lim;e lim ey H(3, j) is the set of cones with summit 1 over the |-indexed
diagram lim ey H(—, j). Such a cone is comprised of legs 4;: 1 — limjy H(i, j) that com-
mute with the maps of limits lim ey H(i, j) = lim ey H(i’, j) determined by each morphism
i — " € |. The map of limits is defined, as in Proposition 3.5.2, by a map of J-indexed
diagrams with components H(i, j) — H(7’, j) for each j € J.

By the universal property of the J-indexed limits, each cone leg 4;: 1 — limey H(F, j)
isitself determined by legs 4; ;: 1 — H(i, j), which must commute with the maps H(i, j) —
H(, j’) induced by each j — j’. The totality of this data is precisely a cone (4;;: 1 —
H(i, j))i jeix) over the | x J-indexed diagram H. Thus, as their elements coincide, we see
that lim;¢ liijJ H(@, j) = lil’n(i,]’)ebd H(, j). O

By Theorem 3.8.1 and its dual, limits commute with limits and colimits commute with
colimits. By contrast, limits do not necessarily commute with colimits.

LemMma 3.8.2. For any bifunctor F: 1 X J — G, there is a canonical map

k: colimlim F(i, j) — limcolim F(i, j),
il jed jed el

which, however, is not necessarily an isomorphism.

Proor. By the universal property of the colimit the map x may be defined by speci-
fying components «;: limjey F(i, j) — limje colim;¢ F(i’, j) that define a cone under the
I-indexed diagram limjc; F'(—, j). By the universal property of the limit, each component ;
in turn may be defined by specifying components «; ;: limj¢y F(i, j/) — colimy¢ F (', j)
that define a cone over the J-indexed diagram colim;¢ F'(i, —). Define «;; to be the com-
posite

kit imF(i, j') =5 F(i, j) —> colim F(i', j)
j'ed i'el

of the leg n; ; of the limit cone for F(i, —) and the leg ¢; ; of the colimit cone for F (-, j).
Because the maps in the diagrams limje; F(—, j) and colim; F(i, —) are induced by the
maps F(i, j) = F(i', j’) obtained by applying F to morphisms i —» i € land j — j € J,
the «; ; assemble into a cone, defining ;, and the k; assemble into a cone defining . O

Specializing to the case where C is the poset category (R, <), we have the following
immediate corollary:

CoroLLARY 3.8.3. For any pair of sets X and Y and any function f: X XY —» R

supinf f(x,y) < inf sup f(x,y).
Y yEY xeX

xeX Y&
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ExampLE 3.8.4. Consider the extended real line R = RU{—o0, oo} with the obvious extended
ordering. As a category, R is complete and cocomplete: the limit of a function f: X — R
is its inf and the colimit is its sup. These are ordinary real numbers in the case where the
range of f is bounded.
Taking the domain X = N, a function x: N — R is a sequence (x,),eyn of real numbers.
We have
lim inf x, = sup inf x,, = sup inf x4, = lim colim x,,,,
n—oo n>0 mzn n>0 m=0 n m
where we regard the sequence as a bifunctor N x N 5 N 5 R indexed by the discrete
category N X N. Dually,
lim sup x, = inf sup x,, = inf sup x4, = colim lim x;,,,
n—co n20 m>n 120 >0 n mn
By Corollary 3.8.3, liminf,_,. x, < limsup,_,, x,. The limit of this sequence exists if and
only if this inequality is an equality.



CHAPTER 4

Adjunctions

It appears ... that there exists a kind of duality
between the tensor product and the ... functor
Hom ...

Daniel Kan, “Adjoint functors”

From a set S one can build a vector space defined over any field K. The most natural
way to do this is to let the elements of S serve as a basis for the vector space: vectors are
then finite formal sums k;s; + - - + ks, with k; € Kk and s; € §. The dimension of this
vector space, often denoted by K[S], is equal to the cardinality of S. This construction is
functorial — a function f: S — T induces a linear map K[ f]: K[S] — K[T] defined on the
basis elements in the evident way — defining a functor k[—]: Set — Vectk. The vector
space K[S] is the free vector space on the set S.

There are many instances of free constructions in mathematics. One can define the
free (abelian) group on a set, the free ring on a set,' the free module over some ring R on
an abelian group, and so on. Sometimes there are competing notions of free construction:
does the free graph on a set have a single edge between every pair of vertices or none?
All of these constructions, and many others besides, are clarified by the concept of an
adjunction, introduced by Daniel Kan [Kan58].

The universal property of the free vector space functor k[-]: Set — Vecty is ex-
pressed by saying that it is left adjoint to the forgetful functor U: Vectx — Set that car-
ries a vector space to its underlying set: linear maps K[S] — V correspond to functions
S — U(V), which specify the image of the basis vectors S c K[S]. This correspondence
is natural in the set S and in the vector space V, and so, by the Yoneda lemma, this uni-
versal property can be used to define the free vector space functor K[—]. The forgetful
functor U: Vectk — Set has no other adjoints; unlike the situation for graphs, there are no
competing notions of free construction.

In this chapter we explore the general theory of adjoint functors, both in the abstract
and aided by a plethora of examples.

4.1. Adjoint functors

In this chapter we consider certain opposing pairs of functors F: C 2 D: G.

DeriNTION 4.1.1. An adjunction consists of a pair of functors F: C - Dand G: D - C
together with a natural isomorphism

D(Fc,d) = C(c, Gd),

IBut not the free field!

85
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in which case one says that F is left adjoint to G, or, equivalently, that G is right adjoint
to F. The morphisms
f ft

Fc——d “©> c—Gd

corresponding under the bijection are adjunct, or transposes of each other.”
Naturality asserts that the isomorphisms defining an adjunction assemble into a natural

isomorphism between the functors

D(F-,-)

—_—

CPxD _1=_ Set.

C(-G-)
More explicitly, naturality in D says that for any morphism k: d — d’, the left-hand dia-
gram displayed below commutes in Set:

D(Fc,d) —— C(c, Gd) P

c—Gd

k*l lmk» VFeld \ J{Gk
k)

D(Fc,d") — C(c,Gd") Gd'

On elements this says that for any f: Fc — d, the transpose of kf: Fc — d’ is equal to
the composite of the transpose of f with Gk.

Dually, naturality in C says that for any morphism 4: ¢ — ¢’, the left-hand diagram
displayed below commutes in Set.

D(F¢',d) — C(c’, Gd) ¢

P (f-Fhyt
<Fh>*l lh* VEC Sd ~ !

D(Fe,d) — C(c,Gd) ¢ od
On elements, this asserts that the transpose of f - Fh: Fc — d is the composite of the
transpose of f with A.

Lemma 4.1.2. Suppose F and G are adjoint functors, i.e., D(Fc,d) = C(c, Gd) naturally
inc € Candd € D. Then for any morphisms with domains and codomains as displayed
below

#
(4.13) Fe—' 4 c—L Ga
Fhl ik “~> hl le
Fc' — d ¢ ——Gd
8

the left-hand square commutes in D if and only if the right-hand transposed square com-
mutes in C.

Remark 4.1.4. Conversely, if F: C 2 D: G are opposing functors equipped with iso-
morphisms D(Fc¢,d) = C(c,Gd) for all ¢ € C and d € D, then naturality of these chosen
isomorphisms is equivalent to the assertion of lemma 4.1.2, that a square as displayed on
the left of (4.1.3) commutes if and only if the square on the right commutes. The proof is
left as Exercise 4.1.1.

2The notation “(—)” is meant to signal any adjunct, with no preference as to which of the adjunct pair is
denoted in this way.
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Noration 4.1.5. A turnstyle “4” is used to designate that an opposing pair of functors are
adjoints either in text or in displayed equations. The expressions F 4 G and G + F and the
diagrams

F G F G
CéD C;D DéC D Tt C

all assert that F: C — D is left adjoint to G: D — C.

ExampLE 4.1.6. The forgetful functor U: Top — Set admits both left and right adjoints.
To define the left adjoint, one needs to construct a topological space from a set S so that
continuous maps from this space to another space T correspond naturally and bijectively to
functions S — UT. The discrete topology on S has this universal property: writing D(S)
for this space, any function S — U(T) defines a continuous map D(S) — T. Similarly,
to define the right adjoint, one needs to construct a topological space from a set S so that
continuous maps from 7 to this space correspond naturally and bijectively to functions
UT — S. The indiscrete topology on S has this universal property: write I(S) for this
space, any function U(T) — S defines a continuous function T — I(S). So we have
natural isomorphisms

Top(D(S),T) = Set(S, U(T)) Set(U(T),S) = Top(T, I(S)),
and thus the discrete, forgetful, and indiscrete functors define a pair of adjunctions

D
FTIN
Top —u— Set
w2t 7
I
Similarly, the forgetful functors ob: Cat — Set and Vert: Graph — Set (for any
variety of graphs) admit both left and right adjoints. We leave it to the reader to work out
what these are.
An adjunction between poset categories is called a (monotone) Galois connection.
If A and B are posets, functors F: A — B and G: B — A are simply order-preserving
functions. We have F' 4 G if and only if

Fa<b ifandonlyif a<Gb

for all @ € A and b € B. In this context, F is often called the lower adjoint and G is called
the upper adjoint.

ExawmpLE 4.1.7. Both adjoints to inclusion of posets Z — R (with the usual < ordering)
exist defining the ceiling and floor functions. For any integer n and real number r, n < r
if and only if n < |r], where | r] denotes the greatest integer less than or equal to r. This
function is order-preserving, defining a functor |—]: R — Z that is right adjoint to the
inclusion Z < R. Dually, r < n if and only if [#] < n, and this order-preserving function
defines a functor [-]: R — Z that is left adjoint to the inclusion.

-1

VNN
7Z——R

ANEe
-]
ExampLE 4.1.8. Consider a function f: A — B between sets. The subsets of A and subsets
of B form posets, PA and PB, ordered by inclusion. The map f induces direct image and
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inverse image functors f,: PA — PBand f*: PB — PA; as functions both maps are order-
preserving and thus define functors between the poset categories. The direct image is left
adjoint to the inverse image: for A’ ¢ Aand B’ C B, f(A’) c B’ ifand only if A’ c f~'(B").
Moreover, the inverse image functor has a further right adjoint f; that carries a subset
A’ C A to the set of elements of B whose fibers lie entirely in A’. With this definition,
B’ C fi(A") if and only if f~'(B") c A’. So we again have a pair of adjunctions
Je
VRN
PB —f—= PA
L
i
ExampLE 4.1.9. A propositional function is a function P: X — Q = {1, T}, which de-
cides, for each x € X, whether P(x) is true or false. The logical operations of universal
and existential quantification define functions Vyecx, Jyex : QX - Qin the expected way:
ViexP(x) = T if and only if P(x) = T for all x € X. These functions become functors
between poset categories when Q is given the partial order L < T and QX inherits a point-
wise defined order: P < Q if and only if P(x) < Q(x) for all x € X. There is also a constant
“dummy variable” functor A,cx: Q — OX. One can verify that dyex 4 Avex 4 Viex. See
[Aw096] for more.

ExampLEs 4.1.10. There is a large and very important family of “free-forgetful” adjunc-
tions, with the forgetful functor defining the right adjoint and the free functor defining the
left adjoint. In general, if one can construct the “free” object of type X on an object of
type Y, this construction most likely defines a left adjoint to the forgetful functor from the
category of Xs to the category of Y's. The following forgetful functors admit left adjoints,
defining “free” constructions.
(i) U: Group — Set
(i) U: Ab — Set
(iii)) U: Ring — Set
(iv) U: Modg — Set, generalizing the case U: Vecty — Set considered in the
introduction to this Chapter.
(v) U: Modg — Ab, forgetting the scalar multiplication
(vi) U: Ring — Ab, forgetting the multiplicative structure’
(vii) (=)*: Ring — Group, carrying a ring to its group of units.
(viii) ¢*: Mods — Modg induced from a ring homomorphism ¢: R — S. The for-
getful functor is called restriction of scalars.
(ix) ¢*: Set® — Set induced from a group homomorphism ¢: H — G, another
restriction-of-scalars functor
(x) U: Set, — Set
Each of these free-forgetful adjunctions is an instance of a monadic adjunction,
which will be introduced in Chapter 5.

ExampLE 4.1.11. None of the functors U : Field — Ring, U: Field — Ab, (-)*: Field —
Ab, U: Field — Set that forget algebraic structure on fields admit left adjoints.

ExawmpLE 4.1.12. The forgetful functor U: Cat — DirGraph also admits a left adjoint F,
defining the free category on a directed graph. A directed graph G consists of a set V of

3While a unital ring has an underlying (multiplicative) monoid, containing every element except the zero
element, this construction does not define a functor Ring — Mon because a ring homomorphism might have a
non-trivial kernel. Field homomorphisms differ in this regard; see Example 4.1.11.
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vertices, a set E of edges, and two functions s, ¢: E — V defining the source and target of
each directed edge. The free category on G has V as its set of objects. The set of morphisms
consists of identities for each vertex together with finite paths of edges; here a “path”
must respect direction. Composition is defined by concatenation of paths. The adjunction
supplies a natural bijection between functors F(G) — C and morphisms G — U(C) of
directed graphs. The latter presentation defines a diagram in C with no commutativity
requirements, since directed graphs do not encode composites. For instance, diagrams
indexed by the directed graph w, first introduced in Example 1.1.3.(iv), have this form.
The adjunction tells us that diagrams without commutativity requirements are precisely
diagrams indexed by free categories.

ExampLE 4.1.13. Let n + 1 denote the ordinal category, freely generated by the graph 0 —
1 -2 — .- - n Foreach 0 < i < n, there is an injective functor d':n - n+1 where
i € n is the unique object missing from the image. For each 0 < i < n, there is also a
surjective functor s': N+ 1 — n for which i € n is the unique object with two preimages.
These functors define a sequence of 2n + 1 adjoints

d'—
- =
d" —>

Definition 4.1.1 can be dualized in three ways, by replacing C, D, or both C and D by
their opposite categories. The latter dualization recovers the original notion of adjunction,
with G°P: D°? — C°P left adjoint to F°P: C°° — D°P if and only if F 4 G. In particular,
any theorem about left adjoints has a dual theorem about right adjoints, which is a very
useful duality principle for adjunctions. The other two dualizations lead to new (but still
dual) types of adjoint functors.

DeriNiTION 4.1.14. A pair of contravariant functors F: C?* — D and G: D® — C are
mutually left adjoint if there exists a natural isomorphism

D(Fec,d) = C(Gd, ¢),
or mutually right adjoint if there exists a natural isomorphism
D(d, Fc) = C(c,Gd).

ExampLE 4.1.15. Let Axiom be a set of axioms, i.e., sentences in a fixed first-order lan-
guage L. Let Model, be a set of models for that language, i.e., sets with interpretations
of the constants, relations, and functions in the language. For instance, the language of the
natural numbers has a constant symbol “0”, a binary function symbol “+”, and a binary re-
lation symbol “<”, so a model would be any set with a specified constant, binary function,
and binary relation. Given a set of models M and a set of axioms A we write M k A if each
of the axioms in A is satisfied by, that is, true in, each of the models in M. For instance,
an axiom might assert the transitivity of the relation symbol “<”, in which case a model
satisfies this axiom if and only if its interpretation of this relation is transitive.

Form the poset categories P(Axiom ) and P(Model ;) ordered by inclusion. There are
contravariant functors

True in: P(Axiom)® — P(Model,) Satisfying: P(Model;)® — P(Axiom, )
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which send a set of axioms A to the set of models that satisfy those axioms and send a set
of models to the set of axioms that they satisfy. These are mutual right adjoints, forming
what is called the Galois connection between syntax and semantics [Smi].

Exercises.
Exercise 4.1.1. Prove Lemma 4.1.2 and remark 4.1.4.
Exercisk 4.1.2. Define left and right adjoints to ob: Cat — Set and to Vert: Graph —

Set, the functor that takes a graph to its vertex set, for either directed or undirected graphs,
as you prefer.

Exercise 4.1.3. Suppose that F: A x B — C is a bifunctor so that for each object a € A,
the induced functor F(a,—): B — C admits a right adjoint G,: C — B.

(i) Show that these right adjoints assemble into a unique bifunctor G: A*xC — B,
defined so that G(a, ¢) = G,(c) so that the isomorphisms

C(F(a,b),c) = B(b,G(a,c))

are natural in all three variables.

(ii) Suppose further that for each b € B, the induced functor F(—,b): A — C admits
aright adjoint H,: C — A. Conclude that there is a unique bifunctor H: B°P x
C — Ao that H(b, ¢) = Hp(c) and the isomorphism

(4.1.16) A(a, H(b, ¢)) = C(F(a, b), c) = B(b, G(a, ¢))

is natural in all three variables.
(iii) Conclude that for each ¢ € C, the functors G(—, ¢): A°® — Band H(—,¢): B? —
A are mutual right adjoints.

A triple of bifunctors F, G, and H equipped with a natural isomorphism (4.1.16) is called
a two-variable adjunction.

ExercisE 4.1.4. What are some examples of two-variable adjunctions?

4.2. The unit and counit as universal arrows

Consider an adjunction

C_+~D D(Fc,d) = C(c,Gd).

Fixing ¢ € C, the defining natural isomorphism says that the object Fc € D represents the
functor C(c, G-): D — Set. By the Yoneda lemma, the natural isomorphism D(Fc, —) =
C(c, G-) is determined by an element of C(c, GF¢), the transpose of 1., that we denote by
n.. By Lemma 4.1.2, the maps 7, assemble into the components of a natural transformation
n: 1c = GF.

Lemma 4.2.1. Given an adjunction F 4 G, there is a natural transformation : 1¢ = GF,
called the unit of the adjunction, whose component 11.: ¢ — GFc at c is defined to be the
transpose of the identity morphism 1g..
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Proor. To prove that 7 is natural, we must show that the left-hand square commutes
forevery f: ¢ — ¢’ in C.

c—”(>GFc FCL>FC
fJ/ lGFf > FfJ/ \LFf
C'TGFC' Fc’1—>Fc’
¢ Fe!

This follows from Lemma 4.1.2 and the obvious commutativity of the right-hand trans-
posed square. O

Dually, fixing d € D the defining natural isomorphism of an adjunction F -4 G says that
the object Gd € C represents the functor D(F—,d): C® — Set. By the Yoneda lemma,
the natural isomorphism C(—, Gd) = D(F—, d) is determined by an element of D(FGd, d),
the transpose of 15,4, that we denote by €;. By Lemma 4.1.2, the maps ¢€; assemble into
the components of a natural transformation €: FG = 1p. We have the following dual of
Lemma 4.2.1

Lemma 4.2.2. Given an adjunction F 4 G, there is a natural transformation €: FG = 1p,
called the counit of the adjunction, whose component €;: FGd — d at d is defined to be
the transpose of the identity morphism 1¢4.

Lemmas 4.2.1 and 4.2.2 show that any adjunction has a unit and a counit. Conversely,
if F: C 2 D: G are opposing functors equipped with natural transformations : 1¢ = GF
and €: FG = 1p satisfying a dual pair of conditions, then this data provides an alternate
encoding of the notion of an adjunction.

DEerIntTION 4.2.3. An adjunction consists of an opposing pair of functors F: C 2 D: G,
together with natural transformations n7: 1c = GF and €: FG = 1p that satisfy the
triangle identities:

Fn nG
F —— FGF G — GFG
\ﬂeF \ﬂc
1F lg
F G

The left-hand triangle asserts that a certain diagram commutes in D®, while the right-
hand triangle asserts that the dual diagram commutes in CP. The natural transformations
Fn, €F, nG, and Ge are defined by whiskering; recall Remark 1.6.15. Together these
equations assert that “the counit is a left inverse of the unit modulo translation.” They can’t
literally be inverses because the components of the unit 77.: ¢ — GFc lie in C while the
components of the counit €;: FGd — d lie in D; these morphisms aren’t composable. But
if we apply F to the unit, we obtain a morphism F7.: Fc — FGFc in D whose left inverse
is €r.. And if we apply G to the counit, we obtain a morphism Ge;: GFGd — Gd whose
right inverse is 17¢4.

Proposition 4.2.4. A pair of functors F: C 2 D: G is adjoint in the sense of Definition
4.1.1 if and only if they are adjoint in the sense of Definition 4.2.3.

Proor. Lemmas 4.2.1 and 4.2.2 demonstrate that a natural isomorphism D(Fc,d) =
C(c,Gd) can be used to define natural transformations n: 1¢ = GF and €: FG = 1p,
whose components are transposes of identity morphisms. It remains to demonstrate the
triangle identities, for which it suffices by Lemma 1.6.12 to consider the components of
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each natural transformation. By Lemma 4.1.2, the upper-left-hand and lower-right-hand
squares

FCL>FC c—% > GFc
S P
FGFCT>FC GFCTGFC
FGd —%> FGd Gd —"~ GFGd
N
FGd ——d GdTGd

commute because the transposed squares manifestly do. This is what we wanted to show.
Conversely, the unit and counit can be used to define a natural bijection D(Fc¢,d) =
C(c,Gd). Given f: Fc — d and g: ¢ — Gd their adjuncts are defined to be the composites:

ne Gf Fg €

fl=c GFc Gd g = Fe FGd d

The triangle identities are used to show that these operations are inverses. By definition
(f")# is equal to the top composite

Fe—" FGFe L% FGa —<

lFr
Fc

d

By naturality of € and one triangle identity, this equals f. The dual diagram chase, which
demonstrates that (¢%)” = g, follows or is left as an exercise for the reader. O

CoroLLARY 4.2.5. If A and B are posets and F: A — B and G: B — A form a Galois
connection, with F 4 G, then F and G satisfy the following fixed point formulas

FGF =F GFG =G.

Proor. By the triangle identities F(a) < FGF(a) < F(a) for all a € A, whence F =
FGF. The other formula is dual. m]

ExampLE 4.2.6. The left adjoint F to the forgetful functor U: Group — Set defines the
free group on a set S. Elements of the group F(S) are finite words written in the letters
s € S and formal “inverses” s~', modulo some evident relations. The empty word serves
as the identity element and multiplication is by concatenation. The component of the unit
of the adjunction F' 4 U at a set S is the function § — UF(S) that sends an element to the
corresponding singleton word. The component of the counit of the adjunction at a group
G is the group homomorphism FU(G) — G that sends a word, whose letters are elements
of the group G and formal inverses, to the product of those symbols, interpreted using the
multiplication, inverses, and identity present in the group G. Note that this function sends
a singleton word to that group element; this proves one of the triangle identities. We leave
the interpretation of the other triangle identity to the reader.
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Exercises.

Exercise 4.2.1. Explain each step needed to convert the statement of Lemma 4.2.1 into the
statement of Lemma 4.2.2.

Exercise 4.2.2. Pick your favorite forgetful functor from Example 4.1.10 and prove that
it is a right adjoint by defining its left adjoint, the unit, and the counit, and demonstrating
that the triangle identities hold.

Exercise 4.2.3. Each component of the counit of an adjunction is a terminal object in some
category. What category?

Exercise 4.2.4. A morphism of adjunctions, from ¥ + G to F’ 4 G’ is comprised of a
pair of functors

c.¢

D——D
K

so that the square with the left adjoints and the square with the right adjoints both commute
(i.e., KF = F’H and HG = G’K) and satisfying one additional condition, which takes a
number of equivalent forms. Prove that the following are equivalent:

(i) Hn =n'H, where nj and 1’ denote the respective units of the adjunctions.
(i) Ke = €' K, where € and €’ denote the respective counits of the adjunctions.
(iii) Transposition across the adjunctions commutes with application of the functors
H and K, i.e., for every ¢ € C and d € D, the diagram

D(Fc,d) —— C(c, Gd)
Ky VH
D'(KFc,Kd)  C'(Hc, HGd)

D'(F'Hce, Kd) + C'(He,G'Kd)

commutes.

4.3. Formal facts about adjunctions

“Formal” means 2-categorical, meaning that they can be proven syntactically using
objects (categories), morphisms (functors), and morphisms of morphisms (natural trans-
formations), which can be composed horizontally and vertically, as we saw in Section 1.6.
This is the reason for giving diagrammatic proofs of results that can be proven more effi-
ciently by appealing to the Yoneda lemma: the diagrammatic proofs apply more generally.*

ProrosiTion 4.3.1. If F and F’ are left adjoint to U, then F = F’. Moreover, there is a
unique such isomorphism commuting with the unit and counit of the adjunction.

4Unfortunately, we won'’t be able to describe the other contexts in which the diagrammatic proofs apply.
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Proor 1. To define a natural transformation : F = F’, it suffices, by Lemma 4.1.2,
to define a transposed natural transformation, which we take tobe r: 1c = UF’

Fe—2% s Fre c—“ > UF'c
Ffl \LF’f @ fl J/UF'f
FC/T>F’C/ ¢ ——UF'c

c UM

The proof of Proposition 4.2.4 provides a formula for 6:

Fr/ , €F’ ,
0:= F—= FUF == F".

Exchanging the roles of F’ and F, we also define a natural transformation 6": F’ = F
to be the transpose of n: 1¢ — UF, i.e., by the formula

¢ = F —L pur=<Ls F.

The hope is that @ = 7!, so that 6 is a natural isomorphism. To prove that

Frn ’ F' ’
F—"s pur =L pr 2 pyp =L F = P F

it suffices to prove that the transposed natural transformations are equal, i.e., to show that
n: 1 = UF equals the composite

| = yr 2L yrur 2y 2L ypur 225 UF
By naturality of 5, this equals
1 =L yr 25 yrur 2y 2L ypyr Y45 g
By the triangle identity UeF’ - nUF’ = 1yp, this simplifies to
1 =L ur 2L ypur 225 pF
By naturality of 7/, this equals
1 =L yr 2L ypur 245 yF
and by the triangle identity U€e’F - 7’ UF = 1y this simplifies to:
| == UF

as desired. The other diagram chase, proving that 6 - 8’ = 1, is dual.
From the formula for 6, there are easy diagram chases, left to the reader, that verify
that the diagrams of natural transformations commute

lgc == UF FU == 1p
\ ﬂug guﬂ /
n €
UF’ F'U

The left-hand triangle asserts that the transpose of 6 across the adjunction F' 4 U is 77/,
proving uniqueness. O
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Proor 2. By the Yoneda lemma, the composite natural isomorphism
D(F’c,d) = C(c, Ud) = D(Fc,d),

defines a natural isomorphism 6,.: Fc = F’c. The component 6, is defined to be the image
of 1p.. The first isomorphism carries this to i7.: ¢ — UF’c. The second isomorphism
carries it to its transpose along F 4 U. Thus

Fr,.

0, = Fec FUFc -5 pre

This is the formula we discovered in Proof 1. Lemma 4.1.2 can be used to show commu-
tativity with the units and counits. O

ProposiTioN 4.3.2. Given adjunctions

C D E

|

the composite F'F is left adjoint to the composite GG'.
There are two proofs: a Yoneda-style proof and a 2-categorical proof.
Proor 1. There are natural isomorphisms
E(F'Fc,e) = D(Fc,G’e) = C(c, GG'e),
the first defined using F’ 4 G’ and the second defined using F 4 G. O

Proor 2. The unit and counit of F’'F 4 GG’ are defined to be the composites

Gn'F ' v ,
= lg == GF —=> GG'F'F g:= FFGG =5 pr¢' == 1¢

The proof of the triangle identities is an entertaining diagram chase left to the reader. O
Using the formula for adjunct arrows given in the proof of Proposition 4.2.4, the first

proof gives the formulas for the unit and counit provided by the second.

ProrosiTion 4.3.3. Any equivalence
F = =
C<;E D I]ZlcﬁGF, EIFGﬁlD
G

can be promoted to an adjoint equivalence, in which the natural isomorphisms satisfy the
triangle identities, by redefining either the unit or counit.

The proof is left as Exercise 4.3.1.

ProrosiTion 4.3.4. Given an adjunction

post-composition with F and G define a pair of adjoint functors

F
CJ - DJ
G

for any small category J.

This can be proven by appealing to either of the definitions of an adjunction.
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Exercises.
Exercist 4.3.1. Prove Proposition 4.3.3.
Exercise 4.3.2. Use the natural bijection between hom-sets to prove Proposition 4.3.4.

Exercise 4.3.3. Use the unit and counit associated to an adjunction to prove Proposition
4.34.

4.4. Adjunctions, limits, and colimits

ProposiTioN 4.4.1. A category C admits all limits of diagrams indexed by a small category
J if and only if the constant diagram functor A: C — C admits a right adjoint. Dually, C
admits all colimits of J-indexed diagrams if and only if A admits a left adjoint.

colim

I
C—a>CY
S L 7

lim

Recall from Proposition 3.5.2 that the axiom of choice is needed to define the action
of the limit or colimit functor on objects.

Proor. These dual statements follow immediately from the defining universal prop-
erties of a limit and colimit. For ¢ € C and F € CY, the hom-set C'(Ac, F) is the set of
natural transformations from the constant J-diagram at c to the diagram F. This, by Defini-
tion 3.1.2, is precisely the set of cones over F' with summit c¢. There is an object lim F' € C
together with a natural isomorphism

C’(Ac, F) = C(c,lim F)

if and only if this limit exists. O

TueOREM 4.4.2 (RAPL). Right adjoints preserve limits.

If G: D — C has a left adjoint F and if D and C admit all limits indexed by a category
J, then there is a slick proof of this result. The left adjoint functors

manifestly commute. By Proposition 4.3.2, the functors G lim and lim G are both right ad-
joints to the composite FA = AF. By Proposition 4.3.1 they must therefore be isomorphic,
proving that G preserves J-indexed limits.

However, we want a more precise version of Theorem 4.4.2 that tells us that a right
adjoint preserves any limit that happens to exist in its domain, regardless of whether or not
all limits of that shape exist.
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Proor. Consider a diagram K: J — D admitting a limit cone, illustrated here in the
case where J is the poset of integers.

Kfo Kfa

Applying a right adjoint G: D — C we obtain a cone

GlimK
G/Lz G/l(] \;/l GAs
GKj- T GKj- T GK]O T GKj oK GK j>

in C. We claim that this is a limit cone over the diagram GK: J — C. To prove this,
consider another cone:

Gh

) G/ll G/lg
v
GKj-

GKj-

GK Jo

GKf-, GKf-,

The legs of this cone transpose to define maps in D

Kj-

Kf» Ko

which define a cone over K by Lemma 4.1.2. The universal property of the limit cone
induces a unique factorization 7 of the cone ji through the cone A. The map 7 transposes to

define a factorization
\
Y Ho
7 ui GlimK )y

m

G/Ll/ G‘/{U A
yd v AN
GKj_, GK jo

GKj

GKf- GKf GKfo GK fi

of the cone u through the cone GA, again by applying Lemma 4.1.2. This factoriza-
tion is clearly unique: another such map would transpose to define a factorization of [
through A, which would necessarily equal 7, and 7 is the unique adjunct of this map. Thus,
GA: Glim K = GK is a limit cone for GK. O
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In summary, we have just argued that
C’(Ac, GK) = DY (FAc, K) = DY(AFc, K) = D(Fe,limy K) = C(c, G limy K),

which, by the defining universal property of the limit, says that G limy K defines a limit for
the diagram GK.
Dually, of course, we have:

THeEOREM 4.4.3 (LAPC). Left adjoints preserve colimits.
These results have myriad useful corollaries. For instance:

COROLLARY 4.4.4. For any function f: A — B, the inverse image f~': P(B) — P(A), a
function between the powersets of A and B, preserves both unions and intersections, while
the direct image f,: P(A) — P(B) only preserves unions.

CoroLLARY 4.4.5. For any vector spaces U VW, UQ (Ve W)= (U®V)® (U W).

Similarly, Theorems 4.4.2 and 4.4.3 supply proofs of many of the basic operations in
arithmetic on account of the adjunctions A X — 4 (=) between the product and exponential
on Set or its subcategory Fin.

CoROLLARY 4.4.6. For finite sets A, B, C we have natural isomorphisms

AXB+C)=2(AXB)+(AXxC) (BxC'=BAxct  APCxABxAC

Proor. The left adjoint A x — preserves coproducts, the right adjoint (—)* preserves
products, and the functor A~ : Fin® — Fin, which is mutually right adjoint to itself, carries
coproducts in Fin to products in Fin. O

The forgetful functors of Example 4.1.10 carry any limits that exist in the categories
of groups, rings, modules, and so forth to corresponding limits of their underlying sets.
Indeed, we will show in Chapter 5 that these forgetful functors create, and not merely pre-
serve, all limits. Conversely, the fact that the left adjoints preserve all colimits in Set tells
us that the construction of colimits in groups, rings, modules, and so forth is necessarily
more complicated. For instance:

CoroLLARY 4.4.7. The free group on the set X || Y is the free product of the free groups on
the sets X and Y.

We now study a certain important class of adjoint functors.

DeriNiTION 4.4.8. A reflective subcategory of a category C is a full subcategory D so that
the inclusion D < C admits a left adjoint R: C — D, called the reflector.

In studying this notion, we will make use of the following straightforward lemma.

Lemma 4.4.9. Consider an adjunction
F
C_+"D
G

with counit €: FG = 1p. Then:

(i) G is faithful if and only if each component of € is an epimorphism.
(ii) G is full if and only if each component of € is a split monomorphism.
(iii) G is full and faithful if and only if € is an isomorphism.

A dual result characterizes full or faithful left adjoints.
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In particular, any object in a reflective subcategory D < C is isomorphic, via the

counit Rd — d of the adjunction, to its reflection back into that subcategory. The com-
ponents of the unit have the form ¢ — Rc; the mnemonic is that “an object looks at its
reflection.”

ExampLEs 4.4.10. The following define reflective subcategories:

e The inclusion kHaus — Top of compact Hausdorff spaces into the category of all
topological spaces. The reflector is the functor 8: Top — kHaus sending a space to
its Stone-Cech compactification.

e U: Ab — Group. The reflector carries a group G to its abelianization, the quotient
G/|G, G] by the commutator subgroup, the normal subgroup generated by elements
ghg™'h~!. The quotient maps G — G/[G, G] define the components of the unit. For
any abelian group A, we have an isomorphism A = A/[A, A]; the commutator sub-
group is trivial if and only if the group is abelian. The adjunction asserts that a ho-
momorphism from a group G to an abelian group A necessarily factors through the
abelianization of G.

e The inclusion tfAb — Ab of torsion-free abelian groups is reflective. The reflector
sends an abelian group A to the quotient A/T A by its torsion subgroup. The quotient
maps A — A/TA define the components of the unit, and any map from A to a torsion-
free group necessarily factors through this quotient homomorphism.

e As described above, for any ring homomorphism ¢: R — T, there exist adjoint func-
tors

Top—
Mod; = = _ Modg,
e
the right adjoint being restriction of scalars and the left adjoint being extension of
scalars. The restriction of scalars functor is always faithful — as both categories of
modules admit faithful forgetful functors to Ab — and is full if and only if ¢: R = T
is an epimorphism. Note that epimorphisms in Ring include all surjections but are not
only the surjections. An important class of epimorphisms include the localizations.
Let S C R be a monoid under multiplication; that is, S is a multiplicatively closed
subset of the ring R. The localization R — S 'R is an initial object in the category
whose objects are ring homomorphisms R — 7T that carry all of the elements of
S to units in 7. For integral domains, the ring S~'R can be constructed as a field
of fractions. A similar construction exists for general commutative rings. For non-
commutative rings, the localization may or may not exist.

Proposition 4.4.11. If D < C is a reflective subcategory then

(i) D has all limits that C admits, formed as in C.

(ii) D has all colimits that C does, formed by applying the reflector to the colimit in
C.

By Theorems 4.4.2 and 4.4.3, if D has limits or colimits, they must be constructed
in the way described in Proposition 4.4.11. The real content of this result is that these
(co)limits necessarily exist in D. We defer the proof of (i) to Exercise 5.5.1, where it
follows as a special case of a more general result to be proven there.

Proor oF (11). For clarity, we introduce notation i: D < C for the inclusion, the right
adjoint to the reflector R. Consider a diagram F: J — D and let A: iFF = c¢ be a colimit
cone for the diagram iF in C. The left adjoint R sends this to a colimit cone RA: RiF = Rc
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in D. Now the counit supplies a natural isomorphism Ri = 1p. Transporting along these
isomorphisms, we obtain a colimit cone F = RiF = Rc for the original diagram in D. O

Exercises.

Exercise 4.4.1. When does the functor !: C — 1 have a left adjoint? When does it have a
right adjoint?

Exercise 4.4.2. Suppose the diagonal functor A: C — CY admits both left and right ad-
joints. Describe the units and counits of these adjunctions.

Exercise 4.4.3. Prove Lemma 4.4.9.

Exercisk 4.4.4. Consider a reflective subcategory inclusion D < C with reflector R: C —
D.

(1) Show that nR = Rn, and that these natural transformations are isomorphisms.
(i) Show that an object ¢ € C is in the essential image of the inclusion D — C,
i.e., is isomorphic to an object in the subcategory D, if and only if 7, is an
isomorphism.
(iii) Show that the essential image of D consists of those objects ¢ that are local for
the class of morphisms that is inverted by R. That is, c is in the essential image
if and only if the precomposition functions

Cb.c) 5 Cla, o)

are isomorphisms for all f: a — b in C for which Rf is an isomorphism in D.

4.5. Existence of adjoint functors

Does the inclusion Ring < Rng of unital rings into the category of possibly non-
unital rings have any adjoints? A first strategy to probe a question of this form might
be called the “initial and terminal objects test”: by Theorems 4.4.2 and 4.4.3 a functor
admitting a left adjoint must necessarily preserve all limits while a functor admitting a
right adjoint must necessarily preserve all colimits. The ring Z is initial in Ring but not in
Rng, so there can be no right adjoint. The zero ring is terminal in both categories, so a left
adjoint to the inclusion might be possible. Indeed, Ring has and the inclusion preserves
all limits. A limit-preserving functor is called continuous; a colimit-preserving functor is
called cocontinuous.

The search for a left adjoint to Ring < Rng might be thought of as some sort of
formulaic (that is to say functorial) optimization problem, whose aim is to adjoin a mul-
tiplicative unit to a possibly non-unital ring R in the “most efficient way possible.” The
Yoneda lemma can be used to make this intuition precise. We seek a unital ring R* to-
gether with a natural isomorphism

Ring(R*,S) = Rng(R, S)

for all unital rings S. That is, we seek a representation for the functor Rng(R, —): Ring —
Set. By Proposition 2.4.4, we seek an initial object in the category of elements f Rng(R, -),
whose objects are homomorphisms R — § whose codomain is a unital ring and whose
morphisms are commutative triangles whose leg opposite R is a unital ring homomorphism.
This category of elements is isomorphic to the comma category R | Ring of non-unital
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homomorphisms from R to a unital ring. The optimization problem is solved if we can find
a unital ring R* and ring homomorphism R — R* that is initial in this category.’
The same line of reasoning proves the following general result.

Lemma 4.5.1. A functor U: A — S admits a left adjoint if and only if for each s € S the
comma category s | U has an initial object.

Proor. The comma category s | U is isomorphic to the category of elements for the
functor S(s,U-): A — Set. If a left adjoint F exists, then the component at s of its
unit defines an initial object ,: s — UF s in this category; see Exercise 3.7.1. Conversely,
suppose each s | U admits an initial object, which we suggestively denote by nj;: s — UF's.
This defines the value of a function F: obS — ob A which we now extend to a functor.
For each morphism f: s — 5" in S, define F f: F's — Fs’ to be the unique morphism in A
making the square

SLUFS

|
fl | UFf
\
s - UFs'

commute; the existence and uniqueness of such a map makes use of the fact that r; is initial
in s} U. Itis easy to verify that these unique choices are functorial, and so we have defined
a functor F: S — A together with a natural transformation : 1s = UF.

This data allows us to define a natural transformation

¢sa: A(Fs,a) — S(s, Ua),

as in the proof of Proposition 4.2.4. Given g: F's — a in A, define ¢;,(g) to be s LN

U
UFs = Ua. Injectivity and surjectivity of ¢, , follows immediately from the uniqueness
and existence of morphisms from 7, to any particular s — Ua in s | U. This natural
isomorphism proves that F' 4 U with unit 7. O

Lemma 4.5.1 reduces the problem of finding a left adjoint to a continuous functor
U: A — S to the problem of finding an initial object in the comma category s | U defined
for each s € S. This comma category, as the category of elements for S(s, U-): A — Set,
comes with a canonical forgetful functor I1: s | U — A that carries an object s — Ua to
the object a.

Lemma 4.5.2. For any functor U: A — S and object s € S, the associated forgetful functor
IT: sl U — A creates the limit of any diagram whose limit exists in A and is preserved by
U. In particular, if A is complete and U is continuous, then s | U is complete.

Proor. Consider a diagram J £> s | U so that J £> sl U l A admits a limit
cone A: £ = IIK. By hypothesis, the functor U carries this limit cone to a limit cone

Ud: Ul = UIIK for the diagram J — s | U - A 2 S. Now the original diagram

K . . . . .
J — 5| U can be thought of as a cone over this diagram in S with summit s, which then

5The optimization problem intuition for the construction of adjoint functors is explained very well on
Wikipedia’s adjoint functors entry (retrieved on April 14, 2015). However, their suggestion that “picking the
right category [to express the universal property of the adjoint construction] is something of a knack”™ is incorrect.
A left adjoint to a functor U: A — S at an object s € S defines an initial object in the category of elements of
the functor S(s, U-): A — Set; dually, a right adjoint defines a terminal object in the category of elements of
S(U-, s): AP — Set.
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factors uniquely along amap #: s — U¢ to the limit. In the case where J is the parallel pair
category, this process is illustrated below:

ins]U £ in A Ut in S.
Y t 7 Ul
|/l,1 T a
k 7k
s—sUa — a — s ——Ua
Ufu Ug 8u.f Ugu uf
K v
Ud a’ Ud
The verification that ¢: s — U is a limit for the original diagram K in s | U is straightfor-
ward. Note also, that IT: s | U — A preserves the limit, by construction. O

Lemma 4.5.2 can be used to help find an initial object in s | U. An initial object is
equally the limit of the identity functor; see Example 3.7.3. Applying Lemma 4.5.2, a
limit of the identity functor on s | U exists if and only if the limit of the forgetful functor
IT: s | U — A exists in A. Following this line of reasoning, it seems that all continuous
functors whose domains are complete should admit left adjoints.

The problem is that s | U is not in general a small category, so even if A admits all
small limits it may not admit a limit of the large diagram s | U — A. The adjoint functor
theorems supply conditions under which this large limit can be reduced to a small one that
A possesses. We discuss two of the common variants of this theorem.

TueoreMm 4.5.3 (General Adjoint Functor Theorem). Let U: A — S be a continuous func-
tor whose domain is locally small and complete. Suppose U satisfies the following solution
set condition:

e For every s € S there exists a set of morphisms f;: s — Ua; so that any f: s = Ua
factors through some f; along a morphism a; — a in A.

Then U admits a left adjoint.

The solution set condition says exactly that the set f;: s — Ug; is jointly weakly
initial in the category s | U, in the sense that any other object in this category admits a map
from one of these objects. Because A has all limits and U preserves them, Lemma 4.5.2
implies that the category s | U is also complete, and a particular limit construction will be
used to turn this jointly weakly initial set into an initial object.

LemMma 4.5.4. If C is complete, locally small, and has a jointly weakly initial set of objects
@, so that for any C € C there is some K € ® and a morphism K — C, then C has an
initial object.

Proor. Let P be the product of the objects in ®@. Then P is weakly initial: for each
C € C, there is some morphism P — C but likely more than one. Let {: L — P be the
limit cone for the diagram consisting of P and all of its endomorphisms.

Because P is weakly initial, L is too. Suppose there is some C € C with two morphisms
f,g: L3 Candlete: E — L be their equalizer. Because P is weakly initial there is some
morphism p: P — E. The composite fep is an endomorphism of P so fepl = {. The
universal property of the limit L implies that ¢ is monic, and so ep{ = 1;, and in particular
e is split epi. But e is also mono; as a split epi and mono is necessarily an isomorphism,
we conclude that f = g. O

The proof of the general adjoint functor theorem proceeds directly by assembling the
lemmas in this section.
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Proor oF THEOREM 4.5.3. By Lemma 4.5.1, U admits a left adjoint if and only if for
each s € S the comma category s | U has an initial object; these initial objects define the
value of the left adjoint on objects and the components of the unit of the adjunction. The
solution set condition says that s | U has a jointly weakly initial set of objects. Because A
is locally small, s | U is as well. Because A is complete and U is continuous, Lemma 4.5.2
tells us that s | U is also complete. So we may apply Lemma 4.5.4 to construct an initial
objectin s | U. O

ExampLE 4.5.5. For example, consider the functor U: Group — Set and a set S. The
following construction of the free group on S can be found in [Lan02, §1.12]. Let @’ be
the set of representatives for isomorphism classes of groups which can be generated by |5 |
or fewer elements. Define O to be the set of functions S — UG, with G € ®’, whose image
generates the group G. Form the product, indexed by the set @, of the groups appearing as
codomains and consider the induced map

n: S — U( l_[ G).
S->UGed

Let I" be the subgroup of the product [[s_,ygep G generated by the image of 7. We show
that I is the free group on S by proving that the restriction : S — UT is initial in S | U.

Given a group H and a function ¢: S — U(H) let G C H be the subgroup generated
by the image of S. By construction i factors through ¢: § — U(G) and ¢ € ®. Here ¢
is the composite of : § — U(I') with the projection to the component indexed by ¢, so
we have found a way to factor ¢ through 7 via a homomorphism I' — H. The uniqueness
of this factorization is clear because I' is generated by the image of S. Asy: S — U(H)
specifies the images of these generators no alternate choices are possible.

Our next adjoint functor theorem requires a few preliminary definitions.

DermNiTION 4.5.6. A generating set or generator for a category C is a set ® of objects that
can distinguish distinct parallel morphisms in the following sense: given f,g: x =3 y, if
f # g then there exists some h: ¢ — x with ¢ € ®@ so that fh # gh. A cogenerating set in
C is a generating set in C°P.

DeriniTioN 4.5.7. A subobject of an object ¢ € C is a monomorphism ¢’ »» ¢ with
codomain c¢. Isomorphic subobjects, that is, subobjects ¢’ > ¢ «< ¢” with a commuting
isomorphism ¢’ = ¢” are typically identified. The intersection of a family of subobjects
of ¢ is the limit of the diagram of monomorphisms. The induced map from the limit to c is
again a monomorphism. So the intersection is the minimal subobject that is contained in
every member of this family.

Tueorem 4.5.8 (Special Adjoint Functor Theorem). Let U: A — S be a continuous functor
whose domain is complete and whose domain and codomain are locally small. If further-
more A has a small cogenerating set and every collection of subobjects of a fixed object in
A admits an intersection, then U admits a left adjoint.

The purpose for these hypotheses is that they will allow us to construct the initial
objects sought for in Lemma 4.5.1.

Lemma 4.5.9. Suppose C is locally small, complete, has a small cogenerating set ®, and
has the property that every collection of subobjects has an intersection. Then G has an
initial object.
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Proor. To say that @ is cogenerating is to say that for every C € C the canonical map

C— 1_[ g Hom(C.K)
Ked

is a monomorphism. Form the product P = [] e K of the objects in the cogenerating set
and form the intersection / < P of all of the subobjects of P. We claim that / is initial.

For any C € C, there is a map P — []geep KH°™K) induced by the maps K —
KHomCK) defined to be the identity 1x on each component of the power KHo™CK)  The
pullback

I

P S HKE(I) KHom(C,K)

defines a subobject P¢ of P and thus a map I — Pc — C from the intersection to C.
There cannot be more than one arrow from [ to C because the equalizer of two distinct
such would define a smaller subobject of P, contradicting minimality of the intersection
I. O

Proor or THEOREM 4.5.8. Again, for each s € S, the category s | U is locally small
and complete. Monomorphisms in s | U are preserved and reflected by I1: s U — A, and
so the comma categories has intersections of subobjects created by the forgetful functor. If
@ is a cogenerating set for A, then the set

O ={s > Ua|acd

is cogenerating for s | U; because S is locally small, @’ is again a set. Applying Lemma
4.5.9, we can construct an initial object in each comma category s | U, which provides a
left adjoint to U by Lemma 4.5.1. O

ExampLE 4.5.10. The special adjoint functor theorem is an abstraction of the construction
of the Stone-Cech compactification 8: Top — kHaus, which defines a left adjoint to the
inclusion kHaus < Top. The unit interval I = [0, 1] is a cogenerating object in kHaus:
if f # g: X 33 7, there must be some x € X with f(x) # g(x). Then Urysohn’s lemma
can be used to define a continuous function h: ¥ — I with hf(x) = 0 and hg(x) = 1;
hence, hf # hg. Given a topological space X, Theorem 4.5.8 constructs an initial object in
X | kHaus in the following manner. A cogenerating family in X | kHaus is given by the set
of all maps X — I. The product of these maps is a map

i X — ]_[ L.
Hom(X,I)
A subobject of this object is a compact Hausdorft subspace K C [[gomx,r) I containing the
image of /). Because [gomex,n) 1 is compact Hausdorff, a subspace is compact HausdorfT if
and only if it is closed. Thus, the intersection of all subobjects of #: X — [Tgomex.n 1 18
simply the codomain restriction 17: X — B(X), where S(X) is the closure of the image of 7.
This is the Stone-Cech compactification.

The adjoint functor theorems have a number of useful corollaries.

CoroLLARY 4.5.11. Suppose C is locally small, complete, has a small cogenerating set, and
has the property that every collection of subobjects of a fixed object has an intersection.
Then C is also cocomplete.
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Proor. For any small category J, as C is locally small, C’ is again locally small.
The constant diagram functor A: C — CY preserves limits by Exercise 3.5.1. Applying
Theorem 4.5.8, A has a left adjoint, which by Proposition 4.4.1 demonstrates that C has all
J-shaped colimits. O

The adjoint functor theorems also specialize to give conditions under which a set-
valued limit-preserving functor is representable.

CoroLLARY 4.5.12. Suppose C is locally small, complete, has a small cogenerating set, and
has the property that every collection of subobjects of a fixed object has an intersection.
Then any continuous functor F: C — Set is representable.

Proor. By Theorem 4.5.8, F has a left adjoint L: Set — C. In particular, we have a
natural isomorphism
C(L(%),c) = Set(x,Fc) = Fc

where * € Set denotes the singleton set. Thus L(*) represents F. O

CoroLLARY 4.5.13 (Freyd’s representability theorem). Let F: C — Set be a continuous
Sfunctor and suppose that G is complete and locally small. If F satisfies the solution set
condition:

o There exists a set S of objects of C so that for any ¢ € G and any element x € Fc there
existsan s € S, an element y € F's, and a morphism f: s — ¢ so that F f(y) = x.

then F is representable.

Proor. The solution set defines a jointly weakly initial set of objects in the comma
category * | F' = fF , where * € Set is a singleton set. By Lemma 4.5.2, this category is
complete, and so by Lemma 4.5.4 it has an initial object. By Proposition 2.4.4, this defines
a representation for F. O

Exercises.

Exercise 4.5.1. Suppose C is a locally small category with coproducts. Show that a functor
F: C — Set is representable if and only if it admits a left adjoint.






CHAPTER 5

Monads and their Algebras

A monad is just a monoid in the category of
endofunctors — what’s the problem?

Barbie

Consider an adjunction
C_17D n: lc = GF, €: FG= lp.

If we restrict this data to the category C, forgetting about D entirely, we obtain a monad
on C. Dually, if we restrict to D and forget entirely about the category C, we obtain a
comonad on D. Perhaps unexpectedly from this perspective, monads are interesting in
their own right, as syntactic representations of algebraic structure. If a particular variety
of algebra is monadic, i.e., can be represented as the algebras for a monad, there are a
number of pleasing consequences. Monoids, groups, rings, modules over a fixed ring, sets
with an action of a fixed group, pointed sets, compact Hausdorft spaces, lattices, and so on
all arise as algebras for a monad on the category of sets. Fields do not, which explains why
the category of fields shares few of the properties of the categories just described.

5.1. Monads from adjunctions

DeriniTION 5.1.1. A monad on a category C consists of

e an endofunctor 7: C — G,
e a unit natural transformation : 1¢ = T, and
e a multiplication natural transformation y: 72 = T,

so that the following diagrams commute in C°:

T, T T
T3:IJ>T2 T —s T2 e—— T
I?==T T

Remark 5.1.2. The diagrams in Definition 5.1.1 are reminiscent of the diagrams in Defi-
nition 1.6.3. This is no coincidence. Monads, like (topological) monoids, unital rings, and
k-algebras are all instances of monoids in a monoidal category. A monoidal category V
is a category equipped with a binary functor V X V — V and a unit object, together with
some additional coherence natural isomorphisms satisfying conditions that we decline to
describe. A monad on C is a monoid in the monoidal category C® of endofunctors on
C. The binary functor C® x C® — CC is composition and the unit object is the identity
endofunctor 1¢ € CC. This is one explanation for the name “monad.”
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Lemma 5.1.3. Any adjunction

C_1"D n: lc = GF, €: FG= 1p

gives rise to a monad on the category G serving as the domain of the left adjoint, with

e the endofunctor T defined to be GF,
e the unitn: 1¢ = GF serving as the unitn: 1¢c = T for the monad, and

e GeF':

GFGF = GF serving as the multiplication u: T?> = T.

Proor. The triangles

GFGFGF %L GFGF oF 225 Gror EEL GF

GeFGF GeF GeF
lGF 1GF

GFGF ————= GF GF
GeF

commute by the triangle identities for the adjunction. The square commutes by naturality
of the vertical natural transformation Ge: GFG = G. O

ExampLEs 5.1.4. For instance:

®

(i)

The free forgetful adjunction between pointed sets and ordinary sets induces
a monad on Set whose endofunctor (-),: Set — Set adds a new point. The
components of the unit are given by the obvious inclusions n74: A — A,. The
components of the multiplication 4 : (A+)+ — A, are defined to be the identity
on the subset A and send the two new points in (A, ), to the new pointin A,. By
Lemma 5.1.3, or by a direct verification, the diagrams

(1a)+ NA+ (174)+
(A —= (A4 Ay (A = A,
#A»,\L l#A i#A
1A+ 1A+
(A T Al Ay

commute. Particularly in computer science, this monad is called the maybe
monad, for reasons that we will explore later. There is a similar monad on
Top, or any category with coproducts, which acts by adjoining a copy of a fixed
object (in this case a point).

The free monoid monad is induced by the free-forgetful adjunction between
monoids and sets. The endofunctor 7': Set — Set is defined by

TA:=] A,
n>0
that is, T'A is the set of finite lists of elements in A; in computer science contexts,
this monad is often called the list monad. The components of the unitn,: A —
TA are defined by the evident coproduct inclusions. The components of the
multiplication uy : T?A — TA are the concatenation functions, sending a list of
lists to the composite list. See Exercise 5.1.1 for a more categorical description
that demonstrates that the free monoid monad 7' can also be defined in any
category with coproducts and a well-behaved binary functor such as X.



(iii)

(iv)

)

(vi)
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The free-forgetful adjunction between sets and the category of R-modules in-
duces the free R-module monad R[—]: Set — Set. Define R[A] to be the set
of finite formal R-linear combinations of elements of A. Formally, a finite R-
linear combination is a function y: A — R, for which only finitely many of
the values are non-zero; it might be written as [ [,c4 x(a) - a. The components
n4: A — R[A] of the unit send an element a € A to the singleton formal R-linear
combination corresponding to the function y,: A — R thatsendsato 1 € R and
every other element to zero. The components w4 : R[R[A]] — R[A] are defined
by distributing the coefficients in a formal sum of formal sums. Special cases
of interest include the free abelian group monad and the free vector space
monad.

The free-forgetful adjunction between sets and groups induces the free group
monad F: Set — Set that sends a set A to the set F(A) of finite words in the
letters a € A together with formal inverses a™'.
The composite adjunction

B D

kHaus == _Top ~ L _ Set

induces a monad 3: Set — Set that sends a set to the underlying set of the
Stone-Cech compactification of the discrete space on that set. There is a simpler
description: B(A) is the set of ultrafilters on A; an ultrafilter is a set of subsets
of A that is upward closed, closed under finite intersections, and for any subset
of A contains exactly one of that subset or its complement. See Exercise 5.1.2.
The contravariant powerset functor is its own mutual right adjoint:

p
Set "I~ Set®™ Set(A, P(B)) = Set(B, P(A))
P

A function from A to the power-set of B, or equally a function from B to the
powerset of A, can be encoded as a function A X B — €, i.e., as a relation on
A X B. This monad takes a set A to P(P(A)). The components of the unit are
the functions 774 : A — P(P(A)) that send an element a to the set of subsets of A
that contain a. The components of the multiplication take a set of sets of sets of
subsets to the set of subsets of A with the property that one of the sets of sets of
subsets is the set of all sets of subsets of A that include that particular subset as
an element.! There is a similar double dual monad on Vecty.

ExampLES 5.1.5. Monads also arise in nature:

®

The covariant power-set functor P: Set — Set is also a monad. The unit A —
P(A) sends an element to the singleton subset. The multiplication P(P(A)) —
P(A) takes the union of a set of subsets. Naturality of the unit, with respect to
a function f: A — B, makes use of the fact that f.: P(A) — P(B) is the direct
image (rather than inverse image) function. Naturality of the multiplication
maps makes use of Corollary 4.4.4; the direct image function, as a left adjoint,

IThis is one of those instances where it is easier to speak mathematics than to speak English; the multipli-
cation is the inverse image function associated to nps: PA — P(P(P(A))).
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preserves unions.

A" pA PX(A) — > pA
f l ‘/f; (f)- J/ i S
B——PB P%(B) — P(B)
nB HB

(i) A modification of the free monoid monad yields the free commutative monoid
monad defined by

TA =] @™y,
n>0
Elements are finite unordered lists of elements, or equally functions A — N
with finite support (only finitely many non-zero values).

(iii) There is a monad — X N: Set — Set. We might think of the second component
of an element (a,n) € A X N as a discrete time variable. The unit A - A X N is
defined by a — (a,0) and the multiplication A X N X N — A X N is defined by
(a,m,n) = (a,m + n). A similar monad exists for any monoid M in place of N,
and this example can be generalized further from Set to any monoidal category.

A monad on C°P defines a comonad on C, consisting of an endofunctor K: C — C
together with natural transformations e€: K = 1¢ and 6: K = K? so that the diagrams
dual to Definition 5.1.1 commute in C®. A comonad is a comonoid in the category of
endofunctors of C. By the dual to Lemma 5.1.3, any adjunction induces a comonad on the
domain of its right adjoint.

ExampLE 5.1.6. A monad on a preorder P is given by an order-preserving function 7: P —
P that is so that p < Tp and T?p < Tp. If P is a poset, so that isomorphic objects are equal,
these two conditions imply that T?p = T p. An order-preserving function T so that p < Tp
and T?p = Tp is called a closure operator. Dually, a comonad on a poset category P
defines a kernel operator: an order-preserving function K so that Kp < p and Kp = K?p.

For example, the poset PX of subsets of a topological space X admits a closure opera-
tor TA = A, where A is the closure of A C X, and a kernel operator KA = A°, where A is
the interior of A c X.2

Exercises.

Exercise 5.1.1. Suppose V is a category with a bifunctor ®: V X V — V that is associative
up to coherent natural isomorphism.> Suppose also that V has countable coproducts and
that the bifunctor ® preserves them in each variable.* Show that T'(X) = [ [, X®" defines
a monad on V by defining natural transformations n: 1y = T and u: T? = T that satisfy
the required conditions.

Exercise 5.1.2. Show that the functor 8: Set — Set that carries a set to the set of ultrafil-
ters on that set is a monad by defining unit and multiplication natural transformations that
satisfy the unit and associativity laws.

2The closure of A is the smallest closed set containing A, equally the intersection of all closed sets containing
A; the interior is defined dually.
3Rather than worry about what this means, feel free to assume that there is a well-defined n-ary functor

" . . s .
VX" — V built from the bifunctor ®. Such a functor exists in any monoidal category.
4Inparticular vIIvV)YewlIw)=zvew[[Vew[[veaw [[V ew.
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Exercise 5.1.3. The adjunction associated to a reflective subcategory of C induces an
idempotent monad on C. Prove that the following three characterizations of an idem-
potent monad (7', i, ) are equivalent:

(i) The multiplication u: 72 = T is a natural isomorphism.
(ii) The natural transformations T, Tn: T = T? are equal.
(iii) Each component of u: T? = T is a monomorphism.

5.2. Adjunctions from monads

We have seen, in Lemma 5.1.3, that any adjunction gives rise to a monad on the cate-
gory serving as the domain of its left adjoint. It’s natural to ask whether all monads arise
this way. For instance, is there any adjunction that gives rise to the power-set monad on
Set? Perhaps surprisingly, the answer is yes: any monad 7 in C arises as the shadow cast
by two (usually distinct) adjunctions, that are moreover universal with this property. The
initial such adjunction, in a category to be introduced shortly, is between C and the Kleisli
category of 7. The terminal such adjunction is between C and the Eilenberg-Moore cat-
egory of T, also called the category of T-algebras. The definitions of the Kleisli and
Eilenberg-Moore categories are elementary’ and could be given immediately, but we pre-
fer to start by giving an example so that when they appear, these definitions won’t look so
strange.

Recall that an affine space, over a fixed field kK, is like a “vector space that has for-
gotten its origin.” It’s possible to translate a point in n-dimensional affine space A by a
n-dimensional vector, in which case one obtains a unique point in the affine space. Con-
versely, any two points in affine space can be subtracted to obtain a unique vector. Choos-
ing an origin o € A defines a bijection between points a in the affine space and vectors
Vv = a— 0. In summary:

DeriniTioN 5.2.1. Given a vector space V over a field K, an affine space is a non-empty set
. . . +
A together with a “translation” function V X A — A so that

e 0+a=aforallacA.
e V+wW)+a=vV+(W+a)forallV,we Vanda € A.
e for any a € A, the function — + a: V — A is a bijection.

There is another simpler definition that allows us to define an affine space without
making use of the auxiliary vector space V. If we temporarily fix an origin o € A, then for
any scalar A € k and two elements a, b € A of the affine space, we can exploit the bijection
—+0: V — Ato see that there is a unique ¢ € A so that

c—o=A@-0)+(1-A)b-o0).

This element c is sensibly denoted by Aa + (1 — A)b. This element la + (1 — )b € A
is independent of the choice of origin. More generally, for any n-tuple a;,...,a, € A
and scalars Ay,...,4, € Kwith A; +--- + A, = 1, there is a unique element A;a; + --- +
A, € A defined analogously as an affine linear combination of a;. This leads to a second
equivalent definition of affine space.

DermniTION 5.2.2. An affine space is a non-empty set A in which affine linear combinations
can be evaluated.

SThis is not to say that the constructions demonstrating the existence of adjunctions giving rise to a generic
monad aren’t rather clever.
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More precisely, define Affx(A) to be the set of finite formal sums® 2%, Aa; so that
1 i = 1; a sum is affine precisely when the coefficients sum to 1 € k. To say “these can
be evaluated” means there is a function ev, : Affx(A) — A. For this evaluation to define a
reasonable affine linear combination function, we need a few axioms, namely:
o Ifns: A — Affi(A) is the “singleton” function and w4 : Affc(Affk(A)) — Affk(A) is
the “distributivity” function, then the following diagrams

A s Aff(A) Affic(Aff(A)) — Affic(A)
\ iev,\ Affk(evA)\L \Le‘//\
1a
A Affi(A) ———A

commute in Set.

The first condition says that the value of a singleton sum 1 - a is the element a. The second
condition says that an affine linear combination of affine linear combinations

Av-(unan + -+ g @) + o+ A (@ + - F oy Aen)
can be evaluated by first distributing and then evaluation — note that 3’;; ;u;; = 1 — or
by first evaluating inside each of the & sets of parentheses and then evaluating the resulting
affine linear combination. In summary, an affine space is an algebra for the affine linear
combination monad Aff(-): Set — Set.
Let us now introduce the general definition.

DermniTiON 5.2.3. Let C be a category with a monad (7, 7, u). The Eilenberg-Moore cate-
gory for T or the category of T-algebras is given by:

e objects are pairs (A € C,a: TA — A), so that the diagrams

(5.2.4) Ao TA 24 o TA
DN
1a

commute in C and
e morphisms f: (A,a) — (B, b) are given by f: A — B in C so that the square

Tf
TA——TB

A——B

commutes.
Various notations are common for the Eilenberg-Moore category, among them C”,
C[T1], or Alg; (with varying typography). Here we’ll write C” for conciseness.
Lemma 5.2.5. For any category C with a monad (T, n, 1), there is an adjunction
FT
C : ct

UT

5Two finite sums are considered to be identical when they differ only up to reordering of terms, up to
consolitating repeated instances of the same term by adding their coefficients, or up to inclusion or deletion of
terms whose coeflicients are zero.
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so that the induced monad is (T, n, p).

Proor. The functor F7: C — CT carries an object A € C to the free T-algebra
(TA,us: T?A — TA) and carries a morphism f: A — B to the free T-algebra morphism
Tf: (TA,us) — (TB,ug). The functor UT: CT — C is the evident forgetful functor. Note
that UT FT = T. The unit of the adjunction F” 4 U7 is given by the natural transformation
n: 1¢ = T. The components of the counit €: FT U = 1¢r are defined as follows:

724 19, T4
na) = (TA, pux) > (A, q) ””i l

TA——>A

That is, the component at an algebra (A, a) is given by the algebra structure map a: TA —
A; the square displayed above-right demonstrates that this map defines a morphism of
algebras a: (TA,us) — (A,a). Note, in particular, that UT€F% = p,4, so that the monad
underlying the adjunction F? 4 UT is (T, n, u).

The triangle identities can be demonstrated by straightforward verifications left to the
reader. O

Note that algebras for the affine space monad Affx on Set are precisely affine spaces
in the sense of Definition 5.2.2. This is a representative example: the abstract definition of
5.2.3, which is a priori a bit strange, precisely captures familiar notions of “algebra,” of the
variety encoded by the monad (7, 7, u).

ExampLEs 5.2.6. For instance:

(i) Consider the free pointed set monad of Example 5.1.4.(i). An algebra is a set
A with a map a: Ay — A so that the diagrams (5.2.4) commute. The square
imposes no additional conditions, but the triangle says that the map a: A, — A
restricts to the identity on the A component of the disjoint union Ay = A Ll {*}.
Thus, the data of an algebra is a set with a specified basepoint a € A, the image
of the extra point * under the map a: A, — A. A morphism f: (A,a) — (B,b)
isamap f: A — B so that

A——B

commutes. The map f, carries the extra point in A, to the extra point in B,.
Thus, this condition says exactly that f(a) = b. In this way we see that the
Eilenberg-Moore category is isomorphic to Set,, the category of pointed sets.
(i1) An algebra for the free monoid monad is a set A with amap a: [],.0A" — A,
which simultaneously specifies an n-ary operation on A for each n, satisfying
certain conditions. The unit triangle says that the unary operation defined by «
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is the identity. The commutative square

(5.2.7) HnZO(UmZO AmY ”HA I_IkZO A
=0 a’nl \La
I_[nZO A" a A

imposes an associativity condition on the operations. It says that given a list

((allv-~~aalm1)v-~-,(anl,~~-’anm,,))

of n lists of elements of A of varying length, then the result of applying the
(my +- - -+ my,)-ary operation to the concatenated list is the same as applying the
n-ary operation to the results of applying the m;-ary operations to each sublist.

Recall, a monoid is a set A with an associative binary operation A> — A
and a unit element e € A. It’s clear that a monoid defines an algebra for the
free monoid monad: the nullary operation 1 — A picks out e, the unary opera-
tion is necessarily the identity, the binary operation is given, and the operations
of higher arity are determined by iterating the binary operation; associativity
implies that this is well-defined.

Conversely, any algebra defines a monoid, whose unit and binary operations
are defined to be the Oth and 2nd components of the map @: [],.0A” — A. The
associativity condition (5.2.7) implies in particular that the ternary product of
three elements a;,a,,a3 € A is equal to both of the iterated binary products
(a) - @) - a3 and a; - (ap - a3). Similarly, it implies that the composite of the
binary operation with the nullary operation in one of its inputs is equal to the
identity unary operation. Thus, we conclude that the category of algebras for
the free monoid monad is isomorphic to the category Mon of associative unital
monoids.

(iii)) An algebra for the closure closure operator on the poset of subsets of a topolog-
ical space X is exactly a closed subset of X. Dually, a coalgebra’ for the interior
kernel operator is exactly an open subset.

(iv) Consider a reflective subcategory D < C with reflector R. The induced end-
ofunctor R: C — C defines a monad on C with unit n¢: C — RC and mul-
tiplication a natural isomorphism R*C = RC; see Exercise 4.4.4. An algebra
is an object C € C together with a map ¢: RC — C that is a retraction of the
unit component 7¢. In fact, ¢ and ¢ are inverse isomorphisms. By naturality
of n, nc - ¢ = Rc - ngce, but nge = Rnc, as both maps are left inverse to the
isomorphism yc, and so Rc - ngc = Rc - Rne = lgc. An easy diagram chase
shows that the multiplication condition on ¢ = ngl is automatic. We conclude
that the map c¢: RC — C provides no additional data; its existence is instead
a condition on C. So the category of R-algebras is isomorphic to the essential
image of D — C. See Exercises 4.4.4 and 5.1.3.

A second solution to the problem of finding an adjunction that induces a particular
monad on a category is given by the Kleisli category construction.

DermniTion 5.2.8. Let C be a category with a monad (7', 1, ). The Kleisli category Cy has
the same objects as C but a morphism from A to B in Cy is a morphism A — T B in C; we

7Interpreting Definition 5.2.3 for a monad (7,n,u) on C°P defines the category of coalgebras for the
comonad on C.
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might write A ~» B for morphisms in the Kleisli category to distinguish them. The monad
structure is used to define identities and composition, so that the Kleisli category Cr is a
category. The unit 774: A — TA defines the identity morphism at A € C7. The composite
of a morphism f: A — TB from A to B with a morphism g: B — TC from B to C is

defined to be

A—Lsrp " 20 L TC

It is straightforward to verify that these operations are associative and unital.

LemMma 5.2.9. For any category C with a monad (T, n, ), there is an adjunction
C_1"Cr
Ur
so that the induced monad is (T, n, p).

Proor. The functor Fr is the identity on objects and carries a morphism f: A — Bto
the morphism from A to B in Cy defined by A L B % TB. The functor Ur sends an object

T
A € Crto TA and sends a morphismg: A — TBfromAto BinCrtoTA = 1% 1B
We leave it to the reader to see that both assignments are functorial. Note in particular that
UrFr = T. From the definition of the hom-sets in C7, we have isomorphisms

Cr(FrA,B) = C(A,UrB),

which can be seen to be natural in both variables. This demonstrates the adjunction Fr -
Ur. The remaining details are left as an exercise. O

ExampLEs 5.2.10. For instance:

(i) Objects in the Kleisli category for the maybe monad on Set are sets. A map from
A to B is a function A — B,, which may be thought of as a partially defined
function from A to B: the elements of A that are sent to the free basepoint
have “undefined” output. The composite of two partial functions is the maximal
partially defined function. Thus, the Kleisli category is the category of sets and
partially-defined functions.

(ii) Objects in the Kleisli category for the free monoid monad on Set are sets and a
map from A to B is a function A — [],.q B". For each input element a € A, the
output is an element (by, ..., bx) € [ [,59 B", i.e., a list of elements of B.

For any monad (7', i, ;1) on C there is a category Adj; whose objects are fully-specified
adjunctions

F
C_17D n:lc=> UF, €: FU=1p

e
U

inducing the monad (7', 77, u) on C. A morphism

D X .
X%
4 4
C

is a functor K: D — D’ commuting with both the left and right adjoints, i.e., so that
KF = F’' and U’'K = U. These conditions imply further that the whiskered composites of
K with the counits of F' 4 U and F’ 4 U’ coincide, and that K carries the transpose in D of
a morphism ¢ — Ud = U’Kd to the transpose of this morphism in D’; see Exercise 4.2.4.
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PropositioN 5.2.11. The Kleisli category Cr is initial in Adj; and the Eilenberg-Moore
category CT is terminal. That is, for any adjunction F 4 U inducing the monad T on C,
there exist unique functors

Cr-L>p-%sc7

N

commuting with the left and right adjoints. Moreover, J and K commute with the counits
of the adjunctions.

Proor. On objects ¢ € Gy, we are forced to define Jc = Fc so that JF; = F. A mor-
phism f from c to ¢’ in Cr is the transpose, under F; 4 Ur, of the representing morphism
f:1c— T =Urc inC, so the fact that J commutes with transposition forces us to define

Jf to be the composite Fc F—f> FTc = FUF( e, Fc', i.e., to be the transpose of f
under F' 4 U, where € is the counit. The proof that these definitions are functorial makes
use of the fact that UeF = p, the multiplication for the monad.

To define the functor K on an object d € D, we must find a suitable T-algebra structure
for the object Ud € C. For any algebra (c,y: Tc — ¢) € CT, the algebra structure map
v can be recognized as the morphism y: (Tc,u.) — (c,y) from the free T-algebra on ¢
to the given T-algebra, that is the transpose of the identity on ¢ = U7 (c,y). The fact that
K preserves transposes now tells us that we should define Kd = (Ud, Ug;); the proof that
Ue;: UFUd — Ud is an algebra structure map makes use of the fact that UeF = u. On
morphisms, the condition UTK = U forces us to define the image of f: d — d’ to be
Uf: (Ud,Ue;) — (Ud',Uey), and indeed this is a morphism of algebras. Functoriality in
this case is obvious. O

Proposition 5.2.11 implies in particular that there is a unique functor from the Kleisli
category for any monad to the Eilenberg-Moore category that commutes with the free and
forgetful functors from and to the underlying category. The following result characterizes
its image.

Lemma 5.2.12. Let (T, 5, u) be a monad on C. The canonical functor K: Cr — CT from the
Kleisli category to the Eilenberg-Moore category is full and faithful and its image consists
of the free T-algebras.

Recall, a free T-algebra is an object F'¢ = (Tc,u,) that is in the image of the free
functor FT: C — CT.

Proor. The proof of Proposition 5.2.11 supplies the definition of the functor: K¢ :=
(Tc,ue), Tc being the object Urc and u, being Uz of the component of the counit of the
Kleisli adjunction at the object ¢ € Cr.

Applying Exercise 4.2.4, for each pair ¢, ¢’ € Cr, the action of the functor K on the
hom-set from c to ¢’

Cr(c, ") —= CT(Ke, K¢') = CT((Te, o), (T<, pier)

commutes with the transposition natural isomorphisms from each hom-set to C(c, T'¢’). In
particular, this map must also be an isomorphism, demonstrating that the functor C; — CT
is full and faithful. O

The upshot of Lemma 5.2.12 is that the Kleisli category for a monad embeds as the
full subcategory of free T-algebras and all maps between such. Lemma 5.2.12 also tells us
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precisely when the Kleisli and Eilenberg-Moore categories are equivalent: this is the case
when all algebras are free.

ExampLE 5.2.13. Example 1.5.4 demonstrates that the canonical comparison from the Kleisli
to the Eilenberg-Moore categories associated to the maybe monad on Set are equivalent

Exercises.

Exercise 5.2.1. Fill in the remaining details in the proof of Lemma 5.2.5 to show that the
free and forgetful functors relating a category C with a monad T to the category C” of
T-algebras are adjoints, inducing the given monad 7.

Exercise 5.2.2. Fill in the remaining details in the proof of Proposition 5.2.11: verify the
functoriality of J and K and show that the whiskered composites of the counits of these
three adjunctions with K and J agree.

Exercise 5.2.3. Verify that the Kleisli category is a category by checking that the compo-
sition operation of Definition 5.2.8 is associative and unital.

Exercise 5.2.4. Fill in the remaining details in the proof of Lemma 5.2.9 to show that the
functors Fr and Uy relating a category C with a monad T to the Kleisli category Cy are
adjoints, inducing the given monad 7.

5.3. Free algebras and canonical presentations
The free-forgetful adjunction

F
Set_+ "~ Ab

<t
U

between sets and abelian groups induces a monad Z[—] on Set. Given a set S, Z[S] is

defined to be the set of finite Z-linear combinations of elements of S, and given a function

f:S — T, the map Z[f]: Z[S] — Z[T] carries a formal sum nys| + - - - + 1y s, withn; € Z

and s; € S, to the formal sum n; f(s;) + - -+ + n;f(s;). By Proposition 5.2.11, there is a

unique functor
Ab —— > Set?l]
U FE
4 4
F Uzi-l

from the category of abelian groups to the category of algebras that commutes with the
left and right adjoints. The image of an abelian group A is the algebra consisting of the
underlying set of A together with the “evaluation” map €4 : Z[A] — A that interprets a finite
formal sum as a single element of A. This evaluation map is the component of the counit
of the adjunction F' 4 U at A € Ab, from which point it follows easily that the diagrams
(5.2.4) commute.

In fact, this functor defines an isomorphism of categories. A Z[—]-algebra is a set A
with an “evaluation” function a: Z[A] — A, so that diagrams

A" 7[A] ZIZIA]] -2~ Z[A]

DN

A Z[A] —— A



118 5. MONADS AND THEIR ALGEBRAS

commute. This tells us that the evaluation function sends a singleton sum a € Z[A] to the
element a and that the evaluation map is associative: in particular, the values assigned to
the sums of sums (a; + a») + (a3) and (a;) + (ay + a3) are equal. In this way, we see that the
map «: Z[A] — A gives the set A the structure of an abelian group. Moreover, an algebra
homomorphism

71A] =2 718

i lﬁ

A———8B

is a function f: A — B that preserves the evaluation of formal sums, i.e., a group homo-
morphism. Thus, we see that the canonical comparison functor defines an isomorphism
from the category of abelian groups to the category of algebras for the free abelian group
monad.

Our aim in the next section will be to state and prove the monadicity theorem, which
characterizes when the comparison functor from the domain of a right adjoint to the cate-
gory of algebras for the induced monad on the domain of the left adjoint is an equivalence
of categories. This theorem allows us to recognize when a generic adjunction is monadic,
i.e., equivalent to the adjunction between the base category and the category of algebras
for a monad. A main ingredient in this result is also of independent interest: any algebra
for a monad admits a canonical presentation as a quotient of free algebras.

Before proving this result in general, let us explore its meaning in the case of abelian
groups. Any abelian group has a presentation that can be defined in terms of the free and
forgetful functors

Z[-]
Set _ 1~ Ab.
U
If G is any set of elements of an abelian group A, there is a canonical map Z[G] — A
that sends a Z-linear combination of these elements to the element of A that it evaluates
to. The set G is a set of generators for A precisely when this map is surjective. Relations
involving these generators are elements of the group Z[G], so again there is a canonical
“evaluation” map Z[R] — Z[G] from the free group on a set R of relations to the free
group on the generators. The set G C A of generators and R C Z[G] of relations defines
a presentation of A if the quotient map Z[G] - A is a coequalizer of the evaluation map
and the zero group homomorphism

evaluation

(5.3.1) Z[R] :0>> Z[G] —= A.

One often writes A = (G | R) when this is the case.

Ad hoc presentations as described by (5.3.1) can be a useful way to describe abelian
groups, but they are unlikely to be functorial: a homomorphism ¢: A — A’ is unlikely to
carry the presentation for A to any sets of chosen generators and relations for A’. There
is, however, a canonical, by which we mean functorial, presentation of any abelian group.
Rather than choose a proper subset of generators, we take all of the elements of A to be
generators; the canonical evaluation map «: Z[A] - A is certainly surjective. Similarly,
rather than choose any particular set of relations in Z[A], we take all of the elements of Z[A]
to be “relations.” Here we don’t intend to send every formal sum of elements of A to zero;
the result would be the trivial group. Instead, we generalize the meaning of presentation,
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making use of the fact that coequalizers are more flexible than cokernels. The diagram
Z[a] N
ZIZ[A]] —= Z[A] —=A
Ha

is always a coequalizer. That is, any abelian group is the quotient of the free abelian group
on its underlying set modulo the relation that identifies a formal sum with the element that
it evaluates to.

In general:

PropositioN 5.3.2. Let (T,n,u) be a monad on C and let (A,TA 5 A) be a T-algebra.
Then

Ta a
(533) (T2As ,uTA) H:A (TA, ﬂA) I (A’ CY)

is a coequalizer diagram in CT.

We’ll prove this Proposition as a special case of a more general result, which requires
some new definitions.

DerinTiON 5.3.4. A split coequalizer diagram consists of maps

/ h
x ==y =1
\\\.é:/ s

t

sothat hf = hg, hs = 1., gt = 1,, and ft = sh.

The condition hf = hg says that this triple of maps defines a fork, i.e., & is a cone
under the parallel pair f,g: x =3 y.

Lemma 5.3.5. The underlying fork of a split coequalizer diagram is a coequalizer. More-
over, it is an absolute colimit: any functor preserves this coequalizer.

Proor. Given a map k: y — w so that kf = kg, we must show that k factors through
h; uniqueness of a hypothetical factorization is immediate, as £ is a split epimorphism.
The factorization is given by the map ks: z — w, as demonstrated by the following easy
diagram chase:

ksh = kft = kgt = k.

Now clearly split coequalizers are preserved by any functor, so the universal property
of the underlying fork defining a colimit diagram is also preserved. O

ExampLE 5.3.6. For any algebra (A, @) for a monad (7', i, i) on C, the diagram

Ta
T2A—=TA—2>A
N S

NTA

defines a split coequalizer diagram in C. Note that while the fork lifts to maps (5.3.3) of
algebras, the splittings 174 and 174 do not.

The situation of Example 5.3.6 is captured by the following general definition.

DerintTioN 5.3.7. Given a functor U: D — C:
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e a U-split coequalizer is a parallel pair f, g: x =3 y in D together with an extension of
the pair Uf, Ug: Ux =3 Uy to a split coequalizer diagram

h
UxHT)ijz
g s

t

in C.

e U creates coequalizers of U-split pairs if any U-split coequalizer admits a coequal-
izer in D whose image under U is isomorphic to the U-split coequalizer diagram in
C.

e U strictly creates coequalizers of U-split pairs if any U-split coequalizer admits a
unique lift to a coequalizer in D for the given parallel pair.

ProPOSITION 5.3.8. For any monad (T, n, i) on C, the monadic forgetful functor UT : CT —
C strictly creates coequalizers of UT -split pairs.

ProoF. Suppose given a parallel pair f,g: (A, @) = (B,p) in CT that admits a U”-
splitting:

We must show that C lifts to an algebra (C,vy) and # lifts to an algebra map that is a
coequalizer of f and g in CT, and that moreover these lifts are unique with this property.
To define the algebra structure map vy, note that the functor 7' preserves the split coequalizer
diagram; in particular, by Lemma 5.3.5, Th is the coequalizer of T f and Tg. The algebra
structure maps « and g define a diagram

rf Th
TA—=<TB——TC

Tg |
@ B aly

A—=B——>C
8

in which the square with the f's and the square with the gs both commute. Thus
h-B-Tf=h-f-a=h-g-a=h-B-Tg,

which says that 48 defines a cone under the pair Tf,Tg: TA =3 TB. By the universal
property of their coequalizer, there is a unique map y: TC — C so that the right-hand
square above commutes. Once we show that the pair (C, y) is a T-algebra, this commutative
square will demonstrate that i: (B, 8) — (C,7) is a T-algebra morphism.

We need to check that the diagrams

cX-r1C 2Cc 2~ 1C

N O N

C TC4y>C
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commute. This will follow from the corresponding conditions for the T-algebra (B, ) and
the fact that the coequalizer maps are epimorphisms. Specifically, we have diagrams

B—h>C

y He \TJ
- / TB/4> TC
TB—>TC
\ llﬂ TBh4>TC /
B 7 y
34>C

B——m———C ﬁ
h

h

in which all but the right-most face of each prism is known to commute. It follows that
yne-h=1l¢c-handy-uc-T?h = y-Ty-T?h, and we conclude that the top faces commute
by canceling the epimorphisms / and T?h. Thus (C,y) is a T-algebra.

Finally, we show that : (B,8) — (C,v) is a coequalizer in C”. Given a cone
k: (B,B) — (D,9) so that kf = kg, there is a unique factorization

s
A—=B-".C

g \|
aly

Ny

D

using the universal property of the coequalizer in C. We need only check that j lifts to a
map of T-algebras, and again it suffices to verify that j-y = ¢ - T j after precomposing with
the epimorphism 7h. The result follows from an easy diagram chase, using the fact that &
and k are algebra maps:

joy-Th=j-h-B=k-B=06-Tk=6-Tj Th. o

Proor of ProposiTion 5.3.2. Example 5.3.6 shows that the fork (5.3.3) is part of a
U7 -split coequalizer. In particular, @: TA — A is an absolute coequalizer of the pair
Ta,us: T?A =3 TA in C. The proof of Proposition 5.3.8 demonstrates that this coequal-
izer lifts to a coequalizer in C”. O

Exercises.

Exercise 5.3.1. The coequalizer of a parallel pair of morphisms f and g in the category
Ab is equally the cokernel of the map f — g. Explain how the canonical presentation of
an abelian group described in Proposition 5.3.2 defines a presentation of that group, in the
usual sense.

5.4. Recognizing categories of algebras

There are many versions of the monadicity theorem. For space reasons, we present
just one, due to Jon Beck.

THEOREM 5.4.1 (monadicity theorem). Given an adjunction F 4 U inducing a monad T on
C, consider the canonical comparison functor:

D— K T
- -
A
C
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The following are equivalent:

(i) K is an isomorphism of categories.
(ii) U strictly creates coequalizers of U-split pairs.

Proor. Proposition 5.3.8 proves the implication (i)=(ii), so we assume (ii) and use it
to construct an inverse isomorphism L: CT — D. We have UK = U and KF = FT, so0 if
L is to be inverse to K, we must have U7 = UL and F = LFT. Guided by these conditions,
we see how to define L on free algebras, namely

L(TA, uy) := FA.

Similarly, L must carry a free map 7f: (TA,us) — (T B, up) between free algebras to the
map Ff: FA — FB. By Exercise 4.2.4, the equations U7 = UL and F = LF” imply that
L will also commute with the counits of the adjunctions F 4 U and FT 4 UT.

An isomorphism (or equivalence) of categories preserves all limits and colimits, by
Proposition 4.3.3 for example. In particular, L must carry the canonical coequalizer dia-
gram (5.3.3) to a coequalizer

Fa
54.2) FUFA—=FA-->LA, ),

€FA
which exists by hypothesis (ii). We take this to be the definition of L(A, @). The action of
L on a morphism f: (A, @) — (B, ) is defined to be the unique map between coequalizers
induced by a commutative diagram of parallel pairs:

Fa
FUFA—= FA ——~ L(A,q)

€FA |
FUFfl Ff | Lf
Fp A
FUFB—XFB—— L(B,B)

€FB

Uniqueness of factorizations through colimit cones implies that this definition is functorial.
By construction F = LFT. The pair (5.4.2) is U-split, by Example 5.3.6, so the
hypothesis (ii) that U strictly creates coequalizers of U-split pairs tells us that UL(A, @) =
A; thus UL = UT. Now L is a morphism in the category Adj; and so we can use the fact
that the Eilenberg-Moore adjunction is terminal to see that KL = 1¢r.
It remains only to prove that LK = 1p. Given D € D, the object LKD is defined to be
the coequalizer of

FUep
FUFUD —< FUD
€FUD
The map e: FUD — D defines a cone under this parallel pair so that when we apply U,
we have a split coequalizer diagram.

UFUep Uey
UFUFUD ——= UFUD ——=UD
S Uerup nup

NuruDp

This implies that e: FUD — D is the coequalizer of the pair, and so D = LKD as claimed.
O
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Exercises.

Exercise 5.4.1. Recall a monoid is a set M together withmapsn: 1 > M and u: MxXM —
M so that certain diagrams commute in Set; see Definition 1.6.2. A monoid homomor-
phism is a function f: M — M’ so that the diagrams

><E ,
1 MXM—M XM
DN I
n H H
M——-M M——M

commute in Set. Prove that the functor U: Monoid — Set is monadic by appealing to the
monadicity theorem.

Exercisk 5.4.2. For any group G, the forgetful functor Set® — Set admits a left adjoint
that sends a set X to the G-set G X X, with G acting on the left. Prove that this adjunction
is monadic by appealing to the monadicity theorem.

Exercise 5.4.3. Generalizing Exercise 5.4.2, for any small category J and any cocomplete
category C the forgetful functor CY — C°PY admits a left adjoint Lan: C°®Y — CY that
sends a functor F € C° to the functor LanF € CY defined by

LanF(j) = ]_[ U Fx.

xed J(x,j)

(i) Define LanF on morphisms in J.
(ii) Define Lan on morphisms in C°.
(iii)) Use the Yoneda lemma to show that Lan is left adjoint to the forgetful (restric-
tion) functor CY — C°0Y.
(iv) Prove that this adjunction is monadic by appealing the monadicity theorem.

Exercise 5.4.4. Describe a more general class of functors K: | — J between small cate-
gories so that for any cocomplete C the restriction functor resg: C! — C' strictly creates
colimits of resg-split parallel pairs. All such functors admit left adjoints and are thus
monadic. Challenge: describe the left adjoint.

5.5. Limits and colimits in categories of algebras

A category A is monadic over C if there is an adjunction

so that the right adjoint U creates coequalizers of U-split pairs or equivalently, by Theorem
5.4.1 if the canonical comparison functor from A to the category of algebras for the monad
UF on C is an equivalence. A functor U: A — C is monadic if it admits a right adjoint
and if it creates coequalizers of U-split pairs.

ExampLEs 5.5.1. The following categories are monadic over Set via the free-forgetful ad-
junctions described in Example 4.1.10.

(i) Monoid, Group, Ab, Ring, and other variants, such as commutative rings or
monoids, or non-unital versions of the preceding.
(i) Modg, Vecty, Affy, SetC.
(iii) Lattice or the categories of sup or meet semi-lattices.
(iv) Set,.
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(v) kHaus, the category of compact Hausdorff spaces.

The categories listed in Examples 5.5.1.(i)-(iv) are categories of models of an alge-
braic theory. More generally, any category of models for an algebraic theory is monadic
over Set.

ExampLEs 5.5.2. Other examples of monadic adjunctions include:

(i) The forgetful functor U: Ring — Ab is monadic. The induced monad on Ab is
the free monoid monad TA := @,50A®".

(ii) The forgetful functor U: Modz — Ab is monadic. The induced monad on Ab is
given by R®z —: Ab — Ab.

(iii) If C has coproducts and J is small then Exercise 5.4.3 demonstrates that the
restriction functor C? — C°Y, which carries a J-indexed diagram in C to the
ob J-indexed family of objects in its image, is monadic. The underlying set
functor Set’ — Set of Examples 5.5.1.(ii) is a special case of this.

(iv) U: Cat — DirGraph is also monadic. The monad forms (the underlying graph
of) the free category on a directed graph, where identities and composites of all
finite directed paths are formally added. This functor factors through a forgetful
functor U: Cat — rDirGraph whose objects are reflexive directed graphs,
with specified “identity” endoarrows of each vertex, that is also monadic.

Our aim in this section is to present the common properties shared by categories A that
arise in this way.

Lemma 5.5.3. If U: A — C is monadic, then U is conservative: that is for any morphism
fra—>a inA ifUf is an isomorphism in C, then f is an isomorphism in A.

ProoF. A monadic functor U: A — C is equivalent to the forgetful functor U’ : CT —
C from the category of algebras for the induced monad on C, and so it suffices to demon-
strate that U7 has this property. Recall that a morphism f: (A,a) — (A’,a’) in CT is a
map f: A — A’ in C so that the left-hand diagram

Tf Tf!
TA——TA’ TA ——TA
T
A—A A’ T>A

commutes in C, whence the right-hand diagram also commutes whenever the inverse exists
in C. O

Lemma 5.5.3 answers the question motivated by Examples 1.1.6.

COROLLARY 5.5.4. Any bijective continuous function between compact Hausdor{f spaces is
a homeomorphism.®

By contrast, the categories Top or Poset are not monadic over sets: there exists non-
invertible maps that act as the identity on underlying sets.

CoroLLARY 5.5.5. Any bijective homomorphism between models of an algebraic theory is
an isomorphism.

8More generally any continuous bijection from a compact space to a Hausdorff one is a homeomorphism;
but compactness of the domain and surjectivity of the map imply that the codomain is also compact, while
Hausdorffness of the codomain and injectivity of the map imply that the domain is also Hausdorft.
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For instance, the inverse of a bijective homomorphism between groups is also a ho-
momorphism. This of course, is not difficult to prove. Corollary 5.5.5 eliminates the
redundancy of proving the same result over and over again in many similar contexts.

We now turn our focus to limits and colimits in a category of algebras.

PropositioN 5.5.6. A monadic functor U: A — C creates

(i) any limits that C has and
(ii) any colimits that C has and the monad and its square preserve.

Proor. We start with (i). Again it suffices to prove this result for the forgetful functor
UT: CT — C for a monad (see Exercise 3.3.3). Consider a diagram D: J — C”, spanning
objects (Dj,y,) € CT7, so that the underlying diagram U”D: J — C admits a limit cone
u: L = Djin C. We wish to lift the summit L and the legs of the limit cone to a limit
cone for the diagram D in CT. The fact that D is a diagram of algebras implies that the
algebra structure maps assemble into the components of a natural transformationy: TD =
D: J — C to the underlying C-valued diagram D from the composite C-valued diagram
TD. Composing,

T
TLSTD3 D

defines a cone with summit 7L over D: J — C, which factors through the limit cone to
define a unique map A: TL — L in C so that the diagrams

Tuj .
TL——=TDj

L——Dj
Hj

commute for each j € J. Appealing again to the universal property of the limit L in C, it’s
easy to verify that (L, 1) is a T-algebra; the point is that the required diagrams abut to L,
permitting the application of its universal property. Thus, u lifts to a cone u: (L,1) = D
over the diagram D: J — CT. The verification that this is a limit cone proceeds similarly
and is left as an exercise.

A similar argument works for (ii) with the additional hypothesis that 7 and 72 preserve
the colimit cone in C under consideration. If L € C is the nadir of a colimit cone under a
diagram UTD: J — C then its algebra structure map A: TL — L will be induced by the
universal property of the colimit cone under TU” D with nadir T'L. O

CoROLLARY 5.5.7. Any category, such as Ab, Group, Ring, Modg, that is monadic over Set
is complete. Moreover, limits in these categories are created from their underlying sets.

Proor. Theorem 3.2.2 proves that Set is complete. Proposition 5.5.6 demonstrates
that is monadic over Set is also complete. O

ExampLE 5.5.8. For instance, the p-adic integers are defined to be the limit of an w°P-
indexed diagram of rings

Zp :=lim, Z/p" —= -+ ——=Z[p’ Z/p? Z/p
We can use the fact that U: Ring — Set preserves limits to describe the p-adic integers,

using our familiarity with the construction of limits in the category of sets: as a set we have

min(rn,m) }

Z,={(a1 €Z/p,ay EZ/p2,(l3 eZ/p3,...) | a, = a,, mod p
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That is, a p-adic integer is a sequence of elements a,, € Z/p" which are compatible modulo
congruence.

The underlying set functor also creates the limit cone, which tells us that the ring struc-
ture on this set of elements must be defined in such a way so that the projection functions
Z, — Z/p" are ring homomorphisms. This tells us that addition and multiplication of
elements is “componentwise.”

Proposition 5.5.6 shows that Field is not monadic over Set. The category of fields
does not admit products of any fields of different characteristic.

COROLLARY 5.5.9. Set is cocomplete.

Proor. The contravariant power-set functor P: Set®® — Set is monadic, so the colimit
of a diagram is created from the limit of the corresponding diagram on powersets. O

CoroLLARY 5.5.10. Modg — Ab creates all colimits that Ab admits.

Proor. The monad R ®7 —: Ab — Ab has a right adjoint Homz(R, —), which carries
an abelian group A to the group of homomorphisms R — A. The natural isomorphism

Hom(R ®7 A,A”) = Hom(A, Homz(R, A"))

can be deduced from the defining universal property of the tensor product; both the left-
hand and right-hand sides correspond to bilinear maps R x A — A’. O

In fact, these categories are all cocomplete. However, unless the induced monad
preserves colimits of a particular shape, they will not be created by the monadic forget-
ful functor U. To explore this type of setting, consider the monadic forgetful functor
U: Group — Set. We’ve seen that both Set and Group admit coproducts; in Set these
are simply disjoint unions, while in Group they are given by the free product. The free
product of groups G and H is the group G * H of words in G and H modulo relations
defined using the group operations in each group. Note in particular that U : Group — Set
does not preserve (and so in particular does not create) coproducts.

Let us now define the free product G = H more precisely. Our description will be given
entirely in terms of the free-forgetful adjunction

F
Group = L _ Set
U

In particular, it will be generalizable to any monadic adjunction.

A first approximation to the free product G * H is given by F(UG [ UH), the free
group on the disjoint union of the underlying sets of G and H. Elements of this group
are words in the letters G and H but we have not yet imposed the relations generated by
words in G and words in H. Now words in G and words in H are elements of the set
UFUG ] UFUH defined to be the disjoint union of the underlying sets of the free groups
on the underlying sets of G and H. The free group on this set, F(UFUG [[UFUH) is
the group of words of words in the letters G and H so that each subword is exclusively
comprised of letters drawn from a single one of these groups. The desired relations, that
define G * H as a quotient of F(UG || UH), identify a word of words of this type with the
word obtained by evaluating each subword using the group structure of G or of H.
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To encode the desired relations, we define a natural pair of group homomorphisms.

F(Ues |1 Uen)

F(UFUG|]J]UFUH) F(UG1]1UH)
x /mc/uum7
FUF(UG|] UH)

The fact that G and H are groups is encoded by a pair of homomorphisms €;: FUG — G
and e5: FUH — H that evaluate a word in the letters of G and formal inverses to the group
element that it represents. The top map sends an element in the group F(UFUG || UFUH),
a word of words in which these subwords are exclusively in the group G or in the group H,
to a word in UG [| UH by evaluating each subword to the corresponding group element.

The bottom composite map first makes use of the natural map « of Exercise 3.3.4, that
compares the coproduct of the image of two objects under a functor, in this case UF, with
the image of the coproduct under that functor. Here this has the effect of regarding a word
of words, with subwords exclusively in either G or H, as a word of words whose letters
might belong to either G or H, but happen in this case to belong to only one or the other.
The map erwe1jum) then concatenates to produce a single word in letters of G and H.
From this point, we see that the coequalizer of these two group homomorphisms imposes
exactly the relations desired to define the free product:

F(Ues |1 Uen)

F(UFUG || UFUH) F(UG]]UH) — G+ H
FUF(UG || UH)

THeEOREM 5.5.11. Suppose C is cocomplete and U: A — C is monadic. Then the following
are equivalent:

(i) Ais cocomplete
(ii) A has coequalizers

Proor. The implication (i) = (ii) is trivial. For (ii) = (i) it suffices by Theorem
3.3.7 to prove that a category of algebras that has coequalizers also has coproducts. The
coproduct (A, @) of a family (4;, a;) € C” is defined to be the following coequalizer

T(; @) q
T(11; T(AD, py, 7can) (T(LL; ADs pp1,4) — (A, @)

(T*(L1; A)s g, an)

Note that the objects in the coequalizer diagram are all free algebras. Using the adjunction
FT 4 U7, it is straightforward to show that (A, @) has the desired universal property of the
coproduct of the objects (A4;, @;). O

Under certain conditions on C it is possible to prove that the category of algebras for
any monad on C has coequalizers and is therefore cocomplete.

DeriNTION 5.5.12. A category C is regular when:

e every arrow has a kernel pair (see Example 3.4.5)
e cvery kernel pair has a coequalizer
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o the pullback of a regular epimorphism along any morphism exists and is again a reg-
ular epimorphism

A regular epimorphism is a morphism that appears as the coequalizer of some par-
allel pair of maps into its domain. Exercise 3.1.3 demonstrates that any such map is an
epimorphism.

Examples of regular categories include Set, Set’, and many other categories, as we
shall soon discover.

TueoreM 5.5.13. Suppose C is a locally small complete and cocomplete regular category
in which every regular epimorphism has a section.’ Then for every monad on C its category
of algebras is complete, cocomplete, and regular.

The axioms of a regular category imply that any morphism may be factored (uniquely
up to isomorphism) as a regular epimorphism followed by a monomorphism. The inter-
mediate object in this factorization is called the image of the map, and the factorization is
called the image factorization. Rather than prove this, the reader may wish to interpret
the following proof in the familiar case of C = Set.

Proor. By Theorem 5.5.13, to show that CTis cocomplete, it suffices to construct the
coequalizer of a pair of maps f,g: (A,a) = (B,B). Consider all morphisms 4: (B,8) —
(C,y) in CT so that hf = hg and h: B — C is a regular epimorphism in C. This can
be thought of as the set of “quotients” of (B,) on which the maps f and g agree. By
hypothesis, any regular epimorphism / in C has a section s. It’s easy to see that any
epimorphism 4 with a section s is then the coequalizer of the idempotent sh and the identity.
This allows us to conclude that the set of “quotients” of (B, ) is really only a set: the
object B has at most a set’s worth of idempotents. It also follows that T4 is again a regular
epimorphism, for the same reasoning shows that Th is the coequalizer of T's - Th and the
identity.

In the regular category C, we may construct the image factorization of the canonical
mapq: B—[],C

B—ls1—'5T1],C
We will show that I admits the structure of a T-algebra so that p and i are T-algebra
maps, and furthermore that p exhibits this T-algebra as the coequalizer of f and g. Be-

cause UT: CT — C creates products, we can lift ¢ to a map of T-coalgebras ¢: (B,f) —
(T4 C,v") := T14(C, ). This gives the following commutative diagram in C:

Ti
p T
(5.5.14) TB—l 71— J — T(1,0)
[)’J{ \L)’/
B I M1, C

p i

As p is aregular epimorphism in C, 7 p is as well. We obtain a second regular epimorphism
r from the image factorization of 7'i. In a regular category, whenever we are presented with
a commutative square

9In Set, this follows from the axiom of choice.
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whose left-hand side is a regular epimorphism and whose right-hand side is a monomor-
phism, there exists a unique diagonal morphism, as displayed, that makes both diagrams
commute. Applying this “lifting property” to (5.5.14), we obtain a morphism k: J — [
that commutes with the rest of the diagram. Defining ¢ := kr, we have a candidate algebra
structure morphism for 7 with the property that p: (B,8) — (I,¢) and j: (I,t) = [[,(C,y)
are both maps of algebras.

To prove that ¢ is an algebra structure map, note that

tqep=u-Tp-nep=p-B-ns=p,

which implies that ¢ - ; = 1; after canceling the regular epimorphism p. The proof that
t- Tt = -y follows similarly from the corresponding property for (B, 8) upon canceling
the regular epimorphism 72 p. Now we know that p: (B, ) — (I, 1) is a map of T-algebras
as claimed. It remains only to show that it is the coequalizer of f and g.

First note that ipf = qf = qg = ipg implies pf = pg upon canceling the monomor-
phism i. Next suppose k: (B,5) — (D, d) is a map of T-algebras so that kf = kg. Consider

the image factorization

B—* -Dp

N4

C
of the underlying map h. The argument just give shows more generally that C lifts to a
T-algebra (C,y) so that 4 and m are algebra maps. As h is a regular epimorphism, we have
a factorization i = 7y, - i - p in CT, which shows that the map k factors through the map i.

This factorization is unique because p is an epimorphism in C and thus also in C.
We defer to [Bor94, 4.3.5] for the proof that C is again a regular category. O

Exercises.

Exercise 5.5.1. Show that the inclusion of any reflective subcategory is monadic and con-
clude that the reflective subcategory inherits any limits contained in the larger category,
completing the unfinished business of Proposition 4.4.11.






CHAPTER 6

All Concepts are Kan Extensions

The notion of Kan extensions subsumes all the
other fundamental concepts of category theory.

Saunders Mac Lane, “Categories for the Working
Mathematician”

Extension problems are pervasive in mathematics. For instance, a fixed positive real
number, such as 2, has well-defined natural number powers, defined to be repeated prod-
ucts. The resulting function 27: N — R, can be extended to a homomorphism from the
additive group of integers to the multiplicative group of non-negative reals by declaring
27" = (%)” for n € N. The resulting function 27: Z — R, can be extended further to an

additive homomorphism defined on the rationals by declaring 2i = V2 forneN. Finally,
27: Q — R, can be extended to a function on the reals, though this final extension is not
given by some explicitly described arithmetic formula, but rather by taking advantage of
the fact that R, has limits of all bounded increasing sequences.

The construction of 27: R — R as an order-preserving function extending2™: Q —
R, is a special case of a general solution to a categorically-defined extension problem.
Given a pair of functors K: C — D, F': C — E, it may or may not be possible to extend
F along K. Obstructions can take several forms: two arrows in C with distinct images
in E might be identified in D, or two objects might have empty hom-sets in C and E but
not in D. In general, it is more reasonable to ask for a best approximation to an extension
taking the form of a universal natural transformation pointing either from or to F. The
resulting categorical notion, quite simple to define, is surprisingly ubiquitous throughout
mathematics, as we shall soon discover.

6.1. Kan extensions

DeriniTION 6.1.1. Given functors F: C — E, K: C — D, a left Kan extension of F along
K is a functor Lang F': D — E together with a natural transformation : F' = LangF - K
such that for any other such pair (G: D — E,y: F = GK), vy factors uniquely through
as illustrated.’

c—~f - E c—*f -
7 Lank{
\ nes \ v / - \" N
K p 7 LangF K G K / : f
D D D
Dually, a right Kan extension of F along K is a functor RangF': D — E together with a
natural transformation e: RangF - K = F such that for any (G: D - E,§: GK = F), 6

1Writing «a for the natural transformation Lang F' = G, the right-hand pasting diagrams express the equal-

ity y = @K - n, i.e., that y factors as F %> LangF - K %K> GK .
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factors uniquely through € as illustrated.

c—>—=E

c— " - c— '
7 .
\ € \ L / - \j /o,
K p 7 RangF K G K / : f
D D D
The intuition is clearest when the functor K: C — D of Definition 6.1.1 embedds C
as a full subcategory of D; assuming certain (co)limits exist, when K is fully faithful, the

left and right Kan extensions do in fact extend the functor F along K; see 6.2.3. However,
extensions of a functor do not necessarily provide Kan extensions; see Exercise 6.1.1.

ExampLE 6.1.2. The Yoneda lemma says that for any a € A, the representable functor
A(a, —) is a left Kan extension of the terminal object 1 — Setalonga: 1 — A.

Derived functors in homological algebra or algebraic topology are defined using Kan
extensions.

ExampLE 6.1.3. In good situations, the composite of a functor F: C — D between cate-
gories equipped with a subcategory of “weak equivalences” and the localization functor
D — HoD, that formally inverts the specified class of weak equivalences, admits a right or
left Kan extension along the localization functor C — HoC, called the total left derived
functor or total right derived functor, respectively.

We can reexpress the universal property that defines Kan extensions as a representation
for an appropriate Set-valued functor. A left Kan extension of F: C — Ealong K: C — D
is a representation for the functor

EC(F,- o K): EP — Set

that sends a functor D — E to the set of natural transformations from F' to its restriction
along K. By the Yoneda lemma, any pair (G,y) as in Definition 6.1.1 defines a natural
transformation

EP(G, -) == ES(F, - o K).

The universal property of the pair (LangF, ) is equivalent to the assertion that the corre-
sponding map

EP(LangF, —) == ES(F, - 0 K)

is a natural isomorphism, i.e., that (Lang F, n7) represents this functor.

Extending this discussion it follows that if, for fixed K, the left and right Kan exten-
sions of any functor C — E exist, then these define left and right adjoints to the precom-
position functor K*: EP — E°.

(6.1.4)

Lang

/7N
EP(LangF, G) = EC(F, GK) EC <k — EP EC(GK, F) = EP(G, Rang F)
1

Rang

The 2-cells n are the components of the unit for Lang 4 K* and the 2-cells € are the
components of the counit for K* 4 Rang. The universal properties of Definition 6.1.1 are
precisely those required to define the value at a particular object F € E€ of a left and right
adjoint to a specified functor, in this case K*.
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Conversely, by uniqueness of adjoints, the objects in the image of any left or right
adjoint to a precomposition functor are Kan extensions. This observation leads to several
immediate examples.

ExampLE 6.1.5. A small category with a single object and only invertible arrows is pre-
cisely a (discrete) group. The objects of the functor category Vecth are G-representations
over a fixed field k; arrows are G-equivariant linear maps. If H is a subgroup of G, restric-
tion VectkG — VectkH of a G-representation to an H-representation is simply precomposition
by the inclusion functor i: H — G. This functor has a left adjoint, induction, which is left
Kan extension along i. The right adjoint, coinduction, is right Kan extension along i.

ind§
2N
(6.1.6) Vect? —res> Vect!!
1
\/
coin$
The reader unfamiliar with the construction of induced representations need not remain in
suspense for very long; see Theorem 6.2.1 and Example 6.2.5. Similar remarks apply for
G-sets, G-spaces, based G-spaces, or indeed G-objects in any category—although in the
general case these adjoints might not exist.

ReEmARKk 6.1.7. This example can be enriched: extension of scalars, taking an R-module M
to the S-module M ®g S, is the Ab-enriched left Kan extension along an Ab-functor R — S
between one-object Ab-categories, more commonly called a ring homomorphism.

ExampLE 6.1.8. Let be the category of finite non-empty ordinals and order preserving
maps. Presheaves on , i.e., contravariant Set-valued functors, are called simplicial sets.
is also called the simplex category. The ordinal n + 1 = {0, 1,...,n} is associated with
the topological n-simplex and, with this interpretation in mind, is typically denoted by
“[n]
Write ., for the full subcategory spanned by the first n+ 1-ordinals. Restriction along
the inclusion functor i,: <, < is called n-truncation. This functor has both left and
right Kan extensions:

Lan;,

VRN

0] L op
Set ” —i;—> Set =

W
Ran;,
The composite comonad on Set ™ is sk,, the functor that maps a simplicial set to its n-
skeleton. The composite monad on Set " is cosk,, the functor that maps a simplicial set
to its n-coskeleton. Furthermore, sk, is left adjoint to cosk,, as is the case for any comonad
and monad arising in this way.

ExampLE 6.1.9. The category is a full subcategory containing all but the initial object of
the category  of finite ordinals and order preserving maps. Presheaves on . are called
augmented simplicial sets. Left Kan extension defines a left adjoint to restriction

o

VRN

0] ER 0]
Set * —res> Set
NS

triv

P
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that augments a simplicial set X with its set moX of path components. Right Kan extension
assigns a simplicial set the trivial augmentation built from the one-point set.

Exercises.

Exercise 6.1.1. Construct a toy example to illustrate that if F' factors through K along
some functor H, it is not necessarily the case that (H, 1) is the left Kan extension of F'
along K.

6.2. A formula for Kan extensions

Importantly, if the target category E has certain limits and colimits, then right and
left Kan extensions for any pair of functors exist and furthermore can be computed by a
particular (co)limit formula. In the case of left Kan extensions we are seeking to define a
functor Lang F: D — E that is the “closest approximation to an extension of F along K
from the left,” i.e., up to a natural transformation

c— % -FE c—f -E c— " -E
k4 LanK{
\ s \ Uy / = \\U" -y
K p 7 LangF K G K / :
D D D ¢

which is universal among natural transformations y: F = GK. So, to define the value of
Lang F(d) at an object d € D, we should consider all possible approximations to d that
come from the category C. This leads us to consider the comma category K | d whose
objects are morphisms K¢ — d from the image of a specified ¢ € C and whose morphisms
are morphisms ¢ — ¢’ in C that give rise to commutative triangles in D. Recall that K | d
is the category of elements of the functor D(K—, d): C°° — Set, and as such comes with a
canonical projection functor Hj’( : Kld — C. The approximation to the value of Lang F(d)

Hd
associated to an object of K | d is given by the composite K | d — C L, E of the
projection functor with F.

TueoreM 6.2.1. Given functors F: C — E and K: C — D with C small and D locally
small, if for every d € D the colimit

Hd
6.2.2) Lang F(d) = colim(K |d —> C 55 E)

exists then they define the left Kan extension LangF: D — E and the unit transformation
n: F = LangF - K can be extracted from the colimit cone. Dually, if for every d € D the
limit
. ng F
RangF(d) = lim(d |/ K — C — E)
exists then they define the right Kan extension Rang F : D — E and the counit transforma-
tion €: RangF - K = F can be extracted from the limit cone.

Proor. For now, see [ML98a, X .4.1-2]. O

When E has sufficient limits or colimits so that Theorem 6.2.1 applies, if K is fully
faithful then the Kan extension indeed defines an extension along K.

CoroLLARY 6.2.3. If E is complete and K is fully faithful, then the counit defines a natural
isomorphism RangF - K = F. Dually, if E is cocomplete and K is fully faithful, then the
unit defines a natural isomorphism F = LangF - F.
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Proor. Consider the comma category K | K¢ for some ¢ € C. If K is fully faithful, then
this is isomorphic to C | ¢ and this isomorphism commutes with the projection functors to
C. We have

Lang F(Kc) := colim(C | ¢ L C 5 E,
but in this case the indexing category C | ¢ has a terminal object 1.. Therefore, by Ex-

ercise 3.1.6, the colimit can be computed by evaluating at the terminal object, and so
Lang F(Kc) = Fc. O

ExampLE 6.2.4. Consider the partial order Q of the rationals and R, of the non-negative
reals. We have a functor 27: Q — R, defined as in the introduction to this chapter. We
can extend its target to Ry := Ry U {co}, which is a complete and cocomplete poset. Now
Theorem 6.2.1 tells us how to define the left Kan extension along Q < R. The value of
Lan2* is the supremum (the colimit) of all 2 with ¢ € Q and ¢ < x. This is the usual
definition of 2%, so we conclude that the exponential function 27: R — R, is the left Kan
extension of 27: Q — R along the inclusion Q — R.

In this case, the exponential function 27: R — R, is also the right Kan extension of
27: Q — R, along the inclusion Q < R; this is because 2* is also the infimum of 27 for
all g € Q with x < g. It won’t commonly be the case that left and right Kan extensions
agree.

ExampLE 6.2.5. Let us return to Example 6.1.5. In the category Vecty, finite products
and finite coproducts coincide: these are just direct sums of vector spaces. If V is an H-
representation and H is a finite index subgroup of G, then the end and coend formulas of
Theorem 6.2.1 and its dual both produce the direct sum of copies of V indexed by left
cosets of H in G. Thus, for finite index subgroups, the left and right adjoints of (6.1.6)
are the same; i.e., induction from a finite index subgroup is both left and right adjoint to
restriction.

ExampLE 6.2.6. We can use Theorem 6.2.1 to understand the functors sk, and cosk, of
Example 6.1.8. If m > n and k < n, each map in °P([k],[m]) = ([m],[k]) factors
uniquely as a non-identity epimorphism followed by a monomorphism.? It follows that
every simplex in sk, X above dimension m is degenerate; indeed sk, X is obtained from the
n-truncation of X by freely adding back the necessary degenerate simplices.

Now we use the adjunction sk, 4 cosk, to build some intuition for the n-coskeleton.
Suppose X = cosk,X. By adjunction an (n + 1)-simplex corresponds to a map sk,A™! =
OA™! — X. In words, each (n + 1)-sphere in an n-coskeletal simplicial set has a unique
filler. Indeed, any m-sphere in an n-coskeletal simplicial set, with m > n, has a unique filler.
More precisely, an m-simplex is uniquely determined by the data of its faces of dimension
n and below.

For any small category J, we can form a new category J°, the cone on J, via the
following colimit diagram in Cat:

ng>1

]

X2 —J

This is reminiscent of how cones are constructed on topological spaces, with the category
2 = 0 — 1 playing the role of the interval. The category J” has one new object, a formally

This is the content of the Eilenberg-Zilber lemma [GZ67, 11.3.1, pp. 26-27].
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adjoined terminal object ¢ that serves as the nadir of a new cone under the inclusion J — J”.
There are no additional new objects or morphisms.

The informal intuition that a colimit of a diagram should be the “closest” extension of
the diagram to a cone under it is formalized by the following result.

ProposiTioN 6.2.7. A category C admits all colimits of diagrams indexed by a small cate-
gory J if and only if the restriction functor G — CY admits a left adjoint, defined by left
Kan extension:

Proor. By construction, there is a fully faithful inclusion J < J”. Consider a diagram
F:J — C. For j € J c J°, the colimit (6.2.2) defining the left Kan always exists: it is
simply Fj. For the cone point ¢ € J°, the comma category J | ¢ is isomorphic to J, by

construction. So if colim(J — C) exists, then Theorem 6.2.1 tells us that these values
define the left Kan extension functor, which we call colim: C! — CY in this context. O

Exercises.
Exercise 6.2.1. Proposition 6.2.7 expresses a stronger universal property of the colimit
cone than is usual stated. What is it?

Exercise 6.2.2. Directed graphs are functors from the category with two objects E, V and
a pair of maps s,¢: E =3 V to Set. A natural transformation between two such functors is
a graph morphism. The forgetful functor DirGraph — Set that maps a graph to its set of
vertices is given by restricting along the functor from the terminal category 1 that picks out
the object V. Use Theorem 6.2.1 to compute left and right adjoints to this forgetful functor.

6.3. Pointwise Kan extensions

A functor L: E — F preserves (LangF, ) if the whiskered composite (LLangF, Ln)
is the left Kan extension of LF along K.

LF

C £ E—L>F c— X .F
\ Un / ~ \Un’ /
K Lang F K LangLF
D D

ExampLE 6.3.1. The forgetful functor U: Top — Set has both left and right adjoints, and
hence preserves both limits and colimits. It follows from Theorem 6.2.1 and that U pre-
serves the left and right Kan extensions of Example 6.1.5.

ExampLE 6.3.2. The forgetful functor U: Vect, — Set preserves limits but not colimits
because the underlying set of a direct sum is not simply the coproduct of the underlying
sets of vectors. Hence, it follows from 6.2.1 and 6.1.5 that the underlying set of a G-
representation induced from an H-representation is not equal to the G-set induced from the
underlying H-set.

Even when we cannot appeal to the formula presented in 6.2.1:

Lemma 6.3.3. Left adjoints preserve left Kan extensions.

Proor. Suppose given a left Kan extension (Lang F, ) with codomain E and suppose
further that L: E — F has a right adjoint R with unit ¢ and counit v. Then given H: D — F
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there are natural isomorphisms
FP(LLangF, H) = EP(Lang F, RH) = EC(F, RHK) = F°(LF, HK).

Taking H = LLangF, these isomorphisms act on the identity natural transformation as
follows:

LiLangF ™ WangF P WangF-K * 1 P ViLangF-K * LiLangrx - L = L.

Hence (LLangF, Ln) is a left Kan extension of LF along K. m]

Unusually for a mathematical object defined by a universal property, generic Kan ex-
tensions are rather poorly behaved. This is particularly visible in the context of total de-
rived functors, as introduced in Example 6.1.3. The defining universal property of a total
left derived functor as a right Kan extension is insufficient to prove, for instance, that the
composite of two total left derived functors is the total left derived functor of the compos-
ite. The defining universal property is also insufficient to prove that the total left derived
functor of a left adjoint is left adjoint to the total right derived functor of its right adjoint.’

If these examples are unfamiliar or unconvincing, we can also rely on expert opin-
ion. For instance, Max Kelly reserves the name “Kan extension” for pairs satisfying the
condition we will presently introduce, calling those of our Definition 6.1.1 “weak” and
writing “Our present choice of nomenclature is based on our failure to find a single in-
stance where a weak Kan extension plays any mathematical role whatsoever” [Kel82, §4].
By the categorical community’s consensus, the important Kan extensions are pointwise
Kan extensions.

DeriniTION 6.3.4. When E is locally small, a right Kan extension is a pointwise right Kan
extension® if it is preserved by all representable functors E(e, —).

Because covariant representables preserve all limits, it is clear that if a right Kan exten-
sion is given by the formula of Theorem 6.2.1, then that Kan extension is pointwise; dually,
left Kan extensions computed in this way are pointwise. The surprise is that the converse
also holds. This characterization justifies the terminology: a pointwise Kan extension can
be computed pointwise as a limit in E.

THEOREM 6.3.5. A right Kan extension of F along K is pointwise if and only if it can be
computed by
. oy F
RangF(d) =lim|d/K — C — E
in which case, in particular, this limit exists.

Proor. If RangF is pointwise, then by the Yoneda lemma and the defining universal
property of right Kan extensions

E(e, Rang F(d)) = Set®(D(d, -), E(e, Rang F)) = Set®(D(d, K-), E(e, F-))
= Cone(E, FH{;),

where the final natural isomorphism is the content of Lemma 6.3.6, whose elementary
proof is left to the reader. Hence, this bijection exhibits Rang F(d) as the limit of FU. O

3For the derived functors one meets in practice, these properties do in fact hold, but for a more sophisticated
reason. See [Riel4, §§2.1-2.2] for a complete discussion.

4A functor K: C - Diis equally a functor K: C°° — D°P but the process of replacing each category by its
opposite reverses the direction of any natural transformations; succinctly, “op” is a 2-functor (—)°P: Cat*® — Cat.
A left Kan extension is pointwise, as we are in the process of defining, if the corresponding right Kan extension
in the image of this 2-functor is pointwise.
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LemMma 6.3.6. Given functors F: C — E and K: C — D and an object d € D, from which
we define Hg : d| K — G, there is a natural bijection

Cone(e, FTIX) = Set®(D(d, K-), E(e, F-)).

Most commonly, pointwise Kan extensions are found whenever the codomain category
is cocomplete (for left Kan extensions) or complete (for right), but this is not the only case.
Surprisingly, the most common construction of the total derived functors defined in 6.1.3
produces pointwise Kan extensions, even though homotopy categories have notoriously
few limits and colimits [Riel4, 2.2.13].

Exercises.

Exercise 6.3.1. Prove Lemma 6.3.6.

6.4. All concepts

In this section we see that trivial special cases of Kan extensions can be used to define
the other basic categorical concepts. This justifies Saunders Mac Lane’s famous asser-
tion that “The notion of Kan extensions subsumes all the other fundamental concepts of
category theory” [ML98a, §X.7].

ProrosiTioN 6.4.1. The Kan extension of F: C — E along the unique functor !: C — 1
defines the colimit of F in E, each existing if and only if the other does.

Proor. A functor G: 1 — E picks out an object of E; precomposing with !: C — 1
yields the constant functor C — E at this object. Hence, the universal property (6.1.4)
specifies that Lan, F represents the set of natural transformations from F: C — E to a
constant functor, i.e., that Lan, F represents cones under F, i.e., that Lan, F is the colimit of
F. O

Dually Ran, F is the limit.

PropositioN 6.4.2. If F: C 2 D: G is an adjunction with unit n: 1 = GF and counit
€: FG = 1, then (G,n) is a left Kan extension of the identity functor at G along F and
(F,€) is a right Kan extension of the identity functor at D along G. Conversely, if (G,n)
is a left Kan extension of the identity along F and if F preserves this Kan extension, then
F 4 G with unit n.

Proor. Left as an exercise for the reader. The author finds a “pasting diagram” style
proof, which combines the defining universal property of Definition 6.1.1 with the pasting
diagram encoding of the triangle identities of an adjunction:

C=——=C C C=——==C C
; F _ - u AN _ .
AN N S A N L
to be simpler than proving this result through a sequence of diagram chases. O

From the defining universal property, the right Kan extension of a functor F' along
the identity is (isomorphic to) F. It follows immediately from Definition 6.3.4 that this
Kan extension is also pointwise, so by Theorem 6.3.5 we can apply the limit formula to
conclude that

Fe=limclC 5 c 5 E),
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in any category E. When E has products and equalizers, we can reexpress this limit formula
by saying that there is an equalizer diagram

Fc—— [l Fx—/x [l Fy

=X c—ox>y

This formula is often considered to be a generalization of the Yoneda lemma.
We can recover the classical Yoneda lemma by restricting to the case of functors
F: C — Set. By the defining universal property of the limit, we have

Set(x, Fc) = Cone(, FII) = Set®(C(c, -), Set(x, F-)) = Set®(C(c, -), F),

where the second isomorphism is a special case of Lemma 6.3.6. This is the Yoneda
lemma.

Dually, any F: C — E is a pointwise left Kan extension of itself along 1¢. The colimit
formula of Theorem 6.3.5 applies: in any category, we have

Fe=colimClc 5 C5E,

which is appropriately called the coYoneda lemma. When E has coproducts and coequal-
izers, this colimit can be expressed via the following coequalizer diagram.

I Fy——=< |[] Fx—— Fc.

y—oXx—c x—c¢

Again, we can conclude something special in the case of a functor F: C — Set. For
sets S and T, we have [[¢ 7T = § X T = [[ S, so this coequalizer is isomorphic to the
coequalizer

II C(x,¢)—=][]C(x,c) —— Fc.
FyxC(y,x) Fx
where the indexing sets have been swapped. Letting ¢ vary, we conclude that F is canon-
ically a colimit of representable functors, a fact that is frequently called the density the-
orem. Reversing Theorem 3.3.7, the indexing category for this diagram of representables
is one whose objects are elements of the set Fx for some x € C and whose morphisms
are maps y — x in C that send the chosen element of Fy to the corresponding element of
Fx. Thus, the density theorem expresses F as a colimit of a diagram of representable of
functors that is indexed by its category of elements.

Finally, we turn to monads. We have seen that a right adjoint functor G: D — C
induces a monad on C. More generally, assuming C has sufficient limits, any functor
G: D — C induces a monad on C. If G has a left adjoint F it is the monad GF but this
construction is more general.

DeriNiTION 6.4.3. The codensity monad of G: D — C is given by the right Kan extension
of T along itself, whenever this exists.’

Tn particular, “sufficient limits” in C means those necessary to define RangG as a pointwise right Kan
extension.
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The unit and multiplication natural transformations are defined using the universal property
of €: TG = G as follows
G

D © c D © Cc
¢ fle = fe .
G\ M€ T a G AN, T
C——C C——C
T T
ExampLE 6.4.4. Consider the inclusion Ring < Field. We have argued that it has no left
(or right) adjoint, but it does have a density monad T defined by

TA = ]_[ Frac(A/p)
peSpec(A)
where Spec(A) is the set of prime ideals p C A and Frac(A/p) is the field of fractions of
the quotient ring A/p, which is an integral domain because p is prime. The details for this
example and considerably more can be found in [Leil3].

Exercises.

Exercise 6.4.1. Prove Proposition 6.4.2. As a hint, note an adjunction F 4 G induces an
adjunction
EC 7 ED

L
-
F*

ie.,forany H: C > E,K: D — E, EP(HG, K) = ES(H, KF).

Exercise 6.4.2. Use Theorem 6.2.1, the Yoneda lemma, and the coYoneda lemma to de-
duce another form of the density theorem: that the left Kan extension of the Yoneda em-
bedding C — Set®” along itself is the identity functor. This says that the representable
functors form a dense subcategory of the presheaf category Set®” .

Exercise 6.4.3. If F 4 G show that the codensity monad RangG of G exists an is equal to
the monad induced by the adjunction F 4 G.



Epilogue: Theorems in category theory

The author is told with distressing regularity that “there are no theorems in category
theory”—which typically means that the speaker does not know any theorems in category
theory. What follows is a modest collection of counterexamples to this claim. Of course
this list is by no means exhaustive. Sadly, the majority of the theorems that are personal
favorites of the author were excluded because their significance is more difficult to explain.

E.1. Theorems in basic category theory

Significant theorems in basic category theory include, first and foremost, the Yoneda
lemma:

TueoreMm (2.2.3). For any functor F: G — Set, whose domain C is locally small, there is
a bijection

Hom(C(c,-),F) = Fc

that identifies a natural transformation «: C(c,—) = F with the element a.(1;.) € Fc.
Moreover this correspondence is natural in both ¢ and F.

A Set-valued functor is representable just when it is naturally isomorphic to a repre-
sented functor, covariant or contravariant as the case dictates. The idea that representable
functors encode universal properties of their representing objects is made precise by the
following result:

THeorREM (2.4.4). A functor F: C — Set is representable if and only if its category of
elements has an initial object. A functor F: C°° — Set is representable if and only if its
category of elements has a terminal object.

To calculate particular limits and colimits, it is very useful to know that they can be
built out of simpler limit and colimit constructions, when these exist.

TueoreM (3.3.7). A locally small category C with coproducts and coequalizers has colimits
of any shape. Dually a category with products and equalizers has all small limits.

Fix a cardinal «. Recall a category is k-small if its set of morphisms is smaller than «.

THEOREM (3.7.2). Any k-small category that admits all limits or all colimits of diagrams in-
dexed by k-small categories is equivalent to a poset. In particular, the only small categories
that are complete or cocomplete are posets, up to equivalence.

The following theorem is quite easy to prove, but this does not diminish its signifi-
cance.

THEOREM (4.4.2, 4.4.3). Right adjoints preserve limits, and left adjoints preserve colimits.

This result gives a necessary condition for a functor to admit a left or right adjoint.
The adjoint functor theorems supply additional conditions that are sufficient for an adjoint
to exist.

141
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THEOREM (4.5.3,4.5.8). Let U: A — S be a continuous functor whose domain is complete
and whose domain and codomain are locally small. If either

(i) U satisfies the solution set condition: for every s € S there exists a set of
morphisms f;: s — Ua; so that any f: s — Ua factors through some f; along a
morphism a; — a in A, or

(ii) A has a small cogenerating set and every collection of subobjects of a fixed
object in A admits an intersection,

then U admits a left adjoint.
The following theorem collects together several properties of monadic functors.

THEOREM (5.4.1,5.5.6,5.5.13). IfU: A — S admits a left adjoint and creates coequalizers
of U-split pairs then:
(i) A morphism f in A is an isomorphism if and only if U f is an isomorphism in S.
(ii) U creates all limits that exist in S.
(iii) U creates all colimits that exist in S and are preserved by the monad on S that
is induced from the adjunction.
(iv) If S is locally small, complete and cocomplete, and regular, then A admits all
colimits.

The proofs of the adjoint functor theorems also lead to proofs of related representabil-
ity criteria.
THeoreM (4.5.12,4.5.13). If F: C — Set preserves limits and C is locally small and com-
plete, then if either

(i) C has a small cogenerating set and has the property that every collection of
subobjects of a fixed object has an intersection, or if

(ii) F satisfies the solution set condition: there exists a set S of objects of C so that
for any ¢ € C and any element x € Fc there exists an s € S, an element y € F's,
and a morphism f: s — c so that F f(y) = x.

then F is representable.

The following theorem establishes the existence of and provides a formula for adjoints
to restriction functors, given by pointwise Kan extension.
TueoreM (6.2.1). Consider a functor K: C — D where C is small and D is locally small.
Whenever E is cocomplete, then the restriction functor along K admits a left adjoint, de-
fined by a particular colimit formula, and whenever E is complete, then the restriction
functor along K admits a right adjoint, defined by a dual limit formula.

Lang
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Other candidates for inclusion on this list include theorems, such as 4.2.4 or 6.3.5, that
prove that two a priori distinct categorical definitions are equivalent.

E.2. Coherence for monoidal categories

There are a number of coherence theorems in the categorical literature, the first and
perhaps most famous being the following theorem of Mac Lane [ML63].
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The data of a symmetric monoidal category (V,®, ) consists of a category V, a
bifunctor - ® —: V® V — V called the monoidal product, and a unit object = € V
together with specified natural isomorphisms
(E.2.1) v®w$w®v u®(v®w)f(u®v)®w *®v%v§v®*
expressing symmetry, associativity, and unit conditions on the monoidal product. A mon-
oidal category is defined analogously, except that the first symmetry natural isomorphism
is omitted.

Examples include all categories with finite products, such as (Set, X, %), (Top, X, %), or
(Cat, %, 1), where the monoidal unit in each case is the terminal object. The category of
modules over a ring admits a number of monoidal structures: (Modg, X, %), (Modg, ®z, Z),
and (Modg, ®g, R), the last only in the case where R is commutative. The category of un-
bounded chain complexes of R-modules, with R commutative, is also a monoidal category
(Chg, ®g, R), where “®g” denotes the usual graded tensor product of chain complexes and
R is the chain complex with the R-module R in degree zero and zeros elsewhere. In this
case, the symmetry natural isomorphism ®g, extending this bifunctor on Modg, can be
defined in multiple ways depending on whether or not a sign is introduced in odd degrees.

The natural isomorphisms (E.2.1) defining a symmetric monoidal category are re-
quired to satisfy the following coherence diagrams, which we express in terms of compo-
nents at objects u, v,w,x € V:

180 u®v)® (W x) o
U (ve (we x)) (u®@v)®Ww)®x
u®((v®w)®x) (u®(v®w))®x

Ve Low
U (x®V) L URH)®Y VOF — T k@Y vOW—" @ W

e\ Ao, N “ N
uRv wev

u®(v®w) u®(w®v) ~UQW)®V
Qyv,w i \L%Lu@v
(u®v)®w*>w®(u®v) weu v

The coherence theorem for monoidal categories, first proven by Mac Lane and then
improved by Max Kelly, tells us that once these conditions are satisfied, then all diagrams
whose edges are comprised of composites of these natural isomorphisms, parenthesized in
any order, commute; see [ML98a] for a precise statement.

THeorREM E.2.2 (Mac Lane, Kelly). Any diagram in a symmetric monoidal category that is
comprised of associators a, unitors vy or p, or symmetors y that is “formal” commutes.

As Mac Lane writes in the introduction to [ML63]:

The usual associative law a(bc) = (ab)c is known to imply the “gen-
eral associative law,” which states that any two iterated products of
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the same factors in the same order are equal, irrespective of the ar-
rangement of parentheses.

The upshot of Theorem E.2.2 is that any two functors V*" — V that are built iteratively
from the bifunctor ® and the unit object *, permuting and parenthesizing the inputs in
some manner, are connected by a unique natural isomorphism that is built out of the given
natural isomorphism «a, 4, p, and . In practice, this naturality means that we need not
concern ourselves with particular parenthesizations or orderings when defining the n-ary
tensor product, and, hence, the structural isomorphisms (E.2.1) are seldom emphasized.

E.3. The universal property of the unit interval

The unit interval is the topological space I = [0, 1] C R regarded as a subspace of the
real line, with the standard Euclidean metric topology. It is used to define the fundamental
groupoid IT; (X) of paths in a topological space X. A path is simply a continuous function
p: I — X. The path has two endpoints p(0), p(1) € X which are defined by evaluating at
the endpoints 0,1 € I. If g: I — X is a second path with the property that p(1) = g(0), then
there exists a composite path p x g: I — X defined by the composite continuous function

prvq

1 I1v1I X.

|

Here 1V I is the space formed by gluing two copies of I together by identifying the point 1
in the left-hand copy with the point O in the right-hand copy; we might think of 7 Vv I as the
space [0,2] c R. The map ¢6: I — I Vv I is the homeomorphism 7 — 2¢. Note that this map
sends the endpoints of the domain 7 to the endpoints of the fattened interval I Vv I. Thus
(p = ¢q)(0) = p(0) and (p * g)(1) = g(1); that is, p * g is a path in X from the starting point
of the path p to the ending point of the path g.

Now the fundamental groupoid I1;(X) is the category whose objects are points of
X and whose morphisms are endpoint-preserving homotopy classes of paths in X, with
composition defined using the structure on the unit interval just described.

By a theorem of Peter Freyd, refined by Tom Leinster, the structure on the unit interval
that is used to define composition of paths also describes the universal property of this
topological space. By a bipointed space we mean a topological space / with two distinct
closed points 0 # 1 € I, one designated as the “left” and the other as the “right.” A map of
bipointed spaces is a continuous function that sends the left point to the left point and the
right point to the right point. For any bipointed space (X, xo, x;), we can define X V X to be
the pushout

X0
— 5 X

|

X—XVX

TueoreM E.3.1 (Freyd-Leinster). The unit interval is the initial bipointed space equipped
with a map of bipointed spaces X — X V X. That is, for any other bipointed space
(X, x0, x1), there is a unique bipointed continuous map p: I — X so that

I— o IvI

commutes.
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Put more concisely, Theorem E.3.1 says that ([, iy, ;) is the initial algebra for the
endofunctor X — X V X on the category of bipointed spaces. See [Leill] for a discussion
and proof.

E.4. A characterization of Grothendieck toposes

Given a small category C, a presheaf is simply a contravariant Set-valued functor on
C. A Grothendieck topos is a reflective full subcategory E of a presheaf category

L
EC + _ Set”

with the property left adjoint preserves finite limits. Objects in E are sheaves on a small
site. A typical example might take C = O(X) to be the poset of open sets for a topological
space X. A presheaf P: O(X)°® — Set assigns a set P(U) to each open set U C X so that
this assignment is functorial with respect to restrictions along inclusion V. c U C X of
open subsets. A presheaf P is a sheaf if and only if the diagram of restriction maps

P(U) — [lo PUa) —= [lap P(Ua N Up)

is an equalizer for every open cover U = U, U, of an open subset U C X.
Giraud’s theorem states that Grothendieck toposes can be completely characterized by
a combination of “exactness” and size conditions.

THeorREM E.4.1 (Giraud). A category E is a Grothendieck topos if and only if it satisfies the
following conditions:

(i) Eislocally small.
(ii) E has finite limits.
(iii) E has all small coproducts and they are disjoint and universal
(iv) Equivalence relations in E have universal coequalizers.
(v) Every equivalence relation in E is effective, and every epimorphism in E is a
coequalizer.
(vi) E has a set of generators.

Some explanation is in order. A coproduct [], A, is disjoint if each inclusion A, —
[1, As is @ monomorphism and if the pullback of any two distinct inclusions is an initial
object. A colimit cone (A, — A), is universal if the pullbacks of these maps along any
f: B — A defines a colimit cone (B X4 A, — A),. An effective equivalence relation is
one that arises, as in Example 3.4.5 as a kernel pair of some morphism. Finally, a set of
generators for E is a set of objects G C ob E that is jointly separating: for any f,g: B3 A
with f # g there is some h: G — B, with G € G, so that fh # gh.

A proof of Theorem E.4.1 can be found in [Joh14, §0.4], which also presents a very
clear exposition of the ideas involved.

E.5. Embeddings of abelian categories

Properties of the category Ab of abelian groups or Modg of modules over a unital ring
are abstracted in the notion of an abelian category. Abelian category were introduced by
Buchsbaum [Buc55] and developed by Grothendieck [Gro57] with the aim of unifying the
“coefficients” of the various cohomology theories then under development.

DermniTioN E.5.1. A category A is abelian if

e it has a zero object 0 € A, that is both initial and terminal,
e it has all binary products and binary coproducts,
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e it has all kernels and cokernels, defined respectively to be equalizers and coequalizers
ofamap f: A — B with the zeromapA — 0 — B,
¢ all monomorphisms and epimorphisms arise as kernels or cokernels, respectively.

In an abelian category, finite products and finite coproducts coincide; these are often
called biproducts or direct sums. These axioms imply that the hom-sets in A canonically
inherit the structure of an abelian group, with the zero map in each hom-set serving as the
identity, and moreover that composition is bilinear. This gives A the structure of a category
enriched over the monoidal category (Ab, ®z, Z).

The image of a morphism is defined to be the kernel of its cokernel, or equivalently,
the cokernel of its kernel; these objects are always isomorphic. This permits the definition
of an exact sequence in A, a sequence of composable morphisms

Sz St I Jn-1
An+1 An An—l

so that ker f,, = imf,,;. A functor is exact if it preserves exact sequences.

Tueorem E.5.2 (Freyd-Mitchell). If A is a small abelian category, then there is a ring® R
and an exact, fully faithful functor A — Modg, which embeds A as a full subcategory.

A proof appears as the very last result of the book [Fre03]. Unfortunately, a plurality
of the material presented in the preceding 150 pages appears to be necessary. No substantial
simplification of this argument is known.

To conclude, we invite the reader to reflect upon the following lovely quote from
the introduction to P.T. Johnstone’s Topos Theory [Joh14, pp. xii-xiii] which describes the
significance of the Freyd-Mitchell embedding theorem and, by analogy, the broader project
of category theory:

Incidentally, the Freyd-Mitchell embedding theorem is frequently re-
garded as a culmination rather than a starting point; this is because of
what seems to me a misinterpretation (or at least an inversion) of its
true significance. It is commonly thought of as saying “If you want to
prove something about an abelian category, you might as well assume
it is a category of modules”; whereas I believe its true import is “If
you want to prove something about categories of modules, you might
as well work in a general abelian category”—for the embedding theo-
rem ensures that your result will be true in this generality, and by for-
getting the explicit structure of module categories you will be forced
to concentrate on the essential aspects of this problem. As an ex-
ample, compare the module-theoretic proof of the Snake Lemma in
[HS97] with the abelian-category proof in [ML98a].

6As per our conventions elsewhere, R is unital and associative but not necessarily commutative.
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Glossary of Notation

A, 57
C?, 106
., 6

4, 83
fF. 51
1,60
-, 2
3,2
~w, 2
~ 24
—,2

62
A", 49

C(X,Y),9
C/c,52
c/C, 52
cosk,,, 127
CxD, 17

, 127

<n, 127

+, 127
D", 57

hom(X, Y), 9
1,71
LangF, 125
Og. 18
RangF, 125

sk,, 127
skC, 28
S, 57
Sym(G), 47

Vect{, 127
Vect, 19
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abelian category, 139
abelianization, 94
adjoint
mutually left or right, 85
adjoint functor, 82
adjunction, 81, 87
as Kan extension, 132
counit, 87
monadic, 84
morphism, 89
triangle identity, 87
two-variable, 86

unit, 86
affine space, 49, 105
algebra, 31
category of, 106
free, 107

algebraic theory
model of, 117
apex, 58
arrow, 8
automorphism group, 19
axiom

in a first-order language, 85

based object, 52
basepoint, 7
bifunctor, 17
bilinear, 49

categorification, 23
category, 6
abelian, 139
cardinality of, 76
comma, 55
complete, 63
concrete, 7, 36
connected, 27
discrete, 8
Eilenberg-Moore, 106
essentially small, 29
free, 84
indexing, 31
isomorphism of, 17
Kleisli, 108
locally small, 9
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monoidal, 137

of algebras, 106

of categories, 17

of elements, 51, 71

opposite, 10

product of, 17

regular, 73, 121

skeletal, 28

slice, 52

small, 9

symmetric monoidal, 136
Cayley’s theorem, 47
cell complex, 57
center, 19
chain rule, 14
coalgebra, 108
coarse, 59
cocone, 58
codomain, 6
coequalizer, 61

split, 113
cokernel, 62
colimit, 57, 58

absolute, 113

as Kan extension, 132
comma category, 55
commutative

cube, 33

rectangle, 32

square, 32
commutative square, 20
commutator subgroup, 19, 94
commute, 30
complete, 63
complete lattice, 77
composite morphism, 6
concrete category, 36
cone, 58

legs of, 58

on a category, 129

summit of, 58
continuous

functor, 96
contractible, 53
coproduct, 61
cotensor, 74
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counit

of an adjunction, 87
coYoneda lemma, 133
create, 67
currying, 41

decategorification, 23
dense subcategory, 134
density theorem, 133
derivative
total, 14
derived functor
total, 126
diagram, 30, 31, 57, 85
commutative, 30, 31
shape of, 32, 57
small, 76
direct limit, 61
directed graph, 130
discrete, 8
discrete dynamical system, 53
domain, 6
dual, 11
dual basis, 19
dual vector space, 15
double, 19
duality, 131

Eilenberg-Moore category, 106
Eilenberg-Zilber

lemma, 129
elements

category of, 51
embedding, 25

full, 25
endofunctor, 13
epic, 36
epimorphism, 36

split, 37
equalizer, 59
equivalence relation, 72, 73
equivariant, 21
essential image, 29, 95
essentially small, 29
essentially surjective, 25
evil, 29
extension of scalars, 127

faithful, 25
fiber, 61
fiber product, 60
fiber space, 73
fine, 59
fixed point, 63
free

algebra, 107
free action, 43, 48
free group, 13
free product, 120

full, 25
embedding, 25
function
partial, 18
functor, 13
adjoint, 82
bi-, 17
constant, 57
continuous, 96
contravariant, 14
covariant, 14
faithful, 25
forgetful, 13
full, 25
morphism of, 18
representable, 39
represented, 16
two-sided represented, 17, 39
functoriality, 13, 15
fundamental group, 13, 27
fundamental groupoid, 10, 27, 138

G-equivariant, 21
G-object, 127
G-representation, 16
G-set, 16
Galois connection, 83
Galois extension, 17
Galois group, 18
Galois theory
fundamental theorem of, 18
generating set, 98
generator, 98
generators, 112
global, 25
gluing, 57
Grothendieck topos, 73, 139
group
free, 40, 88
opposite, 11
presentation, 112
torsion sub-, 22
group action, 16
free, 43, 48
transitive, 48
group extension, 5
groupoid, 10
contractible, 53
maximal, 10
maximal sub-, 10

hom-set, 9
horizontal composition, 34

idempotent, 65
split, 66
identity morphism, 6
image, 121
essential, 95



image factorization, 73
induced representation, 127, 129, 130
infimum, 13, 70
initial
jointly, 97
weakly, 97
initial object, 35, 61
intersection, 99
inverse
left, 9, 37
right, 9, 37
inverse limit, 61
isomorphic
representably, 48
isomorphism, 9
natural, 20

Jacobian matrix, 14

Kan extension, 125-126
pointwise, 131
preservation of, 130

kernel pair, 72

Kleisli category, 108

lattice
complete, 77
left inverse, 9
limit, 57, 58
as Kan extension, 132
of a sequence, 79
linear functional, 15
local, 25
local object, 95
localization, 95
locally small, 9
loop, 41

map, 8
middle four interchange, 38
model, 85
monad, 101
codensity, 133
double dual, 103
free R-module, 103
free abelian group, 103
free commutative monoid, 104
free group, 103
free monoid, 102
free vector space, 103
idempotent, 105
list, 102
maybe, 102
monadicity theorem, 112
monic, 36
monoid, 8, 10, 30, 108
topological, 30
monoidal
product, 136
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monoidal category, 137
monomorphism, 36
split, 37
morphism
composable pair, 6
composite, 6
identity, 6
parallel pair, 2

n-(co)skeleton, 127, 129

natural isomorphism, 20

natural transformation, 20
components of, 20
constant, 57

no cloning theorem, 22

object
local, 95
opposite
group, 11
orbit, 28
orbit category, 18
orbit-stabilizer theorem, 29

p-adic integers, 61
parallel pair, 2, 59
pasting diagram, 125
path, 41, 138
pointed set, 107
poset, 8
power, 74
preorder, 8
presentation

for a group, 112
preserve, 67
product, 57, 59

fiber, 60
pullback, 60
pushout, 61

quotient, 57

recursion, 54
reflect, 67
reflective subcategory, 94
regular category, 73, 121
relation, 72
representable
vs represented, 39
representable functor, 39
representation, 39
represented functor, 16
two-sided, 17, 39
restriction of scalars, 84
retraction, 9, 37
right inverse, 9
ring, 31

section, 9, 37
Sierpinski space, 41
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simplicial set, 127
augmented, 127
skeleton, 28
slice category, 52
small, 9, 76
essentially, 29
locally, 9
solution set, 97, 136
space
fiber, 73
species, 75
split
epimorphism, 37
monomorphism, 37
split coequalizer, 113
stabilizer, 28
Stone-Cech compactification, 94
subcategory, 10
subobject, 57, 99
subobject classifier, 54
summit, 58
supremum, 12, 70
symmetric monoidal category, 136

tensor product, 49

terminal object, 35, 59

the, 48

torsion subgroup, 22
torsor, 49

torus, 62

transitive action, 48
translation groupoid, 28, 53
triangle identity, 87

ultrafilter, 103
union, 62
unit

of an adjunction, 86
unit interval, 138
unit object, 136
universal object, 53
universal property, 48

vector space
dual, 15
vertical composition, 34

walking
isomorphism, 71
whiskering, 35

Yoneda embedding, 47
density of, 134

Yoneda lemma, 44, 133, 135
corollary, 47
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