From Categories to Homotopy Theory

Birgit Richter






To my father.






Contents

Introduction]

[Part I. Category Theory|

[CHAPTER 1. Basic Notions in Category Theory]
(1.1. Definition of a Category and Examples|
(1.2.  EI Categories and Groupoids]
(1.3.  Epi- and Monomorphisms|
[1.4.  Subcategories and Functors|
(1.5.  Terminal and Initial Objects|
(CHAPTER 2. Natural Transformations and the Yoneda Lemmal
(2.1, Natural Transformations|
2.2, The Yoneda Lemmal
[2.3.  Equivalences of Categories|
[2.4. Adjoint Pairs of Functors|
[2.5. Equivalences ot Categories via, Adjoint Functors|
[2.6.  Skeleta of Categories|

[3.1. Diagrams and Their Colimits|

[3.1.1.  Sequential Colimits|

[3.1.2.  Coproducts|

(3.1.3.  Pushouts|

[3.1.4. Coequalizers|

(3.1.5. Limits

[3.1.6.  Sequential Limits|

[3.1.7.  Productsd

[3.1.8.  Pullbacks|

[3.1.9.  Equalizers|

(3.1.10. Fiber Products|

B.1.11. Kernel Pairg

[3.3.  Colimits and Limits in Functor Categories|
[3.4.  Adjoint Functors and Colimits and Limits|
[3.5.  Exchange Rules for Colimits and Limits]

(CHAPTER 4. Kan Fxtensions
4.1, Left Kan Fxtensions

11
12
15
21

23
23
27
30
31
38
39

41
41
43
44
45
46
48
48
48
49
49
50
50
51
93
54
95

29
29



[4.2.  Right Kan Extensions| 64

[4.3.  Functors Preserving Kan Extensions| 65
44 Endd 67
05 I ol IFnd BT 0
4.6. Calculus Notationl 72
[4.7. “All Concepts are Kan Extensions”| 72
[CHAPTER 5. Comma Categories and the Grothendieck Construction| 7
5.1.  Comma Categories: Definition and Special Cases| 7
5.1.1. The Categories F'\C| 80
5.1.2. Category of Cones| 81
[5.2.  Changing Diagrams for Colimits| 82
E3 Sifted Colinid 84
[5.4.  Density Results| 85
.5, The Grothendieck Construction 89
(CHAPTER. 6. Monads and Comonads 91
6.1.  Monadsl 91
[6.2.  Algebras over Monads| 93
[6.3.  Kleisli Category] 100
[6.4. Lifting Left Adjoints| 103
[6.5.  Colimits and Limits of Algebras over a Monad)| 106
[6.6.  Monadicity] 115
6.7.  Comonads| 117
[(CHAPTER 7. Abelian Categories| 119
[7.1.  Preadditive Categories| 119
[7.2.  Additive Categories| 122
[7.3. Abelian Categories| 123
[CHAPTER 8. Symmetric Monoidal Categories| 127
[8.1.  Monoidal Categories| 127
[8.2. Symmetric Monoidal Categories| 134
8.3, Monoidal Functors| 137
[8.4.  Closed Symmetric Monoidal Categories| 141
[8.5.  Compactly Generated Spaces| 143
[8.6.  Braided Monoidal Categories| 148
[(CHAPTER 9. Enriched Categories| 153
9.1. Basic Notions| 153
[9.2.  Underlying Category of an Enriched Category] 157
9.3, Enriched Yoneda [emmal 159
9.3.1. Fnriched Co-Yoneda Lemmal 163
[9.4. Cotensored and Tensored Categories| 163
[9.5.  Categories Enriched in Categories| 165
[9.6.  Bicategories| 166
[9.7. Functor Categories| 169




[9.8.  Day Convolution Product| 170

[Part Il. From Categories to Homotopy Theory| 177
(CHAPTER 10. Simplicial Objects] 179
(10.1. The Simplicial Category] 179
(10.2.  Simplicial and Cosimplicial Objects| 181
[10.3. Interlude: Joyal’s Category of Intervals| 183
(10.4. Bar and Cobar Constructions| 186
(10.4.1.  Applications of Bar and Cobar Constructions| 187
(10.5.  Simplicial Homotopies| 190
[10.6. Geometric Realization of a Simplicial Set] 192
[10.7.  Skeleta of Simplicial Sets| 195
10.8.  Geometric Realization ot Bisimplicial Sets| 196
10.9. The Fat Realization of a (Semi)Simplicial Set or Space 198
[10.10.  The Totalization of a Cosimplicial Space] 199
(10.11.  Dold-Kan Correspondence 200
(10.12. Kan Condition 200
[10.13. Quasi-Categories and Joins of Simplicial Sets| 204
(10.14.  Segal Sets| 206
(10.15.  Symmetric Spectra 208
[CHAPTER 11. The Nerve and the Classitying Space of a Small Category| 211
(11.1. The Nerve of a Small Category] 211
(11.2.  The Classifying Space and Some of Its Properties| 214
(11.3. 7y and 7, of Small Categories| 216
(11.4. The Bousfield Kan Homotopy Colimit| 219
(11.4.1. Homotopy Limits| 222
(11.5. Coverings of Classifying Spaces| 222
[11.6. Fibers and Homotopy Fibers| 224
(11.7. Theorems A and B 228
(11.8.  Monoidal and Symmetric Monoidal Categories, Revisited| 232
[11.8.1. Monoidal Categories via Grothendieck Opfibrations| 232
[11.8.2.  Symmetric Monoidal Categories| 234
(11.8.3.  Monoidal Structures on Quasi-Categories| 235
[(CHAPTER 12. A Brief Introduction to Operads| 239
(12.1.  Definition and Examples| 239
[12.2.  Algebras Over Operads| 243
(12.2.1.  Monads Associated with an Operad| 245
[12.3.  Examples| 246
(12.3.1.  The Barratt-Eccles Operad| 246
[12.3.2. Liattle n-Cubes Operad| 247
[12.3.3. Homology of Iterated Loop Spaces| 249
12.3.4. Stashefl’s Associahedral 250
[12.4.  E.-monoidal Functors| 254




[CHAPTER 13. Classifying Spaces of Symmetric Monoidal Categories|
[13.1.  Commutative H-Space Structure on BC for C Symmetric Monoidal|
[13.2.  Group Completion of Discrete Monoids|
[13.3.  Grayson-Quillen Construction|
[13.4. Group Completion of H-Spaces|

[CHAPTER 14. Approaches to Iterated Loop Spaces via Diagram Categories|
[14.1.  Diagram Categories Determine Algebraic Structure|
(14.2.  Reduced Simplicial Spaces and Loop Spaces|
(14.3.  Gamma-Spaces|
(14.4.  Segal K-Theory of a Permutative Category|
[14.5. Injections and Infinite Loop Spaces|
[14.6. Braided Injections and Double Loop Spaces|
[14.7.  Tterated Monoidal Categories as Models for Iterated Loop Spaces|
[14.8. The Category ©,|
[14.8.1.  Trees with n-Levels, Finite Combinatorial n-Disks and 0,
[14.8.2.  ©,, and n-Fold Loop Spaces|
[14.8.3.  ©,, and Higher Categories|

(CHAPTER 15. Functor Homology]
(15.1. Tensor Products|
(15.2. Tor and Fxtl
(15.3.  How Does One Obtain a Functor Homology Description?|
(15.3.1. How Do We Guess the Diagram Category?|
15.3.2. How to Guess the Functor?
[15.3.3.  How to Prove that This Is Actually Correct?|
(15.4.  Cyclic Homology as Functor Homologyi
[15.5. The Case of Gamma Homology]
[15.6. Adjoint Base-Change]

[CHAPTER 16. Homology and Cohomology of Small Categories|
(16.1. Thomason Cohomology and Homology ot Categories|
(16.2.  Quillen’s Definition
[16.3.  Spectral Sequence for Homotopy Colimits in Chain Complexes|
(16.4. Baues-Wirsching Cohomology and Homologyi
[16.5.  Comparison of Functor Homology and Homology of Small Categories|

255
255
257
259
262

265
265
268
268
272
274
275
277
278
280
286
287

289
289
291
292
293
294
295
296
298
299

301
301
302
303
304
306

311
319



Introduction

Category theory has at least two important features. The first one is that it allows us to
structure our mathematical world. Many constructions that you encounter in your daily life
look structurally very similar, like products of sets, products of topological spaces, products
of modules, and then you might be delighted to learn that there is a notion of a product of
objects in a category and all the above examples are actually just instances of such products,
here in the category of sets, topological spaces, and modules, so you don’t have to reprove
all the properties products have, because they hold for every such construction. So category
theory helps you to recognize things as what they are.

It also allows you to express objects in a category by something that looks apparently
way larger. For instance, the Yoneda lemma describes a set of the form F(C) (where C is
an object of some category and F is a functor from that category to the category of sets)
as the set of natural transformations between another nice functor and F'. This might look
like a bad deal, but in this set of natural transformations you can manipulate things and
this reinterpretation for instance gives you cohomology operations as morphisms between
the representing objects.

Another feature is that you can actually use category theory in order to build topological
spaces and to do homotopy theory. A central example is the nerve of a (small) category:
You view the objects of your category as points, every morphism gives a 1-simplex, a pair of
composable morphisms gives a 2-simplex, and so on. Then you build a topological space out
of this by associating a topological n-simplex to an n-simplex in the nerve, but you do some
nontrivial gluing, for instance, identity morphisms don’t really give you any information so
you shrink the associated edges. In the end you get a CW complex BC for every small
category C. Properties of categories and functors translate into properties of this space and
continuous maps between such spaces. For instance, a natural transformation between two
functors gives rise to a homotopy between the induced maps, and an equivalence of categories
gives a homotopy equivalence of the corresponding classifying spaces.

Classifying spaces of categories give rise to classifying spaces of groups but you can also
use them and related constructions to build the spaces of the algebraic K-theory spectrum
of a ring, you can give models for iterated based loop spaces and you can construct explicit
models of homotopy colimits and much more.

This book has two parts. The first one gives an introduction to category theory describing
its basic definitions and constructions, so this part focusses on the first feature of category
theory. The second part presents applications to homotopy theory. Here, ’Thomotopy theory’
does not mean any precisely confined area of algebraic topology but rather some collection
of topics that is heavily influenced by my research interests and my personal taste. An
emphasis is on simplicial methods, functor categories, on some concepts that are crucial
for algebraic K-theory, on models for iterated based loop spaces, and on applications to
homological algebra. The book also contains an account of functor homology and of homology
of small categories. These are two concepts that in my opinion deserve to be wider known by
working mathematicians, in particular, by working algebraic topologists. Many prominent
examples of homology theories can be expressed that way and even if you are not interested
in homology theories per se, you might stumble across a spectral sequence whose E? term
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happens to consist of such homology groups — and then it might be helpful to recognize these
groups, because then you have other means of understanding and calculating them.

One thing that you might realize is that I love diagrams. If I see a proof that uses a
lengthy reformulation for showing that one thing (functor, natural transformation, etc.) is
the same as a second thing, then I usually don’t understand such a proof before I ’translate’ it
into a diagram that has to commute, so I usually end up drawing the corresponding diagram.
My hope is that this approach isn’t just helpful for me. So in a lot of places in this book you
will find proofs that more or less just consist of showing that a certain diagram commutes
by displaying the diagram and dissecting its parts. I also love examples and therefore there
are plenty of examples in the book. There are also some exercises. These are not meant to
be challenging, but they want to nudge you to actually learn how to work with the concepts
that are introduced and how to deal with examples. One danger in category theory is that
one learns the abstract theory, and then, if confronted with an example, one doesn’t really
know what to do. I hope that the examples and exercises help to avoid this.

My hope is that this book will bridge a gap: There are several very good accounts on
category theory, for instance, [Riel6, Bo94-1,, Bo94-2|, ML98, [Sch70], and there are many
excellent sources on applications of categorical methods to topics such as algebraic K-theory
[Q73, [Gr76, DGM13|, W13, the theory of iterated loop spaces, models for categories of
spectra and many more, but in the latter texts it is assumed that the reader is familiar with
the relevant concepts from category theory and sometimes it can be difficult to collect the
necessary background. This is not a book on oco-categories, but I cover quasi-categories,
joins, slices, cocartesian fibrations, and the category ©,, and some other things related to
oo-categories, and these might help you with digesting Jacob Lurie’s books [Lu09), Luocd]
and other sources. For an overview on quasi-categories and some of their applications I
recommend Moritz Groth’s survey [Gro20]. For a comparison between different models
of oo-categories Julie Bergner’s book [B18] is an excellent source. My book is also not an
introduction to model categories, but if you want to dive deeper into some of the applications
and you decide to read the papers that I mention, then you will need them. There are very
good sources for learning about model categories, and in increasing level of complexity I
recommend [DwSp95|, [Ho99, [Hi03], but of course also the original account [Q67].

In my opinion (many people would disagree), you should not learn category theory before
you have seen enough examples of categories in your mathematical life, so before you feel the
need for category theory. I assume that you have some background in algebra and algebraic
topology. In several places I will use concepts from homological algebra, and I recommend
Chuck Weibel’s book [W94] if you need background on that.

How you read this book heavily depends on your background and I therefore refrain from
giving a Leitfaden. If you know some basic category theory, you might jump ahead to the
applications, and if you then realize that for a specific topic you need to look things up, then
you can go back to the corresponding spot in the first part of the book. Similarly, some of
you might know what a simplicial object is. Then of course you should feel free to skip that
section.

I assume that the axiom of choice holds. I will not give an introduction to set theory
in this book. For diagram categories I will assume smallness in order to avoid technical
problems.



Whenever you see a A C B that means a € A = a € B, so that’s what other people
might denote by A C B. By O I denote the end of a proof.

Acknowledgements: This book had a long gestation period. It all started with a lecture
course that I gave in Hamburg in the academic term of 2010/11. T thank Clemens Heine for
encouraging me to write the book and Inna Zakharevich who persuaded me to actually finish
it. I would like to thank the Isaac Newton Institute for Mathematical Sciences for support
and hospitality during the program Homotopy Harnessing Higher Structures, supported by
EPSRC grant number EP/R014604/1. 1 finished a first draft when I was in Cambridge in
2018. I was an associate member of the SCR of Churchill College Cambridge, and I am
grateful for the hospitality and the welcoming atmosphere in Churchill College. This really
helped me to transform a rough draft of the book into a final version.
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CHAPTER 1

Basic Notions in Category Theory

1.1. Definition of a Category and Examples

If you want to define a category, it is not enough to specify the objects that you want to
consider, you always have to say what kind of morphisms you want to allow.

DEFINITION 1.1.1. A category C consists of

(1) A class of objects, ObC.

(2) For each pair of objects Cy and Cy of C, there is a set C(Cy, Cy). We call the elements
of C(Cy, Cy) the morphisms from Cy to Cy in C.

(3) For each triple C4, Cy, and C3 of objects of C, there is a composition law

C(Cy,Cy) x C(Cy, C3) — C(C4,Cy).

We denote the composition of a pair (f, g) of morphisms by go f.
(4) For every object C of C there is a morphism 1, called the identity morphism on C.

The composition of morphisms is associative, that is, for morphisms f € C(Cy,Cy), g €

C(Cg, Cg), and h € C(Cg, 04), we have

ho(goef)=(hog)of,

and identity morphisms do not change morphisms under composition, that is, for all f €

C(Cy,Cy),
le,of =f=folg.

We will soon see plenty of examples of categories. Despite the fact that for some categories
this notation is utterly misleading, it is common to denote morphisms as arrows. If f &€
C(Cy,Cy), then we represent f as f: C; — Cy. As for functions, we call C; = s(f) the
source (or domain) of f and Cy = t(f) the target (or codomain) of f for all f € C(C,Cy).

The identity morphism 1 is uniquely determined by the object C: if both 1o and 1
are identity morphisms on C', then

le =1coll =1L
7



One can visualize the unit and associativity conditions geometrically. Omitting the ob-
jects from the notation, the rule fol = f = 1o f can be expressed as two (glued) triangles,

f

and the associativity constraint corresponds to a tetrahedron.

(hog)of=ho(gof)

These pictures are more than mere illustrations; this will become clear when we discuss
nerves and classifying spaces of small categories in and

REMARK 1.1.2. Sometimes one does not require that the morphisms constitute a set,
but one would allow classes of morphisms as well. In such contexts, our definition would be
called a locally small category, that is, one in which for every pair of objects C1, Cs, C(C1, C5)
is a set and not a class.

REMARK 1.1.3. Some authors require that the sets of morphisms in a category are pair-
wise disjoint. If (C1, Cy) is different from (C1, CY), then C(Cy,Cy) NC(CY, CY) = @. This is
related to the question of how you define a function: If X and Y are sets, then a function
can be viewed as a relation f C X x Y with the property that, for all x in X, there is a
unique y € Y with (z,y) € f, or you could say that a function is a triple (X,Y, f) with
f € X xY with the same uniqueness assumption. In the latter definition, the domain and
target are part of the data. In the first definition, f could also be a function for some other
X' and Y.

DEFINITION 1.1.4.

e A category C is small if the objects of C are a set (and not a proper class).

e A small category is finite if its set of objects is a finite set and every set of morphism
is finite.

e A category is discrete if the only morphisms that occur in it are identity morphisms.

In particular, you can take any class X and form the discrete category associated with X,
by declaring the elements of X to be the objects and by allowing only the identity morphisms
as morphisms. If X is a set, then this category is small.

8



You are probably already familiar with several examples of categories.

EXAMPLES 1.1.5.

e Sets: The category of sets and functions of sets. Here, the objects form a proper class.

e Gr: The category of groups and group homomorphisms.

e Ab: The category of abelian groups and group homomorphisms.

e K-vect: Here, K is a field and K-vect is the category of K-vector spaces and K-linear
maps.

e R-mod: Here, R is an associative ring with unit and R-mod is the category of (left)
R-modules and R-linear maps.

e Top: The category of topological spaces and continuous maps.

e Top,: The category of topological spaces with a chosen basepoint and continuous maps
preserving the basepoint.

e CW: The category of CW-complexes and cellular maps.

e Ch: The category of (unbounded) chain complexes of abelian groups together with
chain maps. Here, objects are families of abelian groups (X;);cz with boundary oper-
ators d;: X; — X;_1

dn+2 dn+1 dn dn—1
XnJrl Xn anl_)- .

The d; are linear maps and satisfy d; o d;.; = 0 for all ¢ € Z. We denote such a chain
complex by (X,,d). A chain map from (X,,d) to (Yi,d’) is a family of linear maps
(fi: Xi = Yi)iez such that f; od;y1 = d; o fi1q for all i € Z, so the following diagram
commutes:

dp42 dn+1 d dn-1
i N LN LN S L N

Yn - Yn—l

We also consider the variant of the category of non-negatively graded chain com-
plexes, Chs(, where X; = 0 for all negative indices 7. An important variant is to allow
different ground rings than the integers, so we might consider chain complexes of R-
modules for some associative and unital ring R, and then, the boundary operators
and chain maps are required to be R-linear.

There are other examples of categories where you might find the morphisms slightly
non-standard.

EXAMPLES 1.1.6.

(1) Let Corr be the category of correspondences. Objects of this category are sets, and
the morphisms Corr(S,T") between two sets S and T are the subsets of the product
SxT. If youhave U C RxSandV C SxT, then UxV is asubset of RxSxSxT.
You can take the preimage of U x V under the map j: RxSXT — Rx S xSxT
that takes the identity on R and T" and the diagonal map on S and then project
with p: R x S xT — R x T. This gives the composition. The identity morphism
on the set S is the diagonal subset

Ag={(s,s)|[se S} C S x&S.
9



(2) Let X be a partially ordered set (poset, for short), that is, a nonempty set X
together with a binary relation < on X that satisfies that x* < x for all z € X
(reflexivity), that x < y and y < z implies x < z (transitivity) and if x < y and
y < z, then = = y (antisymmetry).

We consider such a poset as a category, and by abuse of notation, we call this
category X. Its objects are the elements of X, and the set of morphisms X (x,y)
consists of exactly one element if x < y. Otherwise, this set is empty.

(3) Quite often, we will view categories as diagrams. For instance, let [0] be the category
with one object and one morphism, the identity on that object.

Similarly, let [1] = {0, 1} be the category with two objects 0 and 1, coming with
their identity morphisms and one other morphism from 0 to 1. This corresponds to
the poset 0 < 1 viewed as a category: 0 — 1.

When we draw diagrams like that, we usually omit the identity morphisms and
we don’t draw composites in posets. For every poset [n] =0 <1< ... <n, we get
the corresponding category 0 — 1 — ... — n.

(4) Let X be a topological space and let $4(X) denote its family of open subsets of
X. We can define a partial order on L(X) by declaring that U < V' if and only if
UclV.

(5) If C is an arbitrary category and if C' is an object of C, then the endomorphisms of
C, C(C,C) form a monoid, that is, a set with a composition, that is associative and
possesses a unit. Thus, every category can be thought of as a 'monoid with many
objects’.

Conversely, if (M, -, 1) is a monoid with composition - and unit 1, then we can
form the category, that has one object * and has M as its set of endomorphisms.
We denote this category by Cjy.

There are several constructions that build new categories from old ones.

DEFINITION 1.1.7.

e We will need the empty category. It has no object and hence no morphism.

e If we have two categories C and D, then we can build a third one by forming their
product CxD. As the notation suggests, the objects of C x D are pairs of objects (C, D),
with C" an object of C and D an object of D. Morphisms are pairs of morphisms:

C x D((Ch, D1),(C2, Ds)) = C(C1, Cs) x D(Dy, D,),
and composition and identity morphisms are formed componentwise:

(fa;92) o (f1,01) = (fao fr.92001), Loy = (1o, 1p).
This is indeed a category.
e Given two categories C and D, we can also form their disjoint union, CUD. Its objects
consist of the disjoint union of the objects of C and D. One defines
C(X,Y), if X,Y are objects of C,
(CUD)X,Y):=<¢D(X,Y), if X,Y are objects of D,
a, otherwise.

10



e [f we want a limited amount of interaction between C and D, we can form the join of
C and D, denoted by C xD. The objects of C x D are the disjoint union of the objects
of C and the objects of D and as morphism we have

C(X,Y), if X and Y are objects of C,

D(X,Y), if X and Y are objects of D,

{x}, if X is an object of C and Y is an object of D,

&, otherwise.

(C+D)(X,Y) =

So the join is not symmetric: There are morphisms from C to D but not from D to C.
e Let C be an arbitrary category. Let C° be the category whose objects are the same as

the ones of C but where

coe, oy =c(c',0).
We denote by f° the morphism in C°(C, C") corresponding to f € C(C’,C).
The composition of f° € C°(C,C") and ¢° € C°(C",C") is defined as g° o f° :=
(f og)°. The category C° is called the dual category of C or the opposite category of
C

If you consider the preceding example of the category Cy; from above, then the
dual (Cyp)° is the category associated with the opposite of the monoid M, M°. Here,
M? has the same underlying set as M, but the multiplication is reversed:

m-°m' :=m’'-m.

1.2. EI Categories and Groupoids

DEFINITION 1.2.1. We call a morphism f € C(C,C") in a category C an isomorphism if
there is a g € C(C’, (), such that go f = 1¢ and fog = 1¢.

We denote g by f~!, because g is uniquely determined by f.

DEFINITION 1.2.2.
e A category C is an EI category if every endomorphism of C is an isomorphism.
e A category C is a groupoid, if every morphism in C is an isomorphism.

Of course, every groupoid is an EI category. In any EI category, the endomorphisms of
an object form a group.

EXAMPLES 1.2.3.

e Consider the category Z whose objects are the finite sets n = {1,...,n}, with n >0
and 0 = @. The morphisms in Z are injective functions. Hence, the endomorphisms of
an object n constitute the symmetric group on n letters, >, and Z is an EI category.

e Dually, let 2 be the category of finite sets and surjections, that is, {2 has the same
objects as Z, but Q(n,m) is the set of surjective functions from the set n to the set
m. Again, the endomorphisms of n consist of the permutations in ¥,,, and €2 is an EI
category.

e Let C be any category. Then one can build the associated category of isomorphisms
of C, Iso(C). This has the same objects as C, but we take

Iso(C)(Cy, Cy) = {f € C(Cy,Cy)|f is an isomorphism}.
11



Hence, for all categories C, the category Iso(C) is a groupoid. We call the category
Iso(Z) = Iso(Q2) the category of finite sets and bijections, 3, that is, ¥ has the same
objects as €2 but

$(n, m) = {Zn, if n= 771,

a, otherwise.
If G is a group, then we denote by Cg the category with one object * and Cq(x*, *) = G
with group multiplication as composition of maps. Then, Cq is a groupoid. Hence
every group gives rise to a groupoid. Vice versa, a groupoid can be thought of as a
group with many objects.
Let X be a topological space. The fundamental groupoid of X, I1(X), is the category
whose objects are the points of X, and II(X)(x,y) is the set of homotopy classes of
paths from z to y:
I(X)(z,y) = [10,1],0,1; X, z, y].

The endomorphisms Il(x,z) of z € X constitute the fundamental group of X with
respect to the basepoint z, m (X, z).
Another important example of a groupoid is the translation category of a group. If G
is a discrete group, then we denote by &z the category whose objects are the elements
of the group and

h —1
5G<g7 h) = {h971}7 g%h

This category has the important feature that there is precisely one morphism from
one object to any other object, so every object has equal rights.

For the symmetric group on three letters, Y3, the diagram of objects and (non-
identity) morphisms looks as follows:

ids (123)

(12){iizs\J:7£i:zgxik/::::j%(

(13) +—— (23)

Here, we use cycle notation for permutations. Note that the upper-right triangle
depicts the translation category of the cyclic group of order three.

1.3. Epi- and Monomorphisms

Often, we will need morphisms with special properties. In the category of sets, one can use
elements in order to test whether a function is surjective or injective. In a general category,
we do not have a notion of elements, but we always have sets of morphisms. Epimorphisms
and monomorphisms are defined using morphisms as test objects. For the category of sets,
this is straightforward: if a function f: .S — T is injective, then f(s;) = f(s2) implies that
S1 = So. So, this is also true for morphisms hq, ho: U — S. If f o hy = f o hy, then hy = hs.
A similar consideration applies to surjective functions.

12



DEFINITION 1.3.1. Let C be a category and f € C(Cy,Cy). Then, f is an epimorphism if
for all objects D in C and all pairs of morphisms hq, ho: Co — D, the equation hio f = hyo f
implies that hy = ho.

Epimorphisms are therefore right-cancellable.

EXERCISE 1.3.2. Beware, epimorphisms might not be what you think they are. Consider
the category of commutative rings with unit and show that the unique morphism from the
integers into the rational numbers is an epimorphism.

REMARK 1.3.3. Of course, every identity morphism is an epimorphism and the compo-
sition of two epimorphisms is an epimorphism. If g o f is an epimorphism, then so is g,
because h; o g = hy o g implies that hy o go f = hy o go f, and by assumption, this yields
hy = hs. Note that every isomorphism is an epimorphism.

ProPOSITION 1.3.4. Epimorphisms in the category of sets and functions are precisely
the surjective functions.

PROOF. Let f: X — Y be asurjective function of sets and let hy, hy: Y — Z be functions
with hi o f = hyo f. Let y € Y be an arbitrary element. Then, there is an x € X with
f(z) =y. Hence

hi(y) = ha(f(z)) = ha(f()) = ha(y),
and thus, h; = hy. Conversely, let f: X — Y be an epimorphism. Let Z = {21, 22} with
21 # 2o and define hy: Y — Z as hy(y) = z; for all y € Y and let hy be the test function of
the image of f, that is, ho(y) = z; if y is in the image of f and hs(y) = 25 if y lies outside
of the image of f. Then, hy o f = hy o f is the constant function with value z;, and hence,
hi1 = hy which implies that f is surjective. 0

Similarly, one can prove that epimorphisms of topological spaces are surjective contin-
uous maps. It is more involved to show that epimorphisms of groups are surjective group
homomorphisms. See, for example, [Bo94-1| 1.8.5.d].

Dual to the notion of an epimorphism is the one of a monomorphism.

DEFINITION 1.3.5. Let C be a category. A morphism f € C(Cy,Cy) is a monomorphism
if fo € C°(Cy,C1) is an epimorphism.

So, monomorphisms are left-cancellable. For all objects D in C and all hy, hy: D — C1,
the equation f o h; = f o hy implies that h; = ho.

One can use morphism sets as test objects because the very definition of mono- and
epimorphisms gives the following criteria.

PROPOSITION 1.3.6. A morphism f € C(C4,C5) is a monomorphism if and only if for all
objects D in C, the induced map C(D, f): C(D,C) — C(D,(Cy) is an injective function of
sets.

Dually, a morphism f € C(Cy, Cs) is an epimorphism if and only if for all objects D in
C, the induced map C(f, D): C(Cy, D) — C(C, D) is an injective function of sets.

Monomorphisms of sets are injective functions. Monomorphisms of commutative rings
with unit are injective ring homomorphisms: Let f: Ry — Ry be a monomorphism of
commutative rings with unit. Consider the polynomial ring in one variable over the integers,
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Z[X]. A morphism h: Z[X] — R; determines and is determined by the element r = h(X)
of Ry. For all r;s € Ry, we define hy: Z[X] — R; via hy(X) = r and hy: Z[X] — R; via
ho(X) =s. If f(r) = f(s), then fohy = f o hy, and thus, hy = hy, which implies r = s, so
f is injective. The converse is easy to see.

There are categories where monomorphisms should be handled with care, that is, where
monomorphisms do not behave like injective maps. A standard example is the category
of divisible abelian groups (see Exercise . A topologically minded example is the
category of connected Hausdorff topological groups [HM13] A3.10].

EXERCISE 1.3.7. Show that, in the category of monoids, the inclusion of the additive
monoid of natural numbers into the integers is a monomorphism and an epimorphism.

DEFINITION 1.3.8. A morphism r € C(C},Cs) is called a retraction if there is an s €
C(Cy, (), such that ros = 1¢,. In this situation, s is called a section and Cs is a retract of

.
PROPOSITION 1.3.9. Retractions are epimorphisms, and sections are monomorphisms.

PrROOF. We only prove the first claim; the second is dual. Let r be a retraction with
section s. If hyor =hgor,then hy =hioros=hysoros = hs. 0]

REMARK 1.3.10. Be careful: the converse of the preceding statement is often wrong. For
instance, let C be the category of groups. Then, a surjective group homomorphism f does
not have a section in general. There is a section of the underlying function on sets, but this
section does not have to be a group homomorphism in general.

The example of the category of commutative rings with units shows that there are cat-
egories where morphisms f that are epimorphisms and monomorphisms do not have to be
isomorphisms: take f: Z — Q. It is a monomorphism because it is injective, and it is an
epimorphism but certainly not an isomorphism.

You might know the notions of projective and injective modules from homological algebra.
The following is the categorical analog of these properties.

DEFINITION 1.3.11.

e An object P in a category C is called projective if for every epimorphism f: M — Q)
in C and every p: P — @, thereis a £ € C(P, M) with fo& = p:

P

P
1

M-1.0

e Dually, an object I in a category C is called injective if for every monomorphism
f:U— MinC and every j: U — I, thereis a ¢ € C(M, ) with (o f = j:
I
f N
U—M

REMARK 1.3.12. We think of the morphism & as a [lift of p to M and of the morphism (
as an extension of j to M. Note that uniqueness of the morphisms ¢ and ( is not required.
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In the category of sets, every object is injective and projective, assuming the axiom of
choice for projectivity. In the category of left R-modules for R an associative ring with unit,
projectivity and injectivity are precisely defined as in homological algebra. Examples of
projective modules are free modules or R-modules of the form Re, where e is an idempotent
element of R, that is, €2 = e. Injective Z-modules, that is, injective abelian groups, are
divisible abelian groups. These are abelian groups A, such that nA = A for all natural
numbers n # 0. Thus, Q and the discrete circle Q/Z are injective abelian groups.

EXERCISE 1.3.13. Show that in the category of divisible abelian groups, the canonical
projection map Q — Q/Z is a monomorphism.

Projectivity and injectivity are preserved by passing to retracts.

ProrosiTION 1.3.14. If P is a projective object of a category C and if i: U — P is a
monomorphism in C with a retraction r: P — U, then U is projective. Similarly, ifi: J — I
is a monomorphism with retraction r: I — J and I is injective, then J is injective.

PROOF. Let f: M — @ be an epimorphism. If U maps to () via g, then P maps to @)
via gor. Thus, there is a morphism ¢: P — M with fo& = gor, and therefore, £ o4 satisfies
fotoi=goroi=g.

In the second case, if U maps to M via the monomorphism f and j: U — J, then
107: U — I has an extension (: M — I with (o f =i o j, and hence, r o ( is the required
extension of j to M. O

We also get certain splitting properties for injective and projective objects.

ProrosiTION 1.3.15. If ¢: Q) — P is an epimorphism and if P is projective, then ¢ has
a section. Dually, if j: I — J is a monomorphism and [ is injective, then j has a retraction.

PROOF. We show the second claim and leave the first claim as an exercise. Consider the
diagram
I

1; AC
j gy ;

By the injectivity of I, we get an extension of 1; to J, (, satisfying ( o j = 1;. Thus, ( is a

retraction for j. O

1.4. Subcategories and Functors

DEFINITION 1.4.1. Let C be a category. A subcategory D of C consists of a subcollection
of objects and morphisms of C, called the objects and morphisms of D, such that

e for all objects Dy, Dy of D there is a set of morphisms D(Dy, Dy) C C(Dy, Ds);

o if f € D(Dy, Ds), then Dy, Dy are objects of D;

e for all objects D of D the identity morphism 1p is an element of D(D, D); and

o if f € D(Dy,D3), g € D(Ds,D3), then the composition of f and g in C satisfies
go f €D(Dy, Dy).
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Hence, a subcategory of a category is a subcollection of objects and morphisms of the
category that is closed under composition, identity morphisms, and source and target. Note
that a subcategory again forms a category.

DEFINITION 1.4.2. A subcategory D of C is called full, if for all objects D, D" of D
D(D,D")=C(D, D).

The category of abelian groups is a full subcategory of the category of groups. However,
the category Z of finite sets and injections is not a full subcategory of the category of finite
sets. We restricted the morphisms.

DEFINITION 1.4.3. A functor F from a category C to a category D

e assigns to every object C' of C an object F/(C') of D.

e For each pair of objects C, C” of C, there is a function of sets
F:C(C,C") - D(F(C),F(C"), f— F(f).

e The following two axioms hold:

F(go f)=F(g)o F(f) forall feC(C,C"),geC(C',C"),

F(lg) = 1pc)
for all objects C' of C.

Like for morphisms, we use the arrow notation F': C — C’ to indicate a functor.

EXAMPLES 1.4.4.
(1) The inclusion of a subcategory into its ambient category defines a functor.
(2) The identity map on objects and morphisms of a category C define the identity
functor
Ide: C — C.

(3) Let (—)ap: Gr — Ab be the functor that assigns to a group G the factor group of G
with respect to its commutator subgroup: G/[G, G|. The resulting group is abelian,
and the functor is called the abelianization.

(4) Often, we will consider functors that forget part of some structure. These are called
forgetful functors. For instance, we can consider the underlying set U(X) of a
topological space X, and this gives rise to the forgetful functor

U: Top — Sets.

Similarly, if K is a field, then every K-vector space V has an underlying abelian
group U(V'), and this gives rise to a forgetful functor

U: K-vect — Ab.

Here, we used that continuous maps are in particular functions of sets and that
K-linear maps are morphisms of abelian groups.
You should come up with at least five more examples of such forgetful functors.
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(5) To a pair of topological spaces (X, A) and to a fixed n € Ny, you can assign the nth
singular homology group of (X, A), H,(X, A). Then, this defines a functor from the
category of pairs of topological spaces to abelian groups.

(6) If you consider topological spaces with a chosen basepoint and if you assign to such
a space (X, x) its fundamental group with respect to the basepoint z, 71 (X, z), then
this defines a functor from Top, to the category of groups

m: Top, — Gr.

(7) A functor F': [0] — C corresponds to a choice of an object in C, namely F(0).

(8) A functor F': [1] — C corresponds to the choice of two objects in C, F/(0) and F(1),
and a morphism between them, F'(0 < 1):

FO0)—" L p(1),

(9) Let E be the category with two objects 0 and 0’ and an isomorphism between them,
that is, a morphism f € E(0,0') and a morphism g € E(0/,0), such that go f = 1
and fog = 1y. Then, a functor F' from F to any category C picks an isomorphism
in C between F'(0) and F'(0’). The category E is therefore often called the wandering
1somorphism.

(10) A functor F': [2] — C corresponds to the choice of a composable pair of morphisms
inC,s0 F(0<2)=F(1<2)oF(0<1).

F0) —2D gy

\ JF(1<2)
F(0<2)
F(2)

(11) We can assign to a set S the free group generated by S, Fr(S). A function of sets

f:S — T induces a group homomorphism
Fr(f): Fr(S) — Fr(T)
and hence Fr is a functor from the category of Sets to the category of groups.

(12) Similarly, we can send a set S to the free abelian group generated by S, Fra(sS).
This assignment is a functor as well.

(13) An innocent-looking but very important example of a functor is the (covariant)
morphism functor: For an arbitrary category C and any object Cy of C, we can
consider the map

C— C(Cy,C)
that sends an object C' of C to the set of morphisms from Cj to C' in C. This defines
a functor
C(Cy,—): C — Sets.

(14) Another important functor that is crucial for the discussion of limits and colimits
later is the constant functor. Consider two arbitrary non-empty categories C and D
and choose an object D of D. The constant functor from C to D with value D is

ADZC—)D, AD(C):D, AD(f):lp
for all objects C'in C and all f € C(C, Cy).
17



(15) Let M be a smooth manifold and let C'(M) be the real vector space of all smooth
real-valued functions on M. We denote by Sm the category of smooth manifolds
and smooth maps. The assignment M — C(M) defines a functor from the dual
category of Sm to the category of real vector spaces

C': Sm° — R-vect.

(16) Let X be a topological space, and let C be an arbitrary category. As discussed
earlier, Y(X) denotes the category of open subsets of X. Its objects are the open
subsets of X, and if U and V are objects of (X)), with U C V, then there is a
morphism if;: U — V.

A presheaf F on X is a functor F': U(X)P — C.

Often, the morphisms F(i;): (V) — F(U) are called restriction maps and
are denoted by resy . The property of F' to being a functor is then equivalent
to requiring that resyy = idy for all objects U of $4(X), and for open subsets
UcCV CWin X, it doesn’t matter whether you restrict from W to V and then
from V' to U or you restrict directly from W to U:

resw,y = resy,y o resyy.

Typical examples of presheaves are sets of functions on a topological space X,
such as the continuous functions from X to the reals. If p: F — M is a smooth
vector bundle on a smooth manifold M, then setting F'(U) to be the set of smooth
sections of p on the open subset U C M defines a presheaf.

If C is a concrete category (see [5.1.12), then the elements of F(U) are called
sections of F' on U, and F(X) are the global sections. Sometimes, these notions are
also used for general C.

REMARK 1.4.5. If F': C — D is a functor, then of course you can collect all objects of the
form F(C) for objects C of C and all morphisms F(f) for f a morphism in C, but beware
that the image of a functor is no subcategory of D in general.

Take, for instance, C as the category that consists of two disjoint copies of the poset [1]:

c: o ot

and let D be the category [2]. Then, we can define a functor from C to D by declaring that
F(f)=(0<1), F(f')=(1 <2). As f cannot be composed with f" in C, the composition
(0 < 2) is not in the image of C under F' [Sch70, 1.4.1.4].

Functors F': C — D are often called covariant functors, whereas functors F': C° — D are
called contravariant functors from C to D. Thus, these are assignments from the class of
objects in C to the class of objects in D, so that on the level of morphism sets, we get

F:C(C,C") — D(F(C"), F(0)),

with Fi(go f) = F(f) o F(g) and F(1¢) = 1pc).
Singular cochains (or singular cohomology groups) define a contravariant functor from
the category of topological spaces to the category of cochain complexes (or graded abelian

groups).
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If you assign to a vector space its dual vector space, then for every K-linear map f: V —
W, you get a K-linear map f*: W* — V* which is defined as ¢ — po f

v—L.w

N

K

This turns the process of building the dual of a vector space into a contravariant functor
from the category of K-vector spaces to itself.

EXAMPLE 1.4.6. Contravariant functors from the fundamental groupoid of a space X,
I1(X), to the category of abelian groups, G: II(X)° — Ab, are called (abelian) bundles of
groups on X or a system of local coefficients on X. This can be used to define homology
with local coefficients (see, for instance, [Ste43], [Wh78, Chapter VI], or [DKO01, Chapter
5]).

For every point € X, we get an abelian group G(z), and for every homotopy class [w]
of a path from z to y, there is a group homomorphism G([w]): G(y) — G(x). Note that the
G(Jw])s are automatically isomorphisms with inverse G([w]), where w is the time-reversed
path of w.

EXERCISE 1.4.7. Consider two groups GG, G’ and the corresponding categories Cg and Cgr
with one object and morphisms G and G’. Show that functors F': Cq — Cq correspond to
group homomorphisms f: G — G'.

EXERCISE 1.4.8. Let (5, <) and (7, <) be two posets. A morphism of posets is an order-
preserving function f: S — T, that is, if 57 < s9 in 5, then f(s1) < f(sg) in 7. Show that
functors from the category S to the category T' are precisely morphisms of posets.

Let C be a category, and let C' be an object in C. We can use the functors C(C, —) and
C(—,C) for testing whether C' is projective or injective. The following criterion is a direct
consequence of the definitions, bearing in mind that epimorphisms in the category Sets are
precisely surjective functions.

PROPOSITION 1.4.9.

e The object C is projective if and only if C(C, —): C — Sets preserves epimorphisms.

e The object C' is injective if and only if C(—,C): C° — Sets sends monomorphisms to
epimorphisms.

Functors can be used to compare categories.

DEFINITION 1.4.10.
e A functor F': C — D is an isomorphism of categories if there exists a functor G: D —
C with the properties F'o G = Idp and G o F' = Ide.
In particular, F' induces a bijection between the classes of objects of C and D and
on the morphism sets.
e A functor is full if the assignment

(1.4.1) F:C(C,C"Y = D(F(C),F(C"), f— F(f)
is surjective for all pairs of objects C,C” of C.
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e A functor is faithful if the assignment in (1.4.1)) is injective for all pairs of objects
C,C" of C.

e A functor is fully faithful if the assignment in (1.4.1)) is a bijection for all pairs of
objects C, C" of C.

e A functor F': C — D is essentially surjective if for all objects D of D, there is an
object C of C, such that F(C) is isomorphic to D.

EXERCISE 1.4.11. Let R be an associative ring with unit and denote by R’ the ring that
has the same underlying abelian group as R but whose multiplication is reversed. Show that
the categories of left R-modules and of right R°’-modules are isomorphic.

EXERCISE 1.4.12. Recall the join of categories from Definition [I.1.7] Show that there is
an isomorphism of categories between (C x D)° and D° x C°.

Prove that there is an isomorphism between the categories [0] * [0] and [1]. Show that
[i] % [7] is isomorphic to [i + j + 1].

EXERCISE 1.4.13. Let F': C — D be a faithful functor. Show that F' detects monomor-
phisms, that is, if F'(f) is a monomorphism, then f is a monomorphism. Do full functors
detect epimorphisms?

REMARK 1.4.14.

e Faithful functors can forget structure. For instance, the forgetful functor from groups
to sets is faithful.

e There are examples of functors that are fully faithful, but not isomorphisms of cate-
gories. The important point is that full faithfulness does not imply that the functor is
essentially surjective, and it does not rule out that the functor maps different objects
to the same image.

e If D is a subcategory of C, then there is an inclusion functor /: D — C. The category
D is a full subcategory of C if the inclusion functor is a full functor.

We can compose functors and we have identity functors, thus categories behave like
objects in a category. This can be made precise.

DEFINITION 1.4.15. We denote by cat the category whose objects are all small categories
and whose morphisms between a category C and a category D are all functors from C to D.

Why do we restrict to small categories? We insisted on the morphisms between two
objects forming a set. Take, for instance, the category of sets. The functors from Sets to
itself contain the constant functors, so for each set, there is a constant functor, with that set
as its value. This would already be a proper class of functors.

For a small category, we can define a suitable notion of connectedness.

DEFINITION 1.4.16. Let C be a small category. Two objects C and C5 are said to be
equivalent, if there is a morphism in C between C; and C3. We consider the equivalence
relation generated by this relation. Thus, two objects C, C' are equivalent if there is a finite
zigzag of morphisms of C connecting C' and C-
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If every object of C is connected to any other object in C, that is, if there is just one such
equivalence class, then we call the category C connected.

1.5. Terminal and Initial Objects

Some categories possess special objects.

DEFINITION 1.5.1.

e An object t of a category C is called terminal if there exists a unique morphism
fc: € —tin C from every object C' of C to t.

e Dually, an object s is called initial if there exists a unique morphism f¢: s — C in C
from s to every object C' of C.

e An object 0 is a zero object in C if it is terminal and initial.

REMARK 1.5.2. If ¢ is terminal, then the endomorphisms of ¢ consist only of the identity
map of ¢, and dually, the set of endomorphisms of an initial object is {1,}.

A small category that possesses an initial or a terminal object is connected.

Terminal and initial objects are unique up to isomorphism. If C has a zero object 0, then
for all pairs of objects C, C" in C, there is the unique morphism

C/
C’f—c>()f—>C”.

This is often called the zero morphism and is denoted by 0: C' — C".

EXERCISE 1.5.3.
e Show that any composite of a morphism with the zero morphism is zero.

o If f: C'— (" is a monomorphism and if the composition f o ¢ is the zero morphism,
then g = 0.

EXAMPLES 1.5.4.

e In the category of sets Sets, the empty set is the initial object and any set with one
element is terminal. There is no zero object in Sets. This changes if we consider the
category of pointed sets, Sets,. The objects of Sets, are sets with a chosen basepoint,
and morphisms are functions of sets that map the basepoint in the source to the
basepoint in the target. In this example, every set with one element is a zero object.

e Let R be an associative ring with unit. The category of left R-modules has a zero
object, and this is the zero module 0. For R = Z, we obtain that the trivial group is
a zero object in the category of abelian groups, Ab.

e This also applies to the category of groups: the trivial group is an initial object, and
it is also terminal.

e Let G be a group. In the translation category &g, every object is initial and terminal.
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EXERCISE 1.5.5. Let X be a partially ordered set. What does it say about the partial
order relation on X if X has a terminal or initial object? When does X possess a zero
object?

EXERCISE 1.5.6. Let C be an arbitrary category. Show that the join of C with [0], C * [0],
has 0 as a terminal object and that [0] * C has 0 as an initial object.

DEFINITION 1.5.7. The category C # [0] is the inductive cone with base C, and [0] % C is
the projective cone with base C.
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CHAPTER 2

Natural Transformations and the Yoneda Lemma

2.1. Natural Transformations

A typical example of a natural transformation is the connecting homomorphism for sin-
gular homology. Consider, for instance, the nth singular homology group of a pair of spaces
(X, A). There is a connecting homomorphism

6: Hy(X,A) — H,_1(A).
This morphism is natural for morphisms of pairs of topological spaces: if f: (X, A) — (Y, B)

is a continuous map f: X — Y with f(A) C B, then the following diagram commutes:

H,(X,A) =2 H,_,(A)

Hn(f)J/ lHnl(fA)

H,(Y,B) -2~ H,_1(B)

Thus, ¢ is a morphism between functors from the category of pairs of topological spaces
to the category of abelian groups, the functor (X, A) — H, (X, A) and the functor (X, A) —
H,,_1(A). The general definition is as follows:

DEFINITION 2.1.1.

e Let F,G be two functors from C to C'. A natural transformation n from F to G
consists of a class of morphisms ne € C'(F(C), G(C)), the components of n, such that
for every morphism f € C(Cy, Cy),

nCQOF(f) :G(f>077017
that is, the diagram

F(Cy) = G(CY)
F(f) lG(f)
NCy

commutes.

e Two functors F,G: C — C' are naturally isomorphic if there is a natural transforma-
tion 1 from F' to G, such that the components ne € C'(F(C), G(C)) are isomorphisms
for all objects C' of C.

REMARK 2.1.2. If 5 is a natural isomorphism, then the morphisms (n¢)~! assemble to a
natural transformation =, such that n=! is again a natural isomorphism.
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EXAMPLE 2.1.3. Two local coefficient systems G, G': II(X)° — Ab are isomorphic if there
is a natural isomorphism between them. If G is isomorphic to a constant local coefficient
system, then G is called simple.

EXERCISE 2.1.4. Let G and G’ be groups and let F, F": Cq; — C¢ be two functors. When
do we have a natural transformation n: F = F'?

We denote morphisms and functors by arrows. For natural transformations, it is common
to use = as a symbol. If 5 is a natural transformation from F' to G, then we write n: F' = G
for that fact. If we want to encorporate the functors F' and G into the picture, then we use
a 2-cell

as the corresponding diagram. You can compose natural transformations. Let F, G, and H
be functors from C to D and let n: F' = G, v: G = H. Then the composition v o 1 is a
natural transformation from F' to H, with components (v o1 n)¢ = v¢ o ne. This is often
called the vertical composition of two natural transformations:

F F
n
c%m =C {voun D.
V _

We fix some notation for the composition of natural transformations and functors. If
n: F' = G is a natural transformation between the functors F,G: C — C’ and if H: C' — C"
is a functor, then we denote by H(n): H o F = H o (G the natural transformation with
components

H(n)e = H(ne): H(F(C)) = H(G(C)).

Similarly, for a functor K : C' — C, the natural transformation ng: F o K = G o K is given
by
(K )e = nx(c): FIK(C)) = G(K(C)).
There is also the horizontal composition. Let C, D, and £ be three categories and let
F,G:C — D and F',G': D — & be functors with natural transformations n: F = G and
: F' = G’'. Then n and v can be used to construct a natural transformation between the

composite functors F' o F' and G’ o G. To this end, consider an arbitrary object C' of C and
the diagram

F(F(C)) —2 . (R (C))
F'(nc) G (nc)
, l Ya(c) , l
F(G(C)) G/(G(C)).
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This diagram commutes because of the naturality of ¢ applied to the morphism 7c. Define
the composition 1 oy n as the composite. This is depicted as

F F’ F'oF
/\ /‘\
¢’ D e E£=0C  (weam £
\5/ \G/ e

We always have the identity natural transformation ID: F' = F', whose components are
the identity on the objects F(C):
IDe = 1.

There is an interchange law for the vertical and horizontal compositions. If there are
three categories involved and two triples of functors, then in the diagram

F F’
C/Gun\pm
DL N (e

H H

£

the horizontal composition of v’ oy 7’ and v oy 1 agrees with the vertical composition of v oy v
and 7 og 7:
(v o17) oo (v o1 n) = (v eg v) o1 (11" o0 1),

F/oF
F 7
(2.1.1) N A
H'oH

This should remind you of the interchange law for the multiplication in a double loop
space, ensuring, for instance, that the homotopy groups m,(X,zy) of a pointed topological
space (X, zg) are abelian for all n > 2. In the following, we will not use the notation oy and
o; and we hope that it is clear from the context what kind of composition is used.

NOTATION 2.1.5. Let C be a small category and let C' be an arbitrary category. Then,
the functors from C to C’ form a category whose morphisms are the natural transformations.
We denote this category by Fun(C,(C’).

REMARK 2.1.6. We can jazz up the example cat to something that is called a 2-category:
the objects of cat are all small categories, the morphisms between a small category C and a
small category D themselves form a category where the objects are the functors from C to
D and the morphisms are the natural transformations between such functors. We will say
more about higher categories in [9.5]

EXAMPLES 2.1.7.
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e Let U denote the forgetful functor from the category of abelian groups to the category
of groups. There is a natural transformation between the functors Fr and U o Fra from
the category Sets to the category Gr, n. This is given by the abelianization (—),,. The
free abelian group generated by a set S, Fra(S) is isomorphic to the abelianization of
the free group generated by S, Fr(S)/[Fr(5), Fr(S)], and any function f: S — T of
sets renders the following diagram commutative:

Fr(S) —= Fra(S)
Fr(f)l lFra(f)
Fr(T) —= Fra(T)
e Let V be a K-vector space. There is a canonical map from V' to its double dual
y: V=V 0 (o= p),veV,pe V™.
For any K-linear map f: V — W, we have 1y o f = f** o1y, and therefore, ¢ is
a natural transformation between the identity functor and the functor that sends a
vector space to its double dual and sends a K-linear f to f**.
e The category of presheaves on a topological space X with values in a category C forms
a functor category. Its objects are the presheaves on X and its morphisms are the
natural transformations, that is for two presheaves F' and G on X a morphism from

F to G is a family of morphisms in C (fy: F(U) = G(U))vev(x) which is compatible
with the restriction maps; that is,

fu
—_

commutes for all open subsets U C V of X. For instance, if X is a smooth manifold,
then the inclusion of the smooth real-valued functions into the continuous real-valued
functions is a morphism of presheaves.

For groups we know the notion of the center of a group. It consists of all elements in the
group that commute with all other elements. In category theory we can express centrality
as follows:

DEFINITION 2.1.8. Let C be a small category. The center of C, Z(C), is the set of natural
transformations from the identity functor on C to itself.

ExaMpPLE 2.1.9. Consider the case of a category Cq for a group G. A natural transfor-
mation 7 from Id¢, to itself consists of a morphism 7, from the only object of Cq to itself;
hence, 7, is an element of the group G, and we call this element g,. The naturality condition
then means that for all h € G, the composition hon, = h - g, is equal to the composition
N« o h = g, - h. Hence, the center of the category C¢ is the center of the group.

EXERCISE 2.1.10. Show that the center of a small category is always an abelian monoid.

EXERCISE 2.1.11. Prove that the center of the category of left R-modules for an asso-
ciative ring with unit is the center of the ring R. It helps to study ng first!

26



2.2. The Yoneda Lemma

The Yoneda lemma controls natural transformations from a representable functor to
another functor.

DEFINITION 2.2.1. A functor F': C — Sets is representable if it is isomorphic to a mor-
phism functor, that is, there is an object C' of C and a natural isomorphism

n: C(C,—)=F.
In this case, the pair (C,n) is called a representation of F.

Of course, morphism functors C(C, —) are representable with the pair (C,ID) as a rep-
resentation.

THEOREM 2.2.2. (Yoneda lemma) Let C be a category and let F' be a functor from the
category C to the category Sets.

(1) For each object C' of C, there is a bijection Y (F,C) between the set of all natural
transformations from C(C, —) to F, Nat(C(C,—), F), and the set F'(C).

(2) The bijections (Yr)c := Y (F,C) are the components of a natural transformation
Ye: Nat(C(—,—),F) = F.

(3) If C is small, then the bijections (Y¢)r := Y(F,C') are the components of a natural
transformation from the functor

Nat(C(C, —),—): Fun(C, Sets) — Sets
to the functor e : Fun(C, Sets) — Sets that sends F' to the set F/(C).

P(PS)?J};C 1 be such a natural transformation, then, in particular, for all objects C” of C,
there is a function
ne: C(C,C") — F(C").
One defines Y (F,C) as
Y(F,C)(n) :==nc(le).
We have an evaluation map
C(C,C") x F(C) — F(C")
that sends a pair (f,z) to F'(f)(z). Fixing x € F(C), this yields for f € C(C, (")
T(F, Cacr(f) = F(f)(2),
and if we vary f, we obtain a function
T7(F,C)pcr: C(C,C") — F(C'),

and we claim that this yields a natural transformation 7(F,C),: C(C,—) = F. For
a morphism g € C(C’,C"), we get for all f € C(C,C")

F(g) o 7(F, C)acr(f) = F(g)(F(f)(x)) = F(g o f)(x)
= T(Fv C)LL’,C” o C(O7 go f) = T(F7 C)ac,C” o C(Cv g)(f)
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and thus
F(.g) o T(F) C)$,C’ = T(F, C)x,c” o C(O, g)

The maps Y (F,C) and 7(F,C) are inverses of each other. For any z € F(C),
we have

Y(F,C)(1(F,C);) = 17(F,C)pc(lc) = F(le)(x) = 1pey(x) = .
>_>

On the other hand, for every natural transformation n: C(C
every f: C'— C" in C, we get that

T(F, C)yrcym.c (f) = 7(F,Clyeae).o(f) = F(f)(ne(le))
=nc(C(C, f)(1e)) = ne(f o 1¢) = ner (f).

For the claim about the naturality in C, we consider the functor N: C — Sets, which
is defined on objects as

N(C) := Nat(C(C, ), F).
For f: C'— C', we set N(f): Nat(C(C,—), F) — Nat(C(C’,—), F) as
N(f)(n) :==noC(f,—).

The natural transformation Yz: N = F' is defined as (Yr)c := Y(F,C), and
the following straightforward calculations

(Y (F,C") o N(f))(n) =Y (F.C")(noC(f, =) = (noC(f, =) (1cr) = ner(f)

and

= F and for

(F(f) o Y(F,C)(n) = F(f)(nc(le)) = ner o C(f, =) (1) = ner (f)
yield the claim. We also get (Yr)cr o N(f) = F(f) o (Yr)c.

If C is a small category, then the functors from C to the category of sets form a
category, Fun(C, Sets), with the natural transformations as morphisms. For a fixed
object C' of C, we define a functor

T: Fun(C,Sets) — Sets, Y(F):= Nat(C(C,—), F).

Let G be an object of Fun(C, Sets), that is, a functor from C to the category of sets,
and let v: F' = G be a natural transformation. We define

T(7): Nat(C(C, —), F) — Nat(C(C, —), G)

as T(y)(n) :==yon.
We consider the evaluation functor at an object C'in C, e¢: Fun(C, Sets) — Sets,
which sends a functor F': C — Sets to

eo(F) == F(C)

and ec(y) = 7o
We define Yo: T = ¢ as

(Yc)p = Y(F, C)

Then, a calculation shows that (Yo)g o Y(v) = ec(y) o (Yo )r for any G as above.
OJ
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REMARK 2.2.3. The Yoneda lemma is one of the most important tools in category theory
and its applications. You can express the set F'(C') as a set of natural transformations, and
often, this is a means to control the functor F. You can also use it to control the objects in
C as follows:

For instance, a representation of a functor F', that is, a natural isomorphism n: C(C, —) =
F| is determined by F(C).

COROLLARY 2.2.4. Let C be an arbitrary category and let C', C" be two objects of C. Then,

there is a bijection between the set of natural transformations between the representable
functors C(C, —) and C(C", —) and the set of morphisms C(C’, C).

This innocent-looking corollary has many applications. For instance, cohomology oper-
ations of singular cohomology can be described using this result. For that application, we
actually need a contravariant version of the Yoneda Lemma and its consequences.

First, we describe how different representations of a representable functor can be.

LEMMA 2.2.5. If a functor F': C — Sets has two representations, n: C(C,—) = F and
7:C(C',—) = F, then C' and C" are isomorphic in C.

PrOOF. We define f: C — C" as n5/ (c/(1er)) and g € C(C',C) as 75 (ne(1c)). We
have to check that fog=1¢ and go f = 1¢. We prove the first equality; the proof of the
second one is similar. The diagram

1o € C(C',C") -5 F(C) +—<—¢(C, ")

(—)ogJ lF(g) l(—)og

gec(C,0)— % F(O)«—Xc(C,C) 3 1e
commutes. As 7¢(g) = nc(1¢), we get that fog=nz'70(g) = le. O

EXERCISE 2.2.6. Dualize the Yoneda lemma to the context of contravariant functors from
the category C to the category of sets.

The nth singular cohomology group of a space X with coefficients in an abelian group
A is isomorphic to the homotopy classes of maps from X to an Eilenberg-Mac Lane space of
type (A4,n). The latter is a space denoted by K (A, n) of the homotopy type of a CW space,
such that
A, ifi=mn,
0, otherwise.

mK(A,n) = {

The K(A,n) are infinite loop spaces, and hence, the set of homotopy classes of maps
[X, K(A,n)] is actually an abelian group for all n > 0 and

HP(X; A) 2 [X, K(A,n)]
is an isomorphism of abelian groups that is natural in the space X. Thus the functor X
H"(X; A) is representable. A cohomology operation Q4. Bm): H"(X;A) = H™(X; B),
which is natural in X, can hence be identified with a natural transformation between the
functors X — [X, K(A,n)] and X — [X, K(B,m)], and these in turn are in bijection with
[K(A,n), K(B,m)] = H™(K(A,n); B). Here, we actually get an isomorphism of abelian
groups: we will later see versions of the Yoneda lemma in enriched settings (see and
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Proposition [2.4.5). As K(A,n) doesn’t have nontrivial cohomology groups below degree n
(due to the Hurewicz theorem), these operations are trivial for m < n. For A= B =TF,, a
prime field, the collection of all such cohomology operations constitutes the Steenrod algebra.

More generally, Brown’s representability theorem states that every generalized cohomol-
ogy theory can be represented by an Omega spectrum (JAd74], [SwT5, chapter 9]).

By changing our point of view, we can use the Yoneda lemma to say something about
the assignment that sends an object C' of a small category C to the representable functor
C(C,—). A morphism f € C(C,C") induces C(f,—): C(C",—) — C(C,—), and hence, we get
a functor

Y': C° — Fun(C, Sets).

THEOREM 2.2.7. (Yoneda embedding) The functor Y is fully faithful, and two mor-
phism functors C(C’, —) and C(C, —) are isomorphic if and only if the objects C' and C” are
isomorphic.

PrOOF. Corollary ensures that the functor Y is fully faithful.

If C and C" are isomorphic, then there are morphisms f: C' — C’ and ¢g: ¢ — C, such
that the precomposition with f and g induces a natural isomorphism between the functors
C(C’",—) and C(C, —).

If we assume that the functors C(C’,—) and C(C,—) are isomorphic, then there is a
natural isomorphism 7: C(C, —) — C(C", —), which corresponds to an element f, € C(C’,C)
by Corollary [2.2.4] The inverse of 7, say 7, corresponds to an f, € C(C,C"), and the Yoneda

lemma implies that f; is inverse to f,. 0

Morphisms in a category induce natural transformations of morphism functors. The
Yoneda lemma relates properties of morphisms to the properties of the induced natural
transformation.

LEMMA 2.2.8. Let f € C(C1,Cy) and let C(f, —) denote the induced natural transforma-
tion, with
C(f,—)c, =C(f,C3): C(Cy,C3) — C(Ch, Cs).
Then, C(f,C3) is a monomorphism for all objects C5 of C if and only if f is an epimorphism.
Dually, C(f, C3) is an epimorphism for all objects C5 of C if and only if f has a left inverse.

Note that the natural transformations from C(Cy, —) to C(Cy, —) are in bijection with
C(C1,Cy) and under this bijection C(f, —) corresponds to f.

PROOF. For every g € C(Cy,C3), C(f, —)cs(g9) = g o f. This shows the first claim. If
C(f,—)c, is an epimorphism, then it is surjective, and thus, there is an h € C(Csy, C) with
ho f = 1¢,, thus f has a left inverse. Conversely, if f has a left inverse h and if g € C(C, C3)
is any morphism, then g is equal to C(f, —)(gh). O

2.3. Equivalences of Categories

Often, we would like to compare different categories. In topology, you have notions
of homeomorphisms and homotopy equivalences. Homeomorphisms correspond to actual
isomorphisms in the category of topological spaces, whereas homotopy equivalences are a

30



weaker, but nonetheless very important method to compare spaces. The corresponding
notions in category theory are isomorphisms of categories and equivalences of categories.
We will see a direct connection to properties of topological spaces in Theorem

DEFINITION 2.3.1. A functor F from C to C’ is called an equivalence of categories if there
is a functor G from C’ to C, such that there is a natural isomorphism between the identity
functor on C' and F' o G and one between G o F' and the identity functor on C.

ExXAMPLE 2.3.2. Let £ be the translation category of a discrete group G, as in Example
1.2.3] Then, &; is equivalent to the category [0] with one object and one identity morphism.
There is a unique functor P: £; — [0], sending every object to 0 and every morphism to the
identity morphism on 0. We define F': [0] — &g via F(0) = e, where e denotes the neutral
element in G, and we set F(1p) = e. The composite P o F' is the identity functor on the
category [0], whereas the composite F'o P sends any morphism h: g — hgin g toe: e — e.

We define n: F'o P = Idg, by setting

Ng: FroP(g) =e— g=1Idg,(9)

to be the morphism ¢g: e — ¢ in the translation category. As the diagram

ng:FoP(g):e—g>g

FoP(h):el lld(h):h

Nhg: F o P(hg) ZGLMLLQ

commutes for all h, g € G and as &g is a groupoid, this defines a natural isomorphism.

EXERCISE 2.3.3. Show that the composition of two equivalences of categories is an equiv-
alence.

Prove that two auto-equivalences of a category C, F' and F”, do not have to be isomorphic
[Sch70, 16.2.3].

We will later see in Theorem that functors that are essentially surjective, full, and
faithful are actually equivalences of categories.

2.4. Adjoint Pairs of Functors

The definition of adjoint functors goes back to Kan [K58al and is one of the fundamental
concepts of category theory.

DEFINITION 2.4.1. Let C and C’ be categories. An adjunction between C and C' is a pair
of functors L: C — C’, R: C' — C, such that for each pair of objects C' of C and C’ of (',
there is a bijection of sets

(2.4.1) wocor: C'(L(C),C") = C(C,R(C")),

which is natural in C' and C".
The functor L is then left adjoint to R, and R is right adjoint to L. We call (L, R) an
adjoint pair of functors.
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The naturality condidition on the bijections ¢ ¢ can be spelled out explicitly as follows:
For all morphisms f: C'— D in C and g: C" — D’ in C’, the diagram

C'(Lf,C") C'(L(C),9)

C'(L(D),C")

@D,C’l l%oc,c/ lWC,D’
¢(D, R(c")) 2L e rierny) S (o) R(DY)

C'(L(C), ") C'(L(C), D)

commutes.

One often denotes adjunctions as C<—%>C’ oras L: C—(C": R.

ExXAMPLES 2.4.2. A prototypical example of an adjunction is a forgetful functor and
a 'free’ functor: if R = U is a forgetful functor and if a left adjoint of U exists, then
the defining property from means that for each morphism from C' to U(C") in the
underlying category, there is a unique corresponding morphism from L(C') to €, so, in this
sense, L(C) is the free object associated with C.

e For instance, let U be the functor that maps an abelian group A to the underlying
set of A and Fra is the functor that sends a set S to the free abelian group with basis
S, @4 Z. Then Fra is left adjoint to U: for any function f from S to the underlying
set of an abelian group A, there is a unique morphism of abelian groups from Fra(.S)
to A extending f that is determined by sending the basis element of the copy of Z in
component s € S to f(s).

e Similarly, we can consider the forgetful functor from the category of Lie algebras over
a field K to the category Sets. For simplicity, assume that the characteristic of K
is not equal to 2 or 3. This forgetful functor has as a left adjoint the functor that
sends a set S to the free Lie algebra, Li(S), over K generated by the set S. An ad
hoc way to describe Lk (S) is to consider the K-vector space generated by all iterated
formal Lie brackets on pairwise different elements of .S, that is, expressions of the form
[s1, [[S2, S3], $4]], and then to divide out by the antisymmetry and Jacobi relation. If
you want to learn more about this, then Reutenauer’s book [Re93| is an excellent
source.

EXERCISE 2.4.3. Let U denote the forgetful functor from the category of topological
spaces to the category of sets. Does U have a left adjoint? What about a right adjoint?

EXERCISE 2.4.4. Fix an arbitrary commutative ring with unit, k, and a small category
C. Functors from C to the category of k-modules are called C-modules. Note that the set of
natural transformations between two C-modules carries the structure of a k-module.

For any object C of C, the functor C' — k{C(C,C")} is a C-module. Prove the following
k-linear version of the Yoneda lemma by using the free-forgetful adjunction between the
category of Sets and the category of k-modules:

ProproOSITION 2.4.5. For each object C' of C and for every C-module F, there is an
isomorphism of k-modules Yrc between the k-module of all natural transformations from

E{C(C,—)} to F, Nat(k{C(C, —)}, F), and the k-module F'(C).

We can describe adjunctions in a different manner:
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PROPOSITION 2.4.6. The following are equivalent:

(1) The functor L is left adjoint to R (and hence R is right adjoint to L).
(2) There are natural transformations 7: Id = Ro L and ¢: L o R = Id with the
properties that

er o L(n) =1d;, and R(g) o ng = Idg;
hence, the diagrams

L(n) MR(c’)

L(C) —% LRL(C) and R(C") —S'RLR(C')

eL(o) R(epr(cry)
59¢e) Lr(en

L(C) R(C")
commute for all objects C' of C and C” of C'.
The transformation 7 is called the unit of the adjunction and € is the counit.
ProOF. Given an adjunction, we obtain n¢ as

Tlc ‘= (PC,LC(lLC)a Egr = @Eé’/’a(ch/)-

Here, 1,0 € C'(LC,LC) and 1ger € C(RC’, RC"). The naturality of the bijections ¢ o
guarantees that 1 and € are indeed natural transformations. A calculation shows that they
satisfy the required properties.

Conversely, if n and € are natural transformations satisfying

er o L(n) =1d, and R(e) o ng = Idp,
and if f € C'(LC,C"), then we define pccr(f): C — RC' as

R(f)

C—" RLC=RC.

By construction, ¢ ¢ is natural in C' and C” and is a bijection. O

REMARK 2.4.7. Proposition allows us to make the isomorphism @¢ ¢ and its inverse
explicit. In the proof, we saw that pc o (f) = R(f)one. Conversely, if g € C(C, R(C")), then
goalc, (9) = €cv o L(g). Often, for instance, if R is a forgetful functor, then ¢ o/ (f) can be
thought of as a morphism that has less information than f, and one might denote p¢ ¢ (f)
by f° (thinking of the underlying category as being lower than the original one). Similarly,
ga(jlc, (g) might be denoted by g*. Note, however, that this usage is not at all standard. Some
authors actually use the reverse notation.

EXERCISE 2.4.8. Show that adjunctions can be composed. Let L:CZ—=C’": R and
L': C'—=C": R’ be two adjunctions. Prove that L'L: C—=C": RR' is an adjunction.
What are the unit and the counit of this adjunction?

ProposITION 2.4.9. If (L, R) is an adjoint pair of functors, then each of the functors L
and R determines the other functor uniquely up to isomorphism.
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PRrROOF. Assume that R has two left adjoints functors, L and L’. Then, for all objects
C of C and D of D, we have bijections
D(LC,D) = C(C,RD) = D(L'C, D)

that are natural in C' and D. By Lemma [2.2.5 we get that LC' = LC", and this isomorphism
is also natural in C'; hence, L and L’ are isomorphic as functors. The argument for L with
two right adjoints is similar. 0

EXERCISE 2.4.10. Let F': C — D be a functor. Express the existence of a right adjoint
of F'in terms of representability of functors.

The counit of an adjunction actually tells us about the properties of the right adjoint
functor.

PrOPOSITION 2.4.11. Let L: C——C’": R be an adjunction and let ¢: LR = Id be its
counit. Then,

(1) The functor R is faithful if and only if the morphism ec: LR(C') — C’ is an
epimorphism for all objects C” of C’.

(2) The functor R is full if and only if for all objects C” of C’, the morphism e : LR(C") —
C" has a left inverse.

Hence, the functor R is fully faithful if and only if ¢/ is an isomorphism for all objects C”.
In this case, both nr and Ln are natural isomorphisms.

PRrROOF. The functor R gives a function on sets from C'(C7, C%) to C(R(C}), R(CY)), and
we compose this map with 90]_{(101),02 to end up in C'(LR(CY), Ch):
C'(C1,Cy) — C'(LR(CY), C).
This map is determined by its effect on 1¢, but then, we obtain e¢; as its image. The Yoneda
lemma then implies that the map above is C'(ecr, C5). As 90&20{ ).c, IS an isomorphism, R is
full (or faithful) if and only if C'(e¢;, —) induces an epimorphism (or monomorphism). We
saw in Lemma @ that this is the case if and only if C'(e¢;, —) is a split monomorphism

(or an epimorphism).
The identities

R(ec) onre = 1re, eLp o L(np) = 11p
hold for all objects C' of C and D of D. If we assume (1) and (2), then e,p and ¢ are
isomorphisms, and hence, nrc and Lnp are isomorphisms as well. O

EXERCISE 2.4.12. Can one dualize Proposition [2.4.11] and obtain statements about the
unit and the properties of L7

How does one actually construct adjunctions? Sometimes you might be able to guess
what an adjoint should be on objects. The following concepts then allow you to construct
an actual adjunction from these partial data.

DEFINITION 2.4.13. Let F': C — D be an arbitrary functor and let D be an object of D.
A reflection of D at F is a pair (Gp,np), where
e (Gp is an object in C, and
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e p: D — F(Gp) is a morphism in D,
with the property that for all objects C' of C and for all g: D — F(C), there is a unique
f:Gp — C, with

F(f)onn =g.
F(O).

As usual, the universal property ensures uniqueness. In the following, an isomorphism
between two reflections (Gp,np) and (G5, np) of D at F' is a morphism f € C(Gp,G’),

with F(f)onp = np.

LEMMA 2.4.14. Let F': C — D be an arbitrary functor and let D be an object of D.
Then, a reflection of D at F' is unique up to unique isomorphism.

PROOF. We assume that both (G'5, 7)) and (Gp,np) are reflections of D at F. The
defining property then yields a unique f: Gp — G’ with F(f) onp = 1}, and vice versa,
there is a unique f’: G, — Gp, with the property that F'(f") on}, = np. However, this also
implies

F(fo f)onp=F(f)oF(f)onp=npand F(f'o f)onp=F(f')oF(f)onp=np.

The uniqueness of f' o f and f o f’ therefore ensures that

flof=1g, and f'o f =1q .
0]

A reflection gives us an object G p, together with a structure morphism np: D — F(Gp),
and this map is optimal in the above sense. If such a reflection exists for every object, then
we can actually glue these reflections together and get a functor.

LEMMA 2.4.15. Let F': C — D be a functor and assume that for all objects D of D, there
is a reflection of D at F, and let (Gp,np) denote our choice of a reflection of D at F.
Then there is a unique functor L: D — C, such that

e for all objects D of D: L(D) = Gp, and
e the morphisms np: D — F(Gp) yield a natural transformation 7: Id = FL.

PRrROOF. Of course, we define L(D) := Gp. Let h: D — D’ be a morphism in D and let
(Gp,np), (Gpr,np) be the reflections of D and D', respectively, at F. Consider the solid
diagram

D—""4 F(Gp)

h
joh .7
Np’ nDk""J.‘ (f)
D PG,

There is a unique f: Gp — Gp with

F(f)onp =mnp oh.
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We define L(h) as f and show now, that this assignment actually produces a functor. Note
that by construction, this ensures that the morphisms 7p are natural.
Let k: D' — D" be another morphism in D and let g: Gpr — Gpr be the uniquely
defined morphism that satisfies F'(g) o np = np» o k. We get
F(L(k)o L(h)) onp = FL(k) o FL(h) o np,
because F' is a functor. By definition

FL(h)onp = F(f)onp =np oh,
so, in total, we get that the following diagram commutes:

V4 A
F(g) FL(k)

pr—— ™" F(Gpr) == FL(D")
in particular, F(L(k)o L(h))onp = np»okoh. On the other hand, by construction, we get
that F'L(koh)onp =mnpro(koh), and thus, uniqueness implies
Lk o h) = L(k) o L(h).
We still have to show that L(1p) = 11(p) holds. Consider the diagram

D25 F(Gp)
I )
D 25 F(Gp).

We get a unique f with the property that F'(f) onp = np o 1p. But the identity on Gp
satisfies the same equality, and hence, f = 1g,, = 1p). O

We can now provide a criterion for testing when a functor is a left adjoint to a given
functor F'. In particular, any functor constructed by Lemma [2.4.15| actually gives rise to a
left adjoint functor.

PRrROPOSITION 2.4.16. A functor L: D — C is left adjoint to a functor F': C — D if and
only if there is a natural transformation n: Id = F o L, such that for all objects D of D the
pair (L(D),np: D — FL(D)) is a reflection.

PROOF. Assume the existence of n with the required properties. Then, we have to
construct a counit e: FLL = Id. By assumption, for every FC, we have the reflection
(LFC,npc: FC — FLFC). This ensures that there is a unique e¢: LFC — C, with the
property that the diagram

Fo S FLFC

FCJ/ ' Flec)
FC
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commutes. We have to show that the o are actually natural in C. Let h: C' — C’ be a
morphism in C. As 7 is a natural transformation, the diagram

1r(o)

NF(C) F(ec)

F(C)—S FLF(C)

F(h) FLF(h) lF(h)

Nrch)

F(C) SRRy p(er)

commutes and we obtain

F(ecro LF(h))onpc = F(ecr)o FLF(h)onpe = F(ecr) onper o F(h) = 1pcro F(h) = F(h).
On the other hand, as F' is a functor and thanks to the property of ¢, we also get

F(hoeg)onpe = F(h)o F(ec) onpe = F(h) o 1pc = F(h).
The uniqueness of the morphisms involved therefore shows h o ec = e¢v o LF(h), and thus,
€ is natural. Similarly, as
F(erpo L(np)) onp = F(erp) o FL(np) o np = np = F(1zp) o np,

the uniqueness of the morphisms involved shows that e;p o L(np) = 1.p. As npco F(eq) =
1pc holds for all objects C of C by assumption, this shows that L is left adjoint to F' by
Proposition [2.4.6]

Let us now assume that L is left adjoint to F' and let ypc: C(LD,C) = D(D, FC) be
the binatural bijection of the adjunction. We claim that for all objects D of D, the pair
(LD, ¢p rp(1rp)) is a reflection.

Let C' be an arbitrary object of C and let k: D — FC be an arbitrary morphism in D.
As pp ¢ is a bijection, we can write k uniquely as k = ¢p ¢(h) for a unique h: LD — C.
The naturality of ¢p ¢ implies that

¥YD,LD

C(LD,LD) D(D, FL(D))
C(LD,h)l lD(D,F(h))
C(LD,C)—% ., D(D,FC)

commutes, so chasing 1;p through that diagram gives

lipt ep.o(1p)
C(LD,h)I :[F(h)
h+———vrpc(h) =k =F(h)owvprp(lLp)
Let h': LD — C be another morphism with the property that
F(h’) © SOD,LD(lLD) =k,
then we obtain with a similar diagram chase

¢p.c(l) = ¢p,c(C(LD,N)(1rp)) = D(D, F(h)(¢p.rp(lLp)) = F(I')(¢p,Lo(lrp)) = k,
and as ¢p ¢ is injective, this proves that h = h'. 0
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Reflections are often used in order to understand subcategories:

DEFINITION 2.4.17. Let C' be a subcategory of a category C and let I: C" — C denote
the inclusion functor. Then C’ is called a reflective subcategory of C if the functor I has a
left adjoint L.

REMARK 2.4.18.

e The functor I is always a faithful functor. Hence, Proposition implies that the
counit ecv: LI(C") — C" is an epimorphism for all objects C” of C'.

e If C' is a reflective subcategory of C’, then for every object C' of C, there is an object
L(C) of C’, and there is a morphism nc: C' — IL(C), the unit of the adjunction,
which satisfies the properties of Definition [2.4.13]

o If a reflective subcategory C’ of C is full, then by Proposition we know that the
counit ecr: LI(C") — C” is an isomorphism for all objects C” of C'. Thus, L doesn’t
change the objects of C'.

EXAMPLE 2.4.19. The subcategory of abelian groups inside the category of groups is full.
The abelianization functor sends a group G to G/[G,G]. As

Gr(G, A) = Ab(G/[G, G], A)

for all abelian groups A, the abelianization functor is left adjoint to the inclusion functor
and Ab is a reflective subcategory of Gr.

EXERCISE 2.4.20. Let Ab’ be the subcategory of Ab of all finitely generated abelian
groups. Show that Ab’ cannot be reflective.

2.5. Equivalences of Categories via Adjoint Functors

We use reflections and adjunctions in order to describe equivalences of categories. In
particular, every equivalence of categories is given by an adjunction.

THEOREM 2.5.1. Let F': C — D be an arbitrary functor. Then the following are equiva-
lent.

(1) The functor F' possesses a left adjoint L, and the corresponding natural transfor-
mations €: LF' = Id and n: Id = F'L are natural isomorphisms.

(2) There is a functor L: D — C and two arbitrary natural isomorphisms Id = F'L and
LF =~ 1d.

(3) The functor F' is fully faithful and essentially surjective.

PrOOF. The fact that (1) implies (2) is clear. If we assume (2), then there is an isomor-
phism from every object D of D to FLD, and therefore, with C' = LD, we get that F is
essentially surjective.

The composite F' o L is naturally isomorphic to the identity. This implies that F o L if
fully faithful; this in turn implies that L is faithful and F' is full. Vice versa, the natural
isomorphism from L o F' to the identity functor yields that L o F' is fully faithful and hence
that L is full and F' is faithful. Thus (2) implies (3).

Let us now assume that (3) holds. For every object D of D, we choose an object C of C
with D = F'C'. We denote C' by LD and fix an isomorphism np: D — FLD for every D. If
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C' is an arbitrary object of C and if g: D — F'C’ is a morphism in D, then the composite
—1
FLD—"——D— L FC’
is of the form F'(h) for a unique h: LD — C', because F' is fully faithful by assumption. This
shows that the pair (LD, np) is a reflection of D at F' and hence that L is a left adjoint to F’
by Proposition [2.4.16, The morphisms 7p are isomorphisms by construction, and they are

natural by a similar argument, as in the proof of Lemma [2.4.15 The remaining properties
follow from Proposition [2.4.11 O

2.6. Skeleta of Categories

DEFINITION 2.6.1.

e A category is called reduced if isomorphic objects are identical.

e A subcategory S of a category C is a skeleton if S is reduced and if the inclusion
S — C is an equivalence of categories.

EXAMPLES 2.6.2.

e Consider the category of finite sets and functions. It contains the full subcategory
whose objects are the sets of the form {1,...,n} for n > 0. Here, we use the convention
that the empty set is encoded by n = 0. The inclusion functor is full and faithful. As
every finite set is in bijection with a standardized set of the form {1,...,n} as above,
the inclusion functor is also essentially surjective. Therefore, these finite sets build a
skeleton.

e A similar example is the category of finite-dimensional K-vector spaces. This has as
a skeleton the full subcategory of vector spaces of the form K™ for some finite natural
number n. Here, n = 0 encodes the zero vector space.

For reduced categories, it is easy to check whether we have an equivalence.

LEMMA 2.6.3. Assume that C' and D’ are reduced categories, and let F': C' — D’ be a
functor. Then the following are equivalent:
(1) F is an isomorphism of categories.
(2) F is an equivalence of categories.

PrOOF. Of course, (1) implies (2). Assume that F' is an equivalence of categories. Then
it is fully faithful and essentially surjective. Assume that there are objects C; and Cs of C,
with F(Cy) = F(Cy) = D. As F is fully faithful, there are unique morphisms f: C; — Cy
and g: Cy — Cy with F((f) = 1p = F(g). Wealso get F'(fog) = F(le,) = F(l¢,) = F(gof),
and again, by F' being fully faithful, this ensures that f and g are inverse to each other, and
hence, C1 = C5. Thus F' is bijective on objects. As it is also bijective on morphisms, F' is
an isomorphism. O

Assuming the axiom of choice gives the following result:
PROPOSITION 2.6.4. Every category C possesses a skeleton.

Proor. We declare two objects C; and C5 of C to be equivalent if and only if they
are isomorphic. We choose a representative of every equivalence class and consider the full
subcategory C’ of C consisting of these objects. Let I: C" — C be the inclusion functor.
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We define P: C — C' as follows: For every object C” of C" and every object C' of C that is
isomorphic to €', we choose an isomorphism a$ : C’ — C, such that ag: = 1¢r. Then, P

sends C' to €', and an f € C(Cy,Cy) is mapped to P(f) = (agé)’1 ofo agi:

P(f)

) ——=Cj

Lemma then yields the following fact:

COROLLARY 2.6.5. Two categories C and D are equivalent if and only if their skeleta are
isomorphic.
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CHAPTER 3

Colimits and Limits

Limit and colimit constructions appear in many areas of mathematics. You probably
know examples of colimits and limits. If you glue two topological spaces together, that is a
pushout. You might have met fiber products of spaces, for instance, in the disguise of the
preimage of a continuous map. The Hawaiian earring is an inverse limit. In algebra, you
have encountered products of groups or direct sums of abelian groups. Sometimes limits
or colimits do not exist. If you consider the category of fields, then this category does not
possess products. The underlying set of a product of fields had to be the product of the
underlying sets, but then the multiplication would have zero divisors.

3.1. Diagrams and Their Colimits

Let D be a small category and let C be an arbitrary category. A functor F': D — C
can be thought of as a diagram in C, with objects F(D) € C for all objects D of D and
morphisms F'(f) between F(D) and F(D') for f: D — D" in D. Recall that we denote by
Fun(D, C) the category of functors from D to C, with natural transformations as morphisms.

What should be the (co)limit of F' if the diagram is as follows?

- )l W) FV'
51
A)

F(Ds) F(Dy) F(D;3)

F(fs3)

Does it exist? If yes, how can we describe it?

DEFINITION 3.1.1. We let
A: C — Fun(D,C)
be the functor that assigns to an object C' of C the constant diagram, that is, A(C)(D) = C
for all objects D of D, and an f € D(D, D’) is sent to A(C)(f) = 1c.

If g is a morphism in C from C to C’, then g induces a natural transformation of functors
Ay A(C) = A(C).
DEFINITION 3.1.2. A colimit of a functor F': D — C consists of

e an object of C, denoted by colimpF', and
e a natural transformation

(3.1.1) 7: F = A(colimpF).
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e The pair (colimpF, 7) is universal with respect to all natural transformations 7/: F =
A(C), that is, for all such 7/, there is a unique morphism ¢: colimpF — C', such that
T =A(&)orT:

S~ <

u A(C).
A(E)
A(colimp F')

Locally, this looks like the following picture:
F(Dy)

Thus, the colimit, colimp F', is an object of C that is 'as close to the diagram F' as possible’
with respect to morphisms out of the diagram.

A natural transformation n from F' to A(C) is often called a cone from F over C. A
colimit is then a cone, as in , and is sometimes called a limiting cone or a universal
cone [ML98| p. 67].

The usual abstract nonsense argument tells you that colimits are unique up to canonical
isomorphism, if they exist. If you have two colimits of the same diagram, then the universal
property ensures the existence of a unique morphism from one to the other and vice versa.
And again by uniqueness, the two compositions of those two morphisms have to be identity
morphisms because these also fit the bill.

The colimit over the empty category is defined to be the initial object of C, if this exists.

EXERCISE 3.1.3. Show that if G: D — C is another functor and if a: F' = G is a natural
transformation, then « induces a morphism colimpa € C(colimpF, colimpG). Prove that
this turns colimp into a functor from Fun(D,C) to C.

The universal property of the colimit can equivalently be described in terms of adjunc-
tions.

PROPOSITION 3.1.4. If the colimit (colimpF, 7) exists for all functors F': D — C, then
the functor colimp: Fun(D,C) — C is left adjoint to the diagonal functor A: C — Fun(D,C),
that is, there are natural isomorphisms

C(colimpF, C') = Fun(D,C)(F, A(C))
for all functors F' and all object C of C.

EXERCISE 3.1.5. Let D be a small category that possesses a terminal object and let
F: D — C be a functor. What is the colimit of F' over D?
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EXAMPLE 3.1.6. Consider the representable functor D(D, —): D — Sets for some object
D of D. A useful fact is that
colimpD(D, —) = {x}.
This is easy to see using Proposition [3.1.4] Colimits exist in the category of Sets:

colimpF' = |_| F(D)/ ~,
D object of D
where we declare that an z € F(D) is equivalent to a y € F(D') if there is a morphism
f € D(D,D’), such that F(f)(z) = y. This relation is not symmetric, so one has to
consider the equivalence relation generated by this relation. As colimits exist, we can use
the adjunction described above and get a natural bijection

Fun(D, Sets)(D(D, —), A(X)) = Sets(colimpD(D, —), X)
for all sets X. The Yoneda lemma implies that
Fun(D, Sets)(D(D, —),A(X)) = A(X)(D) = X.
But X is also determined by all functions from a one-point set {*} to X, thus
Sets(colimpD(D, —), X) = A(X)(D) = X = Sets({x}, X).
The uniqueness of representable functors (see Lemma then gives the claim.

In the everyday life of a working mathematician, the following special forms of colimits
frequently show up:

3.1.1. Sequential Colimits. If D is the category given by the natural numbers con-
sidered as a poset
D=0—-1—=2—...)

then a colimit of any F': D — C is a sequential colimit.

EXAMPLES 3.1.7.

e If all structure maps F(i < j) are monomorphisms, then we might interpret the colimit
colimp F" as the union of the F'(i)s. Typical examples are increasing sequences of sets
or topological spaces

XoCXiCXoC...
or increasing sequences of abelian groups, vector spaces, and other algebraic objects.

e An important class of examples is CW complexes. These are the colimits of their
skeleta.

e In stable homotopy theory, the stable homotopy groups of spheres are a central object
of study. Let S™ denote the unit sphere in R"*!. As the smash product of spheres
satisfies S! A S* = S"*! we have stabilization maps

. (S™) = [S", §™H], — [S"T, S™ Y, = 7,41 (S™)
that send a homotopy class [f] to the homotopy class of S' A f. Therefore, for every
m, we get a sequential colimit and as 7, (S™) = 0 for n < m, we can express 7, (S™) as

Tr+m(S™) in the nontrivial cases, with k£ > 0, and get the kth stable homotopy group
of spheres as

WZ = COhm(ﬂ'k+m(Sm> — 7Tk+m+1<Sm+1) — 7Tk+m+2(Sm+2) — .. )
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The first groups are 7 = Z, w} = Z/27 generated by the stabilization of the Hopf
map 1: S* — §?, 75 = Z/2Z, 75 = 7./247, and so on.

3.1.2. Coproducts. If you build the colimit over a discrete diagram category, that is, a
small category D that has only identity morphisms, then the colimit of a functor F': D — C
is called the (categorical) sum or the (categorical) coproduct of the F(D) for D an object

of D, denoted by
| |F(D).
D

If you take as the category C the category Sets and if F': D — Sets is any functor from a
discrete category D to Sets, then the colimit is

colimpF = | |F(D).
D

Similarly, the categorical sum in the category of topological spaces is given by the disjoint
union of spaces with the corresponding topology.

Every coproduct comes with canonical structure maps. By assumption, we have mor-
phisms 7p: F(D) — ||, F(D).

DEFINITION 3.1.8. We denote these morphisms by ip and call ip the inclusion of F(D)
into | |, F(D).

DEFINITION 3.1.9. Let C' be an object of C. For the binary coproduct of C' with itself,
C' LU C, the universal property of the coproduct ensures the existence of a morphism

v:.cuclc -0
induced by the identity morphism on C'. We call this map the fold map.

Note that for F(D,) = F(Dy) = C, the composition of ip, : F(Dy) — F(D;) U F(Ds) =
C' U C with the fold map V is the identity morphism on C' = F(Dy).

ExAMPLE 3.1.10. In the category of pointed topological spaces the pointed sum (also
known as the bouquet of spaces) is the coproduct; that is, for two pointed spaces (X, )
and (Yo, yo), their coproduct is given by

XVY =X x {y} U{mo} x Y/ ~,

where the point (zo, 1) in both summands is identified with the basepoint [(zo, yo)] of X VY.
For X =Y = S! with basepoint 1 € C we have a pinch-map from S! to S! VS! by identifying
(—1,0) and (1,0), that is, by collapsing the embedded image of S° in S! to a point. If we
compose this with the fold map, we obtain a self-map of S!.

pinch v
Q Q
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By taking pinch maps S' — \/, S', using reversal of loops and fold maps \/, S' — S! for
k > 1, we can produce self-maps of S of any desired degree. This generalizes to higher-
dimensional spheres.

ExAMPLE 3.1.11. Let Gy and G4 be discrete groups. The coproduct of G; and G5 in
the category of groups exists and is called the free product of Gy and G5. It is denoted by
G1 * G5. Elements in G % Gy are words w = wy ... w, of finite length where the w;s are
elements of G or G5. A word w is equivalent to a word w’ if w and w’ are connected via a
finite chain of reduction moves. The only reduction rules are the omission of neutral elements
and the reduction of neighbors. If w; and w;;; are elements of the same group, then you
can evaluate their product. The group structure is given by concatenation. The empty word
is the neutral element in G * G5. For instance, the fundamental group of S' v St is Z  Z,
which is the free group generated by two elements.

EXERCISE 3.1.12. Does the category of finite groups have coproducts?

In addition to the fold map, we have a symmetry property of coproducts. If o is a bijection
of the underlying set of D, then ¢ induces a functor G, : D — D of discrete categories. By the
universal property of colimits, the coproducts | |, F/(D) and | |, F' o G,(D) are isomorphic.
For instance, this gives a natural isomorphism of binary coproducts

XUY —=-YuX

for any two objects X and Y of C as long as their coproduct exists.

EXERCISE 3.1.13. Let X be a partially ordered set viewed as a category and x and y be
elements of X. What is the coproduct of z and y? Does it always exist?

EXERCISE 3.1.14. Assume that C has an initial object @ and that binary coproducts
exist in C. Show that C[[@ = C = @[] C for all objects C of C.

DEFINITION 3.1.15. If D is a small discrete category and F': D — C is a constant functor
with value C, then the coproduct UpF (D) is called a copower and is denoted by D - C.

ExaMPLE 3.1.16. If X is a finite set and if A is a commutative k-algebra for some
commutative ring with unit &, then X - A is nothing but the X-fold tensor power of A over

k:
X A= A%X
For instance, if X = {1,...,n}, then
—_——

n

The fold map V: {1,...,n}+- A — Ais given by the multiplication in A.
3.1.3. Pushouts. You get pushouts as colimits over a diagram category D of the form
D+ Dy — D,.
For instance, if A is a topological space, together with continuous maps f: A — X and

g: A — Y then the colimit over the diagram X <f—Ai>Y is the union of X and Y along
the image of A in X and Y. For instance, you get the real projective plane RP? as the
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pushout of f: S! — D? and ¢g: S! — S!, where S! denotes the unit 1-sphere, D? is the unit
ball in R2, f is the inclusion, and ¢ is a map of degree 2.
Pushouts of groups are given by amalgamated products. For a diagram of groups

GQ—f>G1,

|
Go
the pushout is given by G *¢, G2, which is the quotient of the free product G * G5 by the
normal subgroup generated by words of the form f(go)h(go)~" for go € Go.
The Seifert-van Kampen theorem tells you how to calculate the fundamental group of a

nice union of two spaces X and Y (X, Y have to be path-connected and open in X UY, and
X NY is nonempty and path-connected) as m (X, 20) *x,(xnv,z) T1(Y; 20) for zp € X NY.

3.1.4. Coequalizers. Another important class of examples is coequalizers. These are
colimits of diagrams of the form

F(D)==F(Dy).

f

Here, our category D is Do—=D;, where f and ¢ are the only nonidentity morphisms of
g

D. The corresponding colimit object is called the coequalizer of a = F(f) and § = F(g).

REMARK 3.1.17. If
B W
F(DO):;a F(D;)——C

is a coequalizer diagram, then v is an epimorphism. For any two morphisms hq, hy: C' — C’,
with hy 01 = hy 0 1), the precomposition with f and « agrees, and therefore, the universal
property of the colimit guarantees that hy = hs.

Consider the category of abelian groups, Ab, and fix an associative ring with unit R.
Let M be a right R-module and N be a left R-module. The tensor product M ®g N is the
coequalizer of

idev’
M@ RRN—M ® N.
r®id

Here, the unadorned tensor products are taken over the ring of integers, the map v is given
by the structure map of the right R-module structure of M, and v is given by the left
R-module structure of N.

0
The cokernel of a homomorphism f is the coequalizer of the diagram A—=PB in the
f
category Ab.

Usually, functors won’t preserve coequalizers, but sometimes, a coequalizer satisfies an
extra condition that forces this behavior.
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DEFINITION 3.1.18. A coequalizer £: C; — C in a category C of

B
(3.1.2) Co——=C,
is an absolute coequalizer of (3.1.2)) if for any functor F': C — &, the diagram

F8) F(¢)
F(Co)%?F(Cl)—)F(C)

identifies F'(§): F(Cy) — F(C) as the coequalizer of the image of the diagram (3.1.2) under
F.

This just defines a strong property; however, it is a priori not clear that such things
exist, but they do.

DEFINITION 3.1.19. A diagram in a category C

B
(3.1.3) Co—=2C)—>C
with the property that £ oo = £ o 3 is called split if there are morphisms s: C' — (] and
t: ¢y — Cy, such that
£os=1g, aot=1¢g and fot=s0&.

t s

/g\ /2\
Co—=C,——C

«

LEMMA 3.1.20. In a split diagram (3.1.3]), the morphism &: C; — C' is the coequalizer
of a and f.

~ ProOF. Assume that f € C(C1,T) for some object T' of C and that foa = fo 3. Define
f:C — T as fos. Then,

fot=fosof=fofot=foaot=],

and hence, f extends f over &.
If we have any other g € C(C,T'), with f = g o &, then

fos=gofos=yg
and thus, ¢ = f, which shows that f is uniquely determined by its defining property. 0

DEFINITION 3.1.21. A split coequalizer is a coequalizer £: C; — C' of a split diagram, as
in (3.1.9).

COROLLARY 3.1.22. Split coequalizers are absolute coequalizers.

PROOF. Split coequalizers are described in terms of morphisms and compositions of
morphisms. These data are preserved by any functor. 0
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REMARK 3.1.23. Being a split coequalizer is something special. Note that, in particular,
two retractions are part of the data (£ o s = 1g and ot = 1¢,). That alone is a strong
requirement. For instance, in the category of groups, you usually do not have a morphism
from a quotient G/N back to G unless G is a semi-direct product.

We will meet split coequalizers again when we consider algebras over monads in [6.1]

3.1.5. Limits. Limits are defined dually to colimits.

DEFINITION 3.1.24. A limit of F': D — C is a pair consisting of

e an object of C, that we denote by limpF', and

e a natural transformation 7: A(limpF) = F.

e The pair (limpF, 7) is universal with respect to all natural transformations 7': A(C') =
F, that is, for all such 7/, there is a unique morphism &: C' — limpF', such that

' =T10A(£).
A(C) ~ F
A9 /

Thus, the limit of F, limpF', is an object of C that is ’as close to the diagram F' as
possible’ with respect to morphisms into the diagram. The limit over the empty category is
the terminal object of the category, if this object exists.

3.1.6. Sequential Limits. The simplest kind of sequential limits are those limits in-
dexed over the natural numbers.
Let (X, )nen, be a family of sets with X1 C X,,. Then, the limit of the system

. CXpCX,C...C X1 CXp

is the intersection of the sets X,,.
Let p be a fixed prime. The inverse limit of the diagram

7 )ple7, | 77 3T

is the ring of p-adic integers, Z,. Here, the maps p; are the canonical projection maps. An
explicit model of the limit is

(3.1.4) {(z1, 29, 23,...) € HZ/an | pi(2;) = ;-1 for all i > 2}.
n>1

This carries a ring structure, where addition and multiplication are defined coordinatewise.

3.1.7. Products. Products are limits over a discrete category. If D is such a category,
then we denote the product of the F'(D) by [[, F(D).

DEFINITION 3.1.25.
e We call the structure maps 7p/: [[p F(D) — F(D') the projection maps, and we
denote them by prp.
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e Bijections of the underlying set of the discrete category D yield a symmetry isomor-
phism on the corresponding products; in particular, for two objects X and Y in C
there is a natural symmetry isomorphism X x Y 2Y x X.

e Dual to the fold map, there is a diagonal morphism 6: C' — [[, C, induced by the
identity of C, and for C' = F(D), we have prj,od = 1¢.

EXERCISE 3.1.26. Dual to Exercise|3.1.13, what is a product of two elements in a partially
ordered set? Does it always exist?

EXERCISE 3.1.27. Dual to Exercise |3.1.14] show that C' x * = C' = % x C' for all objects
C of C if binary products exist in C and if * is a terminal object.

3.1.8. Pullbacks. Pullbacks are limits for diagrams of the form D; — Dy < Ds.

3.1.9. Equalizers. Dual to the notion of coequalizers is the notion of equalizers, that
is, limits of diagrams

9
F(D)==F(D).
REMARK 3.1.28. As in Remark [3.1.17] we note that for every equalizer diagram
C—F (D) == F (D)),
f

the morphism ¢: C' — F(D;) is a monomorphism.

If M and N are left R-modules for a ring R, then the abelian group of R-module homo-
morphisms is the equalizer in the category Ab of the diagram

Hom (M, N)————Hom(R ® M, N).
f

Here, Hom denotes the homomorphisms of abelian groups, f is the map that sends an
h: M — N to

1®h

R M R N—2 N,

g is the composition

ReoM—2 sM—" N,

and the maps vy, vy, are the structure maps of the R-module structures of N and M.

0
EXERCISE 3.1.29. Describe the equalizer in Ab of a diagram A—=B.
f
g
Let X,Y be sets. What is the equalizer of the diagram X—=Y?
f

ExAaMPLE 3.1.30. Let F' be a presheaf on a space X, with values in Sets, so F' assigns
to every open subset of X a set F'(U), but we only require a compatibility condition with
respect to restrictions. In certain situations, we want that F' is determined by compatible
local data. This can be expressed as an equalizer condition.
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The presheaf F' is a sheaf if for every U € (X) and for every open covering (U;);cs of
U, the following diagram is an equalizer:

F(U) - Hie[ F<Ul) — Hz’,jel F<Ui N Uj)'

Here, the first map is induced by the restriction maps resg", and the second pair of arrows
is induced by two sets of restriction maps. U; N U; is a subset of U; and of Uj.

Sheaves form a category as a full subcategory of the category of presheaves.

The examples we had before, continuous real-valued functions, smooth real-valued func-
tions, and smooth sections, were actually all examples of sheaves. For instance, a continuous
real-valued function is determined by its values on the open subsets of a covering as long as
the values on intersections are compatible.

A different example is the skyscraper sheaf on a point x € X. We fix a set S and choose
a one-point set {*}. One defines F,(U) to be S if x € U and let F,(U) = {*} otherwise. So
this is like a sheaf version of the Dirac distribution. What are the restriction maps? Why is
this a sheaf?

3.1.10. Fiber Products. An important class of examples of limits in the category of
sets, Sets, or the category of topological spaces, Top, is the fiber product. This is nothing
but the pullback of a diagram

X
l”
f
7 —=Y.

A concrete model for this pullback in these categories is
Zxy X i={(z.2) € Z x X|f(2) = p(a)},

that is, we collect pairs of elements; that meet in Y. Often, we denote Z xy X as f*(p),
in order to stress the dependence of the fiber product on the maps involved. An important
special case of a fiber product is the case of an inclusion f: A < Y of a subset or a subspace.
Then the fiber product can be identified with the preimage of A under p.

EXERCISE 3.1.31. What is the natural transformation 7 in the case of a fiber product?

Fiber products give examples of limits that are empty. Consider two embeddings of
topological spaces A < X and B < X whose images in X are disjoint. Then, the fiber
product A x x B is empty.

3.1.11. Kernel Pairs. Let f: A — B be a morphism in the category of sets. Then,
the pullback of

(3.1.5) A
|

f
A——B

is the fiber product

AxpA={(a1,a2) € Ax A, f(a1) = f(a2)}.
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It measures the extent of the noninjectivity of f. This concept makes sense in an arbitrary
category.

DEFINITION 3.1.32. Let C be a category and f € C(A, B). The kernel pair of f is the
pullback of the diagram

P oA
p2 f
;1 L B

if this pullback exists.

REMARK 3.1.33.

e Pullbacks are unique up to unique isomorphism, but we will sometimes encounter
different models. Then, we will denote the above pullback by (P, py, ps).

e Note that the morphisms p;, ps described previously are automatically epimorphisms.
The identity of A gives rise to a unique morphism s: A — P, with p; o s = 14 and
po 0 s = 1y, hence, s is a section for p; and p,, and these morphisms are retractions
hence epimorphisms.

Kernel pairs help to detect monomorphisms.

PROPOSITION 3.1.34. Given f € C(A, B), the following are equivalent:
(1) The kernel pair of f exists and is (A, 14, 14).
(2) The kernel pair of f exists and is of the form (A, p,p).
(3) The morphism f is a monomorphism.

ProOF. Of course, (1) implies (2). Assuming (2), let g,h € C(C, A) with fog= foh.
Then, g and h induce a unique morphism £: C' — A, with f = po & = g, thus (3) holds.
If f is a monomorphism, then, by definition, (A, 14,14) is a kernel pair of f. U

EXERCISE 3.1.35. Dualize the notion of kernel pairs to define cokernel pairs. Do they
detect epimorphisms?

3.2. Existence of Colimits and Limits

It is not always true that colimits and/or limits exist. If they do exist, then this deserves
an extra name.

DEFINITION 3.2.1.

e A category C is called complete if for all small categories D and for all functors
F: D — C, the limit limpF' exists. Similarly, if the colimit exists for all small D and
for all functors F': D — C, then C is called cocomplete.

e A category C is bicomplete if it is complete and cocomplete.

e If limits exist for all finite categories D and all functors F': D — C, then C is finitely
complete. The dual notion for colimits is called finitely cocomplete.

If a category is finitely complete, then a terminal object exists, and dually, finitely co-
complete implies the existence of an initial object.

The categories Ab and Sets are examples of complete and cocomplete categories. The
category of fields is not complete as it does not possess products.
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The description of the p-adic integers as a limit as in (3.1.4)) is typical, as we will see
now.

THEOREM 3.2.2. A category C is complete if and only if C has products and equalizers.
Dually, C is cocomplete, if and only if C has coproducts and coequalizers.

ProOOF. We show the first claim and leave the dual second one as an exercise.

If C is complete, then it has products and equalizers. Assume that C has products and
equalizers, and let F': D — C a small diagram. Then, all the morphisms in D constitute a
set, and we also have a set of objects Ob(D) of D. Therefore, by assumption, the products
X = [Ipeov) F(D) and Y := [[;cp(p py F(D) exist, and these products have canonical
projection morphisms

X = [] FD)| - FD)
DeOb(D)
for objects D of D, and
T Y = Il FD) |- FD),
feD(D,D")

which is given by the projection to the coordinate corresponding to f, followed by the
morphism F(f).
As before, we denote the source of a morphism f: D — D’ by s(f) = D and the target

by t(f) =D’
We construct two morphisms ¢,1: X — Y. A morphism into a product is determined
by a family of morphisms into the coordinates. We define

oo ="myp: X = F(t(f)), mpop = F(f)omep: X = F(s(f)) = F(t(f))
If 7/ is a natural transformation 7/: A(C') = F, then 7" induces a morphism 7: C' — X,
with mp o T' = 77,. We can control the effect of T, and it holds that

poTl =1oT,
because
Ty 0T = F(f)omgpoT.
This translates to
T = F()7p),
and this is precisely the naturality condition of 7/. We consider the equalizer

P
E——sX—=Y.
©
This equalizer satisfies the universal property of the limit, limpF'. 0J

REMARK 3.2.3. In Theorem [3.2.2) we assumed that all products (coproducts) exist.
If binary products (coproducts) and equalizers (coequalizers) exist, then all finite limits
(colimits) exist.

If you do not like equalizers, then you can replace equalizers by pullbacks.

52



LEMMA 3.2.4. Equalizers exist if binary products and pullbacks exist. Coequalizers exist
if binary coproducts and pushouts exist.

PROOF. Again, we only show the first claim and leave the second one as an exercise in
dualization.

g
We want to show that the equalizer E——X=—=Y exists. Consider the diagram
f

Y
oy

XX xxx Py xy,

where the ds are the diagonal morphisms. By assumption, the products X x X and Y x Y
exist, as well as the pullback of the above diagram:

oy

o0x l(SY

X xxx %y vy

Then, I claim that the pair (P, ox) has the universal property of the equalizer. If C'is an
arbitrary object with a morphism a: C' — X, with foa = goa, then we take the morphism
a from C to X and the morphism f o a from C' to Y. These morphisms are compatible
because

(f xglodxoa=(foa,goa)=(foa,foa)=0dyo(foun),
and thus, there is a unique morphism £ from C' to P, with ox o £ = a. 0

3.3. Colimits and Limits in Functor Categories

The (co)completeness of a category C ensures the (co)completeness of all functor cate-
gories of the form Fun(D,C), where D is an arbitrary small category. If £ is a small category
and if F': &€ — Fun(D,C) is an £-diagram in the functor category, then F' corresponds to a
functor F: € x D — C. If we fix an object D of D, we obtain a functor F'(—, D): £ — C.

PRrROPOSITION 3.3.1. Let £ be a small category and F': £ — F~un(D,C) be an £-diagram
in Fun(D,C). Assume that for all objects D of D, the diagram F(—,D): & — C possesses

a (co)limit. Then, the (co)limit of F' exists. In particular, if C is complete or cocomplete,
then so is Fun(D,C) for all small D.

We will show that one can actually compute (co)limits of diagrams in functor categories
‘pointwise’.

ProOOF. We prove the statement for limits; the case of colimits is dual.

Every morphism ¢: D — D’ induces a natural transformation F(—,¢): F(—, D) =
F(—,D").

By assumption, the limit limg F(—, D) of F(—, D): £ — C exists. We denote the natural
transformation from A(limgF(—, D)) to F(—, D) by 7°. By the universal property of a
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limit, a morphism ¢: D — D’ induces a morphism F(—, ¢): limg F(—, D) — limg F(—, D').
The natural transformation 77 depends naturally on D, so that the diagram

D

lime F(—, D) ~-— F(E, D)
1imgF(—,g&)l lF(Eyso)
Dl

lime F(—, D) 2— F(E, D'
commutes.

If v € D(D', D"), then
Tg// © hmsﬁ(_ﬂm OhIl’lgF(—,QO) :F(Ev d}) OTED/ Ohmgﬁ(—,(p)
:F(E,¢ op)o Tg = T,j?" o limgﬁ(—,z/) o).

Hence, limg F(—, 1 o @) = limg F'(—,¢) olimg F(—, ¢). Similarly, we see that limg F'(—, 1p) is
the identity morphism on the limit object; thus, limg F'(—, —) is a functor from D to C. O

COROLLARY 3.3.2. Let F,G € Fun(D,C) and assume that C has pullbacks. Then, a
natural transformation n: F' = G is a monomorphism in Fun(D,C) if and only if every
component np: F(D) — G(D) is a monomorphism in C.

PROOF. We can test the property of being a monomorphism by using kernel pairs (see
Definition [3.1.32]). If pullbacks exist, then so do kernel pairs. As pullbacks are computed
pointwise, the result follows from Proposition [3.1.34] 0]

3.4. Adjoint Functors and Colimits and Limits

Let D be a small category and let F': D — C be a functor. Assume that F' has a colimit
(colimp, 7p: F(D) — colimpF) in C. If H: C — & is any functor, then we always get
morphisms

H(tp): H(F(D)) — H(colimpF).
But in general, these morphisms will not have any universal property. If they do, then this
is a particular property of the functor H.

DEFINITION 3.4.1.

e A functor H: C — & preserves colimits if for all functors F': D — C from a small
category D for which the colimit (colimpF,7p: F(D) — colimpF') of F exists, the
pair (H(colimpF'), H(1p): H(F(D)) — H(colimpF')) is the colimit of H o F.

e Dually, a functor H: C — & preserves limits if for all functors F: D — C from a
small category D for which the limit (limpF,7p: limpF — F(D)) of F exists, the
pair (H(limpF'), H(7p): H(limpF') — H(F(D))) is the limit of H o F.

Note that we require the structure maps H(7p) to be the limiting cocone or cone. It
does not suffice to have abstract isomorphisms in € between H(colimpF') and colimpH o F
or between H (limpF') and limpH o F.

Limits and colimits are compatible with the fitting half of an adjoint pair of functors.

L
THEOREM 3.4.2. If C'——=C is an adjoint pair of functors, then the functor L preserves
R

colimits and R preserves limits.
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PRrROOF. Let 7: A(D) = Ro F. The morphisms 7},,: D — RF(D’) correspond to the
morphisms goB}F( py(Tp) = op: LD — F(D') under the natural bijections of the adjunction.
If f: Dy — Dy is a morphism in D, then naturality implies that op, = F(f)oop,. Therefore,
there is a unique &: LD — limpF', such that for all objects D of D, we have the equality
Tpo& =o0p:

LD ® F(D).

hmDF

Hence, globally, we get 7o A(¢) = 0. The morphism & corresponds to a morphism £: D —
R(limpF') under the adjunction. By the naturality of the bijections on morphism sets, we
obtain that

R(7p) o & = 75, for all objects D of D,

and hence, also,

R(T)o A(§) = 7.

The case of left adjoint functors and colimits is dual to the one above. O

EXAMPLES 3.4.3.

e Forgetful functors preserve products if there is a corresponding left adjoint functor, and
dually, free functors preserve coproducts. Hence, without knowing any specifics about
Lie algebras, you know that the n-fold coproduct of a free Lie algebra generated by a
1-dimensional vector space is the free Lie algebra on an n-dimensional vector space.
Similarly, the underlying set of the product of groups is the product of the underlying
sets of the groups.

e Left adjoint functors preserve initial objects and right adjoints preserve terminal ob-
jects.

e If Fr,, denotes the free group on n generators and G * G’ denotes the coproduct of the
groups G and G’, then we obtain

i Fry = Fr,.

3.5. Exchange Rules for Colimits and Limits

Assume that we have a functor F': D x D' — C, where D and D’ are small and C is
complete and cocomplete. For a fixed object D of D, we obtain a functor F(D,—): D' — C,
and similarly, any object D" of D’ gives rise to a functor F(—,D’): D — C. We can form
partial (co)limits and obtain functors

colimpF: D' — C, colimp: D — C
and
limpF: D' —C, limp:D —C.
Chasing universal properties gives the following immediate result:
PROPOSITION 3.5.1. There are canonical isomorphisms
colimprcolimp F' = colimpceolimp F' = colimpyp F'
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and

limplimpF = limplimp F' = limpypr F.
The situation is more involved if you try to interchange a limit with a colimit.
LEMMA 3.5.2. Let F' be as above. Then, there is a canonical interchange morphism in C
X : colimp/limp F' — limpcolimp: F.
PROOF. For fixed objects D and D', there is a morphism in C
limpF(—,D") — F(D,D"),
and this can be composed with the canonical morphism
F(D,D") — colimp F(D, —).
This yields a morphism
Ypr: limpF(—, D) — limpcolimp F
for every object D' of D'. For every f € D'(D', D), we get
Vi o limpF (=, f) = ¢pr,
and hence, we get y as the unique induced morphism

X : colimp/limp F' — limpcolimp: F.

The morphism y won’t be an isomorphism in general.

EXAMPLES 3.5.3.

e If D and D’ are empty, then colimp/limp F' is the initial object, whereas limpcolimp: F’
is the terminal object and y is the only possible morphism.

e If D is the discrete category with objects {1,2} and D’ is also discrete with objects
{3,4} and we take the category of sets as the target category and F': D x D' — Sets
be a functor, then

v: (F(L3) x F(2,3)) U (F(L,4) x F(2,4)) = (F(1,3) U F(L,4)) x (F(2,3) U F(2,4))
will, in general, not be a bijection.
EXERCISE 3.5.4. Find a concrete counterexample for the example that we just discussed.

DEFINITION 3.5.5. A small category D is filtered if it is not empty and if

e for every pair of objects Dy, Dy of D, there is an object D of D and morphisms
f: Dy — D and g: Dy — D, and

e for every pair of morphisms fi, fo: D1 — Ds, there is a morphism h: Dy — D, with
ho f1 =ho fQ.

THEOREM 3.5.6. Let D and D’ be nonempty and small. Assume that D is finite, D’ is
filtered, and F': D x D" — Sets. Then, x is an isomorphism.
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PROOF. In the category Sets, we have explicit model for limits and colimits. For a fixed

object D, we have
colimp F(D,—)= | | F(D,D')/~,
D'eOb(D’)

where ~ identifies elements that can be compared via morphisms of the kind F(D, f) for
fin D'. As D' is filtered, a finite collection of elements xp € F(D,Dj), 1 < i < n can
be compared in a common F'(D, D’), and we can decide whether they are equivalent in the
colimit by passing to some F (D, D') for some object D’ of D

As D is finite, this yields an isomorphism limpcolimp F© — colimp/limpF. An element
in the limit of the colimit consists of a finite tuple of elements in the colimit that satisfies
the coherence condition coming from D. Every such tuple is equivalent to a coherent tuple,
where the elements in the colimit come from a component labelled by a common object
D" (Tp, prs-++>Tpy pr)- This is an element in limp F'(—, D') and therefore in colimp/limp F,
where no further identification takes place in the colimit. O
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CHAPTER 4

Kan Extensions

Kan extensions take a given functor and extend it to a different category. There are two
ways of doing that, via colimits and via limits. These extensions don’t have to exist, and
even if they exist, they might not have nice properties. But in controlled situations, they are
extremely useful and they are actually ubiquitous. If you want to learn more about them,
then you could consult [Bo94-1, §3.7], [ML98| Chapter X], [Riel4l, Chapter 1] or [Du70]
in the enriched context.

4.1. Left Kan Extensions

Important constructions that can be carried out with the help of colimits are left Kan
extensions.

DEFINITION 4.1.1. Let G: C — D and F': C — & be functors. The left Kan extension of
F along G is a pair (K, a), where

e K:D — £ is a functor, and
e o: = K o( is a natural transformation.

c— 5 ¢

“a

D

e This pair (K, «) has the universal property that for all pairs (H, 8), where H: D — &
is a functor and §: F' = H o (G is a natural transformation, there is a unique natural
transformation v: K = H with the property that vg o a = .

Of course, it is not clear in general whether left Kan extensions exist. If they do, then
one can extend the functor F' to the category D. But, beware, it is not true, in general,

59



that K o G coincides with F'. However, the natural transformation a compares the two. In
certain situations, we can ensure that « is a natural isomorphism (see 4.1.10] for example).

REMARK 4.1.2. You might ask yourself why these extensions are called left Kan exten-
sions. Assume that the categories C and D are small. We abbreviate the functor category
Fun(D, &) by EP. We can consider the functor

EC(F, (=)o G): EP — Sets

that sends a functor H € EP to the set of natural transformations from F to H o G. Any
pair (H, ) with H: D — & and 3: F = H o G corresponds to a natural transformation

B: EP(H,—) = E°(F, (=) o G)

via the Yoneda lemma. The universal property of the left Kan extension (K, «a) of F' along
G translates to the fact that « induces a natural isomorphism

a: EP(K,—) = EC(F, (=) o G).

Here, K is on the left in EP(K, —). For the dual notion of right Kan extensions, one gets a
contravariant representable functor.

Before we start to investigate statements about the existence of left Kan extensions, we
construct an auxiliary category.

DEFINITION 4.1.3. Let G: C — D be a functor and let D be an object of D. The
category G | D has as objects pairs (C, h), where C' is an object of C and h € D(G(C), D).
A morphism f: (C,h) — (C', /') is a morphism f € C(C,C"), such that b’ o G(f) = h:

G(f)

G(C) G
N, A

This category is a special case of a comma category, and you will learn more about those

in 511

THEOREM 4.1.4. Let G: C — D and F: C — & be functors. Assume that the category
C is small and that £ is cocomplete. Then, the left Kan extension of I’ along G exists.

()

For the next proof, we closely follow [Bo94-1, Theorem 3.7.2].

Proor.
e First of all, we will construct the value of the left Kan extension on objects. The
category GG | D is small because we assume that C is small.

There is a canonical functor U: G | D — C, sending a pair (C,h) to C. The
cocompleteness of £ ensures that the colimit colimg,p(F o U) exists with structure
maps

T(Dah)i F(C)=FoU(C,h) — colimg pF o U.

We define K(D) as colimgp(F o U), and this determines the left Kan extension on
objects.
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o If f: D — D’ is a morphism in D, then we have to define what K (f) should be. If
(C,h) is an object of G | D, then the pair (C, f o h) is an object of G | D', because
foh e D(G(C), D). In addition, we know that for morphisms g: (C’', k') — (C, h) in
G | D, we get that g is a morphism g: (C', foh') — (C,foh)in G| D"

ey —9 L qo)
A
f
|

D'
Therefore, we get a uniquely determined morphism
K(f): KD = colimg p(F o U) — colimg,p/(F oU) = KD',
such that
Kf 0 7C) = TG, gony:
The uniqueness of K(f) ensures that K respects the composition of morphisms and

that K(1p) = 1x(p) for all objects D of D.
e In order to define the natural transformation a: F = K o G, we set

ac = T(Gc(fg(c)): F(C)=U(F(C,1¢c))) — colimg gy F o U = K(G(C)).
As we have to check the naturality of oo, we consider a morphism h € C(C,C") and
the diagram
G(o)

(XC:’T(CJG(C))

F(C) =Fo U(C, 1g(c)> COhmGK;(C)(F O U) == K(G(C))

F(h) K(G(h))

F(C’) =Fo U(Cl, 1g((;/))

COlimGig(C/)(F 9] U) = K(G(Cl>>

For the morphism G(h), we obtain by construction that K(G(h)) OT(GC(JC;(C)) = T(Gc(g()h)).

As 1gcry o G(h) = G(h), the morphism h: (C,G(h)) — (C', 1¢(cr) is a morphism in
G | G(C"), and we get
G(C") _ G _ G
T 1 iory) © F(h) =70 5O (FoU)(h)= TC.G(h)
so the preceding diagram commutes.

e Let H: D — &£ be a functor, together with a natural transformation 5: F' = H o (.
We have to establish the existence of a natural transformation v: K = H, such that
vg o a = . Fix an object D of D and an object (C,h) of G | D. We obtain the
composition

H(h)

FoU(C,h) = F(O)2%5(H o G)(C) 2 H(D),
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because h: G(C) — D. Again, you should check that the composition is natural for
morphisms in G | D, and thus, we obtain a unique factorization

(4.1.1) vp: K(D) = colimg,p(FoU) = H(D), Apo T(%h) = H(h) o fc.
If f: D— D’is a morphism in D, then (4.1.1)) yields
H(f)ovp oty =H(f)oH(h)oBe=H(foh)ofe,
which in turn agrees with
Ypr © T(DC’/,foh) =p o K(f)o T(%,h)?
thanks to (4.1.1), and thus, we obtain
H(f)ovp =vp o K(f).

e It remains to show that v o « = [ holds. As ac =
follows from (4.1.1]), because for all C,

G(C
Ta©) ° T(C(,lc);<c>) = H(lg(c)) © e = Be-

G(C)

T(C ) for all C, the claim

O

DEFINITION 4.1.5. A functor F': C — & has a pointwise left Kan extension along G: C —
D if, for all objects D of D, the colimit

COhIIng,D(F o U)

exists. This colimit is then the value of the left Kan extension of F' along GG, and we denote
it by LK Eq(F)(D).

Beware that this is not the standard definition of pointwise left Kan extension. We will
reconcile this later in Theorem £.3.3]

ExAMPLE 4.1.6. Let C = Fin be a small skeleton of the category of finite sets, let D be
the category of sets, Sets, and let I be the canonical inclusion functor of the subcategory Fin
into the category Sets. If £ is an arbitrary cocomplete category, then Theorem ensures,
that you can extend any functor F': Fin — £ as a left Kan extension to the category Sets,
and you actually have an explicit formula for doing it.

Fin—— &

| A

Sets

The following example is a special case of a Day convolution product, which we will
describe in detail in Definition [0.8.1]

EXAMPLE 4.1.7. Let X be the category of finite sets of the type n = {1,...,n} for
n € Ny, with the convention that 0 = @. We consider bijections as morphisms. There is a
functor LI: ¥ x ¥ — ¥ that is given by the disjoint union of sets with n LU m = n + m. Let
X,Y: ¥ — Sets be functors. Then, we can consider the functor

X xY:¥x¥—Sets, (n,m)— X(n)xY(m),
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with the natural behavior on morphisms. The left Kan extension of X x Y along LI is then
given as the functor that sends an object n to

|_| Y Xx,x5, X(P) x Y(q).
ptg=n
Here, X, X5, x5, X(p) x Y(q) is the quotient of ¥, x X(p) x Y(q) by the equivalence
relation that declares an element (o o (7,,7,), (z,y)) to be equivalent to (o, (7,(x), 7,(y)) for
alloe X, e, v e X(p) and y € Y(q).

EXERCISE 4.1.8. Check the details of the preceding example. Let U: ¥ — Sets be the
functor that sends 0 to a one-point set and all other objects to the empty set. Can you
describe this functor as a representable functor? What is the left Kan extension of U x Y
along LI for an arbitrary Y : ¥ — Sets?

EXERCISE 4.1.9. Let GG be a finite group and let H be a subgroup of G. Consider
the inclusion of the category Cy with one object and morphisms H into the category Cg,
i: Cg — Cq. A functor F': Cy — Ab is nothing but a Z[H]-module. M = F(x) carries a
linear H-action. What is the left Kan extension of a given F' along i?

Although we cannot expect K o G = F' to hold, quite often, we can at least control the
values of K. As a sample result in this direction, we mention the following.

LEMMA 4.1.10. If C is a small category, £ is a cocomplete category and G: C — D
is a fully faithful functor. Then, for all functors F: C — &, the natural transformation
a: F' = K o is a natural isomorphism.

PRrROOF. We first show that the object (C, 1)) is terminal in the category G | G(C).
Let (C',h) be an arbitrary object of G | G(C), that is, h: G(C") — G(C). As G is a full
functor, we know that A is of the form G( ) for an f: C" — C in C. This f gives rise to
a morphism from (C’, h) to (C,1g)) in G | G(C). If f: (C',h) = (C, 1)) is another
morphisms in G | G(C), then we obtain

G(f) =1lawe) o G(f) =h=1ge) o G(f') = G(f'),

and the faithfulness of G implies that f = f’. Colimits over a diagram that possesses a
terminal object agree with the value of the functor on this very terminal object (see Exercise

3.1.5). Therefore, we get
K(G(C)) = COlimgig(C)(F O U) = Fo U(C, 10(0)) = F(C)
U

If both categories C and D are small, then left Kan extensions can be interpreted via left
adjoint functors. If G: C — D is a functor between small categories, then the precomposition
with G yields a functor between the functor category Fun(D, ) and Fun(C, ).

c—S.p

G*F
A

£
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If F'is an object of Fun(D, &), then G*(F) = F o G is an object of Fun(C,&). If £ is a
cocomplete category, then we know that Kan extensions exists. These give rise to a map
from Fun(C, &) to Fun(D, &), and we get the following:

THEOREM 4.1.11. For small categories C, D and G: C — D and a cocomplete category
& the functor,

G*: Fun(D,&) — Fun(C,€)
has a left adjoint, and this adjoint is given by the left Kan extension.

PRrROOF. If (K, ) is a left Kan extension of F' along G, then (K, «) is a reflection of G*.
U

EXAMPLE 4.1.12. Assume that f: X — Y is a continuous map between topological
spaces and F is a presheaf on Y. One could try to pull F back via f by defining f~'F(U) =
F(f(U)), but, of course, f(U) doesn’t have to be open, so instead, one defines the inverse
image presheaf as the left Kan extension

(412) f_lf(U) = COhmf(U)cv open I(V)

Even if F was a sheaf, f~'F might not be one, so for sheaves, f~'F is defined as the

sheafification of (4.1.2)).

Left Kan extensions have many applications. We will discuss them later again, for in-
stance, when we define the Day convolution product (see Definition [9.8.1)) in nice functor
categories.

4.2. Right Kan Extensions

The definition of right Kan extensions is, of course, dual to the one for left Kan extensions,
but what does ’dual’ mean?

DEFINITION 4.2.1. Let G: C — D and F': C — & be functors. The right Kan extension
of F' along G is a pair (K, «), where

e K:D — £ is a functor, and
e o: K oG = I is a natural transformation.

c— % ¢

]

D

e This pair (K, «) has the universal property that for all pairs (H, #), where H: D — &
is a functor and 8: H o G = F is a natural transformation, there is a unique natural
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transformation v: H = K, with the property that 8 = a o 7g.

The results for left Kan extensions dualize. Instead of G | D, one uses the category D |
G, whose objects are pairs (C, h), with C' an objects of C and h € D(D,G(C)). Morphisms
in (G ] D)((C,h),(C" 1)) are morphisms f € C(C,C"), with G(f) oh = H'.

THEOREM 4.2.2.
e If C is small and £ is complete, then right Kan extensions of F' along G, RK E¢(F),

exist, and for all objects D of D, we get
RKEG(F)(D) =limpgF oU.

e We call a right Kan extension pointwise, if the above limit exists for all objects D of

D.
e If C is small, £ is complete, and G is fully faithful, then for all F': C — £, the natural

transformation a: K o G = F'is a natural isomorphism.

EXERCISE 4.2.3. As in Exercise let H be a subgroup of a group G. Identify the
right Kan extension of an H-module F': Cy — Ab along i: Cy — Cg.

The preceding exercise can be generalized as follows:

EXERCISE 4.2.4. Let C and D be two small categories and let £ be a bicomplete category.
Let G: C — D be a functor. Show that the restriction functor G* = (=) o G: Fun(D, &) —

Fun(C, &) has a left, and a right adjoint.

There is a plethora of notation for the preceding adjoints, for instance, G* and G.

4.3. Functors Preserving Kan Extensions

Consider a diagram
cLt,e Ly F
N
D.

If the left Kan extension of F' along G exists, then we could be lucky, and the composition
with H gives a left Kan extension of H o F' along G.
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DEFINITION 4.3.1. The functor H preserves the left Kan extension (K, a) of F' along G
if (Ho K,Ha) is a left Kan extension of H o F' along G.

c-t,e L, F

RN

D

PRrROPOSITION 4.3.2. Let G: C — D be a functor between small categories. Left adjoint
functors L: & — F preserve left Kan extensions of functors F': D — £.

Proor. Let L: & — F be left adjoint to a functor R: F — £. Then, we obtain an
induced adjunction
nat(L o K, J) = nat(K, RJ)
for every J € Fun(D,F). We have to check that LK is left adjoint to the precomposition
functor G*. By Theorem [4.1.11], we know that K is left adjoint to G*, and hence, we get
nat(L o K, J) = nat(K, RJ)
= nat(F, RJG)
= nat(LF, JG),
and this shows the claim. The natural transformation o: F = KG maps to La: LF =
LKG. 1If we consider J = LK and if we start with the identity natural transformation

ID: LK = LK, then the chain of bijections described previously transforms ID precisely to
La, proving the universality of La. 0

THEOREM 4.3.3. Let C and D be small. A right Kan extension of F': C — £ is pointwise
if and only if it is preserved by all representable functors £(E, —): & — Sets.

Proor. If for all objects D of D, we get that the right Kan extension is given by
limDM;F o U, then
E(ElimpcF oU) = limp,cE(E, FoU),

and hence, £(F, —) preserves the right Kan extension.
For the converse, assume that (K, «) is a right Kan extension of F' along G, such that
(E(E,K(—)),E(E,a)) is a right Kan extension of (£(F, F'(—)) along G. The Yoneda lemma

gives that
Fun(D, Sets)(D(D, -), £(E, K (-))) = E(E, K(D))
for all objects D of D. The adjunction property of right Kan extensions dual to Theorem

4.1.11| implies
Fun(D, Sets)(D(D, —), £(E, K(—))) = Fun(C, Sets)(D(D, G(-)), E(E, F(-))).
We claim that the latter is in bijection with the set of natural transformations

Fun(D | G, E)(A(E), F o U).
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Consider 7: A(E) = F o U. Then, 7 has components 7(c): £ — F(C) for all objects
(C,h) of D | G. Naturality of 7 means that the diagram

T<c',F<m

F(C)

commutes for all f € C(C,C").
On the other hand, a natural transformation

has components {c: D(D,G(C)) = E(F, F(C)), such that the diagram

D(D,G(C)) — s (B, F(C))
D(D,G(f))l lS(E,F(f))
fc/

D(D,G(C")) ——— E(E, F(C")

commutes for all f € C(C,C"). The claimed bijection is given by an exponential map, where
we send T(cp) to {c(h) and vice versa.
Hence, we get a bijection

E(B, K(D)) = Fun(D | G, €)(A(E), F o U),
and therefore K (D) is isomorphic to the limit limp g F o U. O

REMARK 4.3.4. The dual statement is also true, but in that case, we have to consider
the representable functors £(—, £') which transform colimits to limits in Sets’.

4.4. Ends

Before I start with the definitions, let us consider an example. Let D be a small category
and let F',G: D — C be two functors from D to some category C. We all know what natural
transformations from F' to GG are, but can we describe them in terms of a limit construction?
Assume that ¢ is such a natural transformation, then for every object D of D, we have a
morphism in C

vp € C(F(D),G(D)),
and for every morphism f € C(D, D’), the naturality condition on ¢ says that

G(f)oep =pp o F(f).

Take the set of natural transformations from F' to G, nat(F,G). There are evaluation maps
ep: nat(F,G) — C(F(D),G(D)) for every object D of D. Then, the naturality condition
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can be rephrased by saying that the diagram
nat(F,G) L C(F(D),G(D))

Epr

) , C(F(f).G(D")
C(F(D'),G(D"))

commutes.
Ends are a generalization of this example. We will see that the set of natural transfor-
mations from F' to G is an end.

DEFINITION 4.4.1. Let D and £ be categories. Assume that H;: D° x D — £ and
Hy: D° x D — £ are functors, and let

™D: HI(D>D) _>H2<D>D)
be a family (indexed over the objects of D) of morphisms 7p € E(Hy(D, D), Hy(D, D)).
Then, (7p)p is called a dinatural transformation if for all morphisms f € D(D, D’), the
diagram

H(D', D) —2YP gD, D)

Hl(Dlyf)

H{(D',D") Hy(D, D)

Tp!

Hy(D', D) —2520 | j(D, D)

commutes.

REMARK 4.4.2. You should think about the word dinatural as standing for natural on
the diagonal and not for natural in two arguments, because 7p is defined only when both
arguments of the H;s agree.

Let us consider some examples of such functors and of dinatural transformations.

EXAMPLES 4.4.3.

e An important example of a functor H: D° x D — £ is a natural evaluation map. Fix
a K-vector space W, and denote by L(V, W) the vector space of K-linear maps from
V to W. Consider the functor

L(—, W) ®Id — vect’ x vect — vect, (V,V5) — L(V;,W)® V5.

A dinatural transformation from this functor to the constant functor on W, Ky,
consists of a family of linear maps

v: LV,IW)V — W,
which transform naturally in V.
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e Let V and W be K-vector spaces, and denote by Iso(V, W) the vector space of K-linear
isomorphisms from V' to W. Then,

Iso: vect® x vect — vect

is a functor, and Iso(V, V) is the group of automorphisms of V. For instance, if K =
R, we can consider the orientation preserving automorphisms of V', Aut™ (V). The
inclusion of Aut™ (V') into Aut(V) is then a 7y, where 7 is a dinatural transformation.

e In fact, the preceding example generalizes to any category. For two objects C'; and
Cs of a category C, we can always consider the set of isomorphisms from C; to Cs,
Iso(Cy, Cy), and Aut(Cy) = Iso(Cy, ), the group of automorphisms of the object
(. If this group has interesting subgroups that transform naturally in C', then the
inclusion of such a subgroup into Aut(Cy) gives rise to a dinatural transformation.

e Last but not least, we fix an object E of £ and consider the constant functor on E,

kg, as a functor
kp: D°xD — E&.

Ends are universal with respect to constant bifunctors.

DEFINITION 4.4.4. Let H: D°xD — &£ be a functor. An end of H is a pair (E, 7), where
FE is an object of £ and 7 is a dinatural transformation from kg to H, with the property
that for all other objects E’ of £ with a dinatural transformation v from kg to H, there is
a unique ¢ € E(E', F), such that vp = 7p o & for all D.

w
D
D, D"
fD’)

E—>H D', D)

(4.4.1)

EXAMPLE 4.4.5. Let D be a small category, let £ be an arbitrary category, and assume
F and G are functors from D to £. We consider

E(F(—),G(—)): D° x D — Sets

as a functor. An end of this functor is a set X, together with a universal dinatural transfor-
mation
ep: X = E(F(D),G(D))

for all objects D of D, which satisfies the coherence condition, as illustrated in the diagram
. It is clear that the set of all natural transformations satisfies this condition: If X’
is another set with a dinatural transformation v from kxs to E(F(—),G(—)), then for every
element © € X', vp(x) is actually a natural transformation because of the naturality of v,
but then, we obtain a function f: X' — X = nat(F,G), with f(z)p = vp(z).

As a special case, we obtain that the abelian group of R-module homomorphism between
two left R-modules M and N is an end.

As always, coends are dual to ends. Natural transformations are the morphisms in the
functor category Fun(D, ). Dual to this, coends generalize tensor products.
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DEFINITION 4.4.6. A coend of a functor H: D° x D — &£ is a pair (E,7), where E is
an object of £ and 7 is a dinatural transformation from H to the constant functor kg, such

that for every object E’ of £, with a dinatural transformation v from H to kg, there is a
morphism f € E(E, E’), such that f o 7p = vp for all objects D of D.

EXAMPLE 4.4.7. Let D be a small category and let F': D° — k-mod and G: D — k-mod
be functors. Here, k is an arbitrary commutative ring with unit, and k-mod denotes the

category of k-modules and k-linear maps. Then, we can build the tensor product of F' and
G as

FepG =@ F(D) e GD)/ ~,

where the sum is indexed by all objects D of D and where we divide out by the k-submodule
of @, F(D) ®, G(D) generated by

(4.4.2) F(f)Y(z)oy—2G(f)ly), xe€F(D),yeGD),feDD,D").

We claim that F' ®p G, together with the dinatural transformation 7 that sends F/(D) ®
G(D) to the class of the summand in F'®p G, is the coend of the functor F'®;G: D° x D —
k-mod that sends (Dy, Dy) to F(D;) ®, G(Dy) and (f,g) € D(D1,Dy) x D(Ds, Dy) to
F(f) @ G(g).

By construction, 7 is dinatural. If v is another dinatural transformation from F' to some
other k-module M, then M receives a map vp from all the F'(D) ®y G(D). The dinaturality
of v then guarantees that these maps are compatible, and thus the submodule corresponding
to is in the kernel of the map @, vp and thus we get the desired map from M to
F&p G

As a special case, we get the tensor product of two R-modules M and N by considering
D =Cpg, F(¥) = M and G(x) = N.

You will find other instances of the tensor product of functors later, when we learn
about symmetric monoidal categories (Definition and about geometric realizations of
simplicial sets (see Remark . These tensor products are crucial for functor homology,
and we will meet them again in full generality in Section [15.1]

4.5. Coends as Colimits and Ends as Limits

We want to clarify the question of when ends and coends exist. To this end, we will
express ends as limits. The case of coends is dual.
The following definition is an important variant of the morphism category:

DEFINITION 4.5.1. Let D be a category. The twisted arrow category of D, D7, has as
objects the morphisms of D. A morphism in D" from f: Dy — Dy to g: D3 — Dy is a
pair of morphisms (hy, hy) of D, such that hy € D(Ds, D;) and hy € D(Ds, D,), with the
property that g = hy o f o hy:

DlL)DQ

] |1

D3 _g) D4.
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DEFINITION 4.5.2. Let D be a category. We define the functor x: D™ — D° x D as
X(f) = (s(f),t(f)) and x(hy,he) = (h$, hy). Here, s(f) denotes the source of f and t(f)
denotes its target.

With the help of these auxiliary data, we can express an end of a functor H as a limit.

PROPOSITION 4.5.3. Let D and &£ be categories and H: D° x D — &£ be a functor. An
end of H is isomorphic to the limit of H oy over D. In particular, if £ is complete and D is
small, then ends always exist.

PRrOOF. Given a dinatural transformation v from kg to H, with components vp: F —
H(D, D), we define a natural transformation 7: A(E) = H oy for every object f € D(D, D’)
of D" as 7y = H(D, f)ovp = H(f,D") ovp:

H(D', D'
vpr H(f,D")
E Yoy H(D, D)
X H(D.f)
H(D,D)
We have to check that 7 is natural, that is, H o x(«, 5) o 7p = 7, for a: D—D,B:D — D,
such that
D«*-D
D —— D
commutes. Consider the diagram
H(D, D) D H(D, D)

&
m

Hox(a,8)

P e

The left rhombus commutes and actually defines 7,. The top parallelogram commutes be-
cause H is a functor and the bottom one commutes because g = o f o a. The right wing
describes the definition of H o x(«, ). Therefore, the whole diagram commutes, giving

Tg:H(D,g)oub:Hox(a,ﬁ)oH(D,f)oyD:Hox(a,B)OTf.

Conversely, given 7: A(F) = H oy, we can evaluate 7 on identity morphisms to get
vp :=T,. As (1p, f) is a morphism from 1p to f and as (f,1p/) is a morphism from 15/ to

H(D,g)

H(D,D").
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f in D7, the binaturality of v follows from the commutativity of

H(D,
1/7 \ =Hox(1p,f)
FE

H(D,D").
VD/:TX A) HOX le’)
H(D', D'

4.6. Calculus Notation

It is a tradition to denote ends and coends by integrals. If you consider the examples,
then the heuristics behind that is that you integrate over the diagram category D and get an
object F in the target category, where the contribution of D is subsumed into E. Another
reason for this notation is that it helps to guess correct statements about ends and coends
— there is, for instance, a Fubini theorem for ends and coends.

NOTATION 4.6.1. Let D and & be categories and let H: D° x D — & be a functor. We
denote

e by [, H the end of the functor H; and
e by fD H the coend of the functor H.

REMARK 4.6.2. This notation is the traditional one. Jacob Lurie uses exactly the oppo-
site notation in [Lu09].

With Proposition and Proposition we obtain the following result.

PROPOSITION 4.6.3. (Fubini theorem for ends) Let H: (D x D')° x (D x D') — &£ be
a functor. If the ends [, H(D, D}, D, Dj) exist for all objects D, Dy of D" and if the ends
fD, H(Dy, D', Dy, D') exist for all objects Dy and Dy of D, then

/ H(D,D’,D,D’)g/ /H(D,D’,D,D’)% H(D,D',D, D),
D’ / DxD’

and if one of them exists, then the others do as well.

There is a dual version for coends.

4.7. “All Concepts are Kan Extensions”

This slogan is taken from [ML98] X.7]. We will explain how to express (co)limits, the
Yoneda lemma and adjoint functors in terms of Kan extensions. As these are the main
building blocks of category theory, this justifies the slogan.

PROPOSITION 4.7.1. Colimits (and limits) are special cases of left (and right) Kan ex-
tensions.
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PRrROOF. We prove the case of colimits. Consider the terminal category [0]. A left Kan
extension of a functor F': C — £ from a small category C to the unique functor G: C — [0]
is a functor K: [0] — &, together with a natural transformation a: F' = K oG. The functor
K is nothing but a choice of an object in £, say E. Precomposition with G just gives the
constant functor

KoG=A(E):C—E,

and a: ' = A(FE) is a cone. The universality of (K, a) then implies that any other cone
receives a map from K o G = A(E). Thus, E is the colimit of F: C — £. O

PROPOSITION 4.7.2. The Yoneda lemma follows from the existence of right Kan exten-
sions for functors F': C — Sets for small C.

PROOF. The category of sets is complete; hence, Kan extensions can be determined
pointwise. We consider the identity functor Id¢: C — C. The right Kan extension of F' along
Id¢ is F', with = ID. In particular

(4.7.1) F(C) = RKEw,(F)(C).
On the other hand, we obtain
RKEIC](F)<C) = thUdF oU.

The category C' | Id¢ has objects (C’, h), where C” is an object of C and h € C(C,C"); thus,
C' | Id¢ is isomorphic to the category of morphisms A in C, with source C' and F o U(h) =
F(C"). Thus, the functor FoU: C | Ide — £ is an assignment 5o : C(C,C") — F(C"), such
that F(f) oner = ner for all f € C(C',C"). These ners are the components of a natural
transformation 1 € nat(C(C, —), F), which is the limit lim¢cjqF o U. Hence, using (4.7.1)),
we get

F(C)=nat(C(C,—), F).

Adjoint functors can be expressed as Kan extensions as follows:

PRroOPOSITION 4.7.3. Let L: C — € and R: £ — C be functors.

(1) Assume that (L, R) is an adjoint pair of functors with unit n: Ide = RL and counit
¢: LR = Idg. Then, (R,n) is a left Kan extension of Id¢ along L and is preserved
by L, and (L,¢) is a right Kan extension of Idg along R and is preserved by R.

(2) Conversely, if the left Kan extension (K, «) of Ide along L exists, then K is a right
adjoint for L, and o = 7 is the unit of the adjunction. If the right Kan extension
(K', ) of Idg along R exists, then K’ is left adjoint to R, with counit € = «/.

PRrROOF. We first show (1). Assume first that L has a right adjoint R and that n: Id; =
RL and €: LR = Id¢ are the unit and counit of the adjunction, respectively. Assume that
H: C — C is a functor with a natural transformation : Id¢ = HL.

e We need a natural transformation £: R = H and define it as the composite

¢ R=1dp o R=E HLR—CL 11,
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e We claim that ¢ is unique, with £, o = 3, so let (: R = H be another natural
transformation with (f, on = .

Then, the diagram
D R

¢

RLR —=2 - HLR
ﬂR(s) H(s)“
R ¢ 0

commutes, identifying & with (.
Thus, (R,n) is a left Kan extension of Id¢ along L.
e In order to show that (LR, Ln) is a left Kan extension of L along L, we consider a
functor J: & — &£, together with v: L = JL.
For 7: LR = J, we take

As the diagram

L — JI

| N\

YRL J(er

LRL — JLRL — JL

commutes, we obtain 77, o L(n) = 7.
The uniqueness of 7 is shown as previously.

For (2), assume that the left Kan extension (K, a) of Ids along L exists and is preserved
by L. Then, a: Id¢ = RL and La: L = LRL. We set n := a.

e Consider the functor Idg, together with the natural transformation g = ID;. As
(LK, Ln) is a left Kan extension, there is a unique : LR = Idg, such that e, 0 L(n) =
ID;,.

L

C
‘ LK
L
:>E
Idg
E

It remains to show that K(g) o g is also the identity transformation.

The left Kan extension property of (K,7) ensures that the functor K: & — C,
together with : Ide = KL, f := (Ker) o nir on, gives rise to a unique natural
transformation 7: K = K, with 7, on = .

|
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The commutativity of the diagram

Ide ——— KL

nﬂ “nKL
KL KLKL
KLnﬂ R ﬂK(em
K(er)
KLKL —— KL

ensures that 5 = 7 and hence that 7 = IDg. The uniqueness of 7 then implies that
IDg = K(¢g) o nk.
O
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CHAPTER 5

Comma Categories and the Grothendieck Construction

In this chapter, we introduce the notion of comma categories and related concepts. We
present a criterion based on comma categories that tells us when colimits can be determined
via simplified diagram categories. We briefly mention sifted colimits and their characteri-
zation. The Yoneda lemma expressens values of a functor with the help of representable
functors. There is a dual statement, the Co-Yoneda lemma, that is related to the concept of
density.

Grothendieck constructions play an important role in applications in homotopy theory
and in other areas of mathematics. We define them and discuss some examples.

5.1. Comma Categories: Definition and Special Cases

DEFINITION 5.1.1. Given two functors C——D+—&, the comma category (F,G) has
as objects triples (C, f, E), where C is an object of C, E is an object of £, and f €
D(F(C), G(E)).

A morphism in (F,G) from (Cy, f1, E1) to (Ca, fa, E2) consists of a pair of morphisms
g € C(C1,Cy) and h € E(Fy, Ey), such that G(h) o fi = fa 0 F(g):

(5.1.1) F(O) I amy)
F(g)J JG(h)
F(Cy) =2 G(By).

The composition of morphisms in (F,G) is induced by the composition of morphisms in C

and €&.

You only allow objects of C and £ as objects in the comma category that talk to each
other in D via a morphism. But note that C and £ are not quite on equal footing. The
morphisms always have to run from some F'(C) to some G(E).

There are canonical functors pe: (F,G) — C and pg: (F,G) — &, given by projecting to
the first and last component:

pC(Cv f7E> = 07]9(2(97 h) =9 pS(C7 fﬁ E) = E7pg(g7h) = h.

LEMMA 5.1.2. There is a natural transformation 7: F o pc = G o pe.
(F,G) ZX—¢
pel Ty lF
& ——D
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PRroOOF. Define 7 f ) as f. The compatibility condition in (5.1.1)) ensures that this
indeed defines a natural transformation. U

EXERCISE 5.1.3. Consider the partially ordered set [1] = 0 < 1. Show that
(F,G) —— Fun([1], D)

Lo b

Cx&——DxD

is a pullback diagram. Here, Fun([1], D) is the category of functors from [1] to D and p
collects the values of such a functor on 0 and 1 and forgets the morphism.

This is a mapping object interpolating between F' and G. If C and £ are the category [0]
and if /' = (G, then you get a categorical model of a based loop space.

ExXAMPLE 5.1.4. If C = D = & and if both functors are the identity functors, then
the objects of (Ide,Ide) are morphisms in C and the morphisms between two morphisms
fi: C1 = Cy and f': C] — C) are pairs of morphisms (g, k) in C that render the diagram

o, s

s

OQL)CQ

commutative. This gives the category of morphisms of C, Fun([1],C), as a special case of a
comma category.

We saw an example of a comma category already in Definition when we constructed
Kan extensions.

DEFINITION 5.1.5. Let F': C — D be a functor and let D be an object of D. The comma
category F' | D is (F,kp: [0] = D), where kp sends 0 to D.

Hence objects of F' | D are pairs (C, f), where C' is an object of C and f € D(F(C), D).
A morphism from (C, f) to (C',f') in F' | D is a morphism g: C' — C" in C, such that
froF(g)=f.

F(g)

F(C) F(C")
N A

Dually, we can define the comma category D | F in such a way that the morphisms start
in D and end in images of F, that is, D | F' = (kp: [0] = D, F: C — D).

Other important special cases are over and under categories (define one functor to be
the identity and the other one to be a functor from the category with one object and one
morphism).

DEFINITION 5.1.6. Let C be a category and let C' be an object on C.
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e The category of objects over C in C has as objects morphisms f € C(C’,C), and a
morphism from f € C(C’,C) to f" € C(C”,C) is a morphism g € C(C’,C"), such that
flog=1:

C//

\/

We denote this category by C | C.
e The category of objects under C' has as objects morphisms f € C(C,(C"), and a mor-
phism from f € C(C,C") to f' € C(C,C") is a morphism g € C(C’,C"), such that

gol=1"
N

' — ",
g
We denote this category by C' | C.

Note that we can describe the morphism sets in C | C' and in C' | C as pullbacks.
Morphisms in C | C from f: C' — C to g: C" — C are elements in the pullback of

{5}

|

cc',cm c(c', @),
and morphisms in C' | C from f: C — C’ to g: C — C" are elements in the pullback of

{9}

l

c(c,cm.

C(C9)

c(c,cm

Similarly, for a fixed morphism ¢ € C(C, Cy), the category of objects under Cy and over
(5 has as objects pairs of morphisms (f, g) with f € C(Cy,C) and g € C(C,C5), such that
go f =&, and a morphism from (f,g) to (f’,¢') is a morphism h € C(C,C"), such that

hof=fand ¢ oh=yg:
&
N
C " '
Cs.

We use the notation C; | C | C5 for this category, suppressing £ from the notation. Such
categories feature prominently in the concept of André-Quillen (co)homology [Q70]. If k
is a commutative ring and B is a commutative k-algebra, then a commutative k-algebra A
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is an object of the category of commutative k-algebras over B, if there is a morphism of
k-algebras f: A — B, that is, if A is augmented over B. As k is initial, A is also an object
of the category of commutative k-algebras under k and over B (so ¢ is the unit map of B).
A commutative k-algebra C' is an object of the category of commutative k-algebras under A
if and only if C' is a commutative A-algebra.

REMARK 5.1.7. It is common to call categories of the form C | C (or C' | C) slice
categories (coslice categories).

EXERCISE 5.1.8. Show that C | C has the identity of C' (which we identify with C') as
a terminal object and C' | C has the identity of C as initial object. If ¢} = Cy = C and
¢ =1¢, then C' | C | C has the pair (1¢, 1¢) as a zero object.

If C has a terminal object %, then C | * is isomorphic to C and % | C consists of objects in
C with a chosen map from *. For instance, the category of pointed topological spaces, Top,,
is the category of topological spaces with a chosen basepoint, and this choice is nothing but
a map from a one-point space to a space. Morphisms are continuous maps preserving the
basepoint.

EXERCISE 5.1.9. In the category of small categories, [0] is a terminal object, thus, cat |
[0] = cat. Let C and D be two categories, then show that their join C — D has a functor to

~Y

[0] % [0] = [1]. Prove that the join gives rise to a functor
cat x cat — cat | [1].

ExaMPLE 5.1.10. Consider the category of sets and fix a non-empty set S. An object
in the category Sets | S is a set X, together with a function fy: X — S, and morphisms
in Sets | S are functions that preserve the anchor map to S. This category is nothing
but the category of S-graded sets: The preimage f~!(s) of an element s € S is the s-
component of X, X,. We can write X = | | _¢ X,, and morphisms in the category preserve
these decompositions, that is, a g: X — Y for an object fy:Y — S of Sets | S satisfies
g(Xs) C Y;. Note that the anchor maps do not have to be surjective, so some of the
summands in X = | |,_¢ X might be empty.

5.1.1. The Categories F\C. Given a functor F': C — Sets we can build a category
F\C out of F, C and the values of F.

DEFINITION 5.1.11. For a given F', we let F\C be the category whose objects are pairs
(C,z), with C an object of C and = € F(C). A morphism from (C,z) to (C',2) is an
fec(CC), with F(f)(z) =2

There is a forgetful functor p: F\C — C that omits the element z.

We will see later that for certain functors F' the functor p gives rise to a covering map
on the level of classifying spaces (see Theorem .

There are variants of this construction. Note that in the previous definition F(C) is a
set, and this was a crucial ingredient, because we require an equality between F'(f)(z) and
x’. We can change the target category into any category that has a notion of elements.

DEFINITION 5.1.12. A category D together with a faithful functor U: D — Sets is called
concrete.
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Note that there could be several faithful functors from a given category to the category
of sets, but in our examples, it should be clear which functor we mean. If D is an object
of D, then U(D) is a set, and hence, we can talk about the elements of U(D). By abuse of
language, we might also call them the elements of D.

There are many examples of concrete categories: every category that has objects that
are sets with some extra structure and whose morphisms are functions respecting that extra
structure is concrete. So, for instance, the categories of groups, of topological spaces, of
R-modules for a fixed ring R, and of k-algebras for a fixed commutative ring with unit &
are examples of concrete categories. In all of these cases, we can use the obvious forgetful
functor to the category of sets as the functor U.

If C is a category with a functor F': C — D and (D, U) is a concrete category, then F\C
is short for (U o F)\C.

5.1.2. Category of Cones. Let F': D — C be a functor. If D were small and we
wanted to build the limit of F' over D, then we would consider objects C' of C, together
with compatible maps into the system (F(D))peonp). The corresponding category is an
important slice category and features prominently in the work of Joyal [Jo-coo| and Lurie
[Lu09), Lucc|. Note that for the join of two categories £ * D, there are inclusion functors

E iEE*D il D.

We can consider functors G: £ * D — C that restrict to a given functor on £ or D. For
simplicity, we assume that all categories that are involved are small.

PROPOSITION 5.1.13. Let F': D — C be a functor. Denote by Fung(€ % D, C) the set of
functors G': £ * D — C with G oip = F. Then, there is a category C,p, such that

Fun(€,C/r) = Funp(€ * D,C).
Dually, given a functor H: & — C, there is a category Cp/, such that
Fun(&,Cry) = Funy (€ + D, C),
where Fung (€ * D, C) denotes the set of functors G: € * D — C that restrict to H under i¢.

PROOF. We prove the first case. Assume that G is a functor G: £ * D — C that extends
F:D — C. Then, there are values G(F) in C for all objects E of £, and morphisms
f € E(Ey, Es) induce morphisms G(f) € C(G(Ey),G(Es)) as usual. The extra datum
comes from the fact that for every object E of £ and for every object D of D, there is a
singleton morphism set {x} = (£ * D)(E, D), and therefore, we obtain induced morphism
G(E) — G(D). But as G extends F' on D, the latter term is G(D) = F(D). For a fixed E,
we obtain such a morphism G(F) — F(D) for every object D of D, and for any morphism
h € D(Dy, Dy), the composite h o x is *; thus, we obtain a morphism from every G(E) to
the diagram (F(D))pcon()-

Therefore, the category C/r has all cones (G(E) — F(D))peconp) as objects and mor-
phisms of cones as morphisms. 0J

REMARK 5.1.14. Proposition can and should be read as the fact that for a fixed
small category D, the functor (—)*D: cat — D | cat has a right adjoint. Dually, the functor
Ex(—): cat » & | cat also has a right adjoint.

André Joyal calls C/r the lower slice of C by F' and Cp/ the upper slice of C by H.
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You have already seen a special case of these categories in Definition [1.5.7] where we
considered the case where one of the categories is [0]. Functors G: [0] * D — C extending a
given F': D — C choose an object G(0) of C and build the cone to the values F'(D). Dually,
functors G: D x [0] — C extending a given H: D — C also choose an object G(0) of C and
build the cocone of all morphisms F(D) — G(0).

5.2. Changing Diagrams for Colimits

Often, it can be quite tricky to explicitly determine a colimit or limit of a functor.
Sometimes, it is easier to identify the colimit or limit of a modified diagram category. If
¢: D' — D is a functor between small categories, then the precomposition with ¢ is a functor

¢*: Fun(D,C) — Fun(D',C)

for every category C. We will use the categories D | ¢ in order to calculate colimits over D
via colimits over D’ for nice-enough ¢s. The idea is that D’ captures enough of information
about D via ¢.

If the colimits colimpF and colimp¢*(F') exist, then ¢ induces a morphism

O : colimp/¢*(F) — colimpF

as follows. We need to define morphisms F(¢(D’)) — colimpF' for all objects D’ of D’ that
define a cone. Let 7': ¢*(F) = A(colimp¢*(F)) and 7: F = A(colimpF’) be the cones for

Fo¢and F. Then, ® is defined as the unique morphism with ® o 7}, = 7,/ for all objects
D' of D':

F(6(D')) —2 colimpr¢*(F)

P
m l

colimp F.

DEFINITION 5.2.1. A functor ¢: D' — D is called cofinal (or terminal) if for all objects
D of D, the category D | ¢ is not empty and connected.

EXAMPLE 5.2.2. The name terminal functor comes from the example where ¢ is a ter-
minal object in D, and ¢: {t} — D is the inclusion functor of the category {t}, with object

t and only 1; as morphism into D. This inclusion functor is terminal, and we already know
from Exercise that colimpF = F'(t) if D possesses a terminal object.

ExAMPLE 5.2.3. If (X, <) is a linearly ordered set viewed as a category and if YV is a
subset of X, then the inclusion Y — X is a cofinal functor, if and only if Y is a cofinal
subset of X; that is, for all x in X, there is a y in Y, with < y. That’s the reason for the
name cofinal functor. For instance, every infinite subset of the natural numbers is cofinal.

EXERCISE 5.2.4. Let H be a subgroup of a finite group G. A functor F': C¢ — k-mod
is a G-representation M = F(x). Determine colimg,F. When is the inclusion functor

¢: Cyg — Cg cofinal?
THEOREM 5.2.5. If the functor ¢ is cofinal, then the morphism
O colimp ¢"(F) — colimp F’
is an isomorphism.
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PROOF. We define morphisms ¢p: F(D) — colimp ¢*(F') by choosing an object D" of
D' and a morphism fp: D — ¢(D’) for every D. This is possible because D | ¢ is not empty.
If D = ¢(D') for an object D' of D', then we choose fp = 14py. We set ¢p 1= 71, 0 F(fp):

F(fp)

F(D)- F(o(D")

wDA T’
COhmD/ ¢* (F)
If D = ¢(D’) for some object D’ of D', then we obtain

As the category D | ¢ is connected for every object D of D, the choice of fp does not
matter. Assume that fD D — ¢(D D’ ) is another morphism, then as D | ¢ is connected, we
know that there is a finite zigzag of morphisms between ¢(D’) and ¢(D’), indicated by the
dashed line in the following diagram:

Fo(D)
V N
wD\F /

Therefore, 77, 0 F(fp) = 75, 0 F(fp).
The family of morphisms ¢p are components of a natural transformation
Y F = A(colimp ¢*(F)),
and hence, we get an induced morphism
U: colimpF' — colimp ¢*(F)).

We claim that W is inverse to ®. Note that by the definition of ¥, we have that Worp = ¢p
and

P o¢p = Typ) 0 F(fp) = Tp,
where the latter equality follows from the naturality of 7. Hence, the following diagram is
commutative:

F(D) —2= colimpF

N

colimpp*(F')

o

colimp F’,

™D

and we get ® o W o 7p = 7p; hence, ® o ¥ = 1 gjimpF-

83



As ® satisfies ® o 7, = 74(pry, we obtain with the help of (5.2.1])
Wodorpy =Woryp) =Ygy = Tp

thus Vo & = 1colimD/¢*(F)' O

REMARK 5.2.6. You could and should ask whether the condition of being cofinal for a
functor is the best one can get, and the answer is yes. If ¢: D' — D is a functor between
small categories, such that for all functors F': D — C with cocomplete C, the canonical
morphism ®: colimp ¢*(F') — colimpF' is an isomorphism, then ¢ is cofinal. It suffices to
take C = Sets. We've seen in Example that colimpD(D, —) is a one-point set, thus

by assumption, colimpD(D, ¢(—)) is also a one-point set. But in the category of sets, the
explicit formula for a colimit is

colimpD(D, (=)= || D(D,¢(D)/ ~,
D’ an object of D’
where f € D(D,¢(D})) is equivalent to g € D(D, (D)) if and only if D} and D) are
connected via a zigzag of morphisms in D’ that relate f to g. If D | ¢ were empty, then

the colimit would be empty. If D | ¢ were not connected, then the colimit would consist of
more than one point.

5.3. Sifted Colimits

Interchanging limits and colimits can be difficult or impossible. Sifted colimits interact
well with finite products.

DEFINITION 5.3.1.
(1) A small category D is called sifted if colimits of diagrams F': D — Sets commute
with finite products, that is, if F is a finite set viewed as a discrete category, then
for every F': D x E — Sets,

colimp <H F(—, x)) = H colimpF'(—, x).

el zelE
(2) Colimits of diagrams over sifted categories are called sifted colimits.

Gabriel and Ulmer [GUT1] proved a recognition principle for sifted categories.

PROPOSITION 5.3.2. A nonempty small category D is sifted if and only if the diagonal
functor A: D — D x D is cofinal.

PROOF. Assume that the diagonal functor is cofinal. It suffices to show that colimits
commute with binary products. Thus, we aim at a bijection

x: colimp(F(—,1) x F(—,2)) = (colimpF(—, 1)) x (colimpF'(—, 2)).
A direct inspection shows that
(5.3.1) (colimpF'(—,1)) x (colimpF(—,2)) = colimpyup(F(—,1) x F(—,2)).

If the diagonal is cofinal, then by Theorem[5.2.5 we can reduce the latter to colimp(F(—,1) x
(colimpF(—,2)) o A.

Conversely, if D is sifted, then Remark combined with the bijection of implies
that A has to be terminal. O
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EXAMPLES 5.3.3.

(1) As we showed in Theorem that filtered colimits commute with finite limits for
all functors to the category Sets, nonempty filtered categories are sifted.

(2) Split coequalizer diagrams are sifted categories. See [ARV10, Example 2.2] for a
proof. The splitting is crucial.

(3) Every small category with finite coproducts is sifted. Such a category is not empty
because it has an initial object, and for every object (D;, Dy) of D x D, the object
(D1, Ds), (D1, Dy) — (D1 U Dy, Dy U Dy)) is an object of (Dy, Ds) | A. For mor-
phisms (f,g): (D1, D) — (D, D) and (u,v): (D1, D) — (D', D’), we can connect
these two objects with

(D, D)
(1.9)
i

(Dy, Dy (DUD',DUD),
m /
(D', D")

hence, (D1, D2) | A is connected for all (Dq, Ds).

EXERCISE 5.3.4. Dualize the concept of sifted categories and sifted colimits to cosifted
categories and cosifted limits.

We will later see in Proposition [10.12.14] that the opposite of the simplicial category, A°,
is sifted.

5.4. Density Results

In the category of sets, Sets, every set X can be expressed as the coproduct of its elements:
X = | |,ex{z}, and an element x € X corresponds to a morphism x: {*} — X from the
one-point set to X. In this sense, we can describe every set in terms of the one-point set,
and the categorical concept axiomatizing this situation is density.

For a functor F': D — C, recall the definition of the comma category F | C from
Definition [5.1.5] We use the projection functor U: F' | C' — D given by U(D, f) = D.

DEFINITION 5.4.1.
(1) Let D be a small category, C an arbitrary category and F': D — C a functor. The
functor F' is dense if for all objects C' of C, the natural transformation

Vi FoU=Ac, (UR)mg =/
is universal in the sense that it induces an isomorphism
colimp cFolU = C.
(2) A small subcategory D of C is dense, if the inclusion functor D < C is dense.

So, if a functor F': D — C with D small is dense, then the pair (Id¢,IDg) is a pointwise
left Kan extension of F' along F.

EXAMPLES 5.4.2.
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e As every set can be written as the disjoint union of its elements, any subcategory of
Sets with one point is dense in Sets.

e If R is an associative ring with unit, then the full subcategory consisting of the object
R is not dense in the category of R-modules. For instance, for R = Z, the object
7 @ 7 cannot be written as a colimit as in Definition [5.4.1, However, taking the full
subcategory with object R® R gives a dense subcategory of the category of R-modules.

One can check density with the help of the following criterion. We denote by YZ" the
functor from C to Sets”” that sends an object C' to the functor C(F(—),C), and a morphism
f € C(C,C") is sent to the postcomposition with f. We can view Y7 as a representable
functor that is twisted by F.

THEOREM 5.4.3. Let D be a small category and let F': D — C be a functor. Then, F' is
dense if and only if the functor

\Z3 Do
C——Sets
is full and faithful.
PROOF. We define two auxiliary functions for two arbitrary objects C' and C" of C. First,
we consider &: C(C,C") — nat(F o U, A¢) that sends a morphism g: C' — C” in C to the

natural transformation of functors from F | C to Sets, given by postcomposition with g,
that is,

£(9) o,y =go f: F(D)— C — C".
We also consider
0% : nat(F o U, Acr) — nat(C((F(—),C),C(F(-),C"))),

which maps a natural transformation ¢: FolU = A¢ to the natural transformation ©%, (),
with components OF, (¢)p that send a g: F(D) — C to ¢(pg)-

Note that ©%, is a bijection. A natural transformation ¢: F o U = A has components

P(D,f): F(D) — Cl,

and for any h € F' | C((D, f), (D', ")), we have that

F(D)

&f)

F(h) c’

/D’,f’)

F(D")
commutes. This is nothing but a natural transformation of functors from D to Sets from
C((F(—),C) to C(F(—),C"). An explicit inverse of %, is given by sending a natural trans-
formation
a: C((F(-),C) = C((F(-),C")
with components ap: C((F(D),C) — C((F(D),C") to the natural transformation 7 with
components 7(p, ) 1= ap(f).
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We fit € and ©F, into a diagram

c(c,c) L nat(C((F(-), C),C(F(-),C")).

nat(F o U, AC’)
Here, the top map is taking a g € C(C,C") to postcomposition with g. The diagram com-
mutes because
(0 0&(9)(@)p = €(9)Dap) = 9° ap = gu(a)p

for every o € nat(C(F(—),C),C(F(-),C")).

As ©F, is a bijection, £ is a bijection if and only if (=), is a bijection, that is, if and only
if Y2 is fully faithful. But ¢ being bijective is equivalent to ¥% being universal. O

With the help of the density criterion, it is easy to see that Yoneda embeddings are dense

functors. Here, Yp: D — Sets” sends an object D of D to D(—, D) and YP: D° — Sets”
sends D to D(D, —).

COROLLARY 5.4.4. Let D be a small category. Then, both the Yoneda functors Yp and
Y'P are dense.

PRrROOF. We prove the claim for Yp. The argument for Y is dual.
We have to show that the functor

YS);’SDO . Sets”” — Sets”™”| F + Sets”’ (Yp, F): D° — Sets
is fully faithful. The Yoneda lemma [2.2.2| yields that the bijection

Sets™ (Yp(D'), F) = nat(D(—, D), F) = F(D')
is natural in D', and hence, the functor F is naturally isomorphic to the functor Sets”” (Yp, F)
via YS:ZDO. As Ysifspo is an isomorphism of categories, it is fully faithful. 0J

REMARK 5.4.5. Thus, we get that every set-valued (co- or contravariant) functor from a
small category is a canonical colimit of representable functors.

Density helps us to recover objects from certain coends.

PROPOSITION 5.4.6. Let D be a small category and let F': D — C be a functor. Assume
that all copowers C(F'(D'),C) - F(D) exist. Then, F' is dense if and only if every object C
is a coend

[ eww).c)-ro),

such that the canonical morphism \: C(F(D),C) - F(D) — C restricted to the component
ofan f € C(F(D),C)is \f = f: F(D) — C.

PROOF. The fact that C' is such a coend with this particular A is equivalent to the fact
that the components of the structure map A restricted to

|| F(D)—cC
C(F(D).C)
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are given by the natural evaluation map that sends F'(D) via f € C(F(D),C) to C and that
this family is universal and natural in D. This is nothing but the universality of the natural
transformation ¢ from Definition m 0

REMARK 5.4.7. Proposition [5.4.6[is a reason why density is sometimes called co-Yoneda
property. The Yoneda lemma identifies an object with the set of natural transformations
from a representable functor. Natural transformations are ends. Here, we express an object
as the coend involving a twisted version of a representable functor.

For representable functors, one gets the co-Yoneda lemma.
THEOREM 5.4.8. (co-Yoneda lemma) Let D be a small category and let F': D° — Sets
be a functor. Then, there is a natural bijection

/D F(D)-D(Dy,D) = F(D,).

PROOF. As the category Sets is cocomplete, the existence of the copowers and the coend
is clear. We show that there is an isomorphism of functors

/DF(D)-D(—,D) ~F

Natural transformations from the above coend to a functor G: D° — Sets are families of
functions

bv. F(D)-D(Dy, D) — G(Dy),
such that for all g: D; — Dy and all h: D — D, the diagrams

F(D)-D(Dy, D) and  F(D)-D(Ds, D) 2 G(Dy)
lF(D)‘D(Dlvh)T x) 1F(D)'D(Q’D)l lG(g)
- e
F(D)-D(D, D)  G(Dy) F(D) - D(Dy, D) —25 G(Dy)

F(h)'lv(pl,ﬁ)l %

F(D)-D(Dy, D) "
commute. In particular, every ¢ p is a natural transformation
Yp: F(D)-D(—,D) = G.

By adjunction, we get
F(D) — / Sets(D (D1, D), G(Dy)) = G(D).
D

Therefore, the set of natural transformations from | PF (D)-D(—, D) to G is isomorphic to
the set of natural transformations from F' to GG, hence

/D F(D)-D(—, D)

1%

F.
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We will see an enriched version of the co-Yoneda lemma later in Proposition [9.3.10
There is a dual notion to density, and we mention it briefly.

DEFINITION 5.4.9. Let D be a small category and let F': D — C be a functor. Then, F
is codense if for all objects (', the natural transformation

V5 A= FolU
is universal in the sense that it induces an isomorphism
C= thiFF oU.

Note that here, C' | F' is the comma category with objects (D, f), with f: C — F(D)
and U(D, f) = D.

EXERCISE 5.4.10. Dualize Theorem [5.4.3] Is the dualization of [5.4.4] true?

5.5. The Grothendieck Construction
Recall from Definition [1.4.15| that cat denotes the category of all small categories.

DEFINITION 5.5.1. Let C be a category and let F': C — cat be a functor. The Grothendieck
construction C [ F is the category whose objects are pairs (C, X), where C is an object of
C and X is an object of the category F(C). A morphism in C [ F from (Cy, X;) to (Cs, X5)
is a pair (f,g) of morphisms f € C(Cy,Cs) and g € F(Co)(F(f)(X1), X2).

If (fi,q1) € (C[F)(Cr, X1),(C2, X)) and (fo,92) € (C [ F)((Co, X>), (T3, X3)), then
the composition of these two morphisms is given by (f2 o f1, g2 0 (F(f2)(g1))):

F(fao fi)(X1) 2220 p(£)(X0)

g2
g20(F(f2)(g1 l

Xs.
REMARK 5.5.2.

e As the composition of morphisms in C [ F in the first component is just the compo-
sition of morphism in C, we get a projection functor U: C [ F — C.

e If 7: FF = ( is a natural transformation of functors F,G: C — cat, then 7 induces
a functor C [7: C [ F — C [ G. On objects, C [ 7 sends (C, X) to (C,7¢(X)). For
feC(CC) and g € F(C)F(f)(X),X’), we keep f € C(C,C"). Then we need
a morphism from G(f)(7¢(X)) to 7/(X’). But G(f)(7¢(X)) = 7 F(f)(X), and
therefore, we take 7¢/(g) as the second component, so 7(f, g) = (f, 7c/(9)):

G(f)(re(X)) = 7o F(f)(X)

There are several other notations in use for the Grothendieck construction, for instance,
fc F or F' xC. We avoid them because the first one clashes with the notation for ends and
the second one would clash with other notation that we will use later. The symbol F' x C
has its origin in the example in the next exercise.

7o (9)

TC/<X,).

EXERCISE 5.5.3. Let N and H be groups, and assume that we have a homomorphism
w: H — Aut(N). Consider the associated categories Cy and Cy with one object .
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(1) Show that there is a functor F': Cy — cat with F'(x) = Cy.
(2) Prove that the Grothendieck construction Cy f F is the category Cnx,m, Where
N %, H denotes the (external) semidirect product of the groups N and H.

Let C be a small category. The Grothendieck construction C [ F' associated with a functor
F': C — cat has the following universal property [T'79] 1.3.1], describing functors out of the
categories that are in the image of F'.

PROPOSITION 5.5.4. Let C and D be small categories. The set of all functors G: C [ F —
D is in bijection with the following data:

e For every object C of C, there is a functor G¢: F(C) — D.
e For every morphism f € C(C}, Csy), there is a natural transformation

Gfi G01 = GCQ,

such that G, = IDg. and such that G_ respects composition, that is, for f €
C(Cy, (), g € C(Cy, Cs) the natural transformations G,or and G, o Gy are equal.

PROOF. Given a functor G: C [ F — D, we get the functor G¢ by setting Go(X) =
G(C,X) for X an object of F/(C), and by defining G¢(g) as G(1¢, g) for g € F(C)(X,Y).
The natural transformation G is given by (Gy)x = G(f, 1x).

Conversely, given the data, we can define a functor G: C [ F' — D by setting G(C, X ) :=
Gc(X) on objects, and a morphism (f, g) in (C [ F)((Cy, X1), (Cs, X2)) is sent to

Gy(X1) Gey(9)
G(f,9): G(C1, Xy) = Gy (Xh) ————G o, (X)) ———— G, (Xa) = G(Cy, Xs).

O

REMARK 5.5.5. For the definition of a Grothendieck construction, it is not necessary

to have a functor on the nose, but one can loosen the assumptions and consider op-lax
2-functors, as mentioned in Remark |9.6.5] See Thomason’s thesis [T'77] for the full story.
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CHAPTER 6

Monads and Comonads

6.1. Monads

Let C be a category. We can consider the endofunctors of C, T': C — C. We can compose
such functors, and the identity functor on C, Id¢, is a unit for this composition. We are
interested in endofunctors 7' that possess a multiplicative structure.

In the following, we will often omit composition signs of functors in order to ease notation.

DEFINITION 6.1.1. A monad in a category C consists of an endofunctor 7: C — C,
together with two natural transformations, n: Id = T and p: T oT" = T, such that the
following diagrams commute:

T8 2 2 apnd IdoT ZEe T2 < 7614

o N

T° —T

For a monad T, the natural transformation 7 is called the unit of the monad and p is
called the multiplication. In addition to the name monad, the notion of a triple is quite
common.

DEFINITION 6.1.2. Let C be a category and let (7, u,n) and (77, 1/, n') be two monads
on C. A morphism of monads from T to T' is a natural transformation 7: T = T”, which is
compatible with the structure maps: 7 commutes with the unit, that is, 7 on =7/, and the
diagram

T'(t)orT
T (e} T > T/ (e} T/

P

T & T

commutes.

The identity functor on C is always a monad. You know nontrivial examples of monads
because every pair of adjoint functors gives rise to a monad. We will see later that the
converse is also true: every monad gives rise to an adjoint pair of functors.

L
THEOREM 6.1.3. Let C ——D be an adjoint pair of functors. Then, the endofunctor
R

T = RoL:C — Cis a monad. The transformation u: RLRL = RL is given by Rep,
where ¢ is the counit of the adjunction and the transformation n: Id = T is the unit of the
adjunction n: Id = RL.
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Proor. We have to show that the diagrams

(6.1.1)

and

(6.1.2)

RLRLRL —£r . RIRL

RELRL“ HR€L
REL

RLRL =————————= RL

Id o RL 225 RLRL <2 RI o 1d

commute. In diagram (6.1.1)) the outer copy of R and the inner copy of L are not involved,
that is, we can reduce the diagram to the relevant part and that is

LRLRY . LR

w |

LR =——1d.

This diagram commutes because it consists of the two-fold application of the counit.

The commutativity of can be shown by considering both triangular-shaped sub-
diagrams separately. For these diagrams. the claim follows, because for any adjunction the
identities ID = Reong: R = R and ID =€ 0 Ln: L = L hold. U

As

we know plenty of examples of adjunctions, we get examples of monads.

EXAMPLES 6.1.4.

We have the forgetful functor U from the category of groups to the category of sets,
and this has the free group functor, Fr, as a left adjoint. Hence, U o Fr is a monad on
the category Sets.
Let k£ be a commutative ring with unit. The tensor algebra functor sends a k-module
M to the tensor algebra
T(M) =P M®,

i>0
with M®° = k. We endow T'(M) with the multiplication given by the concatenation
of tensors. This functor is left adjoint to the forgetful functor U’ from associative
unital k-algebras to k-modules, and U’ o T' is a monad.
Similar to the above, let Sym(M) be the free unital associative and commutative
algebra on M:

Sym(M) = @ M®R /Y,

i>0
Here, we divide by the action of the symmetric group ¥; on the i-fold tensor power of
M. For o € ¥; and m; ® ... ® m;, the action is given by

a.(m1 ... ml) =Me-1(1) @ ... @ Mg—1(;).
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The composite with the forgetful functor from commutative unital algebras to k-
modules, U, is a monad

U o Sym: k-mod — k-mod.
There is a morphism of monads from U’ o T to U o Sym that is induced by the
projection maps M®r — M®r /3,
e The loop-suspension adjunction is crucial in algebraic topology. The suspension func-
tor
Yicg, - cg, X—S'AX
is left adjoint to the based loop functor

Q: Top, — Top,, X — k@*(SI,X).

Here, cg is the category of compactly generated weak Hausdorff spaces, which we will
discuss in detail in [8.5] Similarly, for n > 1, we can consider the adjunction of the
n-fold suspension
" cg, —>cg, X—S'AX
and the n-fold based loop functor
Q": Top, — Top,, X = kTop (8", X).

EXERCISE 6.1.5. Let P be a partially ordered set viewed as a category. What is a monad
on P?

EXERCISE 6.1.6. Consider the assignment that sends a set to its power set. Is this a
monad?

6.2. Algebras over Monads

Adjoint pairs of functors give rise to monads and we will now show the converse: For
every monad T there are (at least) two pairs of adjoint functors that can be associated with
T. We consider one of it here and another one later (Corollary [6.3.6)).

DEFINITION 6.2.1. Let T': C — C be a monad with multiplication p and unit n. We call
an object C of C a T-algebra, if there is a morphism &: T'C' — C, such that the following
diagrams commute:

2c X0 70 and ¢ TCO

SN N
£ e
TC——C C.
The morphism ¢ is often called the structure map of the T-algebra C', and we often denote
a T-algebra by (C,&). The left diagram is an associativity condition, whereas the right one

poses a condition on the unit. A morphism of T-algebras is a morphism in C respecting the
structure maps. We use T-alg, to denote the category of T-algebras in C.

REMARK 6.2.2. A monad T is an endofunctor that is a monoid. The defining diagrams
of a T-algebra then mean that the monoid 7" acts on C, so one could equally well call a
T-algebra a left T-module.

EXAMPLES 6.2.3.
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e Let Fr: Sets — Gr be the functor that assigns to a set S the free group generated
by the set S. Then every group G is an algebra of the monad 7" := U o Fr. Here,
U again denotes the forgetful functor from the category of groups to the category of
sets. The morphism ¢: UFr(G) — G takes a formal word in the elements of G and
considers it as a word in . This example is prototypical for monads that arise from
a free-forgetful adjunction.

e Let (—)4: Sets — Sets be the monad that sends a set X to X := X U{+}. This
defines a monad on Sets. An algebra for this monad is a set X, together with a
function f: X, — X, but the unit condition of the algebra structure implies that
f does not move the points in X, so the only datum is the value f(+) € X. Thus
(—) -algebras are based sets.

e Based loop spaces 2" X for n > 1 are algebras over the monad ">,

e If T"is a monad, then for every object C' of C, the object T'C is a T-algebra. The
structure map T'(7'(C)) — T(C) is given by uc, and the unit is induced by the unit
of the monad. Such algebras are called free T'-algebras. In the example described
previously, for every set S, T'(.S) is the underlying set of the free group generated by
S.

L
EXERCISE 6.2.4. Let C —— D be an adjoint pair of functors and let T" = RL be the
R

corresponding monad. Is RD always a T-algebra for all objects D of D?

THEOREM 6.2.5. Let (T, u, ) be a monad in C. Then, there is an adjoint pair of functors
L
C ——= T-alg..
R

Here, R maps a T-algebra (C, &) to the object C' of C, and L sends an object C' of C to the
free T-algebra (T'C, uc). The corresponding monad of this adjunction is precisely the monad
T we started with.

REMARK 6.2.6. The adjunction described in Theorem is called the Eilenberg-Moore
adjunction of the monad T'. We will see another one later.

Proor. If we apply the composite RL to an object C' of C, then we obtain
RLC = R(TC,¢: T(TC) = (T?)(C)X=TC) = TC,

and the unit is given by no: C' — RLC = TC'. Conversely, we get that LR(C,¢) = L(C) =
(T'C, uc), and the structure map &: TC' — C'is, by definition, a morphism of T-algebras

5: (TC, ,UC) - (Ca 5)
Thus, the morphism ec¢): LR(C, &) — (C,§) is given by this morphism of T-algebras. If
f:(C8) — (C',¢) is an arbitrary morphism of T-algebras, then f has to satisfy

§oT(f)=fok

and this is exactly the naturality condition for £c¢). The composite T'C Tne TTCSTC

and the morphism C—7C-5 0 are the identity on T'C' and C' because of the unit
condition for the monad 7" and the unit condition for the T-algebra (C, ). U
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We denote the forgetful functor from the category of T-algebras in C to C again by U.
Note that U does not change the morphisms, but only forgets a coherence property, so we
obtain the following:

PROPOSITION 6.2.7. The forgetful functor U = U: T-alg, — C is faithful. a

EXAMPLES 6.2.8.

e If R is an associative ring with unit, then the functor R® (—): Ab — Ab is a monad in
the category of abelian groups. An R ® (—)-algebra is a left R-module. The forgetful
functor U takes an R-module M to its underlying abelian group.

e Similarly, for every group G, the functor

G x (—): Sets — Sets

is a monad on the category Sets, and G x (—)-algebras are G-sets, that is, sets with an
action of the group G. In this example, the forgetful functor just forgets the G-action.

If T is a monad on C and C' is a T-algebra, then the associativity condition on the
structure map £: T(C') — C implies that ¢ fits into a diagram
() ¢
(6.2.1) T(T(C)—=T(C)—C.
pe
Here, T(T(C)) is a T-algebra via pir(cy, and T'(C') has pic as structure map. Actually, more
is true.

PROPOSITION 6.2.9. Let T" be a monad on C and let C' be a T-algebra with structure
map &: T(C) — C. Then, the diagram is a coequalizer diagram in the category of
T-algebras. Applying the forgetful functor from T-algebras to C turns this diagram into a
split coequalizer diagram in C.

Proor. All morphisms involved in the diagram are morphisms of T-algebras. If f is a
morphism of T-algebras from (T'(C), uc) to (D, 7), with the property that fouc = foT(£),
then we precompose f with the unit of C, no: C — T(C).

(&) ¢
T(T(C) == T(C) “—C
1o
D

We have to show that this is a T-algebra morphism, that is, 7o T'(f ong) = fonc o&.
As f is a morphism of T-algebras, we have

(ToT(f)oT(nc) = (fouc)oT(ne)=f,
and as f satisfies the condition that f o uc = foT(§), we also get

f=(fonc)onrcy=(foT(§))onrc)=foncek,
and this proves the claim.
In the category C, we set s = 1 and ¢ = n7(cy. The unit conditions yield puc ot = 17
and £os = 1¢. As units are natural, we also obtain T'(§) ot = so&, and thus, the coequalizer
diagram turns into a split coequalizer diagram in C.
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By Proposition the forgetful functor is faithful; this shows that the extension of f
as f onc was unique. 0

REMARK 6.2.10. For the splitting in the proof it was crucial that we worked in the
underlying category, because the unit maps nc and npc) are, in general, no maps of T-
algebras. For instance, if A is an associative unital k-algebra, then n4: A — @,., A®*" sends
A to the (i = 1)-part of the tensor algebra. This map is neither unital nor multiplicative.

We now want to study the situation where we have morphisms between different kinds
of algebras over monads. Later, we will apply this to lifting left adjoint functors to the level
of algebras over monads.

Let (T, p,n) and (T", 1/, 1') be two monads. We abbreviate the forgetful functors with U
and U’ and the free functors with ' and F’. Assume that we have a functor R: C — D and
that it lifts to the level of algebras, that is, there is a functor

R: T-alg, — T-algp,
with
(6.2.2) U'oR=RoU.

In particular, every T-algebra (C, &) is sent to a T-algebra R(C,¢). Consider the following
diagram:

T-alg, R T'-algp
FHU F'HU'
C D.

R

We do not assume any other commutativity relations in this diagram.

LEMMA 6.2.11. In the previous situation, there is a natural transformation
a:T'oR= RoT.

This a commutes with the unit of 7" and 7" as follows:

/

(6.2.3) R—2-ToR

wl &

RoT

There is also a compatibility with the multiplications in the monads 7" and 7" in the sense
that

!

(6.2.4) T'oT oR a T'oR
ol I
T"oRoT RoT
X y
RoToT
commutes.
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PRrROOF. We define « as the following composition:

U'F'R(n

. U'é. .
TR=UFR-LEE 0 FRUF — U'F'U'RF =25 U'RF = RUF = RT.

The unit condition ((6.2.3)) is easy to see because of the commutativity of the diagram

R— "™ PR =TR
R(n) lU’F "Rn
RUF ™50/ F'RUF = U'F'U'RF
\ lU’s’RF
RUF = U'RF.

For the compatibility with the monad multiplication, as in (6.2.4)), we consider the dia-
gram

U'e’

UFUFR i U'F'R
U'F'U'F'Rny U'F’Rn
U'FUFRUF = U'F'UFURF 25 (7' RUF = U'F'U' R
U’F’U’e’RF UIEIRF
UF RUF =UF'URF Chr RUF =U'RF
U'F' Rnyr RUep

. U'e’. .
UFRUFUF =UFURFUF —%2—- RUFUF = U'RFUF.

The outer compositions give exactly the morphisms we are looking for. The horizontal maps
make the top two rectangles commute because of naturality; the only thing to check is that
the bottom square commutes. Because of the naturality of the transformation &', we know
that

U'es,oUF RUep = RUepoU'ey 0 e

Precomposition with the transformation U'F’'Rnyp gives the claim, because U'F'RUcp o
U'F'Rnyr = 1d. Hence, we get

(625) RUEF O Quyfp = RU€F @) UISIRFUF o) U/F/RUUF = UIE}%F.

U

REMARK 6.2.12. In particular, if C = D and R is the identity functor, then for every

functor Ide: T-alg, — T'-alg with U’ oIde = U, we obtain a natural transformation a: 7" =
T. The conditions (6.2.3) and (6.2.4)) ensure that « is a morphism of monads. In order to
abandon the awkward notation Ide, we use a neutral G: T-alg, — T’-alg instead.

EXAMPLE 6.2.13. Every unital associative and commutative k-algebra A is in particular
a unital associative k-algebra, so we get a forgetful functor GG that takes the underlying unital
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associative algebra of a unital associative and commutative algebra. Let us denote by As
the monad U’ o T" and by Com the monad U o Sym. Then, there is a commutative diagram

G

Com-Alg As-Alg.

U T

Sym U’

k-mod

and the corresponding morphism of monads a: As — Com is the one discussed earlier,
induced by the projection maps that divide out by the symmetric group action. In the
language of monads, the map from commutative algebras to associative algebras is obtained
by precomposing the structure map with the projection map a: As — Com.

EXAMPLE 6.2.14. Let A be a unital associative k-algebra. Then A is a Lie algebra over
k using the commutator bracket

[—,—]: A®r A— A, [a,b] :=ab— ba for a,b € A.
Therefore, there must be a morphism from the Lie monad to the associative monad As.

The examples are prototypical.

LEMMA 6.2.15. Assume that (T, u,n) and (77, 1/, 1) are monads on the category C and
that we have a functor G from the category of T-algebras to the category of T"-algebras,
such that the diagram

T-alg, N -alg,

N,

commutes. Then, there exists a morphism of monads a® from 7" to T. Conversely, every
morphism of monads a: 7" = T induces a functor G, : T-alg, — T'-alg,, with U' o G, = U.
The assignments G — o and a — G, are inverse to each other.

ProOF. We established the first fact in Lemma [6.2.11} The inverse to the assignment
G — aY sends a morphism «a of monads to the functor G, that maps a T-algebra (C,¢)
to (C,€ o a¢). By construction we have that U' o G, = U, and if f: (C,§) — (D, 1) is a
morphism of T-algebras, that is, 7o T'(f) = f o &, then f is also a morphism of T"-algebras
from (C,€ o a¢) to (D, T o a), because the diagram

T’(C’ T'(D)
7(C) —% T(D)
; [
C % D

commutes.
Before we show that these assignments are inverse to each other, we describe G' in more
detail. As U'oG = U, we obtain that G(C, £) has to be of the form (C, p) with p: T(C) — C
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being the T-algebra structure of G(C,§). From the proof of Theorem we know that we
can recover this structure map from the counit of the adjunction, and hence,

p=Ulec,) =U'leqce)

We claim that p is always of the form Ugcg) 0 ol = £ o af. In the following diagram, we
heavily use the fact that U’ o G = U:

G(C €)

U FU'G(C, €) 29 Ue(C, €)
U'FU(C,E)
U’F’Ue(c@
U'F'UFU(C, €)

/

U'tqru(c.e)

UFnuce UFUGEFU(C,E))

G
ac

U'F'U(C,€)

The pentagon commutes because of the naturality of the counit maps. The counit-unit
property of the adjunction renders the left half-moon commutative, the small triangle-shaped
square in the upper-right commutes because of the identification U'G = U, and the lower
part of the diagram displays the definition of ac. Therefore,

(6.2.6) p=U(egce) = Uscg oac =& oac,

We first show that a®> = a. For this, we note that with the preceding calculation, we get
that

Go(TC, uc) = (TC, pe o arc),

and, following the notation of [BaWe05|, Proof of Theorem 6.3], we define o¢ := pe o arc.
This is the T"-algebra structure map of T'C, and hence, oc: T'TC — TC. As « is a natural
transformation, the diagram

TC -2 TC

ool = [ e

T'TC 2% TTC

commutes. Thus, we can express a¢ in terms of o, as

(6.2.7) ac=pcoT(nc)oac = pucoarcoT (nc) =ocoT (neo).
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We can compare o and a%* via the diagram

Ga
T'C e
T'(nc)

Ga

ac e e TC

|
arc
T(nc)

TC ——TTC

and hence, the two maps agree for all C'.
Conversely, given G, we know that G(C,¢&) = (C,€ o a¢) but also G,a(C, &) = (C, € o
a&) = (C, € o ag), so both agree. O

6.3. Kleisli Category

In addition to the description of a monad in terms of the free-forgetful pair from [6.2.5
there is an alternative description of a monad in terms of its free algebras. We will actually
see that all the ways to express a given monad in terms of adjoint functors live between the
Kleisli adjunction and the Eilenberg-Moore adjunction.

DEFINITION 6.3.1. Let (T, t,n7) be a monad on a category C. The Kleisli category of T,
Kr, has the objects of C as objects and a morphism f € K7 (C},Cs) is a morphism f in
C from C) to T(Cy). The identity morphism of an object C' is the unit of the adjunction
ne: C — T(C), and the composite of f € Kp(Cq,Cs) and g € Kp(Cq, Cs) is

O —LT(C) 2T (T(Cy) L2 ().

EXERCISE 6.3.2. Check the associativity of the composition and the unit axiom.

EXAMPLE 6.3.3. The monad (—): Sets — Sets that adds a disjoint point has as a
Kleisli category the category whose objects are sets, and an f € K, (X,Y) is a function
f: X — Y,. Such a function is sometimes called a partial function. The interpretation is
that f is a function on all the points that are not sent to +. If you have a partial function,

that is, a function f: A — Y for some A C X, then you can extend it to a morphism
fe K., (X,Y) by declaring f(z) = + for all z € X \ A.

EXERCISE 6.3.4. Work out what the Kleisli category is for the monad corresponding to

the free-forgetful pair, where the free functor takes a set X to the free monoid generated by
X.

PROPOSITION 6.3.5. The category Kr is equivalent to the full subcategory Fr(C) of
T-alg., whose objects are the free T-algebras.

PROOF. Define a functor G: Ky — Fp(C) by setting G(C) = (T(C),uc), and for
f: Cy — T(Cy), a morphism in Kr from C) to Cy, we set G(f) = e, o T(f):

7)),

T(f)l 1,
TT(Cy)
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Then, G(f) is a morphism from (T'(C1), puc,) to (T(Cy), ie,) in Fr(C), because in the fol-
lowing diagram, the two squares commute (because of the naturality and the associativity
of u); hence, the following diagram commutes:

TT(Ch) 2 T(Cy)

TT(f)l JT(f)

HTCy

TTT(Cy) =25 TT(C)

T}LCQ l ll‘l’02

TT(Cy) 25 T(Cy),

and this shows, e, o TG(f) = G(f) o g, -
The assignment G is actually a functor. G applied to the identity morphism in the Kleisli
category is
G(ne) = pc o T(nc) = lr(c),
and the diagram
T(f)
lTT( ) T(g)

HT(C3)

TTT(C3) —=5 TT(Cy)

JT,U,CS lﬂC:),

TT(Cy) = T(Cs)
commutes for all f € Kp(Cy,Cy) and g € Kp(Cy, C3), showing that G respects composition
in the Kleisli category.
By construction, G is essentially surjective, and hence, we have to show that G is fully
faithful.

Let a: (T(CY), pey) — (T(Cy), pe,) be any morphism of T-algebras. As the diagram

G(gof)=T (pc30T(g)of)

Tnc,

Cl —) TTCl

Ry

Ch) TTC,
X] LLLCQ
T(Cs)

commutes, we can write h as uc, o T'(hone,) and hong, € Kp(Ch,Cs).
Assume that f,g € K7(Cy,Cy), with

G(f) = Mcy © T(f) = Mcy © T(g) - G(g)
But then, we also get that the precomposition with 7, yields the same morphism, but due
to the naturality of the unit of 7', this is equal to f and g. O

This equivalence of category gives rise to the following adjunction:
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COROLLARY 6.3.6. The functor Ur: K7 — C that sends an object C' of Kp to Up(C) =
T(C) and an f € Kp(Cy,Cy) = C(C1, T(Cy)) to pe, o T(f) has a left adjoint Fr: C — Kr,
given by Fr(C) = C and Fr(f) =nc, o f.

REMARK 6.3.7. Note that this adjunction recovers the monad 7. We have Ur o Fp(C) =
TC for all objects C' of C, and the composite Ur o Fr sends a morphism f € C(C,Cy) to

Tncy

TTC, 210,

This is precisely T'(f).
The adjunction (Fr, Ur) is sometimes called the Kleisli adjunction of the monad.

In order to distinguish the Eilenberg-Moore adjunction from the Kleisli adjunction, we
now use (F'7, UT) for the Eilenberg-Moore adjoint functor pair. We already know that there
is a functor G: K7 — Fr(C), and as the free T-algebras are a full subcategory of T-alg., we
view G as a functor

G: Kp — T-alg,.
This is actually a map from an initial object to a terminal object.

DEFINITION 6.3.8. Let (T, u,m) be a fixed monad on a category C and let (L, R) be an
adjoint functor pair

L
D

with unit 77: Ide = RL and counit &: LR = Idp, such that (RL, Rép,7n) = (T, u,n).
These adjunctions form a category, the category of adjunctions building T, in which a

L %
morphism from C——=D to C'——=D’ is a functor H: D — D', such that
R R

HL=L"and R'H = R.

p— " . p

N

C
Note that we do not demand that L'R is H.

EXERCISE 6.3.9. Prove that in the situation of Definition [6.3.8] H carries the adjoint of
a morphism f: C' — R(D) = R'H(D) to the adjoint of this morphism in D’.

THEOREM 6.3.10. Let (7', i, 1) be a monad. The Kleisli adjunction for 7" is initial in the
category of adjunctions giving T, and the Eilenberg-Moore adjunction is terminal.

Let us fix the notation before we start a sketch of proof. We have the Kleisli adjunction
(Fr,Ur), and we call the unit ny and the counit er. For the Eilenberg-Moore adjunction,
we use superscripts, so (F7,UT) with unit n” and counit €. We only sketch the proof of
Theorem . For a full proof, see, for instance, [Riel6l Proposition 5.2.12].
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SKETCH OF PROOF. Let (L, R) be an adjunction building 7" with unit 7: Ide = RL
and counit £: LR = Idp. We have to define unique functors A and Z, as in the following
diagram:

Kr A

D 2 T-alg,

Ur FT

Fr uT

with

RA=Up,U'Z =R, AFy =L, and F1Z = L.
Let C be an object of Kr. As A(C) has to satisfy A(C) = AFr(C) = L(C), we can only set
A(C) == L(C). For f € Kp(Cy,Cy) that is, f € C(Cy,T(Cy)), we have to set A(f) as the

composite
lL(f) T&(cy

LT(Cy) == LRL(Cy),

because by Exercise A has to send adjoints of morphisms to adjoints. This determines
A uniquely, and RA = Ur is satisfied.

For Z, we have the relation UTZ = R, so we need a T-algebra structure map for Z(D)
for any object D of D', that is, a morphism &: TZ(D) — Z(D) compatible with the multi-
plication and the unit of 7. But the structure map of a T-algebra can be read off the counit
of the Eilenberg-Moore adjunction as the morphism &: (T'Z(D), piz(py) — (Z(D),§) (see the
Proof of Theorem [6.2.5]). Thus, we have to set Z(D) := (R(D), R(ép)), with

R(ép)

TR(D) = RLR(D) R(D).
Also, for morphisms h € D(Dy, D), we have no choice but to set
Z(h) = R(h): (R(D1), R(¢p,)) = (R(D2), R(¢py))-

Note that
Z(L(C)) = (RL(C), R(é(cy)) = (T(C), uc) = FT(C).

EXERCISE 6.3.11. Show that A and Z given earlier are actually functors.

6.4. Lifting Left Adjoints

We present a diagrammatic proof of the existence of left adjoints here. There are other
versions available in the literature; see, for instance, [Bo94-2, §4.5] or [BaWe05|, §3.7].
Assume that we have an adjunction



and let v: Id = RL denote the unit and 7: LR — Id the counit of the adjunction. Assume
further that R lifts to the level of algebras over monads

(6.4.1) T-alg, — s T'alg,
FT‘[U F’TlU’
C D,
R

that is, U’ o R = RU. Again, we do not pose any other commutativity constraints in the
preceding diagram.

Our aim is to lift the left adjoint L to R to the level of algebras over monads. We want
a functor

L: T'-alg, — T-alg,

such that the pair (L, R) is an adjoint functor pair.
If D is a free T'-algebra, D = T'(D’), then the adjunction properties dictate, that we

define L(D) as TLD' because
T-alg.(TLD',C) = C(LD',UC) = D(D', RUC) = D(D',U'RC) = T'-algp(T' D', RC).

If L exists, then it has to preserve coequalizer. So, according to Proposition 6.2.9, we
have no choice but to define L(D) on a general T"-algebra D as the coequalizer of the diagram

»
FLU'F'D——=FLD
P2

for every T"-algebra D. Here, the morphisms ¢, and 1), are defined as follows. The mor-
phisms ¢ = (¢1)p is the composition

rLU'F'D M Py P RLD
J{FL(CVLD)
" FLRUFLD
lFWUFLD
FLD FUFLD,
EFLD

whereas 19 = (¢3)p is just F'L(0p), where Op: T'D — D is the T"-algebra structure map of
D.

THEOREM 6.4.1. Assume that (L, R) is an adjoint functor pair and that R has a lift
to the level of algebras over monads, as in (0.4.1). If the category of T-algebras in C is
cocomplete, then a left adjoint L of the functor R exists.

PROOF. The cocompleteness assumption guarantees that we can define L as explained
earlier. Our strategy is to show that the following diagram is a commutative diagram of
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equalizer diagrams in the category of sets.

(6.4.2) T-alg.(LD,C) —— T-alg.(FLD,C) w_—li T-alg.(FLU'F'D,C)
| E |
C(LD,UC) C(LU'F'D,UC)
o o
D(D, RUC) D(U'F'D, RUC)
| |
D(D,U’'RC) D(U'F'D,U'RC)

| [
I3

T'-algp(D, RC) —— T'-algp(F'D, RC) == T'-algp(F'U'F' D, RC).
&

The morphisms & and & are given by €%, and F'(0p), respectively. The morphisms ¢;,
1 <i<4and a;, i = 1,2, are the adjunction bijections. We just label them here for later

reference.
Naturality ensures that 13 and & render the diagram commutative. It remains to show

that ¢} and & are compatible with the bijections coming from the adjunctions.
We pick an arbitrary h € C(LD,UC) and show that

a0 @317 (p2(h))) = az o & (au(pi(h))).

We spell out what these compositions amount to in the following diagram. Here, the left
vertical morphism is ay o & (ay(¢1(h))), and the remaining U-shaped morphism depicts the
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composition ¢4 o @3(1(p2(h))).

VRl D Rnpuyrpip
U'F'D RLU'F'D RUFLU'F'D
U'F'vp
©) RUFLU'F'vp
, Yy'F'RLD Rnpyrpirip
My el p @ U'F'"RLD — RLU'F'RLD RUFLU'F'RLD
N ®
VRUFLD
U'F'UF'D , @ RUFLD — RLRUFLD RUFarp

e "E'U Fup Ny' v RLD l ) \wD

€F'D "TRUFLD

U'F'arp
U'F'D U'F'U'F'RLD —— U'F'RUFLD @ RUFLRUFLD
QRUFLD
U'Flvp / @ \ RUFTyFLD
€F'RLD

U'F'R RUFUFLD

U'F'Rh RUerLD
arLp
U'F'RUC=U'F'U’' RC RUFLD
U/ /
5o ® P RUFh
U'RC=RUC RUFUC
RUec

Diagram (1) commutes because 1’ is natural. In (2), there is a sequence of units of
adjunctions, but the unit vp can be moved along the other two. The naturality of a ensures
that (3) and commute. The unit condition for «, as in (6.2.3)), implies that aryprp ©
NeurLp 18 equal to R(nurrp), and this agrees with the composition in the top row of (4).
Naturality ensures that (5) and (6) commute. As « satisfies the compatibility condition with
respect to the multipliction in the monads 7" and 77, as in , we get that (7) commutes.
We already showed in (6.2.11)) that @ commutes.

Hence, in total, the diagram (6 is a commutative diagram of equalizers, and thus we
get a bljection

T-alg.(LD, C) = T'-algp(D, RC).

This bijection is natural in D and C, and thus, we obtain the adjointness of L and B. O

6.5. Colimits and Limits of Algebras over a Monad

Of course, you want to build limits and colimits in your favorite category of algebras over
a monad, whether these are differential graded Lie algebras or algebras associated with the
monad coming from the loop-suspension adjunction. The good news is, that the concrete
form of your monad does not matter. Limits of algebras over monads are easy to describe
and are nothing to worry about.

THEOREM 6.5.1. Let T" be a monad on a complete category C. Then, the category T-alg,
is complete.

PROOF. Let G: D — T-alg, be a small diagram of T-algebras in C and let (L, (7p: L —
G(D))) be the limit of Uo G: D — C. We claim that this limit carries a canonical T-algebra
structure and is the limit of G in the category of T-algebras.
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Denote G(D) as (Ap,&p), with {p: T(Ap) — Ap, and recall that U(Ap,&p) = Ap. We
have compatible morphisms

T(tp) ép
—

T(U(G(D))=T(Ap)—Ap
for all objects D of D, and hence, we get a unique morphism &: T'(L) — L, with
(6.5.1) mnof=E&poT(rp).

We have to show that Eon, =1 and o up = o T(E).
For the first property, we note that

T(L)

TDOfOangDOT(TD)OT]L,

and the naturality of 7 yields that this is equal to {p o T'(np(py) © Tp. As every F(D) is a
T-algebra, this reduces to 7p, and hence, £ o, = 1.
For the associativity, we consider the commutative cube:

ML

TTL oo M T
() ¢ 7
TT(tp) -
T(rp) TTG(D) — ", 1G(D)
T(¢p) ;
v &Dp
TG(D) 0 G(D).

For 1p o £ o T(§) = 7p 0 £ o puy, you start with the dotted zigzag for 7p o & o T'(&). Sliding
down the front square gives £p o T'(7p) o T'(€), and sliding down the square on the left-hand
side gives {p o T(Ep) o TT(7p). Now, you can swop the sides in the bottom square to obtain
EpopgpyoTT (1p). From here, you just move first up the back square to get {poT'(7p) oy,
and finally, you walk up the right-hand square to end up at 7p o & o uy.

Here, we have just used and the fact that G(D) is a T-algebra.

It remains to show that (L,&) is the limit of G in the category of T-algebras, so we
assume that we have a T-algebra (B, () and a compatible family of morphisms of T-algebras

Vp: <B7 C) - (G(D)u 5)
We know that there is a unique morphism in C
¢: B=U(B,() = U(L,§) =L,

with 7p o ¢ = vp, and we claim that ¢ is a T-algebra morphism.
For all objects D of D, we have vp o ( = &p o T'(vp), because every vp is a morphism of
T-algebras. This yields

Tpopol =vpol(=E&poT(vp)=1po&oT(ep),
and hence, ¢p o ( =& o T ().
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As ¢ is unique with 7p o ¢ = vp and as the forgetful functor U: T-alg, — C is faithful
by Proposition [6.2.7], ¢ is unique as a morphism of T-algebras with that property. 0

It is easy to see that the analog of Theorem for colimits is utterly wrong. For
instance, let £ be a commutative ring with unit. The coproduct of two k-modules M and N
is their direct sum, M & N, whereas if M and N happen to be commutative k-algebras, then
their coproduct in the category of commutative k-algebras is the tensor product M ®; N,
so you cannot just take the colimit in the underlying category in order to produce a colimit
on the level of algebras. Under rather restrictive conditions, there is a transfer result.

LEMMA 6.5.2. Let T be a monad on C, let D be a small category, and let G: D — T-alg,
be a functor, such that UG: D — C possesses a colimit. If T and T oT" preserve this colimit,
then G has a colimit in 7T-alg, which is preserved by U.

PrOOF. Let (colimpUG,7p: UG(D) — colimpUG) be the colimit of the underlying
diagram UG: D — C. Every G(D) is a T-algebra, so G(D) is of the form (UG(D),&p),
with structure maps {p: T(U(G(D))) — U(G(D)). The {ps are components of a natural
transformation

E:ToUoG=UoQG,

because for every f € D(Dy, Dy), the morphism G(f) is an element of T-alg,(G(D;), G(Ds));
therefore, for all such f, the diagram

&Dy

TUG(D:) -2 UG(D))

TUG(f)J lUG(f)
&D,
TUG(Ds) 2 UG(Dy)

commutes.
By assumption, (T'(colimpUQG),T(1p): TUG(D) — T(colimpUG)) is the colimit of
TUG. The morphisms 7p o {p: TUG(D) — colimpUG induce a unique morphism

=: T(colimpUQG) = colimpTUG — colimpUG,
with the property that
(6.5.2) Thoép =EZoT(rp).
We claim that ((colimpUG,E),7p: (UG(D),&p) — (colimpUG, =)) is the colimit of G
in T-alg,. By construction, U preserves the colimit ((colimpUG, =), 7p: (UG(D),&p) —

(colimpUG, 2)).
We first show that = defines a T-algebra structure on colimpUG.
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As the diagram

colimpUG _ TotmpbE, T (colimpUGQG)

™D T(tp) l:

UG(D) 2“CB TUG(D) colimpUG
e

commutes, we get
Z 0 Neolimpc © Tp = Z 0 T(Tp) © Nua(p) = T,

and hence, = 0 Neolimpac = leolimpua, SO = is compatible with the unit of 7.

For the associativity of =, we use that by assumption, 71" preserves colimpUG, so in
particular, it suffices to check any relation by precomposing with 77(7p) for all objects D
of D. Consider the solid part of the diagram

TTUG(D) —ZFTTcolimplU

y l l e T(E)
HUG(D) /"'cohmDUG"n..,.__‘.

T T
TUG(D) TUG(D) — 2 TeolimpUG TcolimpUG

UG(D) —2— colimDUé.

1]

We want to show that the right dashed wing of the diagram commutes. The solid part
commutes, and this yields

E 0 peolimprc © TT(7p) = Z 0 T(1p)pvany = T Ep 0 T'(¢D).

By (6.5.2)), we get that this is equal to ZoT'(1p) o T'({p) = Zo T(1p o &p), and using (6.5.2))

again, this equals
EoT(ZoT(tp)) =ZE0T(E) o TT(1p).

It remains to check that ((colimpUG, =), 7p: (UG(D),&p) — (colimpUG,=Z)) has the
universal property of the colimit of G, so assume that (op: (UG(D),¢p) = G(D) — (C,())
is another cocone for G. Then, the ops are also a cocone for UG(D) when viewed as
morphisms op: UG(D) — C, so we get a unique morphism ¢ € C(colimpUG, C'), with

(6.5.3) Y oTp=0p.
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We claim that ¢ is a morphism of T-algebras. As ( is a morphism of T-algebras, we have
(oT(op) =0po&p for all objects D of D.

T(Tp)

TUG(D T(colimpUQ)

N 2

UG(D) 2 colimpUG

We want to show that the right front face commutes. By assumption, all other faces of the
triangular prism commute; thus,

(oT()oT(rp)=(¢oT(op)=0polp
=t¢orpoép=1oZoT(rp),
and hence, (o T'(¢)) =Y o E. O

You know from Theorem that a category is cocomplete if and only if it has coequal-
izers and coproducts. In the case of a category of algebras over a monad, we only have to
establish the existence of coequalizers.

THEOREM 6.5.3. Let C be a cocomplete category and let T" be a monad on C. Then, the
category of T-algebras in C, T-alg., is cocomplete if and only if it has coequalizers.

ProOF. We have to show that the existence of coequalizers implies the existence of
coproducts. The proof has a conceptual part, where we actually construct coproducts.
Checking the properties of the coproduct is then rather dull, but necessary, so you are
cordially invited to skip that part.

The idea of the proof is to use the important property of algebras over a monad of being
expressible as the coequalizer of free objects. Let D be a small discrete category and let
(Cp,&p) be a D-diagram in T-alg,. The free functor is a left adjoint functor, so it has to
preserve coproducts. Hence, we know that if coproducts of T-algebras in C exist, then

T(I_l CD)) Hp CD) = |_|(T<CD)7 ILLCD)v

D

where the coproduct on the left-hand side denotes the coproduct in C (and we know that
this exists) whereas the coproduct on the right-hand side is the one that we want.
So, we have no choice, but to define the coproduct

(C.¢) = U(CD,fD)

D
as a coqualizer of a diagram

(T(Un(T(Co). ). #aprieon) —HT (Lo ) in c);
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with morphisms of T-algebras a and [ that we will specify later.
As coproducts exist in C, we have the coproducts | |, Cp and | |,T(Cp) in C with
universal cocones

ioDi CD — |_|CD and iT(CD): T(CD) — |_|T(CD)
D D

The morphisms T'(i¢,): T(Cp) = T(|Jp Cp) are a cocone in C, and hence, there is a unique
morphism

0: | |7(Cp) = T(| |Cp)
D D
in C, with
(6.5.4) 0 oipcp) = T(icy).
We consider the two morphisms

a= (T(Up T(Cb)), iy, 7o) H(T(T (U Cp)). B (U o)) (T C), i 1)

and

6=T(|¢p): (T T(Cp)). nprien) = (T Cp): gy en)-

We have to show that o and 8 are morphisms of T-algebras.
For «, consider the diagram

TTT(Jp Cp)

TT(0)

TT(p,TCp)
Hlp Tch

T(UpTCp)

T(uyp cp)

TT(Up Cp)
T(pyp cp) Lul_lv Cp

T(UD CD)~

TT(I_lD OD)

The right half of the diagram trivially commutes, and the left half commutes because of the
naturality of u, and hence, so does the whole diagram. The naturality of p also implies

HUpcp © T(B) = pycp o TT(||0)
D

=T(|_|¢p) oy, Ticw)
D

= B o u, Tp)

and hence, § is a morphism of T-algebras as well.
So the coequalizer of o and f3 exists in T-alg.:

«

(T(Up T(Cb)), 1y, T(cD))B:Z(T(I_lp Cp), iy cn)——(C,8).
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We claim that (C,¢) is the coproduct of the (Cp,&p) in T-alg.. So, we have to

(1) construct the morphisms op: (Cp,&p) — (C, &) for the universal cocone, and

(2) show that this coqualizer satisfies the universal property of the coproduct.
For (1), we consider the coqualizer diagram for (Cp,{p) in T-alg., together with the com-
position o T'(ic,, ):

(TT(OD)a MT(CD)) ;Lci); (T(CD)7 /J’CD) gD—> (CD7 SD)
lWOT(icD)
(C,8)

By the coequalizer property of 7w, we know that
7o iy cn 0 T(0) = w0 T(| | p).
D

The diagram

HCp

TT(Cp) T(Cp)

T(i
y lTT(icD) JT(icD)
T(0) PUpcp
T(UpT(Cp)) — TT(Up Cp) T(p Cp)
C
commutes by (6.5.4) and by the naturality of p, and therefore,

moT(icy,) o pep, = T oy, cp 0 T(0) o T(ire,)) = 7o T(|_| £p) o T'(ircp));
D

but T'(| |p&p) o T'(ircp)) is equal to T'(ic,) o T(p), and hence,
mo T(iCD) O Hcp =TO T(iCD) o T(fp)
The universal property of the coequalizer yields a unique morphism op: (Cp,&p) — (C,§)
with
(6.5.5) opoép=moT(icy,).
For (2), we show that ((C,&),op: (Cp,&p) — (C,€)) satisfies the universal property of the
coproduct.
Let vp: (Cp,&p) — (A, () be any cocone. We want to construct a unique v € T-alg.((C, §), (4, ()),

with v o op = vyp. We first use the universal property of the coproducts in C.
The morphisms U(yp) = vp: Cp — A form a cocone in C, and hence, there is a unique

b € C(Llp Cp, A), with

(6.5.6) b oic, =p.
Similarly, we get a unique ¢ € C(| |, T(Cp),T(A)), with
(6.5.7) p oircp) = T(p)-
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These two morphisms are related. The diagram

D

ZV \
too) |_|D CD

ZT(CD>
CD T(’YD)

commutes, and therefore,
(6.5.8) T(p)oh =g
As the yps are morphisms of T-algebras and by (/6.5.6) and (6.5.7)), we obtain that

|_|D£D
CD —)I_lD CD

D

T(Cp) ———Cp

. l T(vp) YD
'T(Cp)

Llp T(Cp) ——— T(A) ——3 A

is commutative, and this implies

(6.5.9) Cogp:onfD.
D
We collect all these relations to show that
(6.5.10) CoT(W) o puy,cp 0 T(O) =CoTW) o T( |¢n).
D
The left-hand side is contained in the solid commutative part of the diagram
T(6) A
T(Up T(Cp)) — TT(Lp Cp) 22— T(p Cp)
TT() (%)
T(Up e0) TT(A) 1 T(A)
| 7(©) lc
M () ¢
T(|p Cp) ety T(A) A

Thus,

CoT(W)ouy,cp 0T () =CoT(() o TT () oT(0) =CoT(CoT(y) o).
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With the relations (6.5.8) and (6.5.9)), we have that
CoT(CoT(p)ob) =CoT(Coyp)
=CoT(Wo| |¢p),
D
and this proves the relation (6.5.10), and hence, ¢ o T'(¢)) coequalizes W, Cp © T(0) and

T(Up&p). Therefore, by the universal property of the coequalizer, there is a unique mor-
phism v: (C,§) — (A4, (), with

(6.5.11) yom=(oT(V).

It remains to show that ~ is also unique, with the property that for all objects D of D,
vo0op =p. So, we assume that there is another morphism f € T-alg.((C,¢&), (4,()), with
the property that f o op = vp for all D. By (6.5.4)), we know that

fomoboirey = fomoT(ic,).

But by (6.5.5]), the latter is

fOUDOEDZ’YDOszwoiCD°§D=¢OU5DOiT(cD),
D

and therefore, we obtain that

fomob=uwol |¢p.
D

We embed T'(—) applied to the preceding relation as the right part of the roof of the
following diagram:

LID CD I_lD CD
(I_lD nD) y
XD

|_|D CD

l“l_lv Cp

T(Upén) T(pCh) 3 ¢

) f

T(Up Cp) - C=—=C——A

The left-hand triangles commute because {p o np = 1¢, for all objects D of D. The left
square commutes because 7 is a morphism in a coequalizer diagram. The middle and right
squares commute because m and f are morphisms of T-algebras.
So, in total, we get f om = (o T (), but v was unique with this property, so f = .
O
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6.6. Monadicity

We close with a criterion that helps you to decide whether a given category is equivalent
to a category of T-algebras for some monad 7. There are several versions of such a result
in the literature ([BaWe05], [B0o94-2, 4.4]), and we present only one of them. The original
version is due to Beck [BaWe05, Theorem 3.14].

When does a functor ’look like” a forgetful functor U: T-alg, — C?

DEFINITION 6.6.1. A functor R: D — C is monadic, if there exists a monad T on C and
an equivalence of categories ®: D — T-alg, such that U o ® is isomorphic to R.

T-alg
.

U
Pt ¢

Barr and Beck called such functors tripleable. Beware that MacLane [ML98), VI.3]
reserves the term monadic only for functors for which ® is an isomorphism.

THEOREM 6.6.2. (Barr and Beck monadicity theorem). Let R: D — C be a functor.
Then, the following conditions are equivalent.

(1) The functor R is monadic.
)
e The functor R has a left adjoint F'.
e A morphism f € D(D, D) is an isomorphism if and only R(f) is an isomor-
phism.
e For any pair of morphisms,

f
(6.6.1) D1$;D2

R(f)

in D for which R(D,)————=R(D,) has a split coequalizer in C, the co-
R(g)

equalizer of f and g exists in D and is preserved by R.

PRrROOF. If R is monadic, then we show that the forgetful functor U satisfies the conditions
from (2). The left adjoint is F. If f € T-alg.((C1, &), (Ca, &) and if U(f) is an isomorphism
inC: U(f) = f: C; — Cy, with inverse f~1: Cy — C, then f~! is automatically a morphism
of monads. As fo& =& oT(f), we get

fo&ioT(f)=&oT(f)oT(f)=&=fof ok,
and as f is an isomorphism, this implies & o T(f™!) = f~' 0 &. So, it remains to show
f
the coequalizer property. Let (C7,&)——=(C5,&) be a coequalizer in T-alg., which
9

becomes split after the application of U, that is, there are morphisms s, o, and m, such that

/%\ \/j\
Cl$§02—>(]
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is a split coequalizer in C. Such split coequalizers are preserved by every functor, so in
particular, 7" and TT preserve it. Therefore, we can apply Lemma |6.5.2| and obtain that the
coequalizer of f and g exists in T-alg, and is preserved by U.

Conversely, we assume that R satisfies the conditions from (2); in particular, we have a
left adjoint L of R and a monad 1" = RL. We define V: D — T-alg, as

U(D) = (R(D), Rep: RLR(D) — R(D)).

We claim that U is an equivalence of categories, so we check that it is full, faithful, and
essentially surjective.

e Consider the functor ®: Ky — D, with ®(C) = L(C) and ®(f: C; — T(Cy)) =
erc, © L(f). The composite ¥ o ® is equal to the functor G from Proposition
that identifies the Kleisli category Kp with the full subcategory of T-alg, of free
objects. Therefore, ¥ is full.

e As U oWV = R, it is enough to show that R is faithful, and by Proposition [2.4.11] we
have to show that p is an epimorphism for all objects D of D. To this end, consider
the diagram

LRe <
LRLR(D)———=LR(D)—2-D.

ELRD

If we apply the functor R to this diagram, then we obtain a split coequalizer diagram

T"RLRD
TRD
RLRep T RepS
RLRLR(D)———=RLR(D)——=RD,
€RLRD

because ¢ is the counit of the adjunction (L, R). By assumption, we get a coequalizer
diagram

LRED ~
LRLR(D)————=LR(D)—"—D.

ELRD

By the universal property, there is a unique morphism h € D(D, D) with hom =
ep. By assumption, R(D) is isomorphic to R(D) and R(w) is equal to R(ep) up to
isomorphism. But then, again up to an isomorphism, R(h) o R(¢p) is R(ep). Thus,
R(h) is an isomorphism, and by assumption, this implies that A is an isomorphism,
S0 €p is an epimorphism.

e Let (C,€) be an object of T-alg,. Consider the diagram

LRL(C)————=,(C).

EL(C)

Applying R(—) again gives a split coequalizer diagram by Proposition m,

RLE
(6.6.2) RLRL(C)———=RL(C)—=C,
Rero)
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and therefore, by assumption, we obtain a coequalizer diagram

Le .
LRL(C)——=L(0)——C,
EL(C)

such that R(C') is isomorphic to C, and up to isomorphism, & is R(7), as discussed ear-
lier. The splitting of gives a section for R(w), and hence, for LR(7). Therefore,
LR(m) is an epimorphism.

AsmoL({) = moer(c) and as up to isomorphism, L(§) = LR(r) and er(c) = (@)
we obtain that up to an isomorphism, 7 o L(w) = e5 o LR(7), because the counit is
natural, that is, o e, py = €5 0 LR().

As LR(m) is an epimorphism, this implies that 5 is equal to 7 up to an isomor-
phism. Therefore we get that R(es) is equal to R(7) up to an isomorphism but that
in turn was equal to £ up to an isomorphism. Therefore, there is an isomorphism

U(C) = (R(C), R(ep)) = (C,9),

and W is essentially surjective.

6.7. Comonads
As usual, we do not spell out the dual notion of a monad, which is a comonad, in detail.

DEFINITION 6.7.1. A comonad in a category D consists of an endofunctor G: D — D
together with two natural transformations, e: G = Id and 6: G = G o GG, such that the
following diagrams commute:

G —2= GG and G
5ﬂ ﬂG(é) / la\
GG =2 GGG G lele G
G(e) e

For a comonad G, the natural transformation ¢ is called the counit of the monad and ¢
is called the comultiplication. Comonads on a category D form a category with the obvious
notion of morphisms.

Dual to[6.1.3], we can construct comonads from every pair of adjoint functors.

L
THEOREM 6.7.2. Let C —— D be an adjoint pair of functors. Then, the endofunctor
R

T =LoR:D — Disacomonad on D. The transformation 6: LR = LRLR is given by
Lng, where n is the unit of the adjunction and the transformation e: LR = Id is the counit
of the adjunction.

EXERCISE 6.7.3. Prove the theorem.

117






CHAPTER 7

Abelian Categories

If you want to do homological algebra, you need projective and injective resolutions of
objects, and for this, you need to be able to form kernels and cokernels of morphisms and
you need to be able to add and subtract morphisms.

7.1. Preadditive Categories

DEFINITION 7.1.1. A preaddititve category is a category A, such that for every pair of
objects A1, As, there is an abelian group of morphisms from A; to Ay and the composition
of morphisms is a bilinear map.

A preadditive category with only one object is nothing but a ring. The endomorphisms of
that object are an abelian group, and the composition of morphisms defines the multiplicative
structure. Thus, a preadditive category can be thought of as a ring with many objects. A
group with many objects in this sense is a groupoid, so one might call a preadditive category
a ringoid.

ExXAMPLE 7.1.2. Let C be a category. Then, there is a preadditive category associated
with C which we denote by Z[C]. Its objects are the objects of C, and the morphisms are
given by Z[C](C, Cy) := Z{C(Cy, Cs)}, where Z{S} denotes the free abelian group generated
by a set S.

There are many other examples, such as the category of R-modules and R-linear maps for
any unital and associative ring R, in particular, the category of abelian groups, is preadditive.
The category of groups and group homomorphisms, Gr, however, is not preadditive.

DEeFINITION 7.1.3. Let A and A’ be preadditive categories. A functor F': A — A’ is
additive if for any two objects Ay, Ay of A, the map F': A(A1, Ay) - A(F(4),F(Ay)) is a
group homomorphism.

EXERCISE 7.1.4. Let Preadd denote the category of all small preadditive categories and
additive functors and let U denote the forgetful functor from Preadd to cat. Is Z[—] left
adjoint to U?

Recall from Definition that a zero object is an object that is terminal and initial. If
a category C has a zero object, then for any two objects C; and C5, there is a zero morphism,
0 € C(C4,Cy), which is the composition of the unique morphism from C to 0, followed by
the unique morphism from 0 to Cs.

REMARK 7.1.5. If A is a preadditive category and if A has a zero object, then for any
pair of objects Ay, Ay of A the zero morphism 0: A; — A, is the zero of the abelian group
A(Aq, Ay), because the groups A(A;,0) and A(0, Ay) are trivial and the zero morphism is

119



the composite of the two unique elements in these groups. Preadditive categories do not
have to possess a zero object, but they always have zero morphisms.

DEFINITION 7.1.6. Assume that a category C has zero morphisms. Then, the kernel of
a morphism f € C(Cy,Cy) is the equalizer of the morphisms f,0: C; — Cy. Dually, the
cokernel of a morphism f € C(Cy, Cy) is the coequalizer of the morphisms f,0: C; — Cs.

Note that every kernel is a monomorphism because it is an equalizer (see Remark [3.1.28)),
and every cokernel is an epimorphism (see Remark [3.1.17]).

REMARK 7.1.7. We defined kernels as equalizers and cokernels as coequalizers. In a
preadditive category A, actually all equalizers are kernels and all coequalizers are cokernels.
We show this for kernels. The universal property of an equalizer diagram

!
A—¢>A1:§A2
g

is that for every morphism «a: A" — A; with f o a = g o a, there is a unique morphism &
from A" to A with po& = a.

As A is preadditive, the condition f o« = go « is equivalent to (f —g)oa=0=00a.
Hence, the equalizer diagram is equivalent to the equalizer diagram

%) f_g
A—— A1 —=A,,
0

and therefore, every equalizer is a kernel.

ExAMPLE 7.1.8. If C is not a preadditive category, then it is in general not true that every
monomorphism is a kernel. Consider for instance the category of groups, Gr. The trivial
group is a zero object of Gr. Monomorphisms are just injective group homomorphisms, so,
for instance, the inclusion of an arbitrary subgroup i: H — G is a monomorphism. However,
if

f
N—G==q"
0
is a kernel, then N can be identified with N = {g € G, f(g9) = ec'}, and this is a normal
subgroup of G.

EXERCISE 7.1.9. Let C be a category with a zero object. What is the kernel of a monomor-
phism a: C; — C57 What is the kernel of the zero map 0: C; — C57

In a preadditive category, initial and terminal objects have to agree if they exist.

ProrosiTION 7.1.10. Let A be a preadditive category. Then, the following are equiva-
lent:

e There exists an initial object in A.
e There exists a terminal object in A.
e There exists a zero object in A.
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PRrROOF. Of course, if we have a zero object, then we also have an initial and terminal
object. We show that the existence of an initial object guarantees the existence of a zero
object.

Let @ be an initial object of A. Then, the abelian group A(@, @) consists of a single
element, and hence, 14 is the zero element of the group A(2, @). Let A be any object of A.
Then, the abelian group A(A, @) has at least a zero element. But for any f € A(A, @), we
get that f is equal to 15 o f. As the composition of morphisms is bilinear, this implies that
f is the zero element of A(A, &), and hence, & is also terminal, and thus a zero object. [

In the category of abelian groups, the product of two abelian groups A and B, A x B,
is isomorphic to (your favorite model of) the direct sum of A and B, A& B. This is no bug
but a feature.

ProprosiTION 7.1.11. Let A be a preadditive category and let A and B be two objects
of A. Then, the following are equivalent:

(1) The coproduct of A and B exists in .A.
(2) The product of A and B exists in A.
(3) There exists an object M in A, together with morphisms in A

pa: M — A, pg: M — B, i: A— M andig: B— M,
such that

pAO’iAzlA, pBoileB; pAoz'B:0,pBoiA:OandiAopA+z’BopB:1M.

B e

In addition, under these equivalent conditions, we have that i4 is a kernel of pg, ip is a
kernel of py, and also p4 is a cokernel of ig, and pp is a cokernel of i4.

ProoOF. We show that the existence of binary products is equivalent to the existence of
an object, as in (3). The proof of the other equivalence is dual to this proof.

Assume the product of A and B, A x B, exists. Then, we have projection maps p4: A x
B — Aand pg: AxB — B, and morphisms into A x B from any other object are determined
by their composition with these projections. We define i4: A — A x B as the morphism with
paois =1y and pgoig = 0. Similarly, ¢p is determined by pg oig = 1g and ps oig = 0.
But then, we also get that

pao(inopa+igops) =pa, ppolisopa+isops)=ps,
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and hence, (i4 0pa +igoppg) is equal to the identity on A x B. So, (1) implies (3).

Conversely, assume that we have an object M as in (3). We show that M has the
universal property of a product. Thus, let f € A(A’, A) and g € A(A’, B) be any pair of
morphisms in A. We define £: A — M as

E=ip0f+igog.
Then, p4 o £ is, by definition, equal to f, and pg o & gives g.

If 7: A/ — M is any other morphism in A with the property that py o 7 = f and
pp o T = g, then 7 agrees with £ because

T=lpyoT
=(iaopa+ipopp)oT
=iao f+ipoy
:f.

Hence, (1) is equivalent to (3).

We still have to prove the claims about kernels and cokernels, and we show that the
kernel of the projection pp is i4. The proof of the fact that the kernel of p4 is i is similar,
and the proof about the identification of the cokernels is dual. The composition pg o 1,4 is
trivial. If any other morphism f: C' — M satisfies that pgo f is trivial, then we can factor f
via i4 using pao f, because ppoigopao f =pao fand pgoigopso f = 0. This determines
pa o f as the unique morphism, with ¢4 o ps o f = f. The uniqueness is ensured because 74
is & monomorphism. O

This result justifies the following definition:
DEFINITION 7.1.12. Let A be a preadditive category. An object M, as in Proposition
7.1.11] is the biproduct of A and B in A.
7.2. Additive Categories

DEFINITION 7.2.1. A preadditive category A is an additive category if it has binary
biproducts.

LEMMA 7.2.2. For any functor F': A — B between additive categories, the following are
equivalent:

The functor F' is additive.

The functor F' preserves finite coproducts.
The functor F' preserves finite products.
The functor F' preserves binary biproducts.

ProoF. If F'is additive, then it preserves binary biproducts, because they are determined
by the morphisms i4,ip and pa, pp and their additive relations.

Preservation of finite coproducts or products implies the preservation of binary biprod-
ucts.

If F preserves binary biproducts, then we have to show that it preserves the terminal
object 04 (if that exists) in order for F' to preserve finite products. As the target category
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B is preadditive, we have at least one element in B(B, F'(04)) for all objects B of B. As 04
is terminal in A, the two morphisms p;: 04 x 04 — 04 agree. O

ExAMPLE 7.2.3. The category of R-modules and R-linear maps is additive. However,
the examples Z[C] discussed in Example [7.1.2 will, in general, just be preadditive.

EXERCISE 7.2.4. Show that Fun(D, A) is an additive category if D is small and if A is
additive.

7.3. Abelian Categories

DEFINITION 7.3.1. A preadditive category is an abelian category if it satisfies the follow-
ing:

e There exists a zero object in A.

e The category A has finite biproducts.

e Every morphisms f € A(A, B) has a cokernel and a kernel.

e Every monomorphism is a kernel, and every epimorphism is a cokernel.

REMARK 7.3.2. Note that the existence of kernels and cokernels and the existence of
binary biproducts imply that A has all finite limits and colimits, because we can write an
equalizer of two morphisms f,g € A(A, B) as the kernel of f — g, and dually, the coequalizer
of f and g is the cokernel of f — g. With this ensures the existence of all finite limits

and colimits.

One actually does not have to assume that A is preadditive. This follows from the
remaining axioms. For a proof of this fact, see ,for instance, [Bo94-2| 1.6.4].

PrROPOSITION 7.3.3. Let A be an abelian category. A morphism f € A(A, B) is an
isomorphism if and only if it is an epi- and a monomorphism.

PROOF. Let f be a monomorphism and an epimorphism. Then, we can write f as the
kernel of a morphism g: B — C. In particular, go f = 0, but f is an epimorphism and
0o f =0, and hence, g is the zero map. But every kernel of a zero map is an isomorphism
(see Exercise [7.1.9)). O

EXERCISE 7.34. Let f € A(A, B), where A is an abelian category. Prove that the
following are equivalent:

e The morphism f is a monomorphism.

e The kernel of f is the zero object.

e For all objects C of A and for all morphisms h: C' — A, the triviality of the compo-
sition f o h implies that h is the zero map.

THEOREM 7.3.5. Let A be an abelian category and let f be a morphism. Then, we can
factor f as f = i o p, where p is an epimorphism and ¢ is a monomorphism. Here, 7 is the
kernel of the cokernel of f and p is the cokernel of the kernel of f.

PRroOOF. The proof is a diagram chase with morphisms.

For f: A — B, we consider its kernel j: ker(f) — A and the cokernel of j, p: B —
coker(j). As foj =0, we get a factorization of f through p, as f =i o p. We have to show
that ¢ is a monomorphism.
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In Exercise you proved that it suffices to show that for any morphism h: C' —
coker(j) with i o h = 0, we obtain that h = 0.

If i o h = 0, then ¢ factors through the cokernel of h, say i = £ o w with m: coker(j) —
coker(h).

C

[

ker(f) z::; A—25 cher(j)

L

B 45 coker(h)

The composition 7 o p is an epimorphism; hence, we can write it as a cokernel, so there is a
g: Z — A, with 7o p = coker(g). The composition f o g is equal to

iopog=Eomopog,

and this is trivial by the property of the cokernel. Therefore, we can factor g through the
kernel of f and can express it as g = jo (.

For a last factorization, we see that pog = po jo(, but poj = 0; hence, we can factor
p through the cokernel of g as s o (m o p). But p is an epimorphism, so this implies that
s o7 = leoker(j) and hence, 7 is a monomorphism. As 7 is the cokernel of h by assumption,
we have 7o h = 0, but then h, was trivial to begin with. Therefore, 7 is a monomorphism.

C
j |

ker(f) Ry N coker(j) —— coker(h)

In the category of abelian groups, we can take p to be the surjection onto the image of
f and 7 to be the inclusion of the image of f into the target abelian group.

O

COROLLARY 7.3.6. Let f be a monomorphism in an abelian category, then f is the kernel
of its cokernel. Dually, if f is an epimorphism, then it is the cokernel of its kernel.

PRrROOF. Theorem [7.3.5|allows us to write f as iop. If f is a monomorphism, then so is p,
but then, p is an isomorphism, and hence, f is isomorphic to the kernel of its cokernel. Dually,
for an epimorphism f, we see that in the factorization, i has to be an isomorphism. [l

For the concept of functor homology, the following fact is crucial.

PROPOSITION 7.3.7. Let D be a small category and let A be abelian. Then, the functor
category Fun(D, A) is abelian.

124



ProOF. Colimits and limits in Fun(D, .A) are built pointwise (see Proposition [3.3.1));
therefore, Fun(D, A) has a zero object, finite biproducts, kernels, and cokernels.

We know from Corollary that f € Fun(D, A)(F,G) is a monomorphism if and only
if for every object D of D, the component fp: F(D) — G(D) is a monomorphism. For the
cokernel of f, g: G = H, we get that gp is the cokernel of fp for all objects D of D, and
hence, fp is the kernel of gp. Therefore, f is the kernel of g.

Identifying epimorphisms as cokernels is done by a dual argument. 0
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CHAPTER 8

Symmetric Monoidal Categories

Often, categories have an extra structure that is given by a product-like structure. Typ-
ical examples are cartesian products of sets or tensor products of vector spaces.

8.1. Monoidal Categories

DEFINITION 8.1.1. A strict monoidal category (C,®,e) is a category C, together with a
functor

R:CxC—=C_C

and an object e of C satisfying:
Ro(@xId)=o(Idx®):CxCxC—C, ®oleld)=®o(lde)=1Id,
where (e,1d) is the functor
(e,Id): C = C xC
sending an object C' of C to (e,C) and a morphism f € C(C,C") to (1, f). The functor
(Id, e) is defined similarly.

You can think of ® as a strictly associative and unital product. We actually want equality
of functors in the preceding definition, and this implies, in particular that, for all objects
C1,Cs,C5 of C, we get

C1® (Cy® Cy) = (C1 ® Cy) ® Cs.
Also,
fe@geh)=(Fogh
for all morphisms f, g, h in C.

If we unravel the condition that ® is a functor, then for all objects C7, C5 of C, there is an
object C7 ® Cy of C, and for the identity morphisms and for the composition of morphisms,
we obtain

le, ® 1o, = leywos, (o f)@ (g og) = (f ®g)o(f®g).
In particular, for f: C; — C] and g: Cy — CY), we can rewrite f ® g as

f@g=(f®lg)o(le®g) = (lg®@g)o (f ®@1g,).

EXAMPLES 8.1.2.

e Let M be a monoid with unit 1,;,. Then, we can consider M as a discrete category,
with the elements of M as objects. This is a strict monoidal category if we use the
multiplication in M as ®, and use 1, as the unit.

e Let D be a small category and let C = Fun(D,D) be the category of endofunctors
of D. Then, C is a strict monoidal category, with the composition of functors as
multiplication and with the identity functor as a unit.
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ExamMpLE 8.1.3. If we change perspective and we consider the category Cy; with one
object and with the monoid M as the set of endomorphisms, and if we assume that there is
a strict monoidal structure on Cj;, then we can deduce that the monoid is actually commu-
tative. This is the Eckmann-Hilton argument [EH6162, Theorem 5.4.2]. The proof is easy.
We have the monoid multiplication and the strict monoidal structure. Thus, M is a monoid
with respect to the multiplication in M and with respect to ®. Naturality of the monoidal
structure gives an interchange law:

(8.1.1) (m1 ® ma)(ms @ my) = (mymg) & (mamy).
We first see that the unit of the monoid structure of M, 1,;, agrees with the unit of the
monoidal structure, e:
Iy =1yly=(ex1ly)(ly®e)=(ely) @ (ely) =e®e=ce.
Inserting the unit in the two middle terms gives
mimyg = (my @ 1y )(1y @ my) = my ® my,

and thus, both monoid structures agree.

Placing the unit at the two outer spots yields

mamg = (1yy ® ma)(mg @ 1ar) = ms @ mg = mgmea,

and thus, we get the commutativity of the monoid structure.
Eckmann and Hilton used this result to show, for instance, that the fundamental group
of an H-space is commutative.

Many relevant examples do not satisfy the strict assumptions of Definition B.1.1 In
the example of the tensor product of vector spaces, the associativity condition and unit
condition don’t hold on the nose but are satisfied up to canonical isomorphisms. You can
use this example as a blueprint for the definition of a monoidal category, where one considers
associativity and unit constraints up to coherent isomorphisms.

DEFINITION 8.1.4. A monoidal category is a category C, together with a functor ®: C x
C — C, an object e of C, and natural isomorphisms «, A, p as follows:

04017027031 01 X (CQ (29 03) = (01 X CQ) & 03, fOI" all Cl, CQ, Cg

Ao e@C=2C, p:Ce=C, forall C.
In addition we have three coherence conditions:

(1) The natural isomorphism « satisfies the pentagon axiom, that is, the diagram
(8.1.2)

XC1®Cq,C3,Cy
— =

(Cr®0Cy) ® (C30Cy) (C1 ® Cy) @ C5) @ Cy

QCLCQW &’02’03)(8104

Cr®(Co® (C5® Cy)) (C1®@(C2®C3)) @ Cy

1o, ®(acy,05,04) QC1,020C03,Cy

C1 ® ((Ca ® C3) @ Cy)
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commutes for all objects C, Cy, C3, Cy of C.
(2) The natural isomorphisms A and p satisfy a triangle axiom, that is, the diagram

C1 ® (e ® Cy) = (Cr ®e) @ Cy
1% %2
C1® Cy

commutes for all objects Cy, Cy of C.

The naturality conditions mean that the structural isomorphisms hold for all objects of
C and that they are compatible with all morphisms in C.

When monoidal categories were first introduced, longer lists of coherence conditions were
demanded to hold (see [ML63]). Kelly [K64] noted that the coherence conditions of Defi-
nition suffice. In the following exercises, you can prove that yourself (or you can cheat
by consulting [K64]).

EXERCISE 8.1.5. Prove that the functors e ® (=): C — C and (=) ® e: C — C are
equivalences of categories.

EXERCISE 8.1.6. Show that

e,Cl,CQ

(6@01 ®CQ C1®Cg)
C1 ® Cy
and
(C,®Cy) ® Cr®(Cy®e)
C ® Oy

commute for all C',C5 in C.

EXERCISE 8.1.7. Use the preceding facts to prove that for e, the isomorphisms A and p
agree:
Ae = pe: eR e —> e.

REMARK 8.1.8. A highly nontrivial result (see [ML98|, VII.2] and [ML63]) is that the
conditions in Definition [8.1.4] ensure that every other meaningful coherence diagram com-
mutes.

We will see many examples of monoidal categories later and you have encountered some
already. For instance:

ProprosiTIiON 8.1.9. If a category C possesses finite products and if * denotes the ter-
minal object then (C, X, ) is a monoidal category. Dually, if a category C possesses finite
coproducts and if @ denotes the initial object, then (C,U, @) is a monoidal category.

PROOF. You showed the unit axioms in these cases in|3.1.26/and[3.1.14. The associativity
follows in a similar manner from the universal property of (co)products. |
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ExAMPLES 8.1.10.

e An instance of Proposition is the category Sets, together with the usual product
of sets as the bifunctor ® and with a one-point set as the unit object.

e A second monoidal structure on the category Sets, where we take the disjoint union
of sets as ® and the empty set as a unit object.

e Both preceding monoidal structures on the category Sets also gives rise to a monoidal
structure on the category of topological spaces. For two spaces X and Y, their product
is a topological space with the product topology, and every topological space with just
one point serves as a unit object. Similarly, the disjoint union of X and Y, X UY,
carries a natural topology, and the empty topological space is a unit for this monoidal
structure.

e The category vectx of K-vector spaces, together with the direct sum of K-vector
spaces, is a monoidal category, where the zero vector space is the unit object. We
can also take the category vecty with the tensor product of K-vector spaces and the
vector space K as a unit object.

e Let Fin be the skeleton of the category of finite sets with objects n = {1,...,n} for
n > 0, with 0 = &. As a monoidal structure, we can take

ném:=n-+m

corresponding to the disjoint union of sets. Here, e = 0 is a unit. On the level of
morphisms, we get for f: n — n’ and g: m — m’ the induced f & g: n+m —
n’ + m’, by defining

f(3), for 1 <i<n,
n'+gi—n), forn<i<n+m.

(feg)l)= {

e For a commutative ring with unit &k, we denote by Ch(k) the category of unbounded
chain complexes of k-modules. This has a monoidal structure given by the tensor
product of chain complexes. For two chain complexes C, and C’, we define the chain
complex C, ® C’ as

(C.oCln= P G C
pt+g=n
The differential on the tensor product, dg, is defined as
dg(c® ) =do(c) @ + (—1)Pc® der ()
if ce Cpand ¢ € Cy.

The unit of this symmetric monoidal structure is the zero sphere, S°(k). This is
the chain complex, which is trivial in all chain degrees but zero, and S°(k)o = k. All
differentials in this chain complex are necessarily trivial.

e Let R be an associative ring with unit. Then, the category of R-bimodules is a
monoidal category. The tensor product of two R-bimodules M and N over R, M ®r N,

is again an R-bimodule, because we only used the right R-module structure on M and
the left R-module structure on N to form the tensor product.

EXERCISE 8.1.11. Consider the category Fin and prove that the assignment
n®m:=nm
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also gives rise to a monoidal structure on Fin.
Every monoidal category (C,®, e) possesses a preferred functor to the category of sets.
DEFINITION 8.1.12. The functor
C(e,—): C — Sets
is called the underlying set functor.

REMARK 8.1.13. Quite often, the functor C(e, —) actually deserves its name. For in-
stance, if we consider the category of k-modules for some commutative ring k& with unit,
then

k-mod(k, —): k-mod — Sets
sends a k-module M to k-mod(k, M) = M, but on the latter, we only consider the set M
and forget its module structure.

However, if we take the monoidal category of all small groupoids, with the product as the
monoidal structure, then a morphism from the groupoid with one object and the identity
morphism of that object to a groupoid G just picks out an object g of GG, together with its
identity morphism, so the underlying set functor applied to G gives the objects of G with
trivial morphisms. Kelly [K82| p. 23] discusses a nice variety of examples.

Monoids are sets together with an associative and unital composition. This concept is
available in every monoidal category.

DEFINITION 8.1.14. Let (C,®,e) be a monoidal category. A monoid in C is an object
M of C, together with a morphism pu € C(M ® M, M) and a morphism 7 € C(e, M), which
satisfy

po(p@ly)oa=po(ly@pu):

«

QMOIM)—— (M M) M

\/

c®1u) = A po(ly®n) =p:
n®1ns

and

1y ®n

e M —m-—— M®M

EXAMPLES 8.1.15.

e In every monoidal category (C,®, e), the unit e is a monoid.

M®e
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e Monoids are monoids in the monoidal category (Sets, x, {*}).

e Monoids in the category of endofunctors are nothing but monads, and we just spent
a whole chapter, Chapter [6] discussing them.

e Let £ be a commutative ring with unit. Monoids in the category of k-modules and
k-linear maps are k-algebras.

e A differential graded k-algebra A, is a monoid in (Ch(k), ®,S"(k)). Hence, the multi-
plication morphism g is a chain map and has components

Mo, - @ Ap ®k Aq_>An7

pHq=n

and we have a unit map n: S°(k) — A,; thus, 7 is trivial in all chain degrees but zero.
The fact that the multiplication is a morphism of chain complexes means that the
differential on A, satisfies the following Leibniz rule:

dg(a®a’) =da,(a) @d + (-1)Pa®da,(a'), a€ Ay d eA,

In particular, Ay is a k-algebra.

Fix a prime p. As a concrete example, one can consider the chain algebra A,
over the integers, which is generated by a generator in degree one, e, with de = p
and the relation e* = 0. Hence, ¢ is not a cycle. As we do not require any graded
commutativity, e? is not zero, and we obtain that

d(e?) = pe — pe = 0,

hence, e? is a cycle and generates a nontrivial homology class. The homology of A, is an
exterior algebra on a generator in degree two over [F,. This example features promi-
nently in Dugger and Shipley’s work on topologically equivalent differential graded
algebras that are not quasi-isomorphic [DS07].

DEFINITION 8.1.16. Let (Mj.p1,m), (Ma, 2, m2) be two monoids in a monoidal category
C. A morphism of monoids from My to My is an f € C(M;, M,), such that

pao (f®f)=fom

and f omn = ns.
Monoids in C, together with morphisms of monoids, form the category of monoids in C.

DEFINITION 8.1.17. Dually, a comonoid C' in a monoidal category (C,®,e) is an object
C of C, with a comultiplication map A, A € C(C,C®C'), which is coassociative and counital,
that is, the comultiplication renders the diagram

C A CoC—228(Ce0)eC
Al /
CoC—2% ., 0x(C®0)

commutative, and there is a counit morphism ¢ : C' — e with the property that

(ec®1lc)oA=A"and (lc®ec)o A =p "
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An alternative way of expressing the axioms is that a comonoid is a monoid in the
opposite category of C. The unit of every monoidal category (C,®,e) is a comonoid, but
there are more interesting examples.

EXAMPLE 8.1.18. A comonoid in the category of chain complexes over a commutative ring
k, Ch(k), is a differential graded coalgebra C,. The counit is a chain map ¢, : Cy — S°(k);
in particular, ¢, is trivial in all degrees but zero. The comultiplication has components

Ay Co— @ Gy
p+q=n
The degree-zero part of C,, Cy, is a coalgebra over k. Let ¢ be an element of C,,. As for
ordinary coalgebras, the counit condition forces the diagonal to be of the form

Ale)=c@ i+ Li@ct > dVed?,

ptg=n

with cz(;l) in degree p and c((f) of degree q. As A is a morphism of chain complexes, it has to

satisfy the co-Leibniz rule:
Ade) =) " de) @ P + (—1)Pc) @ de?.

Let X be a topological space and let a be a generator of the singular chains of degree n,
that is, a continuous map a: A" — X. The Alexander- Whitney map sends « to

AW (a) = Z V(o) @ h(a).

p+q=n

Here, vP(a) = Op41 0 ... 0 0y(a) and h(a) = Gy o ... 0 Jp(cw). This induces a coalgebra
structure on the singular chain complex of a topological space X.

If we consider singular chains with coefficients in a field or if we happen to have flatness
on corresponding level of homology groups, then this coproduct on chain level passes to a
coproduct on the level of homology, and then, we get a comonoid structure in the category
of graded abelian groups.

EXERCISE 8.1.19. Formulate and prove the dual of the Eckmann-Hilton argument for
comonoids.

DEFINITION 8.1.20. Let (C, A1, e1) and (Cy, Ag, £5) be comonoids in a monoidal category
(C,®,e), then an f € C(Cy,Cy) is a morphism of comonoids, if

(f@f)oAy=As0 fand eyo f=e.
Comonoids in C, together with their morphisms, form a category.

ExXAMPLE 8.1.21. Let G be a group and let k be a commutative unital ring. The group
algebra, k[G], has as elements finite k-linear combinations of the group elements. Additively,
it is the free k-module generated by the set GG, and hence, an element of k[G] is of the form
Yoy Nigi, with \; € k and ¢; € G.

We define a multiplication on k[G] by setting 1(g1 ®r g2) = g192, where the latter terms
means the multiplication of g; and g in the group G. We can extend g bilinearly to all of
k[G]. The neutral element e € G defines the unit n: k — k[G] by 1 — 1xe = e € k[G].
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For instance, if we denote the cyclic group of order n, C,,, multiplicatively as
Co={1=t"=1t"t ... t"'},

then it is easy to see that Z[C),] has nontrivial zero divisors: For instance, both the elements
1—tand 1+¢+ ...+ ¢"! are nontrivial in Z[C,] but

(1=t 1 +t+.. "D =14t+. " =+ "™ =0.

For general G, we can define a coalgebra structure on k[G] by defining A(g) as g ® ¢g and
by extending this definition k-linearly to all of k[G].

8.2. Symmetric Monoidal Categories

In some of the earlier examples we actually had more structure present than we made
explicit. For instance, in the example of the category Fin, we have a natural isomorphism
fromn+m=n®mtom+n =m®n. In this case, the isomorphism is given by the
shuffle permutation y: n +m — m + n,

. m-+1, ifl<i<n,
NOERY . :
i—mn, ifn<i<n+m.

DEFINITION 8.2.1. A symmetric monoidal category consists of a monoidal category
(C,®,e;a, A, p), together with a natural isomorphism 7 in C, with

TC1,Cz: Cl ® 02 &= 02 ® Cl
for all objects C7, Cs of C, such that 7 satisfies the following conditions:

(1) For all objects Cy,Cy of C, 7¢y.0, © Toy.co = loywos, -

(2) For all objects C of C, pc = AgoTce: C®@e=C.

(3) The natural isomorphism 7 is compatible with « in the sense that for all objects
C1,Cs, C5 of C, the following hexagon-diagram commutes:

7'Cl®02,C3

(Cl ® CQ) ® Cg C3 ® (Cl ® 02)

QCq,Cy,C3 &C3,C1,Cy

C1 ® (Cy ® Cs) (C3®Ch) @ Cs.
wf Tcl,cg,y
Cl ® (C3 ® C2> &Cq,C3,Cy (Cl ® Cg) ® CQ

All examples in [8.1.10|except for the last one are actually symmetric monoidal categories.
In the example of unbounded chain complexes of k-modules, the isomorphism 7 is given by

To.0: Co® CL— CL @, Cy, 1o, (c®d)= (-1 ®@c

for ce C, and ¢ € C’C’I.
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REMARK 8.2.2. The definition of a (symmetric) monoidal category above, given in terms
of a monoidal product that satisfies certain conditions such as associativity in a coherent
way, has the advantage of being concrete, but for a generalization to higher category theory,
this description is not feasible. We will describe a different approach later in Section [11.8
and sketch its generalization to co-categories.

EXAMPLE 8.2.3. The examples from Proposition [8.1.9|actually carry symmetric monoidal
structures coming from the product or coproduct. The natural symmetry isomorphisms
Ten,co: C1 X Oy — Cy x C and 7¢, ¢, 1 C1 U Cy — Cy U C) stem from the symmetric group
Y.

EXERCISE 8.2.4. Show that on the category of unbounded chain complexes, the morphism
a0t Co ® CL — CL @ C,, with 7(c® ) = (=1)P¢ @ ¢ for c € C), ¢ € Cy, gives rise to a
symmetric monoidal structure. Why does 7(c ® ¢) = ¢’ ® ¢ not work?

There is a strict version of a symmetric monoidal category.

DEFINITION 8.2.5. A strict monoidal category (C, ®, e) is a permutative category if there
is a natural isomorphism 7 with

Tono,: C1 @ Cy = Oy ® O,
with
TC1,02 © TCy,Ch = 1C2®Cl
for all objects C, Cy of C, such that 7 satisfies
TCy,Co0C5 = (102 ® 7-01703) © (7—01,02 ® 103)

TC1,Co®Cyg

C1®02®03 02®C3®01

Co®C1 ® Oy
and 7¢ . = 1¢ for all objects C' of C.
The skeleton of the category of finite sets is actually a permutative category, and so are
many other small categories based on the category of finite sets, such as the category of finite
sets and injections, Z, and the category of finite sets and bijections, .

In a symmetric monoidal category, we can talk about commutative monoids and cocom-
mutative comonoids.

DEFINITION 8.2.6. Let C be a symmetric monoidal category.

e A commutative monoid in C is a monoid M in C, such that
[LO Tar v = L.
Commutative monoids in C form a full subcategory of the category of monoids in C.

e A cocommutative comonoid in C is a comonoid C' in C, such that 7cc 0 A = A.
Cocommutative comonoids in C form a full subcategory of the category of comonoids

in C.
EXAMPLES 8.2.7.
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e Of course, commutative monoids are commutative monoids in (Sets, x, {x}).

e Commutative k-algebras are commutative monoids in the category of k-modules and
k-linear maps; for instance, the polynomial algebra k[X] is a commutative k-algebra.

e Commutative monoids in (Ch(k),®,S%(k)) are commutative differential graded alge-
bras. These are differential graded algebras A,, such that

plad ®@a) = (—1)"ula®ad), for a € Ay d € A,

For instance, for k = Z, we can consider the tensor product A, = Z[X3] ®z Az(X7)
of a polynomial algebra on a generator X, in degree two and an exterior algebra on a
generator in degree one, with d(X,) = X;. As the differential has to obey the Leibniz
rule, this determines d on all of A,. Note that, for instance,

d(XQXl) - d(X2>X1 + XQd(Xl) - X12 + O = O,
hence, X, X is a cycle. The only generator in degree four is X3, and
d(XZQ) - X1X2 + X2X1 == 2X1X2,

and hence, we get H3(A,) = Z/27.
e Dually, cocommutative comonoids in the category of k-modules (here k is again a
commutative ring with unit) are cocommutative coalgebras.
We saw the example of a group algebra earlier. As 70 A(g) = A(g), we obtain a
cocommutative coalgebra structure on k[G].

The last example is actually richer than it seems, because k|G| is not just a k-algebra
and a k-coalgebra, but both structures are compatible in the following sense.

DEFINITION 8.2.8. Let C be a symmetric monoidal category and let H be an object of C.
Then, H is a bimonoid in C if it has a monoid structure (H, i, n) and a comonoid structure
(H,A,¢), such that A and e are morphisms of monoids.

REMARK 8.2.9. Let us describe what the last conditions amount to. The comonoid
structure map A is a morphism from H to H ® H. We can endow H ® H with a monoid
structure by using the twist of the symmetric monoidal structure 7 and by using the following
composite as a multiplication:

1@ H®lHy

HoHoH®H HoHoHo H—"" HeH.

The condition on A to being a morphism of monoids then requires the following diagram to
commute:

HeH . H
- !
1p®@TH,H®lH PO
H®H®H®H HoH®H®H H®H
and a compatibility condition with respect to the unit of H; that is,
e o H
% lA

e®eL®nH>H®H
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commutes.
The compatibility constraints for the counit ¢ are ¢ on = 1y and the commutativity of

HoHL +H
s®€l J/E
e®eg—>e.

These conditions are equivalent to requiring that p and n are morphisms of comonoids.

8.3. Monoidal Functors

If we consider functors between (symmetric) monoidal categories, then it is natural to
ask that they should respect the monoidal structures. There are several options as to what
extent the structures should be preserved.

DEFINITION 8.3.1. Let (C,®,ec) and (D, d,ep) be two monoidal categories.

e A functor F: (C,®,ec) — (D,O,ep) is a lax monoidal functor if for each pair of
objects C', Cy of C, there is a morphism

we,,0,: F(C1)OF(Cy) — F(C1 @ Cy)
in D, which is natural in C; and (5, and there is a morphism
n: ep — F(ee)
in D.

These morphisms fit into commutative diagrams for all objects Cy, Cy, C3 and C:

F(C)O(F(Cy)OF(Cs)) —= (F(Cy)OF(Cy))OF(Cs)

1F(Cl)D4PC2,C3J( lsaol,cz Olrcg)
F(C)O(F(Cy® Cy)) (F(Cy ® Cy))OF(Cs)
gocl,c2®c3J J/¢C1®CQ,C3
F(ac)

F(Cl (%9 (CQ & 03)) — F((Cl X 02) ® 03)7

, /’?(0) , A?(C)
F(COe ———— F(C) and ¢O0F(C) —— F(CO)
1F(C)D77l TF(p%) nDlF(C’)J( TF(A%)
F(C)OF(e) 225 F(C ®e), F(e)OF(C) 2% Fe® O).

e A lax monoidal functor F': C — D is strong monoidal if the structure morphisms ¢
and 7 are natural isomorphisms.
e A lax monoidal functor F' is strictly monoidal if ¢ and 7 are identities.

If the categories involved are symmetric monoidal, then one can impose an additional
symmetry condition.
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DEFINITION 8.3.2. Let C and D be symmetric monoidal categories. A functor F': C — D
is lax symmetric monoidal if it is a lax monoidal functor, such that the diagrams

F(C)OF(Cy) —27 ), pey)OF(Cy)

@CI’CQI l@CQ,Cl
C
F(TCl,CQ)

F(Cl ®Cz) —)F(CQ ®Cl)

commute for all objects Cy,Cy of C. If these diagrams commute and F is strong (strictly)
monoidal, then F' is called strong (strictly) symmetric monoidal.

EXAMPLES 8.3.3.
e The functor

Z{—}: Sets — Ab

that sends a set S to the free abelian group generated by S, Z{S}, is a strong sym-
metric monoidal functor. There is a natural isomorphism

7{S} ® Z{T} — Z{S x T}

for all sets S and T, which sends a generator s ® t to the generator (s,t) € Z{S x T'}.
This natural isomorphism is compatible with the associativity and commutativity
isomorphisms. In addition, we have Z{x} = Z.

e The forgetful functor

U: (Ab,®,7Z) — (Sets, x, {*})

is not strong monoidal.

o If we take the symmetric monoidal structure on Ab given by the product of groups,
then the forgetful functor to sets is strong symmetric monoidal because it has a left
adjoint, so it has to preserve products.

Often, one wants to replace a symmetric monoidal category by a permutative one or a
monoidal category by a strict monoidal one. This is possible with the following strictification
result:

PROPOSITION 8.3.4.

(1) For every monoidal category (C, ®, e), there is a strict monoidal category (Str(C), X, [])
and strong monoidal functors F': Str(C) — C, G: C — Str(C), such that F'o G = 1d
and G o F' = 1d.

(2) If C is symmetric monoidal, then Str(C) is permutative and the functors involved
are strong symmetric monoidal.

PROOF.
(1) The objects of Str(C) are words of finite length (Cy,...,C,,), with n > 0, such that
the C;s are objects of C. For n = 0, we have the empty word that we denote by [].
We define the morphisms in Str(C) with the help of the functor /. On objects, F’
assigns to the object (Cy,...,C,) in Str(C) the object (...(C; ® Cy) ®...) ® C,, of
C, and it sends the empty word [] to the unit e of C.
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(8.3.1)

The set of morphisms in Str(C) from a word (C4,...,C,) to (C},...,C}) is
defined as

Str(C)((Cy, ..., Cp), (CL, ..., CLY)) :=C(F((Cy,...,Cp)), F((C,...,CI))).

By construction, Str(C) is a category.
In the following, we abbreviate (Ci,...,C,) as C. We define the monoidal
structure on Str(C) by concatenation of words; that is, on objects, we define

CRC = (C,C)=(C,...,Co,C,,....CL).

Concatenation with the empty word is a strict unit. For two morphisms f: C'; — C,
and g: C'7 — C%, we define

f®93Q1®Q3%Q2®Q/2

as the composite

fﬁgl lf®g

Here, « is the unique associativity isomorphism in C comparing the two ways of set-
ting parentheses. This definition is compatible with the composition of morphisms,
and the coherence theorem [ML98|, VII.2] ensures that for three morphisms f, g, h
in Str(C), we have that

fR(gWh) = (fRg)Kh.

With this structure, Str(C) is a strict monoidal category and F': Str(C) is a strong
monoidal functor with F[| = e.

We define G: C — Str(C) on objects by sending an object C' of C to the word
of length one on C, (C), and by sending an f € C(C,C") to f € Str(C)((C), (C")).
This, in fact, defines a functor and we claim that G is strong monoidal. For any
two objects C, C" of C, we define the structure map

GIO)RG(C) = (C)R(C') = (C,C") = G(C® ") = (C® ")

as the identity of C'X C” (which corresponds to the identity of C'® C’ via (8.3.1))).
For the unit, note that

Str(C)([], (¢)) = C(F[l, F(e)) = Ce, ¢)

and we use the morphism [| — G(e) = (e) in Str(C), given by the identity on e.
Hence, G is, in fact, strong monoidal.

The composition F' o G is the identity functor. Evaluating G o F' on an object
(Cy,...,C,) of Str(C) gives the one-letter word (((...(C1 ® Cy) @ C5) ®@...) @ Cy,).
The identity morphism on (((...(C; ® Cy) ® C3) ® ...) ® C,,) is an isomorphism
between (F o G)(Cy,...,Cy,) and (Cy,...,C,) in Str(C).

(2) If C is a symmetric monoidal category, then the symmetry isomorphism

To,C' - Q&Ql —)Q,&Q
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inStr(CXC' C'"RKC)=C(F((C,C"), F((C',C))) is defined as the composite

oo =07 O TR F(C) © O
where « is again a uniquely determined associativity isomorphism. The fact that
Tr(c),F(c) Satisfies compatibility conditions with respect to the unit and with respect
to the associativity isomorphisms in C ensures that 7o ¢ satisfies the requirements
for a symmetry isomorphism in a permutative category. Both functors F' and G are
compatible with these symmetry isomorphisms and are strong symmetric monoidal
functors in this case.

O

REMARK 8.3.5. Fix a permutation o € ¥,,. In a permutative category C, the symmetry
isomorphism 7 gives rise to a natural transformation from the n-fold tensor product ®" to
the composite functor on C™ that first uses the left action of ¥,, on C" (by the permutation
of factors in the product) and then applies the functor ®”: C" — C. We call this natural
transformation 7,. A product of permutations £ and o, £ o 0, is sent to 7¢,. Therefore, for
every object C' of a permutative category, there is a well-defined action of 3, on C®". The
coherence axioms of a symmetric monoidal category ensure that the same is true for any
symmetric monoidal category.

Note that there is a right ,-action on the translation category &y, .

LEMMA 8.3.6. [May74] §4] For every permutative category C and every n > 0, there is

a Y,-equivariant functor
Tn: Ex, xC" —C
that sends an object (0;Ch,...,Cp) to Co-11) ® ... @ Cp-1(,) and a morphism (o~ ': 0 —
& fio..., fu) with f; € C(C;, CY), to the composition
Teo—1 O (fa*l(l) X...Q f071(n)): Cafl(l) &R...Q0 Cafl(n) — Cé—l(l) X...Q 02_1(71).

ProoOF. For proving that 7, is a functor, it suffices to observe that for permutations

¢,0 € ¥, and morphisms g; € C(C/,CY), it is true that
(gg—l(l) R...Q gﬁ—l(n)) O Tgg—1 = Tgg—1 O <g0—1(1) R... go-—l(n)).

This shows that 7, respects the composition of morphisms. It respects identity morphisms,
and we have that
Tn(O'f, CE—I(]_), cey C&—l(n)) = T(U, Cl, ce ,Cn)

Dual to the concept of monoidal functors is the following notion:

DEFINITION 8.3.7. Let (C,®,ec) and (D, O, ep) be two monoidal categories.

e A functor F: (C,®,ec) — (D,O,ep) is a lax comonoidal functor if for each pair of
objects C, Cy of C, there is a morphism

Yoy o, F(C1 @ Cy) — F(C)OF(Cy)
in D, which is natural in C; and (5, and there is a morphism
e: Flec) = ep
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in D.
These morphisms satisfy coherence conditions dual to the ones in Definition |8.3.1]
e A lax comonoidal functor F': C — D is strong comonoidal, if the structure morphisms
1 and ¢ are natural isomorphisms.
e A lax comonoidal functor F is strictly comonoidal, if 1) and ¢ are identities.
e If C and D are symmetric monoidal categories, then a functor F': C — D is lax
symmetric comonoidal if it is a lax monoidal functor, such that the diagram

F(‘rc )
F(Cy ® Cy) —— 220 L P(Cy® CY)
wcl,CQI J¢02,cl
Tz?(cl)f(c?)

F(C)OF(Cy)

commutes for all objects C7, Cy of C.
If these diagrams commute and if F' is strong (strictly) comonoidal, then F is
called strong (strictly) symmetric comonoidal.

F(Cy)OF(Cy)

Note that a strong monoidal functor is automatically strong comonoidal and vice versa.
If you want that natural transformations between lax (symmetric) monoidal functor
preserve structures, then the following condition is needed:

DEFINITION 8.3.8. Let F' and G be two lax (symmetric) monoidal functors with structure
maps ¢ and . A natural transformation v: F' = G is monoidal if the diagrams

$C1,C2

and F(Cl)DF(CQ) — F(Cl X OQ)
/ \ Ye, Bre, l lvol ®Co
Flee) — 1 Glee), G(C)OG(Cy) % G(Cy @ Cy)

commute for all objects C, Cs of C.

8.4. Closed Symmetric Monoidal Categories

DEFINITION 8.4.1. A symmetric monoidal category C is called closed if for all objects C'
of C, the functor (—) ® C possesses a right adjoint. We denote the right adjoint by (—).

Making explicit what the adjunction property means gives us natural bijections
C(A® C,B)=C(A,B°)
for all objects A, B,C in C. In particular, for A = B¢, we obtain evaluation morphisms
ev: B® C — B.

EXERCISE 8.4.2. Use the defining adjunction to show that for every object C' of C, there is
a canonical isomorphism from C* to C' if C is closed symmetric monoidal. For later reference,

~Y

we call this isomorphism i¢, that is, 1¢: C° = C.

EXERCISE 8.4.3. What is a suitable notion of a functor between closed symmetric monoidal
categories that preserves the structure?

EXAMPLES 8.4.4.
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e An example of a closed symmetric category is, of course, the category Sets, with the
cartesian product of sets as the symmetric monoidal structure. Then, for sets S and
T, the object ST consists of the set of functions from T to S. The bijection

Sets(U x T, S) = Sets(U, ST)
is then the usual exponential law
SU XT ~ ( ST)U ’
with the explicit bijection sending a g: U x T'— S to the map u — (t — g(u,t)) for
alueUandt eT.

e Let k£ be a commutative ring with unit. Then, the category of (left) k-modules is
a closed symmetric monoidal category. We take the tensor product over k as the
symmetric monoidal structure. The set of morphisms in this category carries a k-
module structure, and the right adjoint to the functor (—) ® M : k-mod — k-mod is
the functor k-mod(M, —).

e Let k be a commutative ring with unit. Consider the category Ch(k) of unbounded
chain complexes of k-modules. We saw that this category carries a symmetric monoidal

structure with the tensor product of chain complexes as monoidal product. For two
chain complexes C, and C”, we define the chain complex HOM(C,, C?) as

HOM(C., C1), = | [ k-mod(Ci, Cyy,);
LeZ

that is, the nth chain group consists of Z-indexed families of k-linear maps f,: Cy —
von- The differential, 9, on HOM(C,,C) is determined by (0f), = dcr o f; —
(—1)”]%_1 o) dc.

An element in HOM(C, C%), consists of a family of k-linear maps f,: Cy — C} for
¢ € 7. If this family constitutes a zero cycle, that is, if f = 0, then this is equivalent
to the condition that de o f; = f;_1 o de for all £, and this means that the family
(fe)eez is a chain map.

e Pedicchio and Solimini showed [PS86, 2.4] that there is a unique closed symmetric
monoidal structure on the category Top. You are aware that there are rather scary
topological spaces out there, so it might not come as a surprise that this symmetric
monoidal structure does not have the properties that you would like to have. For
instance, the space of continuous maps carries the so-called pointwise topology and
not the compact open topology in that structure. We will discuss an alternative, the
k-topology and compactly generated spaces, in Section below.

The first example was special, because there, the monoidal structure was given by the
categorical product.

DEFINITION 8.4.5. A category C is cartesian closed if it has finite products and if the
symmetric monoidal structure (C, X, ) is closed.

The category Sets is cartesian closed, as we saw earlier. Let GG be a group and let GGSets be
the category whose objects are sets with a left G-action and whose morphisms are equivariant
maps, that is,

GSets(S,T) = {f € Sets(S,T)|f(g.8) = g.f(s), forall g € G,s € S}.
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This category is also cartesian closed. The product of sets induces a product on the category
of G-sets for two G-sets S and T, we define the G-set ST as Sets(T’, S), where the G-action
is given by
(9-1)(t) = g-f(g7"1)

for g € G, f € Sets(T',S), and t € T

Let (C,®,e,7) be a symmetric monoidal category. An important class of objects in C
comprises those objects C' that have an inverse with respect to ®, that is, for which there is
an object C” of C, such that

CeC e

DEFINITION 8.4.6. The Picard groupoid of C, Picard(C), is the category whose objects
are the invertible objects of C and whose morphisms are isomorphisms between invertible
objects.

Note that Picard(C) is again a symmetric monoidal category, with the structure inherited
from C.

EXAMPLE 8.4.7. Let k be a commutative ring with unit, then the category of k-modules,
k-mod, is symmetric monoidal. The objects of Picard(k-mod) are invertible modules, that
is, k-modules M such that there is a k-module N with M ®; N = k. Then, M is finitely
generated projective of rank one, and the inverse of M is isomorphic to the dual of M,
N = k-mod(M, k). In fact, the last property is true in any closed symmetric monoidal
category [HoPS97,, Proposition A.2.8].

REMARK 8.4.8. Assume that C is a closed symmetric monoidal category. If the isomor-
phism classes of objects of Picard(C) form a set, then one can build the Picard group of C,
Pic(C), which is the group whose elements are the isomorphism classes of objects, and the
multiplication is given by

[C1] ® [Cy] == [C1 ® Cy].
This multiplication is well-defined and has [e] as a neutral element, and the inverse of [C] is

(€] =[e“].

8.5. Compactly Generated Spaces

We will give a brief introduction to the compactly generated topology and to the k-
ification of spaces. These notions will allow us to define decent mapping spaces and well-
behaved products, so that the categories of compactly generated spaces and the category of
k-spaces carry closed symmetric monoidal structures. You know, for instance, that a product
of two CW complexes won’t be a CW complex in general, unless one of the factors is locally
compact. Steenrod [Ste67] introduced the notion of compactly generated spaces, but he
insisted on a full Hausdorff condition. Later, McCord [McCo69] introduced a slightly milder
version with a weak Hausdorff condition and rather nice behavior. Vogt’s approach [V71]
axiomatizes the process of building convenient categories of topological spaces. Overviews
can be found in [May99] and in Riehl’s excellent summary [Riel4]. We mostly follow tom
Dieck’s book [tD08| 7.9] for proofs of useful facts about k-spaces and weak Hausdorff spaces.

We do not use the French convention; in our world, compact subspaces are not assumed
to be Hausdorft.
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DEFINITION 8.5.1.

e Let (X, 7T) be a topological space and A C X be a subspace. We call A compactly
closed, or k-closed, if for all compact Hausdorff spaces K and every continuous map
f: K — X, the preimage f~!(A) is closed in K.

e A subset O C X is k-open if for all compact Hausdorff spaces K and every continuous
map f: K — X, the preimage f~!(O) is open in K.

e The space X is a k-space if every compactly closed subspace A of X is closed.

We can force a space to become a k-space.

DEFINITION 8.5.2. Let X be a topological space. The k-ification of X, kX, has the same
underlying set as X, but we define a subset A C X to be closed if and only if it is compactly
closed.

REMARK 8.5.3. Note that any open (closed) subset of X is automatically k-open (k-
closed), and hence, the topology consisting of the k-open subsets of X is finer than the
topology T of X. Therefore, the identity map ¢: kX — X is continuous. If f: K — X is a
map from a compact Hausdorff space to X, then the map f is continuous when considered
as a map to kX. If g: X — Y is a continuous map, then the same map is continous as a
map from kX to kY’ in fact, the assignment k(—) is a functor from Top to Top, and it is
idempotent.

DEFINITION 8.5.4. We denote by k-Top the full subcategory of Top consisting of k-spaces.

The k-ification is a functor k: Top — k-Top. We also have an inclusion functor ¢: k-Top —
Top.

LEMMA 8.5.5. The inclusion functor is left adjoint to the functor k; that is, k-Top is a
reflective subcategory of Top.

ProOOF. The identity map ¢: kY — Y is continuous, and for every map of k-spaces
f: X — kY, we define ad(f): iX — Y as to f. If X is a k-space, Y is any topological
space, and ¢g: X — Y is continous, then kg: X = kX — kY is continuous. This shows that
the assignment f — ad(f) is surjective. Composing with ¢ is injective, and hence, we get a
binatural bijection. 0

We also obtain that continuity of maps out of k-spaces can be tested with the help of
compact Hausdorff spaces.

LEMMA 8.5.6. The following are equivalent:

e A space X is a k-space.

e A map of sets g: X — Y is continuous if and only if its precomposition go f: K — Y
is continuous for every continuous map f: K — X from a compact Hausdorff space
into X.

PrOOF. Let X be a k-space and let O C Y be an open subset. It suffices to show that
g 1(O) is k-open in X. Take a continuous test map f: K — X with K compact Hausdorff,
such that g o f is continuous. Then, f~'(g71(O)) is open, and hence, g~*(O) is k-open.

In order to show that X is a k-space, it suffices to show that the identity map X — kX
is continuous, because then, X = kX as topological spaces. By assumption, this map
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is continuous if and only if the precomposition with an arbitrary test map f: K — X
is continuous. An open subset of kX is precisely a k-open subset, and thus, the claim
follows. 0

One defines a symmetric monoidal product (—) X (—) on k-Top by setting
(8.5.1) X XY :=k(X xY),

where X x Y is the product set of X and Y with the product topology.
Similarly, one can define arbitrary products. Let (X;);c; be a family of k-spaces. Then
we define their product as k(][] ics X;j). The following result tells us that this is justified.

LEMMA 8.5.7. The space k(HjeJ X;), together with the projection maps o;: k([ [;c; X;) —
k(X;) = X, is the product of the k-spaces X; in the category k-Top.

PROOF. Asiis left adjoint to k, the set of morphisms &-Top(Y, k([ [;.; X;)) is in binatural
bijection with Top(¢Y, [ ];c; X;). Using the universal property of the product in Top, we get

that
Top(iY, H X;) = H Top(iY, X;),
jed jed
and using adjunction again, the claim follows. 0

We cite the following result from [tDO08]:

THEOREM 8.5.8. ([tDO08], 7.9.12]) The product in Top of a k-space with a locally compact
space Hausdorff space is a k-space.

DEFINITION 8.5.9. A topological space X is weak Hausdorff if for all continuous maps
f: K — X, with K a compact Hausdorff space, the image f(K) is closed in X.

Of course, Hausdorff spaces are weak Hausdorff. A point is compact, and hence, points
are closed in every weak Hausdorff space. Thus the weak Hausdorff condition implies 77.
As for Hausdorff spaces, one can characterize the weak Hausdorff condition via the diagonal
Ax C X x X.

LEMMA 8.5.10. [tDO08| Proposition 7.9.14] A k-space X is weak Hausdorff if and only
if Ax C X x; X is closed.

The weak Hausdorff condition allows for an internal description of compactly closed
subsets.

LEMMA 8.5.11. Let X be a weak Hausdorff space. A subset A C X is k-closed if and
only if for all compact Hausdorff subsets K C X, the intersection AN K is closed in K.

Proor. If K C X is a compact Hausdorff subset of X, then the inclusion map K — X
is among the maps that test k-closedness; hence, if A is k-closed, then AN K is closed in K.

Let f: L — X be a continuous map from a compact Hausdorff space L and let A C X
be a subset of X, such that AN K is closed in K for all compact Hausdorff K C X. As X is
a weak Hausdorff space, the image f(L) is closed in X, and hence, it is a compact Hausdorff
subspace of X, and by assumption, AN f(L) is closed. But then, f~'(A) = f~}(AN f(L))
is closed in L. O

REMARK 8.5.12. Note that the weak Hausdorff condition is preserved under k-ification.
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DEFINITION 8.5.13. A topological space X is compactly generated, if it is a weak Hausdorft
k-space. We denote the category of compactly generated spaces by cg.

We can now define an internal hom-object in k-Top. Let Top(X,Y’) denote the set of
continuous maps from X to Y with the compact-open topology. For any continuous map

[ k(X xY) — Z, there is a map of sets (f): X — kTop(Y, Z).

LEMMA 8.5.14. If X and Y are k-spaces and if f: k(X x Y) — Z is continuous, then
¥(f) is continuous.

ProOF. We first show a reduction to the case, where X is Hausdorff and compact:
Let g: K — X be an arbitrary continuous map from a compact Hausdorff space K to X.
Thanks to Lemma [8.5.6 we have to show that ¢(f) o g is continuous. But the composite

KLXﬂkTop(Y, Z) is the adjoint of k(K x Y)ﬁk(X X Y)—f>Z. So, if we show
the claim for X :_K, then we are done. Thus without loss of generality, we can assume that
X is compact and Hausdorff. By Theorem for such X, we obtain X x; Y = X xY
and the adjoint ¢¥(f): X — Top(Y, Z) is continuous. As X is now assumed to be Hausdorff
and compact, this also implies that 1 (f): X — kTop(Y, Z) is continuous. O

The underlying set of £Top(X,Y) is the set of continuous maps from X to Y. Hence,
on point-set level, we have evaluation maps evxy: kTop(X,Y’) xx X — Y that are given by
sending a pair (g, z) to g(z).

LEMMA 8.5.15. For every k-space X, the evaluation map
evxy: kTop(X,Y) x; X =Y
is continuous.

PROOF. Let f: K — kTop(X,Y) X X be a continuous map, where K is a compact
Hausdorff space. We have to show that evy,y o f is continuous. The test map f has two
continuous components, f = (f1, f2), where fi: K — kTop(X,Y) and fo: K — X. The map
f1 is continuous if and only if the composite f] := to f;: K — Top(X,Y) is continuous. This
map is in turn continuous if and only if its adjoint map ad(f]): K x X — Y is also continuous,
and — by two-fold use of the exponential law for usual mapping spaces — the continuity of
the latter is equivalent to the continuity of the adjoint map ¢;: X — Top(K,Y). But as X
is a k-space, we can test continuity of ¢; via test maps from compact Hausdorff spaces by
B.5.6] Let h: L — X be a continuous map and let L be a compact Hausdorff space. Then,
pro0h: L — Top(K,Y) is the adjoint morphism to Top(h,Y') o f], and this is a composition
of continuous maps. -

The composite evyy o f is equal to

ad(f]) o (1, fo): K = K x X =Y,
and we showed that this map is a composition of continuous maps.

O
We can now show the crucial ingredient for the fact that the space of morphisms kTop(X,Y’)
is an internal hom-object in k-Top that turns the symmetric monoidal product (—) xj (—)
on k-Top into a closed structure.
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THEOREM 8.5.16. For k-spaces X, Y, and Z, there is a natural homeomorphism
kTop(X, kTop(Y, Z)) = kTop(X x, Y, 7).
PROOF. First, we note that the usual exponential bijection gives a bijection
¢: Top(X, kTop(Y, Z)) — kTop(X X, Y, Z) 19

for all k-spaces X, Y, and Z, because we have seen in Lemma that for every continuous
[, w(f) is continuous. For every g € kTop(X,kTop(Y,Z)), we can express ¢(g) as the
composition

gXkly

(8.5.2) X 5, Y =25k Top(Y, Z) %, Y252,

Thus, ¢(g) is a composition of continuous maps and hence is continuous.
As ¢ and 1 are inverse to each other, it remains to show that both maps are continuous.
We first determine what ¢(¢) is. By (8.5.2)), we know that we can rewrite ¢(¢) as

d(P) = eVxx,v.z © (¢ Xk Lxx,v)-
The diagram

evx,kTop(Y,Z) Xk 1y

kTop(X, kTop(Y, Z)) %1 X x3 Y kTop(Y, Z) x4 Y

¢><k1X><le leVY,z

FTop(X x4 Y, Z) x4 X x, Y SR Z

is commutative, and therefore, ¢(¢) is equal to
€Vy,z © (eVkaE(Kz) Xk 1y)

The latter is continuous, and thus, so is ¢ = ¥(¢()).

We know from that ¢(1)) is equal to evx xTop(v,z) © (¥ X 1x), but checking what
this composite does tells us that it sends a pair (f,z) with f € kTop(X x; Y, Z) and an
v € X to f(x,—) € kTop(Y, Z). This agrees with the composite o

@D(eVXxkxz)i ]{JE(X Xk}/,Z) X X — k’@(Y, Z)

This shows that ¢(¢)) — and hence ¢ — is the image of the continuous map evxy,y z under
1 and thus continuous. [l

REMARK 8.5.17. Theorem [8.5.16]implies that the category of k-spaces is closed symmetric
monoidal. For two spaces X, Y in cg, their k-product X x, Y is again in cg because X x Y is
in cg and k-ification preserves the weak Hausdorff condition. One also gets that kTop(X,Y’)
is in cg if X and Y are [tDO8, Proposition 7.9.21] and that cg is a closed symmetric monoidal
category.
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8.6. Braided Monoidal Categories

In the definition of a symmetric monoidal category (Definition|8.2.1)), we required that the
natural isomorphism 7 with 7¢, ¢, : C1®Cy — Co®C' squares to the identity: 7¢, c,07¢,,c; =
le,ec, for all objects Ch, Cy. But, sometimes, we might consider symmetries that are not of

this form. Think of a braid on two strands:

/

If you concatenate another copy of that braid to it, then this doesn’t untwist, but you get a

double twist:
S

/s

Still, twisting is an isomorphism in this situation because you can untwist using the over-
crossing, with the right strand being on top

/

<

AN

and then you can pull the strands straight to get two parallel strands.
We only give a rather terse account of braided monoidal categories. For more background,
see [ML98| XI.1], [K95] and [JoSt93].

DEFINITION 8.6.1. A braided monoidal category is a monoidal category (C, ®, ), together
with a binatural isomorphism

Beyoy: C1 @ Cy = Gy @ Ch,
for all objects C1, Cs of C, that satisfies the hexagon axiom; that is, the two hexagon diagrams

/801,02®C3

01 & (Cz ® 03) (02 X C3> X Cl

-1 -1
Cq,C5,C5 %cy,C5,01

(C1 ®Cy) ® Cy Cr, ® (C3 ® Ch)

Bey,cy®lcg a ! 1oy ®Bcy,cq
C9,C1,C3

(02®01) ®C3—>CQ (029 (Cl ®03)
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and

/801®02,03

(Cl ® CQ) ® C3 C3 ® (Cl ® 02)

&Cq,C9,C3 &C3,C01,Cy

1 ® (OQ@Cg) (03®Cl) ® Cy
1m ac o %03@02
C1 ® (C3® Cy) L (C1®C3) @ Cy

commute for all objects C, Cs, and C5 of C.
We call g the braiding of the braided monoidal structure.

REMARK 8.6.2.

e Note that if 3 is a braiding, then 37! can also be used as a braiding.

e If we started with a strict monoidal structure, that is, if the as are identities, then
the hexagon axioms simplify to the conditions that

/801,02®C3 - 102 ® 501 Cg ﬁc& Co ® 103 a‘nd /801@)02 Cy — BC1 Cs ® 102 101 ® /802 Cg)

0
e

The unit e in the monoidal structure of C is compatible with the braiding in the following
sense:

LEMMA 8.6.3. For all objects C' of C, we have oo = A\¢c 0 Bce

C’®e&>e®0

| £

C
and dually Ac = oc 0 Be.c.
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PROOF. For the proof, we expand the first hexagon diagram, inserting unit isomorphisms.
We start with two objects C' and C” of C:

Caenl) S ( cac)eC

1 —1
Qe Yo\
1c®/\c/ )\Cl®1c

/ B A
Coe)ec 2% 00 — 27 00+ e (C's0).

)‘C®C’
Ac®1or
Bc,e@1cr a! 16®5C,C/

e®0)®C S ew (CoC")

The triangle at the bottom left commutes because the remainder of the diagram is commu-
tative and consists of isomorphisms. Using C’ = e and postcomposing with o gives the first
claim. Using the second hexagonal diagram gives the second claim. 0

REMARK 8.6.4. In addition, the preceding lemma implies 3. ¢ = 65716 because

0c © Be,c © Bee = Ac o Bee = 0c.

In the braid group on three strands we see the following relation:
/H ~
/

ProproSITION 8.6.5. For all objects C, Cy, Cs in C, the following diagram commutes:

Its categorical analog holds.

-1

(Cy® Cy) ® Cy L2205 (04 @ Cy) @ Cy — 2%, 0 @ (Cy @ Cy)
AGy.01,C5 10, ®Bcy,s
Cy ® (Cy ® Cs) C1 ® (C5 ® Cy)
16,®B0,,¢5 aCy,01,C
Cy® (C3 @ Ch) (C1®C3) ®Cy
aCy,0q,C3 Bey,c3®1c,
(Cy® C5) ® Cy (C30Ch) ® Cy
Bey,c3®lc, AGy,01,0

(03®Cz)®O1—>03®(02®01)<—03®(Cl®02)

1
Gy 09,01 Cc3®Bcy,0
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In particular, if C is a strict monoidal category, then we get the categorical Yang-Baxter
equation:

(103 ® 501,02) © <ﬂ01703 ® 102) © (101 ® ﬂCmCs) = (ﬁ02703 ® 101) © (102 ®ﬁ01703) ° (501,02 ® 103)'

PrROOF. We note that the preceding diagram can be glued together from two hexagonal
diagrams and a square.

—1

(Cr @ Ch) @ Cy 22225 (00 0 ) @ O — 2%, 0 @ (Cy @ C)
aE‘QI,Cl,Cg ) Loy ®Bey,0y
Cy ® (C1 ® Cs) ' o oymency C1 ® (C3 ® Cs)
10y ®B0,,05 ac,.C1.04
Cy ® (C3® C) (C1 ® C3) ® Cy
- -._.,A.,_‘.A.ﬁcl®02703 Bey .oy ®lo,
(C2®Cy) @ Cy L (G0 e
Bey.cy®loy Cy,01,0
<C3®CQ>®01w1—>03®(62®01><m63®<01®02)
o oy SoPo 0y

The hexagons are precisely the ones from the hexagon axiom, and the square commutes
because of the naturality of 5. O

EXAMPLE 8.6.6. The collection of braid groups, Br,, n > 0, gives rise to a braided
monoidal category B, whose underlying category is a groupoid. The objects of B are the
natural numbers, including zero and

Br,, ifn=m,
, if n # m.

B(n,m) = {

Here, we follow the convention that Bry = Br; is the trivial group. We define the monoidal
structure on B via n & m = n + m, which corresponds to the disjoint union of sets. The
object 0 is a strict unit and (B, @, 0) is a strict monoidal category. For the braiding

Bom:NEM —>mon

we use the braid that moves the first n strands to the spots m+1,...,m +n and moves the
last m strands to the spots 1,...,m, where the last m strands move over the first n strands.

REMARK 8.6.7. Similar to the ¥,-action on C®" for every object C of a symmetric
monoidal category (see Remark [8.3.5)), any object C' in a braided monoidal category gives
rise to an object C®™ with a Br,-action [ML98| XI.5, Theorem 2].

EXAMPLE 8.6.8. One can combine the category B with the category of order-preserving
injections, such that morphisms from n to m are braided injections from n to m. This
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category features prominently in [ScSo016], and we will come back to it later (see|14.6.6), as
it helps to model two-fold based loop spaces.

Some bialgebras H possess a universal R-matrix and are called braided bialgebras. A
universal R-matrix is an invertible element R € H ® H that satisfies

T O A(h,) = RA(h,)Ril, (A X 1H)<R) = R13R23, and (1H & A)(R) = R13R12.

Here, the elements R3, Ro3, R13, and Ri5 live in H ® H ® H, and they are stretched versions
of R; for instance, if R =Y, hj ® hZ, then

Riz=Y hl@1@h.

EXAMPLE 8.6.9. Let H be a bialgebra. Then, the category of H-modules is a braided
monoidal category if and only if H is braided. See [K95, XIII| for details.
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CHAPTER 9

Enriched Categories

In general, we require that for any pair of objects in a category, there is a set of morphisms
from one object to the other. You know several examples, where morphism sets carry more
structure, for instance, if A and B are abelian groups, then the set of homomorphisms
Ab(A, B) is itself an abelian group. In other examples, we do not just take the set of
morphisms and observe that it has extra structure but we also consider morphism objects in
a category different from sets. We have seen the example of the chain complex HOM(C,, C?),
where chain maps correspond to the zero cycles in HOM(C,, C%). This was already mentioned
as an example of a closed symmetric monoidal category. The concept of enriched categories
allows for hom-objects in a general closed symmetric monoidal category. Good accounts on
enriched category theory are [K82, Day70bl, Day70a], [Riel4, 1.3], [Du70] and [Bo94-2,
Chapter 6]. In contrast to [Lu09], we only study enrichments in closed symmetric monoidal
categories.

9.1. Basic Notions

DEFINITION 9.1.1. Let (V,®,¢€) be a closed symmetric monoidal category. A category
enriched in V or a V-category C consists of a class of objects, and for all pairs of objects
(4, Cy, there is an object in V, C(Cy,Cs). There is a composition morphism in V for all
objects C, Cy, C3 of C

m: Q(Cl, CQ) ®Q<C2; CB) — Q(Cb C3>7

and there is a unit morphism in V, nc: e — C(C,C) for each object C' of C. These mor-
phisms satisfy a unit condition and an associativity condition. We require that the following
diagrams commute for all objects C7, Cs, C5, Cy of C:

A
C(Ch, Co) & e —=1 L e(Cy, ) S C(Ch, Cy)
1C(C1v02)®7702l / \ lncl Ole(cy,09)
C(Cl,Cg)(DC Cg,Cg 01,01 @C(C’l,Cz)
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and

—1
e(0,C9),C(Cy,C3),C(C3,Cy)

(C(C1,C2) ©C(Cy,C3)) ©C(C3,Cy) C(C1,Cy) ©(C(Cy, C3) ©C(C3,Cy))
m®1C(Cs,C4)l llC(CLCQ)@m
C(Cy,C5) ©®C(Cs,Cy) C(Cy,Cy) ®C(Cy, Cy)

C(Cy, Cy).

EXAMPLES 9.1.2.

e Every category (in our sense) is a category enriched in the closed symmetric monoidal
category of sets.

e We learned in Definition that a preaddititve category is a category enriched in
the category of abelian groups. For every pair of objects C, Cs, there is an abelian
group of morphisms from C to C5, and the composition of morphisms is a bilinear
map.

e Every closed symmetric monoidal category V is enriched in itself. In order to easy
readability, we will write V(Vi, V3) for V,* in this chapter.

e The category of complex vector spaces V¢ from [BDRO4] has as objects the natural
numbers, including zero, and

%} ifn#m
Ve(n,m) = ’ ’
el ) {U(n)7 for n =m.
Here, U(n) is the unitary group with its natural topology. Composition is induced by
matrix multiplication, and this is a continuous map. The unit maps 7,: {x} — U(n)
send the one-point space to the unit matrix in U(n). Hence, V¢ is enriched in k-Top.

DEFINITION 9.1.3. Let (V,®,€) be a closed symmetric monoidal cocomplete category
and let D be a small category. The standard enrichment of D in V is

D(Dy,Dy)= || e
D(D1,D2)

Note that the assumption that V is closed ensures that the coproduct distributes over
the ®-product in V.

We saw an example of this construction already in Example [7.1.2] If we consider the
closed symmetric monoidal category of abelian groups (Ab,®,Z), then the construction
Z|C] is a special case of the definition given earlier. For the category k-mod, you obtain
k{D(D;, D)} as the standard enriched morphism object.

DEFINITION 9.1.4. Let C and C’ be two V-enriched categories. A V-functor F: C — C’
assigns to every object C' of C an object F'(C) of C’, and for every pair of objects C;, Cy of
C, it induces a morphism in V

F= FC1,C2: Q(Cla 02) — Q/(F(Cl)a F(CQ))>
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such that these morphisms are compatible with the composition morphisms m of C and m/’
of C' and the unit morphisms n of C and 1’ of C’, that is, the diagram

C(Cy,Cs) ®C(Cy, Cs) = C(Cy,Cs)

ror | E

C'(F(C1), F(Cy)) © C/(F(Cy), F(Cy)) == C'(F(Ch), F(Cy))

commutes for all objects C7, Cy, C5 of C and

commutes for all objects C' of C.

REMARK 9.1.5. Assume that F': C — V is a V-functor. In this case, we can combine the
structure morphism

F = Fo,0,: C(C,Cy) = V(F(Ch), F(Cy)),
with the evaluation map, ev, coming from the closed structure in )V in order to obtain a
morphism, which we call ev by slight abuse of notation.

FOlrcy)

(9.1.1) ev: C(Ch, Cy) © F(Ch) V(F(C1), F(Cy)) © F(C)——F(Cy).

EXAMPLE 9.1.6. Assume that C and C" are preadditive categories, that is, C and C’ are
enriched in abelian groups. An Ab-functor F': C — C’ is nothing but an additive functor.
The abelian group C(Cy,Cy) has an underlying set, and an Ab-functor induces a functor
C — C'. The fact that F induces a homomorphism F': C(Cy,Cy) — C'(F(Cy), F(Cs)) is
precisely the condition of additivity, as in[7.1.3

EXERCISE 9.1.7. Take a small category D with the standard enrichment, as in Definition
9.1.3] in a closed symmetric monoidal cocomplete category V, and show that V-functors
correspond to ordinary functors.

ExAMPLE 9.1.8. Let C be a V-enriched category and let C' be an object of C. The
assignment C’ — C(C,C") defines a V-functor

C(C,—):C—=V.

Let Cy and C5 be two objects of C. We define the morphism in V
C(C, =)oyt C(C1, Co) = V(C(C, C1),C(C, Cy))
as the adjoint of the composition morphism
m: C(C,Cy) ©®C(Cy,Cy) — C(C,Cy)).

Dually, we can form the contravariant morphism functor

C(—,C):C° =V,
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with
C(—,C)eyey: C(C1,Ca) = V(C(Cy, C),C(C, C))
as the adjoint of

m: C(C,Cy) ©®C(Cy, C) — C(Ch,0)).

DEFINITION 9.1.9. Let F,G: C — C' be two V-functors. A V-natural transformation
¢: F = @ consists of morphisms in V

e = C(F(C),G(C))

for every object C' of C. These morphisms satisfy a naturality condition. For all objects
C1, Cs of C, the following diagram commutes:
(9.1.2)

%2) l
m’

C/(F(Ch), F(Cy)) © C'(F(Cy),G(Cy)) —————C'(F(Ch),G(C)),
that is,
m'o(§o, © G) oAt =m' o (FO&g,) 00

REMARK 9.1.10. If F,G: C — V are two V-functors and &: F' = (G is a V-natural
transformation, then the morphisms ¢: e — V(F(C), G(C)) are adjoint to morphisms from
e® F(C) to G(C), and we identify them with morphisms

¢ F(C) = G(O).

Using these adjoint structure maps, we can rewrite condition (9.1.2)) in the familiar form by
demanding that

C(Cy, Cy) d L V(F(Cy), F(C))

Gl lv(lmcl) £c,)
V(Ee, la(ey))
V(G(Ch),G(Cr)) V(F(Ch),G(Cy))

commutes for all objects C and C5 of C.

REMARK 9.1.11. If we fix a symmetric monoidal category V, then the collection of small
V-enriched categories, caty, forms a 2-category, whose 1-morphisms are V-functors and whose
2-morphisms are V-natural transformations.

EXERCISE 9.1.12. Let F': V — W be a lax symmetric monoidal functor between closed
symmetric monoidal categories and let C be a V-enriched category. Use F' to define a W-
enrichment on C.
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9.2. Underlying Category of an Enriched Category

Consider the category of unbounded chain complexes over a commutative ring k, with
its internal morphism object HOM(—, —) and the tensor product of chain complexes as
part of the monoidal structure. Chain maps f: C, — C! between two chain complexes C,
and C! correspond to zero cycles in HOM(C,, C.), and these, in turn, correspond to chain
maps from the chain complex S°(k) (which is k in chain degree zero and zero elsewhere)
to HOM(C,, CL). So, one can recover the ordinary category of chain complexes from the
enriched one.

This can be done in general.

DEFINITION 9.2.1. Let C be a category enriched in a closed symmetric monoidal category
V. The underlying category of C, Cy, has as objects the objects of C and

Co(Ch, Ca) = V(e,C(C1, Cy)).
THEOREM 9.2.2. The underlying category of an enriched category is a category.

PROOF. We define the identity morphism 1¢ as n¢: e — V(e,C(C, C)) and the compo-
sition of morphisms f € V(e,C(C1,Cs)) and g € V(e,C(Cy,C3)), go f as

ee®e—TY 00, Ch) ®C(Ca, Cy)mC(Ch, Cs),

hence, we have to show that

(1) gole, =g,
(2) 1020f:f7 and
(3) ho(go f)=(hog)o f forall f,gas above and h € V(e,C(Cs5,Cy)).

For (1), note that the diagram

= GQG&GGQ(CQ,C:%) C(Cy,Cs) ©®C(Cy, Cs)

A
\ l C(CQ,M

C(Cy,Cs)

N0y Ole(cy,cy)
3

commutes because of the unit condition on 7¢, and A¢(c,,c,) in any V-enriched category. The
proof of (2) is dual, using the condition for n and p.
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For (3), observe that the hat of the diagram

—1
Qe.ee

(e@e)@e e®(e®e)
(f@g)@hl B lf@(g@h)

(C(Ch, C2) © C(C, C)) © C(Ch, Cy) — L) 001 €)@ (C(Co, Cs) @ C(Cy, )
m®1C(cg,c4)l llacl,cg)@m
C(Ch,C3) ®C(Cs,Cy) C(Cy,Cy) ©®C(Cy, Cy)

\ /
C(Cy,CY)

commutes because of the unit condition in a monoidal category. The middle square com-
mutes because of the naturality of «, and the bottom pentagon commutes because of the
associativity condition of m in a V-enriched category. 0

EXERCISE 9.2.3. Give an alternative proof of Theorem by showing that the functor
V(e,—): V — Sets is lax symmetric monoidal and by using Exercise [9.1.12]

COROLLARY 9.2.4. Let f € Co(C4,Cy). Then, f induces a morphism in V,
C(le, f) = f«: C(C,C1) — C(C, Cy).
This assignment satisfies (1¢). = lec,cy) and (g o f)« = g« o fi for every g € Co(Cy, Cs).
PrOOF. We define C(1¢, f) = f. as

lee,o)Of

C(C,C) =C(C,C) e C(C,Cy) ©C(Cy, Cy)—=—C(C, Cy).

It is straightforward to check the properties. 0

REMARK 9.2.5. Similarly, f € Co(Cy,Cs) induces a map C(f,1¢) = f*: C(Cy,C) —
C(Cy,C) with (go f)* = f*og* and (1¢)* = g,

ProOPOSITION 9.2.6. If V is a closed symmetric monoidal category, which we view as a
self-enriched category, then the underlying category of V' is isomorphic to V itself.

PRrROOF. For two objects Vi, V5 of V), the adjunction
(9.2.1) V(e,Y(V1,Va)) V(e © Vi, V2) = V(V1, V3)

tells us that we get a bijection between the morphism set of the underlying category of V
and V. For f € V(e,Y(V1,V3)), we denote its adjoint in V(Vi, Va) by o(f).

We have to show that the composition of morphisms is compatible with these bijections
and that the morphisms 7y : e — V(V, V) correspond to the identity morphism 1y on the
object V in the category V under the adjunction in . For the latter, the adjoint of 7y
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is Ay: e ©V =V and the evaluation map is adjoint to 1y,y); hence, under the bijection
from (9.2.1)), ¢(ny) is 1y.
As m is adjoint to

Iy vy, v2) OTy(vy,v3), v,

V(Vi, Vo) © Vi © V(Va, Vs)
J€v®1v(V2,V3)

Vo ©V(Va, Vi),

V(Vi, Vo) @V (Va, V3) © V4

TV, V(Va,V3)

Vi C Y(Vy,Vy) 0 Vs

the adjunction maps the composition to

(Aeovy JoAvy fogo1y,
Vi —— T 0 e 0 Vi — B V(WL Va) 0 V(Va, Vi) @ i

llv(vl»Vz)QTV(V%V:s)vVl
VWi, Vo) @ Vi © V(Vs, Vi)
lev@lV(Vst)

TV,V(Va,V3)

‘/3 # Z(‘/Qa ‘/3) © ‘/2
The following diagram

Vi

vy

Ae
e@Vl—lem@e@Vl

fOgO1y,
f®1V1 f®1e®V1

Y(Vi, V) © V3 YWi,Va) 0eo W V(Vi,V2) © V(V2,V3) © Wy

Qv(v1,V2)0Vy
ev Ly(vy,v9)OTe,vy

‘/2 E(Vi, ‘/2) ©O) ‘/1 ®e Ly(vy,vp) OTV(Va, V),V

lyvy,va)ov; ©F

Avy ev®le
e® Vy 2 Vo V(V1,Va) © Vi © V(Va, Vs)
1y, Og
gOly, evOly(vy,vy)

TV9,¥(Va,V3)

V(Va,V3) © Vs

Vo © V(Va, Vi)

ev

Vs

commutes, and therefore, ¢(g) o ¢(f) on the left-hand side of the diagram is the same as
o(m(f ® g)) on the right-hand side. Hence, (9.2.1)) is compatible with compositions. O

9.3. Enriched Yoneda Lemma

We first prove a set version of a V-enriched variant of the Yoneda lemma.
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ProproSITION 9.3.1. Let C be an object of the V-enriched category C and let F': C — V

be a V-functor. Then, there is a bijection between the set of V-natural transformations from
the functor C(C, —) to F and the underlying set of F/(C), V(e, F(C)).

PROOF. Let ¢ be a V-natural transformation with components
fc/: Q(O, Cl) — F(C/)
We send € to the morphism
fer e—50(C, C) s F(C).
Conversely, given f € V(e, F(C)), we define éé, as

V(flpcrny) ip(ct)

C(C,C") L5 V(F(C), F(C)) V(e, F(C")) — F(C"),

where ipcry: Y(e, F(C")) — F(C') is the isomorphism that uses the closed monoidal struc-
ture in V' (see Exercise [8.4.2)).

We have to show that &7, is V-natural in C” and that the two maps are inverse to each
other. The V-naturality follows from the binaturality of C(—, —).
If we start with f € V(e, F'(C)), then fgé is

Y(f:1r(c)) iF(C)
_

e—5C(C,C)—=V(F(C), F(C)) V(e, F(C))——F(C).

But F o n¢ = np(c) and the latter is adjoint to the isomorphism e ® F(C) = F(C). Hence,
f*onpey =V(f, 1re)) o nee) is adjoint to the morphism

fold=fop:e®e— F(O),
and the application of ¢ cancels the first unit isomorphism, and thus, fgé = f.

Conversely, given £, we have to check that {6 = €. We can fit €76 = ipcnoV(fe, Lpcrny)oF
into the following commutative diagram:

c(c,c - V(F(C), F(C"))
c(C,-) V(e lpon)=EE

V(lg(c,0).60)=(Ecr )
V(C(C,0),c(C,C)) V(C(C,C), F(C"))

Z(f§71F<C/)):fg

Y(ne.lee,cn)=n& Y(nelpen)=ns
Y(1ebor)=(Ecr)«

V(e,C(C,C")) V(e, F(C"))
ic(c,c’) ip(ct)
c(c,c) o F(C")

AsC(C,—): C(C,C") = V(C(C,C),C(C, ")) is adjoint to m, the composite V(n¢, lec,cry) ©
C(C, —) is adjoint to e©C(C, C") = C(C, C") and postcomposing with i corresponds to getting
rid of this unit isomorphism; hence, the composition downward on the left-hand side of the
diagram is the identity. U
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Of course, we want to improve this version of an enriched Yoneda lemma to an isomor-
phism in V.

DEFINITION 9.3.2. Let C and C’ be enriched over V. The category C ® C’ has as objects
pairs (C, C"), where C' is an object of C, and C" is an object of C’. We set
(COL)((Cr,C1), (C2,Cy)) :=C(Ch, Co) ©C'(CY, C).

The composition morphism mg, is defined as (m ® m') o (2, 3), where (2,3) € ¥, denotes
the permutation that switches the second and third ®-factors in

C(Ch,Cy) ©C(C1,Cy) ©C(Cy, Cs) ©L'(Cy, C3)
for objects Cy, Cy, C5 of C and C1, C4, C% of C'. Here, m and m' are the composition mor-
phisms of C and C’.
With this definition, C ® C’ is again a V-category.

EXERCISE 9.3.3. Let V be a symmetric monoidal category. Show that the category of
small V-categories and V-functors, caty,, is a symmetric monoidal category, with ®: caty x
caty — caty from Definition [9.3.2] as monoidal structure.

We extend the notion of dinatural families and ends to the enriched context.

DEFINITION 9.3.4. Let C be a V-category, let V' be an object of V, and let G: C°©C — V
be a V-functor. A family of morphisms (0o € V(V,G(C,C)))c over all objects C' in C is a
V-dinatural family if for all objects C' and C” of C, the diagram
G(C,C)

dc
QC/J/ ch,c/
BC’ C

G(C",C") —" L y(c(c, ch), G(C, C"))

commutes.

Here, Bcr ¢ is adjoint to the evaluation map
G, CYocc,C') = G(C,C)
using the contravariant component of G, and dually, ¢ ¢ is adjoint to
G(C,C)eC(C,C") — G(C,C")

and uses the covariant component of G.
We want to replace the set of V-natural transformations in the weak enriched Yoneda
lemma with an object in V. We do this by forming ends in V.

DEFINITION 9.3.5. Let C be a V-category, let G: C° ® C — V be a V-functor and let
(0c € V(V,G(C,C)))c be a V-dinatural family. Then, (0c)c is a V-end of G if for all V-
dinatural families (uc € V(V',G(C, C)))¢, there is a unique f € V(V', V), with pe = dc o f
for all C.

Using the notation introduced in , we denote the object V' by fc G(C,C), and then,
dcr: [, G(C,C) — G(C’',C"). The usual disclaimer applies. Enriched ends do not have to
exist. As before, they do exist if V is complete.
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PROPOSITION 9.3.6. (Enriched Yoneda lemma) Assume that V is a closed symmetric
monoidal complete category and that C is a V-enriched category. Let F': C — V be a
V-functor and let C' be an object of C. Then, F(C) is isomorphic to the V-end

/ V(C(C,C"), F(CY).

c
PROOF. Let vor: F(C) — V(C(C,C"), F(C")) be the adjoint of

F:C(C,C") = V(F(C), F(C")),

and assume that (uc: V- — V(C(C,C"), F(C")))¢cr is an arbitrary V-dinatural family. The
adjoint of ucr is

per: C(C,C7) = (V. F(C)).
This family is a natural transformation from C(C,—) to Y(V, F(—)), and hence, the set

version of the enriched Yoneda lemma [9.3.1] ensures the existence of a unique morphism
feV(V,F(C)), such that we can write y, as the composite

V(filpon)

C(C,C")—=V(F(C), F(C")) V(V,F(C"))

As F: C(C,C") = V(F(C), F(C")) is adjoint to ver, this implies that ver o f = per. O

If A is a preadditive category and if A is an object of A, then Proposition has the
following form:

COROLLARY 9.3.7. The natural transformations from the representable functor A(A, —)
to an additive functor F': A — Ab form an abelian group and are isomorphic to F'(A).

There is also a multilinear variant of the additive Yoneda lemma. I used a version of this
in [Ri03].

ProprosiTION 9.3.8. Let Aj,..., A, be objects of a preadditive category A and let
F: A" — Ab be a functor that is additive in every component. Then, the natural transfor-
mations from the functor (B, ..., B,) — C(A1,B)) ® ... ® C(A,, B,) to F form an abelian
group, and this group is isomorphic to F'(A4y,..., A,)

)

»)) by sending a natural transformation

n

A
PROOF. We define a morphism Y (F, (Aq,..., A
n:C(A1;,—)®...0C(A,,—) = F

to ey, a)(la, ®...®14,) € F(Ay,...,Ay). Forany a € F(Ay,...,A,) and every fi ®
.. ® fn € Ab(A1,B1) ® ... ® Ab(A,, B,), we set

T(F,Al,...,An)a(fl®...®fn) = F(fl,,fn)(a) GF(Bl,,Bn)

As F'is multi-additive, this assignment is well-defined. One shows, as in the proof of the clas-
sical’ Yoneda lemma (Theorem [2.2.2)), that Y (F, (A4, ..., A,)) is inverse to 7(F, Ay, ..., An).
O
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9.3.1. Enriched Co-Yoneda Lemma. The enriched Yoneda lemma is a statement
about ends involving a representable functor. The enriched co-Yoneda lemma is concerned
with enriched coends involving a representable functor.

EXERCISE 9.3.9. Dualize the definition of a V-end to a V-coend.

PROPOSITION 9.3.10. (co-Yoneda lemma) Let D be a small category enriched in V. If V

has all small colimits, then for every V-functor F': D° — V), the V-coend fD F(D)®D(Dy, D)
exists, and there is a natural isomorphism in V:

(/ " F(D) o DD, D)) = F(D).

PrROOF. The existence of the V-coend is clear, and the remainder of the proof is just an
enriched analog of the proof of Theorem [5.4.8| O

9.4. Cotensored and Tensored Categories
In applications one usually encounters tensors and cotensors of enriched categories.

DEFINITION 9.4.1. Let (V,®,e) be a closed symmetric monoidal category and let C be
a category enriched in V. Let C' be an object of C, and let V' be an object of V.

e The tensor of C' with V' exists if there is an object C'® V of C, together with isomor-
phisms in V
C(CeV,C")=Y(V.C(C,C)
that are natural in C”.
e The cotensor of C' with V exists if there is an object (C")V of C, together with
isomorphisms in V
C(C.(C)) = Y(V.C(C,C)
that are natural in C.
e The category C is tensored in V if the tensor of C' with V exists for all objects C of C
and V of V.
e The category C is cotensored in V if the cotensor of C' with V exists for all objects C'
of C and V of V.

EXAMPLE 9.4.2. If V is a closed symmetric monoidal category, then V is tensored and
cotensored over itself.

ExAMPLE 9.4.3. Let D be a small category and let (C,®,ec) be a closed symmetric
monoidal category. Then, the category Fun(D,C) is tensored and cotensored over C. For a
functor F': D — C and an object C' of C, we define the tensor of F with C' as

(FeC)D)=FD)®C
and the cotensor as
(FO)(D) = F(D)",
where F(D)¢ is the internal morphism object of C' and F(D) in C.
If C is (co)tensored over V, then there are some canonical rules for calculating iterated
tensors and cotensors.
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PROPOSITION 9.4.4. Assume that C is tensored over V. Then

(1) C®e=C for all objects C of C.
(2) For all objects Vi, V5 of V and for all objects C of C,

(9.4.1) CV)W2Ce (VoW 2O (Vo) 2 (Ce V) V.
PROOF. The first claim follows because for all objects C” of C, we have
C(Cw®e,C") = V(e,C(C,C)),
but we saw already in Exercise that V(e,C(C,C")) = C(C,C"); hence, C ® e = C.

We will only show the first isomorphism in (2); the others follow from the symmetric
monoidal structure of V. Again, we consider an arbitrary object C’ of C and obtain

C((CoW) @V, C") =VY(Vp,C(C & Vi, ("))
V(Va,V(V1,C(C, C")))
V(i ©V,,C(C,C"))
C(C® (Vo) C").

Here, the first, second and last isomorphisms are given by the defining isomorphisms of
tensors as in Definition and the third isomorphism uses that )V is closed symmetric
monoidal. Hence, (C @ Vi) ®@ Vo = C® (Vi © Vs). O

1R

12

EXERCISE 9.4.5. Formulate and prove the dual rules for calculating iterated cotensors.

PROPOSITION 9.4.6. If C is tensored over V, then (—)®V: C — C is a V-functor. Dually,
if C is cotensored over V, then (—)V: C — C is a V-functor.

PrOOF. Note that there is an isomorphism in V),
C(C1 ®C(C1,Cy),Cy) ZV(C(Ch, Cy),C(Ch, Cy)),

and therefore, we get a bijection on the underlying sets of morphisms:
Co(C1 ® C(Ch, Cy), Cy) = V(e, V(C(Ch, Cy),C(Ch, Cy))) = V(C(Ch, Cy),C(Ch, Cy)).

Let ¢ denote the morphism in Co(C; ® C(C1, Cy), Cs) that corresponds to lg(c, ) under the
isomorphism. We consider the following composition of morphisms in V:

Nncyev

e———C(C20V,C,0V)

(e®1y)*

C((C1®C(C1,Ca)) @ V,Ca@ V)

l”

C((CL@V)®C(C,Cy),Cya V)

F

V(C<Cl7 CQ)7Q<01 &® V, CQ X V))

The first isomorphism uses the associativity property of tensors from Proposition [9.4.4] and
the second isomorphism is the defining isomorphism of tensors.

The compositon corresponds to a morphism in V from C(Cy,Cy) to C(C; @ V,Cy @ V),
which turns (—) ® V into a V functor.

164



The proof for (—)V: C — C being a V-functor is dual and uses the isomorphism C(CY , Cy’) =
V(V,C(Cy, Ca)). [

EXAMPLE 9.4.7. If C is a category that has small coproducts, then C is tensored over the
category of sets, Sets. For an object C' of C and any set X, we define

CrX .= I_l C,
rzeX
so C' ® X is the X-copower of C in C.
Dually, if C is a category with small products, then it is cotensored over Sets with

cX=1]c

zeX
so C¥X is the X-power of C in C.

9.5. Categories Enriched in Categories

The category of all small categories, cat, is closed symmetric monoidal, with the product
of categories as monoidal structure, and it is bicomplete. What does it mean for a category
C to be enriched in cat? By definition, we get for all pairs of objects C7, Cs of C, a category
of morphism C(C, Cy). We think of an object f of C(Cy,Cs) as a morphism from C) to Cs.
For two such objects f and g, we have morphisms in the category C(Cy, Cs) from f to g.

It is common to call the objects of C(Cy, Cy) 1-morphisms and to call the morphisms in
C(C4,Cy) 2-morphisms. We will draw them as 2-cells

e

~_

g

if ¢ € C(C1,Co)(f, 9).

The fact that C(C}, Cy) is a category ensures that we have a strictly associative composi-
tion of morphisms. If ¢: f = g and ¢': ¢ = h, then the composition is ¢’ o ¢: f = h,
and we have strict associativity of threefold compositions, and the identity morphisms
1y € C(Ch,Co)(f, f) acts as a strict unit.

The composition rules in enriched categories ensure that the composition

C(C1,Cy) x C(Cy,C3) — C(C1,C3)
is strictly associative and unital.
DEFINITION 9.5.1. A strict 2-category is a category C enriched in cat.

We saw an example of such a category in Remark [2.1.6 when we studied cat. Let C and C’
be two objects of cat, that is, two small categories. Then, there is a category of morphisms
from C to C' whose objects are functors from C to C' and whose morphisms are natural
transformations between such functors. As we have the interchange laws for the vertical and
horizontal compositions of natural transformations, as in , this establishes cat as a
category enriched in cat, that is, a strict 2-category.
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ExAMPLE 9.5.2. Let (C,®,e) be a strict monoidal category (recall Definition [8.1.1).
There is an associated strict 2-category >C with a single object %, whose 1-morphisms are
the objects of C and whose 2-morphisms are the morphisms of C. Conversely, if D is a strict
2-category with one object, then D gives rise to a strict monoidal category.

REMARK 9.5.3. Every strict 2-category can be viewed as a category enriched in simplicial
sets (see Definition . You will learn about the nerve of a small category in Definition
11.1.1} This is a simplicial set, and the assignment of sending a small category to its nerve is
strong symmetric monoidal, so an enrichment in cat gives rise to an enrichment in simplicial
sets.

9.6. Bicategories

For many purposes, such a level of strictness, as in a strict 2-category, is too much to
ask for. The notion of bicategories goes back to Bénabou [Ben67]. In bicategories, several
equalities in the definition of a strict 2-category are replaced by natural isomorphisms.

DEFINITION 9.6.1. [Ben67] A bicategory B consists of the following:

A class of objects of B.

e For each pair of objects By, B of B, there is a category B(Bj, B2). As in the setting of
strict 2-categories, it is common to call the objects of B 0-cells the objects of B(By, Bs)
1-cells and the morphisms in B(Bj, Bs) 2-cells.

e For each triple of objects By, Bs, B3 of B, there is a composition functor

CBy,B2,Bs + B(Bla B2) X B(B27 Bg) — B(Bl, Bg).

e For each object B of B, there is an object Ig of B(B, B), called the identity arrow
of B. Its identity morphism 1;, in the category B(B, B) is denoted by ip and is
called the identity 2-cell of B. We will identify Ip with the corresponding functor
Ig: [0] — B(B, B).

e For every quadruple of objects By, By, B3, By of B, there is a natural isomorphism
Q'B,.B,,Bs,B, Detween the functors

CBy,B3,B, © (Id X 032,33,34) and CB1,B3,By © (631732,33 X Id)

We call « the associativity isomorphism.

e For each pair of objects By, By of B, there are two natural isomorphisms Ap, g, and
0B, ,B,, Where Ap, p, is a natural isomorphism between the functors cp, 5, 5,0 ({5, x1d)
and the canonical isomorphism of categories [0] x B(By, Bs) = B(Bj, Bs). Analo-
gously, o is a natural isomorphism between cp, p, g, © (Id X Ip,) and the isomorphism

B(By, Bs) x [0] = B(By, Bs).

These natural isomorphisms have to satisfy the following coherence axioms:
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e The associativity isomorphisms are coherent, so that the diagram of natural transfor-
mations

(9.6.1) B(B1,Bs)

&B1,B9,B3,B5
@B1,Bg,By,B5

B(B1,B3)x(B3,Bs5)

B(Bl,Bg)X(B3,B4)><(B4,B5) B(Bl,BQ)X(BQ,Bg)X(Bg,Bs)
B(B1,B2)x(B2,B3)x(B3,B4)x (B4,Bs)
aB1,Bg,Bg,B4><ID l IDX&BZvBSvB4ﬁB5

B(Bl,B4)><B(B4,Bs) — B(Bl,BQ)X(BQ,B4)><(B4,B5) _—> B(BLBQ)XB(BQ,B5)

commutes for all B;. Here, the o on the right-hand side denotes the outer 2-cell of
the diagram.

e The natural isomorphisms A and p are compatible with «, so that the diagram of
2-cells commutes for all B;:

(9.6.2) B(By, Bs)

/\

B(Bl,BQ) X B BQ,Bg Bl,BQ X B(BQ,Bg).

(& y

Bl,Bg X B(BQ,BQ) X B BQ,Bg
IdeBQXIdT

B(Bl,BQ) X [O] X B(BQ,Bg)

oxID IDxA

B(Bl, BQ) X B(Bg, B3)

If you don’t like diagram because of its outer 2-cell, then you can draw the diagram
on a cube.

Let X; ;11 be an object of B(B;, Bi11). If we abbreviate ¢(B;, Bit1, Bita)(Xiit1, Xx41.00)
with X1 420X, 41 and if we suppress the objects at 1 and «, then one can express

167



as a pentagon axiom.

X4,5 o (X3,4 o (X2,3 o X1,2)) 100 X4,5 o ((X3,4 o X2,3) o X1,2)
(X4,5 o X3,4) o (X2,3 o X1,2) (X4,5 o (X3,4 o X2,3)) o X1,2
[e% aol

((X4,5 © X3,4) © X2,3) o Xi2
Similarly, (9.6.2)) can be expressed as a triangle axiom.

EXAMPLES 9.6.2.

e If B is a bicategory with a single object *, then the category of morphisms, B(x, ),
forms a monoidal category (recall Definition . For two objects C1, Cs of the cat-
egory B(x,*) set C; ® Cy := Cy0 (Y. In these examples, the coherence condition from

9.6.1) reduces to the usual pentagon coherence condition for monoidal categories and

9.6.2|) corresponds to the triangle condition for the coherence between the associativ-
ity isomorphism and the left and right units. Conversely, if C is a monoidal category,
then it gives rise to a one-object bicategory, which one often denotes by XC.

e Every 2-category is a bicategory, where the as, gs and As are identities.

e Let Bim be the bicategory that associates with two rings Ry, Ry the category Bim(Ry, Ry),
whose objects are the R;-Rs; bimodules and whose morphisms are the morphisms of
R;-Rs-bimodules.

EXERCISE 9.6.3. Let C be a category that has pullbacks. Show that the category of spans
in C forms a bicategory.

DEFINITION 9.6.4. A morphism (F, @) of bicategories from a bicategory B to a bicategory
B’ consists of the following:

e An assignment B +— F(B) on the level of objects.
e A family of functors

.F(Bl7 BQ)Z B(Bl, Bg) — B,(F(Bl), F(BQ))
e For every object B of B, there is a morphism in B'(F(B), F'(B)) (that is, a 2-cell):
@: IF(B) = F(]B)

e For every triple of objects By, By, Bs of B, there is a natural transformation ¢(By, Bs, B3): co
(F(Bl, BQ) X F(BQ, Bg)) = F(Bl, Bg) o C:

B(Bl,BQ) X B(BQ,Bg) < B(Bl,Bg)
F(B1,B2)X F(B2,B3) ©(B1,B2,B3) F(B1,B3)
B'(F(Bi), F(Bz)) x B'(F(B), F(Bs)) - B'(F(Bi), F(Bs)).
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These functors and natural transformations have to satisfy the following properties:

(1) For any object (Xi2, Xo3, X34) of B(By, By) x B(Bs, Bs) x B(Bs, By), the diagram

F(B3,B4)(X3,4)0(F(B2,B3)(X2,3)0F (B1,B2)(X1,2)) SN (F(B3,B4)(X3,4)0F (B2,B3)(X2,3))oF(B1,B2)(X1,2)
10(,0(31,32733)(X1,27X2,3)J/ lw(B27BS7B4)(X2’37X3’4)01
F(Bg,B4)(X3’4)OF(Bl,Bg)(XQVSOXLQ) F(BQ,B4)(X374OX2,3)OF(31,BQ)(XLQ)

QO(BI,BB,B4)(X2,30X1,27X3,4)l ltp(Bl732,34)(X1,2,X3,40X2,3)

F(B1,B4)(a)
F(B1,B4)(X3,40(X2,30X1,2)) F(B1,B4)((X3,40X2,3)0X1,2)

commutes.
(2) For every object X of B(Bi, By), the following unit diagrams commute:

¢(Bz)ol

Ir(By) © F(Bi, By)(X) F(Bs, By)(Ip,) o FI(Bi, B)(X)

)\l J{W(Bl,BQ)(IBQ,X)
F(X)
F(Bl,Bg)(X) F(Bl,BQ)([BQOX)

and

lop(B1)
F(By, By)(X) 0 Irsy) S F(By, Bo)(X) o F(By, By)(I,)

QJ Jw(Bl,BQ)(XJBl)
F(o)
F(By, B,)(X) 2 F(By, B)(X o I,).

REMARK 9.6.5. There is an abundance of different names in the setting of bicategories.
As the notion of a morphism of bicategories reduces to the notion of a lax monoidal functor
for the one-object bicategory, it is rather common to call such morphisms laz functors be-
tween bicategories. There is also the notion of a pseudofunctor; for these, one requires the
natural transformations that are part of the data of a morphism, to be natural isomorphisms.
Thomason [T79] uses the variant that reduces to lax comonoidal functors between monoidal
categories and calls such functors op-laz, so this corresponds to reversing the direction of the
structure maps . The idea of not using functors but something weaker that is still coherent
goes back to Grothendieck |[G-SGA1l Exposé VI].

You can now continue and define an analog of natural transformations for morphisms be-
tween bicategories. These are called modifications. For more background on these concepts,
see [Leodl 1.3]. As every monoidal category can be strictified, as in Proposition , every
bicategory is biequivalent to a strict 2-category [Leodl 2.3].

9.7. Functor Categories

Let D be a small category and let C an arbitrary category. Recall that we denote by
Fun(D,C) the category of functors from D to C, with natural transformations as morphisms.

EXAMPLES 9.7.1.
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e Let Z denote the category of finite sets and injections with objects n = {1,...,n}
for n > 0, where 0 denotes the empty set. Morphisms in this category are injective
functions. The category of functors from Z to a category C plays an important role,
for instance, in Bokstedt’s definition of topological Hochschild homology [Bood| from
the 80’s, in the setting of Fl-modules [CEF15] and in the study of Z-spaces [SaSc12].
We will encounter this category again later.

e The category X has again the same objects as Z, but we only consider bijections as
maps; hence,

g, ifn#m

Y, ifn=m.

Y(n,m) = {

Hence, one can view ¥ as the subcategory of Z of isomorphisms, that is, ¥ = Iso(Z).
Let C be an arbitrary category. Then, the category Fun(X, C) is called the category
of symmetric sequences in C. If X is an object of Fun(3,C), then X (n) is called the
nth level of X. Symmetric sequences play an important role in mathematics. You
can find more about symmetric sequences of module categories and their algebraic
properties in [Sto93], and a comprehensive overview is in [AM10]. We will come
back to them later when we discuss symmetric spectra.
e We denote by I' the category of finite pointed sets and pointed maps with objects

n] = {0,...,n} for n > 0, where 0 is the basepoint of [n]. Morphisms are functions
of finite sets sending 0 to 0. Note that our use of I' is the opposite to Segal’s category
I [Se74].

We saw in Proposition that (co)completeness of C transfers to (co)completeness of
Fun(D,C). Enrichments can also be transferred.

ProPOSITION 9.7.2. Let D be a small category and let C be a category enriched in V.
If V has all small limits, then Fun(D,C) is V-enriched.

PROOF. For two objects F, G of Fun(D, C), we have to define an object in V, Fun(D, C)(F, G).
We construct this as the V-end of the diagram

C(F(—),G(=)): D° x D — V.

9.8. Day Convolution Product

The Day convolution product is a simple procedure to transfer symmetric monoidal
structures to the level of functor categories. This monoidal product features in several
applications, and we present some of those.

DEFINITION 9.8.1.

e Let C be a symmetric monoidal category and let D be a small category. For two
functors F, G € Fun(D,C), we can form their ezternal product FFIKXG € Fun(D x D,C)
by defining

(FRG)(D1, Dy) := F(D1) ® G(D2), (FRG)(f1, f2) == F(f1) ® G(f2)
for all objects Dy, Dy of D and all morphisms fi, fo in D.
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e Let (D,U,0,7) and (C,®,ec,c) be two symmetric monoidal categories, and assume
that D is small and that C is cocomplete. The Day convolution product FOG of two
functors F, G € Fun(D,C) is defined as the left Kan extension of the external product
FX G along the functor U: D x D — D:

DxD 4.

e

In the following, we will work with enriched functors and their Day convolution product,
and hence, the left Kan extension described previously takes place in an enriched setting. In
the applications, we will often use the standard enrichment (see Definition of a small
category D in a cocomplete closed symmetric monoidal category (C, ®, ec), with

DDy, Do) = || e
D(D1,D2)

and then, C-functors F': D — C correspond to ordinary functors from D to C. By Fun¢(D,C),
we denote the category of C-functors and C-natural transformations.

Note that if D is a small symmetric monoidal category enriched in C and C is a cocom-
plete closed symmetric monoidal category, then we have a pointwise left Kan extension (see
Definition , and hence, we can also express the functor F'OG as the coend

DxD

/DXDQ(Dl U Dy, —) @ (FRG)(Dy, Dy) / D(Dy U D, —) @ F(Dy) ® G(Dy).

An immediate reformulation is then of the following form:

LEMMA 9.8.2. If D is a small symmetric monoidal category enriched in C and if C is a
cocomplete closed symmetric monoidal category, then there is an isomorphism

Fune(D,C)(FOG, H) = Fune(D x D,C)(FX G, H o (— U —)).

With the coend interpretation of the Day convolution product, it is rather transparent
that we get a symmmetric monoidal structure on Fung(D,C).

PROPOSITION 9.8.3. Assume that (D,LJ,0,7) is a small symmetric monoidal category
enriched in C, where C is a cocomplete closed symmetric monoidal category. Then the
category of enriched functors from D to C, Fune(D,C), is a symmetric monoidal category
with the Day convolution product. The unit for (Fune(D, C), D) is given by D(0, —), and the
symmetry is induced by the ones in D and in C.

PROOF. Writing down a full proof is a tedious task, and Day has done it in [Day70b].
We sketch the main idea.
The associativity of the Day convolution product follows from the associativity of the

coend description given earlier, together with the associativity for the monoidal structures
in D and C.
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(FOG)OH = /DXDQ(Dl LDy, —)® (/DXDQ(DQ U D3, D) ® F(DQ)DG(Dg)) ® H(D,)

o~ /DXDXDQ(D2 U D3 U Dy, —) @ (F(D2) ® G(D3)) @ H(Dy).

The unit condition follows in a similar manner, and we only show the left unit condition
DxD D
D(0,—)OF = / D(Dy U Dy, —) @ D(0, Dy) @ F(Dy) = / DU Dy, —) ® F(Dy) = F,

For the symmetry isomorphism
XFG: FOG — GDF7

we have to apply the symmetry in C, ¢, in order to interchange the ®-factors F'(D;) @ G(Ds),
but we also have to apply the twist in D, 7 in order to get an isomorphism
(9.8.1)

2(7—7 1) & CF(Dl),G(Dz) : Q(Dl U D27 _) & F<D1) & G<D2) — 2(D2 U Dl; _) & G<D2) ® F(D1>
that combines to a binatural isomorphism xr¢. 0

COROLLARY 9.8.4. Under the assumptions of Proposition[9.8.3|and if C has small limits,
then the symmetric monoidal structure on Fung(D,C) is closed.

PRrROOF. We define an internal hom-object CP(F,G): D — C as the C-functor that sends
an object D of D to the end

[ etr.couy).

D

For checking that this actually defines an adjoint to O, we use
Fune(D,C)(FOG,H) = Fune(D x D,C)(FXG,H o (—U—))

and the latter is isomorphic to

C(F(D1),C(G(D2), H(D1 U Dy)))

~ /D C(F(Dy),C(G, H)(Dy))
~Fune(D,C)(F,CP(G, H)).
U

The fact that Func(D,C) is closed with respect to the Day convolution product enables
us to calculate the product of two enriched representable functors.

PROPOSITION 9.8.5. Assume that C has small limits and that the assumptions of Propo-
sition [9.8.3] are satisfied. Then, for any two objects Dy, Dy of D,

Q(Dh _)DQ(D27 _) = Q(Dl L D27 _)
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PrROOF. The adjunction property implies that
Fune(D, C)( (Dl, —)OD(Dy, —), H) = Fune(D,C)(D(Dy, —),CP(D(Dy, —), H)),

but CP(D(D,, —), H) = [,C(D(D;, D3), H(— U D3)) = H(— U D) and
Fune(D,C)(D (Dl, —), H(— U Ds)) = H(D; U Ds) = Fune(D,C)(D(Dy L Dy, —), H),
and hence, D(D;, —)OD(Dy, —) = D(D; U Do, —). O

EXAMPLES 9.8.6.

e We already studied the first example in Example . Let (C,®, ec) be a bicomplete
closed symmetric monoidal category, let D be the category X, and assume that > is
enriched in C in the standard way, that is,

2(”77”): |_| €c-
3(n,m)

The category of symmetric sequences in C, C* possesses a symmetric monoidal
structure given by the Day convolution product. The external product of two sym-
metric sequences X, Y is

(XXY)(p,q) = X(p) ® Y(q).

The Day convolution product can be made explicit in this example, and we obtain
(XOY)(m) = | | Zn xs,xs, X(p) @Y (q).
ptq=n

Here, | | denotes the coproduct in C, and %, x C' = |5, C' carries the X,-action that
permutes the summands.

The unit for this structure is given by the symmetric sequence u = D(0, —). This
can be made explicit. We obtain u(0) = e¢ and u(n) = @ for all positive n, where @
denotes the initial object of C.

For the twist map

co: XOY = YOX,
the twist co on level n is defined as
¢o(n): (XOY)(n) = (YOX)(n),
where cq(n) applies the twist map
¢o: X(p) ®Y(q) = Y(q) ® X(p)

and uses the shuffle permutation x,, € ¥, that exchanges the first p elements with
the last ¢ elements on the permutation coordinate in ,,.

ExAMPLE 9.8.7. Let Z be the category of finite sets and injections from Example [9.7.1}
As C, we take any symmetric monoidal cocomplete category, in which Z is enriched in the
standard way. In this example, the unit 0 is initial in Z, and hence,

Z(0,—): Z —=C
is the constant functor with value ec.
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A version of the following result can be found in [MMSS01 §20]. The category of lax
(symmetric) monoidal functors has as objects lax (symmetric) monoidal functors and as
morphisms monoidal natural transformations, as in Definition [8.3.8|

PROPOSITION 9.8.8. Let D be a small category symmetric monoidal category and let
C be a symmetric monoidal category that is cocomplete. Then, there is an equivalence of
categories between the category of lax (symmetric) monoidal functors and the category of
(commutative) monoids in Fung(D,C) with respect to the Day convolution product.

PROOF. The universal property of maps out of the Day convolution product from Lemma
9.3.2)
Fune(D,C)(FOG, H) = Fune(D x D,C)(FXG,H o (— U —))

allows us to see that multiplications m: FOF — F' are in bijection with C-natural transfor-
mations FX F = Fo(—U-).
A functor F'is a lax monoidal functor if an only if there is such a C-natural transformation

p: FREF = Fo((—)U(—))

and a morphism ec — F(0) satisfying compatibility conditions. The associativity of the
monoid structure is equivalent to the associativity condition on ¢. Starting with ¢, we
denote the resulting multiplication F'OF — F by m,. If m: FOF — F is given, we call the
resulting C-natural transformation ¢,,.

It remains to check the equivalence of the unit condition on the monoid and on ¢ and
the equivalence of the commutativity of the monoid structure and symmetry condition on
®.

Assume that F' is lax monoidal with unit ng: ec — F(0). We need a C-natural transfor-
mation n: D(0,—) = F, and we define the C-component of 7 as
1p(o,0)®nr

ne: D(0,C) = D(0,C) @ ec D(0,C) ® F(0)——F(C).

Here, ev is the evaluation map from (9.1.1).

Conversely, if F' is a monoid with unit n: D(0,—) = F then the unit of the enriched
structure ec — D(0,0) composed with 7y gives a morphism ec — F'(0), and this gives a unit
for the lax monoidal structure.

These assignments are inverse to each other. Starting with n: D(0, —) = F, and defining
first np: ec — F(0) from it and then the natural transformation associated with it gives the
composition from the upper-left corner to the lower-left corner in the diagram

D(0,C) ——D(0,C) @ ec
D(0,C) ® D(0,0)
: llmo,m@m
F(C) = D(0,C) ® F(0),

and as the upper triangle commutes, the dashed arrow is nothing but 7¢.
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Vice versa, starting with np: ec — F(0) and defining n: D(0, —) = F from it and then
restricting to the resulting morphism ez — F(0) yields the composite

ec — D(0, 0)—>D 0,0) ®
1p(0,0)@MF

D(0,0) ® F(0

F(0)

and by the unitality condition on the action of enriched morphisms on enriched functors,
this is equal to ng.

Assume that the monoid F'is abelian, that is, moxr r = m as elements in Fune (D, C)(FOF, F').
Then, for ¢,,: FRF — F o (—U—), we get with that

F(Tp,,D,) © (¥m)D1,02 = (Pm)Ds,Dy © CE(D1),F(Dy)

and that is precisely the symmetry of ¢,,.
A morphism of monoids a: FF — G is a C-natural transformation, which satisfies that
for all objects Dy, Dy, the diagram

ap; ®ap,

F(Dy) ® F(Dy) G(D1) ® G(Ds)

(Wﬁ)Dl,Dgl l(@i)Dl,Dg
F(DyUD,) —2" , G(D, U Dy)

commutes and vice versa. It remains to check that the condition on the unit transfers as
well.
If a: F = @ satisfies that

commutes, then the induced unit condition for ec — D(0,0) — F(0) and e — D(0,0) —
G(0) is satisfied because

a F(0)
=

ec — 2(0 0) lao
& G0)
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commutes. Starting with ng: ec — F(0) gives the unit diagram

D(0,C) =D(0,C) ®ec

/1D<O’C>®a0\)

D(0,C) @ F(0) D(0,C) @ F(0)
F(C) = G(C)
for the monoid morphism «, and this commutes because of the naturality condition of o and
the unit property of ng. O

ExAMPLES 9.8.9. In all our examples, we use the standard enrichment, so Func(D, C) =
Fun(D,C). In the following examples, E-structures feature. We will define them in Def-
initions [12.3.6] and for spaces and chain complexes. For now, just think of them as
encoding homotopy commutativity up to all coherence constraints that you can think of.

e Commutative monoids in Fun(Z, Top) are called commutative Z-space monoids in
[SaSc12] and with a suitable model structure, they correspond to topological spaces
with an E-structure, and hence, they allow us to replace a homotopy-coherent mul-
tiplication by a strictly commutative one.

e Similarly, if k£ is a commutative ring, then commutative monoids in Fun(Z, Ch(k)) are
commutative Z-chain complexes, and they model unbounded chain complexes over k
with an F.-structure and commutative algebra spectra over the Eilenberg-Mac Lane
spectrum Hk [RiS17].

e For functors F' € Fun(T, sSets,), with F'(0) = %, commutative monoids are commuta-
tive I'-rings. We will encounter them and their associated commutative ring spectra

later again in Remark [14.3.15|

REMARK 9.8.10. We will see later in the example of functors from the category of braided
injections (see Definition that a braided monoidal structure on the indexing category
can be used to turn the Day convolution product into a braided monoidal structure. Similarly,
if the indexing category is just monoidal, one obtains a monoidal Day convolution product.
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Part 11

From Categories to Homotopy Theory






CHAPTER 10
Simplicial Objects

We focus on those aspects of simplicial objects that we will need later. The definition of
simplicial sets goes back to Eilenberg and Zilber [EZ50] in their comparison of singular chains
on a product of spaces, S.(X x Y), and the tensor product of the singular chains, S.(X) ®
S.(Y). Kan used simplicial sets as a combinatorial model for homotopy theory [K57, [K58b].
We leave out the discussion of model category structures on simplicial objects in suitable
categories and refer to [Q67] and [GJO9| for that. Further comprehensive accounts of
simplicial sets and related topics are [GZ67] and [May67).

10.1. The Simplicial Category

We consider the finite set {0, 1,...,n} with its natural ordering 0 < 1 < ... < n and call
this ordered set [n] for all n > 0.

DEFINITION 10.1.1. The simplicial category, A, has as objects the ordered sets [n],n > 0,
and the morphisms in A are the order-preserving functions, that is, functions f: [n] — [m],
such that f(i) < f(j) for all i < j.

The category A is small. As the only order-preserving bijection of the set [n] is the
identity map, A has only trivial automorphism groups. Hence, if you take the associated
category of isomorphisms, Iso(A), then this is the discrete category on the objects [n] for
n > 0.

As an example, consider the set of morphisms A([2],[1]). If an f € A([2],[1]) is not
surjective, then it has to map all elements in [2] to either 0 or 1. If it is surjective, it has
to hit one value twice, and this can be either 0 or 1. Therefore, the set A([2],[1]) has four

elements:
9 2 9 2
1 ; 1 1>1 1\1 151
0 0 0 0 o>‘o 0——0
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There are certain basic morphisms in A, and we will see in Lemma [10.1.4] that we can
describe every morphism in A via these building blocks. Consider, for instance, the order-
preserving map

i
4\4
3\3
—
0/0.

We can factor it as an order-preserving surjection, followed by an order-preserving injection:

N
i§i/ i

DEFINITION 10.1.2.
e For 0 <i < n,let 6;: [n — 1] — [n] be the order-preserving inclusion that misses the
value 7 in the target:

) 7 for0<j<i—1,
0i(J) =19". .
j+1, fori<j<n-—1

e For 0 < j <mn,let g;: [n+ 1] — [n| be the order-preserving surjective map that sends
jJand 7+ 1 to j:

k, for 0 < k < 7,
o;(k) = :
k—1, forj<k<n+1.

Compositions of these maps satisfy certain identities.
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LEMMA 10.1.3. The following relations hold:

(510(512 5io(5j—17 Z<j,

0jo00; = 0;00)41, 1 < 7, and
0;005-1, <],

0j00; = L, i=7J+1,

(Si,IOO'j, Z>]+1

In the example discussed earlier you can then write the surjection as composites of ;s
and the injection as a composition of d;s. That works in general.

LEMMA 10.1.4. Every morphism 1j,; # f: [n] — [m]in A can be written as a composition
f=0,0...00,00j0...00j,

with 0 <72, < ... <4y <mand 0 < 5 < ... < Js <n, where m = n — s+ r. This
decomposition is unique.

PROOF. You can factor every f as an order-preserving surjection, followed by the order-
preserving inclusion of the image into the target. You express the surjection as a composite
of the maps ;s and express the inclusion as a composite of d;s. The simplicial identities from
Lemma [10.1.3| guarantee that these decompositions are unique, if we impose the condition
on the indices 7 and j;, as we did. ]

10.2. Simplicial and Cosimplicial Objects

DEFINITION 10.2.1. Let C be an arbitrary category. A simplicial object in C is a con-
travariant functor from A to C. A cosimplicial object in C is a covariant functor from A to

C.

How can we describe simplicial objects in an explicit manner? Assume that we have a
functor X : A? — C. Then, for every object [n] € A, we have an object X ([n]) =: X,, in C.
As all morphisms in A can be described as a composite of d;s and o;s, it suffices to know
what the maps X (9;) =: d;: X,, = X,,—1 and X (0;) =: s; do. Hence, if you want to describe
a simplicial object, then you have to understand the sequence of objects Xy, X1, ... and the
morphisms d;, s; in C. These maps satisfy the dual relations to the one in Lemma [10.1.3}

diod; = dj_yodj 1< 7,

5;08; = 85410 S, 1 S j, and
(1021) ijl o) dz‘, 1< j,
diosj: ]-[n]7 Z:]7]+17

Sdel'_l, Z>]+1
Thus a simplicial object can be visualized as a diagram of the form

(_
—— —
X, = x —x, ..,

where the morphisms < correspond to the d;s, whereas the morphisms — are given by the
s;5. Note that on X,,, you have n + 1 maps going out to the left and to the right.
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DEFINITION 10.2.2. The d;s are called face maps and the s;s are called degeneracy maps.

For a concrete category C with a faithful functor U: C — Sets the elements z € U(X,)
are the n-simplices of X. We will omit the functor U from the notation. Elements of the
form z = s;y € X, for a y € X,,_; are called degenerate n-simplices.

We will see later that degenerate simplices are irrelevant for certain properties of a sim-
plicial object.

Simplicial objects in a category C form a category, where the morphisms are natural
transformations of functors. We denote this category by sC.

As C is an arbitrary category, we can consider simplicial R-modules, simplicial sets,
simplicial rings, simplicial topological spaces, and many more. Simplicial sets are partic-
ularly important because they model topological spaces (see . Simplicial objects in
an abelian category A model non-negatively graded chain complexes over A. The famous
Dold-Kan correspondence (see Theorem is an equivalence of categories between sA
and Chzo(.A)

DEFINITION 10.2.3. Let C be any category. For any object C' of C, we can define the
constant simplicial object, ¢(C), with ¢(C),, = C and d; = s; = 1¢ for all 4.

EXERCISE 10.2.4. Show that ¢: C — sC is a functor and that it is full and faithful.
DEFINITION 10.2.5. Let A, : A°? — Sets be the functor given by [m] — A([m], [n]).

REMARK 10.2.6. Often, the functor A, is denoted by A", but as it covariantly depends
on n, we stick to A,,.

Note that every map in A([2],[1]) (and actually every map in A([n],[1]) for n > 2) is
degenerate. In A([1],[1]), there is a nondegenerate element, the identity on [1], whereas the
map that sends both elements of [1] to zero can be written as sy(d;) = d; 0 g¢. Similarly,
the map that sends all of [1] to 1 is equal to dy o oy and hence, also degenerate. There are
two nondegenerate O-simplices, namely dy = do(1py)) and 6 = di(1py): [0] — [1]. We will see
later that the representable functor A; is a simplicial model for an interval (with one 1-cell
and two 0-cells corresponding to the nondegenerate simplices).

The Yoneda lemma identifies the set X,, with the set of natural transformations
from A, to X for every simplicial set X:

(10.2.2) X, = sSets(A,,, X).

DEFINITION 10.2.7. The category of elements of a simplicial set X, el(X), is the category
X\A? associated with the functor X: A° — Sets. Explicitly, the objects of el(X) are the
x € X, for some n. The morphisms in el(X) from = € X,, to y € X,,, are all f € A([n],[m]),
with X(f)(y) = =.

REMARK 10.2.8. The Yoneda lemma ((10.2.2)) gives an alternative description of el(X).
Objects are morphisms of simplicial sets z: A,, — X, and a morphism from z: A, — X to
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y: Ay, — X is an f € A([n],[m]), such that the diagram
A, =

A= [nDI
A(=f) \ X
/
Ap = A(=,[m])
commutes.

The following result is a corollary of Density Theorem [5.4.3}

ProrosIiTION 10.2.9. For every simplicial set X there is an isomorphism of simplicial
sets

(10.2.3) colimg(x)A, = X.
The category of simplicial sets is closed symmetric monoidal.

DEFINITION 10.2.10. For two simplicial sets X and X', their product is the simplicial set
X x X', with (X x X'), = X,, x X, and coordinatewise structure maps.
The simplicial set of morphisms from X to X' is sSets(X, X') with p-simplices:

sSets(X, X'), = sSets(X x A,, X').

Note that A, is covariant in [p], and this determines the simplicial structure maps of
sSets(X, X').

EXERCISE 10.2.11. Show that the preceding definition of the product and the internal
homomorphism object turn the category of simplicial sets into a closed symmetric monoidal
category.

10.3. Interlude: Joyal’s Category of Intervals

There is an alternative explicit description of the category A° due to Joyal in terms of
intervals |[Jo-aod|. I first learned about this approach to A° from Martin Markl.

DEFINITION 10.3.1. Let I denote the category of proper intervals whose objects are the
objects [n] of A for n > 1. Morphisms are order-preserving maps f: [n] — [m], such that

f(0) =0 and f(n) =m.

There are variants of this definition, where one doesn’t require n to be at least one. Then,
the corresponding simplicial category will be the diagram category describing augmented
simplicial objects.

Joyal describes an object [n + 1] of T as the possible Dedekind cuts |[Jo-acdl p. 2] of the
object [n] of A. Let us mark a cut with the symbol “|”. For instance, the Dedekind cuts of
the object [3] are

0123,0 | 123,01 | 23,012 | 3 and 0123 |;

183



thus, in particular, a cut in front of the smallest number 0 is allowed and so is a cut after
the largest number, here 3, and therefore, the number of Dedekind cuts of [n] is n 4+ 2 and
can be identified with the object [n + 1].

We can identify the set of cuts of [n] with the set A([n],[1]). If f € A([n],[1]), then there
is an 7 in [n], such that f(j) =0forall 0 < j <i—1and f(j) =1 for all j > i. A morphism
g: [m] — [n] induces a map (—) o g: A([n], [1]). If the cut described by f was at 0, that is,
f(j) =1 for all j, then the cut described by f o g is also at 0. Similarly, if f is the constant
map with value 0, that is, it describes the cut at n, then f o g is also the constant map with
value 0, and hence, f o g describes the cut at m. Thus the precomposition with g induces a
map of intervals and thus, we obtain the following:

LEMMA 10.3.2. There is a functor D: A° — I, such that D[n] = [n + 1].

For the following, it is useful to have a direct description of the effect of D on morphisms.
This can be found, for instance, in [Oul0]. For f € A([n],[m]), the morphism D(f) €
I([m+1], [n+1]) can be described as follows: D(f)(i) is uniquely determined by the property
that the preimage f~'{4,i+1,...,m}is equal to {D(f)(i), D(f)(i)+1,...,n}. The morphism
D(f) satisfies

(10.3.1) D(f)(i) < j i< f(j) for all i € [m],j € [n].

Note that D(f)(0) = 0 and D(f)(m + 1) = n + 1, because D(f) is a map of intervals, and
thus, (10.3.1) determines D(f).

ExAMPLE 10.3.3. Consider the following morphism f: [4] — [3] in A:

/

ol =N ol |
Sl =] w|

Here, we indicated the cuts of [4] and [3] in the picture. If you focus on the cuts, then for
the dual morphism, you connect those cuts that are unobstructed by the arrows of f.




As we identify a category and an opposite category, you also have to reflect the picture,
and hence, the dual morphism of f, D(f), is

Thus, you can construct the dual morphism D(f), using the preimages of cuts under f.
EXERCISE 10.3.4. Draw D(67) and D(09).

Joyal also describes an inverse to this functor. If [n] is an interval, then we can consider
the internal Dedekind cuts of [n], for example, for [n] = [3], the list is

0123,01 |23 and 012 | 3.

The number of internal cuts of [n] is n and can be identified with the object [n —1] of A. We
can also identify it as the set of morphisms of intervals I([n], [1]). Therefore, precomposition
with a morphism of intervals g € I([m],[n]) gives a morphism in I([m],[1]). Identifying
the latter set again with the object [m — 1] of A, we get that the corresponding morphism
g": [n—1] = [m — 1] is order-preserving. Thus we get the following:

LEMMA 10.3.5. The assignment [n| — [n — 1] and I([n],[m]) > g — ¢" defines a functor
(—=)V:I° = A.
Again, we can describe the morphism ¢" explicitly in terms of g as a morphism from
[n — 1] to [m — 1]. The preimage ¢g~*{0,..., 5} is {0,...,9"(j)}. Therefore,
(10.3.2) i<g'(j) & gli)<jforalli€[n—1] and j € [m —1].

You can also construct ¢g¥ from g by considering preimages of internal cuts under g.
Summarizing the results, we get a duality between the categories A° and 1.

THEOREM 10.3.6. The functor D is an isomorphism of categories with inverse (—)".

PROOF. It is clear that D and (—)Y are inverse to each other on the level of objects.
Applying ([10.3.2)) to the trivial relation that g(i) < g(7) for every g € I([n],[m]) and for all

i € [n] yields i < ¢¥(g(i)) for all i € [n]. With (10.3.1)), we obtain
D(g")(i) < g(i) for all i € [n].
By the definition of D(f), we have that f(D(f)(7)) is always greater than or equal to i, and
this implies by (with ¢g¥ = f) that
9(i) < D(g")(4)
for all 4, and thus, we get that g = D(g").
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Similarly, if f € A([n],[m]), then f(j) < f(j) for all j € [n] implies with ((10.3.1]) that
D(f)(f(y)) <j for all j, and this, in turn, implies with (10.3.2)) that

f(5) < D(f)"(5) for all j € [n].
As g(gY(7)) is always less than or equal to i by definition of ¢¥, we get (with g = D(f)),

using that
D(f)"(@) < f(@),
and therefore, f = D(f)". O

COROLLARY 10.3.7. The category of simplicial objects in a category C is isomorphic to
the category of covariant functors from I to C.

REMARK 10.3.8. If we denote by IM® the category of arbitrary intervals, that is, linearly
ordered sets with a smallest and a biggest element, such that morphisms are order-preserving
and preserve the smallest and biggest elements, then a morphism f € IM8(D[n], [0, 1]) from
Din] = [n + 1] to the unit interval [0, 1] is nothing but a point in the topological n-simplex
A™: By definition, f(0) = 0 and f(n+ 1) = 1. The (n + 1)-tuple (to = f(1),t1 = f(2) —
f(1),...,t, =1— f(n)) is an element of A™.

10.4. Bar and Cobar Constructions

Let (C,®, 1) be a monoidal category, not necessarily symmetric. Let (C, u, ) be a monoid
in C, let N be a right C-module, with structure map p: N ® C' — N, and let M be a left
C-module, with structure map A\: C @ M — M.

We assign to [n] € A the object N @ C®" ® M and define

N@C*ltoueC® =t M, if0<i<n,
di: NQC®"@M — NRC®" oM, d;i=<{ peC® ' M, if i = 0, and
N®Co 1), for i = n.

The degeneracies are defined by
s NQC*"QM - N@C*" " @M, s,=NC®"@neC®" e M.

ProPOSITION 10.4.1. For every monoid C, every right C-module N, and left C-module
M, the preceding notions define a simplicial object in C.

ProOOF. The simplicial identities are easy to check: If |[i — j| > 1, then d; and
d; don’t interfere, and the equality d; o d; = dj_1 o d; for i < j + 1 is caused by an index
shift due to the multiplication in C' or a module action map. The relation d; o d; 1 = d; o d;
corresponds to the associativity of u for 0 < i < n and to the associativity of the C-module
structures for ¢ = 0, n. Inserting the unit in different places does not cause any relation but
a reindexing, so s; 0 s; = s;41 0 8; holds for ¢ < j. The relations d; o s; = 1 = d; ;1 o s; follow
from the unit condition of the monoid structure on C' and the unit condition for the module
structures. In all other cases, the d;s and s;s don’t interfere, except for an index shift. [

DEFINITION 10.4.2. The simplicial object B(N,C, M), [n] — B(N,C, M), = N C*"®
M is the two-sided bar construction on N, C, and M.
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REMARK 10.4.3. One can dualize the two-sided bar construction. For a comonoid 7" in
C, a right T-comodule N, and a left T-comodule M, the assignment [n] — N ® T%" @ M
defines a cosimplicial object, called the (two-sided) cobar construction. This is often denoted
by Q(N,T, M).

10.4.1. Applications of Bar and Cobar Constructions. We present some sample
applications of bar and cobar constructions. As these constructions are quite ubiquitous in
homological algebra and algebraic topology, the following is just a tiny appetizer. We will
encounter more examples of bar constructions later.

e If C is the category of abelian groups and ' = R is an associative ring, N is a
right R-module and M is a left R-module, then the definition of the two-sided bar
construction recovers the one from homological algebra [W94l, Example 8.7.2]. It is
an important tool to generate resolutions and is used in many applications, where
you need to calculate Tor and Ext groups such as group (co)homology, Hochschild
(co)homology, and others.

e Monads C' on a category C give rise to an important class of examples [May72|
§9]. Right C-modules are then functors F': C — C with a module structure map
p: FoC — F, which is compatible with the unit and the multiplication of the monad
C. Similarly, we can define left C-modules. For a right C-module F' and a left
C-module G, we get a two-sided bar construction B(F,C,G).

We can modify the preceding construction to allow the left C-module to be a
functor from some category D to C and the right C-module to be a functor from C to
D. Then, the two-sided bar construction is a simplicial object in D.

Consider a monad C' = RL associated with an adjoint pair of functors (L, R).
Then, L is a right C-module with structure map

p=c¢r: LC =L(RL)=(LR)L — L,
and any C-algebra has a left C-action. In particular, if D is a C-algebra, then R(D)

has a left C'-action, and we obtain a two-sided bar construction:

(10.4.1) B(L,C, R(D)).

e As an example of a monad, we consider the loop-suspension adjunction. We work
in the category of based compactly generated spaces cg, from Definition [8.5.13] The
reduced n-fold suspension functor ¥": cg, — cg, is given by

Y'X =S"ANX.
Its right adjoint is the n-fold based loop functor, which sends X to k@*(S”,X ) =
Qrx.
If Y is an n-fold based loop space, that is, ¥ = Q"X for some X in cg,, then Y is
a C' = Q"3 "-algebra whose structure map
Qryty =Q"yttX - Q"X
is Q"(ex). The functor X" is a right C-module, and thus, we can form the two-sided

bar construction B(X", Q73" " X). This example features prominently in [May72].
Beck showed [Be69, Theorem (16)] that a space Y that is an algebra for the monad
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Q73" and is of the homotopy type of a CW complex can be identified with the n-fold
based loop space of B(X",Q"¥™ Y). This bar construction hence provides an n-fold
delooping of Y = Q"X

An important example of a two-sided cobar construction is the cosimplicial object
associated with two continuous maps of topological spaces:

E
E
f
X —B.

Every topological space is a comonoid, thanks to the diagonal map of topological
spaces. We set

QX,B,E), =X xB"xE.
Then, X is a right B-comodule via the map

1x><f

X—2 35X xX X x B,

and dually, E is a left B-comodule via (p X 1g)oA: E - E X E — B x E.
A special case of this situation is the path-loop fibration. Choose a basepoint
by € B and consider

PB
PB-1 B,

where PB C B is the space of continuous maps w from the unit interval I = [0, 1] to
B, with w(0) = bg. Then, the fiber product PB x g PB is equivalent to the based loop
space of B, QB. More generally, for every fibration p: E — B and any continuous
map f: X — B, the cosimplicial object [n| — X x B™ x FE is the input for one way of
constructing the Eilenberg-Moore spectral sequence, which tells you something about
the (co)homology of the fiber product X x5 E. You can find a general overview on
the Eilenberg-Moore spectral sequence in [McCI01]. For approaches using the cobar
construction and related cosimplicial techniques, see [Sm70, [Dw74, Bou87| and
[Shog].
Adams’ cobar construction [Ad56] is of central importance. Despite its name, it is
similar to the cobar construction in the sense of Remark [10.4.3] but it is slightly
twisted. Consider a differential Ny-graded coalgebra C, over a commutative ground
ring k, with Cy = k, C; = 0 and such that every C,, is a free k-module. Later, C, will
be the coalgebra of normalized simplicial chains C,(X) on a 1-reduced simplicial set
X, that is, an X in sSets with Xy = X; = {x}.

Consider the reduction C, = @n>2 (), which you can also write as the kernel of
the counit map. Let s7'C, denote the desuspension of C,, with

(S_IC_’*)n = _n+1-

[t is common to denote elements x € (s__lC_'*)n by z = s~ !¢ for the unique element
¢ € C, that represents z. Note that s~'C, inherits a differential d, s from C, via
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dy-16.(s7te) == —s7'de,(c). Due to the shift of degrees, the comultiplication on C,
gives rise to a map of degree —1:

A: <Silé*>n = 7n+1 — @ Cp ®k Cq = @ (5710*)[)71 ®k (5710*)(1717

ptrg=n+1 ptg=n+1

and you reduce the outcome to end up in

@ (Silc_(*% ®k (3710*)m - (Silc_(* ®k Silc_(*)nfl-
l+m=n—1
We set
QC,)y, = (s71C,)%m,

so for every n > 0, you obtain a graded k-module (s7'C,)®". This looks like a
reduced and shifted version of the n-th cosimplicial degree of Q(k,C, k), but for now,
you consider the underlying graded k-module.

This family of graded k-modules (2(C.),)n>0 carries a multiplication via the con-
catenation of tensors; that is, there are morphisms

that send generators s™'c; ® ... ® s ¢, € Q(C,), and s7'd, @ ... @ s, € QCL)m
to
s ®..05 1, @I ®...®sc,.
You take the internal differential of C, and the diagonal of C', and merge them into
a total differential, doc,). As we use as multiplication the one on the tensor algebra

T(s7'C.) = @P(s'C)=" = P C,

n>0 n>0

and as the tensor algebra functor is left adjoint to the forgetful functor, the differential
do(c.,) is uniquely determined by its value on Q(C.); = s *C. and the requirement
that it has to satisfy the Leibniz rule. One defines

doc,y(s7'e) == —sde, (¢) + Zs ¢ ®s '

el

if Alc) = c®1+1®c+) ., i@}, so you discard the primitive part of the diagonal map
and just keep the mixed terms. By slight abuse of notation, (2(C.),dq(c.)) denotes
the complex Q(C.) = T(s7*C,), graded by internal degree with this differential.
Adams shows that the cobar construction of the simplicial singular chains of a
1-reduced space X is a model of the based loop space of X |[Ad56, Theorem p. 410]:

H.(Q(C(X)); da(x)) = HL(2X).

One can upgrade this homology isomorphism to a statement at chain level. For in-
stance, Hess and Tonks prove [HT10, Theorem p. 1861] that for every l-reduced
simplicial set X, there is a natural strong deformation retract of chain complexes

2(C.(X))Z=CL(G(Y)),
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where G(X) is the Kan loop group of X [GJ09, §V.5] which is a simplicial model for
Q|X|. Here, 1) o ¢ is the identity, and there is a natural chain homotopy from ¢ o to
the identity map on C,(G(X)).

In rational homotopy theory, Adams’ cobar construction is crucial because it gives
rise to one of the possible algebraic models of rational spaces [Q69].

10.5. Simplicial Homotopies

For topological spaces, the usual notion of a homotopy between two continuous maps
f,9: X = Y requires a map H: X x [0,1] — Y, restricting to f on level 0 and to g at level
1. The notion for a homotopy between two maps of simplicial sets f,g: X — Y is similar,
requiring a morphism of simplicial sets

H: X xA; =Y
restricting to f and g, respectively, under i, i;: Ay — Ay, where 7;(0) = j induces a map
AO — Al-

X s X X Ag =2 X X A 2 X X Ag e X

\)i”/

The combinatorial nature of the simplicial category lets us express the notion of homotopy
in the following combinatorial manner.

DEerFINITION 10.5.1. Let f,g: X — Y be two maps of simplicial sets. A simplicial
homotopy from f to g consists of a family of maps

hi: Xp = Yo, 0<i<mn,

satisfying dohg = f, dpi1hy, = g and

hj—ldi for i < j, . .
hiysi  fori <,
dz‘hj = dihi,1 for i = j, and Sih]‘ = g8 o Z _ j

hjSifl for ¢ > 7.

h]’di_l for i > j -+ 1,

Recall from Section that elements in A;([n]) = A([n],[1]) can be described as
Dedekind cuts, and we label the cuts as {co,...,c,11}, With ¢; representing the cut un-
der i € [n], that is, ¢;*(0) = {0,...,i — 1}. The following result relates the two notions of a
simplicial homotopy:

ProprosIiTION 10.5.2.
e Given a simplicial homotopy as in Definition [10.5.1) with hg,...,h,: X, — Y1,
defines a homotopy H: X x Ay = Y as

gn(zy) for j =0,
H’Vl(xTUCj) = fn($n> fOI'j :n+17
d;jhj_1(xz,) for1<j<n.
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e Conversely, given a homotopy H: X x Ay = Y, with H oiy = f and H oi; = g, the
family h;(z,) = Hpi1(si(xn), cip1) for 0 < i < n defines a simplicial homotopy as in

Definition, [10.5.1] from ¢ to f.
Mind the switch of f and ¢ in the second claim.

PROOF. The map iy maps the unique element in Ay([n]) to ¢,11, and i; maps it to co.
We record the following facts about face and degeneracy maps on Dedekind cuts:

. fori<j—1 : fori<j—1
(1051) diCj = G- of Z _j ’ and SiC5 = s or Z _ j ’
¢j for i > j, ¢ fori > 7.

In particular, d;co = ¢¢ and d;c,,+1 = ¢, for all 7.

For the first claim, note that H,, oig(x,) = H, (2, chr1) = fu(x,) by definition, and also,
H,oiy(x,) = gn(x,). The remaining identities boil down to using the relations from ([10.5.1])
and the simplicial identities.

For the converse, given a homotopy H: X x Ay — Y, with Hoiy = f and Hoi; = g,
the assignment h;(x,) = Hpi1(si(xy), cip1) satisfies

doho(x,) = do(Hpr1(S0(20), 1)) = Hy(2n, docr) = Hp(xn, o) = H 0 i1(2,) = gn(xy),

and similarly,

dnJrlhn(Q:n) = dnJrlHnJrl(Sn(xn); CnJrl) = Hn(xnp dn+lcn+1)-

Here, ¢,,4+1 is a Dedekind cut in A([n + 1], [1]), so it sends n + 1 to 1, but d,; applied to it
sends all ¢ € [n] to 0, and hence d,, 11k, (x,) = Hy(Tn, Cnt1) = folTn). O

EXERCISE 10.5.3. Let C' be a monad on the category of sets and let X be a C-algebra.
(This can be extended to monads on cg.)

e Use the multiplication in the monad and the C-algebra structure on X to define a
morphism of simplicial objects:

ox: B(C,C, X) — ¢(X),

where B(C,C, X) is the two-sided bar construction and where ¢(X) is the constant
simplicial object with value X.

e Use the unit of monad to define a morphism ¢x: ¢(X) — B(C,C,X), such that
0x © px = lyx) and such that there is a simplicial homotopy between ¢x o px and
Lex)- (If you are desperate, refer to [May72, Proposition 9.8].)

REMARK 10.5.4. If we express a monad C as a composite of adjoint functors C' = RL,
then
B(C,C,X), = (RL)""(X) = R(L(RL)*"(X) = R(B(L, RL, X),,).
In the case of R = QF and L = ¥*, this trick, together with Exercise [10.5.3] can be used to

show that a C' = QFY*-algebra X is equivalent to QF| B(XF, QFYF X)| (see [May72] §13] or
[Be69l Proof of Theorem (16)]).
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10.6. Geometric Realization of a Simplicial Set
The geometric realization of a simplicial set was introduced by Milnor [Mi57].

DEFINITION 10.6.1. Let X be a simplicial set. The geometric realization of X, |X]|, is

the topological space
X[ =] | Xax A"/~
n>0
Here, we consider the sets X, as discrete topological spaces, and /A" denotes the topological
n-simplex
A" = {(to, ... ty) ER™NO<t; <1, t; =1}
The spaces A", n > 0 form a cosimplicial topological space with structure maps
5i(t0,...,tn) = (to,...,ti_ho,ti,...,tn) for 0 <i:1<n

and
O'j(to,...,tn) = (to,...,tj+tj+1,...,tn> fOI'OSZSTL

The quotient in the geometric realization is generated by the relations
(dz(l'), (to, ce ,tn)) ~ (ZL’, (57;<t0, ce ,tn)), (Sj(![‘), (to, ce ,tn» ~ (CL’, O'j(t(), PN 7tn))

REMARK 10.6.2. The geometric realization of a simplicial set X is nothing but the coend
of the functor
H: A x A — Top,

with H([n], [m]) = X,, x A™, using that [n] — X, is a contravariant functor from A to Sets
and that [m| — A™ is a covariant functor from the category A to the category Top. Here,
we use the embedding of Sets into Top.

If f: X — Y is a morphism of simplicial sets, that is, a natural transformation from X
to Y, then f induces a continuous map of topological spaces

11X = 1Y,

where an equivalence class [(z,to, ..., t,)] € | X] is sent to the class [(f(x),?o,...,tn)] € |Y].
This turns the geometric realization into a functor from the category of simplicial sets to the
category of topological spaces.

Elements of the form s;(z) are identified with something of a lower degree in the geometric
realization, because of the relation

(Sj(l‘), (to, ce ,tn)) ~ (ZE,O’j(tQ, PN 7tn))

Hence, these elements do not contribute any geometric information to | X|. This might justify
the name degenerate for such elements. Note that elements in X are never degenerate.

An element (y, (to,...,tm)) € X x A™ is called nondegenerate, if y is not of the form
sj(z) for any x and j and if (¢o,...,t,) € A™ is not a point on the boundary of the
topological m-simplex.

LEMMA 10.6.3. Assume that X is not the empty simplicial set. Then, every element
(x, (to,...,tn)) € X, x A" is equivalent to a uniquely determined nondegenerate element in
| X[
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PROOF. Lemma [10.1.4] yields that we can write every x € X,, in a unique way in the
form x = s;, 0... 05y with a nondegenerate y € X,,,_, and 0 < 51 < ... < j, <m. We
define a map v as

¢[(Sjp ©...0 Sjly,to, e ,tm)] = [(y,O’il ©...0 O'Z‘p(t(], S ,tm)>]

If (ug,...,uy,) is a point in the boundary of A™ of the form

(UO,...,Un) :5irO...O(sil(’l)[),...,vn,r),

such that (vg, ..., v,—,) is a point in the interior of A" and such that 0 <1i; < ... <4, <n,
then we define

ol(x, (ug, ..., un))] =[(diy o...0d; z, (v, ..., Vn_y))]

The maps p and 9 are self-maps of | X |, and the composite 1) o ¢ sends a representative of a
point in | X| to a unique nondegenerate representative that is equivalent to the representative
we started with. 0

With the help of the result one can describe the structure of the topological space | X|
as a CW complex.

PrROPOSITION 10.6.4. ([Mi57, Theorem 1], [May67, Theorem 14.1]) The geometric
realization |X| of a simplicial set X is a CW complex, such that every nondegenerate n-
simplex corresponds to an n-cell.

REMARK 10.6.5. Every CW complex is a compactly generated Hausdorff space; in par-
ticular, | X| is an object of cg (see Definition [8.5.13)) for every simplicial set X.

ExXAMPLES 10.6.6.

(1) The topological 1-sphere is the quotient space [0,1]/0 ~ 1. If we want to find
a simplicial model for the 1-sphere, such that the geometric realization has the
desired cell structure, then we should define a simplicial set S' with one 0-simplex,
0, and one nondegenerate 1-simplex, 1. The simplicial identities force the existence
of a 1-simplex s4(0), so we get two 1-simplices. For the cell structure we do not need
any further maps, so we just take these simplices and all the resulting elements that
are given due to the simplicial structure maps. We then get S} = [n] with face and

degeneracy maps as follows:
(_

==

The map s;: [n] = [n+ 1] is the unique monotone injection, whose image does not
contain ¢ + 1, while d;: [n] — [n — 1] is given by d;(j) = j if j < i, d;(i) =1 if i < n,
and d,(n) =0 and d;(j) =j — 1if j > i.
The face maps glue the only nondegenerate 1-simplex 1 to the zero simplex
0 € [0], and we obtain that the geometric realization, |S'|, is the topological 1-
sphere.
(2) The geometric realization of the representable simplicial set A,, is |A,| = A™. This
is a general fact about tensor products of functors and representable objects [I5.1.5]
(3) Let X and Y be two simplicial sets. We already saw the product, X x Y, which is
the simplicial set with (X x Y),, = X,, X ¥,,. The simplicial structure maps d; and
s; are defined coordinatewise. Be careful, an n-simplex (z,y) € X,, x Y}, of the form
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(siz’, s;y') for @ # j might not be degenerate in X,, x Y,,, despite the fact that both
coordinates are degenerate.

You know that a product of two CW complexes does not have to carry a CW
structure. How can we describe the geometric realization | X x Y|?

PROPOSITION 10.6.7. Assume that X and Y are two simplicial sets, such that | X| x |Y|
is a CW complex, with the CW structure induced by the one on |X| and |Y|. Then,

I X xY|2|X|x[|Y]
PROOF. This proof is more or less the original one from [Mi57]. The projection maps
px: X XY — X and py: X xY — Y induce continuous maps
Ipx|: [ X x Y[ = X[, [py[: [X x Y] = [Y],
which combine to a continuous map p: | X x Y| — | X| x [Y|. We construct a bijective map
| X| x |Y] = |X x Y|, which is continuous if | X| x |Y| is a CW complex.

Let (z,w) be a point in | X| x |Y| with a nondegenerate representative (x, (to,...,t,)) of
z and (y, (ug, - .., Up)) of w. We consider the partial sums

i i
th = E ti,u' = E U;.
Jj=0 Jj=0

As some of the t;s and u;s might be zero, the sequence of partial sums is not strictly monotone.
Some of the t's might also coincide with some of the u’s. Let r® < ... < r? =1 be a strictly
monotone ordering of the elements in the union

{0t ru .

We can interpret the 7’s again as partial sums and can assign the element (70, r!—70 ... r?—
ri=1t) € A to it. This gives a description of (o, ..., t,) as oy, 0...00, (rOrt—r0 . .. ri—
r4~1), and similarly, we can express (ug, ..., un) as oy, 0...00,, _,(r%,rt —r0 . rt—ral),

Here, the sets {p1,...,pn—a} and {l1,..., {4} are disjoint and p; < ... < pp_q, b1 < ... <
lpo—p. We define a map
o | X| x Y] = |X xY|
as
P(z,w) =[((8p,_, 0. 08,1, 8 ,0...084y), (r’rt =1 .. r?—r? 1))

If w" € | X xY| has the nondegenerate representative ((z', '), (to, ..., t,)), then |px|w’ has
the nondegenerate representative ¥ (2, (to, ..., t,)) and ¥(y/, (to, ..., t,)) is a nondegenerate
representative of |py|w’. (Applying v is necessary because, for instance, (2/,y') = (s;z,y')
could occur.) In total, we get

x| (6(2,w)) =|px|([((sp, o 0 0 8p2, 50, 0. 080y), (10, rt =0 r? —r97h))))
=[((sp,_, 0 spyx, (POt =7 ot —r T = [(z, (te, ..., tn))] = 2

and |py |(¢(z,w)) = w. Hence, pop = 1. For a nondegenerate representative ((«’,vy'), (to, ..., t,))
of w' € | X x Y|, we get
¢opl((@',y), (to, -, ta))] = S([W (2", (to, - -, )], (W', (o, - -, t)))])

=[((«",y), (to, ..., tn))] = w'.
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So, ¢ is an inverse of p.

If | X| x |Y| is a CW complex, then ¢ is continuous on every product of cells [x x A™] x
[y x A™]. In the interior, no coordinate in the simplex is zero and ¢ just reorganizes things.
If one coordinate approaches zero, then two consecutive partial sums become equal and in
the sequence r* they will only be counted once. For the map ¢, this has the effect of adding
a map si. If several coordinates go to zero, then the simplicial identities ensure that the
map is well-defined and therefore continuous. O

As |A4| is locally compact, we obtain the following compatibility result:

COROLLARY 10.6.8. If f,g: X — Y are maps of simplicial sets that are homotopic, then
| f| is homotopic to |g|.

REMARK 10.6.9. One can always get a product description of | X x Y| as | X| x |Y]. By
the previous discussion, we know that |A, x A, | = |A,| X |A,,| and this is |A,] Xg [An]-
There are also direct combinatorial proofs for that (see for example [GZ67, I11.3]). We
will see that geometric realization is a left adjoint functor in Proposition , so | — |
preserves colimits. By , every simplicial set X is isomorphic to colimex)A,. By
Remark [8.5.17] the category cg is cartesian closed, and the product (—) xx (—) preserves
colimits in every argument. These properties, together with the interchange law for colimits
from Proposition [3.5.1], give a chain of homeomorphisms

| X X Y| = |colimex)Arn X colimey) A, |

1

|colimel(x)xel(v)An X Ayl

12

COhmel(X)Xel(Y)‘An X Am|

= colimei(x)xel(v)| An| X [Am|

12

colimei(x)| Ap| X colimeyy)|Ap,|
| X[ i [Y].

12

REMARK 10.6.10. One can also apply geometric realization to simplicial spaces, that is,
functors from A° to Top. But beware that this might not have the properties you would
expect. See Proposition [10.9.4] or [Se74l, Appendix A] for more details.

10.7. Skeleta of Simplicial Sets
We consider the full subcategory A<, of A with objects [0], ..., [n]. The inclusion functor
tn: Acyy = A
allows us to restrict simplicial sets X to A<, by considering X o,: A2, — Sets.

DEFINITION 10.7.1. The n-skeleton of a simplicial set X, sk, X, is the left Kan extension
of X o, along ¢,.

L
A2 —— A°

Xou
" l L skn X

Sets
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REMARK 10.7.2. This definition also allows us to express sk, via the left adjoint to
the restriction functor. Precomposition with the inclusion functor ¢,,: A<, — A defines a
functor

Ly . sSets — s<,,Sets,
where s<,Sets denotes the functor category Fun(A2, ,Sets). The left adjoint L to ¢} is then
given by the left Kan extension. If we already start with a functor of the form ¢ (X) =
X oy, then L(¢5(X)) = sk, X. The counit of the adjunction then yields a canonical map
sk, X — X.

So, first, you forget all information that X had in simplicial degrees greater than n,
and then, you extend it, filling in degenerate elements in simplicial degrees greater than n.
As degenerate simplices are identified to lower dimensional things, one gets the following
immediately:

ProprosITION 10.7.3. For every simplicial set X,

|5k, X| 2 sk | X| =: X™),
where sk,|X| = X™ denotes the n-skeleton of the CW complex |X]|.

10.8. Geometric Realization of Bisimplicial Sets

DEFINITION 10.8.1. A bisimplicial set is a functor X : A% x A® — Sets. The morphisms
in the category of bisimplicial sets are the natural transformations.

We abbreviate X ([p], [¢]) by X,, and say that X, is in bisimplicial degree (p,q). By
the exponential law,

Fun(A° x A° Sets) 2 Fun(A°, Fun(A?, Sets)),

and due to the symmetry of A° x A° we can also interpret X as a simplicial object in
simplicial sets in two different ways.

EXAMPLE 10.8.2. There are two easy ways to embed the category of simplicial sets into
the category of bisimplicial sets. To any simplicial set Y, we can associate the bisimplicial
set Xy ([p], [q]) = Y, that is constant in g-direction and XY ([p],[¢]) = Y, that is constant in
p-direction.

ExaMPLE 10.8.3. If Y and Z are two simplicial sets, then we can form their external
product, Y X Z, as a bisimplicial set, with

(YR Z)pq =Y, x Zy and (Y K Z)(p,¢) =Y (p) x Z(¢)
for all objects [p] and [¢] in A and all ¢ € A([p'], [p]) and ¥ € A([¢], [q])-

EXERCISE 10.8.4. Find a suitable bisimplicial set Q(p, q), such that the set of morphisms
of bisimplicial sets from Q(p, ¢) to any bisimplicial set X are in natural bijection with the
set Xpq.

There are several things one could suggest as the geometric realization of a bisimplicial
set X:

(1) We could define | X| as the suitable coend.
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(2) We could try to reduce the complexity of X by reducing X to a simplicial set and
realizing the latter. The diagonal simplicial set associated with the bisimplicial set
X is the functor diag(X): A° — Sets, given by

diag(X), = X ([p], [p]), and diag(X)(¢) = X(p,¢)

for every object [p] of A and every ¢ € A(]g], [p]).
(3) We could do one step at a time: For a fixed [p], the functor

X([p], —): A® — Sets
is a simplicial set and so is
X(—,[p]): A® — Sets.
We could take the following two iterations of geometric realizations in sets and

spaces: |[q] = [[p] = X4l or [[p] = |lg] = X4l
The good news is that it doesn’t matter what you do.

ProrosiTIiON 10.8.5. All four topological spaces described earlier are homeomorphic to
each other.

PROOF. We first show with Quillen’s method from [Q73] p. 10 aka p. 86] that the models
from (2) and (3) are homeomorphic. To this end, we consider first special bisimplicial sets
of the form A,MA, x S, where S is any set. Then, the geometric realization of the diagonal
of A, KA, x S is homeomorphic to AP x AY x S, because geometric realization commutes

with products in this case (Proposition [10.6.7]). If we consider the two-fold realization
(10.8.1) |[n] = [[m] = Ap([n]) x Aqy([m]) x S|,

then in the inner realization, A,([n]) and S are constant and we get that the above is
homeomorphic to
|[n] = Ap([n]) x AT 5],
and this is also A? x AY x §. A symmetry argument gives the claim for the other two-fold
realization.
You solved Exercise [10.8.4) and this implies that we can express every bisimplicial set X
as the coequalizer:

Laxay @l mnian 2¢ B A X Xp o == | igheobiaxa) Do B Ag X Xpg——X.

Geometric realization is a left adjoint functor (see Proposition , and hence, it com-
mutes with colimits, in particular with disjoint unions and coequalizers. This proves the
claim.

Finally, it is not hard to see, for instance, that the two-fold realization, as in ,
has the same universal property as the coend in (1). O

Note that the diagonal simplicial set associated with a bisimplicial set X or Xy, as in
Example [10.8.2] that is constant in one simplicial direction is Y again.

REMARK 10.8.6. We state the following fact without proof (see [Reeocdl, p. 7] or [BK72,
XII1.4.2, p. 335]): Let f: X — Y be a morphism of bisimplicial sets, such that for every p > 0,
the map f,.: X, . — Y, . is a weak equivalence. Then the map diag(f): diag(X) — diag(Y)
is also a weak equivalence.
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10.9. The Fat Realization of a (Semi)Simplicial Set or Space

Sometimes, you might want to use a variant of the geometric realization functor. An
obvious reason is, that there are sequences of objects Xy, Xy, ... that are only connected via
face maps, but there are no degeneracy maps. Such functors are often called semisimplicial
objects. In that situation, you cannot perform the geometric realization. The other situation
that makes an alternative desirable is the situation, where you want to perform the geometric
realization of a simplicial space and this space has bad point set behavior.

DEFINITION 10.9.1. ([Se74, Appendix A]) Let X be a simplicial set (or space), then the
fat realization of X, || X||, is
X1 = || Xa x &7/ ~,
n>0
where the quotient in the fat geometric realization is generated by the relations

(di(2), (tos - - . 1)) ~ (2, 8;(to, - ., 1))

REMARK 10.9.2. There are several alternative descriptions of || X||. One is to consider the
semisimplicial category, A, whose objects are the objects of A, but we restrict to injective
order-preserving maps. These are dual to the face maps used in the identifications in fat
geometric realization. Thus, we can describe || X|| as the coend of the functor

H: A°x A — Top,
with H([p], [q]) = X, x A1,

There is yet another description of the fat realization of a simplicial set or simplicial
topological space (see, for instance, [We05, Proof of Proposition 1.3] or [Se74, p. 308]) as
the ordinary geometric realization of a “fattened up” simplicial set.

Of course, ||X]|| also makes sense, if you start with a semisimplicial object, that is, a
functor X : A° — Sets.

As we do not collapse degenerate simplices, the fat realization of a simplicial set is larger
than the geometric realization.

EXERCISE 10.9.3. What is the fat realization of Ay?
Segal proves that the fat realization has some remarkable properties.

ProPoOsSITION 10.9.4. ([Se74l Proposition A.1])

(1) If all the X, are spaces of the homotopy type of a CW complex, then so is || X||.

(2) If f: X — Y is a morphism of simplicial topological spaces, such that all f,: X, —
Y,, are homotopy equivalences, then || f|| is a homotopy equivalence.

(3) Fat realization commutes with finite products.

All these three properties don’t hold for the geometric realization of simplicial topological
spaces in general. Property (2) is fine if one works with bisimplicial sets instead of simplicial
spaces (compare Remark [10.8.6)).

Segal introduces the notion of a good simplicial space and shows that for such spaces X,
the canonical map from the fat realization ||.X|| to the geometric realization | X| is homotopy
equivalence [Se74l A.1, A.4].
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10.10. The Totalization of a Cosimplicial Space

A cosimplicial space is a cosimplicial object in simplicial sets, or a simplicial object in
cosimplicial sets, that is, a functor Y : A° x A — Sets. We denote the evaluation of Y on
the object ([p], [q]) of A° x A as Y;?. Dual to the geometric realization of a bisimplicial
set X: A% x A° — Sets aka a simplicial space, we can build the totalization of Y, Tot(Y")
[BKT72].

EXAMPLE 10.10.1. Note that we can turn the set of function A([n], [m]) into a cosimplicial
space, because A(—,[m]) = A,, is a simplicial set and A([n],—) is a cosimplicial set; thus,
A(—,—): A° x A — Sets is a cosimplicial space.

ExAMPLE 10.10.2. Let X and Z be two simplicial sets. Then, we can form the cosim-
plicial mapping space
([p], [q]) = Sets(X,, Zp).
For pointed simplicial sets, you could consider the variant that uses based maps.

DEeFINITION 10.10.3.
(1) For two cosimplicial spaces Y] and Y5, their simplicial set of maps from Y] to Y; is

hom(Y1,Ys): A° — Sets,  hom(Y3,Y3), = Sets® *2(Y; x A, V).
(2) The totalization of a cosimplicial space is
Tot(Y) = hom(A,Y).
If we unravel the definition of Tot(Y), then it is a simplicial set with
Tot(Y), = Sets® 2 (A(—, =) x A,,Y).

Hence, in simplicial degree p, we consider the set of functions f4: A([n], [q]) x A([n], [p]) — Y2
that are natural in [n] and [g]: For all ¢ € A([q],[¢]) and a € A([m], [n]) the diagram

fm,q

A([m], [q]) x A(Im], [p]) — Y2
<A<a,1[q1>»A<a71m>>T Tyg

A(ln], [g]) x A(n), [p]) =25 v;o
(A(l[n]v%f’):lA([n],[p]))l lY#

fn,q/ /
A([n], [¢]) x A([n], [p]) —= Y
commutes. Hence, Tot is nothing but the equalizer of the diagram

1,0 5Sets(A(—, [q]). Y) == T ca gy 5Sets(A(—, [a]), Y7,

where sSets(A(—, [q]), Y?) is the internal hom object in simplicial sets from Definition|10.2.10
and where the maps in the diagram send a family (f,4)q to (Y,¥0 frq)e and (fr,¢0A(1f), ¢))e-

REMARK 10.10.4. Bousfield and Kan develop a spectral sequence in [BK72|, Chapter X]
whose E? term consists of 7*m;Y for a (fibrant) cosimplicial space Y and which converges
to the homotopy groups of Tot(Y'). This spectral sequence has many applications in the
calculation of the homotopy groups of mapping spaces and obstruction theory, for instance,
in [GHO4, §§4,5].
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10.11. Dold-Kan Correspondence
Let A: A° — A be a simplicial object in an abelian category A.

DEFINITION 10.11.1.

e The normalized chain complex of A is the chain complex N,(A), with N,(A4) =
N7, ker(d;) and boundary operator d = (—1)"d,,.

e The chain complex associated with A is the chain complex C.(A), with C,(A) = A,
and boundary operator d: A, — A,_; being defined as d =Y ,(—1)"d;.

The normalized chain complex is sometimes referred to as the Moore chain complex.
Moore defined it in [Mo54 /55|, §4|. But beware, some people also refer to the unnormalized
complex as the Moore complex.

There is a variant of the normalization functor that uses the auxiliary chain complex
of degenerate elements D,(A) and defines N.(A) as C.(A)/D.(A). For details, see [GJ09),
I11.2] or [W94, §§8.3, 8.4].

Dold and Kan discovered independently in the 50s [Do58]| that the normalization functor
gives rise to an equivalence of categories.

THEOREM 10.11.2. |[Do58| Theorem 1.9] The normalized chain complex is part of an
equivalence of categories between the simplicial objects in A and the non-negatively graded
chain complexes over A.

The Yoneda lemma gives you a concise formula for what the inverse of N,, I'y, has to
be on objects. Assume that A is the category of k-modules for some commutative ring k.
For every simplicial degree n, I'y(A),, corresponds to the maps of simplicial sets from A, to
the underlying simplicial set of I'y(A) and hence to the maps of simplicial k-modules from
E{A,} to Tny(A). As we claim that I'y is part of an equivalence, it is, in particular, an
adjoint, so we get

Iy (A)n = Ch(k)>o(N.(k{An}), A).

You can also work out the simplicial structure maps of I'y by using this trick, but you could
also look this up in [Do58|, Definition 1.8].

EXERCISE 10.11.3. Assume that f,g: A — B are morphisms of simplicial k-modules and

assume that there are maps hg, ..., h,: A, — B,1, satisfying the relations from Definition
10.5.1} Show that C,.(f) is then chain homotopic to C,(g), with the chain homotopy H =

> io(—1)"hi.
10.12. Kan Condition

DEFINITION 10.12.1. Let X : A° — Sets be a simplicial set. A functor Y: A° — Sets is a
simplicial subset of X if Y,, C X, for every n > 0 and if for every morphism f € A([n], [m]),
the induced morphism satisfies Y'(f) = X (f).

REMARK 10.12.2. If there are elements {x;|i € I}, with z; € X,,,, then we can form the
simplicial subset of X generated by the x;s by considering all elements in X of the form

X (f)(x;) for all morphisms f in A.
The representable functor A,, has several important subfunctors:

DEFINITION 10.12.3.
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e The ith face of A, 0;A,, is the simplicial subset of A, generated by d;: [n—1] — [n].

e The boundary of A, 0A,, is the simplicial subset of A, generated by {do,...,d,} C
A(fn — 1], [n]).

e The simplicial k-horn of A,, A¥, for some k with 0 < k < n, is the simplicial subset
of A,, generated by {do, ..., 0k—1,0ks1,---,0n}

You can also think of the simplicial k-horn A* as the simplicial subcomplex of A, gen-
erated by all faces that contain the 0-simplex that maps 0 to k.

EXERCISE 10.12.4. Show that the geometric realization of the simplicial subsets de-
fined earlier are what they should be: [9;A,| = §(A™Y), |0A,] = 0A™, and |Af] =
Uio,izk (A1),

DEFINITION 10.12.5. A simplicial set X is a Kan complez if for all n and 0 < k < n, all
maps from A¥ to X can be extended over A, that is, in all solid diagrams of the form

AR 2 X

\1

A,
there is a morphism of simplicial sets £: A,, — X, such that £ 0 j = a.

REMARK 10.12.6. Note that the condition of being a Kan complex has a very explicit
description. We denote by Z the fact that = is omitted. Then, X is Kan if and only if for all
n, all 0 < k < n, and all n-tuples of (n — 1)-simplices (o, ..., Tx_1, Tk, Thi1, - - -, Tp), Such
that d;z; = d;_yz; for i < j, 4,j # k, there is an n-simplex x in X, such that d;(z) = x;. We
call x the horn filler.

LEMMA 10.12.7. The simplicial sets A,, do not satisfy the Kan condition for n > 1.

PROOF. We show that a specific map p: AY — A cannot be extended to a map @: Ay —
A;. This argument extends to higher dimensions.

Define ¢ on the generators of AJ as ¢(d2) = idpj, and let p(8;) be the constant map with
value zero.

Assume that an extension @: Ay — A; exists. Then, dyp(0) = @6(0) = Pda(1) =
©da(1) = idpy(1) = 1 and dop(1) = @do(1) = $d1(1) = ¢d1(1) = 0, and hence, the extension
is not order preserving. O

DEFINITION 10.12.8. Let Sing: Top — Sets®” be the functor that sends a topological
space X to the simplicial set Sing(X), with

Sing(X), = Top(A", X),

and where the simplicial structure is induced by the cosimplicial structure of the family of
standard n-simplices.

ProposiTioN 10.12.9.
(1) The functor Sing is right adjoint to the geometric realization functor.
(2) For every topological space X, Sing(X) is a Kan complex.
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The proof here is similar to the one of Theorem [15.1.3] but note that in the geometric
realization, we allow simplicial sets as input and view these sets as discrete topological
spaces.

PRrOOF.
(1) The adjunction is a standard tensor-hom adjunction sending a continuous map

ol [ Xaxar)~vsy

n>0
with compatible components f,,: X,, x A™ — Y to the map of simplicial sets
g: X — Sing(Y),

whose degree n part g,,: X,, — Top(A"™,Y) is given as f,(z,—): A" = Y.

(2) As the functor Sing(—) is adjoint to geometric realization, the lifting property of
Ay — Sing(X) with respect to Al — A, is equivalent to the lifting property of
the inclusion {*} — X with respect to |A7| — |A,|, but the latter is a strong
deformation retract.

O

ProposITION 10.12.10. [Mo54/55, Théoreme 3] Let G be a simplicial object in the
category of groups. Then, the underlying simplicial set of G is a Kan complex.

PrOOF. Consider a compatible family of elements of G, 1 (go,---,9k-1,90-1,--,9n),
with £ > k + 2, that is, d;g; = dj_1g; for i < j. Assume that there is an n-simplex g € G,,
with d;(g) = ¢; for i < k—1 and ¢ > ¢. We consider d;dy_1(g). If i smaller than k, then
because of the simplicial identities and because of the compatibility of the g;s we get

(10-12-1) didéfl(g) = dEdei(g) = dEfZ(gi) = d;ge—1-
Similarly, d;dy_1(g9) = d;ge—1 if i > £.

We consider the element s, o(g,_1ds_1(g7"))g. For dy_y, we obtain

do—1(se-2(ge—1de—1(g7"))g) = de—1(50-2(ge-1))de—1(se—2(de—1(g7")))de—1(g) = ge—1

because dy_1 o s;_» = 1 and because the structure maps are homomorphisms. Similarly, the

relations in ((10.12.1)) imply
di(se-2(ge—1de-1(97"))9) = gi

fori<k—1andi>¢.
Thus, s¢_2(ge—1de—1(g71))g closes the gap one step further.
[

REMARK 10.12.11. This result ensures that simplicial R-modules (R some associative
ring), simplicial k-algebras (k some commutative ring with unit), simplicial Lie algebras, and
many more simplicial objects that have an underlying simplicial group are Kan complexes.

REMARK 10.12.12. For a Kan complex X, there is a combinatorially defined, well-defined

notion of homotopy groups of X, such that m,(X,z) = 7,(|X|,z) for every zero simplex
x € Xy. See, for instance, [May67], I §3| or [GJ09L I §7] for more details. As simplicial
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k-modules A are always Kan complexes, 7, (A, 0) can always be defined just by using the sim-
plicial structure. A consequence [GJ09, Corollary I11.2.7] of the Dold-Kan correspondence,
Theorem (10.11.2] is that

(A, 0) 2 H,(N,(A)) 2 H,(C(A)).

For n = 0, the set m(X) has a combinatorial description as the coequalizer of the diagram
do
X3 ?XO .
1

There is a canonical map ¢: |X| — colima.X for every simplicial set X, induced by the
following commutative diagram:

Uacamppp &7 % Xo == 50 A" X X —— [X

lprz lpw ‘o
3

UaEA([mHn]) Xy — |_|nZO X, ———— colimpo. X.

The map g is nothing but the projection of | X| to mo(X).

EXERCISE 10.12.13. Show that for a simplicial set X, the colimit of X, colima.X, is
isomorphic to my(X).

PRrOPOSITION 10.12.14. The category A° is sifted.

PROOF. We have to show that the colimit over A° commutes with finite products of
functors from A° to Sets. By Exercise[10.12.13|we know that for every functor X : A — Sets,
the colimit is my(X).

First, consider the terminal object, Ay. Here, the colimit is the terminal object in the
category Sets because |mo(Ag)| = 1. Let X, Y : A° — Sets. Then, we claim that

To(X X Y) 2 m(X) X m(Y).

We establish this bijection by considering explicit maps. If (x,y) in X X Yj is equivalent to
(z',y') in Xy X Yy, then there is a zigzag of 1-simplices in X X Y connecting the two. But
then the first coordinate of the zigzag connects x to 2’ and the second connects y to 3/, so
we get a well-defined map:

prmo(X X Y) = m(X) xmo(Y);  [(z,9)] = ([z], [y]).

For the inverse,
W mo(X) X m(Y) = mo(X x YY),
consider a zigzag of 1-simplices in X connecting x and 2’ and another zigzig connecting y
and y’. Then, their product does not necessarily give a zigzag of 1-simplices in X x Y, but
we can modify the two zigzags with the help of degenerate 1-simplices to morph them into
the same shape. For instance, you can take first the zigzag for x and 2’ and combine it with
degenerate 1-simplices sgy in the second coordinate, and then use soz’ in the first coordinate
and the zigzag for y and ¢y’ in the second coordinate. 0

EXERCISE 10.12.15. If R is a ring, M a left R-module, and N a right R-module, what is
7o of the two-sided bar construction B(N, R, M) from Definition [10.4.2];
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10.13. Quasi-Categories and Joins of Simplicial Sets

Some lifting conditions of Kan complexes are different from others. Consider, for instance,
the 2-simplex A, and its k-horns for 0 < k < 2:

2 2 2
0——1 0——1 0 1.

If we think of 1-simplices in a simplicial set X as oriented edges in X, then the lifting
property for a 1-horn implies that two edges eg1, €12 in X that fit together can be composed
up to homotopy. There is an edge egy in X and a 2-simplex, that is, a triangle in X, such
that eg, e12, and egy are the edges of that triangle. The lifting properties for the 0- and

2-horns are much more drastic; they are not composition requirements but extension and
lifting properties. For instance, if we have a 0-horn

X

7

CC—f>y,

then a horn filler gives you a left inverse for f up to homotopy. Dually, a horn filler for a
2-horn can give you a right inverse up to homotopy.

DEFINITION 10.13.1. A quasi-category is a simplicial set X that has the lifting property
with respect to all inner horns, that is, with respect to all A¥ with 0 < k < n.

This definition goes back to Boardman and Vogt [BV73], 4.8|, who called quasi-categories
restricted Kan complexes and considered them as “good substitutes for categories”. Joyal

advertised them [Jo02), [Jo-bod], and they are used as one model for infinity categories
[Lu09].

REMARK 10.13.2. If X is a quasi-category, then we think of the 0-simplices z € X, as
objects of X, and the 1-simplices are the morphisms of X. The inner horn filler condition
then shows that we might not have a composition of f € X; and g € Xi, even if the target
of f is the source of g, but as we saw earlier, there is a 2-simplex in X that has f and g
as the legs of a 1-horn, and we think of the third edge as a composition of f and g up to
homotopy. Simplices of higher degrees then correspond to higher morphisms.

In order to stress the fact that quasi-categories behave like categories up to homotopy,
they are often denoted by C.

EXERCISE 10.13.3. Consider 1-simplices eg1, €12, and es3 of a quasi-category X and call
them f, g, and h. By the 1-horn filler condition, we get a composition of g and f up to
homotopy that we call egs and a composition of h and g up to homotopy, e;3. What does
the horn filler condition for A} C Az and A3 C Aj say?

We saw the join construction for categories in Definition [I.1.7] There is a related con-
struction for simplicial sets, similar to the join construction in the category of topological
spaces that you might have seen. There is a definition in terms of a Day convolution product
[Jo-codl, §3.2]. A hands-on definition is as follows:
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DEFINITION 10.13.4. Let X and Y be two simplicial sets. The join of X and Y is the
simplicial set whose set of n-simplices is

(X*Y),=X,uY,u || XixV;
i+j=n—1
The face maps d: (X *Y), — (X *Y),_; restricted to X,, and Y,, are the face maps of X
and Y. On a summand X; x Yj,

dy(z,y) = (drz, y), it k <iandi#0,
e a (ZL’, dk—i—ly)a lf k > 7 andj 7é O

If i = 0, then dy(z,y) =y, and if j = 0, then d,(z,y) = .
For the degeneracy maps, you set

s (.CE ) _ (Skxay)v if k& < 7:’
Y= (‘7:7 Sk*i*l@/)? if k& > 7:7

on the mixed terms, and you use the ordinary degeneracies on X,, and Y,, inside (X % Y'),.

REMARK 10.13.5. Joyal proves that the join of two quasi-categories is a quasi-category
(see for instance [Lu09, 1.2.8.3]). Later, in Proposition [11.1.11} we will see that the nerve
construction sends joins of categories to joins of simplicial sets.

EXERCISE 10.13.6. Check that the preceding definition of face and degeneracy maps
actually defines a simplicial object.

EXAMPLE 10.13.7. On representable functors, we obtain AgxAy =2 Agipyq forall k,¢ > 0.
This can be seen by spelling out an explicit isomorphism. Note that [k]U[¢] = [k + ¢+ 1] as
sets. By definition, (Ag x Ag)([n]) is equal to

A(n], [K]) L A([n], ) L |_| A(ld], [K]) < A([], [4)-
We define a map on each summand. Let
©: A([n], [k]) = A([n], [F] U [{]) = A([n], [k + £+ 1]

be the map that sends o € A([n], [k]) to i%u[e] o o, where imum is the canonical inclusion.

Similarly, let
¥ A([n], [6) = A([n], [F] U [4])

be defined by ¢ (1) = Z-{Z]H[Z] o 7, where Z-FZ]]H[Z] (7)) =7+ k+ 1. On a mixed term A([d], [k]) x
A([7],[€]) we define

Gig = A(la], (K1) x< A(l] [€]) = A(ln], (k] U [€])
as the map
v(r), if r <4
uir—i—1)+k+1, forr>i,

Gij (v, p)(r) = {

where r € [n].
It is easy to see that this gives a bijection of sets (Ag*Ay)([n]) = Agtes1([n]) because for
a given f € A([n], [k+¢+1]), you just cut f into pieces. If the image of f is contained in [k],
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then you send it to the summand A([n], [k]). If the image is contained in the complement of
[k] in [k] L 1], then you send it to A([n], [¢]) by pushing the values down. If the image has
nontrivial parts in [k] and in its complement, then you cut f into two maps and send it to
the corresponding summand A([i], [k]) x A([j], [¢]) if the value of f exceeds k at i+ 1. This
gives an inverse to the first map.

We leave it to the reader to check that this degreewise bijection is compatible with the
simplicial structure maps.

EXERCISE 10.13.8. Draw a proof that A; * A; = As. Show that A * Ay = A} x Ay.
Again, draw the proof.

DEFINITION 10.13.9. For a simplicial set X, X % A is called the right cone on X, and
Ag x X is the left cone on X.

10.14. Segal Sets

A concept that is closely related to quasi-categories is that of a Segal set. Consider the
morphisms i;: [1] — [n] in A for 1 < j <n, sending 0 to j — 1 and 1 to j. Note, that the i;s
satisfy the condition that i; 0 6° = i;,; 0 §' for j < n — 1. We denote by

X[l] XXx[0] - - - XX][0] X[l]
the limit of the diagram

X[0] X10]
2N Y N 2N
X11] X|1] o X11] X11]

DEFINITION 10.14.1. A simplicial set X is a Segal set, if the map
(10.14.1) (11, in): Xp = X1 Xxg - Xxo X1
is a bijection for all n > 2.

EXERCISE 10.14.2. Is every Segal set a quasi-category?

The Segal condition (10.14.1)) means that X is determined by a subset of the 1-skeleton
of X. For n = 2, this subset can be visualized as

2\ - 0/;\1,

0——1

and for n = 3, it looks like
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PROPOSITION 10.14.3. Let X be a Segal set with X, = {*}. Then, X is an associative
monoid with unit sqo(*).

PROOF. As every map from X; to a point is the same, we have that X; x x, X1 = X7 x Xj.
We define the multiplication pu: X7 x X; — X; as dy o (i1,42)"'. Note that in this low-
dimensional case, we have i1 = dy and 75 = dj.

For the associativity of u, consider the diagram

X4

Xs didy X9
W x / W

da,d1d dids,i}

X1><X1 (42 d1do) X3 (d1da,33) X1><X1.
(d2,do) (d3,i3)
1X1><d1 dlxlxl
Xl X XQ (i1,02,i3)* XQ X Xl
IXM\QWJO)\ /le
Xl X X1 X X1

Going from the left via the middle to the right gives that
po (1x, x ) =dy o (da,do) ™ o (1x, x dy)o (1x, x (dg,do)™")
=dyd; o (iy,19,13)"
=dy o (da, do) ™" o (di X 1x,) 0 ((da, dp) ™" x 1x,)
=po (1 x 1x,).
We show the left unit condition; the proof of the right unit condition follows from sym-

metry. The diagram

SOXle
XO X X1 —)Xl X X1

(dllel)T T(d%dO)

X, - X,

Xq

commutes because d;sq is the identity and

(d2soz1, doso(x1)) = (sod171,T1) = (S0%, 1)
for all z; € X, because Xj is a one-point set. The evaluation p(so*, 1) is dyo(dy, do) " (so*, 1),
but we just found a preimage of (so*, x1) under (ds, dp) in Xo, namely soxy; thus, p(sex, 1) =
dl(S(]LCl) =T for all x| € Xl- O

REMARK 10.14.4. Proposition [10.14.3| has a variant, where monoids are replaced by
simplicial monoids. Julie Bergner compares reduced Segal spaces (see Definition [14.2.2)) to
simplicial monoids. She shows in [BO7, Theorem 1.6] that there is a Quillen equivalence
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between the model category of simplicial monoids and the category of reduced simplicial
spaces with an appropriate model structure, whose fibrant objects are reduced Segal spaces.

10.15. Symmetric Spectra

As an interlude, we present a symmetric monoidal model for the stable homotopy category
that is build out of simplicial sets.

The stable homotopy category, that is, the homotopy category of spectra, has been around
since the late 1950s and early 1960s. However, for a long time, there was no symmetric
monoidal category of spectra modelling it. A particularly small and explicit model is the
one of symmetric spectra, originally defined in [HoSS00]. Apart from its importance for
modelling stable homotopy types, its definition and its applications have been extended to
other contexts.

Let (C,®,1) be a bicomplete closed symmetric monoidal category and let K be an object
of C. Hovey defines symmetric spectra in C with respect to an object K of C in [HoO1].

Let Sym(K) be the symmetric sequence in C whose nth level is K®" and with X,,-action
given by permutation of the ®-factors. This is actually a commutative monoid in C* with
the symmetric monoidal structure coming from the Day convolution product, as in Example

9.8.6l

DEFINITION 10.15.1. The category of symmetric spectra in C with respect to K, SpE(C, K),
is the category of right Sym(K)-modules in C*. Explicitly, a symmetric spectrum is a family
of ¥,-objects X (n) € C, together with ¥, -equivariant maps

Xn)®K—X(n+1)
for all n > 0, such that the composites
Xn)@K® 5 Xn+1) @K' - ... - X(n+p)

are Y, X Xp,-equivariant for all n,p > 0. Morphisms in Sp™ (C, K) are morphisms of symmetric
sequences that are compatible with the right Sym(K)-module structure.

Symmetric spectra form a symmetric monoidal category (Sp*(C, K), A, Sym(K)), such

that for X,Y € Sp*(C, K),
XANY = XUOsymk)Y-

Here, we use the right action of Sym(K') on Y after applying the twist map in the symmetric
monoidal structure on C*.

For the category of topological spaces or simplicial sets and K a model of the 1-sphere,
this recovers the definition of symmetric spectra from [HoSS00|. For many important
homotopy types, there are explicit models in symmetric spectra. We just mention two.

EXAMPLES 10.15.2.
e Let S be the standard simplicial model of the 1-sphere A;/0A;. The symmetric

sphere spectrum S = Sym(S') has

S(n) = S™ =: (SH",

e Let A be an abelian group. Then, the model for the Filenberg-Mac Lane spectrum of

A, HA, in Sp” is B

(HA)(n) = A® Z{S5"},
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where Z{S"},, is the free abelian group generated by the set S modulo the relation
that all multiples of the basepoint are zero.

Other spectra such as many flavors of cobordism spectra and K-theory spectra have
models in Sp”™. For more details and many more examples, we refer to [HoSS00] and
[Schwod].

An important and amusing special case of general symmetric spectra is the one, where
you take the monoidal unit e as K. The following result goes back to Jeff Smith.

ProposiTiON 10.15.3. [RiS17, Proposition 9.1] Let (C,®,e,7) be any symmetric
monoidal category. Then, the category of symmetric spectra with respect to the unit object
e, Sp™(C, e), is equivalent to the category of functors from Z to C, Fun(Z,C).

PROOF. Let X € Sp¥(C,e). Then, there are ¥,-equivariant maps X(n) = X(n) ® e —
X(n+ 1), such that the composite

Onp: X(0) §X(n)®e®p—>X(n+p)

is 2, x X,-equivariant for all n,p > 0.

We send X to ¢(X) € Fun(Z,C), with ¢(X)(n) = X(n). If i = ip,—, € Z(p,n) is
the standard inclusion, then we let ¢(i): ¢(X)(p) — ¢(X)(n) be 0,,_,. Every morphism
f € Z(p,n) can be written as £ o4, where i is the standard inclusion and ¢ € ¥,,. For such
€, the map ¢(§) is given by the X,-action on X (n) = ¢(X)(n).

If f = & o4 is another factorization of f into the standard inclusion, followed by a
permutation, then &£ and &’ differ by a permutation 7 € X,,, which maps all j with 1 < j <p
identically, that is, 7 is of the form 7 = 1, & 7'm with 7/ € ¥,_,. As the structure maps
Opm_p are X, X ¥, -equivariant and as 7/ acts trivially on e®(®~P) 2 ¢ the induced map
6(f) = 6(€) 0 (i) agrees with 6(¢) o 6(i).

The inverse of ¢, 1, sends an Z-diagram in C, A, to the symmetric spectrum ¢ (A) whose
nth level is ¥(A)(n) = A(n). The X,-action on ¥ (A)(n) is given by the corresponding
morphisms Y, C Z(n,n), and the structure maps of the spectrum are defined as

~ Alin,p
P(A) () ® e = A(n) ® ¢ — 3 An)— "\ A(n + p) = (A)(n + p).
The functors ¢ and v are well-defined and inverse to each other. ([l
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CHAPTER 11

The Nerve and the Classifying Space of a Small Category

To any small category, you can associate a topological space that takes the data of the
category (objects, morphisms, and composition of morphisms) and translates it into a CW
complex. This is done in a two-stage process: First you construct a simplicial set out of your
category, and then, you form its geometric realization.

11.1. The Nerve of a Small Category

The construction of a nerve of a small category C takes the data of the objects of C and
all morphisms of C, together with all their compositions, and creates a simplicial set out of
it.

DEFINITION 11.1.1.
e For a small category C, let M, (C) be the set

{Ch LN o LN (N C,| C; object of C, f; morphism in C}

of the n-tuples of composable morphisms in C. We denote an element, as earlier, as

[fnl - [f1]-
e The nerve of the category C is the simplicial set NC: A% — Sets, which sends [n] to

the set M, (C). The degeneracies insert identity morphisms
silful - [l = [fal - Vil fil - A1), 0<d<m,

and the face maps compose morphisms:

[fal -1 f2], i =0,
dilfal - )= [fnl - iz o fil .- 1f1], 0<i<mn,
[fr-1]---[f1], 1=n.

You can also interpret the ith face map as omitting the object C;. If i is 0 or n, then the
morphism next to C; just dies with the object, whereas for 0 < 7 < n, deleting the object
causes the composition of the adjacent morphisms.

ProprosITION 11.1.2. Nerves of small categories are quasi-categories.

PROOF. The morphism ¢’: [1] — [n], ©*(0) =i and ©*(1) =i + 1 is contained in A for
0 <k <mnforall 0 <i<n. Weassume that we have a morphism : A — N(C). Then,
¢ applied to the n 4+ 1 morphisms in A([0], [n]) gives n + 1 objects Cy,...,C, of C, and
applied to ¢ gives a morphism f;,1 from C; to Cjyq for all 0 < i < n.

We define the extension ¢ of ¢ to A, by ¥(14) = [ful ... | f1].

In order to show that the restriction of ¥ to Ak agrees with 1, it suffices to show that
their restriction with respect to every map &: [1] — {0,...,7 — 1,7+ 1,...,n} agrees for
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every j # k, 0 < j < n; in fact, we only need those maps that hits neighbours in the ordered
set {0,...,7—1,7+1,...,n}. If these neighbours are of the form i and ¢ + 1, then both
restrictions agree by construction. Thus, we only need to consider the case that the image of
¢is {j — 1,7+ 1}, and here, the cases j = 0 and j = n lead to trivial cases. We can assume
that n is at least 3, because for n = 2, the only nontrivial case is 7 = k = 1, but the ¢ with
image {0, 2} is not contained in Aj.

For ¢, the restriction via ¢ yields fj+1 © f;, and by construction, the same is true for
¥, because for n > 3, the morphism f € A([2],[n]), with f(0) = j — 1, f(1) = j, and
f(2)=j+1,isin A* for 0 < k < n, and £ = d, f is sent to the composition of dyf = f; with
dof = fj+1- O

REMARK 11.1.3. Note that the horn extensions in a nerve are actually unique. There is
a partial converse of Proposition [11.1.2; If X is a simplicial set, such that for all n and for
all 0 < k < n, the diagram

A2 X
/|
A,

has a unique extension A, — X, then there is a small category C and an isomorphism
X = N(C). A proof can be found in, for instance, [Lu09} 1.1.2.2].

EXERCISE 11.1.4. Show that a simplicial set is a Segal set if and only if it is isomorphic
to the nerve of a small category.

EXAMPLE 11.1.5. If we consider the poset [n] as a category, then the nerve of [n] is
isomorphic to the representable functor A,. We saw in Lemma that A, is not a
Kan complex for n > 2. Thus, in general, we cannot hope that nerves are better than
quasi-categories.

If our small category C has invertible morphisms, then we actually can guarantee the
Kan condition. Heuristically, the horn fillers for A and A" require extensions or lifts, but if
every morphism is invertible, this can be done.

PROPOSITION 11.1.6. Let C be a small groupoid. Then, NC is a Kan complex.
A proof of this fact can be found in [GJQ9, 3.5].

LEMMA 11.1.7. The nerve functor from the category of all small categories to the category
of simplicial sets has a left adjoint.

PROOF. Let X be a simplicial set. We have to construct a small category L(X). The
objects of L(X) are the zero simplices of X, Xy. A y € X; is considered a morphism from
dyy to doy. The morphisms in L(X) are freely generated by the 1-simplices in X, X7, subject
to the relations coming from 2-simplices. If there is an z € Xy, with dy(x) = zg, dy(z) = 21,
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and dy(z) = xg, then x1 = xg 0 xy:

2

Degenerate 2-simplices encode the unit condition, and the associativity of the composition
is ensured by the simplicial identities for the face maps. 0

REMARK 11.1.8. Note that the category associated with the nerve of a small category is
isomorphic to the category, but the nerve of a category associated with a simplicial set X
is “wildly wrong” [LTWT9]: it associates with X a quasi-category with unique inner horn
extensions, a Segal set.

REMARK 11.1.9. Let C be a small category. Regarding [n] = {0,1,...,n} as a category
associated with the poset [n] with its natural ordering, we can define a variant of the nerve,
N, as being the simplicial category, such that N, is the category of functors from the category
[n] to the category C.

Later, we will need monoidal properties of the nerve functor. If C x D is a product of
small categories, then objects and morphism in C x D are just pairs of morphisms. Hence,
we obtain the following useful result:

ProOPOSITION 11.1.10. The nerve functor N is strong symmetric monoidal.
The nerve functor also respects the join construction.

ProprosiTION 11.1.11. Let C and D be two small categories and let C x D be their join.
Then, there is an isomorphism of simplicial sets

N(C)* N(D) = N(C % D).
Proor. We follow [Jo-cod, Proof of Corollary 3.3]. We define a map
@: N(C)« N(D) — N(C x D)
using that
(N(C)* N(D)), = N(C), UN(D), U |_| N(C); x N(D);,.
i+j=n—1

On the summands N(C),, and N(D),, we define ¢ by using the inclusions C — C * D and
D — C % D, which induce maps N(C) — N(C * D) <— N(D). We express an element in
N(C); as a functor z: [i] — C and similarly consider a y: [j] — D. Functoriality of the join
then gives a map x * y: [i| * [j|] = C * D. We know from Exercise that [i] % [7] = [n].
These maps combine ¢, and again, it is straightforward to check that ¢ is an isomorphism
of simplicial sets. O
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11.2. The Classifying Space and Some of Its Properties

DEFINITION 11.2.1. The classifying space of a small category C, BC, is the geometric
realization of the nerve of C:

BC = |NC|.

The objects C of C give zero cells in BC, and a nonidentity morphism from C' to C’
gives rise to an edge whose endpoints correspond to the objects C and C'. If go f is a
composition of morphisms in C, then in the classifying space, you will find a triangle, with
edges corresponding to f, g, and g o f. Threefold compositions give rise to tetrahedra and
SO on.

The topological space BC is always a CW complex, and a functor F': C — D induces a
continuous and cellular map of topological spaces:

BF: BC — BD.

Hence, B is a functor from the category cat to the category Top of topological spaces.

EXAMPLES 11.2.2.

e If X is a set and C is the corresponding discrete category, then the classifying space
BC is X with the discrete topology.

e If G is a group and we consider the small category Cq associated with G, then the
classifying space B(Cq) is called the classifying space of the group G and is denoted by
BG. If the group G is abelian, then the group composition is a group homomorphism,
and it induces a functor Cg x Cq — Cq. We therefore obtain a map

BG x BG — B(CG X Cg) — B(Cg) = BG,

and for abelian groups G, BG is a topological group. For instance, BZ ~ S!.

If G is a topological group, then we can implement the topology into the construc-
tion of BG by endowing G™ x A™ with the product topology.

For instance, BS! ~ CP>, and this is an Eilenberg-Mac Lane space of type (Z, 2),
K(Z,2) = CP*™ ~ B(BZ). In general, if A is a finitely generated abelian group, then
the n-fold iterated classifying space construction is a model of the Eilenberg-Mac Lane
space K (A, n).

If G is a discrete group, then the homology of the group G (with coefficients in Z)
is the singular homology H.(BG;Z).

e For a monoid, one can build B(Cy;). We will learn more about this space later (see,
for instance, Theorem and Proposition [13.4.4)).

e Let us consider the category ¥. This has as objects the natural numbers (including
zero), and the only morphisms are automorphisms with ¥([n], [n]) = ¥,,. Therefore,
the classifying space of ¥ has one component for every natural number, because the
different objects are not connected by morphisms. Thus,

BY, = |_| BY,.

n>0

e If we consider the poset [n]| as a category, then the nerve of [n] is isomorphic to the
representable functor A,, and Bln| = A™.
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ProproSITION 11.2.3. Viewed as a functor B: cat — cg, the functor B is strong sym-
metric monoidal.

PRrOOF. Let C and D be two small categories. As the nerve functor is strong symmetric
monoidal (see Proposition [11.1.10]) and as geometric realization commutes with products in
the sense of Proposition d Remark we get a homeomorphism ¢¢ ¢ : B(C X
C') = BC xy BC', so the functor B: cat — cg is strong symmetric comonoidal and strong
symmetric monoidal. 0

Segal shows some properties of the classifying space of a (topological) category in [SeT4].
For Quillen’s work, [Q73| classifying spaces of categories and their properties are crucial.

THEOREM 11.2.4.
(1) For two functors F, F': C — D, a natural transformation 7: F' = F" induces a
homotopy between BF and BF’.
L
(2) If C =——=D is an adjoint pair of functors, then BC is homotopy equivalent to BD.
R
(3) In particular, an equivalence of categories gives rise to a homotopy equivalence of
classifying spaces.

PROOF.

(1) We can view 7 as a functor T from C x [1] to D: On objects, we define T as
T(C,0) = F(C) and T(C,1) = F'(C). For a morphism f € C(C,C’), we set
T(f,10) = F(f) and T(f,1;) = F'(f). For the only nontrivial morphism 0 < 1 in
[1], we define T'(1¢,0 < 1) as 7¢.

The composite

BC % [0,1] = B(C x [1])——L BD
then gives the desired homotopy.
(2) For an adjoint pair of functors, we have the natural transformations n: Id = RL

and ¢: LR = Id. We just showed that these give rise to a homotopy equivalence.
O

COROLLARY 11.2.5. If a small category C has an initial or terminal object, then its
classifying space is contractible.

PROOF. In both cases, there is an adjoint pair of functors between C and the category
[0], and BI0] is a point. O

Beware that an equivalence of categories does not give rise to homeomorphism in general.
The following is an explicit example:

EXAMPLE 11.2.6. Let G be a discrete group. We saw that in its translation category, &g,
every object is terminal and initial, and thus, B&g is contractible. In fact, BEg is a model
for the universal space for G-bundles, FG, and this is, in general, not homeomorphic to a
point. For instance. EZ/2Z is S* = colim,,S™.

The simplicial structure on N&; is as follows: An element in (NE&;) is a string

—1 —1 —1
9199 929, 99941

90 g1

9q»
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but this can be simplified by just remembering the (¢+1)-tuple of group elements (go, . . . , g,)-
With this identification, the face maps omit a g;, and the degeneracies double a g;.

ProrosiTioN 11.2.7. If C is a small category possessing binary products, then BC is
contractible.

PROOF. Let C be a fixed but arbitrary object of C. We consider the functor
Cx(=):C—=C, (Cx(=)C)y=CxCC"

Projection to the first factor of the product gives rise to a natural transformation from
C x (—) to the constant functor with value C', whereas projection to the second factor yields
a natural transformation from C' x (—) to the identity functor. O

REMARK 11.2.8. We will see later in Proposition [11.3.10| that the classifying space of
any small filtered category is contractible.

EXERCISE 11.2.9. Let C be a small category and let C° be its dual category. Show that
there is a homeomorphism between BC and BC°. Is this homeomorphism always induced
by a functor from C to C°7

REMARK 11.2.10. If C is a category with a proper class of objects but with a small
skeleton C’, then one might talk about BC but actually work with BC'.

11.3. m and 7 of Small Categories

We can apply topological invariants to the space BC, and we might get useful information
about the category in this way. Some invariants that you have encountered in algebraic
topology can be defined directly in terms of the objects and morphisms of a category. One
example is the set of path components of a small category.

In Definition [[.4.16] we defined the notion of a small connected category, using the
equivalence relation on the set of objects generated by the relation of being connected by a
morphism.

DEFINITION 11.3.1. Let C be a small category. We denote the set of equivalence classes
of the morphism relation on the objects of C by myC and call this the set of path components
of the category C.

If the cardinality of the set moC is one, then we call the category C path connected or
connected. In particular, categories with just one object are connected, for instance, the
category associated with a monoid or group. By the very definition of moC and by the
description of my of a CW complex, we obtain the following:

PROPOSITION 11.3.2. The set of path components of the topological space BC, myBC, is
in bijection with the set of path components of C, mC.

ExAMPLE 11.3.3. Let X be a set and let GG be a group, such that X carries a G-action.
We can define the translation category of the G-action on X, EX, to be the category whose
objects are the elements of X and

EX(z1,29) = {g € Glgzy = 13}
With this notation, the translation category of a group G is £ = £S.
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Two elements x and x’ of X are equivalent if and only if they lie in the same G-orbit,
and thus,
oy = X/G.

EXERCISE 11.3.4. ([W13|, Example 1V.3.3.2], but beware of the difference in notation!)
Let D be a small category and let F': D — Sets be a functor. Show that

mo(F\D) = colimpF.

Our next aim is to describe the fundamental group of the space BC in terms of the
morphisms of the category C. To this end, we introduce the concept of maximal trees. In
Proposition [11.5.6] we will see an alternative description.

DEFINITION 11.3.5. Let C be a small category and let X be an arbitrary set of morphisms
in C.

e The graph of X, I'x, is the one-dimensional sub-CW complex of BC consisting of all
edges in BC that correspond to morphisms in X.

e The set X is called a tree if I'x is a tree.

o If m(C is trivial, then we call a tree X maximal, if every object of C arises as the source
or the target of a morphism in X.

We use maximal trees in order to describe m;(BC).

PROPOSITION 11.3.6. Let C be a small path-connected category and let X be a maximal
tree in C. The fundamental group of BC (with respect to any chosen object C' of C) has the
following presentation: For every morphism f in C, there is a generator [f]. The relations
are given by the following list:

e A generator [f] is trivial if f € X.
e For every object C of C, the generator [1¢] is trivial.
o If f: C1 — (5 and g: Cy — (3 are morphisms in C, then

g 0 f] = [9]lf]-

PROOF. The 1-skeleton of the CW complex BC, BC, corresponds to the graph I' on
the set of morphisms in C, with the exception of the identity morphisms. The fundamental
group of BCW is the free group generated by all edges of I' outside of the maximal tree
X. Cellular approximation ensures that the fundamental group of BC is isomorphic to the
fundamental group of the 2-skeleton BC®). Therefore, the only relations that occur are those
coming from the composition of morphisms in C. 0

EXAMPLES 11.3.7.

e If (G is a discrete group and Cg is its associated category, then every element g € G
gives rise to a generator [g] of m;(BG). Relations of the first kind do not occur, and
the ones coming from composition identify w1 (BG) as G.

e If M is a monoid and C,, is its associated category, then again every element m € M
gives rise to a generator m (BCyr), and the only nontrivial relations come from the
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composition of elements of m. We know that 1 (BCy) is a group, so we have associated
a group with the monoid M. We will encounter this group later again in Definition
13.2.6.

In an extension of the earlier result, we define the higher homotopy groups of a small
category:

DEFINITION 11.3.8. Let C be a small category, C' be an object of C, and n be greater
than or equal to 0. The nth homotopy group of C with respect to the basepoint C' is

7 (C; C) := m,(BC, [C]).

Here, [C] denotes the 0-simplex associated with the object C.

Note that the category of small categories has filtered colimits. If (F(D), D in D) is a
filtered system of categories, that is, a functor F': D — cat from a small filtered category
D to cat, then colimpF' is again a small category C, with set of objects being Ob(C) =
colimpOb(F(D)). Every element in the nerve [f,|...]|fi] € N,C can be represented by an
element [g,|...|g1] € N, F (D) for some D, and hence, we get that colimp NF = NC.

LEMMA 11.3.9. Assume that C is a small category that is the filtered colimit of a functor
F: D — cat. For every D in D, let Cp be an object in F(D), such that for every f €
D(D,D"), we have F(f)(Cp) = Cp. Denote by C the equivalence class of the objects Cp
in C. Then, for all n > 0,

7n(Bceolimp F'; [C]) = colimp (7, (BF(D); [Cp])).

PRrROOF. Geometric realization commutes with filtered colimits, and hence, BC = colimpBF'.
As spheres are compact, the homotopy class of a map from a sphere to BC can be expressed
as the equivalence class of a map from this sphere to some BF(D). 0

ProPoOsITION 11.3.10. The classifying space of any small filtered category is contractible.

PROOF. Let D be a small filtered category. Let F': D — cat be the functor that sends
an object D of D to D | D, and a morphisms f € D(D, D’) is sent to F(f), with

F(f)(D,g: D — D) = (D, D—2+D—L5D").

We claim that D is isomorphic to the filtered colimit of the small categories D | D, colimpF'.
There is a canonical functor 6 from D to colimpD | D that sends an object D of D to the
equivalence class of the object (D, 1p) of D | D. A morphism f € D(D,D’) has 0(f) = [f].
Note that (D, 1p) is equivalent to (D, f) in the colimit and f is a morphism in D | D’ from
(D, f) to (D', 1p).
The forgetful functor from each category D | D to D induces a functor

m: colimpF — D

that remembers the first coordinate. Note that 7 is well-defined because the equivalence
relation does not affect the source of an object in F'(D') and also does not affect the mor-
phisms.
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It is easy to see that m o 8 = Idp. For the converse, observe that # o w applied to an
equivalence class of (D', g: D' — D) is the equivalence class of (D', 1p/), but (D',1p/) is
equivalent to (D', g: D' — D) = F(g)(D', 1p/).

Each classifying space B(D | D) is contractible, because the object D is terminal in
D | D, and hence, BD ~ BcolimpF' is contractible as well. 0

11.4. The Bousfield Kan Homotopy Colimit

The idea of a homotopy colimit is to create a homotopy invariant notion of a colimit.
See [Dod] for a rather gentle introduction. For functors to simplicial sets, there is an explicit
model of a homotopy colimit introduced by Bousfield and Kan in [BK72].

Functors to the category of sets do not carry any actual homotopical information. In this
case, the Bousfield Kan construction reduces to the nerve of a category.

DEFINITION 11.4.1. Let C be a small category and F': C — Sets be a functor, and
consider the category F'\C associated with F' (see Definition |5.1.11)). The homotopy colimit
of F, hocolimp, is the nerve of F\C, N(F\C).

Of course, if you prefer topological spaces, you can take B(F\C) = |N(F\C)|.

Let us make explicit what N(F\C) is. In simplicial degree zero, we get the set of objects
of F\C, (C,z), with € F(C'). We can identify this set with | |, F'(C). In degree one, we get
the set of all morphisms in F\C, that is, all f;: Cy — C, such that F(f;) maps z € F(Cp)
to y € F(Cy). The information in F(C}) is redundant, and we obtain

N(F\Cq = || F(Co),

f1: Co—C1q
and in general,
N(F\C), = | ] F(Cy).
[fnl---lfl}eN(c)n

Here, the simplicial structure maps s; only affect the nerve, and so do the d;s for i > 0, but
dy maps an x € F(Cy) in the component of [f,,|...|fi] € N(C), to F(f1)(x) € F(C}) in the
component of [f,|...[f2] € N(C),—1. If, instead, F' takes values in the category of simplicial
sets, then one can use the diagonal of a bisimplicial set and define the homotopy colimit as
follows:

DEFINITION 11.4.2. Let C be a small category.

(1) Let F': C — sSets be a functor. Then, the Bousfield-Kan homotopy colimit of F,
hocolim¢ F', is the simplicial set with n-simplices

L] F(Con
[fnl--[fL]JEN(C)n
(2) For a functor F': C — Top, the Bousfield-Kan homotopy colimit of F' is the simplicial

topological space with n-simplices

|| F(Co).
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As discussed earlier, the simplicial structure on hocolim¢ F' is induced by the nerve of C,
the application of F(f;) to F'(Cy), and the simplicial structure of F'(Cy). For instance, for
x € F(Cy)n, we get

do([ful .- [i], 2) = (Uful - - [ fo], do(F (f1) ().

One can still view hocolim¢F' as the nerve of F\C, bearing in mind that the F(C)s are
themselves simplicial sets or topological spaces and that this structure has to be taken into
account.

Bousfield and Kan actually give a different description of the homotopy colimit in [BK72,
XIL.5] first and then show in [BK72, XII.5.2] that it is equivalent to the one in Definition
11.4.21

REMARK 11.4.3.
e Note that there is always a map

|| FCo.— || A

[fn|‘f1}eN(c)n [fn‘|f1]6N(C)n

induced by the morphism of simplicial sets from F(Cj) to the terminal simplicial set
Ag. Hence, there is always a continuous map |hocolim¢F'| — BC, no matter what F
is.

e If F' is a simplicial set, that is, if C = A° and the target category is the category of
sets, then the map from N(F\A®) to its set of path components is nothing but the
map from the homotopy colimit of F' to the colimit of F'; compare Exercise [10.12.13]
For a functor F': C — Top, we can always project the zeroth space of the homotopy
colimit to the coequalizer of the diagram

l—l[fl]EN(C)l F(Co) o I—'CEN(C)O F(C),

and this gives a morphism between the simplicial topological space hocolimeF' and
the constant simplicial space colime F'.

ExXAMPLES 11.4.4.
(1) Let [0] be the category with one object and one morphism. Then, the category
F\[0] for F': [0] — sSets captures the simplicial set F[0] as the only information.
The nerve of [0] has N[0], = {[1o]...|lo]}, and hence, the homotopy colimit of F
over [0] is equivalent to the simplicial set F[0]. Similarly, if C is a small discrete
category, then

hocolimg F' ~ |_| F(C).
Ceob(C)
(2) If C is the category of natural numbers viewed as a poset, then the homotopy colimit
over C of any F': C — sSets gives the telescope of
Fl0] = F[1] = F2] — ....
(3) Let G be a group and let F': C¢ — Top be a functor. Then, we can identify F' with
the G-space X = F'(x). By definition, in simplicial degree n, we get
(hocolime,, F),, = |_| F(x) =2 G" x X.
[gnl“"gl}eNn(CG)
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The simplicial structure maps insert the neutral element in G in the G-coordinates
or, in case of the face maps d;s, either use the multiplication in the group or the
group action on X (for dy). This simplicial space is isomorphic to NEg X ¢ X, with
EG = |N&g|, as in Example [11.2.6] where the equivalence relation on Ny(€g) x X
for forming N,(Eq) x¢ X is

((907917 S 79(])7:6) ~ ((eaglgala s 7gqgal)7gox)7

and hence, the G-orbits (N (€g) x¢ X), are represented by elements of the form

((e;0190 ", 9490 1)s (o). We can write (e, 195" - - -1 9490 ") s (e, hy, hihg, ..., hy-

- hy) and can identify this with the element (hy,...,h,) in N,Cq, because the
simplicial structure maps are now given by multiplication of group elements and
insertion of the neutral element e. Therefore,

hocolime, F' = EG x¢ X,

and the homotopy colimit is the Borel construction of X with respect to G.

(4) For X: A° — sTop, the fat realization from Definition is a homotopy colimit
under mild assumptions. Dugger shows, for instance, [Docl, Proposition 20.5] that
the maps

hocolimae X' <= hocolimas X' — [|.X|

are weak equivalences if every X, is cofibrant (that is, a retract of a cell complex).
Here, A% denotes the subcategory of A? consisting of face maps.

For more examples, see [BK72| XII, §2] and [T'82] §3].

EXERCISE 11.4.5. What is the geometric realization of the homotopy colimit of a functor
F:[1] — Top?

REMARK 11.4.6. Dugger [Docl Theorem 6.7, §§9, 10] provides a criterion that allows us
to change the indexing category of a homotopy colimit without changing its homotopy type.
Similar to Theorem [5.2.5] he shows that for a functor v: D — D’ between small categories,
such that for all objects D of D, the category D’ | ~ is nonempty and has a contractible
classifying space, the induced map

hocolimpy*(F') — hocolimp/ F
is a weak equivalence for all F': D' — Top.

REMARK 11.4.7. Beatriz Rodriguez Gonzéles proves in [RG14, 4.6, p. 631], that the
explicit Bousfield Kan homotopy colimit formula can be used in all model categories that
satisfy simplicial descent [RG12] (2.4), p. 780]. In particular, the category of non-negatively
graded chain complexes in an abelian category with quasi-isomorphisms as weak equivalences
satisfies this property, and homotopy colimits can be computed as the total complex of the
associated bicomplex of the simplicial chain complex

(11.4.1) m— P F(Con
This also holds for diagrams in unbounded chain complexes [RiSaccl, §2].
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We will identify the E! term of one of the spectral sequences that computes the homology
of this total complex with the help of the concept of the homology of small categories in
Theorem 16.3.71

For other approaches to homotopy colimits, see [Riel4, 11.7], [DwHKSO04] or [Hi03|
§19).

11.4.1. Homotopy Limits. The homotopy limit of a functor F': C — sSets is defined
as the totalization of the cosimplicial replacement of F'. This is a cosimplicial space associated
with F that takes products of F'(C) indexed over the nerve. See [BK72, XI.5] for details.

Remark tells us, that the following condition ensures that finite products commute
with homotopy colimits:

DEFINITION 11.4.8. Let D be a small category and let A: D — D x D be the diagonal
functor. We call D homotopy sifted if for all objects Dy and Dy of D, the category (D1, Ds) |
A is non-empty and has a contractible classifying space.

Beware that the notion of homotopy sifted is stronger than the notion of sifted. The
condition that the category (Di, Dy) | A is nonempty and has a contractible classifying space
is often called homotopy terminal and sometimes homotopy right cofinal [Hi03) Definition
19.6.1].

Rosicky shows [RO7, §4] that a category is homotopy sifted if and only if fibrant replace-
ments of homotopy colimits commute with finite products.

Several of our examples of sifted categories are actually homotopy sifted.

ExXAMPLES 11.4.9.

e If D is a small category with finite coproducts, then the object (D1 U Dy, Dy LI Dy) is
initial in the category (Dy, Dy) | A for all objects Dy, Do of D. Hence, such a category
is homotopy sifted.

e Filtered categories are homotopy sifted [RO7), Proposition 3.8].

e The opposite of the simplicial category, A°, is homotopy sifted [RO7, Remark 4.5 (f)].

REMARK 11.4.10. Interchange laws for (homotopy) limits and homotopy colimits are
tricky. There are some concrete examples mentioned in [V77]. Rezk develops criteria for
homotopy colimits commuting with homotopy pullbacks [Rezod].

There is a statement in [Hiool Theorem 14.19] for certain types of diagrams (one category
small and filtered and one "finite and acyclic’ [Hiool Definition 14.15]). This result is close
to the classical exchange result about colimits and limits from Theorem [3.5.6]

But if you have your general favourite small diagram categories D and D’ and you want
to know whether holimp(hocolimp/ X) is equivalent to hocolimps (holimp X'), then life might
be hard.

11.5. Coverings of Classifying Spaces

Coverings of classifying spaces of small categories have a very explicit description [Q73],
§1]):

ProrosITION 11.5.1. Let C be a small category and let p: E — BC be a covering.
Then, we can assign a functor F': C — Sets to p, such that F' sends every morphism in C
to a bijection and such that the value of F on an object C of C is the fiber p~![(C, 1)] with
[(C,1)] € BCO.
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PROOF. We have to define F' on morphisms. For any f € C(Cy,Cs), we consider the
path wy: [0, 1] — BC that is given by [f] € N1C with w;(0) = [(C4, 1)] and wg(1) = [(Cs, 1)].
The path-lifting property of coverings gives a bijection o(wys): p~*[(Cy,1)] — p~'[(Ca, 1)],
such that a composition of morphisms results in the composition of bijections. The identity
morphism 1o gives the identity permutation, and thus, F' is a functor with the desired
properties. U

Quillen [Q73] §1] states a converse to Proposition|11.5.1] and we provide a proof following
the treatment in [GZ67, Appendix I].

DEFINITION 11.5.2. A morphism p: E — B in sSets is a simplicial covering if py: Ey —
By is surjective and if for all n > 0 and for all commutative diagrams

(11.5.1) Ay~ FE

I ]

A, — B,

there is a unique ¢: A, — E with po& = § and £ o7 = a. Here, 7 is the map induced by
Opo...00;: [0] = [n], and thus, it sends the unique map ¢ € Ay([n]) to the map i(cy) that
maps all j € [n] to zero.

Thus, for every eq € Ey and b, € B,, with peq = dy o...0od,b,, there is a unique e, € E,
with p,e, = b, and dy o...od,e, = eg.

Note that this definition implies that fibers of simplicial coverings are discrete. A fiber
associated with a zero simplex by € By is the fiber product F = Ay xp F, that is, the
pullback of

E

p

Aob—())B.

So, we can restrict attention to coverings of Ag. But there is only one morphism A, — Aq
for all n > 0, so any n-simplex in a covering space of Aq is determined by one of its vertices,
and thus, the fiber is discrete. A proof for the next result can be found in |[GZ67, 111.4,
Appendix 1.2, 1.3].

ProPOSITION 11.5.3. The geometric realization of a simplicial covering is a covering of
topological spaces.

REMARK 11.5.4. There is also a description of simplicial coverings as locally trivial maps
with typical discrete fiber |GZ67, loc. cit.].

THEOREM 11.5.5. Let C be a small category, C' be an object of C, and F': C — Sets be
a functor that is morphism-inverting, that is, that sends every f € C(C},Cy) to a bijection.
Then, p = B(p): B(F\C) — BC is a covering with typical fiber F'(C).

Together with Proposition this yields an equivalence of categories between the
category of all coverings of BC and the category of all morphism-inverting functors F': C —
Sets.

Note that all the F'(C)s are in bijection, because F' is morphism-inverting.
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PRrROOF. We use Proposition [11.5.3] and show that N(p): N(F\C) — NC is a simplicial

covering. Let Co——C} C, be an n-simplex of N(C) and let (Cpy,zo) be in
N(F\C)o. We define an n-simplex in N(F\C) out of these starting data as

u2 Un

(Cl, 20)—(Cr, Fur) (20))—2—. .~ (Chr, Fun) o ... . 0 Fun)(20))-

u2 Un

Then, N(p),, maps this simplex to Cj Y0 C,, and

dyo. . .od,((Cy, 20)——(Cy, Fuy)(20))——. . .—=4(Cly, Fun) 0 ... 0 Fluy)(x0))) = (Co, x0).

This provides a unique lift £, as in (11.5.1]). For C' € N(C)o, the corresponding fiber Ag X y(c)
N(F\C)is{z € F(C)} = F(C). O

Associated with C there is a groupoid, C[Mor(C)™!], obtained by formally inverting all
morphisms in C [GZ67, 1.1]. Morphism-inverting functors F': C — Sets are nothing but
functors from the category C[Mor(C)™!] to Sets. For every object C' of C, let G(C) be the
group of automorphisms of C' in the category C[Mor(C)~!]. We get an alternative description
of 1 (C)

ProPOSITION 11.5.6. [Q73| p. 82 (aka p. 6 or p. 90)] For all objects C' of C, there is an
isomorphism of groups

m(C; C) = G(CO).

PROOF. If C is connected, then the inclusion functor Cg(cy — C[Mor(C)~!], which sends
the unique object * of Cq(c) to C, is part of an equivalence of categories. Coverings of BC
are then in bijection with G(C')-sets; hence, G(C) = m(BC,[C]) = m(C,C). If C is not
connected, we restrict to the connected component of the object C'. 0]

11.6. Fibers and Homotopy Fibers

Let F': C — D be a functor between small categories. Quillen’s Theorems A and B give
us control over the fiber of F' and the homotopy fiber of BF' in good cases. We will first
consider a categorical version of the actual fiber of F.

DEFINITION 11.6.1. Let D be an object of D. The fiber of F over D, F~(D) is the cate-
gory whose objects are the objects C of C, with F/(C) = D. A morphism f € F~1(D)(C,C")
is a morphism f € C(C,C"), such that F(f) = 1p.

In many sources, the notation Cp for F~!(D) is used. Note that F~'(D) is the pullback
in the diagram

C

F

(0] 2> D.

The fiber of F' over D describes the actual fiber on the level of classifying spaces.

LEMMA 11.6.2. Let F': C — D be a functor between small categories and let D be an
object of D. Then,
B(F~Y(D)) = (BF)~([D)).
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PROOF. If the fiber category is empty, then so is (BF)~([D]).
By the very definition of F~(D), we get that B(F~'(D)) c (BF) *([D]). Let [([f, |
.| fi]s (to, - - -, )] be an element of (BF)~'([D]) C BC; that is,

[([FC) |- T F())] (o, - 8p))]
is equivalent to [D] € BD. We saw in Lemma that the element [F(f,) | ... | F(f1)]

can be uniquely written in the form

E(fp) |- [ F(f)]=s0...08;09- ... | o],

with 0 < j; < ... < j; < p and, such that none of the g,s is an identity morphism
or such that [F(f,) | ... | F(f1)] is of simplicial degree zero, that is, of the form [D’]
for an object D’ of D. The first case cannot happen, as we assumed that the element is
equivalent to [D] = [([D], (1))], and hence, we can write [([F'(f,) | ... | F'(f1)], (to,.--,tp))]
as s;,0...05;([D],(1))=(1p | ... | 1p],(ros...,7p)), with one 7, = 1 and all others equal
to 0 and [([f, | .- ]| fi], (to, - .-, tp))] is in B(F~1(D)). O

One can construct a model for the homotopy fiber of the map BF': BC — BD in terms
of comma categories. For an object D of D recall the definition of F' | D from Section [5.1}
There is a functor U: F' | D — C sending a pair (C, f) to C; here, C' is an object of C and
f € D(F(C), D). Dually, we can consider the comma category D | F' with objects (C, f),
with C' an object of C and f € C(D, F(C)). We will see in Theorem under which
assumptions B(F | D) actually has the homotopy type of the homotopy fiber. There is
always a map.

PROPOSITION 11.6.3. There is a natural transformation 7: F'o U = A(D) from F o U
to the constant functor with value D. Thus, the map BF o BU is nullhomotopic, and there
is a continuous map from B(F | D) to the homotopy fiber of the map BF: BC — BD.
Similarly, there is a continuous map from B(D | F') to the homotopy fiber of BF.

ProOOF. We define 7¢ sy : FU(C, f) = F(C) — D as f, and such a transformation gives
rise to a homotopy
H: B(F | D) x B[l1] - BD,
with H(x,0) = B(FU)(z) and H(z,1) = D for all z € B(F' | D).
In such a situation, the map from B(F' | D) into the homotopy fiber of BF is standard.
The homotopy fiber is the space

hfib(BF) = {(z,w) € BC x BD®w(0) = BF(z),w(1) = [D] € BD},

and it comes with the map hfib(BF') — BC, given by the projection onto the first coordinate.
We define
¢: B(F | D) — hiib(BF)
as {(y) = (BU(y), H(y, —)).
The proof for D | F' is similar. O

Note that the fiber category F~!(D) is a full subcategory of F' | D (and of D | F), where
an object C' of F~(D) corresponds to an object (C,1p: F(C) — D) (and (C,1p: D —
F(C))). Therefore, the inclusion functors induce continuous maps

BF~Y(D) — B(F | D) — hfib(BF) and BF~'(D) — B(D | F) — hfib(BF).
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We follow [Q73], [G-SGA1] for the definition of a comparison property between the fiber
BF~Y(D) and B(F | D) (respectively B(D | F)).

DEFINITION 11.6.4. Let F': C — D be a functor between small categories.

e We call F precofibered if for every object D of D, the inclusion functor F~}(D) —
F | D has a left adjoint L. If (C, f) is an object of F' | D, then we denote the value
of L on (C, f) by L(C, f) = £.(C).

o If L exists, then every g: D — D’ in D induces a functor F' | D — F | D', and hence,
a cobase-change functor g.: F~'(D) — F~'(D’) by sending an object C' of F~1(D)
first to the object (C,g) in F' | D" and then to L(C, g) = ¢.(C).

e A precofibered functor F' is cofibered if for every pair of composable morphisms

D—f>D’i>D”, we get
(go f)e=guo fu

e Dually, we call F' prefibered if for every object D of D, the inclusion functor F~(D)
D | F has aright adjoint R. If (C, f) is an object of D | F', then we denote the value
of R on (C. f) by R(C, f) = f*(C).

e If R exists, then every g: D — D’ in D induces a functor D’ | F' — D | F', and hence,
a base-change functor g*: F~1(D') — F~'(D) by sending an object C' of F~1(D’) to
R(C,g) = g*(C).

e A prefibered functor F' is fibered if for every pair of composable morphisms

p—p—pr
we get (go f)" = frog".

REMARK 11.6.5. The existence of a left or right adjoint of the inclusion functor ensures
that the actual fiber F~'(D) and F | D or D | F have homotopy equivalent classifying
spaces.

We compare the above notion of a precofibered functor to a Grothendieck opfibration,
which is heavily applied in [Luod, Chapter 2].

DEFINITION 11.6.6. Let F': C — D be a functor and let f € C(Cy,Cy) be a morphism.
Then f is F-cocartesian, if for all h € C(Cy, Cs) and for all v € D(Dq, D3) with F(Cy) = Dy
and F(C5) = D5 with

F(h) =wvo F(f),

there is a unique g € C(Cy, C3), with v = F(g):

h

F(C) 2 pey) —2 F(Cy).



You can express the same fact by saying that the diagram

(=)of

C(Cy, Cs) C(Cy,Cs)

(=)oF(f)

D(F(Cy), F(Cs)) ———— D(F(Ch), F(Cs)).
is a pullback square.

EXERCISE 11.6.7. Assume that u € D(D;, D) is a morphism and f is an F-cocartesian
morphism f € C(Cy,Cy), with F(f) = u. Prove that the object Cy and the morphism f are
unique up to unique isomorphism, so if f* € C(Cy,CY) is another F-cocartesian morphism
with F(f’) = u, then there is a unique isomorphism g: Cy — C} with go f' = f.

DEFINITION 11.6.8. Let F': C — D be a functor. Then F' is a Grothendieck opfibration
or a cocartesian fibration, if for all objects C} of C and all morphisms u € D(F(C}), Do)
there is an F-cocartesian morphism f € C(Cy, Cy) with F(f) = u.

REMARK 11.6.9. Note that for any Grothendieck opfibration and any u € D(Dy, D),
there is a morphism wu,: F~1(D;) — F~1(D,), that is, a fiber transport map. Let C; be an
object of F~1(D;). Then, u: D; = F(Cy) — Ds, so there is an F-cocartesian f € C(C4, Cy),
with F(f) = u; in particular, Cy is an object of F~!(Dy). So, we set u,(C;) = Cs.

If h € C(Cy,CY), with FI(h) = 1p, and if f': C] — C is an F-cocartesian morphism of
u, now viewed as a morphism u: F(C7) = Dy — Ds, then F(f'oh) = F(f') = u, so there is
a unique g € C(Cy, (%), with F(g) = 1p,, and so, one can set u.(h) = g.

EXAMPLE 11.6.10. The projection functor U: C [ F' — C is a Grothendieck opfibration.
For every object (Cy, X;) of C [ F and every map f € C(Cy,Cy) = C(U(Cy, X1),Cs), we can
take the morphism (f, 1p¢f)(x,)) as a U-cocartesian lift of f. First of all, (f, 1r¢)(x,)) is a
morphism in C [ F from (Cy, X1) to (Cs, F(f)(X1)), and U maps it to f.

We have to show that (f, 1r(s)(x,)) is a U-cocartesian, so assume that (hq, hy) is a mor-
phism in C [ F((C1, X1), (C3,X3)) and that v € C(Cy, C3), with v o f = hy. Then, we have

no choice but to take

(91:92) = (v, h2) € (C[F)((Ca, F(f)(X1)), (C5, X5))

as a lift of v.

THEOREM 11.6.11. Let F': C — D be a functor. Then, F' is precofibered if and only if
F' is a Grothendieck opfibration.

There is a dual statement, comparing prefibered functors to Grothendieck fibrations. For
a topologist, the name cocartesian fibration or Grothendieck opfibration might seem more
natural than the name precofibered, because an opfibration has a fiber transport and a lifting
property from the target category to the source category, and we might think of the latter
as the total space of the functor. As Quillen uses precofibered, this term is widely spread in
the algebraic K-theory community.

PROOF. Assume that F'is a Grothendieck opfibration, and let D be an arbitrary object
of D. We have to find a left adjoint to the inclusion functor I: F~'(D) — C | D. We
define a functor L: F' | D — F~(D) via reflections (see Definition [2.4.13)). For an object
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(Cya: F(C) — D), let f: C'— C" be an F-cocartesian morphism, with F'(f) = «, in partic-
ular, with F'(C") = D. We define G (¢ a: r(c)—p) as C'. For the morphism ) : (C, o) —
I(C") = (C",1p: F(C") — D), we can recycle f, because by the definition of f, the diagram

F(f)

F(C') =D

F(C")

commutes. We have to show that the pair (C’, f) actually is a reflection, so let C be an object
of F=Y(D) and let h € (C | D)((C, ), (I(C))) be an arbitrary morphism. Thus, h: C — C,
with 1p o F(h) = F(h) = o. As f is cocartesian, there is a unique morphism g € C(C", (),
with g o f = h, and this is precisely the condition that I(g) o n(c,a) = h. Therefore, by

Lemma [2.4.15, we obtain a functor L: C | D — F~!(D), which, by Proposition [2.4.16] is
left adjoint to 1.

Now assume that F' is precofibered and that L is a left adjoint to the inclusion functor
I: FY(D) = C| D. Let u: F(C) = Dy — D3 be a morphism in D. The set Cy = L(C4, u).
As L is a left adjoint to I, the identity morphism

lo, € F71(Dy)(Cy, Cy) = FH(Dy)(L(Cy,u), Cs)
corresponds to a morphism
fe(ClDy)((Cr,u), (Co1p,: F(Cy) = Dy — Dy)),
and this f: C7 — O, satisfies
u=1p, o F(f) = F(f),

and hence, f is F-cocartesian. 0

11.7. Theorems A and B

For the proof of Theorem A, we use a variant of the twisted arrow category from Definition
4.5.1, where we twist the morphisms but here, we involve a functor as well.

DEFINITION 11.7.1. Let F': C — D be a functor between small categories. The category
of twisted morphisms under F, F' x D, is the category whose objects are triples (C, D, f),
where C'is an object of C, D is an object of D, and f € D(F(C), D). A morphism in F' x D
from (C, D, f) to (C’", D', f') is a pair of morphisms (a € C(C",C), 5 € D(D, D")), such that
the diagram

o) & pery

f lf’
D—" . p

commutes.

For F' = Idp, this is precisely the definiton of a twisted arrow category, so
(11.7.1) Idp x D =D".
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THEOREM 11.7.2. (|Q73, Theorem A]) Let F': C — D be a functor between small
categories. If B(F | D) is contractible for every object D of D, then BF: BC — BD is a
homotopy equivalence.

ProoOF. We first expand the nerve of the category F' x D into a bisimplicial set. Let
X (F)p, be the set consisting of pairs

(Cpi). . .LCO; F(Co) fo DO o c il Dq)
of composable morphisms in C and D.
e The diagonal simplicial set diag(X) has p-simplices:
ap ai fo b1 Bp
(Cp—>. . —)C(), F(Co) Do e Dp>

Applying F' to the first component and filling in the diagram with compositions give

(o) Flap)

F(Co) £ popy™ g
|- | J
Dy—2p 2. %.p,

Thus, diag(X), = N,(F x D).
e The projection to the first component defines a morphism of simplicial sets

pra: X(F),q — N,C°

for every fixed q.
e For a fixed p, we can take the geometric realization of the simplicial set [q] — X (F),,
and obtain

| ] B(F(Cy) | D).
C,—2s 2,

But B(F(Cy) | D) ~ *, because (F(Cy), 1pc,)) is an initial object in F(Cy) | D.
Therefore,

Ipry) : || B(F(Cy) D) | — | ] « | = N,C°

Qp [e31 Qp aq
Cp——...—C) Cp——...—C)

is a weak equivalence for every p. Using the results from Remark [10.8.6| and Proposi-
tion [10.8.5] gives that there is a weak equivalence

pa: |diag(X)| = B(F x D) — BC°.
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o If we fix ¢ and take geometric realization in p-direction, we obtain that the projection
onto the first factor, pr;, induces a morphism

| ] B(F | Do) | — | ] |,

B1 Bq B1 Bq

Dy——...—D, Dy——...—D,

and by assumption, the spaces B(F | Dy) are contractible for all objects Dy of D,
and hence, there is a weak equivalence

- |diag(X)| = B(F x D) — ND.

e Note that the category Idp | D has a contractible classifying space for all objects D
of D, because Idp | D is isomorphic to D | D, and here, D is terminal. Hence, we
obtain analogous weak equivalences, with F' replaced by the identity functor on D.

e We consider the commutative diagram

PN RV S BN

ST

Do +——IdxD—=

where F,(C, D, f) = (F(C), D, f). The horizontal functors give rise to weak equiva-
lences, and hence, BF° is a weak equivalence and so is BF'.

U

COROLLARY 11.7.3. If F': C — D is precofibered or prefibered and if the actual fiber
BF~(D) is contractible for all objects D of D, then the induced map BF: BC — BD is a
homotopy equivalence.

EXAMPLE 11.7.4. A twisted arrow category, D7 (see Definition , is cofibered over
De via the source functor and over D via the target functor. Recall that D™ has as objects all
f € D(D,D"), and a morphism from f to g € D(Dy, D}) is a pair of morphisms h: D; — D
and k: D' — D}, with g = ko foh. (Thus, D7 is Idp x D in the notation of Definition
)

We show the claim for the target functor, T': D™ — D, that sends f to D’ and a pair
(h, k) to k.

We define the left adjoint L to the inclusion T71(D’) < D7 | D’ as the functor that takes
an object (0: D — D" h: D" — D') of D™ | D’ to the object h o o of the fiber T1(D’). A
morphism (a, /), as in the commuting diagram

D D// DI

| 7

D) —— D"

is sent to the morphism (a, 1p/) in T7(D’). By construction, L is left adjoint to the inclusion
functor.
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EXERCISE 11.7.5. Show that the category F' x D is cofibered over C° and D.
We consider the inclusion functor ¢ from the category Cy, to the category Cy.
PropPOSITION 11.7.6. Bt: BNy — BZ is a homotopy equivalence.

ProOOF. What is ¢ | %7 As «(x) = %, the objects of ¢ | * can be identified with the
integers, and a morphism from z € Z to y € Z is a natural number n, with y +n = z.
Hence, ¢ | * is the category of the ordered set of the integers. This is a filtered small

category, and hence, by [11.3.10, B(¢ | *) is contractible. 0

We state Theorem B without a proof and refer the reader to the excellent original source
[Q73], to [Sr96, §6] for an extended account of Quillen’s proof, and to [GJ09L IV.5] for a
proof using model structures and bisimplicial techniques.

THEOREM 11.7.7. [Q73] Theorem B] Let F': C — D be a functor between small
categories such that for every morphism f € D(D, D’), the induced functor F' | D — F | D’
is a homotopy equivalence. Then, for any object D of D, the diagram

B(F | D) 2% BC

o

B(D | D)2~ BD

is homotopy cartesian. Here, U sends a pair (C, f) to C, € evaluates (C, f) to (F(C), f),
and 7 projects to the first component.

Here, homotopy cartesian means that the map from B(F | D) to the homotopy fiber
product of

BC
BF
B(D | D)2~ BD

is a homotopy equivalence. Note that B(D | D) is contractible. In such a situation, the
diagram is homotopy cartesian if and only if the map from B(F' | D) to the homotopy fiber
of BF is a homotopy equivalence. Thus, under the assumptions of Theorem B, B(F' | D) is
a valid model for the homotopy fiber, and we get a long exact sequence of homotopy groups

o m (B(F L D) (O ) — D (BC; [O)— e (BD: [F(C)) .
for all choices of objects (C, f) of B(F | D).

Dually, we have an analogous statement for D | F. In the precofibered and prefibered
case we can, of course, replace B(F | D) with B(F~Y(D)).

Recall (for instance, from [Ha02l, Section 4.K]) that a quasi-fibration is a continuous
map p: E — B, with B path-connected, such that the inclusion of each fiber p~!(b) into
the homotopy fiber of p is a weak homotopy equivalence. Here, we are dealing with C'W
complexes, so we can upgrade such a weak homotopy equivalence to an actual homotopy
equivalence.
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COROLLARY 11.7.8. [QT73], Corollary to Theorem B] Suppose that F': C — D is pre-
fibered (respectively precofibered) and that for every morphism f € D(D, D’) the induced
base-change functor f*: F~1(D’) — F~}(D) (respectively cobase-change functor) is a ho-
motopy equivalence. Then BF: BC — BD is a quasi-fibration.

The following example is mentioned in [BDRO4].

ExXAMPLE 11.7.9. Let M be a monoid, let G be a group, and assume that f: M — G
is a morphism of monoids. We obtain an associated functor F': Cpy — Cq, with F(x) = x*
and F(m) = f(m). We can identify the category F | * with the category whose objects are
morphisms g € Cg(*, *) and whose morphisms are commutative diagrams

f(m)
«—— 1 vk
a1 A
*

that is, gof(m) = g1. Every g € G induces an automorphism of categories on F' | *, and
hence, Quillen’s Theorem B applies, and B(F | %) is equivalent to the homotopy fiber of
BM — BG.

EXERCISE 11.7.10. Let M be an abelian monoid and G(M) be its Grothendieck group,
as in Definition [13.2.1} Generalizing Proposition [11.7.6, what are possible assumptions on

M that guarantee, that the canonical map j: M — G(M) induces a homotopy equivalence
Bj: BM — BG(M)?

EXERCISE 11.7.11. What happens in Example if f is the inclusion of a subgroup
H < G? What about a quotient map f: G — G/N of groups? That should look familiar.

11.8. Monoidal and Symmetric Monoidal Categories, Revisited

11.8.1. Monoidal Categories via Grothendieck Opfibrations. For defining a mo-
noidal category (C,®, 1), you can write down the explicit axioms that the monoidal product
has to satisfy and state the necessary coherence conditions. This is the approach that we
presented in Definition [8.1.4 A different approach is to package the data of a monoidal
category into the requirement that a certain functor is a Grothendieck opfibration. We
first describe how every monoidal category gives rise to such a functor with the help of an
auxiliary category.

DEFINITION 11.8.1. Let (C, ®, €) be a monoidal category. The category C® has as objects
finite sequences (C,...,C,) of objects C; of C for all n € Ny, where we take the empty
sequence for n = 0. A morphism (¢; (f;),) from (Cy,...,C,) to (C1,...,C).) consists of a
o € A([m], [n]) and f; € C(Cypi—1)11®@...®@Cy), C;), where we set Cui—1)11®. .. @ Cyuuy =€

if o(i —1) = ().
Note that we do not assume that C is strict monoidal, so a priori, we have to fix a way of
placing parentheses in Cy;—1)41 ® ... ® Cy(y. But Mac Lane’s coherence result (see Remark

8.1.8) implies that such choices don’t matter, because Cy;_1)41 ® ... ® Cy;) is defined up to
canonical isomorphism.
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EXAMPLE 11.8.2. Let us spell out the effect of ¢ = d;: [m] — [m+1] and ¢ = 0;: [m] —
m — 1]. For ¢;, we have §;(i — 1) + 1 = (i) for all i but ¢ = j. So possible morphisms are
C; — Cjfor i # j and C; ® Cj11 — C}. For o, we also have 0;(i — 1) + 1 = o (i) for all
i—1%# jand 0;(j) +1=j=0,(j+1), so possible morphisms are C; — C/ for i — 1 # j
and e — C7, .

EXERCISE 11.8.3. Make the identity morphisms and the composition in C® explicit.

Let » € A([4], [4]) be the morphism that has p~(0) = {0,1}, ¢ 1(1) = {2} and ¢~ 1(4) =
{3,4}. What are possible morphisms in C® with first coordinate ¢?

There is a canonical projection functor p: C* — A° that sends an object (C1,...,C,) to
[n] and (p; (fi)iZ,) to .
ProprosITION 11.8.4. If C is a monoidal category, then p is a Grothendieck opfibration.

PROOF. Let (Cy,...,C,) be an arbitrary object in C® and let ¢ € A([m],[n]). We set
Ci = Cyuli—1)+1 @ ... ® Cy() and choose the morphism

(3 L, 0y418--8Cayr -+ - 1 1O¢(m,1)+1®,,,®c¢(m)) = (p;1,...,1)
as a lift of ¢ in C®. We have to show that this morphism is p-cocartesian. So, let (3; (fi)!,) €
Co((Ch,...,Cy), (CY,...;CY)), with B: [(] — [n] in A. Assume that v € A([¢], [m]), such
that 8 = poy = 70°¢. We have to show that there is a unique (v;(g;){_,) in C® lifting
~v. But as the C;s are just tensor words in the C;s and as § = ¢ o 7, we know where these
tensor words have to be sent in order to end up in the C7's. O

In the preceding proof, one could have taken any isomorphism C] = Cy;-1)11®. .. @Cuy;
taking the identity was not necessary, just lazy.

REMARK 11.8.5. We know that Grothendieck opfibrations have a fiber transport. Note
that for p: C®¥ — A°, the fiber at [1], Cp := p~'([1]), is isomorphic to C. There is the
additional effect that we can recover all of the fibers Cﬁ] from C itself. Let ¢;_1,: [1] — [n]
for 1 < i # n denote the unique map in A with image {i — 1,7}. Then, the ¢;_ ;s induce an

equivalence of categories
® v ® ~v
cu=1lcn=11c
i=1 i=1

Note that C%’] is the category with the empty sequence and an identity morphism, so C%’]
is isomorphic to the category [0]. The important thing is that we can reverse the process.

THEOREM 11.8.6. If p: D — A° is a Grothendieck opfibration, such that for all n > 2,
the morphism (io1, ..., ty—1,) induces an equivalence of categories

Dy — [ [ Dy,

i=1
and Dy = [0] =: DFH' Then, Dpy) =: C is a monoidal category.

PRrROOF. We consider the morphism d;: [1] — [2] in A and an object (Cy,C5) in C x C.
We use the equivalence C x C = Djy and choose an inverse to (o1, t1,2), together with 4, to
induce a map

®:C><C%J'D[2] —>'Dm :C,
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which we denote by ®, and we define C; ® C in this way.

As p is a Grothendieck opfibration, for a fixed choice of (Cy,Cs) and for 07, the lift is
unique up to unique isomorphism by Exercise [11.6.7] On the level of morphisms, we define
f®gfor f € C(C,C)) and g € C(Cy, CY) by precomposition in C x C by (f,g). This
constructs ® as a functor. The identity d; o 0; = d5 0 d; ensures that ® is associative up to
isomorphism, because d; o §; corresponds to (Cy, Cy, C3) — (C1 @ Cy) ® C5, whereas 62 0
sends (C1, Cy, C3) to C1 ® (Cy® C3). We call the resulting natural associativity isomorphism
«. The pentagon axiom for av, as in Definition [8.1.4] then follows from the equality
in A for expressing the morphism from [1] to [4] that sends 0 to 0 and 1 to 4:

(510(52051:510(510(51:(520510(51:52052051:530(520(51.

The morphism o9 € A([1],[0]) induces a functor I: [0] — C (unique up to isomorphism),
and we define e as the object I(0) of C. The equality o¢ 0 §; = 1j3) = 01 0 d; translates into
natural isomorphisms e® C' = C' = C'®e. The triangle axioms for these isomorphisms arises
from the equality

0'00(51051 :(51 :01051051.

O

11.8.2. Symmetric Monoidal Categories. For symmetric monoidal categories, Se-
gal’s category of finite pointed sets, I', is used for encoding the symmetric monoidal structure.
We follow [Luod] and [Gro20] and use the same name as in Definition for the resulting
auxiliary category.

DEFINITION 11.8.7. Let (C,®, e, 7) be a symmetric monoidal category. The category C%
has as objects n-tuples of objects of C, (C,...,C,) for n > 0, and again, for n = 0 we take
the empty sequence. A morphism (f;(g;)7,) from (Ci,...,C,) to (C1,...,C! ) consists of
an f € I'([n], [m]) and morphisms

gi: ® C; — C,
JEFTHE)
in C. If f~1(i) = @, then g;: e — C.

Here, the tensor product is uniquely determined up to isomorphism, and the coherence
result for symmetric monoidal categories ensures that the maps g; are defined up to canonical
isomorphism. We fix a choice that respects the natural ordering on the fibers f~*(7). Note
that we only consider the fibers away from the basepoint 0. As in the monoidal case, there
is a projection functor p: C® — T' that sends and object (C1,...,C,) to [n] and takes a
morphism (f;(¢:){) to f.

For 1 <i < mn,let o; € I'([n], [1]) be the morphism that sends ¢ to 1 and all other elements
of [n] to 0. The symmetric monoidal structure on C then ensures that the projection functor
p is a Grothendieck opfibration and that the fiber Cp, is equivalent to Cﬁ] via the morphism

(01,---,0n). We also obtain the analog of Theorem [11.8.6

THEOREM 11.8.8. Let p: D — I' be a Grothendieck opfibration and let C be D). If for
all n > 0, the fiber Dy, is equivalent to C", such that the equivalence is induced by the g;s,
then C is a symmetric monoidal category.

We refer to [Luocl Chapter 2] for a proof.
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11.8.3. Monoidal Structures on Quasi-Categories. It goes well beyond the scope of
this book to give an introduction to (symmetric) monoidal quasi-categories, because the defi-
nitions need background from [Lu09, Chapters 1,2]. Therefore, we only give a brief overview
of how to generalize (symmetric) monoidal structures to the context of co-categories.

Joyal and Lurie generalize the concept of cocartesian morphisms and Grothendieck opfi-
brations to the setting of quasi-categories in [Jo-codl, p. 173] and [Lu09, Chapter 2]. Crucial
for this is the transfer of the concept of slice categories in the sense of Joyal [5.1.14] Joyal
develops this generalization in [Jo-cocl, 3.3]. Recall the join of simplicial sets from Definition
10134

The following is a simplicial analog of Proposition [5.1.13]

PROPOSITION 11.8.9. For a fixed simplicial set Y, the functor (—)*Y : sSets — Y | sSets
has a right adjoint, and dually, the functor X % (—): sSets — X | sSets has a right adjoint
for every simplicial set X.

Proor. We prove the first claim: If such a right adjoint, R, exists, then for every object
f:Y = ZinY | sSets, we get in simplicial degree n that

R(f:Y — Z), =sSets(A,,, R(f: Y — Z))
=(Y | sSets)(A, Y, Z),

so we have no choice but to set R(f: Y — Z),, := (Y | sSets)(A, Y, Z). O

ExAMPLE 11.8.10. The most important examples in this context are simplices in Z; thus,
f: Ay — Z for some k > 0, for instance, points in Z (k = 0) or morphism in a quasi-category,
that is, f: Ay — Z.

For f: Ay — Z, we obtain for R(f: Y — Z); maps of simplicial sets from A, x A to
Z that extend f. But A, % Ay = A, 4441 (see Example [10.13.7)), so we just obtain maps of
simplicial sets from A, ;11 to Z restricting to f on A, < A, x+1; these are elements in
Zpika restricting to the simplex that corresponds to f.

For k = 0, we obtain morphisms from the right cone on A,, A, x Ag = A, 1 to Z, so
(n + 1)-simplices of Z, whose restriction to the cone point is the point corresponding to f.

Dually, for the right adjoint of X % (—), we get for an f: Ay — Z an (n+ k + 1)-simplex
in Z restricting to f on Ap — Apx A, =2 Ay ki

DEFINITION 11.8.11. [Jo-codl §3.3] [Lu09, 1.2.9.2] Let X,Y, and Z be simplicial sets
and let f: X — Z and ¢g: Y — Z be morphisms in sSets.

e We denote the value of the right adjoint of (=) *xY on g: Y — Z, R(g: Y — Z), by
Zyg.

e The value of the right adjoint of X * (=) on f: X — Z, R(f: X — Z), is denoted by
Zg.

e If 7 is a quasi-category, then Z,, is the co-category of objects over g, and Zj, is the
oo-category of objects under f.

Recall from Proposition [11.1.2] that nerves of small categories are automatically quasi-
categories. There is a compatibility result relating the slices of small categories to the
simplicial sets Z,, and Z;, via the nerve functor.
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PRrOPOSITION 11.8.12. [Jo-coal Proposition 3.13] Let C and D be small categories and
let F': C — D be a functor. There are canonical isomorphisms N(Dp,) = N(D)nr)) and
N(D/r) = N(D)n(r).-

PRrROOF. We prove the first claim. An n-simplex in N(Dg/) is a map A, — N(Dg).
As A, = N|n], this corresponds to a functor from the category [n] to Dp,. By adjunction
(Proposition[5.1.13)), such functors are in bijection with functors from [n]*C to D that extend
F. As the nerve functor preserves joins (see Proposition , this corresponds to maps
of simplicial sets A,, * N(C) — N(D) that extend N(F'). By adjunction, this is nothing but
an n-simplex in N (D)y(p),- O

The crucial point is the generalization of cocartesian morphisms and Grothendieck op-
fibrations to the context of quasi-categories. We just record the definition and refer the
interested reader to [Jo-cod], [Lu09, §2.4.2], and [Gro20, §3.2] for more details.

DEFINITION 11.8.13. [Gro20, Definitions 3.6, 3.7] Let X and Y be quasi-categories and
let p: X — Y be a map of simplicial sets.

(1) An f: 21 — 29 € X (that is, an f € X; with di(f) = z1 and do(f) = x2) is
p-cocartesian if the map

Xf/ - X:m/ XY p(zy)/ Yp(f)/

is an acyclic fibration of simplicial sets.

(2) The map p is a cocartesian fibration if p is an inner fibration and if for every z; € X
and every a: p(z1) = y1 — y2 in Y, there is a p-cocartesian morphism f: x1 — xo
in X, with p(f) = a.

Here, an inner fibration is a map of simplicial sets that has the right lifting property with
respect to inner horn inclusions.

The definition of (symmetric) monoidal co-categories is now a direct transfer of Theorems
[11.8.6l and [11.8.§]

DEFINITION 11.8.14.

e A monoidal co-category is a quasi-category X, together with a cocartesian fibration
p: X — N(A?°), such that for all n > 0, the inclusions ¢;_; ; induce a categorical equiv-
alence of oo-categories X, — X - Often, X[y is then referred to as the underlying
oo-category of X.

o A symmetric monoidal co-category is a quasi-category X, together with a cocartesian
fibration p: X — N(I'), such that for all n > 0, the projections p; induce a categorical
equivalence of co-categories Xp,,) — X L Then, X7y is the underlying oo-category of
X.

For the notion of categorical equivalence, see [Gro20, Definition 1.24] or [LuQ9, Def-
inition 1.1.5.14]. It is common to denote a symmetric monoidal oco-category by C® and
to denote the underlying oo-category by C = Cff], in order to stress the similarity to the

construction from Definition [1.8.7]

REMARK 11.8.15. Segal’s construction from Section [14.4] gives rise to a functor from I’
to the category of simplicial sets for every symmetric monoidal category. For a symmetric
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monoidal co-category X, the fiber transport induces functors of co-categories fi: X, — Xjmy
for every f € I'([n],[m]), and we know that each X, is equivalent to Xpj;. This is an
oo-categorical analog of Segal’s construction from Definition [14.4.1] where the choices of
isomorphisms are implemented in the objects.

If C is a small (symmetric) monoidal category, then N(C) is a (symmetric) monoidal co-
category ([Luod, Example 2.1.1.21]). For more interesting examples of symmetric monoidal
oo-categories, see [Luod]. Thomas Nikolaus and Steffen Sagave show in [NS17] that all (pre-
sentably) symmetric monoidal oco-categories are represented by symmetric monoidal model
categories.
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CHAPTER 12

A Brief Introduction to Operads

Operads were introduced in the 1970s in topology when Michael Boardman, Rainer Vogt,
Peter May, and others [BV68, BVT73, May72] worked on a systematic understanding of
iterated loop spaces. These are spaces of the form "X, where X is a pointed topological
space and 2" X is the topological space of pointed maps from an n-sphere, S™, to X. Operads
had a renaissance in the 1990s and have never been out of fashion since then. We will only
give a very superficial introduction to operads. For more comprehensive overviews, see, for
instance, [Lo94, IMSS02), LoVal2| and [Fr09].

12.1. Definition and Examples

Let (C,®,e,7) be a symmetric monoidal category. We will ignore associativity isomor-
phisms in the following. This is justified by the coherence theorem, which ensures that no
matter which convention you choose for setting parentheses, it will amount to the same
definition. If you feel uncomfortable with this, then just think of C as being a permutative
category, but most applications use operads in symmetric monoidal categories that are not
strict monoidal, such as the category of k-modules for some commutative ring k or the cat-
egory of chain complexes over k. The concept of an operad is easy, but it can be confusing
at first sight.

If C is, in addition, a concrete category, then it is legitimate to visualize the operad
axioms by thinking about an element w,, € O(m) as a machine that allows for m slots of
input and that has one output.

l— —

W,

We can stack n such machines with k; inputs and one output on top of one machine with
n inputs, in order to create a combined machine with k; + ... + &, inputs and one output.
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le— —
4.—??'
le— —
<.—;¢'

Wi, e We,,

This is what the composition morphisms in an operad do.
The axioms of an operad are then the natural ones that arise from iterated composition
and by a relabelling of the input slots.

DEFINITION 12.1.1. Let (C,®,e,7) be a symmetric monoidal category. An operad in C
is a collection of objects O(n) of C for n € Ny, together with a unit morphism n: e — O(1),
a right ¥,-action on O(n) for all n, and composition morphisms

¥:0n)@0(k) ®...®O0(k,) = O (i kz)

for n > 1 and k; > 0. The composition maps are associative, unital, and equivariant in the
following sense:

e Let k be Y | k; and let m; be the sum ky + ... + k;. Starting from
n k
o) e (®o<ki>> o (@ow») ,
i=1 j=1

one can first use v on O(n) ® (Q;—_, O(k;)) to get to O(k) @ (@le O(@-)) and then
use another instance of v to map to O(Z?Zl ;). We require that this morphism is
equal to the one, where we first just permute the tensor factors

((X) O(h)) ® <® O(@)) :

such that every O(k;) comes next to O(lp,,_,+1) ®...® O({,,,). We can evaluate y on

i

these terms to get to O(n) @ (Q;—; O(lm; 41+ - ..+ lm,)) and then apply v again to
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end up in O(Z?ﬂ l;):

®(® 1 15 0t))

/

O(m)&(Q], Ok))&(@ =t oe !
shuffle o( ;?Zlgj)_
O(n)®( 7,” 1(O(k )®O(Zml 1+1)® ®O(£7nl y

M

®;rz 1O(£ml 1+1+ "Feml))

Here, the shuffle map is induced by the symmetry 7 of C.
e The unit map n: e — O(1) fits into the following commutative diagrams:

O(n)®e® ———0(n) and e® Ok) —— O(k).
1®n®"l / ?7®1l /
O(n) ® O(1)®" O(1) ® O(k)

e We require the following two equivariance conditions:

(1) If o € %, then we denote by o(ky,...,k,) the permutation in ¥; that permutes
the blocks k;_1 + 1,...,k; for 1 < i < n as ¢ permutes the numbers 1,..., n.
Then, the following diagram must commute:

O(n) ® O(k1) ® ... ® Ok) 225 O(n) @ O(kin1)) ® - .. ® Olkiony)
O(k)

(2) We also need the permutation 71 @ ... 7, € Xk, 4. 4, for 7, € Xy, for 1 <i <mn,
which is the concatenation of the 7;s. Then the diagram

O(n) @ O(k1) ® ... ® Oky) —22" 2™ Bn) @ O(ky) @ ... @ Olky)

’Yl T1PB...OT l’y
O(k) . » O(k)

1S commutative.

The object O(n) is often called the n-ary part of the operad. In the first equivariant condition,
o' permutes the tensor factors O(k;) by using the symmetry 7 of the symmetric monoidal
structure.
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EXAMPLES 12.1.2.

e Our first example is the prototypical operad. In fact, we will see later that any operad
action can be described by it. Assume that C is closed symmetric monoidal, and let
C' be any object of C. Then, the endomorphism operad of C, End¢(C), has as n-ary
part

Endc(C)(n) :=C(C*", C),
where C(C®", (') is the internal morphism object in C. The map - is just given by
the composition of internal morphism objects. The right ¥,-action on End¢(C)(n) is
given by the left X,-action on C®".
For instance, if C is the category of k-modules for some commutative ring k
with unit and M is a k-module, then 7 sends an f € k-mod(M®", M) and g; €
k-mod(M®ki M) (1 < i < n) to the composition

YfR@®...Qg)=Ffoln®...Q4¢,) € k-mod(MEFE+-Fk) ppy,

—_—

MOXizki = MR @ @ M®kn M@...0M=M"

L

e Let C be the category Sets of sets. The collection of the symmetric groups (X,)n>0
forms an operad called the associative operad, As, in Sets, with As(n) = 3,,. Here,
we follow the convention that 3y and ¥; are both the trivial group. The composition
morphisms

v Zn X Zk‘l X ... X an — Zkl—i-...—i-kn
are determined by the equivariance condition of Definition . Explicitly, a (o, 71, . . .
Yp X Xy, X ... X Xy, 1s sent to

’}/(O', T1y .- - ,Tn) = (7’0—1(1) D... @Ta—l(n)) O O’(kl, .. ,kn)

Of course, we also get an associative operad in Top by considering the >,s as
discrete spaces. We can also transfer this operad to the category of k-modules for
some commutative ring with unit k& by taking the free k-module generated by ¥,
k{¥,} as the n-ary part of the operad. We denote this operad by As, no matter in
which of these (and many more) categories we consider it.

e The operad in Sets, that has the one-point set x with trivial ¥,-action in arity n is
the operad Com. Composition is given by the obvious identification of products of
with *. Again, we can transfer this operad to the category of k-modules by taking the
free k-module generated by * as Com(n) for every n > 0.

REMARK 12.1.3. The zeroth part of an operad, O(0), contracts inputs. For instance, the
composition morphism

Lom)®1looy@n®" !

O(n) ® O(0) 2 O(n) ® O(0) ® "1 O(n) ® O(0) ® O(1)®!

)

O(n—1)

reduces something with n inputs to something with n — 1 inputs.
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DEFINITION 12.1.4. An operad O in (C,®,e,7) is unital if O(0) = e. For any unital
operad O, we call the map

e(n): O(n) 2 0(n) ®e®" =2 O(n) @ O(0)*™ — O(0)

that is induced by the isomorphism O(0) = e and the composition map 7, the augmentation
of the operad O.

DEFINITION 12.1.5. Let O and P be two operads in C. A morphism of operads f: O — P
is a family of 3J,,-equivariant morphisms f(n): O(n) — P(n) that respect the unit morphisms
1o of O and np of P and the composition morphisms, 7o and yp; that is, we require that
f(1) o no = np and the commutativity of

O(n) ® O(ky) ® ... ® O(k,) F)@ (k1)@ @ f (kn)

o

O(k)

Pn)® P(k) ®...® P(k,)

|

f(k) P(k)

for all ky + ...+ k, = k. The operads in C form a category.
If O and P are unital operads, then we require that f(0) is a compatible isomorphism

0(0) —2_, p(0).
N

ExXAMPLE 12.1.6. Note that x is terminal in Sets. If O is any operad in Sets, then the
unique map O(n) — * defines a morphism of operads @ — Com.

12.2. Algebras Over Operads

DEFINITION 12.2.1. An object A of (C,®,e,7) is an algebra over an operad O (an O-
algebra) in C if there are morphisms 6, € C(O(n) @ A®™, A) for all n that are associative,
unital, and equivariant in the following sense:

(1) The action maps are associative. For all k = >""" | k;, the diagram

Y®1

On)@0(k) ® ... O0(k,) @ Ak ——— O(k) ® A®*

shufﬂel

O(n) @ O(k)) @ A% @ ... @ O(k,) @ A%k 0%
1®9k1®m®0knl
O(n) ® A®" O A
commutes.
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(2) The element e acts as an identity via  and 6;:

e®Ag—>A.

0(1)® A

(3) The symmetric group action on the operad and on n-fold tensor powers of A is
compatible for all n:

(12.2.1) O(n) @ A" — 727", O(n) ® A®n

commutes for all o € 3J,,.

A morphism of O-algebras f: A — B is a morphism f € C(A, B), such that

O(n) @ A®" LN
1®f®nJ f
Om)® B ", B

commutes for all n.
We denote the category of O-algebras by O-alg.

In the preceding definition, we follow the convention that 0-fold tensor powers are the
unit of the monoidal structure: A®Y = ¢; thus, we always have a morphism 6y: O(0) — A. If
0O(0) is an initial object in C, then this is no extra datum, but if O is unital, then 6y: e — A.

DEFINITION 12.2.2. If O is an unital operad, then an O-algebra A is a unital O-algebra.

EXAMPLES 12.2.3. Assume that C is closed symmetric monoidal and is cocomplete.

e Every object C of C is an algebra over an operad, namely over its endomorphism
operad. In this case, the action map

0,,: Ende(C®",C) @ C®" — C

is just the evaluation map.

e As C is closed, tensoring with A®™ commutes with colimits; in particular, it commutes
with direct sums. Associative monoids in C are then algebras over the operad As, with
As(n) = | |,ey, e For e = e, in the component of o € 3, the map 6, restricted to
e, is a multiplication A®™ — A that first acts by permutation with o on A®". If C is
the category of k-modules, then

Gn(ea; a®...Q an) = Qo-1(1) * -+ - * Qg—1(n)-
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e Commutative monoids in C are algebras over the operad Com with Com(n) = e.
The equivariance condition from (12.2.1) then ensures that the product 6,: A®" =
e ® A®" — A satisfies 0,, o 0 = 0, for all permutations ¢ € ¥,,. In the category of
k-modules, this gives the condition that
Ao=1(1) * + -+ Qg=1(n) = @1 * ... Oy
for all o € X, and for all a; € A.

EXERCISE 12.2.4. Assume that C is a closed symmetric monoidal category. Show that
giving an O-algebra structure to an object A of C is equivalent to defining a morphism of
operads from the operad O to the endomorphism operad of A.

EXERCISE 12.2.5. Show that for every unital operad in a closed symmetric monoidal
cocomplete category, the augmentation map (n): O(n) — O(0) = e from Definition |12.1.4
is a morphism of operads ¢: O — Com.

For example, if C is the category of k-modules, then the morphism of operads ¢: As —
Com that is induced by sending every o € ¥, to * arises in this way.

LEMMA 12.2.6. Let C and D be symmetric monoidal categories and let F': C — D be a

lax symmetric monoidal functor. Then, for every operad O in C, F(O) is an operad in D. If
A is an O-algebra in C, then F(A) is an F(O)-algebra in D.

PRrROOF. We define the structure maps of F/(O) as
F(O(n)) ® F(O(k1)) ® ... ® F(O(kn)) —— F(O(n) ® O(k1) ® ... ® O(kn))

lF(’Y)
FO(XCL))-

Here, ¢ is the structure map of the lax monoidal functor F'. The morphism np: ep — F(ec)
induces the unit map of the operad via F(no) onr: ep — F(O(1)). As F is lax symmetric
monoidal, these structure maps turn F'(O) into an operad. For the action of F(O) on F(A),

we take

F(O(n)) @ F(A)®"— 5 F(0(n) @ A5")— "L, F(A).

Note that if O is unital, then F(O) doesn’t have to be unital unless ep = F(e¢).

12.2.1. Monads Associated with an Operad. Again, we assume that our symmetric
monoidal category (C,®,e,7) is closed and cocomplete. In particular, (—) ® C' commutes
with colimits for all objects C' of C.

LEMMA 12.2.7. If O is an operad in C and X is an object of C, then
Fo(X) = | |O(n) @z, X"
n>0
defines a functor from C to the category of O-algebras in C.
SKETCH OF PROOF. The structure map 6 of the O-action on Fp(X) is induced by the
operad product v and by the concatenation of tensor powers of X. 0
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EXERCISE 12.2.8. Check the details in the preceding sketch of a proof.

PROPOSITION 12.2.9. The functor Fp(—): C — O-alg is left adjoint to the forgetful
functor U: O-alg — C.

PROOF. A morphism f € C(X,U(A)) gives rise to a morphism f e O-alg(Fp(X), A).
We define the restriction of f to O(n) ®x, X®" to be the composite

Llom®fe"
On) @5, X270 0(n) @y, AP A,

This is indeed a map of O-algebras. For the converse, a morphism of O-algebras g: Fp(X) —
A restricts to a morphism

X =ew X—"50(1) @ X——| 20 O(n) @5, X254
in C. This yields
O'alg(FO(X)v A) = C<X7 U<A))7
and this isomorphism is natural in X and A. O

DEFINITION 12.2.10. The monad associated with an operad O in a closed symmetric
monoidal cocomplete category C is the composite O = U o Fp(—): C — C.

REMARK 12.2.11. If A is an O-algebra, then we can use the monad of O to build a two-
sided bar construction, as in Definition [10.4.2] B(O,0,UA). This is a simplicial resolution
of UA in the sense of Exercise 10.5.3

EXERCISE 12.2.12. Assume that O is a non-unital operad. Show that an object A of C
is an O-algebra if and only if it is an algebra for the monad O.

12.3. Examples

12.3.1. The Barratt-Eccles Operad. The definition of the Barratt-Eccles operad is
based on the definition of the associative operad, As, in Sets from Example [12.1.2] We will
first present its definition in the symmetric monoidal category of small categories, cat.

Recall that we defined for (o, 71,...,7,) € ¥, X Xj, X ... x X, the composition in As as

(12.3.1) Yo, Ty o) = (To1() B o B Tom1(my) 0 (K1, - k).

We consider the collection of translation categories (Ey,,)n>0. Note that &, = [0] = &y, .
The composition, as in , then gives a morphism from the sets of objects of the
category &y, X 6Ek1 X...x &y, to the objects of the category 52k1+...+kn' The composition
from can be prolonged to a compatible composition on the level of morphisms, and
this yields the following:

LEMMA 12.3.1. The composition morphisms v, as in (12.3.1)), give (Es,, )n>0 the structure
of a unital operad in cat.

We call By, = (s, )n>0 the Barratt-Eccles operad in cat.
The application of Lemma(l12.2.6(allows us to transfer the Barratt-Eccles operad to several
different settings.

PROPOSITION 12.3.2.
246



(1) The nerve of the Barratt-Eccles operad, (N, )n, is a unital operad in the category
of simplicial sets with monoidal structure x.

(2) The classifying space of the Barratt-Eccles operad, (|NEs,|)n, is a unital operad in
the category of topological spaces cg.

(3) For any commutative ring with unit k, the free simplicial k-module generated by the
nerve of the Barratt-Eccles operad, (k{N&s, }), is a unital operad in the category
of simplicial k-modules with the simplicial tensor product as monoidal structure.

(4) The chain complexes associated with k{NE&s, }, (Cu(k{N&s,}))n, and the nor-
malized chain complexes, (N(k{N&s,})),, form operads in the category of non-
negatively graded chain complexes over k with the tensor product of chain complexes
as the monoidal structure. Here, (N(k{NE&s,})). is a unital operad.

EXERCISE 12.3.3. Can one also take the cellular chain complex of the |[NEy, |s instead of
(N(k{N&s,}))n to end up in the category of chain complexes over k?

12.3.2. Little n-Cubes Operad. The little n-cubes operad %, was introduced by
Boardman and Vogt in [BV68, BV73| as a tool for understanding n-fold loop spaces.
They observed that for any topological space Y, the n-fold loop space 2"Y has an action of
%,. May showed in [May72, Theorem 13.1] that if X is a connected space with an action of
%,, then there exists a space Y and a zigzag of weak equivalences of %,-algebras connecting
X and QY. Explicitly,

X «+ B(C,,C,, X) =» B(Q"¥",C,, X) —» Q"B(X",Cp,, X)

is a chain of weak homotopy equivalences of %,-algebras. Here, C,, denotes the monad
associated with €,,. Thus, Y = B(X", C,,, X) is an n-fold delooping. There is an equivalence
X — B(C,,C,, X), but this is not a map of €,-algebras.

For any n > 1, let I"™ be the n-dimensional unit cube.

DEFINITION 12.3.4. ) )

e An open little n-cube is a linear embedding f: I™ — I with parallel axes, that is,
f=(f1,..., fn) and each f; is a function f;: I — I of the form fi(t) = (v; — w;)t + uy,
with u;, v; € I and v; > ;.

e Let 1 < n < oo. The operad of little n-cubes, €, has as €, (r) (for r > 1) the space
of r-tuples (cy,...,c.) of little n-cubes, such that the images of the ¢;s are pairwise
disjoint. The topology on €, (r) is given as a subspace of Top(|_|;_, 1", 1). Let 6,(0)
be the point corresponding to the unique map from the empty set into In.

e The composition of the operad (%, (r)),>o is given by the composition of functions.
For ¢ € €,(m) and (¢; € €,(r;));7, one defines y(c; ¢y, ..., ¢n) :=co(ciU...Ucy):

ciU...Uem

LI o e I

m  rp_ C I
=1 = I_Ij:lI — 1"

The identity map 1;, € %,(1) is the unit of the operad, and the symmetric group acts

by permuting the factors in a tuple.

Note that the ¥,-action on %,(r) is free.
A picture for an element of the little square operad with » = 3 might look as follows. We
will draw the cubes with their boundary boxes.
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C1

The action of %, on an n-fold based loop space is easy to describe. Let X = Q"Y for
n > 1 and let aq,...,a, be r based n-loops in Y. We can view the a; as maps from the
n-dimensional unit cube to Y, which send the boundary to the basepoint of Y. If w is an
element of 6,,(r), then we define the action of w on (a4, ..., @;) to be the based n-loop, which
evaluates oy on the first n-cube up to a, on the rth n-cube and which sends the complement
of the cubes to the basepoint.

In our example one can depict that as follows:

Q2

aq

In the operad of little n-cubes ,,(r), r > 0, we can shrink the inner cubes to their centers.
This gives a homotopy equivalence between %, (r) and the ordered configuration space of r

points in ™.

°

This equivalence is Y.-equivariant.

DEFINITION 12.3.5. Let o(r): 6, (r) = €,+1(r) be the map that sends an r-tuple of little
n-cubes (c1,...,¢.) to (c1 X 17,...,¢. x 1;). We define

Coo(r) = colim, G, (1).
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The maps o(r) are morphisms of operads, and hence, €., (r) is an operad as well.

DEFINITION 12.3.6. An E-operad in the category of topological spaces is a unital operad
O in spaces, such that for each O(n), the augmentation map is homotopy equivalence and
every O(n) has a free ¥,,-action.

Note that for every E..-operad O in spaces, the space O(n) is contractible and O(n)/%,
is a classifying space for ¥,,.

EXAMPLE 12.3.7. The operad % is an E.-operad (see, for instance, [May72|, Theorem
4.8]).

ExaMPLE 12.3.8. The Barratt-Eccles operad (|N&s, |)n is an E.-operad. Each space

|INEs, | is a contractible space with a free ¥,-action. Therefore, each space |N&y, | is an
EY,, and |[N&s, |/%, is a classifying space BY,,.

REMARK 12.3.9. You saw that there are different possibilities to encode F..-structures
(via the Barratt-Eccles operad or the operad %.). There are many more. Also, for k-fold
loop spaces for 1 < k < oo, the operad %} isn’t the only choice. In [Smi89|, Smith, for
instance, constructs a series of simplicial sets

FX=TWX cr®X c...cIX,

where F'X is Milnor’s model of Q¥|X| [Mi55] and I'X is the Barratt-Eccles model of
Q*°¥>*|X| [BET4]. Smith shows [Smi89, Theorem 1.1] that the geometric realization of
I'® X is a model for QF¥F|X| for all 1 < k. Here, T®) X is constructed like ' X but with
respect to a combinatorially defined suboperad C}3,, of the Barratt-Eccles operad. Smith
conjectured that the geometric realization of C32, is equivalent to the ordered configuration
space of n points in R¥ [Smi89, p. 334] and Kashiwabara proved this in [Kash93]. Hence,
the operad (CyX,,), is equivalent to (6%(n)),. There are many more models. For a beautiful
overview over some of them, see [Be97].

12.3.3. Homology of Iterated Loop Spaces. If X = Q"Y and n > 2, then the
homology of X carries a very rich structure.

Kudo and Araki study the Pontrjagin rings H,(QVS™;F;), 0 < N < m, [KA56b] and
define H,-spaces. For X an H,-space and for 0 < i < n, they establish [KA56al the
existence of homology operations

Qi: Hq(X,FQ) — H2q+i<X;F2).

Browder describes [Br60] H.(Q"¥"Z;Fy) as an algebra in terms of H,(Z;Fy). For odd
primes, Dyer and Lashof extend the definition of the operations ();s to the homology with
coefficents in F,, for p odd, and they prove partial results about H.(Q2"¥"Z;F,) [DL62].
Milgram [M66] gives a description of H,(2"¥"Z;F,) as an algebra, depending only on the
homology of Z and n. A complete description of the homology operations on iterated loop
spaces and of H,(Q"¥"Z; k) for k = Q and k = F,, is obtained by Cohen [CLMT76, Chapter
I11].

The homology H.(%,+1,Q) forms an operad in the category of graded Q-vector spaces,
the operad that codifies n-Gerstenhaber algebras.
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DEFINITION 12.3.10. An n-Gerstenhaber algebra over Q is a (non-negatively) graded

Q-vector space G, with a map [—, —]: G, ® G, — G, that raises degree by n and a graded
commutative multiplication of degree zero on G, such that [—, —] satisfies a graded version
of the Jacobi relation and graded antisymmetry (that is, [z,y] = —(—1)?[y, | for z € G,

and y € G,_,). In addition, there is a Poisson relation
[, y2] = [, y]z + (=1)7 "y [z, 2].

Cohen showed that the rational homology of any space X = Q"*Y is an n-Gerstenhaber
algebra and that

H,(60112;Q) = nG(H.(Z;Q))

for any space Z. Here, nG(—) denotes the free n-Gerstenhaber algebra functor.
For prime fields F,, the situation is way more involved. Note that %5(2) ~ S' as a
Ylo-space and consider

Y = St = St =RPL.

We get two operations. The fundamental class of S' corresponds to a Lie bracket of
degree one, A\, on H,(Q?X;F,), and the class of RP! ~ S' gives rise to an operation

€1 Hyp (P X Fy) — Hopyy 1 (22X Fy).
For this note that = ® x is invariant under the Ys-action, and thus we have
z+— k([RPY ® (v ® ).

Think of this as being "half the circle’ giving rise to ’half the Lie bracket [z, ], aka the
restriction on x.

The complete description of H,(%6,,17;F,) and H,(Q"TE" T Z;F,) as free objects built
out of the reduced homology of Z involves a restricted n-Gerstenhaber structure, allowable

modules and algebras over the Dyer-Lashof algebra and a compatible coalgebra structure.
See [CLMT76, Chapter I1I] for the full picture.

12.3.4. Stasheff’s Associahedra. The associahedra form a non-symmetric operad.
This is a sequence of objects that satisfy the axioms of Definition [I2.1.1], but one doesn’t
require an action of the symmetric groups, and consequently, there is no equivariance con-
dition that has to be satisfied. The associahedra are a family of polytopes that describe
objects that are not necessarily strictly associative but satisfy associativity up to coherent
homotopies — and that’s what is called an A, -algebra. An early approach to such structures
is due to Sugawara [Su57|, who formulated everything in terms of the appropriate properties
of higher homotopies.

Stasheff introduced a nonpolytopal version of the associahedra in [Sta63l part I, §2,
§6]. Later, other descriptions of the associahedra were introduced, see, for instance, [Lo04],
IGKZ94, §7.3], and [Luccl §4.1.6]. We will give a description in terms of planar binary
rooted trees.

Consider a set with a product X x X — X that we just denote by concatenation. Then,
for three elements x,y, z € X, the terms (xy)z and z(yz) might differ if the product is not
associative. A typical example is the set of based loops in a topological space W, that is,
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loops that start and end at a fixed basepoint wy € W. Then, the concatenation of loops x
and y

is associative up to homotopy but not strictly associative. Planar binary rooted trees encode
this situation. We will not draw an edge for the root. In the following picture, the left tree
has three leaves, so it can digest three inputs and you compose the two right inputs first
before you compose the result with the left input, so this tree stands for x(yz), whereas the
tree on the right-hand side encodes (zy)z. The interval indicates that there is a homotopy
between these two ways of forming the product. The tree in the middle of the interval stands
for this 1-cell that one might denote by zyz in order to express that up to homotopy, one
does not have to set parentheses.

NN

If one now forms a product of four elements, there are already five different ways of
setting pairs of parentheses in order to form a meaningful product. If we want to form the
product of u, v, z, and y in this fixed order, then we could form u(v(zy)), (uv)(zy), ((uv)z)y,
(u(vz))y, and u((vz)y). These correspond to the vertices in the following pentagon that are
labelled with planar binary rooted trees. There are the homotopies between adjacent terms
that correspond to 1-cells in the polytope. These are labelled by trees with one internal
vertex, whereas the 2-cell in the middle is labelled by the corolla with four leaves; this tree
has no internal vertex but just a root.
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These pictures should look familiar if you compare them to the pentagon axiom (8.1.2))
in the definiton of a monoidal category from Definition [8.1.4]

DEFINITION 12.3.11. [Lo04, §2.4 and §2.5] For n > 2, the nth Stasheff polytope, K,, is
the (n — 2)-dimensional polytope, whose vertices correspond to planar rooted binary trees
with n leaves and whose unique n-cell corresponds to the corolla tree with n leaves. Its

k-dimensional cells can be labelled by planar rooted trees with n — k£ + 1 internal vertices
(1 <k<n). Weset K; = {x}.

Stasheft’s original definition can be found in [Sta63| part I, §2, §6]. A picture of Kj is
as follows:
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EXERCISE 12.3.12. Fill in the trees in the preceding picture. (If that seems too much
work, then fill in trees for one of the squares.)

The number of ways in which n 4+ 1 factors can be completely parenthesized is the
nth Catalan number, C,. Here, Catalan stands for Eugene Charles Catalan, a Belgian
mathematician who lived from 1814 to 1894. For more background on the combinatorial
aspects of Catalan numbers, see, for instance, [St99, p. 212]. You saw that Cj is 14. A

closed formula for C,, is
c - 1 <2n>
n+1\n

EXERCISE 12.3.13. What is C5?

Every point in K, can be uniquely represented by a planar rooted trees with n leaves
if one assigns a length in [0, 1] to each internal edge. The fact that the polytopes (K, )n>1
form a non-symmetric operad can be seen by grafting trees. One can use the polytopes K,
for describing spaces with a product that is associative up to coherent homotopy.

DEFINITION 12.3.14. A topological space is an A..-space if it is an algebra over the
operad K.

For a beautiful explicit description of the structure of the K,,, see [Lo04] (but beware that
his K™ is our K,,12). Similar to the relationship between the K,s and monoidal categories,
one can describe permutative categories in terms of permutahedra, (P,),>1. Here, P, is
the convex hull of the points in R” with coordinates (c=%(1),...,071(n)) for 0 € &, (see,
for instance, [Lo04), KKa93]). If one drops the strictness assumption and considers general
symmetric monoidal categories, then one arrives at the family of permutoassociahedra, KP,.

253



The vertices of KP, correspond to permuted words with a complete set of parentheses.
Explicit CW models of the KP,s are constructed in [Ka93|, where Kapranov also shows
that KP, is an (n — 1)-dimensional ball, thus, in particular, contractible.

12.4. E_-monoidal Functors

Some functors are monoidal but not symmetric monoidal, so they will not map commu-
tative monoids in the source category to commutative monoids in the target category. An
important example is the inverse I'y of the normalization functor N: s(k-mod) — Ch(k)>o.
In this case, I'y maps differential graded commutative algebras to simplicial algebras that
are commutative up to coherent homotopy.

DEFINITION 12.4.1.
e A unital operad O in the category of chain complexes is an F.-operad if the O(n)s
are degreewise projective k-modules and if the augmentation maps

e(n): O(n) — O(0) = S°(k)

are quasi-isomorphisms, that is, the map of operads ¢ = (¢(n))n>0: O — Com is a
quasi-isomorphism in every arity. Here, Com is the operad with Com(n) = S°(k) for
alln > 0.

e Similarly, a unital operad O in the category of simplicial k-modules is an E . -operad
if the O(n)s are degreewise projective and if the augmentation map ¢ to the operad
Com is a weak equivalence in every arity. Here, Com(n) = c¢(k), where ¢(k) is the
constant simplicial k-module with value k.

One can always replace such an operad O by a weakly equivalent one P, such that
every P(n) satisfies a ¥,,-freeness condition [Ri03, p. 96]. This is why we don’t require this
condition here. If you want to define E.-operads in other categories with weak equivalences,
then you have to be careful about this issue.

DEFINITION 12.4.2. [Ri03, Definition 2.3] A functor F': Ch(k)so — sk-mod is FE-
monoidal, if there is an F -operad O in simplicial k-modules, such that there are natural
maps

Oty n,: OM)RF(M))®...0F(M,) — F(M; ®...® M,)
for all My, ..., M, € Ch(k)>o, such that the natural unitality, associativity, and equivariance
conditions are satisfied.

REMARK 12.4.3. [Ri03] Proposition 2.4] The important feature of E.,-monoidal functors
is that they map commutative monoids to algebras over an E-operad. If C\ is a differential
graded commutative algebra, then F'(C,) is an O-algebra with the structure maps

n,Csy..., F(,UC*)

O(n)@F(C,)entmCmCe, o cremy

where ¢, denotes the multiplication in Cl.

F(Cy),

In [Ri03, Theorem 4.1], we show that I'y is an E,-monoidal functor.

REMARK 12.4.4. One can generalize the concept of E,.-monoidal functors to P-monoidal
functors, where P is an operad. For details on this, see [AM10], §4.3.3].
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CHAPTER 13

Classifying Spaces of Symmetric Monoidal Categories

We relate monoidal structures on categories to multiplicative properties of the corre-
sponding classifying spaces. In this chapter all spaces are objects of cg, and we abbreviate
the k-ification of the product of two spaces X x; Y with X x Y.

13.1. Commutative H-Space Structure on BC for C Symmetric Monoidal

DEFINITION 13.1.1. An H-space is a topological space X, with a chosen point zy € X
and a continuous map pu: X x X — X, such that the two maps u(xg,—) and u(—,zo)
are homotopic to the identity on X via homotopies, preserving the basepoint. An H-space
is associative if p is associative up to homotopy, and it is commutative if p is homotopy
commutative. An H-space is called group-like if there is a continuous map x: X — X, such
that po (1x x x)o A is homotopic to the identity. Here, A denotes the diagonal map on X.
Group-like associative H-spaces are also called H-groups.

REMARK 13.1.2. In order to avoid pathological behavior, one should assume that (X, z¢)
is well-pointed, that is, that the inclusion of {z(} into X is a cofibration.

If X is a CW complex and zg is a 0-cell of X, then the requirement that p(zo, —) and
i(—, zg) are homotopic to the identity on X via pointed homotopies can be relaxed to the
property that pu(xg, —) and pu(—,zg) are just homotopic to the identity on X. You can also
demand that x is a strict two-sided unit. See, for instance, [Ha02| §3.C] for the equivalence
of these notions.

EXERCISE 13.1.3. Prove that 7 (X, z¢) is abelian if X is an H-space.

Every based loop space is a group-like H-space. Let Y be a topological space with
basepoint yo and let

QY = kTop_((S".1), (Y, 1))

be the based loop space on Y (with the compact open topology). Then, the concatenation
of loops is a homotopy-associative multiplication, and time reversal of loops gives an inverse
up to homotopy. Higher based loop spaces

Q"Y = kTop_((S",1), (Y, 90)),n > 2,

are also group-like H-spaces, and for n > 2, loop concatenation is homotopy commutative.
The map p is induced by the pinch map S" — S™ V S” which collapses the equator of the
sphere to a point. You should read Adams’ book [Ad78|. It is an excellent book that tells
you the story of loop spaces and it is fun to read.

Symmetric monoidal structures on a (small) category directly translate into H-space
structures on the corresponding classifying space.
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THEOREM 13.1.4. Let C be a small symmetric monoidal category. Then, BC is an
associative and commutative H-space.

ProoFr. We define the multiplication p as

(13.1.1) BC x BC —— B(C x C)

\ lB(@)

BC.

We choose ¢ = [e] € BC”Y) C BC as a basepoint of BC. The two natural isomorphisms \
and p give natural transformations between the functors

C2{el xC—CxC—5Cand C2C x {e} — CxC—1C

and the identity functor. These natural transformations yield the necessary homotopies in
order to identify x( as a unit up to homotopy. The natural isomorphism « for the associativity
in C is a natural transformation between ® o (Id x ®) and ® o (® x Id), and hence, BC is a
homotopy associative H-space. Homotopy commutativity follows from the properties of the
symmetry isomorphism 7, which gives rise to a homotopy between ® and ® o (1,2), where
(1,2): C x C — C x C denotes the permutation of the two factors. O

We can upgrade this structure to an action of the Barratt-Eccles operad.

THEOREM 13.1.5. [May74, Theorem 4.9] Let C be a small permutative category.
Then, the classifying space BC is a unital algebra in cg over the Barratt-Eccles operad

(BEs, )n-

SKETCH OF PROOF. By Lemma from [May74, §4|, we have ¥,-equivariant func-

tors
Tn: Ex, X C" —C
for every n. Applying the classifying space functor B and using the continuous map Bé&s, X
(BC)" — B(&s, x C") give
0,: BEs, x (BC)" — BC

for every n. As these maps only use the property of B to being lax symmetric monoidal (see
Proposition and the action of 3, on C", these #,,s are compatible and define an operad
action. You can find a detailed proof of the necessary coherence properties in [May74],
Lemmata 4.4 and 4.5]. The unit of the permutative structure on C gives a distinguished
basepoint in BC, and hence, BC is unital. 0]

REMARK 13.1.6. By Proposition [8.3.4] we can rigidify every symmetric monoidal cat-
egory to a permutative one, and the corresponding classifying spaces are homeomorphic.
This implies that the classifying space of every symmetric monoidal category carries an
FE-structure.

REMARK 13.1.7. If C is a strict monoidal category (without any symmetries), then the
canonical map from ([13.1.1]) gives BC the structure of an associative topological monoid.

EXERCISE 13.1.8. Let M be a monoid. Consider the category Cy; with one object and
M as morphism set. When is C;; a monoidal category? What does this say about general
classifying spaces of groups?
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REMARK 13.1.9. For any symmetric monoidal category C, the set of path components of
C carries the structure of an abelian monoid with the product

(13.1.2) [C]+ [D] :=[C ® D]
for objects C, D of C. The neutral elements is [e].

ExamMpPLES 13.1.10.
e We saw earlier that the classifying space of the category X splits as

Bs =~ | | Bx,
n>0
and mo(2) = Ny. This category is symmetric monoidal, with
n@m:=n+m,

where 7, € Xyt is the shuffle map sending the first n elements of {1,...,n +m}
to the last n elements. The H-space structure is induced by the inclusion

S X S < Sinin.

e Similarly, let R be an associative ring with unit and let F'(R) be the category whose
objects are the natural numbers n € Ny and whose morphisms are given by

GL,(R), m=n,
, m #n.

F(R)(n,m) = {

Again, we get that mo(F(R)) = Ny and

BF(R) = | | BGL,R.

n>0

The H-space structure is induced by the block sum of matrices

GLo(R) X GLy(R) < GLoyn(R), (A, B) s (‘(‘)‘ g) ,

where 0 stands for zero matrices of a suitable size.

e Assume that C is a closed symmetric monoidal category, such that the Picard groupoid
of C, Picard(C), from Definition is a small category. Let PIC(C) be the classifying
space of the symmetric monoidal category Picard(C). The group of path components
mo(PIC(C)) is the Picard group of C, as in Remark [8.4.8]

In all of these examples, the classifying space carries an F-structure.

13.2. Group Completion of Discrete Monoids

DEFINITION 13.2.1. Let M be an abelian monoid. The Grothendieck group on M, G(M)
is an abelian group, together with a morphism of monoids j: M — G(M), which satisfies
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the following universal property. For every group G and for every morphism of monoids
f: M — G, there is a unique homomorphism of groups f': G(M) — G, with f'oj = f.

M%

.

G(M)

Note that the image of f consists of commuting elements in G' because M is abelian, and
similarly, the image of f” consists of commuting elements in G. Thus, the universal mapping
property from above actually takes place in an abelian setting. The group G(M) is also
called the group completion of the abelian monoid M. There are explicit constructions of
Grothendieck groups. Thanks to abstract nonsense, we know that any two such constructions
are isomorphic.

Let us denote the product on M as addition. Take the product M x M and define the
following addition on M x M:

(ml,nl) + (mg,ng) = (m1 + mo, N + ng)

for my,ni,ma,ny € M. We define the following equivalence relation on M x M: A pair
(mq,nq) is equivalent to a pair (mg,ns) if there is an ¢ € M, with

m1+n2+€:m2+n1—|—€.

The addition on M x M is well-defined on equivalence classes, and every class of the form
[(m,m)] is neutral with respect to addition. Hence, the additive inverse of the class of a pair
(m,n) is the class of the pair (n,m). It might help to think of (m,n) as m — n.

EXERCISE 13.2.2. Prove that (M x M)/ ~ has the universal property of G(M).

ExAMPLE 13.2.3. The Grothendieck group of the natural numbers (Ng, 4, 0) is the group
of the integers. An explicit isomorphism was given earlier.

In this case, the morphism j: Ny — G(Np) is injective. This is not always the case, but
it does hold if the monoid M has the cancellation property, that is, if m +p = n + p for
m,n,p € M, it implies that m = n.

The assignment M +— G(M) with any reasonable concrete model of G(M) defines a
functor from the category of abelian monoids to the category of abelian groups. The universal
property means that this functor is left adjoint to the forgetful functor.

An alternative construction of G(M) is as a quotient of the free abelian group generated
by M:

GM)=272{M}/{(m+n)—(m)— (n);n,me M).
We write [m] for the equivalence class of m € M in G(M) in this model. An element in
G(M) is the class of a sum Zle a;[m;], with integers a; and m; € M. If you sort the
elements in the sum in those with non-negative «; and those with negative «;, then it is easy
to see that elements of the form [m| — [n], with m,n € M, generate the group G(M).

EXERCISE 13.2.4. Find an example of a nontrivial abelian monoid M with trivial G(M).
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EXAMPLE 13.2.5. Let X be a compact Hausdorff space. Let Vectg(X) denote the set of
isomorphism classes of real vector bundles over X of finite rank. Then, the Whitney sum of

vector bundles induces an addition on Vectg (X). For two isomorphism classes [£] and [x] in
Vectr(X), we define

€]+ [x] == [€ & X
The class of the zero vector bundle serves as a neutral element with respect to addition, and
there is a natural isomorphism of bundles £ & y = x @ &, and therefore, (Vectg(X),+,[0])
is an abelian monoid. The Grothendieck group of this monoid is the zeroth topological real
K-theory group of X:
KO°(X) = G(Vectg(X), +, [0]).

For instance, the representative of the real vector bundle over S associated with the Mobius
strip gives rise to a nontrivial element.

If you consider complex vector bundles of finite rank instead of real ones, then you get
the zeroth topological complex K-theory group of X:

KU"(X) = G(Vecte(X), +, [0]).

Sometimes, we have to handle nonabelian monoids. There is an analogous process for
defining a universal group.

DEFINITION 13.2.6. [BP72|, 2.2] Let M be a monoid. The universal group, U(M),
generated by M is the quotient F(M)/N, where F(M) is the free group generated by M,

and N is the normal subgroup generated by all products zyz~! for x,y, 2 € M, with vy = 2
in M.

Similar to the Grothendieck group, U(M) has a universal property. If f: M — G is
a morphism of monoids and G is a group, then there is a unique group homomorphism
f: U(M) — G. In particular, if M is an abelian monoid, then the universal properties of
G(M) and U(M) guarantee that there is an isomorphism U(M) = G(M).

13.3. Grayson-Quillen Construction

Let C be a small symmetric monoidal category. Our aim is to construct a category C'C,
together with a functor C — C~!C, such that 7o(C~1C) is the group completion of the abelian
monoid my(C).

Quillen defined a group completion process for categories [Gr76].

DEFINITION 13.3.1. Let (C, ®, e, 7) be a small symmetric monoidal category. We denote
by C~IC the category whose objects are pairs of objects of C. Morphisms in C~!C from
(C1, Dy) to (Cy, Dy) are equivalence classes of pairs of morphisms

(fl 01®E—> Cg,gl D1®E—> DQ),
where F is an object of C. Such a pair is equivalent to

(f/Z Cl ®El — Cz,gli D1 ®El — DQ)
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if there is an isomorphism h € C(E, E'), such that the diagram

(1c, ®h,1p, ®h)
(C, ® E,D; ® E) S

(C1®E, D ®E)

(f.9) (f'.9")
(027 DQ)

commutes.
The category C~!C is called the Grayson-Quillen construction of C.

Note that the special case E = e guarantees that every pair of morphisms in C gives rise
to a morphism in C7!C.

LEMMA 13.3.2. The category C~'C is symmetric monoidal, there is a lax symmetric
monoidal functor j: C — C~1C, and mo(C~!C) is an abelian group.

PROOF. You can check that C7!C is actually a category. We define its symmetric
monoidal structure coordinatewise by declaring that

(01, Dy) ® (Cs, D2) = (C1 ® Cy, Dy ® Dy).

Note that in order to establish the naturality of ®, we need the fact that C is symmetric
monoidal.

We define j: C — C~'C on objects as j(C) = (C,e), and for a morphism f: C' — C’, we
set j(f) to be the composition

—

(C®ee®e) = (C,e) L2 (¢, ¢)

and we abuse notation and denote this morphism by [(f, 1¢)].
In C!C, there is a chain of morphisms

(Icgp,™>,C)

(C,D)® (D,C) = (C®D,D®C)

and thus, the set of path components my(BC~!C) is an abelian group, because the inverse of
the equivalence class of (C, D) is the class of (D, C). O

(C@D,C@D)<—<6,€>,

Hence, we get that Bj: BC — BC~!C is a morphism of associative and commutative
H-spaces and the induced map

mo(Bj): mo(BC) — mo(BC~'C)
is a map of abelian monoids.

DEFINITION 13.3.3. Let C be a small symmetric monoidal category. Then, the K-theory
space of C, KC, is defined as KC := B(C7'C), and the nth K-group of C, K,C, is its nth
homotopy group:

K,C :=m,B(C*C).

On the level of my, we obtain a group completion.

LEMMA 13.3.4. Let C be a small symmetric monoidal category. Then,
Ko (C) = mo(KC) = G(m(C)).
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PROOF. We consider the map from the set of objects of C~!C into the Grothendieck
group on the abelian monoid 7y(C), which is given by

¢: (C, D) = [C] = [D].
For a fixed object E of C, we obtain
P(CREDRE)=[C®E]—[D®E]=[C]+[E]—[D]—[E]=[C]+[D] =¢(C,D).

If [(f,9)]: (C1, D) = (Cy, Do) is a morphism in C~'C, that is, there is an object F of C and
morphisms f: C1 ® E — Cy and g: D1 ® E — D, in C, then

¢(C1, D1) = [Ch] = [D1] = [Ca] — [Da] = &(Co, Ds).
Thus, ¢ factors through 7o(C~1C) and we get an induced map
¢: m(CTIC) = G(m(C)).

This map is surjective because elements of the form [C] — [D] generate the group G(m(C)).
If ¢(C, D) = 0, then the classes [C] and [D] are equal in 7y(C), and therefore, there is a finite
zigzag of morphisms in C between C' and D. We can recycle this zigzag in order to get a
zigzag of morphisms in the category C~'C between (C, D) and (D, D), and thus, we obtain
that the class of (C, D) in mo(C~1C) is trivial. O

REMARK 13.3.5. Note that the map ¢ constructed in the proof is inverse to the universal
map from the group completion of my(C) to mo(C~1C).

ExXAMPLE 13.3.6. There is a small version of the category of finitely generated projective
left R-modules, P(R), for an associative ring R. As for each such module P, there is a
module @), with P & @ = R"™, we can think of such projective modules as the image of
a projection map, and by slight abuse of notation, we call this P, so P: R* — R" is an
R-linear map, with P? = P.

The objects of P(R) are of the form (n, P), where n € Ny and P € M,,(R) is a projection
matrix, that is, P? = P. The morphisms in P(R)((n, P),(m,Q)) are trivial for n # m.
For n = m, the set of morphisms P(R)((n, P), (n,Q)) consists of R-linear isomorphisms
f:im(P) — im(Q). Then, two objects are equivalent in my(P(R)) if and only if they are
connected by a finite zigzag of R-isomorphism of the projective modules that are the images
of the projection; hence,

mo(P(R)) = Proj(R)
and mo(P(R)™'P(R)) = Ky(R), the classical Ky-group of the ring R, which is the group
completion of the monoid of isomorphism classes of finitely generated projective R-modules.

ExAMPLE 13.3.7. Alternatively, we can use the small permutative category of finitely
generated free R-modules F'(R) that we saw earlier. In this case, we set GL,(R) as the set
of morphisms. Then, moF(R) = Ny, and the group completion is just Z.

ExXAMPLE 13.3.8. One can identify the group completion of the category X explicitly.
Sagave and Schlichtkrull [SaSc12] define a category J, whose objects are pairs of ob-
jects of Z, the category of finite sets and injections from Example A morphism in
J((n1,n2), (my,my)) is a triple (o, 8,0), where a € Z(ny, my), 5 € Z(ny, my), and o is a
bijection

o:my \ a(ng) — my\ S(ng).
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For another morphism (v,4,§) € J((my,my),(13,13)), the composition is the morphism
(yoa,d0f(,7(£,0)), where 7(§, o) is the permutation

H(E o) (s) = (s), if s €1y \ y(my),
&) {6<a<t>>, it 5 = 7(1) € 7(my \ a(my)).

Note that 1 \ v(a(n;)) is the disjoint union of 1y \ y(m;) and v(m; \ a(ny)).

With these definitions, J is actually a category, and it inherits a symmetric monoidal
structure from Z via componentwise disjoint union [SaSc12l Proposition 4.3]. In particular,
the category of [J-spaces is symmetric monoidal with the Day convolution product. Note
that the unit for the monoidal structure X7 is J((0,0), (—, —)), and this is not a constant
functor, but J7((0,0), (n,n)) can be identified with the symmetric group %,,.

There is an isomorphism of categories X713 = 7, which is the identity on objects
and which sends a morphism in X713, represented by (f,g), with f: n; Ul — m; and
g: ny U1 — my, to the morphism (f|n,, gln,, (f1) © (gh)~!) in J.

13.4. Group Completion of H-Spaces

DEFINITION 13.4.1. Let X be an associative H-space of the homotopy type of a CW
complex in which left translation by any element of X is homotopic to right translation by
the same element. The group completion of X is an associative H-space Y of the homotopy
type of a CW complex that satisfies the same left versus right translation property, together
with a morphisms of H-spaces f: X — Y, such that the map mo(f): mo(X) — mo(Y") identifies
the abelian monoid 7m(Y") as the Grothendieck group of my(X) and such that H.(f; k) induces
an isomorphism

(13.4.1) H (X k) [mo(X) ™ = H (Y k)
for all commutative rings k.

For an H-space X as in Definition [13.4.1] the singular homology of X is a graded ring
with unit, where the multiplication

Hy(X: k) @ Hy(X: k) = Hppo(X x X: k) — Hyo(X: k)

is given as the composite of the Kiinneth map and the map that is induced by the H-
space structure on X, pu: X x X — X. In particular, H,(X;k) is a graded Hy(X;k)-
module and Hy(X; k) is the group algebra k[mo(X)], such that the elements of mo(X) are
central. Therefore, it makes sense to localize the ring H.(X;k) at mo(X). The homological
requirement in the definition of a group completion of X implies that this localization is
isomorphic to the homology of Y.

REMARK 13.4.2. Quillen [Q94] Remark 1.4] showed that it suffices to check the isomor-
phism from ([13.4.1) for £k = Q and k = F, for all primes p.

If X is a group-like H-space, we want to compare it to its group completion. To this end,
consider the following version of the Whitehead theorem for homology with local coefficients
(see, for instance, [DKO1, Theorem 6.71] for a proof):
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THEOREM 13.4.3. Let f: X — Y be an arbitrary continuous map between connected
CW spaces X and Y. If my(f) is an isomorphism and if

H,(X: A) = H,(Y; A)

is an isomorphism for all local coefficient systems A and for all n, then f is a homotopy
equivalence.

If X is a group-like H-space, then
X ~ 7T0(X) X X(),

where X is the path component of the homotopy unit — all the path components are home-
omorphic and every x € X can be sent to Xy with the help of a correction term in m(X),
because the latter is a group.

Let Y be a group completion of X, and assume that X and Y are CW complexes. For
every H-space X, any local coefficient system is simple (in the sense of Example ; hence,
it suffices to check that the map f: Xy — Y induces an isomorphism on homology groups.

The map Xy — Y induces an isomorphism on homology by the very definition of a group
completion and the fact that m(X) is a group. Hence, by Theorem [13.4.3] X is homotopy
equivalent to its group completion.

We mention one important identification of a group completion. Note that for a topo-
logical group G, a standard argument (see e.g.[Ha02, Proposition 4.66]) yields that there is
a weak homotopy equivalence G — QBG.

PROPOSITION 13.4.4. [May74] Theorem 1.6] If M is a topological monoid, such that for
M and Q2BM, left translation by any element is homotopic to right translation by the same
element, then the map
a: M — QBM

is a group completion.

Here, « is the adjoint of the map
XM — BM, [t,m]w— [m,(t,1—1)].

Proposition [11.3.6] implies that for such topological monoids M, we obtain that m(BM) =
G(M). Examples include

M = |:(|)an, M = Q)BGLH(R).

An analog of « for iterated and infinite loop spaces is as follows:

THEOREM 13.4.5.
e [May74, Lemma 2.1] Let O be an E-operad in topological spaces. There is a functor
G from O-spaces to spaces, together with a natural transformation n: Id = G, such

that nx is a group completion for all O-spaces X.
e [Se73| [CLMT6, 111.3.3] For all n > 1, C, X — Q"¥"X is a group completion.

THEOREM 13.4.6. [Gr76] If C is a small groupoid that is symmetric monoidal and
such that for every object C of C, the functor

(-)®C:C—=C
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is faithful, then BC~!C is a group completion of BC.

In the examples 3 and F(R), we obtain that the group completion has 7y isomorphic to

Z. and that
B(X7'Y) ~ QB <|_| BX}n> :

n>0
and

B(F(R)"'F(R)) ~ QB (U BGLn(R)> .
n>0
The latter is one version of the classical definition of the K-theory space of a ring R due to
Quillen.

REMARK 13.4.7. Kan and Thurston show [KT76] that for every connected space X,
there is a discrete group Gy, such that there is a homology isomorphism from the classifying
space of Gx, BGx, to X. As BGx has only one nontrivial homotopy group, there cannot
be an analogous result about homotopy types. However, Dusa McDuff [McD79] extended
the Kan-Thurston result and proved that for every connected space X, there is a discrete
monoid M, such that X has the same weak homotopy type as BM.
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CHAPTER 14

Approaches to Iterated Loop Spaces via Diagram Categories

Since the 1970s diagram categories have been used to model loop spaces, so spaces of
the form Q" X, mostly for n = 1,2, and co. During the last decades, new approaches, in
particular for modelling iterated loop spaces (2" X for all n, have been developed. This
chapter intends to give an overview, and I mostly refer to the literature for proofs and
technical details.

Before we start with the more complicated topic of iterated loop spaces, we explain how
diagram categories can be used to detect algebraic structures in the discrete and in the
k-linear setting, where £ is a commutative ring with unit.

14.1. Diagram Categories Determine Algebraic Structure

Some categories are suitable for encoding algebraic properties. For instance, if you con-
sider the category A°, then there is the equality didy = did;: [3] — [1] of morphisms, and
if you assign M™ to [n] in a functorial manner, then this can correspond to an associativity
condition for a multiplication d;: M? — M. In constrast, when you consider the category
Fin, then the extra symmetry coming from 3, C Fin(n,n) will encode commutativity, and
you have to desymmetrize Fin if you want to avoid that.

Some of the examples of diagram categories in Chapter are actually categories of
operators. The following is a discrete version of the one in [MayTh78, Construction 4.1]:

DEFINITION 14.1.1. Let O be an operad in the category of sets, with O(0) = x. The
category of operators with respect to O, I'(O), has the same objects as the category of
finite pointed sets, I', and a morphism in I'(O)([n], [m]) is a tuple (f;wo,...,wn), with
f € T([n],[m]) and w; € O(]f~1(i)|), where |f~1()| denotes the cardinality of the fiber of f
over i € [m]. The identity morphism 1p,) in I'(O)([n], [n]) is (11, € I([n], [n]);n(e), ..., n(e)).
Composition of morphisms in I'(O) is induced by the composition of morphisms in I" and
the composition in the operad O.

EXAMPLE 14.1.2. For the operad Com in Sets, we obtain I'(Com) = I". For the operad As
in Sets, the category of operators I'(As) is precisely the category of finite pointed associative
sets I'(as) from Definition [15.3.2l A morphism f € I'(as)([m],[n]) is a morphism f €
['([m], [n]), together with a total ordering on every fiber f~'(:). This is a desymmetrized
version of T

May and Thomason use categories of operators in [MayTh78|] for comparing infinite
loop space machines. Loop spaces need basepoints, so in their context, it is natural to work
with finite pointed sets. In an algebraic setting, basepoints can be used for dealing with
coefficients, for instance, when one wants to consider Hochschild homology of an algebra
with coefficients in a bimodule (see Definition . If we are interested in purely algebraic
structures, we might use the category of (unbased) finite sets, Fin.
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A prototypical example of the description of an algebraic structure via a diagram category
is the following basic result, which we already saw in disguise in Proposition [10.14.3

PROPOSITION 14.1.3. Let M be a set. Then, M is a monoid if and only if the assigment
[n] — M™
gives rise to a functor from A° to Sets.

PROOF. In the proof of Proposition [10.14.3] we already saw that the fact that [n] — M"
defines a functor from A° to Sets ensures that M is a monoid. For the converse, if (M, -, 1)
is a monoid, then we set

(ma,...,my), for i =0,
di: M™ — M"™ ' di(my,...,mp) = (my,...,mi - Miy1,...,my), forl<i<n-—1,
(my,...,mp_1), for i = n.

The degeneracy map s; inserts 1 in slot number ¢ + 1. This gives rise to a simplicial object,
as we know from the definition of the nerve (Definition [11.1.1)) of Cy,. O

The following is a typical k-linear example:

PROPOSITION 14.1.4. Let k be a commutative ring and let A be a k-module. Then, A is
a commutative k-algebra if and only if the assignment {1,...,n} = n — A®" is a functor

LF(A): Fin — k-mod.

PRrOOF. If A is a commutative k-algebra and f € Fin(n, m) then we define the morphism
LE(f): L¥(A)(n) — LF(A)(m) by sending a generator a; ® ... ® a, to b; ® ... ® b,,, where

bi = H CLj,
JEF)
and if the fiber of ¢ is empty, then we set [[, = 14. As A is commutative, it does not
matter in which order we multiply the element. For g € Fin(m,¢), the equality of fibers
(go f)~'(i) = f~'(g7'(i)) guarantees that L*(g o f) = L*(g) o L*(f)

Conversely, if we just know that A is a k-module, but, in addition, we know that
LF(A): Fin — k-mod is a functor, then we define a multiplication u on A as L£F(A)(v),
where v is the unique map from 2 to 1 in Fin. Note that p is bilinear because £F(A)(v) is a
map of k-modules.

The object 0 is initial in Fin, and let u denote the unique map u € Fin(0,1). We define
the unit n: k = A®0 — A% = A as LF(A)(u).

Twisting 1 and 2 in 2 first and then applying v is equal to v; therefore, u is commutative.
Associativity follows from the equality v o (v @ id) = v o (id ® v):

3 3

T _ gy

2 2 = 2 2
1wy Ty 1

in Fin. The identity on 1 is equal to the composite that identifies 1 with @ @ 1, sends this
to 1@ 1 = 2, and applies v. Similarly, we can first use 1 = 1 & @ and compose with the
same string of morphisms and get the identity on 1. This implies that n satisfies the unit
axioms. 0
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A probably less obvious identification relates a skeletal version of the category of finitely
generated free groups with the category of commutative Hopf algebras. This result is crucial,
for instance, for the work of [BRYocl §5].

DEFINITION 14.1.5. Let Free be the category whose objects are n for n € Ny. Morphisms
in Free from n to m are group homomorphisms from the free group on n generators to the
free group on m generators.

Note that in Free, the object 0 corresponds to the free group on 0 generators and hence
to the trivial group. Therefore, it is a zero object in Free.

PROPOSITION 14.1.6. (see [P02, Theorem 5.2]) Let H be a k-module. Then, H is a
commutative Hopf algebra over k if and only if the assignment n — H®" is a functor
LFE(H): Free — k-mod.

PRrROOF. We only give a proof of the direction that H is a commutative Hopf algebra
over k if L¥(H): Free — k-mod is a functor. The fact that 0 is a zero object in Free gives
rise to a unit map for H, n: k — H via L*(H)(0 — 1) and to a co-unit map, e: H — k,
via L¥(H)(1 — 0). The multiplication in H, u: H ®, H — H, corresponds to the map
LF(H)(v), where v: 2 — 1 is the morphism that sends the generators of the free group on
two generators x1,zs to the generator of the free group (x;). As the map that exchanges
the generators composed with v is v, we get that the multiplication is commutative. As in
the proof of [[4.1.4] we see that the unit map, together with the multiplication map, turns
H into a commutative k-algebra.

For the diagonal map A: H — H ®;, H, we take £*(1)), where ©: (z1) — (1, x3) is the
map that sends x; to z;x5. As the free group on two generators is not commutative, this
comultiplication will not be cocommutative in general. As we have the equality (zix9)x3 =
x1(x2x3) in the free group on three generators, this diagonal is coassociative.

The counit € corresponds to the map that sends the generator x; of (z1) to the empty
word. Therefore, (e ® 1y)o A =15 =(1g®e)o A.

The morphism 4 of free groups that sends z; to 7" induces a self-map £F(i): H — H.
The fact that the composites x1 — x5 — xla:;l — xlel and x1 — 1129 — xfle — xflxl
give the empty word shows that S = £*(i) is an antipode for H.

We need to show that the diagram

HeoyH-—t—H

oo s

H®x4 H®, H
1H®k7'®k1Hl /
MO
Hext

commutes (where 7 denotes the twist morphism). If we chase the diagram of generators
around in the same diagram, we obtain that both 1 o v and (v,v) o 7 o (¢,) send (1, x2)
to (x1x9, T122).

O
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14.2. Reduced Simplicial Spaces and Loop Spaces
We consider simplicial topological spaces.

DEFINITION 14.2.1. A simplicial set or simplicial topological space X is reduced if X is
a point.

In analogy to the definition of Segal sets (see Definition [10.14.1]), one can consider Segal
spaces.

DEFINITION 14.2.2. A simplicial topological space X or a bisimplicial set viewed as a
simplicial object in simplicial sets is a Segal space if the canonical map

(il,...,in)I Xn —)Xl XXg -+ XXg X1
is a weak equivalence for all n > 2.

Note that for a reduced Segal space X, my(X;) carries the structure of a pointed monoid.
Every simplicial space has an underlying topological space by forming X;. Segal proved
the following result that identifies certain spaces as based loop spaces:

THEOREM 14.2.3. [Se74l Proposition 1.5] A reduced Segal space X has X; ~ Q|X]| if
and only if X; has homotopy inverses and if X is good.

Here, good is the same technical assumption on a simplicial topological space that ensures
that the fat realization is equivalent to the geometric realization (compare [SeT4,
Appendix A]). If a simplicial topological space X arises as the partial geometric realization
of a bisimplicial set, then X is good.

14.3. Gamma-Spaces

Recall the definition of the category I'. The objects of I' are the finite pointed sets
[n] ={0,...,n} for n > 0, with zero as basepoint and morphisms are functions preserving
the basepoint. There is a canonical functor from A° to I'.

DEFINITION 14.3.1. The simplicial circle is the functor C: A° — T, with C[n| = [n],
and C(s;): [n] — [n + 1] is the strict monotone injection missing the value i 4+ 1. For i < n,
the ith face map is

. Js J <1,
C(di)(j) = { . T
g—1 5>
For i = n, we have
. ja .7 Sn—l:
C(dn>(]):{0 .
, ] =n.

It is easy to see that this actually defines a functor. Furthermore, there are only two
nondegenerate simplices, the one in degree 0 and 1 € C[1] and dy(1) = d;(1) = 0, and hence,
the geometric realization of C' is S!.

Segal’s original definition in [Se74] uses the opposite category of I', I'°. It can be de-
scribed as having as objects the sets n = {1,...,n}, with 0 = @. A morphism in I'°
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from m to n is an m-tuple (Si,...,S,,) of pairwise disjoint subsets of n. The composite of
(Ty,...,Ty): £ - mand (S1,...,5,): m — n is the (-tuple

(U Sis- U i)
NET Je€Ty
In order to see that this category is the opposite of T', just think of a morphism f: [n] —
[m] as being determined by the preimages f~1(1),..., f~1(m).

EXERCISE 14.3.2. The symmetric group on n letters, X,, is contained in I'([n], [n]).
Determine the morphism f, in I'°(n, n) that corresponds to a permutation o,, € I'([n], [n]).

DEFINITION 14.3.3.
e Let C be any category with zero object . Then, a I"-object in C is an F' € Fun(T",C),
with F[0] = *.
e A I'-space is a I'-object in the category of pointed simplicial sets, that is, a Y €
Fun(T', sSets, ), with Y[0] = A,.
For two pointed simplicial sets X;, Xo with basepoints xx, and *y,, their smash product
is
Xl /\X2 = Xl X XQ/Xl \/XQ,
where X7 V Xy = Xj U Xy /xx, ~ *x,.
EXAMPLES 14.3.4.

(1) Every finite pointed set can be turned into a finite pointed simplicial set, using the
constant functor. Thus, we have a canonical I'-space

S: I' — sSets,.

(2) [Se74l, §1] Let M be an abelian monoid. Then, we define the I'-space HM as

HMIn] = M™, such that an f € I'([n], [¢]) induces

HM(f): M"™ — M*, HM(f)(m1,...,me)=( Y mi..., > my).

ief-1(1) ief-1(0)

Here, we place the unit 0 of M in the ith coordinate if f~1(i) = @.

(3) If X is a simplicial set and Y is a [-space, then X AY is the ['-space
[n] — X A (Y(n]).

(4) Consider a commutative ring k, a commutative k-algebra A, and a symmetric A-

bimodule M. By forgetting structure, M is also a k-module. We denote ®; by ®.
We consider as C the category of k-modules under and over M. The Loday functor

LFA;M): T — C, LF(A; M)[n) = M @ A®"

defines a I'-object in C by declaring that for any f € I'([n], [¢]), we send ay ® a; ®
... ®ay, (with ap € M, a; € Afori>0)toby®b ®...R by, with

bi = H aj,
S )
where b; = 1,4 if the preimage of 7 is empty.
EXERCISE 14.3.5. Show that S is isomorphic to the representable I'-space I'([1], —).
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DEFINITION 14.3.6.
(1) If Y is a I'-space and X is a finite pointed simplicial set, then the evaluation of Y
on X is the diagonal of the bisimplicial set

Y(X)pg =Y (Xp))g: 0<p.q,
that is, Y(X), = Y(X,),.
(2) If X and X, are finite pointed simplicial sets and Y is a I'-space, then there is an
assembly map
Xi ANY(Xy) = Y(X A Xy),
defined as follows: For a fixed x € X7, we get a function f, sending X, to X; A Xo:
fo: Xo = Xai A Xo, 29 [(z,29)],

where [(z,x2)] denotes the equivalence class of (z,z3) in the smash product. For
varying x, this gives a well-defined map

0X1,X5" X1 A Y(XQ) — Y(Xl AN XQ)

for every I space Y.

(3) The spectrum associated with a T' space Y is the sequence of simplicial sets (Y (S™)),
where S™ is the simplicial model of the n-sphere S™ = (S1)"". The assembly maps
induce structure maps

gsrgn: SLAY(SY) = Y (S,

The spectrum associated with a ['-space gives a notion of homotopy groups.
DEFINITION 14.3.7. Let Y be a I'-space. Its nth homotopy group is
7. (Y) = colim;m, ;Y (S°),
where the structure maps g1 g» induce the maps for the filtered colimit.

Note that for any [-space Y, Y[1] = Y[SY], the zeroth simplicial set in the spectrum
associated with Y.

EXAMPLES 14.3.8.
(1) The spectrum associated with the I'-space S (Example [1]) has

S(S") = S™.

This is the sphere spectrum. Its homotopy groups are the stable homotopy groups
of spheres.
(2) If A is an abelian group, then the I'-space HA (Example [2)) has

HA(S") = A® Z{S"},

and this is an Eilenberg-Mac Lane space of type (A, n) because m; HA(S™) is trivial
for all j but n, where we get

T HA(S™) 2 1,A® Z{S"} = H,(S"; A) = A.
The spectrum (HA(S™))n > 0 is the Filenberg-Mac Lane spectrum of A.
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(3) For a simplicial set X, the associated spectrum of the I'-space X AS is the suspension
spectrum of X.

(4) The homotopy groups of the functor £¥(A; M): T' — k-mod are isomorphic to the
Gamma homology of A with coefficients in M [PRO0, Theorem 1], a homology the-
ory for commutative algebras introduced by Alan Robinson and Sarah Whitehouse
in [RoWhO02], see [15.5]

REMARK 14.3.9. The first two examples should look familiar. In Example [10.15.2] we
already encountered them in the context of symmetric spectra. This is no accident. Every
spectrum associated with a Gamma space carries the structure of a symmetric spectrum by
using the action of X, on (S')"" that permutes the smash factors.

A T space gives rise to a spectrum, but we can also forget down to simplicial sets.
DEFINITION 14.3.10. The underlying pointed simplicial set of a I'-space Y is U(Y') = Y[1].

EXERCISE 14.3.11. Show that the functor U: I' spaces — sSets has a left adjoint given
by X — X A'S, where S is the I'-space from Example [1}

Segal posed extra conditions on I'-spaces to single out those I'-spaces that give rise to
infinite loop spaces.

DEFINITION 14.3.12.
(1) A T-space Y is special if the projection maps from [k + ¢] = [k] V [{] to [k] and [¢]
induce weak equivalences of simplicial sets Y[k 4+ ¢] — Y'[k] x Y[/].
(2) A special I'-space Y is very special if mY[1] is a group.

Note that the condition for special I'-spaces is equivalent to requiring that the projection
maps p;: [n] = [1], pi(i) = 1, p;(j) = 0 for all j # ¢ induce weak equivalences of simplicial
sets

(14.3.1) Yin] — Y[1]".

In particular, Y[2] ~ Y[1] x Y[1].

Compare this to the condition of a Segal set from Definition [10.14.1] and to Segal spaces
from Definiton [14.2.2l As we require Y[0] = x, is about products and not about
actual fiber products.

There is a fold map £: [2] — [1] in T, sending 1 and 2 to 1. Thus, we get a zigzag

Y] x Y12y [2— Y]

that turns 7moY'[1] into an abelian monoid. The extra condition of being very special demands
that this abelian monoid actually be an abelian group.
Segal then shows the following;:

THEOREM 14.3.13. [Se74], Proposition 1.4] If Y is a very special I'-space, then Y[1] is
an infinite loop space.

The concept of a I'-space looks innocent, but we saw that it is strong enough for infinite
loop spaces. Bousfield and Friedlander showed [BE78| Theorem 5.8] that there is a model
structure on I'-spaces, which gives rise to a Quillen equivalence with the model category
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of connective spectra, that is, spectra with homotopy groups concentrated in non-negative
degrees.
As a diagram category, I'-spaces possess a Day convolution product, as in Section [9.8|

DEFINITION 14.3.14. Let Y; and Y5 be two I'-spaces. The external smash product of Y;
and Y5 is the functor

YiAYy: T'x T' — sSets,  ([n], [m]) — Yi[n] A Ya[m].

The smash product of Y1 and Y, Y1 A'Ys, is the Day convolution product with respect to
the external smash product and the symmetric monoidal structure of the smash product on
[, that is, (Y1 A Y2)[n] = colimer(pmiag,m) Yilm] A Ya[f] :

Y1 AY-
I x I' =3 sSets.
B

J/ YiAYs
F -

REMARK 14.3.15. Note that [m] A [¢] can be identified with [m¢]. Manos Lydakis real-
ized that the smash product defined above turns the category of I'-spaces into a symmetric
monoidal category, and he used that to develop a model of connective spectra with a strict
symmetric monoidal smash product [Ly99]. Schwede [Schw99] then investigated the cor-
responding world of spectra with a strict multiplication, ring spectra, via I'-spaces. Many
spectra that play a role in algebraic K-theory have nice models in I'-spaces, and we will say
a bit about some of those in the following section. If you want to learn more about this (and
many more related topics), then [DGM13] is an excellent source.

A word of warning: Tyler Lawson showed [La09] that not all connective E.-ring spectra
can be modelled by commutative I'-rings.

14.4. Segal K-Theory of a Permutative Category

Although not all connective E,-spectra arise as ['-spaces, there are particularly nice
examples. Segal describes in [Se74], §2] a way of associating a spectrum with a symmetric
monoidal category. For simplicity, we deal with the permutative case here, as in [May78|,
Construction 10] and follow the description in [EMOG6].

DEFINITION 14.4.1. Let (C,®,0,7) be a small permutative category and let X be a
finite pointed set with basepoint *. Let C(X) be the category whose objects are families
(Cs, 0815, T C X\ {*},SNT = @), where the Cgs are objects of C and the pgrs are
isomorphisms pg7: Cs @ Cr — Csur in C. These objects satisfy the following conditions:

e (Ug=0if S=02.

® og 7 is the identity morphism if S or T is the empty subset.

e The pgrs are commutative and associative in the sense that the following diagrams

commute:

0s,T 0s,79lcy

CSEBCT—>CSUT and Cs@CT@CU—>CsuTEBC’U

Ts,Tl 1CS@QT,Ul l@suT,U

or,s 0S8, TuU
Cr®Cs —— Cryus Cs @ Cruu Csuruu-
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Morphisms in C(X) from (Cs, 057) to (Cs, ds.1) are families of morphisms fg € C(Cg, Cs)
for S C X \ {x}, such that f; = 1 and the fgs are compatible with the gs and gs. The
diagram

Cod Cp B Cs 0 O

QS,TJ/ lés,T

fsur ~
Csur —— Csur

commutes for all 5,7 C X \ {*}, with SNT = @.
EXAMPLE 14.4.2. If X = [2], then an object in C([2]) is a square of objects of C:
Co=0 Cpy
Cey Cuap
together with an isomorphism o413 23 : Cp1y @ Cay = Chy 93, so up to isomorphism, Cyy 9y is

determined by Cf1y @ Cyay, but you remember an isomorphism as part of the data.
Similarly, for X = [3], we get a cube of objects

///Q “p
Clay 5 Czy
0{3} """""""""""""""""""""""" 0{173},
0{2,3} Cli,2,3)

and you remember all possible ways of forming C; 2 31 out of Cy1y, Cyay, and Cyzy by merging
sums. The lines in the picture are not meant to be maps; they are just there to indicate the
cube.

This construction gives a functor C(—): I' — cat as follows: If g: X — Y is a morphism
of finite pointed sets, then an object (Cs, 0s,r) is sent to (C%,, 04, 1), where CF, := Cy-1(g1)
and Qf’g,,T, = 0g-1(5),g-1(1)- As g preserves the basepoint, this is well-defined.

DEFINITION 14.4.3. Let C be a small permutative category. Then, the I'-space
NC(—): I' — sSets
is the Segal K-theory of the permutative category C. We denote it by Kg(C).

We can also form the corresponding spectrum (NC(S™)),>0. One can identify the homo-
topy type of the spectrum in many cases (see, for instance, [May77, V1.5]).

EXAMPLES 14.4.4.

e The process of remembering splittings of projective modules into direct sums should
sound familiar from Example [I3.3.6] and it should not be a surprise that the Segal
K-theory of the category of finitely generated projective R-modules for some ring R,
P(R), gives the K-theory spectrum of that ring, K(R).
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e The Segal K-theory of the category of finite sets and bijections, >, gives rise to the
sphere spectrum.

e The category of complex vector spaces, V¢ gives rise to a spectrum via Kg(V¢), which
is a connective version of complex topological K-theory, ku. Its real analog, Vg, gives
connective real topological K-theory, ko.

e If A is an abelian group, then the discrete category associated with A, with a € A
as objects, is permutative (using the abelian group structure of A), and the Segal
K-theory gives the Eilenberg-Mac Lane spectrum of A, H A.

14.5. Injections and Infinite Loop Spaces

Establishing E..-structures on spaces is usually not easy. Schlichtkrull gives in [Sc09
Proposition 6.5] an explicit action of the Barratt-Eccles operad on a model of the homotopy
colimit of a commutative Z-space. In the simplicial setting, the action is as follows:

PROPOSITION 14.5.1. Let X: Z — sSets be a commutative Z-space monoid with mul-
tiplication p: XOX — X. Then, hocolimzX is a simplicial set with an action of the
Barratt-Eccles operad (N&s, )m>0, and hence, its geometric realization is an E.-space.

PrROOF. We define a functor F,,: &, x (X\Z)™ — X\Z for every m by

Fm(0'7 (n17x1)7 DN} (nmJ ‘rm))
= Moy U .. Ung1(my, 0(n1, ..., n) (((0y, 21), - -y (4, ).
Here, the permutation o(ni,...,n,) € X, 4+ 4n, Dermutes the blocks n; up to n,,, as

o € %, permutes the numbers 1 to m.
On morphisms, we define F,, as follows: For 7 € &, (0,7 00), we set

Fm(T, 1(n1’x1), ey 1(nm,xm)) = T(na—l(l), ce ,nrl(m)).
For f;: (n;, z;) = (pi,y;) morphisms in X\Z for 1 < i < m, that is, f; € Z(n;, p;), such that
X(fi)(x;) = y;, we define
Fm(lma f17 R fm) = fo“l(l) U...u fo_l(m)'
OJ

Note that in the case of the terminal Z-space, this reduces to May’s result about actions
of the Barratt-Eccles operad on the classifying space of any permutative category, here in

the case BZ (Theorem [13.1.5)).

Sagave and Schlichtkrull discuss important examples of such structures in [SaSc12 §1].

ExXAMPLE 14.5.2. The families of groups O(n), U(n), and GL,(R) for R some dis-
crete commutative ring give rise to commutative Z-spaces n — BO(n), n — BU(n), and
n — BGL,(R) and the corresponding Bousfield-Kan homotopy colimits are BO, BU, and
BGL(R)™".

ExXAMPLE 14.5.3. Any pointed simplicial set X and any well-based topological space
gives rise to the commutative Z-space Sym(X), with Sym(X)(n) = X™. Schlichtkrull showed
in [Sc08] that hocolimzSym(X) is equivalent to the Barratt-Eccles construction [BE74]. For
connected X, this is a model for Q(X) = Q®°X>X.
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14.6. Braided Injections and Double Loop Spaces

One can use a different diagram category in order to identify double loop spaces. It is
stated in Stasheff [Sta92, pp. 122-123] that one can deloop braided monoidal categories
twice. By a result of Fiedorowicz [Fiod, Theorem 2|, we know that the classifying space of
a braided monoidal category is a double loop space after group completion. Berger [Be99]
proves this fact by using simplicial operads.

The idea of [ScSo16] is to desymmetrize the category of finite sets and injections by
allowing braid groups as automorphisms and not symmetric groups. This can be viewed
as a crossed semisimplicial group in analogy to the crossed simplicial groups of Fiedorowicz
and Loday [FiLo91]. Using the corresponding diagram category of braided injections, they
produce an explicit twofold delooping.

DEFINITION 14.6.1.

e Let MZ denote the category of order-preserving injections. The objects of MZ are
the sets n = {1,...,n} for n > 0 and the morphisms are order-preserving functions
of finite sets.

e As in Example 8.6.6, we denote by Br,, the braid group on n strands.

e Let B be the category of braided injections. The objects of 28 are the same as the
objects of MZ, but the morphisms f € B(n, m) are composites of morphisms f = ioo,
where o € Br, and i € MZ(n,m). Composition in 9B is defined by concatenation and
combing. If g = j o7, with j € MZ(m, (), then go f = j o7 0ioo can be uniquely
written as (j o 7.(2)) o (i*(7) 0 o), with j o 7.(i) € MZ(n,¥) and i*(7) o 0 € Br,, as in
[FiLo91, Theorem 3.8].

REMARK 14.6.2. Note that the decomposition of morphisms above is analogous to the
one in the category Z. Every f € Z(n, m) can be uniquely written as a composite f =ioo,
where i € MZ(n,m) and o € ¥,,. Thus, in the category B, you just replace the family of
symmetric groups by the family of braid groups.

1\23
\ _
<\ ‘\\
1 2 3 4 5 6 7
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The category 9B is a braided monoidal category [ScSol6, §2], with monoidal product
given by disjoint ordered union of sets:

(n,m) — nllm,

where we declare the elements of n to be smaller than the elements of m, and thus, n Lim
identifies with n +m. There are two choices for the braiding: using the braid x(n,m) €
Br,.,» that pulls the first n strands in front and the last m strands to the back and then
moves them around each other, or we can take its inverse. We use x(n,m).

PROPOSITION 14.6.3. ([ScSo16l Proposition 3.12]) The Day convolution product from
Definition turns the category of functors from ‘B to the category of simplicial sets into
a braided monoidal category.

Following Schlichtkrull and Solberg, we call such functors B-spaces. Explicitly, for two
B-spaces X and Y, the value of the Day convolution product X XY on an object n is given
by

(X XY)(n) = colimy ym—nX () X Y(m).
The morphisms x(n,m) define a braiding, that is, an isomorphism 5: X XY — Y X X. The
unit for the Day convolution product is the terminal B-space B(0, —).

DEFINITION 14.6.4. A B-space A is a commutative B-space monoid if it is a monoid
with multiplication p and unit and if the diagram

ARA—" L ARA

N

Given a monoidal structure, we can form a two-sided bar construction of any monoid, as
in Definition[10.4.2] As the unit B(0, —) is the terminal object in the category of B-spaces,
it is also a bimodule over any monoid. In particular, we can construct the reduced bar
construction B¥(B(0,—), A,B(0,—)) of any commutative B-space monoid A. Note that
this is a bisimplicial object.

commutes.

DEFINITION 14.6.5. The reduced bar construction, B¥(A), of a B-space monoid A is the
diagonal simplicial B-space associated with B¥(3(0, —), A, B(0, —)).
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Schlichtkrull and Solberg show [ScS016| Lemma 6.1] that the reduced bar construction of
a commutative B-space monoid is a B-space monoid, and hence, one can apply the reduced
bar construction once more. This yields the following result:

PROPOSITION 14.6.6. [ScSo016l Proposition 6.4] If A is a commutative B-space monoid
(with underlying flat B-space), then B¥(B¥(A)),s is a double delooping of the group com-
pletion of the Bousfield-Kan homotopy colimit hocolimg A. |

Here, the flatness condition ensures correct homotopical behavior.

14.7. Iterated Monoidal Categories as Models for Iterated Loop Spaces

Our understanding of single loop spaces and infinite loop spaces is rather good. For
double loop spaces we saw that we have a fair understanding in terms of braided monoidal
categories or braided operads. It is harder to find explicit models for iterated loop spaces of
the form Q"X with 2 < n < co. An early approach can be found in Cobb’s paper [Co74].
He uses a diagram category P, and relates connected special P,-spaces to n-fold loop spaces
[CoT4, Corollary 3.1] via an iterated delooping.

We discuss two different approaches: one via iterated monoidal categories due to [BESV 03]
and a different one using the category ©,, in Section [14.§]

If you have a double loop space Q?X = k;Top*(S2, X) on a based space X, then you can
reexpress 22X as Q(QX), and in fact, one can use this reformulation and the Eckmann-
Hilton argument from to get that me(X) is abelian, by considering the two H-space
structures coming from the two loop coordinates.

As monoidal categories model loop spaces, the rough idea is that double loop spaces
should be modelled by categories with two monoidal structures that are compatible. How-
ever, the compatibility must not be too good, because otherwise, you could apply the
Eckmann-Hilton trick and you would get a commutative structure. This idea is worked

out in [BFSVO03].
DEFINITION 14.7.1. Let n be bigger than 1. An n-fold monoidal category is a category
C with the following data:

e There are n strict monoidal structures
Oq,...,0,:CxC—=C

on C that share a unit object, that is, there is an object e in C that is the common
strict unit for all of these strict monoidal structures.
e For all 1 <i < j <mn, there is a natural transformation ¢, whose components are

These natural transformations (¢*);<;<j<, satisfy the following conditions:
(1) (unit conditions) For all objects A, B of C:

] _ A ] _ A
@A,B,e,e - 1A|:’jB - @e,e,A,B and QOA,e,B,e — 1ADz‘B — Soe,A,e,B‘
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(2) (associativity conditions) The diagrams

ij
¢A,B7C’DD'L]-EDJ-F

(AD;B)0,(CO,D)0,(EO,F) ——— ((A0,C)04(B0O, D)) 0, (EO,F)

i ij
1ADjBD1(pC,D,E,Fl B l‘PADiC,BDiD,E,F
ij
¥YA,B,CO,E,DO,;F

(AD;B)0,((Co,E)0,(DO,F)) —— (AD,CO,E)0,(B0O; DO, F)
and

©j
¥AD;B,C,DO;E,D

(AD; BO;C)0,(DO; EO; F) ——  ((A0D; B)0, (DO, E)) 0, (CO, F)

¢X,BDjC,D,EDjFl N I@Z}BYD,ED]'IODZ-F

lao, 0095 c,5,F

(AD,D)0;((BO;C)O,(EO;F)) ———— (A0, D)0, (B0, E)0,(CO, F)
commute for all objects A, B,C, D, E, F of C and for all i < j.

(3) For all 1 <i < j < k < n, the following hexagon diagram commutes. (We omit
the objects at the s to ease notation.)

((A10xA2)05(B10x By))0;((C10,C2)8;( D10, D) )

ei*Dpk
((A10;B1)0x(A20;B,))0;((C10;D,) 0, (C20;Ds)) g
o'k ((A104,A42)0;(C10,C5)) 0 ((B1 0 B2) 0 (D104 D3))
((A10;B1)0;(C10; D1 )8, ((A20;By)0:(Co0;Dy) ) itk

((A10;C1) 05 (A20,C2))0;((B10; D1) 8y, (B20;Dy))

((A10;C1)0;(B10; Dy) )0k ((A28;C2) 0, (By0; Dy) )

Note that the ¢%s are not required to be isomorphisms. In the associativity diagrams, the
second diagram looks like a backward version of the first, but note the asymmetric condition
that ¢ < j. The flow of the associativity diagrams and the hexagon diagram is upward from
a O;-product as the central product to a O;- or O-product for ¢ < j or ¢ < j < k.

THEOREM 14.7.2. [BFSVO03, Theorem 2.2] The group completion of the classifying
space of an n-fold monoidal category is an n-fold based loop space.

14.8. The Category 0O,

André Joyal defined in [Jo-acd] a category ©,, for every m > 1, in order to define
weak versions of n-categories. Michael Batanin [Ba08| and Clemens Berger [Be07] used
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the category ©,, for understanding n-fold based loop spaces. The categories ©,, also play
an important role in higher category theory for the understanding of (co,n)-categories
[BRez13b, BRez13a, BRezx].

DEFINITION 14.8.1. Let C be an arbitrary small category.

e The category O(C) has objects ([m]; Cy, ..., Cy,), where [m] is an object of A and the
C;s are objects of C. For m = 0, there is an object ([0]) of ©(C), which we also denote
by ([0]; —=). A morphism in ©(C) from ([m];C4,...,Cy) to ([n]; D1,...,D,) consists
of an f € A([m], [n]) and morphisms g;; € C(C;, D;) if f(i—1) < j < f(i). Form =0,
a morphism from ([0], —) to ([n]; D1,...,D,) is just a morphism f € A([0], [n]).

e The same category O(C) is also denoted by A1C and is called the wreath construction
of the category A with the category C.

REMARK 14.8.2. Wreath constructions can be with other categories than A, and we will
see another example later in Definition [14.8.12, Precursors of this idea can be found as early
as in [CoT74].

A nice way of visualizing the objects ([m];C1,...,C,,) of the category ©C is to write
the object C; of C between the elements ¢ — 1 and 4 of [m]. A morphism in ©C from
([m]; Cy,...,Cp) to ([n]; Dy, .., Dy,) consists of a morphism f € A([m], [n]) and morphisms
in C from C; to D; whenever the object C; can see the object D;, that is, when its view is
not blocked by the arrows of f.

EXAMPLE 14.8.3. Consider the map f: [4] — [4] in A, which is given by f(0) =1, f(1) =
2,and f(2) = f(3) = f(4) = 4. A morphism from ([4]; Cy, Cy, Cs, Cy) to ([4]; D1, Da, D3, Dy),
with f as the first coordinate, is then of the form

(f,9123 Cy = Dy, g93: Co = D3, gog: Cy — D4)-

4 4

C, D, C, D,
3 *3 924

Cs , Ds Cs D5
2 g23

CZ / 1 D2 02 D2
1 g12

Cl / O Dl Cl Dl

O [ ]
EXERCISE 14.8.4. What are possible morphisms in ©(C) whose first component is a J;
or a o;”?

There is a canonical functor A x C — O(C).

DEFINITION 14.8.5. We define a functor §: AxC — ©(C) on objects by setting §([m/|,C) :=
(Im]; C,...,C) for m > 0 and §([0],C) = ([0]; —). A pair of morphisms (f,g) with f €

A([m], [n]) and g € C(C, C") is sent to the morphism in ©(C) that has f as a first component
and g;; = g whenever g;; is defined.
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Recall that we denote the terminal category by [0].

DEFINITION 14.8.6. The categories ©,, are defined in an iterative way. We set Oy = [0]
and 0,4, := 0(0,).

Note that ©; is isomorphic to A; thus, if you prefer the wreath notation,

O,=A0...1A.
——
Objects in ©y are of the form ([n]; [k1],...,[kn]), with objects [n], [ki], ..., [k, of A.
For O3, we get an additional copy of A on the left, and for [n] in A, we need n objects
(fmul; ki), - Tk D)y o (Imas (KT, - - [k, ]) to form an object

([l ([mal; (Ral, - T, D), (Bl R, - e, D))

in ©3. For sake of clarity, we reorder these as

(s [rad, - Dl o) [, ] [T, TR D)
and call [n] the left-most object and ([£7]) the right-most sequence of objects of the object.

The iterative nature of the definition of ©,, allows us to connect the categories ©,, for
different n via suspension and inclusion functors (see [Rez10l 11.3]).

DEFINITION 14.8.7.
e The suspension functor o,: ©, — ©,41 sends an object x of ©,, to the object ([1];x)
of ©,,. A morphism f € 6,(z,y) is sent to the morphism

on(f) = (L f) € Onra(on(@), on(y)).

e The inclusion functor i,: ©, — 6,1 sends an object z € O,, to the object (z;[0],...,[0])
of 6,41, where we add as many instances of [0] as prescribed by the right-most se-
quence of objects in . On morphisms, i,, adds the identity on [0] everywhere, where
it is needed.

REMARK 14.8.8. Note that the functor §: A x A — ©(A) = AU A from Definition [14.8.5

can be iterated to a functor

(14.8.1) On: AX ... XA —0O,.
—_——

n

EXERCISE 14.8.9. Convince yourself that for n > 1, the functor 4, is neither full nor
faithful, and, of course, it is not essentially surjective.

14.8.1. Trees with n-Levels, Finite Combinatorial n-Disks and ©,,. As an alter-
native, you can think about objects of ©,, as planar trees with up to n levels. For ©; = A,
the object [m] for m > 0 corresponds to the planar corolla tree with m leaves,

1 2 m—1 m,
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where the tree is empty for m = 0. As Oy = A A, an object ([m];[ni], ..., [nm]) of O
corresponds to a planar tree with two levels, where level one is the tree above and the second
level consists of corolla trees with n; leaves, such that the n;-corolla tree in level 2 is glued
to the ith leave in the first level. For example, the object ([2];[3],[2]) corresponds to

EXERCISE 14.8.10. Describe morphisms in ©,, in terms of morphisms between planar
n-level trees.

We formalize the description given earlier in order to obtain a model for the opposite
category of ©,, ©%, and we use the category of finite combinatorial n-disks in the sense of

[Jo-acq] as an intermediate category for the comparison.
Recall that n denotes the set {1,...,n} with the convention that 0 = &.

DEFINITION 14.8.11. [Jo-accl p. 3] [Ba08|, Def. 4.3] The category (2, has as objects
chains of order-preserving maps

n f’i’l—
LG P L S LI PO L |
Oénl O‘n—lJ/ OZlJ H
LNy N Ny N |

commutes and, such that the restriction of each a; to every fiber f;"}(j) is order-preserving.

As for ©,,, the objects of €2, correspond to planar trees with less or equal to n levels. For
n = 1, we just have objects k; — 1 of €2, which correspond to corollas with k; leaves.

1 2 k=1 Fy
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If k&1 = 0, then we get the empty corolla.

In Qs, there are corollas stacked on every ¢ € ky, but as we do not only consider surjective
order-preserving functions we might also get empty preimages. A typical example of an
object in €25 is

We will establish €,, as a model for ©2 up to homotopy equivalence (see [Jo-acd] and
[Be07, §3.6]). We obtain an immediate model of ©¢ via the category of intervals, I. To this
end, we define the wreath product of the interval category of Definition [10.3.1| with a small
category.

DEFINITION 14.8.12. Let C be a small category.

e The objects of the category 11 C are tuples ([n + 1];C4,...,C,), where [n + 1] is an
object of I and the Cjs are objects of C.

e A morphism in I?C from ([n + 1];Cy,...,Cy,) to (fm + 1); Dy, ..., D,,) consists of a
g € I([n+ 1], [m +1]) and morphisms f;;: C; — D, in C for all ¢ and j, with f(j) = ¢.

In contrast to A C, one can view the objects C; as being glued to i € [n + 1], and they
move with f.

ExXAMPLE 14.8.13. Observe that (A1 A)° = ©9 is isomorphic to I I: We know that
I = A hence, the crucial thing is to observe that the morphisms really move in the opposite
direction.

Consider the morphism
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6
Co

b} 5
Dy Cs

4 4
D, Cy

3 3
D3 03

2 2
D2 CZ

1 1
D, / ¢,

0 0
in AZA, with gi2: Dl — CQ, gi3: Dl — Cg, g34 - D3 — 04, g3s - D3 — 05, and J46 - D4 — 06-
The corresponding morphism g = D(f): [7] — [6] of proper intervals is

J

i)

Cs6

(@)

C55
Cy4
Cs3
Cy2

(i1

S

0 > 0,
and we obtain f122 CQ — D1, f132 03 — Dl, f342 04 — D3, f352 05 — Dg, and f46: 06 — D4
in N1

An iteration of the preceding argument gives that the n-fold iterated wreath product of
I with itself is isomorphic to ©F. For brevity, we set

U, =1 and ¥, :=12V,,_; for n > 2.
PROPOSITION 14.8.14. For all n > 1,
v, =0e?

O
There is a beautiful description in |[Jo-aocd] of the category that you can build by us-
ing balls of different dimensions and their canonical inclusion and projection maps. For

283



simplicity, consider the standard balls in Euclidean space
B, :={z e R",||z|| < 1},

with the convention that By is a point. We can embed B into the boundary of B; in
two different ways, as the starting point or as the endpoint of the interval B;. In higher
dimensions, you express 0B, as the union of the two hemispheres and get two canonical
inclusions B,_1 — B,. We also have projection maps ¢,: B, — B,_1 collapsing the last
dimension. The corresponding small category is as follows: We use a variant of the definition
given in |[Jo-aocd] and [Be07, Proof of Theorem 3.10], where we require proper intervals as
fibers.

DEFINITION 14.8.15. The category D,, of finite combinatorial n-disks has as objects
sequences of finite sets and functions

(14.8.2) Dy=—=Dn1——...——=Di—=—=Dy = {*},

with functions ¢;: D; — D;_1 for 1 < i <n and s;,t;: D;_1 — D, for 1 <7 <n. These have
to satisty the following conditions:

e For each © € D; i, the fiber ¢;'(z) is a proper interval with minimal element s;(x)
and maximal element ¢;(x).

e For all i,
qisi = ¢qit;=1p, ,
tiziti = siqts, and
liv1Si = Sit18;

e For i > 2, the equalizer of ¢; and s; is s;_1(D;_2) Ut;_1(D;_2).

A morphism in D,, is a commutative diagram

Dn — Dn—l e D1 {*}
fnl fn—ll fll
D, =—D;_, Dj {=},

such that the f; respect the order of the fibers and the minimal and maximal elements.

THEOREM 14.8.16. For all n > 1, the n-fold wreath product of I, ¥,,, is equivalent to
D,.

PrOOF. We have I = ¥; = D,. By induction, we assume that the claim is shown for all
k <n —1, and we show that I:D,,_; = D,,. This is a proof by cutting and stacking.
We define a functor F': 11 D,,_; — D,, by taking an object

([m +1], D!, D} D} = {x},..., D™, Dy Dy = {x})
of 1?1 D,,_, and stacking it together, sending it to the object
D} ,U...uD, — ... DiU...UDP— m+1] — {*}

in D,,, where we have ordered the m endpoints of the objects and have added a minimal and

a maximal element to obtain [m + 1].
The functor G: D, — 11D, _; cuts a finite combinatorial n-disk, as in (14.8.2)), into
m = |D;| — 2 finite combinatorial (n — 1)-disks but remembers the object [m + 1] of I
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from the cutting procedure. We can write D; = {min, zy, ..., x,, max} and take the m

combinatorial (n — 1)-disks that lie over x1, ..., Z,,.
The functors F' and G are defined on morphisms in the only possible way. As F' and G
are inverse to each other, this proves the claim. 0

If we discard the part of the diagram ((14.8.2)) that involves the functions s; and ¢;, then
we focus on the inner part of the disks.

DEFINITION 14.8.17.

e The boundary of the set D; of a finite combinatorial n-disk, as in (14.8.2)), is dD; =
Si(Dz;l) U tz(szl) We set 8D0 =

e The interior of the set D; is the complement D; \ dD;. We denote it by DZ

e The interior of a finite combinatorial n-disk is the diagram

lojn lo)n_l f)l {*}7

where we abuse notation, and re-use ¢; for the restriction of ¢; to the interior.
e Morphisms between such open finite combinatorial n-disks are commutative diagrams
of functions

dn dn—1 q1

dn—1 q1

D, —* D, , D, {x}

A el

qn dn—1 q1

D, 5D D, {*},
such that the f;s are order-preserving on the fibers of the ¢;s.
e We denote the category of open finite combinatorial n-disks by D,,.

PROPOSITION 14.8.18.
(1) The categories D,, and €2, are isomorphic.
(2) There is a functor
(=): Dp, — Dy,
and ( ) has a left adjoint.

PROOF.

(1) There is a total ordering on every fiber q- ( ) for g;: D — lo)l 1- We can use the
total ordering on D, in order to identify D with the labels of the first layer of a tree
in Q,, |D1|. The total ordering on D; induces a total ordering on Dy if we order
the fibers, such that the elements in g, '(z) are less than the elements in g, ' (y) for
x < y. This allows us to identify D, with the nodes in the second layer of a tree in
Q,. Iteratively, the object

qn dn—1 q1

Dy——{x}
corresponds to a unique tree in €2,,. Morphisms in D, correspond to morphisms in
Q.

(2) Taking an object in D, to its interior D,, defines a functor (—): D, — D,. We can
take an object

bn ﬁn—l

1071 {*}
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and set D = Dy = {*}. We define the D;s for 0 < i < n by adding a minimal
and a maximal element to each fiber of ¢;. This defines D; and also a function
¢;: D! — D, ;. Then, we define s;: D;_y — D; by sending an = € D) ; to the
minimal element in the fiber (¢/)~'(x), and ¢; sends = to the maximal element in
(¢))~ (). This defines the left adjoint L to (—) on the level of objects.

For a morphism f in D,, we define L(f) by requiring that L(f) is equal to f
on the subsets DZ C D; and that it respects minimal and maximal elements in the
fibers. This defines a morphism in D,,.

As (—) forgets structure, it is easy to see that L is left adjoint to (—)

0

COROLLARY 14.8.19. There is a homotopy equivalence between BS2,, and BO?.
PROOF. As we have a left-adjoint L to (i), we get that BQ,, ~ BD,,, and we know from
Theorem|[14.8.16|that BD,, = B(¥,,) and from Proposition|14.8.14|that B(V,,) = B(©%). O

14.8.2. O, and n-Fold Loop Spaces. Explaining Berger’s result [Be07] in full detail
would go well beyond the scope of this book, so we only sketch his approach. For functors
X: ©% — cg, he has a notion of being reduced, which means that X (i,_1(z)) = * for every
object € ©,,_; and that X ([0], —) = . Here, i,,_1: ©,,_1 — O, is the inclusion functor from
Definition [14.8.7] Berger defines a topological realization functor | — |g, [Be07, Corollary
3.11] that sends a functor X : ©2 — Sets (or X: 02 — cg) to a topological space. There is
also a model categorical requirement that ensures the correct homotopical behavior. For a
functor X : ©2 — cg, one denotes by U(X) the evaluation of X on the object ([1];[1];...;[1])
of ©,. Note that this is the object 0,1 o ...01[l], where 0;: ©; — O, is the suspension
functor from Definition

THEOREM 14.8.20. [Be07, Theorem 4.5] Let X: ©2 — cg be reduced and cofibrant-
fibrant. Then, U(X) is weakly equivalent to 2"|X|e,, and hence, in this case, |X|g, is an
n-fold delooping of X.

REMARK 14.8.21. The case n = 1 of the preceding result recovers Segal’s Theorem [14.2.3
that identifies suitable reduced Segal spaces as based loop spaces.

EXERCISE 14.8.22. Prove that precomposition with 4,, sends reduced ©,-spaces to re-
duced n-fold simplicial spaces. Here, an n-fold simplicial space Y is reduced when Y ([k1], ..., [kn]) =
xifk;=0foronel<i<n.

In the algebraic setting, n-fold deloopings are realized by so-called E,-homology. Let
k be a commutative ring and let A be a commutative augmented k-algebra. Note that k
is a left and right A-module. We consider the two-sided bar construction of A, B(k, A, k),
as in Definition [10.4.2] which is an algebraic analog of a delooping. If G is a group, then
B({e}, G, {e}) is a model for the classifying space BG, and there is a weak homotopy equiv-
alence G — Q1BG.

As A is commutative, the chain complex associated with the simplicial k-module B(k, A, k)
carries a multiplication. Let us denote elements in B,(k, A, k) by [a1 | ... | ap], omitting the
scalars in k. Then,

(14.8.3) lax | Tap) faper | Japrg) = Y sign(o)[ag-101) | -+ | Go-1(p1q)];
oc€Sh(p,q)

286



where the sum runs over all (p, ¢)-shuffles, that is, all permutations in the symmetric group
on p + q letters, which respect the ordering of the first p and the last ¢ elements.

The shuffle multiplication in the bar construction can be encoded by the category €2,.
Consider the morphism

p+qp—>2—>1

|1

p+q—1——1

in Q,, where p maps every i € {1,...,p} to 1 and the complement to 2. The unlabelled
morphisms are uniquely determined because 1 is terminal. The function s has to be order-
preserving on the fibers of p, so it has to preserve the ordering 1 < ... <pandp+1<...<
p+ q. If s is bijective, then s is a shuffle in Sh(p, q).

The bar construction can be turned into a functor £L¥(A; k) from Q, to the category of

k-modules by sending an object p + qp—>2—>1 to A®P*9. A morphism as considered
earlier induces the shuffle multiplication from (14.8.3). This idea is used in [LR11] in order
to show that F,-homology of commutative augmented algebras possesses a functor homology
description. Instead of €2,,, we work with a variant, Epi,, that has as objects chains of order-
preserving surjections [LRIT, Definition 3.1], whereas in Definition[14.8.11] one allows chains
of arbitrary order-preserving maps.

14.8.3. ©,, and Higher Categories. The objects in O, correspond to certain full
subcategories of the category of strict n-categories. An object in ©; is of the form [n] for
some n > 0, and [n] corresponds to the strict 1-category (which is nothing but a category)

0—1—...—=n.

An object ([n]; [k1], ..., [ks]) in ©2 encodes the strict 2-category, whose set of objects is
[n] ={0,...,n} and where we have k; 1-morphisms between the object i — 1 and i of [n] and
(k; — 1) 2-morphisms. For example, the object ([5];[0],[2], [1], [4], [3]) represents the strict
2-category with 1-morphisms

0%132:33@4@5.

In an n-category, you have k-morphisms for all 1 < k < n.

The suspension functor o, : ©,, — 0,11 upgrades objects to I-morphisms and s-morphisms
to (i + 1)-morphisms for i < n.

For instance, the suspension of the object ([5];[0],[2],[1],[4],[3]) of ©y is the object
(113 53; 0], (21, [1], 4], [3]) o ©s.

Rezk [Rez10l, p. 523] considers particular objects O; in ©;: Oy = [0] is the only object
of ©p. The suspension of Og is O; = ([1]; Op) = ([1], [0]). Iteratively, we set

Oni1 = 0,0, for all n > 0.
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In the interpretation of strict n-categories, O,, corresponds to an n-cell:

0

OOZO; 01:0L>1, 02: O/io\(l,

~_

1

The term oo-category denotes a higher version of a category, where one has k-morphisms
for all & > 1. If you take a topological space X, you can take its points as objects. A
I-morphism between x and y in X is a path from x to y. If you have two such paths, then a
2-morphism between them could be a continuous map from a unit square that is a basepoint
preserving homotopy between the two paths. But nobody can prevent you at this point from
defining k-morphisms for arbitrary k£ > 1 as homotopies between the (k—1)-morphisms that
you had. This is the co-groupoid of the space X, and Grothendieck’s homotopy hyp