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Abstract

This book aims at introducing higher category theory in an axiomatic way: instead of building
higher category theory on top of set theory, as is done in the framework of quasi-categories, we will
introduce higher category theory synthetically, with the aim of having access to its main features as
quickly as possible: the Yoneda embedding, the straightening/unstraightening correspondence, the
theory of Kan extensions, the theory of presentable categories, etcetera. Our axiomatic approach
will not only provide tools to comprehend the important aspect of higher categories as they are used
in practice (derived algebraic geometry, homotopical algebra, etc.) but also in more general contexts
(e.g. higher category theory internally in any higher topos) and in logic (dependent type theory).
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Preface

This book is under active construction: various parts of it are very much unfinished and will be
refined and expanded over the course of 2025 and 2026. The most recent version of this book can
be found here.
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sions on (multimodal) type theory. We further thank the members of a reading group in Université
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Weinberger for pointing out mistakes and/or typos.

iii


https://drive.google.com/file/d/1lKaq7watGGl3xvjqw9qHjm6SDPFJ2-0o/view?usp=sharing

Change log

The following is an overview of the major updates in this book:

* July 2026 New chapter on K-theory - Waldhausen’s S-construction and its universal property.
Localization theorem

* June 2026: New chapters on ind-objects and stable categories.
* May 2026: New chapter on left exact localizations.

* March 2026: Completed part on Peano arithmetic and filtered colimits of animae. Established
equivalence between complete Segal animae and synthetic categories.

* February 2026: Completed the parts on straightening/unstraightening, Yoneda lemma, func-
toriality of the opposite category functor. Established fully faithfulness of the nerve functor
by explicit computations of colimits.

* November 2025: Retitled book to Synthetic Category Theory; Rewrote Proposition 3.4.5 to
emphasize the symmetry between the equivalent conditions from Proposition 3.4.4; Rewrote
Section 4.2 on contexts and dependent sums; Changed conventions on underlining, see Ax-
iom K.2; Fixed various typos; Removed lots of older material.

» April 2025: Redefined [2] as Fun([1], [1]), as suggested by Christian Sattler. Various re-
organizations from Chapter 9 onwards. Changed terminology “fundamental groupoid” to
“geometric realization”. Changed convention regarding ‘surjective’ and ‘essentially surjec-
tive’, see Definition 6.3.1 and Definition 11.5.3;

* November 2024: Started a change log. Revisions and cleaner exposition in Chapters 7, 8 and
9. Reformulation of Axiom B.6 for functor categories;

* October 2024: Turned the ‘lecture notes’ into a ‘book project’; Started Section 11.1 on naive
set theory within synthetic category theory; Started Section 12.1 on the partially ordered set
of natural numbers;

* August 2024: Removed axioms on diagram categories, replaced with simpler but more ad
hoc approach merely using two synthetic categories [1] and [2];
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July 2024: Major rewrite of the introduction;
May 2024: Added Chapter 4 on contexts;

April - July 2024: Incorporated the material from Cisinski’s lecture course Formalization of
Higher Categories Il during the summer term 2024 in Regensburg: the current Chapters 7, 8,
9 and 11 on universes, cofinality, the Yoneda embedding, peano arithmetic and the simplex
category, plus some material which made its way into earlier chapters;

April 2024: Major revision of the lecture notes into its current form: Introduced the language
of ‘naive category theory’ in Chapter 1, rewrote the notes in terms of that language. Removed
material on tribes, see Part II here;

December 2023: Expanded Chapter 5 with more material on (co)cartesian fibrations;

October 2023 - February 2024: Lecture notes for Cisinski’s lecture course Formalization of
Higher Category during the winter term 23/24 in Regensburg. Topics included: the theory
of clans and tribes; a discussion of homotopy type theory within a tribe; disjoint unions
and functor categories; a definition of simplices via the join construction; a discussion of
diagram categories, the Segal axiom and the Rezk axiom; a discussion of groupoids; a (very
brief) treatment of (co)cartesian fibrations; subcategories and localizations; the Fundamental
Theorem of category theory; universes and directed univalence.
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Introduction

The goal of this book is to establish an axiomatic framework for higher category theory. This
approach is best thought of as a form of synthetic category theory: instead of constructing higher
categories from more primitive objects, the axioms impose the intended behavior of higher categories
directly. This stands in contrast to analytic approaches, such as the theory of quasicategories, in
which one first constructs higher categories inside a background foundation, typically set theory,
and then proves that the resulting objects have the desired categorical properties.

Mathematical motivation

Category theory has long been a useful unifying language for abstract mathematics. Higher category
theory! refines ordinary category theory by allowing all constructions and properties to be considered
up to coherent homotopy. In recent decades, higher category theory and homotopy theory have
become central tools in algebraic topology, algebraic geometry, representation theory, mathematical
physics, and many other fields.

The traditional foundations of the field have rested on specific models, most notably the framework
of quasicategories developed by Joyal [Joy08] and Lurie [Lur09; Lurl7]. As the subject matured,
however, it became clear that most of its results and constructions are model-independent: they never
touch the combinatorial details of quasicategories, or of any other model. One way to say this is that
there is a language of category theory, of which the classical set-based notion, a category as a set
of objects and a set of morphisms, is one interpretation, and the theory of quasicategories another.
The working content of higher category theory lives in the language, not in any single interpretation
of it. Following this viewpoint, much recent work is written in a deliberately model-agnostic style
that avoids the combinatorial scaffolding of quasicategories.

One primary goal of this book is to provide a detailed account of this model-independent language
of category theory, and to identify a list of key categorical axioms one needs to assume to build up
the rest of the theory. We believe this allows for a more direct and intuitive engagement with the
core concepts of higher category theory, and that it leads to proofs carrying insights that may have
been obscured by model-specific details in more traditional treatments of the theory.

Our framework has three further advantages:

* Parametrized oco-category theory: Our formalism is designed to serve as the internal language
of the co-category of sheaves of co-categories on any co-topos. Thus all results proved in this
book are automatically valid in parametrized category theory, as in the work of Barwick et al.

"More specifically: (co, 1)-category theory.



[Bar+16] on genuine equivariant homotopy theory and the work of Martini and Wolf [MW21]
on category theory internal to an co-topos.

* Naive co-category theory: The theory provides a semi-formal language in which one can teach
and use oco-category theory in the same way one uses naive set theory, making the subject
more accessible.

» Elementary co-category theory: The axioms are constructive, and hence shed light on the scope
of “elementary co-category theory”: Even constructively it is possible to recover substantial
parts of standard higher category theory.

An alternative formal approach to higher category theory was developed by Riehl and Verity [RV22].
The spirit of their approach is different from ours; for example, their formalism makes central use
of the theory of quasicategories, something we wish to avoid. Their formalism shows that higher
category theory can be developed in any choice of model satisfying some mild conditions, whereas
our formalism shows that higher category theory can be developed without having any model at all.

Philosophical motivation

There is also a philosophical reason to formalize higher category theory: category theory can serve
as a foundation for mathematics. This idea goes back at least to Lawvere, and it has been developed
in many forms since then; see for instance Landry and Marquis [LLMO5] for historical context.

The point of view in this book is that categories, in fact (oo, 1)-categories, should be treated as the
building blocks of mathematics, in the role traditionally played by sets or types. One way to study
mathematical objects within category theory is through the categories they form; this perspective
is already a common practice in fields like algebraic geometry and algebraic topology. We wish to
highlight a second way to recover ordinary mathematics as a fragment of the theory of categories: by
first restricting the theory to groupoids (those categories in which any morphism is an isomorphism)
and then further to sets (those groupoids that admit at most one isomorphism between every two
objects); the resulting set theory can then be used to define other mathematical objects in the usual
way.

The latter perspective also makes clear that the jump from set-based mathematics to category-based
mathematics consists of two conceptual leaps, corresponding to the passage from sets to groupoids
and the passage from groupoids to categories.

The first leap concerns the notion of equality. In set-based mathematics, equality is treated as a
property: two elements of a set are either equal or they are not, and there is no further question
of how they are equal. In groupoid-based mathematics, equality is instead treated as an intrinsic
structure: think of how ‘equality between two abelian groups’ usually means that the two groups
are isomorphic, and so different choices of isomorphism can be thought of as different ‘equalities’
between the groups. The structured perspective on equality is not new; for example:

* Makkai [Mak98] proposed the Principle of Isomorphism: All grammatically correct prop-
erties of objects of a category are to be invariant under isomorphism.



* Voevodsky’s homotopy type theory (HoTT) [Unil3] builds in a flexible notion of equality
which has the key feature that it is compatible with the Univalence Axiom, which roughly
states that two isomorphic types (groups, topological spaces, etcetera) are equal to each other.

We take it as our main guiding principle throughout the book:

Fundamental Principle of Homotopy Theory: When expressing that two entities are
equal, we must always specify how they are equal by providing an isomorphism between
them. All valid mathematical constructions should preserve these isomorphisms.

Taking this principle seriously, we are forced to replace sets as our basic notion of ‘collections of
mathematical objects’: equality in sets is too rigid. The new fundamental object in this paradigm is
called an anima, which may be described as a collection of objects such that for each two objects
there is an anima of isomorphisms between them. This gives animae the structure of a groupoid.
By considering equality of morphisms, we also have isomorphisms between isomorphisms, and
repeating this process we see that animae naturally behave like co-groupoids. Other common names
in the literature are spaces or homotopy types; HoI'T for example uses the latter framing.

The second leap is to replace groupoids by categories as the primitive building blocks of the theory.
In practice, a class of mathematical objects often naturally come with more general relations be-
tween objects than mere isomorphisms; think of homomorphisms between groups, continuous maps
between topological spaces, functors between categories. The concept of a category encapsulates
this by encoding morphisms between objects and behavior of their compositions.

The classical perspective on categories is analytic: a category consists of a set of objects and a
set of morphisms, satisfying various axioms. This perspective clashes with Makkai’s principle of
isomorphism, as it allows one to distinguish two isomorphic objects: categories should have an
anima of objects and a anima of morphisms. In light of this, it may be tempting to try to define
categories directly within HoT'T. However, we argue that it is better to make a second leap, and
directly take categories to be the primitive objects of the theory, with sets and animae arising as
special cases.

Just like the fundamental principle of homotopy theory forces animae to behave like co-groupoids,
it also forces categories to behave like (oo, 1)-categories: equality between morphisms must be
encoded by some notion of 2-isomorphisms, equality between those by 3-isomorphisms, and so
on. In this way, the language of category theory natively speaks about (co, 1)-categories, and strict
(1, 1)-categories are merely a fragment of this theory.

For broader discussions of categorical and structural foundations of mathematics, we refer to Tse-
mentzis [Tsel7], Marquis [Mar13], Rodin [Rod14], and Awodey [Awo14].

Synthetic category theory eats itself

One of the distinctive features of synthetic category theory is that it can interpret itself. In fact, we
will take this as a key design criterion: There should be a universe Cat whose objects are small
synthetic categories, and all the axioms of the theory we develop should ultimately be satisfied in
the internal language of Cat. In this sense, it is analogous to the role of Grothendieck universes in
set theory: sets large enough to contain the usual set-theoretic constructions, which can therefore
serve as a model of set theory inside set theory.



The axiom that makes this precise is directed univalence, which relates morphisms in Cat to functors
between synthetic categories. The main consequence of this axiom is the familiar Grothendieck
correspondence: for every synthetic category C, functors

C — Cat

correspond to small cocartesian fibrations over C. To illustrate why this relates the external theory
of synthetic categories to the internal theory of Cat, it is illustrative to consider the terminal case
C = 1. In this case, the Grothendieck correspondence says that objects of Cat correspond to small
cocartesian fibrations over the terminal category, hence to small synthetic categories. Applying the
principle to more general instances of C then provides the translation between the internal language
of Cat and the external language of categories that we are setting up.

Restricting directed univalence to animae recovers Voevodsky’s univalence axiom: isomorphisms
between animae correspond to equalities in the subuniverse An C Cat of animae. But the directed
form is stronger: it also says that maps between animae correspond to morphisms in An. This also
marks a crucial difference with homotopy type theory: HoT'T has a universe of types, and univalence
explains equality in that universe, but this does not yet give a self-interpretation of HoT'T inside
HoTT. The problem is to internalize the syntax of type theory together with its higher coherence in
plain homotopy type theory. Synthetic category theory is designed so that the theory eats itself: the
universe Cat is not only one object of the theory, but also a semantic universe in which the theory
can be interpreted.

Relation to type theory

In this book, we deliberately present the theory of synthetic categories as a naive theory: it is
written in semi-formal natural mathematical language. The main objective of this book is to provide
a model-agnostic presentation of the language of naive category theory, and build up standard
category theory from a sizable list of foundational axioms. No knowledge of type theory is required
to read this book.

Nevertheless, our work is heavily inspired by type-theoretic considerations, and we expect it to be
possible to write down rigorous type-theoretic syntax and derivation rules that allow the theory to
be formalized in proof assistants. We are exploring several approaches:

* A presentation of the theory a la Martin-Lof is in preparation in collaboration with Michele
Riva;

* A presentation of the theory within the type theory CaTT of w-categories [FM17; BFEM24] is
in preparation in collaboration with Ivan Kobe.

For readers familiar with dependent type theory, we wish to flag two differences with synthetic
category theory.

The first difference concerns the Curry—Howard correspondence: the idea that types may be inter-
preted as mathematical statements, and terms of a type as proofs of those statements. Constructions
of types, like the disjoint union X LIY or the product X XY, then admit logical interpretations, like the
logical disjunction P Vv Q and logical conjunction P A Q. Under this correspondence, propositions
appear as the special case of (—1)-truncated types: those types which admit at most one term.

4



In synthetic category theory, it is no longer the case that arbitrary types correspond to mathematical
statements. General types are now interpreted as categories, which allow for non-invertible maps
between objects. The types corresponding to statements are the animae: those categories in which
every morphism is an isomorphism.

The second difference concerns type dependency. In ordinary dependent type theory, for each
context I, the types in context I" form a category, and any substitution

fiA—>T

induces a pullback operation on types. This pullback operation preserves the logical structure of
the theory: products, sums, identity types, and the other type-forming operations are stable under
substitution. In this sense, substitution along an arbitrary map of contexts preserves the logic.

In synthetic category theory, this principle breaks in a controlled way. It continues to behave as
expected when the contexts involved are animae. But if I is a general synthetic category, then a type
in context I" should be thought of as a category over I, that is, as a functor

p: X—-T.

The resulting theory of categories over I' is not, in general, again a semantic interpretation of
synthetic category theory.

However, there is a better category-theoretic replacement: among functors X — I, one should
restrict to cocartesian fibrations over I'. The resulting category does form a semantic interpretation
of synthetic category theory. This theory is not equivalent to the naive theory of all categories over
I', except when I' is an anima.

Still, even when we restrict to cocartesian fibrations, pullback along an arbitrary functor f: A — I'
does not generally preserve all categorical structure: unlike in type theory, substitution does not
fully preserve the logic.

We wish to regard this phenomenon as a feature rather than a bug: It is one of the ways in which
synthetic category theory is more expressive than ordinary dependent type theory. The comparison
between the naive theory of categories over I" and the theory of cocartesian fibrations over I' is itself
structured: it is governed by adjunctions and by canonical comparison maps, many of which are not
invertible. Such non-invertible comparison maps are not pathological in category theory: they often
form an integral part of the mathematical discourse of the subject.

Consistency

The consistency of the theory presented in this book is controlled by the usual models of higher
category theory. Cisinski’s work on higher categories [Cis19], together with the work of Cisinski and
Nguyen on the universal cocartesian cofibration [CN22], shows that Joyal’s theory of quasicategories
gives a semantic interpretation of synthetic category theory. Thus the theory is at least as consistent
as the usual set-theoretic foundations used to construct quasicategories.

Let us note that the proof of directed univalence, namely the fact that there is a reasonable co-category
of co-categories, subsumes Voevodsky’s proof of the univalence axiom for Kan complexes [KL21].

As mentioned before, the work of Buchholtz, Gratzer and Weinberger [GWB26] on simplicial type
theory is expected to provide a constructive semantic interpretation of synthetic category theory



within the framework of Riehl and Shulman [RS17]. Conversely, the present book proves among
other things that the synthetic category of synthetic categories is equivalent to the synthetic category
of complete Segal objects in animae, which can be used as the basis for an internal version of
simplicial homotopy type theory. This indicates that synthetic category theory and simplicial type
theory are mutually consistent, constructively.

Organization of the book

This version of the book is preliminary and is currently being written and rewritten. The organization
may fluctuate substantially between different versions; see here for the version of April 2024 and
here for the version of November 2025. The present version focuses only on synthetic category
theory and excludes older material such as the theory of tribes. The book should be expected to
continue to change throughout 2025 and 2026.

The present version of the book is organized as follows:

(1) In Chapter 1, we introduce the language of naive category theory. The notions of synthetic cate-
gories, animae, functors and natural isomorphisms between functors are taken as primitive, and
all our axioms are expressed in terms of them. We introduce products, coproducts, pullbacks and
functor categories via universal properties. We further introduce morphisms and commutative
diagrams in a synthetic category, and formulate the Segal axiom and the Rezk axiom to ensure
that the objects we call synthetic categories do indeed behave like categories.

(2) Chapter 2 discusses the notion of groupoids and introduces the groupoid core of a synthetic
category. Groupoids play a fundamental role in our approach: we define an object of a synthetic
category C to be a functor x: I" — C whose source is allowed to be an arbitrary groupoid I'.

(3) In Chapter 3, we introduce various fundamental categorical constructions in the setting of
synthetic category theory: full subcategories, localizations, geometric realizations, relative
functor categories, joins and slices.

(4) Due to the way we set things up, all results proved about synthetic categories in this book also
hold for families of synthetic categories indexed by some groupoid I'. As a result, various
object-level statements automatically imply statements that are fully coherent in the variable
v € I'. To formalize this idea, we introduce in Chapter 4 the notion of a synthetic category in
context I

(5) In Chapter 5, we introduce adjunctions, initial and terminal objects, limits and colimits, left and
right fibrations, and cartesian and cocartesian fibrations, among other things. We also introduce
the Functoriality of universals axiom, which states that in order to provide a left adjoint to a
cartesian fibration p: E — C it is enough to show that all the fibers of p admit initial objects.

(6) One of the most fundamental theorems in category theory is the fact that a functor is an
equivalence if and only if it is fully faithful and essentially surjective. We prove a synthetic
analogue of this result in Chapter 6.

(7) The main goal of Chapter 7 is to axiomatize a synthetic category Cat of small synthetic categories.
It comes equipped with a cocartesian fibration myy,;y: Cate — Cat satisfying the property that


https://drive.google.com/file/d/13wJ1LtyaBnq5eWczWV9-40WXqvwdrFBs/view?usp=sharing
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for every synthetic category C there is an equivalence between functors from C to Cat and
cocartesian fibrations over C with small fibers. The equivalence is given by pulling back the
universal small cocartesian fibration myy;y along the given functor C — Cat.

The material in Chapter 8 and later chapters has been added only relatively recently and is
likely to be reorganized in the near future. Topics discussed in these chapters include initial
and terminal functors, proper and smooth functors, opposite categories, the Yoneda lemma,
locally small categories, the simplex category and the epi-mono factorization of morphisms of
groupoids.



Overview of the axioms

The axiomatic framework we propose for higher category theory is both comprehensive and intricate,
reflecting the rich structure of higher categories themselves. Unlike the axioms of set theory, which
can be stated succinctly, many of our axioms require the development of a substantial amount of basic
theory before they can be fully articulated. To provide the reader with a roadmap and to illuminate
the overall structure of our approach, we will now provide a high-level overview of our axiom
system. While the full technical details will be developed in subsequent chapters, this overview aims
to give the reader a conceptual understanding of the foundation we are building and how its various
components fit together to create a coherent theory of higher categories.

Naive category theory

Our formalization of higher category theory rests upon a certain language of categories, functors
and natural isomorphisms that we call naive category theory. We will now provide a rough overview
of the language of naive category theory, leaving the details to Chapter 1.

Axiom A. We may speak of categories C, D, E, ..., of functors f: C — D between categories, of

natural isomorphisms a: f = g between functors, of isomorphisms>

The precise version of the axiom above is that categories have terms. A term x in a category C
should be seen as an object in C, possibly given functorially. We write

x: C

to say that x is a term of C. There is special class of categories called animae: those will be used to
represent the concept of collection. Terms of animae are considered in a slightly more static way:
the only way we can go from term a to a term b in some anima A is through an identification of a
with . However, the principle of our theory — taken from dependent type theory —, is that the
collection of identifications of a with b form an anima denoted by @ = b. In general, any well formed
collection should correspond to some anima of some sort. In particular, given two categories C and
D, the collection of functors from C to D form an anima denoted by Map(C, D). Identifications
in Map(C, D) are called natural isomorphisms and are denoted as terms of the form a: f = g. Of
course, since natural isomorphisms between two functors f,g: C — D form an anima f = g, we
can speak of isomorphisms between isomorphisms between natural isomorphisms, and so forth. One
may compose functors, natural isomorphisms and ‘higher’ isomorphisms in the expected way.

2In the literature, the word ‘homotopy’ or ‘equivalence’ is often used in cases where we use ‘isomorphism’.



The type theoretic notation for Map(C, D) is C — D, so that f: C — D could mean that f is a
term of type Map(C, D).

A functor f: C — D is said to be an equivalence if there exists another functor g: D — C and
natural isomorphisms id¢ = gf and idp = fg.

There are various ways to build new categories out of old ones. In each case, we will specify the
behavior of these constructions by prescribing how to define functors into/out of them and how to
define natural isomorphisms between functors into/out of them. To keep the theory simple, we omit
the specification of all the expected higher coherences: we will see that we can develop the basic
foundations without needing them.

Axiom B. We demand the existence of the following categories:

(B.1) A terminal category «: for every C there is a functor pc: C — *, and for any two functors
f,g: C — = there is a natural isomorphism f = g.

(B.2) An initial category 0: for every C there is a functor ® — C, and for any two functors
f.g: 0 — C there is a natural isomorphism f = g.

(B.3) For every two categories C and D a product C X D with functors pr-: C X D — C and
prp: C XD — D: functors E — C X D are specified by giving the two components E — C
and E — D, and natural isomorphisms between functors E — C X D are specified by giving
natural isomorphisms between the components.

(B.4) Similarly there is a coproduct C U D with functors ic: CU D andip: D — C U D: functors
C U D — E are specified by giving the two components C — E and D — E, and natural
isomorphisms between functors C U D — E are specified by giving natural isomorphisms
between the components.

(B.5) For functors f: C — E and g: D — E there exists a pullback C Xg D with functors
prc: CXg D — Cand prpp: C Xg D — D and a natural isomorphism f o pro = g o prp.
Functors T — C Xg D are specified by giving two components t: 7 — C and s: T — D
together with a natural isomorphism f ot = g os. One may similarly specify natural
isomorphisms between two functors T — C Xg D.

(B.6) For categories C and D there is a functor category Fun(C, D). Every functor f: EXC — D
gives rise to a curried functor f.: E — Fun(C, D) and conversely every functor g: £ —
Fun(C, D) gives rise to an uncurried functor g*: E X C — D, satisfying f = (f.)" and
g = (g")c. Wemay similarly curry/uncurry natural isomorphisms between functors. Currying
is demanded to be functorial in E.

We further demand that finite coproducts are universal, in the sense of Axiom B.2” and Axiom B.4’.

We define the collection of objects in a category C to be C= = Map(x, C). We define an absolute
object of a category C to be a functor x: * — C. To speak of morphisms, we need another axiom:

Axiom C. There is a category [1], called the walking morphism, which comes equipped with objects
0 and 1. There is a category [2], called the walking commutative triangle, which comes with objects
0, 1 and 2. There are functors do, d1,d>: [1] — [2] and sq, s1: [2] — [1] satisfying the simplicial
identities.



We may then define a morphism in C to be a functor f: [1] — C. We refer to the objects f(0)
and f(1) of C as the source and target of f, respectively, and often write f: x — y to indicate that
f(0) = x and f(1) = y. Similarly, a natural transformation of functors C — D is defined as a
functor C x [1] — D, or equivalently a functor C — Fun([1], D).

A commutative triangle in C is a functor [2] — C, and a commutative square is a functor [1] x[1] —
C. Every commutative square determines two commutative triangles by precomposition with the
maps jo := (s0,51): [2] — [1] X [1] and j; := (s1,50): [2] — [1] X [1], and we demand that the
original square can be uniquely recovered from this data:

Axiom D (Commutative square axiom). For every category C, the functor

(Jo- 1)+ Fun([1] X [1],€) — Fun([2], C) Xa, Fun([1],¢).a; Fun([2], C)

is an equivalence.

Every object x: * — C gives rise to an identity morphism idy: x — x, defined as the composite
P o L . . . :
[1] — = %, C. The definition of composition of morphisms in C requires another axiom:

Axiom E (Segal axiom). For every category C, the restriction functor
(d3,dy): Fun([2],C) — Fun([1],C) x¢ Fun([1],C)
is an equivalence of categories.

Given morphisms f: x — y and g: y — z, the axiom provides an essentially unique commutative
triangle o : [2] — C satisfying dj(0) = f and dj(o) = g. The resulting morphism g o f :=
di(o): [1] — C s called the composite of f and g. One can prove that composition of morphisms
is automatically unital and associative.

Having both identity morphisms and composition, we may now introduce the notion of isomorphism
in C: amorphism f: x — y in C is an isomorphism if it admits a left inverse g: y — x (satisfying
gf ~idy) as well as aright inverse h: y — x (satisfying fh ~ id,). Using diagram categories, we
may in fact construct for every C a category Iso(C) whose objects are precisely the isomorphisms
in C (equipped with the data of left and right inverses). The canonical example of an isomorphism
in C is the identity morphism id, : x — x, in which case the left and right inverses are simply id,
itself. This construction provides a functori: C — Iso(C), which we demand to be an equivalence:

Axiom F (Rezk axiom). Every isomorphism in a category C is equivalent to an identity morphism.
More precisely, the functor i: C — Iso(C) is an equivalence.

We define groupoids as those categories in which all morphisms are isomorphisms. The fact that
our theory will look like ordinary category theory in many ways is due to the following principle:

Axiom G. A category is an anima if and only it is a groupoids.

Axioms E and F are inspired by Rezk’s notion of complete Segal spaces.

10



Constructions of categories

Equipped with a basic language of categories, functors and natural isomorphisms, we can start
formulating our remaining axioms of category theory. As a first piece of structure, we require the
existence of groupoid cores of categories. Using the above notion of isomorphisms in a category C,
we say that C is a groupoid if all of its morphisms are isomorphisms.

For every category C, there is a groupoid C~ called the groupoid core of C, equipped with a functor
vc: C7 — C simply defined as
C™ =Map(x,C).

Every functor f: X — C from a groupoid X factors through vy, and for functors g, h: X — C~
every natural isomorphism y¢c o g = y¢ o h may be lifted to a natural isomorphism g = A.

Furthermore, the groupoid core of [1] is equivalent to s LI *.
For categories C and D, we write Map(C, D) for the groupoid Fun(C, D)=.

Groupoids will play a fundamental role in our development of category theory, and we devote
Chapter 2 to their study. Among other things, they determine the correct notion of objects in a
category. In ordinary category theory, one frequently encounters statements that can be tested ‘on
objects’; think for example of the fact that a natural transformation is a natural isomorphism if and
only if it is an objectwise isomorphism. To get the correct analogue of this notion in category theory,
we must define an object of a category C to be a functor x: I' — C from an arbitrary groupoid I,
or, equivalently, a term of the groupoid core C~. This is why we may think of C~ as the collection
of objects in C.

We also demand the existence of subcategories, localizations, geometric realizations and joins,
discussed in detail in Chapter 3:

Axiom H (Subcategory axiom). Consider a category C equipped with a collection of morphisms
m: M — Map([1], C) of C which is closed under composition (see Definition 3.1.6 for a precise
definition of these terms). Then there exists a category (M )¢ equipped with a functor ips: (M)c —
C satisfying:

* The induced functor (ips).: Map([1], (M)c) — Map([1], C) factors through M;

» The functor iy, is universal with respect to the previous property: every other functor f: D —
C whose induced functor f,: Map([1], D) — Map([1],C) factors through M admits an
essentially unique factorization through (M)c.

Axiom I (Localization axiom). For every category C and every collection of morphisms W <
Map([1], C), there exists a functor /: C — C[W~!] exhibiting C[W~!] as a localization of C at the
morphisms in W:

* The functor / sends the morphisms in W to isomorpisms C[W~!];

* The functor [ is universal with respect to the previous property: every other functor f: C — D
which sends morphisms in W to isomorphisms in D admits an essentially unique factorization
through C[W~!].

11



In the case where W consists of all morphisms in C, we denote the localization by ||C|| and call it
the geometric realization of C.

Axiom J (Geometric realization axiom). For every category C, the geometric realization ||C|| is a
groupoid.

Axiom K (Join axiom). For every pair of categories C and D, there exists a category C * D and a
pushout square
CxDUCXxD —— Cx|[1]xD

(Prc,PrD>l l

CuUD —— CxD.

If we write [0] for the terminal category *, we have [1] = [0] % [0], and we may inductively define
[n+1] := [n] % [0].

Cartesian and cocartesian fibrations

An important concept in category theory is that of a cocartesian fibration: a functor E — C whose
fibers E. are in a certain ‘covariantly functorial’ in the object ¢ € C. In Chapter 5, we introduce
a synthetic analogue of this definition: a functor f: A — B is called a cocartesian fibration if
a certain ‘directed evaluation map’ e_i/g : Fun([1],4) —» A X £ B admits a left adjoint section
liftg CA X r B — Fun([1],A). Informally, this left adjoint section provides the cocartesian lifts
a — Bi(a) in A for morphisms B8: b — b’ in B with specified lift a of b. One may dually define
cartesian fibrations.

Axiom M (Functoriality of universals axiom). Let p: E — C be a cocartesian (resp. cartesian)
fibration. If the fiber £, of p admits a terminal (resp. initial) object for every object x of C, then
these objects assemble into a section s: C — E of p. Furthermore, the natural transformation
g: ps — idc (resp. n: id¢c — ps) exhibits s as a right (resp. left) adjoint of p.

Axiom N (Exponentiability axiom). Cartesian and cocartesian fibrations are exponentiable, meaning
that pullback along a (co)cartesian fibration admits a right adjoint, and these right adjoints satisfy a
Beck-Chevalley condition.

Given a cocartesian fibration p: U, — U, one can formulate what it means for p to satisty directed
univalence: roughly speaking, this means that for functors fy, f1: C — U with pullback fibrations
E; := f7(Us) — C, the groupoid of natural transformations a: fo — fi is equivalent to the
groupoid of cocartesian functors £y — E; over C. This axiom will in particular imply a form of
straightening/unstraightening. A category U equipped with such a univalent cocartesian fibration p
is called a universe. We say that U is a universe of categories if it is closed under all the categorical
operations introduced so far; see Definition 7.4.5 for a complete list.

Axiom O (Directed univalence axiom). For every cocartesian fibration g: E — B, there exists a
universe of categories U such that B is U-small and g has U-small fibers.

12



We will usually fix a universe of categories myyjy: Cate, — Cat and work with categories that are
small with respect to this universe, i.e. those categories C that can be obtained from an object ¢ of
Cat via the following pullback square:

C —— Cat,

A
J/ Tluniv

x* —— Cat.
A consequence of directed univalence is in fact that there is a canonical equivalence of the form
Fun(C, Cat) = CoCart(c)

where the right hand side denotes the subcategory of the lice category Cat/c whose objects are
cocartesian functors p: x — ¢ (corresponding through directed univalence to actual cocartesian
functors of the form p : X — C with X small) and morphisms are cocartesian functors relatively
to c. In fact the entirety of the axiom can be interpreted categories as terms of the universe Cat.
Directed univalence says essentially that this interpretation is logically equivalent to the syntactic
presentation of the theory in a precise way.

13



1 The language of naive category theory

At the heart of mathematics lies the concept of a set—a collection of mathematical objects. In
modern mathematics, sets serve as the building blocks for defining everything from numbers and
relations to more complex structures like groups, rings, and topological spaces. Sets are manipulated
using basic operations like forming unions, intersections, and complements, and are compared using
functions between sets. It is fair to say that the language of set theory forms an essential toolkit for
mathematicians.

Although formal axiomatizations of set theory exist, such as those by Zermelo and Fraenkel, they
often diverge from the working mathematician’s intuitive understanding of sets. For instance, in
formal set theory, every natural number needs to be defined as a set, and in particular one is allowed
to speak of the elements of a natural number. Similarly, every function between sets needs to be
defined as a set. While this approach is formally valid, it can seem disconnected from everyday
mathematical discourse.

In practice, mathematicians often use a more pragmatic approach known as naive set theory. In naive
set theory, one works with sets based on intuitive understanding, without invoking formal logical or
axiomatic implementations. For example, the set of natural numbers is simply the set containing the
numbers 0, 1, 2, etcetera, and functions between sets X and Y are simply ‘specifications’ that assign
to every element of X an element of Y. The simplicity and accessibility of naive set theory make it
relatively easy for students to learn it, and indeed in many introductory mathematics textbooks sets
are used in the naive way without being rigorously introduced.

A similar trend is occurring in the field of higher category theory. In recent decades, higher category
theory has seen rapid growth, in large part thanks to contributions from people like Joyal, Lurie, and
others. Their work provides solid foundations for the field, and the language of higher categories
is now extending beyond its origins in algebraic topology to fields like algebraic geometry and
representation theory. But while the original works of Joyal and Lurie are based on explicit set-
theoretical models for higher categories called ‘quasicategories’, more and more research papers
are written in a ‘model-independent’ way in which the usage of details about the specific choice
of implementations is avoided. In other words, researchers are increasingly adopting a language
of naive category theory, which enables a more intuitive approach to studying higher categorical
structures.

We believe that naive category theory is easier to learn than the theory of quasicategories, just like
naive set theory is easier to learn than formal set theory. With this in mind, the goal of this book
is to provide a detailed treatment of the foundations of higher category theory written purely in the
language of naive category theory, without reference to specific implementations. The goal of the
present chapter is to give a careful introduction to this language: we introduce the relevant terms

14



and explain the manipulations one is allowed to do. In particular, our approach is synthetic in nature
rather than analytic: constructions of categories, like products or functor categories, are not defined
in terms of set-level constructions, but are axiomatized to exist and satisfy the expected properties.

1.1 The basic vocabulary

We start in this section by introducing the basic vocabulary of naive category theory.

1.1.1 Categories, functors and natural isomorphisms

Axiom A.1. The following are the primitives in the vocabulary of naive category theory:

(1) There are categories, which we denote by symbols like C, D, E, etcetera. Among categories,
there are animae; these are the categories that will encode the idea of collection.

(2) Categories have terms. We write x: C to denote that x is a term of C. We should think of
terms in C as objects in C given functorially; we refine this viewpoint in Section 1.1.3.

(3) Given two categories C and D, there is an anima Map(C, D), whose terms are called
functors from C to D. We will frequently write C — D for the anima Map(C, D), so that
we may write functors as f: C — D.

(4) Every category C has an identity functor idc: C — C. Given two functors f: C — D and
g: D — E, there is a composite functor go f: C — E.

(5) Given an anima I', as well as terms x: I" and y: I, there is the anima x = y, whose terms
are called identifications of x with y in I' (also written x = y if this does not yield any
confusion). The following principles hold for identifications of terms in an anima I":

e For any x: I, there is a canonical term id, : x =r x.
« For any identification u: x = y, there is an identification u~': y =r x.
e Forany u: x =r y and v: y =r z, there is an identification vu: x =r z.
(6) Given a category I" and, for each term x: I, a category C(x), there is a category X,.rC(x)

whose terms precisely are pairs of the form (x, ¢) with x: I" and c¢: C(x). Furthermore, if
both I' and each C(x) are animae, then so is X,.rC(x).

(7) For categories I" and C, any rule assigning to each term x: I" a term f(x): C determines
amap (x — f(x)): Map(T', C). If there is another rule assigning a term g(x): C to each
term x: I" as well as a rule assigning an identification u(x): f(x) =¢ g(x) to each term
x: T, then there is an identification of the form

(x> ux)): (x = f(x) =Mmapr,c) (x = g(x)).
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Conversely, given any functor f: I' — C, there is a rule that assigns a term f(x): C to each
term x: I" as well as an identification of the form

Ap: (x = f(x) 2Mapr,c) S -

Any identification of the form wu: f =mupr,c) g yields identifications of the form
u(x): f(x) =¢ g(x) for each x: I', and there is an identification of the form

Ag(x — u()c))/l}1 >~y

as terms of type f = g.

The notation = for equalities is used to evoke the idea of isomorphisms in category theory. Recall
the following fundamental principle guiding our theory:

Fundamental Principle of Homotopy Theory: Whenever we would like to express
that two things are equal, we should always remember how the two things are equal
by specifying an isomorphism between them.

Definition 1.1.1. Given two functors f, f': C — D, a natural isomorphism «: f = f’ is an

identification of f and f’ in the anima Map(C, D).

Definition 1.1.2. A commutative square of functors, often displayed by means of a diagram

C;D

J ]k

C,—_,>Dl,
f

consists of four functors f, g, h and f’ with sources and targets as displayed in the diagram, together
with a specified natural isomorphism @: ho f = f’ o g. We may similarly define a commutative
square of natural isomorphisms, etcetera.

We will often refer to the data of just the four functors f, g, h and f’ as a square, and say that the
square commutes whenever a natural isomorphism «: ho f = f’ o g can be provided.

A commutative triangle of functors, displayed by means of a diagram
D
/N
C— 5

consists of three functors f, g and /4 with sources and targets as displayed in the diagram, together
with a specified natural isomorphism a: & = g o f. We may similarly define a commutative triangle
of natural isomorphisms, etcetera.
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We will similarly display more general diagrams of functors by drawing various directed planar
graphs with vertices labeled by categories and with edges labeled by functors. We say the diagram
commutes if every face comes equipped with a natural isomorphism between the two composites of
functors that can be formed along the boundary of that face.

1.1.2 Coherences

In order for composition of functors to behave as expected, we require various ‘coherence laws’, like
unitality and associativity.

Axiom A.2. The composition of functors is unital and associative up to specified natural isomor-
phisms: for functors f: C — D,g: D — E and h: E — F, there are natural isomorphisms

Ap:idpof = f, pg: foidc = f

and
@fgn:(hog)of=ho(gof).

We demand analogous unitality and associativity laws for identifications. Moreover, for any

identification a: x = y there are identifications @' o @ = idy and ¢ 0o ™! = idy as terms of

x = xandy =y, respectively

The fundamental principle of higher category theory requires a bit of getting used to: since equality
between two things has now become additional structure, in the form of an isomorphism, all defini-
tions and constructions we do should keep track of this structure. In other words, any valid statement
or construction in synthetic category theory must respect identifications: given identifications be-
tween the inputs of the construction, one obtains an identification between the outputs, compatibly
with identity identifications and composition. In particular, we must demand:

Axiom A.3. Composition of functors respects natural isomorphisms: given a natural isomor-
phism a: f = f’ of functors C — D and a natural isomorphism §: g = g’ of functors D — E,
we obtain a new natural isomorphism 8 * @: g o f = g’ o f’ of functors C — E, called the
horizontal composite.

Similarly, given an identification @y = «; of natural isomorphisms between f and f” and another
identification By = B; of natural isomorphisms between g and g’, we obtain an identification
Bo * @g = B * a; of natural isomorphisms between g o f and g’ o f’.

Horizontal composition further respects vertical composition:
* The horizontal composite idg *ids: go f = go fisidentified with idgor: go f = go f;

* Given two more natural isomorphisms «’: f’ = f’ and B8’': g’ = g”, there is an identifi-
cation

(B op)x(a'0a)=(f xa’)o(Bxa)

of natural isomorphisms g o f = g"” o f”.
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We similarly require the existence of horizontal composites for identifications between natural

isomorphisms.

As a consequence of the subaxiom above, the two ways to compose the natural isomorphisms in the

following diagram are identified:
//Qf\\///\\\
\<L///\\ﬁi//

Axiom A.4. Horizontal composition of natural isomorphisms is compatible with the unitality
and associativity isomorphisms from Axiom A.2:

* For a natural isomorphism a: f = f’ of functors C — D there are commutative squares

of natural isomorphisms

. idigp, *a | axidig

idpof —— idpof’ f01dc—>f’01dc

/lfl l/lf/ and pfl lpf/
f—=—1Ff f—1r"

* For natural isomorphisms «: f = f’, 8: g = g’ and y: h = }’, the following square of
natural isomorphisms commutes:

(hog)of LEES (Wogho s

afsg-hl l(’fﬂg’,h’

ho(gof) L% 1o (g0 f).

The analogous conditions hold for horizontal composition of identifications between natural
isomorphisms.

Remark 1.1.3. It will sometimes be convenient to abbreviate the conditions from Axiom A.4 as
follows:
idra =z =axid and (yxB)xa =yx*(Bx*a).

More generally, if we are given natural isomorphisms «: f = ganda’: f’ = g’ of functors C — D,
and we happen to be given natural isomorphisms f = f’ and g = g’, we will write @ = @’ to indicate
the existence of a commutative square of natural isomorphisms as follows:

f—

|

fl

R Q

Q\

l

R

—
o}



The unitors and associators from Axiom A.2 should satisfy various higher coherence identities. We
will record the pentagon and triangle identities explicitly, but otherwise suppress higher coherence
data in our naive language.

Axiom A.S (Pentagon and triangle identities). For functors f: A - B,g: B—>C,h: C — D
and k: D — E, the following pentagon of natural isomorphisms commutes:

(koh)o(gof)

HV wf
((koh)og)o f ko(ho(gof))
a’k,h,g*idfl Tidk *Qpg, f
(ko(hog))of —— ko((hog)of)

Moreover, for every category C, the following triangle of natural isomorphisms commutes:

idig c

idc ; .
ldc o ldC

id¢c

idc

1.1.3 Contexts

Let us now get back to the interpretation of the notion of ferms that appear in Axiom A.l. As
mentioned before, we should think of constructions that depend on aterm x : C as being automatically
fully functorial in C. We will now explain what we mean by this.

For this, we require the following refined language:

Axiom A.6 (Contexts of terms). Let C be a category. A term x of C always lives in a context, which
is some category I that is generally left implicit in the notation.

Definition 1.1.4. A term x: C is called an object if its context I" is an anima.

Convention 1.1.5. Let I" and C be categories. We may sometimes refer to a term f of C in context
I" as a rule assigning a term f(x) : C to each term x: I'. Similarly, a category C in context I may
be referred to as a rule assigning a category C(x) to each term x: I'. We may thus interpret items
(6) and (7) in Axiom A.1 as follows:

(6) For every category C in context I, there is a category XrC.
(7) Terms f(x): C in context I" correspond to functors f: I" — C.

Remark 1.1.6. Whenever several terms occur in the same construction, they are implicitly assumed to
live in a common context. Consider functor composition, for example. Given terms f: Map(C, D)
andg: Map(D, E), if f and g live in the same context ", we obtain their composite go f: Map(C, E).
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Thinking of f and g as rules
I' - Map(C, D), x — f(x) I' - Map(D, E), x — g(x),
we should think of g o f as the rule
x> gx)o f(x): ' - Map(C, E).

Axiom A.7. Any rule or axiom we state holds in context I' for any anima I'. Moreover, any rule or
axiom that is underlined also holds in context I" for an arbitrary category I'.

Convention 1.1.7. Let A be a category, and let I" and C be categories in context A. Per Axiom A.7,
we must be able to speak of terms of C in context I', in context A. By convention, we understand
this to mean terms of C in context Zpl'.

Remark 1.1.8. Recall that item (7) of Axiom A.1 requires that terms of C in context I" correspond
to functors x: I' — C. If we apply this rule in context A, we find that specifying a term ¢(6,vy): C
in context X5.AoI'(8) is the same as providing a functor

(yc(6,7): () »C
in context A. The same applies when the target category C also varies with §: A.

Although terms are represented by arbitrary functors into C, it is psychologically convenient to think
of terms of C as individual objects of C, like we are used to from ordinary category theory. To
reinforce this perspective, we sometimes use the following convention:

Convention 1.1.9. Given a category C and a term x of C, we write {x} for the context I" of x.

We emphasize that the category {x} is allowed to be completely arbitrary, and that the notation is
purely a psychological aid that lets us talk about terms as if they are individual objects.

One particular contextual term will come up a lot and deserves a special name:

Definition 1.1.10 (Universal term). For a category C, we refer to the identity functor id¢: C — C
as the universal term of C. The corresponding rule is x — x.

The universal term is what allows us to make precise the idea that constructions that depend on a
term x : C are automatically functorial in x. Let us illustrate this with an example.

Construction 1.1.11. The mapping animae Map(C, D) are covariantly functorial in D and con-
travariantly functorial in C. For covariant functoriality, consider a functor g: D — E. For any
term f: Map(C, D), there is a term g o f: Map(C, E). Applying this to the universal term
idvap(c,p): Map(C, D) — Map(C, D), this provides a term of Map(C, E) in context Map(C, D).
This may be reinterpreted as a functor

go—: Map(C,D) —» Map(C,E),

called postcomposition with g. We may describe this construction more succinctly by saying that
g o — is the functor associated to the rule f’ + g o f’. Similarly, any functor f: B — C gives a
functor

—o f: Map(C, D) — Map(B, D)

associated to the rule g’ — g’ o f.
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Proposition 1.1.12. For any functors f: A — B and g: B — C and any category E, there is a
canonical identification of the form

8«0 fi = (gof)*

in the anima Map(Map(E, A), Map(E, C)).
Proof. This follows from the rule

hi=agpn: (go(foh)=((gof)oh)

obtained from Axiom A .4. O

Similarly, we have:

Proposition 1.1.13. For any functors f: A — B and g: B — C and any category E, there is a
canonical identification of the form

frogh = (gof)

in the anima Map(Map(C, E),Map(A, E)). O

1.1.4 Equivalence of categories

An important notion in category theory is that of an equivalence of categories:

Definition 1.1.14 (Equivalence of categories). A functor f: C — D is said to be an equivalence if
there exists another functor g: D — C equipped with natural isomorphismsid¢c = gf andidp = fg.
We refer to g as the inverse of f. Equivalences will often be introduced by writing f: C — D. We
may write C ~ D to indicate that C and D are equivalent via an unnamed equivalence.

Note that any functor f': C — D isomorphic to f is automatically also an equivalence with the
same inverse g. In practice, many equivalences will be obtained by applying the following two
propositions altogether.

Axiom A.8. Any category equivalent to an anima is an anima.

The axiom above is redundant with axioms that will be introduced later on characterizing animae
as groupoids (hence through a condition that is obviously invariant under equivalences). However,
the notion of anima is solely introduced to represent the concept of collection and we would like to
emphasize this in a synthetic way, as opposed to an analytic one.

Proposition 1.1.15. Let f: A — I be any functor (e.g. a map between animae). For f to be an
equivalence, it suffices that the following two properties hold.

e Given any two terms x,y: A, if there is an identification v: f(x) = f(y) then there exists an
identification o: x = y.

o Forany term y: I there exists a term x: A as well as an identification T: f(x) = y.
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Proof. Applying the second condition to the universal term of I" yields a map g: I' — A such that
there is a term 7: f o g = idr. It suffices to check that g o f = idp holds. Considering g o f and
ida as terms of A, the first condition together with Axiom A.4 tell us that it suffices to prove that
(f o g) o f can be identified to f. Applying the operator (=) o f to T: f o g = idr thus provides the
appropriate term. O

Proposition 1.1.16. For a functor f: C — D, the following are equivalent:

(i) The functor f is an equivalence;
(ii) For any category E, the induced map
f«: Map(E,C) — Map(E, D)
is an equivalence.
(iii) For any category E, the induced map
f*: Map(D, E) — Map(C, E)

is an equivalence.

If furthermore C and D are animae then it suffices to check properties (i) or (ii) when E itself is an
anima as well.

Proof. We will prove the equivalence between (i) and (ii); the proof of (i) <= (iii) is analogous.
If f is an equivalence, it is immediate that f, is an equivalence for every E. Conversely, assume that
[« 1s an equivalence for every E. By taking E = D, we obtain an equivalence f.: Map(D,C) —
Map(D, D), and hence there exists some functor g: D — C such that f o g = idp. It remains
to show that also g o f = id¢. To this end, we take £ = C, so that we obtain an equivalence
f«: Map(C,C) = Map(C, D). To produce the desired isomorphism between g o f and idc, it
will thus suffice to do so after postcomposing with f. But in that case we have the following string
of isomorphisms:

fo(gof)=(fog)of=idpof=f=foidc.
This finishes the proof. In the case where C and D are animae, it is clear that the proof above can
be carried out with E ranging over animae only. O

Definition 1.1.17 (Section/retraction). Consider a functor f: C — D. A section of f is a functor
s: D — C equipped with a natural isomorphism fs = idp. A retraction of f isafunctorr: D — C
equipped with a natural isomorphism id¢ = rf.

Lemma 1.1.18. A functor f: C — D is an equivalence if and only if it admits both a section s and
a retraction r. In this case there exists a natural isomorphism s = r and s is an inverse of f.

Proof. 1If f is an equivalence with inverse g: D — C, then clearly g is both a section and a retraction
of f. Conversely, given a section s: D — C, fs = idp and aretraction7: D — C, id¢c = rf, we
obtain a natural isomorphism s = r by composing the following chain of natural isomorphisms:

s=idcos= (rof)os=ro(fos)=roidp =r.
It follows that f is an equivalence with inverse s, since there are natural isomorphisms fs = idp

andsf =rf =idc. O
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Corollary 1.1.19. Any two inverses g and h of an equivalence f are isomorphic. O

Lemma 1.1.20.If f: C — D and f': D — E are equivalences with inverses g: D — C and
g’ E — D, then also the composite f' f: C — E is an equivalence with inverse gg’': E — C.

Proof. Wehave gg'f'f=gidp f=gf =idcand f'fgg' = f'idpg’ = f'g’ =idg. O

Lemma 1.1.21. Equivalences of categories satisfy the 2-out-of-3 property: given functors f: C —
D and g: D — E, if two of the three functors f, g and g f are equivalences, then so is the third.

Proof. If g and f are equivalences, then so is g f by Lemma 1.1.20. If f and g f are equivalences,
then we may rewrite g as the composite g = goidp = go fo f~! = gf o 71, so that g is the
composite of two equivalences and hence itself an equivalence. A similar argument shows that f is
an equivalence whenever g and g f are equivalences. O

Lemma 1.1.22. Equivalences of categories satisfy the 2-out-of-6 property: given functors f: C —
D,g: D — Eand h: E — F such that gf and hg are equivalences, also the functors f, g, h and
hg f are equivalences.

Proof. Consider the functors f” := fo(gf)"': E = Dand i’ := (hg) ' oh: E — D. Then there
are natural isomorphisms

gof' =gofol(gf) ' =gfo(gf) ! =ide

and
Wog=(hg)™ ohog=(hg) ' ohg=idp.

Hence it follows from Lemma 1.1.18 that g is an equivalence. In light of Lemma 1.1.21, we then
get that also f and /& are equivalences, and then so is hg f. O

Definition 1.1.23. We say that a functor f: C — D is a retract of a functor f’: C’ — D’ if there
exists a commutative diagram of the form

C c’ C
R
D —*,.p L, p,

together with natural isomorphisms @: idc = ho gand B: j o k = idp satisfying the property that
the composite natural isomorphism

F=foide L fohog=jofog=jokofLidpof=f

is isomorphic toidy: f = f.
Lemma 1.1.24. Assume that f: C — D is a retract of f': C' — D’. If f’ is an equivalence, then
sois f.
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Proof. Let (f')~': D’ — C’ be an inverse of f’. We claim that the composite g := ho (')~ ! o
k: D — C isinverse to f. Indeed, we have natural isomorphisms

fog=foho(f) ok=jof o(f) ok=koj=idp
and
gof=ho(f) lokof=ho(f)'ofog=hog=idc.
This finishes the proof. O

The mapping animae Map(—, —) will play an important role in the development of the theory:
frequently, we may check conditions at the level of mapping animae. In the following, we will
provide various examples of this phenomenon.

1.2 Products and coproducts of categories

On top of the language of categories, functors and natural isomorphisms, we need various basic
categorical constructions, like products, pullbacks and functor categories. We will axiomatize these
constructions via their corresponding universal properties, which specify the behavior of functors
and natural isomorphisms into or out of these objects; we will not need any additional ‘higher
coherences’ in our meta theory.

In this section, we introduce the terminal and initial categories, and discuss products and coproducts
of categories.

The terminal category

Axiom B.1 (Terminal category). There is an anima =, called the terminal category. For every
category C, there is a functor pc: C — =. For any two functors f, f’: C — =, there is a natural
isomorphism f = f’.

Definition 1.2.1 (Absolute object). An absolute object of a category C is a term of C in context *,
i.e. a functor x: * — C. We may sometimes introduce absolute objects of C by writing x € C.
Given two absolute objects x and x” of C, an isomorphism between x and x’ is a natural isomorphism
x = x’ of functors * — C.

In Section 1.5, we will introduce a more general notion of objects in a category.
Definition 1.2.2 (Constant functor). Let C and D be categories and let x be an absolute object of D.
We define the constant functor const,: C — D as the composite x o pc: C — D:

consty, : C LSRN D.
Definition 1.2.3 (Contractible category). A category C is called contractible if the functor pc: C —
* is an equivalence.

Remark 1.2.4. Observe that a category C is contractible if and only if there exists an absolute
object x: * — C such that the composite const,: C — C is naturally isomorphic to the identity
idc: C — C. A natural isomorphism H: const, = idc¢ is called a contraction of C onto x.
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The initial category

The initial category is introduced in a dual way:

Axiom B.2 (Initial category). The initial category is a category denoted (. For every category
C, there is a functor @ — C. For any two functors f, f’: 0 — C, there is a natural isomorphism

r=r.

We further ask the initial category to be strictly initial, in the following sense:

Axiom B.2’ (Strictness of the initial category). Given a category C, any functor C — 0 is an
equivalence.

Products of categories

Next we will introduce the product of two categories.

Axiom B.3 (Product of categories). The product of two categories C and D is a category C X D
equipped with two functors pr-: C X D — C and pr: C X D — D called the projection
functors.

Given functors f: T — C and g: T — D, we obtain a functor (f,g): T — C X D equipped
with natural isomorphisms pr- o(f, g) = f and prp, o(f,g) = g.

Given two functors h, k: T — C X D and two natural isomorphisms @ : pro oh = pre ok and
B: prp oh = prp ok, we obtain a natural isomorphism (@, 8) : h = k satisfying pr o(a, B) = «
and prp, o(a, B) = 6.

Remark 1.2.5. Given categories C and D, we define a span from C to D to be a triple (7, f, g)
consisting of a category T together with functors f: 7 — C and g: T — D. Axiom B.3 may be
rephrased as saying that the triple (C X D, pr, prp) is the terminal span from C to D: for any other
span (T, f,g) there is a map (f,g): T — C X D compatible with the spans, and any two maps
T — C x D compatible with the spans are naturally isomorphic.

From these simple rules, we may deduce that products are commutative, unital and associative. For
commutativity of products, one argues as follows:

Lemma 1.2.6. For categories C and D, the functor (prp,pre): Cx D — D X C is an equivalence,
with inverse given by (pre,prp): D X C — C X D.

Proof. We need to provide natural isomorphisms (pr¢, prp,) o (prp, pre) = idexp and (prp, pre) ©

(pre.prp) = idpxc. By symmetry, it will suffice to produce the first natural isomorphism. For
this, it will in turn suffice to produce natural isomorphisms after composing with the functors pr-
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and prp. For the composition with pr- we compute that

pre o((pre, prp) © (prp, pre)) = (pre o(pre. prp)) © (prp, pre) = pre o(prp, pre) = pre,
which is indeed isomorphic to pri oidcxp. The case for composition with prp, is analogous. This
finishes the proof. O

Unitality may be argued similarly:

Lemma 1.2.7. For every category C, the projection functor pr: C X * — C is an equivalence, with
inverse given by the functor (idc, pc): C — C X =,

Proof. The composite pr o(idc, pc): C — C is isomorphic to idc by the defining property of
(idc, pc). To show that the composite (idc, pc) o pre: C X # — C X * is isomorphic to idcxs, it
will suffice to do so after composing with pr-~ and with pr,. The case for pr, is clear, since any two
functors C X * — * are isomorphic. In the case of pr- we compute

pre o((ide, pe) o pre) = (pre o(ide, pc)) o pre = ide opre = pre = pre oidexs,
where the first isomorphism is associativity, the second is the relation proved in the first paragraph,

and the third and fourth are unitality. This finishes the proof. m]

Remark 1.2.8. In the previous proofs, we have been very explicit about the usage of associativity
and naturality isomorphisms. In the remainder of this book, we will often leave the usage of such
isomorphisms implicit in order to make the proofs more concise.

Exercise 1.2.9 (Exercise 1.9.1). Formulate and prove the associativity of the product of categories.

Construction 1.2.10. The formation of products of categories is functorial: given two functors
f:C — C’and g: D — D’, we obtain a new functor

fxg=(fopre,goprp): CxD — C'xD'.
Exercise 1.2.11 (Exercise 1.9.3). Show that there are natural isomorphisms
idc xidp =idcxp and  (f'xg") o (fxg) = (f o f)x (g 0g)
for functors f: C - C', f': C' - C",g: D —» D’ and g’: D’ — D”.
Lemma 1.2.12. For a category C, the projection map C X 0 — 0 is an equivalence.
Proof. This is immediate from Axiom B.2’. O

Proposition 1.2.13. If C and D are animae, then C X D is an anima.

Proof. Assigning for each term x: C the anima D determined an anima P = X,. ¢ D whose terms
precisely are pairs of the form (x,y) with x: C and y: D. There is a functor p : P — C and
q : P — D associated to the rule (x,y) +— x and (x,y) — y, respectively. This determines a
unique functor f: P — C X D. We see that this is an equivalence by definition of C X D, using
Proposition 1.1.16. o

Proposition 1.2.14. Given two categories C and D, for any category E, the canonical projections
induce an equivalence

(prc . Prp ) : Map(E,C X D) — Map(E, C) X Map(E, D) .

The proof is left as an exercise.
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Binary coproducts of categories

Binary coproducts of categories are introduced in the dual way to products.

Axiom B.4 (Coproduct of categories). The coproduct of two categories C and D is a category
C U D equipped with two functors ic: C — CU D andip: D — C U D called the inclusion
functors. We will sometimes also refer to C LI D as the disjoint union of C and D.

Given functors f: C — E and g: D — E, we obtain a functor (f,g): C U D — E equipped
with natural isomorphisms (f,g) cic = fand {f,g) oip = g.

Given two functors A, k: C LI D — E and two natural isomorphisms a: hoic = k oic and
B: hoip = k oip, we obtain a natural isomorphism (@, 8): h = k satisfying (@, 8) o ic = «
and (a,B) oip = B.

The following proposition is a direct consequence of the definition and of Proposition 1.1.16.

Proposition 1.2.15. If C, D and E are categories, there is a canonical proof that the functor bellow
is an equivalence.

(i¢sip): Map(C U D,E) — Map(C, E) x Map(D, E) .

Exercise 1.2.16 (Exercise 1.9.2). Show that the coproduct of categories is associative, commutative
and unital:

(CUD)UE = CU(DUE), CuD = Duc, puC=>C-=Cuo.

Construction 1.2.17. The formation of coproducts of categories is functorial: given two functors
f:C— C’and g: D — D’, we obtain a new functor

fug:={icrof,ippog): CuD — C'"UD".
We leave it to the reader to verify that there are natural isomorphisms

idcUidp =idcup and  (f'Ug)o(fug) = (fof)u(g og).

1.3 Pullbacks of categories

We will now axiomatize the pullback of two functors f: C — E and g: D — E of categories. This
will be similar to the axiom for the product C X D, but it is more involved due to the fact that we
need to record compatibilities with the structure maps to E.

Definition 1.3.1. Consider two functors f: C — E and g: D — E. Given a category T, we define
a cone diagram on T to be a triple ¢ = (t¢, tp, T) consisting of functorstc: T — Candtp: T — D
together with a natural isomorphism 7: f ofc = g otp. In other words, a cone diagram consists of

a commutative square of the form
Ic

I

E.

—

(75}

e
8
—

o
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We call T the cone point of the diagram. Given another cone diagram ¢’ = (t’C,t’D,T’), an
isomorphism of cone diagrams ¢ = ¢’ is atriple ®: (¢c, ¢p, H), where oc: tc =t andpp: tp =
t;, are natural isomorphisms, and H is an isomorphism 7 = 7’ of natural isomorphisms.! If
¥Y: (Wc,¥p,G) is another isomorphism of cone diagrams ¢ = ¢’, we say that ® and ¥ are
isomorphic if there are isomorphisms ¢¢c = ¢ and ¢p = ¥ p under which H becomes isomorphic

to G.

Given a functor s: S — T and a cone diagram ¢ = (¢¢c, fp, T) on T we obtain another cone diagram
s*(c) := (tc o s,tp o 5,7 *1idg) on S. Similarly, every natural isomorphism s; = s, of functors
S — T induces an isomorphism s7(c) = s5(c) of cone diagrams.

Definition 1.3.2. Consider a commutative square of categories of the form

p—L.c

|l

D5 E
corresponding to a cone diagram d = (p, g, o). We say that such a square is pullback square (or is
cartesian) if the following properties hold:

* For every category T equipped with a cone diagram ¢ = (¢¢,tp, 7), there exists a functor
(tc,tp): T — P together with an isomorphism ¢ = (f¢,1p)*(d) of cone diagrams on T'.

* Given two functors functors s,7: T — P equipped with an isomorphism of cone diagrams
s*(d) = t*(d), there exists a natural isomorphism s = ¢ that induces this isomorphism of cone
diagrams.

If this property hold, we will write:

P ,c

P
.
]

D2, F

|

Proposition 1.3.3. Consider two functors f: C — E and g: D — E with C, D and E animae.
Then there is a canonical pullback square

a

-k

D~
&y

in which P is an anima.

Proof. Consider the assignment (x,y) — f(x) =cxp g(y) for (x,y): C x D = Z,. ¢ D. This
defines an anima

P = z:(x,y): CxD f(x) =CcxD g(y) .
The functors p and ¢ are defined via the rules sending each ((x, y), o) to x and y, respectively. The

collection of all o: f(x) = g(y) determines an identification o: f o p = g o ¢g. That we obtain a
pullback square in this way is a tautology. O

! As in Remark 1.1.3 this should be interpreted as a commutative diagram of natural isomorphisms.
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Proposition 1.3.4. Consider two functors f: C — E and g: D — E as well as two cone diagrams

c=(p,q,0)and c’ = (p’,q’,0’) yielding to two pullback squares

’

p—-rLsc rLtc
| |

ql f and q/l lf

D2, E D2, E

respectively. Then any functor u: P — P’ such that there is an isomorphism of cone diagrams
T: ¢ =2 u*(c’) is an equivalence.

We also deduce the following proposition immediately from the definition.
Proposition 1.3.5. A commutative square of categories
p—-rL.c
q f

D5 E
is a pullback square if and only if, for any category A, the induced commutative square

Map(A, P) NN Map(A4, C)

‘| E

Map(A, D) —— Map(A, E)

is a pullback square.

Axiom B.5 (Pullback of categories). Consider two functors f: C — E and g: D — E. The
pullback of f and g, also called the fiber product of C and D over E, is a category C Xg D
equipped with a cone diagram cyniv = (pr¢, Prp, Tuniv) making the commutative square

CxgD X<, ¢

prDl blf

D —

a pullback square.

The resulting map (¢¢,tp): T — C Xg D in the axiom may be pictorially displayed as follows:




Remark 1.3.6. While Axiom B.5 may look somewhat complicated, let us point out that it has the
same form as that of Axioms B.1 and B.3:

* A category X is introduced, together with certain additional structure;

* Any other category T equipped with the same structure comes with a functor 7 — X that is
compatible with this structure;

* If we have rwo functors T — X that are compatible with this structure, then they are naturally
isomorphic.

The Axioms B.2 and B.4 have a similar form, except that they talk about functors out of X.

Exercise 1.3.7 (Exercise 1.9.4). Show that the fiber product is commutative, associative and unital:
for functors C — I', D — I' and B — T, there are preferred equivalences

CXFD%DXFC, BXF(CXFD);(BXFC)XFD, CX]"F%C.

Exercise 1.3.8 (Exercise 1.9.5). Consider categories C and D, and let pc: C — = and pp: D — *
be their functors to the terminal category. Show that the functor (pr-, prp): C X, D — C X D is an
equivalence.

Construction 1.3.9. The construction of pullbacks of categories is functorial: given a commutative
diagram

C T D
wl l)( y
’ l—‘l Dl
¢ f g

there is an induced functor
Xy = (popre,yoprp): Cxpr D — C' xp D,
Exercise 1.3.10. In the above situation, show that if each of the functors ¢, s and y is an equivalence,

then sois ¢ X ¢.

Corollary 1.3.11. Equivalences are closed under pullback: if g: D — E is an equivalence and
f: C — E is an arbitrary functor, then also C Xg D — C is an equivalence.

Proof. This is a special case of Exercise 1.3.10 by taking C' = C, E' =D’ = E, ¢ =idc, xy = idg
and Y = g. m]

1.3.1 Fibers of functors

Pullbacks of categories lead to the notion of a fiber of a functor:

Definition 1.3.12 (Fiber over a term). Let f: C — D be a functor. For every term x: {x} — D, we
define the fiber of f over x as the pullback

C, — C
_l

| f

{x} —=— D.
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Lemma 1.3.13. Let D be a category. Consider a functor over D of the form

¥

C —C

N /o

Then f is an equivalence over D if and only if for every term x of D the induced map f,: Cy — C%
on fibers is an equivalence.

Proof. The ‘if’-statement is automatic by picking x to be the universal term x =idp: D — D. For
‘only if” we note that equivalences over D are preserved under pullback along an arbitrary functor
D’ — D, hence ford: {d} — D. O

Lemma 1.3.14. A functor f: C — D is an equivalence if and only if for every term d of D the map
Cy — {d} is an equivalence.

Proof. This is a special case of the previous lemma by taking C’ = D and ¢ = idp. O

Remark 1.3.15. Using the terminology of ‘categories in contexts’ from Chapter 4, we may phrase
the last lemma as saying that f: C — D is an equivalence if the fibers over all terms of D are
contractible.

1.3.2 Pullback squares

Lemma 1.3.16 (Pasting lemma for pullback squares). Consider a commutative diagram

81 82

Ci C (65}
fll lfz lfa
D ™ D ™ Ds.

(1) There is a preferred equivalence D Xp, C3 — D1 Xp, (D2 Xp, C3).

(2) If the right-hand square is a pullback square, then the left-hand square is a pullback square if
and only if the outer rectangle is a pullback square.

Proof. For part (1), we define the functor as (prp, , (h1 o prp, , pre,)). We claim that an inverse is
given by the functor

(Prp,» Prcy © PIpyxp, ) D1 X, (D2 Xpy C3) = Dy Xp, Cs.

To show that the two composites are isomorphic to the respective identities, it suffices to construct
these isomorphisms after projecting to the two components and verifying that these isomorphisms
agree after composing with the functors to D3. But after unwinding the definitions, this holds
tautologically by the very construction of the two functors in both directions.
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Part (2) is an immediate consequence of the 2-out-of-3 property from Lemma 1.1.21 applied to the
following commutative square:

C1 _— Dl XD, C2

| |-

Dy Xp, C3 —— D1 Xp, (D2 Xp, C3),

where the right vertical map is an equivalence by applying Exercise 1.3.10 to the equivalence
C2 - D2 XDs C3. O

Lemma 1.3.17. Consider a commutative square

S

C — D

| |

E-—*,F

and assume that h is an equivalence. Then g is an equivalence if and only if the square is a pullback
square.

Proof. Since h is an equivalence, also the projection map prp: D Xg E — E is an equivalence by
Corollary 1.3.11. Since the composite of the map (f,g): C — D Xg E with pry is isomorphic to
g, the claim follows from the 2-out-of-3 property of equivalences, Lemma 1.1.21. O

Lemma 1.3.18. Consider functors f: C — E and g: D — E. Then the commutative square

CXED—>E

(presprp) l lA

cxD %, ExE

is a pullback square.

Proof. This follows immediately from the pasting lemma 1.3.16 applied to the following commuta-

tive diagram:

P'p g

CxgD D E

(Prc’PrD)l l(g’idD) l(idEsidE)

CxD 2 poup UEXS poE =

Prll lprl

f

¢ —— E.

Lemma 1.3.19. For every functor g: D — E, the commutative square

0 —— 0

|

DL E

is a pullback square.

Proof. We need to show that the induced map @ — 0 Xg D is an equivalence. But this follows

directly from Axiom B.2’ by applying 2-out-of-3 to the maps 0 — 0 xXg D 2 0. O
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1.3.3 Universality of coproducts

We now postulate an additional property on coproducts of categories:

Axiom B.4’ (Universality of coproducts). Consider categories I'g and I'j, define I' := I'o LI Iy,
and letiy: I'o — I"'and i; : I'} — I denote the two inclusions.

(1) For functors f: C — I'pand g: D — I'|, the commutative squares

c—<,cup D —2,cup
fl lfug and gl lfug
FOL)FOUFI FIL)FoLlFl

are pullback squares.

(2) For a functor h: E — T, the functor
(pre,pre): (Exr o) U(Exr ) = E

is an equivalence.

Corollary 1.3.20 (Disjointness of coproducts). Coproducts are disjoint: for categories C and D,
the commutative square

2, cubp
is a pullback square. O

Lemma 1.3.21. For functors f: C — T, g: D —» " and ¢: I'" — T, the commutative square

(CxrTHuUuDxrI") — CUD

| l(f,g>

I’ Ld r

is a pullback square.
Proof. We need to show that the induced functor
(C xr F’) U (D Xr F’) — (CUD)xr r’

is an equivalence. But this is a special case of Axiom B.4’ applied to the functor f = pr;: (C U
D) xpr I'” — C U D: by the pasting law of pullback squares there are equivalences

C Xcup (CUD) Xr F':Cxp | and D Xcup (CUD) Xr F/ﬁDXF .

This finishes the proof. O
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Corollary 1.3.22. For categories C, D and E, the functor

(EXic,EXip): EXCUEXD — EX(CuUD)
is an equivalence.

Proof. This is an instance of the previous lemma by taking I' = *, I" = E, f = pc: C — =,
g=pp:D —>xandp=pg: E — = O

Lemma 1.3.23. The following two conditions are equivalent:

(1) The category = L % is contractible;

(2) Every category is contractible.

Proof. 1t is clear that (2) implies (1). Conversely, assume that * LI % is contractible, i.e. that
the map * LI *+ — = is contractible. Since this map admits a section given by the left inclusion
[: % =x%10 < Ll =, it follows that [ is an equivalence. In particular, its fiber over the right point
must be contractible. Since this fiber is the empty category by Corollary 1.3.20, we see that the
map ) — = is an equivalence, and it follows from taking the product with any category C that also
@ — C is an equivalence. By 2-out-of-3 this implies that C is contractible. O

1.3.4 Embeddings of categories

We introduce the notion of embeddings of categories and prove basic properties about them. We
will eventually see that embeddings precisely correspond to subcategories, see Proposition 6.4.1.
Definition 1.3.24 (Embedding). A functor f: C — D is called an embedding if the diagonal
Af = (idc,idc): C — C xp C is an equivalence, or equivalently if the commutative diagram

Cc

C

T«— QO
~

|

is a pullback square.

Proposition 1.3.25. A functor f: C — D is an embedding if and only if for every category E the
induced map f.: Map(E,C) — Map(E, D) is an embedding.

Proof. This follows immediately from Proposition 1.3.5 by considering the commutative diagram

C
I :
D

C

C

-



Lemma 1.3.26. A functor f: C — D is an embedding if and only if the commutative square
P
C—D
(idc,idc)l l(idD,idD)

CXC&DXD

is a pullback square.

Proof. By Lemma 1.3.18 the pullback of this diagram is Cxp C. Since the inducedmapC — CxpC
is precisely the diagonal Ay: C — C Xp C of f, the claim follows. O

Lemma 1.3.27. Consider a pullback square

c -2, C

{ b

D —— C
of categories. If v is an embedding, then also u is an embedding.

Proof. This is left as an exercise for the reader, see Exercise 1.9.10 O

Lemma 1.3.28. Let f: C — D be an embedding which admits a section s: D — C. Then f is an
equivalence.

Proof. As fs = idp, it remains to show that sf = idc. Consider the following commutative
diagram:

T
a lf

g

D —25 C—>D.

C

Since the right square is a pullback square by assumption on f, there exists amap #: C — C making
the diagram commute. It follows that s f = h = id¢, finishing the proof. O

We will now prove some more intricate properties about embeddings, which may be skipped on first
reading and referred back to whenever needed.

Lemma 1.3.29. Let f: C — D and g: D — E be functors and assume that g is an embedding.
Then the square

C e——— C
fl lgf
DL E

is a pullback square.



Proof. This is immediate from the pasting law of pullback squares applied to the following commu-
tative diagram:

c——c

f f

D=——=0D

| 8
g

Indeed, the bottom square is a pullback square by assumption on v, while the top square is clearly a
pullback square. O

Lemma 1.3.30. Consider a commutative triangle
C L D
N
E
of functors. If g is an embedding, then f is an embedding if and only if g f is an embedding.

Proof. Consider the following commutative diagram:

C C C
I TR
c “*“>5>p LS E.

Since v is an embedding, the right square is a pullback square by Lemma 1.3.29. It follows from
the pasting law of pullback squares, Lemma 1.3.16, that the left square is cartesian if and only if the
outer rectangle is cartesian, proving the claim. O

Corollary 1.3.31. Consider a commutative diagram

A—>C

fl lg

B—— D
of functors such that v is an embedding. Then u is an embedding if and only if the induced map
(f,u): A > B xp C is an embedding.
Proof. The map u: A — C factors as the composite A M Bxp C He, C. The map pr is an
embedding by Lemma 1.3.27, and hence the statement follows from Lemma 1.3.30. O

Lemma 1.3.32. Consider a commutative diagram

c —-->C

7| K

D —Y> D

¢| |#

E Y5 E.
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If v and w are embeddings and the composite square is a pullback square, then also the top square
is a pullback square.

Proof. Consider the following commutative diagram:

(' —C —%2 > C

/| s |s

D& gD — D

l |

E —Y S E.

Since w is an embedding, the map E’ Xg D — D is an embedding by Lemma 1.3.27. Sincev: D’ —
D is also an embedding, it thus follows from Lemma 1.3.30 that the map (g’,v): D’ — E’ Xg D is
an embedding, and thus by Lemma 1.3.29 the top left square is a pullback square. Since the right
bottom square and right outer rectangle are pullback squares, so is the top right square by the pasting
law Lemma 1.3.16. Another instance of Lemma 1.3.16 shows that the outer rectangle is a pullback
square, as desired. O

1.4 Functor categories

Given two categories C and D, we are interested in forming the functor category Fun(C, D) whose
objects are precisely the functors from C to D.

Given any functor
e: FxC—D

we can form, for any category T, a map
ur: Map(T, F) — Map(C xT, D)

associated to the rule g — ¢ o (g X id¢).

Definition 1.4.1. A functor category from C to D is a category F equipped with a functore: FXC —
D such that, for any category 7', the induced map

ur: Map(T, F) = Map(C xT, D)
is an equivalence. We then call F the category of functors from C to D and e the evaluation functor.

Proposition 1.4.2. If F and F’ both are categories of functors from C to D with evaluation functors
e and e’ respectively, then there is an equivalence ¢: F' — F aswell as 0: e o (¢ Xidc) = ¢’.

Proof. Using the equivalence ug for T = F’, we see that there is a functor ¢: F/ — F as well
as 7: ur(p) = e. For F/ = F and e = ¢’, we see that ¢ must be (isomorphic to) the identity.
Exchanging the roles of F' and F’ we thus get a functor ¢ : F — F’ that is inverse to ¢. O
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Axiom B.6 (Functor category). For any two categories C and D, there is a category Fun(C, D)
equipped with an evaluation functor ev: Fun(C, D) x C — D that exhibits it as the category
of functors from C to D.

Definition 1.4.3. Given another category T, we thus obtain for every functor f: TxXC — D afunctor
fe: T — Fun(C, D) that we refer to as the currying of f. It comes equipped with a commutative

diagram as follows:

T x C 22 Fun(c, D) x C

T b

D.

Conversely, given a functor g: T — Fun(C, D), we refer to the composite

id,
TxC 25 Fun(C, D) x ¢ &5 D

as the uncurrying of g and denote it by g* = ur(g). Similarly, a natural isomorphism 8: g = h
induces a natural isomorphism S*: g“ = h*. Uncurrying is thus an equivalence

(=)*: Map(T,Fun(C, D)) = Map(T x C, D)
with inverse defined by currying.

Remark 1.4.4. By considering the case of the terminal category E = *, we observe that terms
x — Fun(C, D) of the functor category correspond to functors C =~ C X * — D from C to D,
justifying the notation and terminology of Fun(C, D).

Construction 1.4.5 (Evaluation functor). Given categories C and D, and x: * — C, the evaluation
functor at x is defined as the composite

evy: Fun(C, D) ~ Fun(C, D) X = dxx, Fun(C,D) x C 5.

The functoriality of the product naturally provides functoriality for the functor categories:

Construction 1.4.6 (Functoriality of functor categories). Given a functor g: D — D’, we define
the functor g o —: Fun(C, D) — Fun(C, D’) as the currying of the composite

g
Fun(C,D)xC -5 D 5 D',
By assumption we obtain a commutative square as follows:

Fun(C,D)xC —~— D

(go—))(idcl lg

Fun(C,D’) x C —— D’.
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Similarly, given a functor f: C’ — C, we define the functor — o f: Fun(C’, D) — Fun(C, D) as
the currying of the composite

, idxf , | ev
Fun(C’,D) x C —= Fun(C’,D) x C" — D.

It satisfies the property that it makes the following square commute:

Fun(C’,D) x C BN Fun(C’, D) x C’

(—Of)Xidcl lev

Fun(C,D)xC ——=—— D.

In a completely analogous way, every natural isomorphism 3: g = g’ of functors D — D’ induces a
natural isomorphism (So—): (go—) = (g’ o—) of functors Fun(C, D) — Fun(C, D’), and similarly
for the construction — o f.

Exercise 1.4.7 (Exercise 1.9.6). Formulate and prove that the assignments g — (g o —) and f
(— o f) are functorial, in the sense that they respect identity functors and composition of functors.

1.4.1 Properties of functor categories

The universal property of the functor category construction allows us to deduce various compatibil-
ities of functor categories with the terminal category, the initial category, products, coproducts and
pullbacks.

Lemma 1.4.8. For every category C the functor category Fun(C, %) is contractible.

Proof. We must show that the functor pgyy(c,«): Fun(C,%) — * is an equivalence. We will
show that an inverse is given by the functor (p.xc)c: * — Fun(C, %), obtained by uncurrying the
functor p.xc: * XC — . The composite (p.«xc)e © PFun(C,+): * — * is automatically isomorphic
to id.: * — *, hence it remains to show that the composite ppun(c,«) © (Psxc)e: Fun(C,*) —
Fun(C, %) is isomorphic to idpyn(c,«). It will suffice to prove that the two uncurried functors
Fun(C, ) x C — = are isomorphic. But this is again automatic. O

Lemma 1.4.9. Let C, D and E be categories. Then the functor
(prpo—prgo—): Fun(C,D x E) — Fun(C, D) x Fun(C, E)

is an equivalence.

Proof. For the purpose of this proof, let us abbreviate Fun(C,T) by T for every category 7. We
define a functor #: D€ x E€ — (D x E)€ by currying the following composite:

(prpc>Presprgcpre) evxev

D¢ xCxE€xC—5 DXE.

D¢ xE€ xC

We start by showing that the composite (pry, o —, prg o —) o h is the identity. It will suffice to show
this after projecting to both D€ and E€, and by symmetry we may just do this for DC. In other
words, we must show that the composite

DE xE€ L (D x E)C 222, pe
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is isomorphic to prpc. It will in turn suffice to show this after uncurrying. But there it holds since
the uncurrying of both functors can be seen to be isomorphic to the composite

(prDC ,pl'c)
-

D€ xE€ xC D xCc 5.

We will now show that also the composite & o (prp, o —, prg o —) is isomorphic to the identity on
(D x E)€. Since the target of these functors is (D x E)C, it will suffice to prove that the two
uncurried functors (D x E)¢ x C — D x E are isomorphic. The target of these two functors is a
product, hence it in turn suffices to show that the components of both functors are isomorphic. By
symmetry, it again suffices to do this for the D-component. Using functoriality of uncurrying, and
unwinding the constructions, we are reduced to showing that the following diagram commutes:

(DXE)xC —=> DXE
(prp O—)Xidcl lpro

D¢ xCc —& 5 D.
But this is an instance of Lemma 1.4.6. O

Lemma 1.4.10. Let T be a category and let f: C — E and g: D — E be functors. Then the
functor
(pre o= prpo—): Fun(T,C xg D) — Fun(T, C) Xpun(r,£) Fun(7T, D)

induced by the isomorphism (f o =) o (proo—) = (g o —) o (prp o —) is an equivalence.

Proof. We will again abbreviate Fun(T', —) by (). To construct an inverse to this functor, consider

the two composites
prer X idr

(CT xzr DTYXT c'x15C

and

PrypT X idr

(CT xzr DTYXT DT xT D.

These two functors assemble into a functor to the pullback C xXg D, due to the composite natural
isomorphism exhibited by the following commutative diagram:

(CT xgr DT)xT

PrCTXidT/ W idr

Fun(T,C) x T Fun(T,D) X T
l |
ev ev
C TEXT D
\ lev/
f 8
E.

By currying, we thus obtain a functor 4: CT xzr DT — (C xg D)T. We claim that this is the
desired inverse. The proof is analogous to that of Lemma 1.4.9, with the added difficulty that one
needs to make sure that the natural isomorphisms of functors into E are all compatible. We will
leave the details as an exercise to the reader. O
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Lemma 1.4.11. For categories C, D and E, there is a preferred equivalence
Fun(C,Fun(D, E)) = Fun(C X D,E).

Proof. We define the preferred functor as the curried functor of the following composite:

evxidp

Fun(C,Fun(D, E)) X C X D —25 Fun(D,E) x D -5 E.

To construct an inverse, it will by currying suffice to construct a functor Fun(C X D,E) x C —
Fun(D, E), which we may take to be the curried functor of the following composite

Fun(Cx D,E)xCXD -5 E.
By construction, these two functors are compatible with the chain of equivalences

Map (7, Fun(C, Fun(D, E))) = Map(T x C,Fun(D, E))
— Map((T xC) x D, E)
— Map(T x (C x D), E)
< Map(T,Fun(C X D, E)) .

This shows that applying Map(7, —) to the preferred functor is an equivalence for all 7', hence that
the preferred functor is an equivalence. O

Lemma 1.4.12. For a category C, the functor ev,: Fun(x, C) — C is an equivalence.

Proof. We leave it to the reader to verify that an inverse is given by currying the equivalence
Cx*x—C. ]

Lemma 1.4.13. For a category C, the functor category Fun(0, C) is contractible, i.e. Fun(0, C) —
*,

Proof. For the inverse we pick the preferred functor § — C. The composite * — Fun(0,C) — = is
automatically isomorphic to the identity. For the composite Fun(0, C) — * — Fun(0, C), we may
show this after uncurrying. But since Fun(0, C) X @ — @ by Lemma 1.2.12, this follows directly
from the defining property of 0. O

Lemma 1.4.14. For categories C, D and E, resriction along the inclusions ic: C — C U D and
ip: D — CU D induces an equivalence

(i¢,ip): Fun(CU D, E) = Fun(C, E) x Fun(D, E).
Proof. Using the canonical equivalence
(CuD)x(Fun(C, E)xFun(D, E)) = Cx(Fun(C, E)xFun(D, E))UDX(Fun(C, E)xFun(D, E)) ,

the functors or
C x Fun(C, E) x Fun(D, E) —> C x Fun(C, E) - E

and
pr
D x Fun(C, E) x Fun(D, E) —> D x Fun(D, E) - E
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assemble into a functor
(CuD)x (Fun(C,E) xFun(D,E)) —> E.

By currying this provides a preferred functor Fun(C, E) X Fun(D, E) — Fun(C U D, E). On the
other hand, for any category 7, there are canonical equivalences
Map(T, Fun(C, E) X Fun(D, E)) = Map(T,Fun(C, E)) X Map(T,Fun(D, E))
— Map(T X C,E) X Map(T x D, E)
«— Map((TxC)u (T xD),E)
— Map(T x (CUuUD),E)
where the last equivalence is induced by Corollary 1.3.22. We check that, by construction, the

preferred functor is compatible with the chain of equivalences above, hence that it induces an
equivalence on any mapping anima of the form Map(7T, —). O

1.5 Objects in a category

Let X be an anima. We consider two categories C and D. Given a functor u: X — Map(C, D),
we obtain, for each term x: X a functor u(x): C — D. Given a term c: C, this yields a term
u(x)(c): D. In other words, we obtain a rule that defines a functor of type X x C — D, hence a
functor of the form X — Fun(C, D). Applying this to the identity of Map(C, D) yields a canonical
functor

1c.p: Map(C,D) — Fun(C, D).

Proposition 1.5.1. For any anima X, we get an induced equivalence
(tc.p)+: Map(X,Map(C, D)) — Map(X, Fun(C, D)) .
Proof. It suffices to check that we get an equivalence of the form
Map(X,Map(C, D)) = Map(X x C, D).

But the map is defined so that the image of u: X — Map(C, D) is the map associated to the rule
(x,¢) — u(x)(c). If two maps u and v have the same image, then, for each x, the rules ¢ — u(x)(c)
and ¢ — v(x)(c) agree, hence there is a term of type u(x) = v(x) for all x. This implies that u = v.
On the other hand, given a map of the form f: X XC — D, foreachtermx: X, the rule ¢ — f(x,c)
defines a term u(x): Map(C, D). Therefore, the rule x — u(x) defines amap u: X — Map(C, D).
It is clear that u is sent to f by construction. O

Definition 1.5.2. For any category C, we define the animated core of C to be
C™ =Map(x,C).
It comes equipped with a canonical functor
1c:CT > C
defined as i¢c =1, c.
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Corollary 1.5.3. For any anima X and any category D, we get an induced equivalence
(tp)«: Map(X,D™) = Map(X, D).

Proof. This is a special case of the previous proposition in the case C = x*, by virtue of Lemma 1.4.12.
O

Definition 1.5.4. Let C be a category. An object x of C is a term of C~.

Remark 1.5.5. By definition, understanding the objects of C is the same as understanding all
functors of the form x: I' — C where I' is an anima. However, it also suffices to understand the
universal such functor, i.e. the canonical functor ic: C= — C.

Definition 1.5.6. Let C be a category and let I be an anima. An object of C in context I is a functor
x:I'—>C.

Convention 1.5.7. From now onward, we will use the phrase object of C for an object x of C in an
arbitrary context I'. When the context of x is the terminal groupoid *, we will speak of an absolute
object, cf. Definition 1.2.1.

Although the context I' is allowed to be arbitrary, we may in practice always assume it is the terminal
groupoid * by replacing C with Cr and working with categories in context I instead. We will
frequently reinforce this philosophy in our notation by denoting the context of an object x by {x}.

Proposition 1.5.8. For any categories C and D there is a preferred equivalence
Map(C, D) = Fun(C, D)~ .

Proof. The map 1c p induces a map ic,p: Map(C, D) — Fun(C, D)=, by the preceding proposi-
tion. We also have the following equivalences, by definition:

Map(X, Fun(C, D)™) = Map(X, Fun(C, D)) «<— Map(X,Map(C, D)) .

This implies that the map 7c p induces an equivalence after applying Map(X, —) for any anima
X. m]

Proposition 1.5.9. A category C is an anima if and only if the canonical functoric is an equivalence:
1c:CT = C.

Proof. Since C* is an anima, this is obviously a necessary condition. Conversely, if C is an anima,
in order to prove that i is an equivalence, it suffices to prove that, for any anima X, the induced map

(1c)«: Map(X,C™) — Map(X,C)

is an equivalence, which is precisely Corollary 1.5.3. O
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1.5.1 Pushouts of categories

Using mapping animae, we may dualize the definition of a pullback square of categories:
Definition 1.5.10 (Pushout square). A commutative square of categories

cC —--C

il K

D' —— D
is called a pushout square (or cocartesian) if, for every category E, the induced square

Map(D, E) v, Map(D’, C)

| [

Map(C, E) —— Map(C’, E)
is a pullback square.
Proposition 1.5.11. A commutative square of categories

c—*t-sC

A

D —— D
is called a pushout square (or cocartesian) if, for every category E, the induced square

Fun(D, E) v, Fun(D’, C)

| [

Fun(C, E) —“— Fun(C", E)
is a pullback square.

Proof. For any category T, the commutative square

Map(T, Fun(D, E)) —~— Map(T, Fun(D’, C))

| [

Map(T, Fun(C, E)) —“— Map(T, Fun(C’, E))
is equivalent to the commutative square

Map(T x D, E) —~—s Map(T x D', C)

f*l l(f’)*

Map(T x C,E) —“— Map(T x C’, E)
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which in turns is equivalent to the following one.

Map(D, Fun(T, E)) ——s Map(D’, Fun(T, C))

f*l l(f’)*

Map(C, Fun(T, E)) —“— Map(C’, Fun(T, E))

The latter is a pullback square for all 7" and E if and only if it is so for all E in the special case where
T = = since there is a canonical equivalence E — Fun(x, E). On the other hand, the first square is
a pullback square for all T if and only if

Fun(D, E) —~—s Fun(D’, C)

.l [

Fun(C, E) AN Fun(C’, E)
is a pullback square. This proves the proposition. O

Lemma 1.5.12 (Pasting lemma for pushout squares). Consider a commutative diagram

81 82

Cy C (65}
fll lfz lfa
D ™ D ™ Ds.

If the left-hand square is a pushout square, then the right-hand square is a pushout square if and
only if the outer rectangle is a pushout square.

Proof. This follows immediately by applying Lemma 1.3.16 to the commutative diagrams

h h*
Map (D3, E) —— Map(D3, E) —— Map(D, E)

f;‘l lf; lf{‘

Map(Cs, E) — Map(C,, E) — Map(Cy, E).
2 1

for each E. o

1.6 Morphisms and commutative triangles

Our discussion of categories has so far completely ignored the infernal structure that categories are
expected to have. In this section we will start describing this internal structure by introducing the
concepts of morphisms and commutative triangles in a category C.

Axiom C.1 (Walking morphism). There is a category [1] equipped with objects 0, 1: = — [1].

The category [1] is called the walking morphism and should be thought of as the poset {0 < 1}.

Let us introduce some standard terminology regarding functors out of [1].
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Definition 1.6.1 (Morphisms). An (absolute) morphism in a category C is defined as a functor
f: [1] — C, or equivalently as an absolute object of the arrow category Fun([1], C).

Every morphism f: [1] — C has a source/domain f(0): + — C and a target/codomain f(1): * —
C, obtained by precomposition with 0, 1: = — [1]. If f is a morphism in C, and x and y are objects
of C, we will often write f: x — y to indicate that f comes equipped with isomorphisms x = f(0)
and y = f(1), which we will mostly leave implicit in the notation. In this case we say that f is a
morphism from x to y.

We write evg, evy: Fun([1],C) — C for the source and target functors, given by evaluation at 0 and
1, cf. Construction 1.4.5.

Definition 1.6.2 (Natural transformations). If C and D are categories, we define a natural transfor-
mation of functors C — D to be a morphism in Fun(C, D). By (un)currying, this may equivalently
be encoded as a functor [1] x C — D.

Definition 1.6.3 (Arrow category/ Hom groupoid). Let C be a category. We refer to the functor
category Fun([1], C) as the arrow category of C. Given terms x and y of C, we define the hom
groupoid C(x,y) via the following pullback square:

C(x,y) —— Fun([1],C)

.
J/ J](CVQ,CVQ

((ny) —=2, cxc.

Observe that the terms of C(x, y) are triples (f, @, 8), where f: x’ — y’ is a morphism in C and
a:x = x"and B: y = y’ are isomorphisms in C. We will sometimes use the alternative notation
Home¢ (x, y) for C(x, y).

Construction 1.6.4. Let f: C — D be a functor and consider two terms x and y of C. Then the
induced functor f,: Fun([1],C) — Fun([1], D) induces a functor

[ Cxy) = D(f(x), f(y)

on fibers.

Example 1.6.5 (Identity morphism). For an absolute object x: *+ — C we define the identity mor-

phism id,: x — x in C as the composite [1] P, X, C. Note that we have id, € C(x,x). For

every functor f: C — D there is a preferred isomorphism f(id,) = idz(y).

Definition 1.6.6 (Slice categories). Let C be a category and let x be a term of C. We define the slice
categories Cyx and C,; via the following two pullback diagrams:

C/x —— Fun([1],C) Cy) —— Fun([1],C)
pxl ; l(ew),evl) qxl : l(evo,evl)
c X, oxce and c ¥, cxc
Tk 7
{x} ——— C. xy ———c.

In particular, an object of the category C,, consists of a pair (y,u) where y is an object of C and
u:y — x is a morphism in C. Similarly the objects of C,, are pairs (y,v) where now v is a
morphism in C of the form v: x — y.
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Definition 1.6.7 (Initial/terminal object). A term x in a category C is called terminal if the functor
px: C/x — Cis an equivalence. Dually, x is called initial if g : C; — C is an equivalence.

Remark 1.6.8. Observe that the fiber of p, over some term y is the hom groupoid C(x, y), using the
pasting law for pullback squares. In particular, if x is terminal then C(y, x) is contractible for every
y. Dually, if x is initial then C(x, y) is contractible for all y. The converse will be established later,
once additional axioms have been introduced.

Axiom C.2. The object O : [1] is initial. The object 1 : [1] is terminal.

Construction 1.6.9. As a consequence of Axiom C.2, we obtain the following two pullback squares:

[1] ‘“—> Fun([1], [1]) [1] ﬂ Fun([1], [1])
~ J](CV(),CW) and ~ (evo,evl)
[1] (constg,id) [1] % [1] [1] (id,const; ) [1] % [1]

The two top horizontal maps in these diagrams correspond under currying/uncurrying to functors
min: [1] X [1] — [1] and max: [1] x [1] — [1].
Lemma 1.6.10. The maps max and min satisfy the equations

max(x,0) =x = max(0, x), max(x, 1) =1 = max(1,x),

min(x, 0) =0 = min(0, x), min(x, 1) =x = min(1, x),

in the sense that the following diagrams commute:

(112 ) S22 ) (] 90 1y 1] &9 gy
T

(17 22 s g <2 L0

Proof. The equations min(x, 0) = 0, min(x, 1) = x, max(x, 0) = x and max(x, 1) = 1 are immediate
from the two pullback squares stated before the lemma. For the other four relations we use that
qalz [1] = [1]o; sends O to idg: O — O and I to can: 0 — 1, while pl‘l: [1] — [1];1 sends O
tocan: 0 > land 1 toid;: 1 — 1. O
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1.6.1 Commutative triangles

Apart from the poset [1] = {0 < 1}, which classifies morphisms, there should also be a poset
[2] = {0 < 1 < 2} classifying commutative triangles.

Definition 1.6.11 (Walking commutative triangle). We define the walking commutative triangle as

(2] = Fun([1], [1]).

We define objects 0, 1,2 : [2] by:

0 :=1dp, 1:= can, 2 :=1idy,

where can: [1] — [1] is the identity of [1], regarded as a morphism can: 0 — 1 in [1].

Construction 1.6.12. We construct three face maps d;: [1] — [2] fori =0, 1,2:

e We set dp :=max: [1] — Fun([1], [1]);
e Wesetd := p“fl]: [1] —» Fun([1], [1]);
* We set dp := min: [1] — Fun([1], [1]).
We also construct two degeneracy maps s;: [2] — [1] fori =0, 1:
* Weset sg :=evg: Fun([1], [1]) — [1];
e Wesets; :=evy: Fun([1],[1]) — [1].

Convention 1.6.13. It will sometimes be useful to denote the terminal category by [0], and to denote
themaps 0 : * — [1]and 1 : * — [1] by d;: [0] — [1] and dy: [0] — [1], respectively. We will
visualize the three categories [0], [1] and [2] as follows:

1
0, 0—— 1 and /\
0 — 2.

The five face maps dy, d;: [0] — [1] and do,d1,d>: [1] — [2] and the relations between them
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may be displayed as follows:

0
doL// \\Jd 1
1 = 0
/ N\
0 SV T % I

AN
113
1R
7

Id;
|

0 4 00— 1 ¢ 0.

The two degeneracy maps sg, s1: [2] — [1] may be interpreted the following ‘projections’:

—
|
|
[
1S
|
v
«—
©
= e— O

2 1 2

Exercise 1.6.14. Show that the face and degeneracy maps satisfy the following simplicial identities:
do o dy = d o dy, doody = dyody, diody =dyody € Fun([0],[2])

soody =id[) = sood, soody =consty € Fun([1],[1])
s1 o dg = consty, sjody =idj =sjody €  Fun([1],[1]).

Definition 1.6.15 (Commutative triangle). Given a category C, we define a commutative triangle
in C to be a functor [2] — C. The three functors dy, di,d>: [1] — [2] induce three restriction
functors

d;,d:, d; : Fun([2],C) — Fun([1],C).

We will frequently denote commutative triangles by

y

7= /X

X —/ Z,

where f = d}(0), g = dj(o) and h = d{ (o). We will often leave commutative triangles unnamed,
and only label their three edges. We may sometimes denote in the same manner triples of morphisms
(f,g,h) that do not (or not necessarily) come from a commutative triangle, which will then be
mentioned explicitly.
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Definition 1.6.16. Given morphisms f: x — y and g: y — z in C, a composite of f and g is a
morphism /: x — z that comes equipped with a commutative triangle o of the above form:

We define the category of composites Comp, ,(C) as the following pullback:

Comp ,(C) Fun([2], C)

.
l l(d;,d{;)

(f.8)
« —8 5 Fun([1], C) Xev,.C.evy Fun([1], C).

Here the right vertical map is the map induced by the following commutative diagram of restriction
maps:

5

Fun([2].C) — Fun([1].C)

d;l levo
Fun([l], C) T) C.
Example 1.6.17. The two functors sg, s;: [2] — [1] induce functors
sg» 81 Fun([1], C) — Fun([2], C),

so that every morphism f: x — y in C gives rise to two commutative diagrams s;(f) and s7(f) in
C. As a consequence of the simplicial identities from Exercise 1.6.14, these commutative triangles
have the following form:

X y
id% Y and f/ \idy
X T) y X T) y.
In particular, these triangles exhibit f as a composite of id, and f, as well as a composite of f and
idy.
1.6.2 Commutative squares

Throughout, C denotes a category.

Definition 1.6.18 (Commutative square). We define a commutative square in C to be a functor
[1] X [1] — C. We will often display commutative squares as follows:

X
|
Z

f

%y
[
w

_ .
k
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In ordinary category theory, a commutative square consists of morphisms f, g, & and k as above
that satisfy the condition that k o f = h o g. We will now formulate a synthetic analogue of this.

Definition 1.6.19. We define two functors jg, j1: [2] — [1] X [1] as

Jo = (50, 51) and  ji = (s1,50).
These two commutative triangles in [1] X [1] may be visualized as follows:

(0,00 —— (0, 1) (0,0)

N I

(L, 1), (1,00 — (1,1).

The simplicial relations sg o d = id[;] = 51 o d provide an isomorphism making the following

square commute:

[ —2— 2]

dll l,-o (1.1)

2] —— [ x[1].

Axiom D (Commutative square axiom). The commutative square (1.1) is a pushout square: For
every category C, the commutative square

Fun([1] x [1].C) —2 Fun([2].C)

i [

Fun([2].C) —2 Fun([1].C)

is a pullback square.

Construction 1.6.20. Consider commutative triangles o: [2] — C and 7: [2] — C equipped with
an isomorphism ¢: dj(o) = dj(7) in Fun([1], C). By Axiom D, this data gives rise to a commu-
tative square O(o, 7, ¢) : [1] X [1] — C such that o = ji(O(0, 7,¢)) and 7 = j;(T(0, T, 9)):

x y
o(o,7,¢) = gl lk
.
Z

w

1/

We will sometimes just write O(o-, 7) instead of O(o, 7, ¢) when the isomorphism ¢ is left implicit.

Construction 1.6.21. We construct functors pg, p2: [1] X [1] — [2], pictorially represented by the
following diagrams:
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More precisely, po := O(id[2], d150) is the commutative square determined by the two commutative
triangles o = id[2] and 7 = d o s, with isomorphism

dT(O’) = id[z] Odl = d1 = d1 Oid[l] = d1 S Od] = dT(T).

Similarly, p, := 0O(djs1,id[2)) is the square determined by o~ = d; o s1 and 7 = id|2], with analogous
isomorphism between d} (o) and &7 (7).

By construction these two maps satisfy the following two relations:
po o jo =idpa, Poo j1 = sood, p2o jo = s1odi, p2oj1 =idp.
Lemma 1.6.22. We have the relations
O(s0, 51) = pr; and  0O(s1,50) = pr,

of functors [1] x [1] — [1].

Proof. Tt suffices to observe that these two projection maps have the correct restrictions to the
triangles jo and j;. O

Lemma 1.6.23. We have

max = 0O(sq, $1) and min = 0O(so, So).

Proof. 1t suffices to check that max and min restrict correctly along jy and j;, and this follows
directly by unwinding the definitions of O(sy, s1) and O(sg, s¢) from Construction 1.6.20. O

Lemma 1.6.24. We have relations

Jopo(x,y) = (min(x,y),y),  jipo(x,y) = (y,min(x, y)),
jOPZ(x’)’) = (y,max(x,y)), jlpz(er’) = (max(x, y)’y)

Proof. Since pg := 0O(id[2], d150) and p; = O(d;s1,1d[2]), we have

1

sopo = 0O(so, Sod150) = min, s1po = O(s1,s1d150) = O(s1, 50) = pry

sop1 = O(sodis1, S0) = O(s1, S0) = Pra, s1p1 = O(s1dsy, $1) = max,

IR

where we used Lemma 1.6.22. Using jo = (sg,s1) and j; = (s1,50) we get the desired four
relations. O

1.7 The Segal axiom

In this section, we will introduce the Segal axiom, which will provide unique compositions of
morphisms in categories.

Axiom E (Segal axiom). For any category C, the functor
(dy, d3): Fun([2],C) — Fun([1], C) x¢ Fun([1],C)

is an equivalence.
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In particular, for every pair of composable morphisms f: x — y and g: y — z in C the category
Comp ,(C) of composites of f and g is contractible, being defined as the fiber of the equivalence
(dy, d3).

Notation 1.7.1. Given composable morphisms f: x — y and g: y — z, we denote their unique
composite by go f: x — z.

Observation 1.7.2 (Exercise 1.9.11). Let Cy and C| be categories and consider morphisms fy: xg —
yo and go: yo — zo in Cp and morphisms f1: x; — y; and g;: y; — z; in Cy. Then the composite
(80, 81) © (fo, f1): (x0,x1) = (z0,21) in Co X Cy is given by (go © fo, g1 0 f1).

Observation 1.7.3 (Exercise 1.9.12). Show that a functor F': C — D preserves composition: for
morphisms f: x — yand g: y — z in C there is a preferred isomorphism

F(gof)=F(g)oF(f).

The definition of g o f works for arbitrary terms f and g of the hom groupoids C(x, y) and C(y, z),
showing that g o f is automatically functorial in g and f. We may make the resulting functoriality
more explicit as follows:

Construction 1.7.4 (Composition functors). Consider the zig-zag

(d.d3) ()"
Fun([1], C) x¢ Fun([1],C) «——= Fun([2],C) —— Fun([1],C)

of functors over C3. The first map is an equivalence by the Segal axiom, and hence it admits an
inverse over C?, providing a composite functor

#)

~ (dy)
—o—: Fun([1],C) X¢ Fun([1],C) — Fun([2],C) - Fun([1],C).
Passing to fibers over (x, v, z) € C? then produces a functor
—o = C(x,y) X C(y,z) - C(X’Z)’

which we call the composition functor.

We will now show that composition in a category is unital and associative.

Lemma 1.7.5 (Unitality). For every morphism f: x — y in a category C, there are isomorphisms
idyof = f= foidy

in Fun([1], C). Moreover, these isomorphisms are natural in f, in the sense that they form natural
isomorphisms of functors Fun([1], C) — Fun([1], C).

Proof. For fixed f, these relations follow from Example 1.6.17. Observe that the arguments
given there go through for morphisms f: I' — Fun([1],C) in an arbitrary context I'. Taking
I' = Fun([1], C) then shows naturality in f.

In more detail: for the naturality of the relation idy o f = f we have to show that the composite

Fun([1],C) = Fun([1],C) X¢c C ﬂ Fun([1], C) x¢ Fun([1]) — Fun([1], C)
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is isomorphic to the identity functor. Unwinding the proof of Example 1.6.17, we see that this
natural isomorphism is given by the following commutative diagram:

//—\d*

Fun([1],C) —— 5 Fun([2],C) ——=— Fun([1],C)

| - |

Fun([1],C) x¢ C Tpll) Fun([1], C) x¢ Fun([1]) —— Fun([1], C).

A similar discussion applies to the relation f = idy of. O

Proposition 1.7.6 (Associativity, cf. [RS17, Proposition 5.9]). For composable morphisms f: x —
v, g:y—zand h: z — win a category C, there is an isomorphism

ho(gof)=(hog)of

in Fun([1], C). Moreover, this isomorphism is natural in the triple (f, g, h), in the sense that it
forms a natural isomorphism of functors

—o(—o—-)=(—o—-)o—: Fun([1],C) xX¢c Fun([1], C) X¢ Fun([1],C) — Fun([1],C).

Proof. Consider the following two morphisms in Fun([1], C), regarded as objects of Fun([ 1], Fun([1], C)) =
Fun([1] x [1], C):

/
=
E

idy

R e— =
R
s

y y w
lg and gl hog ljdw
Z Z w.

These morphisms are natural in f, g and h: we have functors

}l{

gof

Py

Fun([1],C) xc Fun([1],C) = Fun([2],C€) —> Fun([1]x[1],C),

S f S
X ——y x ——y X ——y
N
lg = \ lg = ide/ gof lg
gof N
z z X —> 7z,
gof

and similarly for the other diagram. Forming the composite of these two morphisms in Fun([1], C),
we thus obtain a commutative square in C of the form

natural in f, g and h. Using Lemma 1.7.5, the diagonal of this square is then naturally isomorphic
toboth (Ao g) o fand ho (g o f), finishing the proof. m]
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Observe that another way of formulating the Segal Axiom E is that the commutative square

Fun([2],C) —> Fun([1],C)

| l>

Fun([1],C) —— C

is a pullback square. This has the following corollary:

Corollary 1.7.7. For every category C, the commutative squares

Fun([2].C) 2% Fun([1] x [1].C) Fun([2].C) 2 Fun([1] x [1].C)

evol lres and l lres
C —

¢ P Bun({0y x [1],€) PO Bun([1] % {1}, ©)
are pullback squares.

Proof. We will prove the claim for the left square and leave the analogous proof of the right square
to the reader. Note that this square can be written as the outer square in the following commutative
diagram:

Fun([2].C) —2 Fun([1] x [1].C)

‘| I

Fun([1],C) —— Fun([2],C)

€vo J/ d; l

¢ — P Run([1],0),

and so it will suffice that each of these two squares is a pullback square. The first one follows from

applying the pasting law of pullback squares to the following commutative diagram:

Fun([2].C) — Fun([1] x [1].C) —— Fun([2]. C)

* - P¥ - *
dll lfl ldl

Fun([1],C) —— Fun([2].C) —2— Fun([1],C).

Here the outer square is evidently a pullback, and the right square is a pullback by the Commutative
Square Axiom D. The second one similarly follows from applying the pasting law of pullback squares
to the following commutative diagram:

Fun([1].C) — Fun([2].C) —s Fun([1],C)

o e e

c —"" | Run([1],0) ——s ¢

Here the outer rectangle is again evidently a pullback square, and the right square is a pullback
square by the Segal Axiom E. O
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Remark 1.7.8. Informally, the previous corollary says that commutative triangles in C may equiva-
lently be encoded in the following three ways:

(1) One might consider commutative triangles [2] — C, which we will display as
Yy
AN
8f
X — z.

(2) One might consider commutative squares [1] X [1] — C whose restriction to {0} x [1] is
constant, which we will display as

X

y

E

zZ.

(3) One might consider commutative squares [1] X [1] — C whose restriction to [1] x {1} is
constant, which we will display as

f
—_—

gf
X —>

gfl
z

N oe— o
[0}

1.8 The Rezk axiom

The notions of identity morphisms and composition of morphisms in categories, provided by the
Segal axiom, lead to the notion of an isomorphism in a category:

Definition 1.8.1 (Isomorphisms). Consider a morphism f: x — y in a category C. We say that f is
invertible, or that it is an isomorphism, if there are commutative triangles in C of the form

y —2 x x y

f
E—
klf mh
y X

A priori, this use of the word ‘isomorphism’ clashes with that of Definition 1.2.1. For this reason,
we will now introduce the Rezk axiom, which enforces that these two notions of isomorphisms agree
with each other. We start by defining the category Iso(C) of isomorphisms in C.
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Definition 1.8.2. Given a category C, we define the category Iso(C) via the following pullback
diagram:

I50(C) === Fun([2]. C) Xd,.Fun([1].€).d; Fun([2]. €) ——— Fun([1].C)

|
| A
d*xd*

Fun([2]. C) x Fun([2]. C) —2*%“_, Fun([1].C) x Fun([1].C)

ldfxd;‘
(xs)’)'_’(idyyidx)
CxC —— Fun([1],C) x Fun([1], C).

Explicitly, a term of Iso(C) is a commutative diagram in C of the form

We denote the composite functor at the top of the diagram by
Tso . Iso(C) — Fun([1], C).

Remark 1.8.3. Notice that by definition a morphism f € Fun([1], C) is invertible in C if and only
if it lifts to a term of Iso(C). We may therefore think of the fiber of ny5, over f as the category of
‘proofs that f is invertible’. The following lemma shows that up to isomorphism there exists at most
one such proof:

Lemma 1.8.4. For a category C, the map w5, : Iso(C) — Fun([1], C) is an embedding.

Proof. We need to show that the diagonal A: Iso(C) — Iso(C) Xpun([1],c) Iso(C) is an equivalence,
or equivalently that the first projection pr; : Iso(C) Xgun([1],c) Is0(C) — Iso(C) is an equivalence.
To this end, consider the two functors
Fun([1]3 C) XBV1,C,BV() ISO(C) - Fun([l]v C) XCV],C,CVI ISO(C)’ (g’ f) g (g o f’ f)
Is0(C) Xev,,C.evo Fun([1], C) — Is0(C) Xeyy,c,evo Fun([1], C), (f,h)— (f,foh).
We claim that these functors are equivalences. For the first functor, note that for f € Iso(C) we
may functorially extract both a left inverse f; with an isomorphism f; o f = id,(r) as well as a
right inverse f, with an isomorphism f o f. = id;(f). Using associativity of composition, a left
inverse to the first functor is then given by (g’, f) — (g’ o f,, f), while a right inverse is given by
(g, f) = (g’ o fi, f). One argues similarly for the second functor.

The claim now follows from the observation that the projection pr; is the left vertical map in the
following pullback square, where the right vertical map is the fiber product over Iso(C) of the two
equivalences just constructed, hence an equivalence itself:

ISO(C) ><Fun([l],C) ISO(C) E— Fun([1]7 C) Xevi,C.evo ISO(C) Xevi,CLevo Fun([l], C)
pr.l " l(g,f,h)H(gOf,f,foh) D

Fro(idy, fidy )
ISO(C) — Fun([l]’ C) Xevl,C,evl ISO(C) XCVQ,C,SVO Fun([l]a C)
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As one expects, the identity map id : x — x is invertible in C for every term x of C:

Construction 1.8.5. We constructa functori: C — Iso(C) lifting the functor 1: C — Fun([1],C): x —
idy. Informally, 7 is given by sending a term x to the following commutative diagram in C:

X
id, id,

id, id
X
More formally, restriction along the map p(): [2] — [0] induces a functor p’[‘z] : C - Fun([2],C),
giving a functor (py[‘z] , py[‘z]) : C — Fun([2], C)Xpun([1],c)Fun([2], C). Since the two relevant edges
of this diagram are both the identity on x, this functor factors through Iso(C), providing the desired
functor i: C — Iso(C).

By construction the following diagram commutes:

(evp,evy)

C —1 s Iso(C) 22 cxC

X& l”Iso %vo,ew )

Fun([1],C).

Axiom F (Rezk axiom). For any category C, the functor i: C — Iso(C) is an equivalence.

The Rezk axiom is important, as it tells us that two terms x and y of C are isomorphic in the sense
of Definition 1.2.1 if and only if there exists an invertible morphism f: x — y between them:

Corollary 1.8.6. Let x and y be terms of C and assume there exists an invertible morphism f: x — y.
Then there exists an isomorphism x = y in C.

Proof. Since the functor i: C — Iso(C) is an equivalence, there exists a term z of C together with
an isomorphism i(z) = f in Iso(C). Using the source and target maps s,¢: Iso(C) — C, this
isomorphism produces isomorphisms z = x and z = y in C. By inversion we obtain x = z and by
composition we obtain x = y, as desired. O

Corollary 1.8.7. For a category C, the functor p’[k1 K C — Fun([1], C) is an embedding.

Proof. This functor factors as C 4 Iso(C) LN Fun([1], C). The first functor is an equivalence by
the Rezk axiom, while the second one is an embedding by Lemma 1.8.4. The claim follows. O

1.9 Exercises Chapter 1

Exercise 1.9.1. Show that the product of categories is associative: for categories C, D and E there
is a preferred equivalence C X (D X E) — (C X D) X E.
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Exercise 1.9.2. Show that the coproduct of categories is associative, commutative and unital: for
categories C, D and E there are preferred equivalences

(CUD)UE =S Cu(DUE), CuD = DuCc, buCc=>C-=Cuo.

Exercise 1.9.3. Given functors f: C —» C’, f': C" - C"”,g: D — D’ and g’: D’ — D", show
that there are natural isomorphisms

ide xidp =idexp and  (f'xg')o(fxg) = (f of)x(g og).

Exercise 1.9.4. Show that the fiber product of categories is commutative, associative and unital: for
functors C — E, D — E and B — E, there are preferred equivalences

CXg D = D xgC, BXE(CXED);(BXEC)XED, Cxg E = C.

Exercise 1.9.5. Consider categories C and D, and let pc: C — *and pp: D — =* be their functors
to the terminal category. Show that the functor (pr., prp): C X, D — C X D is an equivalence.

Exercise 1.9.6. Prove that the functors
go—: Fun(C,D) — Fun(C, D’) and —of: Fun(C,D) — Fun(C’, D)
constructed in Construction 1.4.6 respect identity functors and composition of functors:

(idp o=) = idrun(c,D)> g o(go-)= (g og)o—
(= oidc) = idpun(c,p)> (mof)of ==o(fof).

Exercise 1.9.7. Show that also the operation of currying is functorial in E: given functors f: E X

C — D and h: E’ — E, there is a preferred isomorphism between the currying of the functor

hxid (‘
E'xC 2% Exc L D and the composite E’ 5 E f—> Fun(C, D).

Exercise 1.9.8. Fill in the missing details at the end of the proof of Lemma 1.4.10.

Exercise 1.9.9.Let f: C — D and g: D — E be two embeddings of categories. Show that the
composite gf: C — E is also an embedding.

Exercise 1.9.10. Consider a pullback square

c -2,

| b

D —— C

of categories and assume that v is an embedding. Show that also u is an embedding.

Exercise 1.9.11. Let Cy and C| be categories and consider morphisms fp: xo — ygand go: yo — 2o
in Cyp and morphisms fij: x; — y; and g;: y; — z; in C;. Show that the composite (go, g1) ©
(fos f1): (x0,x1) = (20,21) in Co X C} is given by (go © fo, &1 © f1)-

Exercise 1.9.12. Show that a functor F: C — D preserves composition: for morphisms f: x — y
and g: y — zin C there is a preferred isomorphism

F(gof)=F(g)oF(f).
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Exercise 1.9.13. Let f: x — y be a morphism in a category C. Prove that the following assertions
are equivalent:

(i) f is an isomorphism;
(ii) for any object ¢ of C, f induces an equivalence of the form
fo—:C(c,x) = C(c,y);
(iii) for any object ¢ of C, f induces an equivalence of the form

—o f:C(y,c) = C(x,c).
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2 Groupoids

In this chapter, we discuss in detail the notion of a groupoid: a category in which every morphism is
an isomorphism. Groupoids will play a fundamental role in our development of synthetic category
theory: many statements about categories can ultimately be reduced to statements about groupoids.
Every category C will come equipped with a maximal subgroupoid C~ called the groupoid core of
C, which we may think of as remembering only the objects of C and forgetting its morphisms. The
existence of the groupoid core is what will eventually allow us to check various properties about
categories objectwise, in an appropriate sense.

2.1 Groupoids

In classical mathematics, a category is called a groupoid if all its morphisms are invertible. The
correct way to translate this to the synthetic setting is as follows:

Definition 2.1.1 (Groupoid). A category X is called a groupoid if for every functor f: I’ —
Fun([1], X) there exists a dashed arrow f making the following diagram commute:

Iso(X)
f~/ - - l”ls()

r /T’ Fun([1], X).

Note that when I = «, a functor f: * — Fun([1], X) is precisely the data of a morphism in X, and
a lift f: » — Iso(X) is a proof that the morphism f is an isomorphism, cf. Remark 1.8.3. So the
above definition in particular demands that every morphism in X is invertible. To get good behavior
of this definition, we must not merely demand this condition for absolute objects of Fun([1], X) but
more generally for arbitrary terms of Fun([1], X), cf. Axiom A.6.

The following result provides various alternative formulations for a category to be a groupoid:

Proposition 2.1.2. Let X be a category. Then the following conditions are equivalent:

(1) The category X is a groupoid;
(2) The functor myso: Iso(X) — Fun([1], X) admits a section, in the sense of Definition 1.1.17;

(3) The functor p}‘l : X — Fun([1], X), induced by the map p(1): [1] — *, admits a section;

]

(4) The functor p’[‘1 : X — Fun([1], X) is an equivalence.

]
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Proof. To see that (1) implies (2), take I" = Fun([1], X) and let f = idpyn([1],x), SO that s = f
provides a section. Conversely, if s: Fun([1], X) — Iso(X) is a section of 7y, a lift f of f may be
givenas f :=so f.

The fact that (2) and (3) are equivalent is immediate from the following commutative diagram:

Iso(X) # Fun([1], X),

using that the map i is an equivalence by the Rezk axiom F. Finally, note that the functor (p[})*
always admits a retraction given by evy: Fun([1], X) — X, and thus the equivalence between (3)
and (4) is an instance of Lemma 1.1.18. O

Convention 2.1.3. From now on we will mostly take (4) as our working definition of groupoids.

Example 2.1.4. The terminal category * is a groupoid: there is a commutative triangle

Fun([1

o \

and since the bottom and right diagonal maps are equivalences (see Lemma 1.4.8) the claim follows
by 2-out-of-3.

Example 2.1.5. If X and Y are groupoids, then also their product X X Y is a groupoid: this is an
immediate consequence of Lemma 1.4.9.

Lemma 2.1.6. Let C — D be an equivalence of categories. Then C is a groupoid if and only if D
is a groupoid.

Proof. This follows from the following commutative diagram:

C D

(P|1|)*l l(!’[l])*

Fun([1],C) —— Fun([1], D).

Here the bottom functor is again an equivalence due to the functoriality of functor categories,
Construction 1.4.6. O

Lemma 2.1.7. Let X be a groupoid. Then for every category C, the functor category Fun(C, X) is
a groupoid.

Proof. This follows from the fact that the map Fun(C, X) — Fun([1], Fun(C, X)) is equivalent to
the map Fun(C, X) — Fun(C, Fun([1], X)) induced by the equivalence X — Fun([1], X). O

Lemma 2.1.8. Groupoids are closed under retracts: if X is a groupoid and Y is a retract of X, then
Y is also a groupoid.

Proof. If Y is a retract of X, then the functor Y — Fun([1],Y) is a retract of the functor X —
Fun([1], X). In particular, if the latter is an equivalence then so is the former by Lemma 1.1.24. O
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Lemma 2.1.9. Consider functors f: X — Candg: Y — C and assume that X and Y are groupoids.
Then the pullback X Xc Y is a groupoid.

Proof. The functor X X¢ Y — Fun([1], X X¢ Y) factors as
XXcY —>X XFun([1],C) Y = Fun([1], X) XFun([1],C) Fun([1],Y) =~ Fun([1], X Xc Y).

Here the second functor is an equivalence since X and Y are groupoids. The last equivalence is
Lemma 1.4.10. Finally, we claim that the first functor is a pullback of the diagonal of the embedding
i: C — Fun([1],C) from Corollary 1.8.7 and hence is an equivalence. To see this, consider the
following commutative diagram:

XXcY — XXFun([l],C)Y X XY
o |
C ——C XFun([1],C) C CcCxC

R

Fun([1],C) —2— Fun([1],C) x Fun([1], C).

The right bottom square, the right outer rectangle and the top outer rectangle are pullback squares
by Lemma 1.3.18. It thus follows from the pasting lemma 1.3.16 that also the top left square is a
pullback square. O

2.2 The homotopy hypothesis

Axiom G (Homotopy Hypothesis). A category is an anima if and only if it is a groupoid.

Remark. Axiom G plays a similar role in our theory as Axiom B.6: it may only be stated in a
groupoidal context. We will explain what this means in Axiom K.2.

Definition 1.5.2 tells us that, for every category C, there exists thus a groupoid C~ = Map(x*, C)
called the groupoid core of C, which comes equipped with a functor y¢c: C — C. For every
other groupoid X and every functor f: X — C, there exists a functor f: X — C~ and a natural
isomorphism f = y¢ o f. Given two functors g, h: X — C=, there is for every natural isomorphism
a:ycog = yc o h of functors X — C a natural isomorphism &: f = g of functors X — C~,
together with an isomorphism of natural isomorphisms yp o & = a.

We will see in Corollary 2.2.12 that the functor yc: C™ — C is always an embedding of categories.

The groupoid core C~ is automatically functorial in C:

Construction 2.2.1. Let f: C — D be a functor. Then the composite f oyc: C= — D is a functor
from a groupoid into D, and thus we obtain a functor

7= (fore): € > D7
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making the following diagram commute:
c= /= ~

el

c

—_—
f

We next prove various basic properties of the groupoid core construction C +— C~.

Lemma 2.2.2. Let X be a groupoid. Then the functor yx: X~ — X is an equivalence.

Proof. This is part of Proposition 1.5.9. O

Proposition 2.2.3. For any groupoids X and any category A, there is a canonical equivalence of
the form
14.x: Map(A, X) — Fun(A, X) .

Proof. By virtue of the preceding lemma, this follows right away from Proposition 1.5.8 and
Lemma 2.1.7. o

Lemma 2.2.4. For categories C and D, the functor (pr¢.,prp): (C X D)™ — C= X D™ is an
equivalence.

Proof. This is a special case of Proposition 1.2.14. O

Lemma 2.2.5. For functors C — E and D — E, the functor (pr¢, pry,): (CXg D)™ — C=Xg= D~
is an equivalence.

Proof. This is a special case of Proposition 1.3.5. O

Corollary 2.2.6. Given an embedding f: C — D, the functor f~: C~ — D~ is also an embedding.
Proof. In light of the definition of embeddings, this is immediate from Lemma 2.2.5. O

The walking morphism [1] comes with two objects 0 and 1. The following axiom expresses that
these are the only objects of [1]:

Axiom G.1. The map (0, 1): * U — [1]* is an equivalence.

Corollary 2.2.7. The category * Ll  is a groupoid.

Proof. By assumption it is equivalent to the groupoid [1]

Corollary 2.2.8. The map {0,1,2): = U = Ux — [2]7 is an equivalence.

Proof. Since equivalences are closed under retracts (Lemma 1.1.24) this follows from the observation
that this map is a retract of the equivlaence (0, 1)?: (x L %)% — ([1]%). O
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Lemma 2.2.9. For categories C and D, the maps C= — (C U D)~ and D= — (C U D)~ induce an
equivalence C~ LU D — (C U D)~.

Proof. Letip: * — = L% and i;: * — * LI * denote the inclusions of the first and second point,
respectively. By combining Lemma 2.2.5 and Axiom B.4’, there are pullback squares

Cc* —— (CuD)= D —— (Cu D)~
| ° ma 7]
(#)° —2— (s %)= (2)® —— (x L %)~

By virtue of Lemma 1.3.16 and of Corollary 1.3.22 it will thus suffice to show that the two maps
iy and 7| induce an equivalence (x)~ U (%)™ — (* U x)~. But this follows immediately from
Axiom G.1: both sides are equivalent to * LI *. O

Remark 2.2.10. By Corollary 2.2.8, we see that Map([1],[1]) = Fun([1],[1])® = [2]7 is a
disjoint union of three points. We may think of these three points picking out the three morphisms
idp: 0 — 0,1id;: 1 — 1 and can: 0 — 1 of [1]. In particular, we see that [1] only has three
morphisms.

Proposition 2.2.11. Let X be a groupoid and let C be a category. Then the functor
vc o —: Map(X,C™) — Map(X,C)
is an equivalence.
Proof. Since the notions of groupoids and of animae coincide, this is Corollary 1.5.3. O

The mapping spaces Map(—, —) will play an important role in the development of the theory:
frequently, we may check conditions at the level of mapping spaces. In the following, we will
provide various examples of this phenomenon.

Corollary 2.2.12. Let C be a category. Then the functor yc: C~ — C is an embedding.

Proof. We need to show that the diagonal C= — C~ X¢ C™ is an equivalence. Since C™ X¢c C™ is a
groupoid by Lemma 2.1.9, it will suffice to show that for every groupoid Z the induced map

Map(Z,C™) — Map(Z,C™ x¢c C7) = Map(Z, C”) Xmap(z,c) Map(Z,C~)

is an equivalence, i.e. we need to show that the map Map(Z, C*) — Map(Z, C) is an embedding.
But this map is even an equivalence by Proposition 2.2.11. O

2.3 The synthetic theory of groupoids

In this section, we show that the collection of groupoids satisfy all the postulates and axioms of
synthetic category theory introduced so far.
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Lemma 2.3.1. Consider a pullback square
X — X
|
7 |7
Y —> Y
of categories. If X, Y and Y’ are groupoids, then so is X'.
Proof. This is a special case of Lemma 2.1.9. O

Lemma 2.3.2. The empty category 0 is a groupoid.

Proof. We need to show that the functor ) — Fun([1], @) is an equivalence, or equivalently that the
map evg: Fun([1],0) — 0 is an equivalence. But this is immediate from Axiom B.2’. O

Lemma 2.3.3. Let C be a category and let X be a groupoid. Then also the functor category
Fun(C, X) is a groupoid.

Proof. We need to show that the functor Fun(C, X) — Fun([1], Fun(C, X)) is an equivalence. But
under the equivalences

Fun([1], Fun(C, X)) = Fun([1] x C, X) =~ Fun(C, Fun([1], X)),

from Lemma 1.4.11, this functor corresponds to the one induced by the equivalence X —
Fun([1], X), hence it is an equivalence. O

Lemma 2.3.4. For every two categories C and D, the canonical map
Fun([1],C) UFun([1], D) — Fun([1],C u D)
is an equivalence.

Proof. When C = x = D, we have Fun([1], *) = * and the statement says that the map * LI * —
Fun([1], = L ) is an equivalence. This is precisely the content of Corollary 2.2.7. For arbitrary C
and D, it follows from Lemma 1.4.10 that there are pullback squares

Fun([1],C) —— Fun([1],C u D) «——— Fun([1], D)
¥ L
Fun(%l],*) D Fun([l%,* Ll %) —0 Fun([ll],*).
The claim thus follows from Lemma 1.3.21. O
Corollary 2.3.5. Let X and Y be groupoids. Then their disjoint union X UY is a groupoid.
Proof. The map X UY — Fun([1], X LY) factors as
XuY — Fun([1],X) uUFun([1],Y) — Fun([1],X UY),

where the first map is the disjoint union of the two equivalences X — Fun([1],X) and ¥ =
Fun([1],Y), while the second is the equivalence from Corollary 2.3.4. O
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Definition 2.3.6 (Hom groupoid). Let C be any category. Given objects x and y of C, we define the
hom groupoid C(x, y) via the following pullback square:

C(x,y) —— Fun([1],C)

|
l l(evo,evl)

() =22, cxc,

We will often treat C(x, y) as a category in context {(x, y)}.

Warning 2.3.7. We have not yet shown that C(x,y) is actually a groupoid! We will do so in
Corollary 5.3.5.

2.4 Exercises Chapter 2

Exercise 2.4.1. Show that the category * is a groupoid.
Exercise 2.4.2. Show that the product of two groupoids X and Y is again a groupoid.
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3 Constructions of categories

In this chapter, we introduce various fundamental categorical constructions in the setting of synthetic
category theory: (full) subcategories, localizations, geometric realizations, joins and slices.

Remark. As will be explained in Chapter 4, all these axioms will be assumed in an arbitrary
groupoidal context, i.e. they are assumed to hold in context I" for an arbitrary groupoid I'.

3.1 Subcategories

In ordinary category theory, if one is given a collection M of morphisms in a category C which is
closed under composition, then one may form the subcategory of C whose morphisms are precisely
the morphisms in M (and the objects in the subcategory are precisely the objects whose identity
morphism is in M). In this section, we discuss the analogous situation in the context of synthetic
category theory.

We start by definition the notion of a subcategory. For this, we need the following auxiliary
construction:

Construction 3.1.1. For categories C, D and E, we construct a map
Map(C, D) — Map(Map(E, C), Map(E, D))

which informally is given by sending a functor f: C — D to the functor f.: Map(E,C) —
Map(E, D) given by postcomposition with f. More precisely, consider the composition functor

—o—: Fun(E, C) x Fun(C, D) — Fun(E, D),

defined as the functor adjoint to the composite

evxl

E X Fun(E, C) X Fun(C,D) — C x Fun(C, D) -~ D.
Applying the groupoid core construction (—)=, we thus obtain a map
Map(E, C) x Map(C, D) — Map(E, D),
which by currying defines a map
Map(C, D) — Fun(Map(E, C),Map(E, D)).

Since Map(C, D) is a groupoid, this factors canonically through the groupoid core of the target,
producing the desired map

Map(C, D) — Map(Map(E, C), Map(E, D)).
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Definition 3.1.2 (Subcategory). A functor f: A — C is called a subcategory if the following two
conditions are satisfied:

(1) The map f.: Map([1],A) — Map([1], C) is an embedding;

(2) For every category D, the induced square

Map(D, A) Map(D, C)

l l

Map(Map([1], D), Map([1], A)) ~Z Map(Map([1], D), Map([1], C))

is a pullback square. Here the two vertical maps are given by Construction 3.1.1.

In other words, if f: A — C is a subcategory, then a given functor D — C factors through A if and
only if the associated map on morphisms Map([1], D) — Map([1], C) factors through Map([1], A).

Remark 3.1.3. The above notion of subcategory corresponds to what is known as a replete subcat-
egory in the higher category theory literature.

Example 3.1.4. The identity functor idc: C — C and the empty category ) — C are both seen to
be subcategories.

Lemma 3.1.5. Every subcategory f: A — C is an embedding.

Proof. By Proposition 1.3.25, it will suffice to show that the induced map Map(D, A) — Map(D, C)
is an embedding for every category D. But this follows from its defining property, as it is the base
change of the map ( f.). induced by the map f.: Map([1], A) — Map([1], C) which was assumed
to be an embedding. O

We would now like to construct subcategories of C out of the data of a collection of morphisms in
C closed under composition. Let us start by defining this notion.

Definition 3.1.6 (Collection of morphisms). Let C be a category. A collection of morphisms in C
is a groupoid M equipped with an embedding

m: M — Map([1],C).
We say that M is closed under composition if the following two conditions are satisfied:

e If a morphism f: x — y in C is in M, then so are id, and id,. More concretely, there are
commutative diagrams of the following form:

| I I

froidy froidy
Map([1],C) &—— Map([1],C) —— Map([1],C).
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* For maps f: x — yand g: y — z in M, also the composition of f and g is in M. More
concretely, there exists a dotted arrow in the following diagram:

[ |

Map([1], C) xc Map([1],C) «—— Map([2],C) SN Map([1]. C).

Example 3.1.7. Taking M = Map([1], C), it is clear that the identity map M — Map([1],C) is a
collection of morphisms of C closed under composition.

Example 3.1.8. Let A — C be a subcategory. Then the map M4 := Map([1], A) — Map([1],C)
is a collection of morphisms in C closed under composition. This is immediate from the fact that
the functor A — C preserves compositions and identities.

Also the collection of isomorphisms in C determines a collection of morphisms closed under
composition:

Lemma 3.1.9. For a category C, the map ny, : Iso(C)™ — Map([1], C) defines a collection of
morphisms in C closed under composition.

Proof. We saw in Lemma 1.8.4 that the functor 7y, is an embedding, hence sois ;. by Lemma 2.2.6.
Since the Rezk axiom F gives an equivalence C= — Iso(C)~, it will thus suffice to show that the
map C~ — Map([1], C) defines a collection of morphisms in C closed under composition. But
for this map the first diagram becomes a tautology and the second diagram holds by the relation
idy oidy = idy. O

We may now state the subcategory axiom:

Axiom H (Subcategory axiom). Let C be a category and let M — Map([1], C) be a collection
of morphisms in C closed under composition. Then there exists a category (M )¢ equipped with
a functor ips: (M)c — C satistying the following two conditions:

(1) The functor iy sends morphisms in (M )¢ into M: the first projection pr; in the following
pullback square is an equivalence:

pry

Map([1], {M)c) Xmap([1],c) M ———

e § [m

(im )+

Map([1], (M)c) ————— Map([1],C).

Equivalently: the map (ips).: Map([1],(M)c) — Map([1], C) factors through the map
m: M — Map([1],C).
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(2) The functor iy is universal with this property: for any other category D, the following
commutative square is a pullback square:

(im )«

Map(D’ <M>C> MaP(D, C)
Map(Map([1], D), M) ——— Map(Map([1], D), Map([1],C)).

Here the vertical maps use Construction 3.1.1 and the map from (1).

Corollary 3.1.10. In the situation of Axiom H, the functor Map([ 1], {M)c) — M is an equivalence.

Proof. Applying the universal property of (M )¢ to D = [1], and using the equivalence Map([1], [1])
{idy, id;, can} from Remark 2.2.10, we obtain a pullback square

Map([1],(M)c) — Map([1],C)
¥ (f: x>y)
l Lidx,i{iy,ﬂ

M3 —— Map([1],0)>.

The claim now follows from the fact that the map M < Map([1], C) is an embedding and that M
is closed under composition, so that f lies in M if and only if each of id,, idy, f lie in M. ]

Corollary 3.1.11. In the situation of Axiom H, the functor ip;: {M)c — C exhibits (M)c as a
subcategory of C. In particular, iy is an embedding.

Proof. By Corollary 3.1.10, the map Map([1], (M)c) — Map([1], C) agrees with the embedding
M — Map([1], C), giving condition (1) of Definition 3.1.2. Condition (2) then follows immediately
from the universal property of (M)c. O

Lemma 3.1.12. Let f: A — C be a subcategory and let M4 := Map([1],A) — Map([1],C)
denote the induced collection of morphisms in C. Then the map iy, : (Ma)c — C factors through
an equivalence (Ma)c — A.

Proof. Since the functor (M4)c — C induces the inclusion Map([1], A) < Map([1], C), the fact
that A is a subcategory of C implies that this functor factors through A. It further follows that the
induced map Map(D, (Ma)c) — Map(D, A) is an equivalence for every category D, since both
sides sit in the same pullback square. The claim thus follows from Proposition 1.1.16. O

In particular, this shows:

Corollary 3.1.13. When M = Map([1], C) is the collection of all morphisms, the mapiy;: {M)c —
C is an equivalence. O

We will now explain the functoriality of the construction of the subcategory (M )¢ in the pair (C, M).
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Definition 3.1.14. Let C and D be categories, and assume that they come equipped with collections
of morphisms m: M — Map([1],C) and n: N — Map([1], D). A functor f: C — D is said to
send morphisms in M to morphisms in N if there exists a map f: M — N making the following
diagram commute:

Map([1],C) —L— Map([1], D).

Since the map 7 is an embedding, the map f: M — N is unique up to natural isomorphism if it
exists.

Construction 3.1.15. Let C and D be categories equipped with collections of morphisms M and
N closed under composition, and let f: C — D be a functor which sends morphisms in M to
morphisms in N. We construct a functor f|: (M)c — (N)p making the following diagram
commute:

Mye -5 (Nyp

o b

C — D.

By the defining property of (N)p, it suffices to show that the the map f oips: (M)c — D sends all
morphisms to morphisms in N. But this follows from the following commutative diagram:

Map([1], (M)¢c) —=—— M !

— T

Map([1],C) —> Map([1],

Remark 3.1.16 (Exercise 3.8.4). The construction f +— f| satisfies the following properties:

(1) The map f| is (up to natural isomorphism) uniquely determined by f.
(2) Given a natural isomorphism f = f’, we obtain an induced isomorphism f| = f’|.
(3) The construction is compatible with composition: (idc)| = id(a). and (g o f)| = gl o f].

(4) If the maps f and £ are equivalences, then also f|: (M)c — (N)p is an equivalence.

3.2 Full subcategories

As a consequence of the subcategory axiom, we may in particular form full subcategories.

Construction 3.2.1. Given categories C and D, we construct a map Map(C, D) — Map(C=, D~)
by currying the following composite:

Map(C, D) X C* ~ (Fun(C, D) x C)* &5 D=~
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Definition 3.2.2 (Full subcategory). A functor f: A — C is called a full subcategory if the induced
map f~: A — C7 is an embedding and for every category D, the commutative square

Map(D, A) _*, Map(D, C)

l l

Map(D=, 4%) L Map(D>, C*)

is a pullback square.

More informally, this says that a functor D — C factors through A if and only if the map D~ — C~
on objects factors through the embedding A — C~.

Corollary 3.2.3. Every full subcategory is an embedding.

Proof. The proof is similar to Lemma 3.1.5 and will be omitted. O

Definition 3.2.4 (Collection of objects). Consider a category C. A collection of objects is a pair
(T, j) consisting of a groupoid I' equipped with an embedding j: ' < C~ which is an embedding.
In this case, we define a groupoid Mr via the following pullback:

Mp —=— Map([1],C)

|
l l(evo,evl)

FXF‘L CxC~.

Note that the map m is an embedding, as it is a base change of the embedding j X j. Itis also easy to
verify that the resulting collection of morphisms Mr is closed under composition in C. This allows
us to make the following definition:

Definition 3.2.5. Given an embedding j: I' <— C~, we define
(I' € C) :={(Mr)c,
and refer to it as the full subcategory of C spanned by T'.

Lemma 3.2.6. There is a preferred equivalence (I' C C)~ — T fitting in a commutative triangle

(rcac)=

\CN./F

Proof. Given a category D, consider the following two commutative squares:

Map(D, (I € C)) Map(D, C)
Map(Map([1], D), Mr) —— Map(Map([1], D), Map([1],C))

[
-
l l(evo,evl)*

Map(Map([1], D), T’ xI') ——— Map(Map([1], D), C= x C%).
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The top square is a pullback by definition of (I' € C), and the bottom square is a pullback by
definition of M. Taking D = * we thus obtain a pullback square of the form

reccy — =
| = b
rxI —22, c=xc=.
Since j is an embedding, this implies that (I' € C)™ ~ I', cf. Lemma 1.3.26. It is immediate from

the construction of this equivalence that it lives over C~. O

Proposition 3.2.7. The inclusion j: (I € C) — C is a full subcategory, in the sense of Defini-
tion 3.2.2.

Proof. We showed in Lemma 3.2.6 that the induced functor j~: (I' € C) — C= agrees with
j: ' = C=, hence is an embedding by assumption. We thus need to show that for every category
D, the top square in the following commutative diagram is a pullback square:

Map(D,(I" € C)) Map(D, C)
Map(D~,(I" € C)7) Map(D=, C%)
Map(D= x D=, (T C C)* x (I C C)~) Map(D= x D=, C* x C*)
(evg,evy)™ (evg,evy)*

Map(Map([1],D),(I"' € C)* x(I' € C)*) —— Map(Map([1], D),C= x C%).

The bottom two horizontal maps are embeddings since they are induced by the embedding (I" C
C)= — C=. The outer rectangle agrees with the outer pullback square in the proof of Lemma 3.2.6,
hence is a pullback square itself. It then follows from Lemma 1.3.32 that the top square is also a
pullback square. O

Corollary 3.2.8. For any category D, there is a preferred pullback
Map(D,(I" € C)) — Map(D, C)
| |
Map(D=,T) ., Map(D=, C*).
Proof. This is immediate from Proposition 3.2.7 and Lemma 3.2.6. ]

Lemma 3.2.9. The inclusion (C~ C C) — C is an equivalence.

Proof. Since the map j: C* — C~ is the identity, it follows from Proposition 3.2.8 that for every
category D the induced map

Map(D, (C™ C C)) — Map(D, C)

is an equivalence. The claim thus follows from Proposition 1.1.16. O
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Lemma 3.2.10. Let C and D be categories, and let j: I' — C~ and k: A — D~ be embeddings.
Then there is a preferred equivalence

(T'xACCxD) > (I cC)yx{(ACD).

Proof. This is an exercise in unwinding definitions and is left to the reader: see Exercise 3.8.3. O

Lemma 3.2.11. Consider a functor f: B — C. Given an embedding I' — C~, we define A — B~
via the pullback

[’

c=.

- — >

—
4
—

Then the square
(ACB) —— B

Lk

rccCy — ¢C
is a pullback square.
Proof. By Proposition 1.3.5, it will suffice to check that this square becomes a pullback square

after applying the functor Map(D, —) for every category D. To this end, consider the following
commutative diagram:

Map(D, B) Map(D>, B¥)
Map(D, (A C B))/ ‘ Map(D:,A)/

Map(lD, ) Map(D>, C*)
Map(D, (I" C C>)/ Map(D=, r)./

Here the top and bottom face of the cube are pullback squares by Proposition 3.2.8, while the right
face is a pullback square since Map(D=, —) preserves pullback squares by Proposition 1.3.5. It
follows from the pasting law of pullback squares that also the left face of the cube is a pullback
square, finishing the proof. O

Lemma 3.2.12. Let f: B — C be a functor exhibiting B as a full subcategory of C. Then f is an
equivalence if and only if the induced map f~: B> — C~ is an equivalence.

Proof. This is clear from the definitions. O
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3.3 Localizations

In ordinary category theory, if one is given a category C equipped with a collection of morphisms
W of C, one may form the localization of C at W: the initial functor C — C[W~!] out of C which
sends all morphisms in W to isomorphisms. Our goal in this section is to define localizations in the
context of synthetic category theory.

Construction 3.3.1. Let C be a category equipped with a collection of morphisms w: W —
Map([1],C), in the sense of Definition 3.1.6. We will construct for every category D a full
subcategory

Fun" (C, D) C Fun(C, D)

In order to do this, we first define the groupoid Map" (C, D) via the following pullback square:

w
/lC,D

Map" (C, D) « Map(C, D)

Map(Map([1], C), Map([1], D))

Map(W, Iso(D)) — ", Map(W, Map([1], D)),

where the top right vertical map is the map from Construction 3.1.1. The bottom map is induced by
the embedding 7. from Lemma 1.8.4 and hence is an embedding. It follows that also /lg p 18 an
embedding. We can now define

Fun" (C, D) := (Map" (C, D) C Fun(C, D)).

In particular, the map A) | extends to a functor 4} ,: Fun"(C, D) — Fun(C, D). We may think
of the category Fun" (C, D) as the full subcategory of Fun(C, D) spanned by those functors sending
the morphisms in W to isomorphisms in D.

Remark 3.3.2. The construction of Fun" (C, D) is functorial in the pair (C, W): if C’ is another
category equipped with a collection of morphisms w’: W — Map([1],C’) and f: C — C’ is a
functor which sends the morphisms of W to the morphisms of W’ (in the sense of Definition 3.1.14),
then for every category D there is an induced square

Map"' (C’, D) LA Map" (C, D)
W] [s

Map(C’, D) —— Map(C, D),

which in turn induces a commutative diagram

FunV' (C’, D) —L— Fun"(C, D)
| | %5
Fun(C’, D) —L— Fun(C, D)

via Construction 3.1.15.
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Before moving on to the localization axiom, we will establish some basic results that express that the
categories Fun" (C, D) behave as we expect. As a first result, we show that every functor C — D
lies in Fun" (C, D) whenever D is a groupoid:

Lemma 3.3.3. Let C be a category equipped with a collection of morphisms W — Map([1], C),
and let T be a groupoid. Then the functor

Fun" (C,T") — Fun(C,T)
is an equivalence.

Proof. The functor Iso(I")® — Map([1],T') is an equivalence, since I" is a groupoid. It follows from
its defining property that also the map Map" (C,T") — Map(C,T') is an equivalence, and hence
both sides define the same full subcategory of Fun(C,T"). Since the full subcategory determined by
Map(C,T') is just Fun(C, I') by Lemma 3.2.9, this finishes the proof. O

The following lemma expresses the fact that any functor C — D takes isomorphisms in C to
isomorphisms in D:

Proposition 3.3.4. In the case of W := Iso(C)~ — Map([1], C), the forgetful functor
Fun" (C, D) — Fun(C, D)
is an equivalence.

Proof. Since the comparison map is the embedding of a full subcategory by construction, it suffices
to prove that it induces an equivalence on objects. In other words, it suffices to check that the induced
map

Map" (C, D) — Map(C, D)

is an equivalence. Since this is an embedding of animae, it suffices to check that any functor of the
form f: C — D has the property that the induced map

Je: Map([1], C) — Map([1], D)

sends isomorphisms of C to isomorphisms of D. For this, since there is a canonical equivalence
C* = Iso(C)~ given by the rule x ~ id,, it suffices to check that f(idy) = id(x) holds for any
object x of C, which is obviously true. O

Construction 3.3.5. Let/: C — L be a functor which sends all objects of W to isomorphism of L,
in the sense of Definition 3.1.14. Then we see that for a category the induced map [*: Fun(L, D) —
Fun(C, D) factors through Fun" (C, D), using the following composite:

Fun(L, D) ~ Fun®* (L, D) 5 Fun (C, D).

Here the map [* is obtained via Remark 3.3.2.
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Definition 3.3.6 (Localization). Given a collection of morphisms W of C, we say that a functor
[: C — Lisalocalization of C at W if it sends W to isomorphisms of L and is universal with respect
to this property: for every category D, the functor

I*: Fun(L, D) — Fun" (C, D)

is an equivalence. A functor /: C — L is called a localization functor if it is a localization of C at
some class of morphisms W.

If alocalization exists, it is unique up to preferred equivalence; see Exercise 3.8.5. We will frequently
denote it by C[W~!], and refer to the functor /: C — C[W~!] as the localization functor.

Axiom I (Localization axiom). For every collection of morphisms w: W — Map([1],C) in C
there exists a localization [: C — C[W™!] of C at W.

Proposition 3.3.7. Given a collection of morphisms W in a category C as well as a functor 1: C — L
sending all maps in W to isomorphisms in L, if, for any synthetic category D, the induced map

A*: MapW (L, D) — Map(C, D)
is an equivalence, then | exhibits L as a localization of C by W.

Proof. We observe that, in particular, the identity of L is the unique functor i: L — L with the
property that id is isomorphic to 1. Let [: C — C[W~!] be a localization of C by W. Then the
induced map

I*: MapW (C[W~!], D) — Map(C, D)

is an equivalence because it is equivalent to the equivalence
I*: Map(, Fun" (C, D)) — Map(*, Fun(C[W~'], D)).

Therefore, for D = L, we see that there is a unique functor u: C[W~1] — L such that ul = A.
Similarly, there is a unique functor v: L — C[W~!] such that vA = [. Since uvA is isomorphic
to A, uv must be isomorphic to the identity of L. Similarly, vu is isomorphic to the identity of
ciw1. O

Remark 3.3.8. The previous proposition and the localization axiom literally tell us that there exists
a pushout square

[xW —2 5 C

I

W — C[w],

where the map W is obtained by uncurrying the composite W 5 Map([1],C) — Fun([1], C); see
Exercise 3.8.6.
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Construction 3.3.9. The construction C — C[W~!] is functorial in the pair (C, W): if D is another
category equipped with a collection of morphisms W’ and f: C — D is a functor which sends W
to W’, the composite C — D — D[W’~!] sends all morphisms in W to isomorphisms, and hence
induces a canonical dashed functor making the square commute:

f

¢C ———— D

| [

C[W™ '] -—-> D[W™1].

3.4 Geometric realizations

The localization of a category C at all its morphisms deserves special notation and terminology:

Definition 3.4.1 (Geometric realization). In the case where W := Map([1],C) consists of all
morphisms in C, we write
Icll = cw™,

and we denote the localization functor by A¢: C — ||C||. We refer to |C|| as the geometric
realization of C.

In other words, the geometric realization is characterized by the property that for every other category
C, the functor
A% Fun(||C||, D) — FunM#(11-C)(C, D)

is an equivalence.

It is immediate from Construction 3.3.9 that the assignment C +— ||C|| is functorial in C: every
functor f: C — D induces a functor

A= ISl — ID1I-

Lemma 3.4.2. Assume that X is a groupoid. Then the localization functor 1x: X — ||X|| is an
equivalence.

Proof. Using that Iso(X) =~ Fun([1], X), we obtain by Proposition 3.3.4 equivalences
FunM* (11X (X D) ~ Fun™*™)" (X, D) ~ Fun(X, D),

which shows that the identity map X — X exhibits X as a localization of X at all its morphisms.
This gives the claim. o

Lemma 3.4.3. If C is a category and 1" is a groupoid, then precomposition with the localization
functor A¢c: C — ||C|| defines an equivalence

A Fun(]|C],T) = Fun(C,TI")

Proof. We may simply compose the equivalence Fun(||C||,T) => FunM2([11.C)(C T') with the
equivalence FunM*([11-€) (€, T') =5 Fun(C, T) from Lemma 3.3.3. m|
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Since we have obtained ||C|| from C by inverting all its morphisms, one may expect it to be a
groupoid. While this is indeed the case, this question is somewhat more subtle than it may seem
at first, since a priori the localization may create new morphisms that do not lift to C itself. This
problem is closely related to a variety of other statements we may expect to hold. Let us first
formulate these and prove that they are equivalent; we will see afterwards that they are in fact
satisfied.

Proposition 3.4.4. The following conditions are equivalent:

(1) For every category C, the category ||C|| is a groupoid;
(2) The geometric realization ||[1]]| of the walking morphism [1] is contractible;

(3) For every category C, the functor pi.: C — Fun([1], C) exhibits C as a full subcategory of
Fun([1], C), in the sense of Definition 3.2.2;

(4) For every category C, the functor nys: Iso(C) — Fun([1], C) is a full subcategory.
p*
(5) Every category C for which the map C= ~ Map(x, C) 4, Map([1], C) is an equivalence is
a groupoid;

(6) For every category C, the subcategory {Iso(C)=)¢c C C spanned by all the isomorphisms in
C is a groupoid;

(7) For every category C, the inclusion C= — C induces an equivalence C= — (Iso(C)%)¢

between the groupoid core of C and the subcategory of C spanned by all its isomorphisms.

Proof. We start by showing that (1) implies (2). Since ||[1]]| is a groupoid by Proposition 3.4.5 it
suffices by Proposition 1.1.16 to show that for every groupoid I" the induced map

Map(, ") — Map([|[1]]].T)
is an equivalence. By Lemma 3.4.3, we may identify this map (up to equivalence) with the map
p’[‘l]: I' - Map([1],T).

But this map is an equivalence since I" is a groupoid, finishing the proof.

For (2) = (3), we need to show that there exists an embedding j: I' — Fun([1], C)= such that C
is equivalent to (I' € Fun([1], C)). But by (2), the map p(;: [1] — * induces an equivalence

C = Fun™®ULUD (117, 0),

which is a full subcategory of Fun([1], C) as desired.
The equivalence between (3) and (4) is clear from the Rezk Axiom F.

For (3) = (5), recall that C is a groupoid if and only if the map C — Fun([1], C) is an equivalence.
Since this functor is a full subcategory by (3), it follows from Lemma 3.2.12 that we may check this
on objects, giving the criterion from (5).

We will now deduce (6) from (5). To show (Iso(C))c¢ is a groupoid, it suffices by (5) to show
that the map ({(Iso(C)~)¢c)™ — Map([1], (Iso(C)~)¢) is an equivalence. To this end, consider
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the following commutative diagram, where the two horizontal maps are induced by the inclusion
i: (Iso(C))¢c — C:

((Iso(C)*)c)* © c>

Pful / Py

Map([1], Iso(C)*)¢) —— Iso(C)™ —— Map([1], C).

=

By the 2-out-of-3-property it remains to show that the top map is an equivalence. To construct
an inverse, we consider the inclusion yc: C~ — C. It sends all morphisms to isomorphisms,
so induces a functor C= — (Iso(C)™)c. Since the source is a groupoid, it factors through a
map ¢: C= — ({Iso(C)%)¢)=. To check the relations ¢ o i = id and i~ o ¢ = id, we may do
so after composing with the embedding ic: C* — C from Corollary 2.2.12 and the embeddings
((Iso(C)*)¢)™ — (Iso(C)™)¢ and (Iso(C)~ )¢ — C (Lemma 3.1.5) after which the claim becomes
a tautology. This establishes (6).

Assuming (6), we see that the map C= — (Iso(C)™)¢ is a map between groupoids, hence it is
an equivalence if and only if it is an equivalence on groupoid cores. This follows using the same
argument as before (note that that step did not use (5)). Thus (6) implies (7).

Finally, we show that (7) implies (1). The localization functor A¢c: C — ||C|| sends all morphisms
of C to isomorphisms, hence it factors through the subcategory of ||C|| spanned by its isomorphisms.
By (7) this agrees with the groupoid core of ||C||. The resulting functor C — ||C||™ still inverts
all morphisms in C, hence induces a functor ||C|| — ||C||”. By uniqueness, the composite ||C|| —
[|C||® = ||C|| is the identity map. But this means that we have constructed a section of the
embedding [|C||® <= ||C|| and hence this embedding is an equivalence by Lemma 1.3.28. It follows
that ||C|| is a groupoid, as desired. O

Proposition 3.4.5. All of the equivalent conditions from Proposition 3.4.4 are satisfied.

Proof. Tt will suffice to show that the map ||[1]|| — = is an equivalence. By Proposition 1.1.16, it will
suffice to show that for any category D, the induced functor D= ~ Map(x, D) — Map(||[1]]|, D) =
MapMaP(I1LITD (11], D) is an equivalence. Recall from Remark 2.2.10 that the groupoid Map([1], [1])
is a disjoint union of three points, corrsponding to the identity on 0, the identity on 1, and the canon-
ical map from 0 to 1 in [1]. Spelling out the definition of MapM#(IL.[1D([1], D), we obtain a
pullback square

MapM® (111D ([1], D) —— Map([1], D)
4 (f:x>y)
l Lo
(IdXv]d_va)
DY —  Map([1], D).

Since the map D= — Map([1], D) is an embedding (see Corollary 1.8.7) and its image contains
id, and idy, for all x, y € D=, we see that the pullback of this square is D=, and the claim follows by
2-out-of-3. O

Corollary 3.4.6. Consider a pushout square of categories

cC——C

I

D' —— D.

81



Then the induced square
Il —— lICIi

D"l — IID]|
is again a pushout square.
Proof. By Definition 1.5.10, it will suffice to show that the square becomes a pullback square after
applying Map(—, E) for every category E. But using the equivalences

22,11 o, 343 -
Map(||C||,E) "= Map(||C||,E”) =" Map(C,E"),

and similarly for C replaced with C’, D and D’, this directly follows from the assumption on the
original square. O

3.5 Exponentiable functors

For a category 7', we may consider categories C equipped with a functor f: C — T, which we
will refer to as categories over T (to be discussed in more detail in Chapter 4). Given a functor
p: S — T, we obtain a notion of base change along p:

{ Categories over T } — { Categories over S }
f:C->T — p(f): CxrS — S.

This assignment admits a left adjoint, given by postcomposition with p:

{ Categories over S } — { Categories over T }
g:D—S — pof:D—>T.

However, in general this assignment will not admit a right adjoint. Let us illustrate this with the
following simple counterexample:

Example 3.5.1. Consider the functor p = d;: [1] — [2] given by d1(0) = 0 and d;(1) = 2. We
will argue that pullback along p does not preserve pushouts of categories, and hence cannot admit
aright adjoint. To see this, consider the following commutative square:

[0] —2 [1]
dol ldo 3.1)
[1] —— [2I.

We see as a consequence of the Segal Axiom E that this is a pushout square of categories. If we pull
back this square along the functor d;: [1] — [2], we obtain the commutative square

0 —— [0]

l ld" (3.2)

[0] —— [1].
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But this is no longer a pushout square of categories: if it were, then it would remain a pushout
square after passing to geometric realization by Corollary 3.4.6. But since ||[1]|| — = by part (2)
of Proposition 3.4.4, this square takes the form

) — =«

|

*

*

>

and this is only a pushout square if = LI * — =, This is false in essentially all interesting models for
our axioms.

As the previous example indicates, we cannot expect the existence of a right adjoint to p* in full
generality. That being said, there is a fairly large class of functors, the so-called exponentiable
functors, for which this right adjoint does exist. This class for example includes the classes of
cartesian fibrations and cocartesian fibrations, to be introduced in Chapter 5.

In this section, we will give a precise definition of this class of functors. We start with some auxiliary
definitions and constructions.

Definition 3.5.2. Let S be a category and let f: C — S and g: D — S be categories over S. We
define the category Fung (C, D) of functors C — D over S as the following pullback:

Fung(C,D) —— Fun(C, D)
|k
—7 Fun(C, S).

Note that objects of Fung(C, D) are pairs (h, @) where h: C — D is a functor and « is a natural
isomorphism f = g o h. In other words, objects are commutative triangles of the form

c—">p
N e
S.

We write Mapq(C, D) for the groupoid core of Fung(C, D), which fits into a pullback square of the

form
Mapg(C, D) —— Map(C, D)

|5l

s —J Map(C, S).

Construction 3.5.3. Let p: S — T be a functor. For categories C and D over T, we obtain an
induced functor
p* . FunT(C, D) - FunS(C Xt S, D Xt S)

by noting that the composite Funy(C, D) — Fun(C, D) L, Fun(C x7 §, D Xt §) lands in the
correct fiber.
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Definition 3.5.4 (Dependent product). Consider afunctor p: § — T andlet f: C — S by acategory
over S. A dependent product of C along p is a category g: D — T over T equipped with a functor
e: D xr § — C over S which satisfies the property that for any other category £ — T over T the
composite functor

Map,(E, D) £ Map,(E x7 S, D x7 S) == Mapg (E x7 S, C)

is an equivalence.

If a dependent product of C along p exists, it is unique up to equivalence, see Exercise 3.8.7, and
we will denote it by p.(f): p.(C) —» T.

Terminology 3.5.5. Assume that C admits a dependent product p.(C) along f exists. Given a
functor ¢: D — p.(C) over T, we obtain a functor

¢ =gop(¢): DXy S —>C

over S that we will refer to as the relative uncurrying of ¢. Conversely, there is for every functor
W DXy S — Cover S arelatively curried functor ¢.: D — p.(C), satisfying

(@) =@ and W) =y.

In this way, we may think of the equivalence in Definition 3.5.4 as a relative version of curry-
ing/uncurrying.

Construction 3.5.6. Consider a pullback square

YL

|
p’l lp
2,7

of categories, and let f: C — § be a category over S. Assume that:
* There exists a dependent product p.(C) — T of C along p;
* There exists a dependent product p’,(C Xs S’) — T’ of C x5 S’ along p’.
We will construct a functor
BC.: p.(C) Xy T" — p.(C x5 S’)

over T’ called the Beck-Chevalley map. By relative uncurrying, we may equivalently define BC, by
specifying a map (p.(C) X7 T”) X7+ §” — C Xgs §’, which we take to be the map

Sl
(p(C) X7 T") X7+ §" = (p«(C) X1 S) X5 §’ SNy xg S’

We are now ready to introduce the class of exponentiable functors.

Definition 3.5.7. Let p: S — T be a functor. We say that p is exponentiable if the following two
conditions are satisfied:
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(1) For every pullback square

YN

.|
p/l lp
2,7

and every category C” over S’, there exists a dependent product p’.(C’) — T’ of C’ along p’.

(2) For every pullback diagram

h h

S S’ S
- -
p,,l p,l lp
T S LT
and every f': C’ — §’, the Beck-Chevalley map BC..: p.(C’) X T” — p%/(C’ Xs» §”") is an

equivalence.

Remark 3.5.8. Note that exponentiable functors are by definition closed under base change: if
p: § — T is exponentiable, then so is any base change p’: §* — T’ of p.

Construction 3.5.9. Let p: § — T be an exponentiable functor. Then every functor ¢: C — D
over S induces a map p.(¢): p.(C) — p.(D) over T. The construction of this map is completely
analogous to the construction of the functoriality of functor categories in Construction 1.4.6 and the
details are left to the reader.

Lemma 3.5.10. Let p: S — T be an exponentiable functor. Then the assignment f +— p.(f)
preserves pullbacks: given functors Cy — Cz < C; over S, there exists a preferred equivalence

P+(C1) Xp,(cy) P+(C3) = p.(Cy X, C2)

overT.

Proof. The preferred functor is constructed by adjunction, using that p*(—) = — X7 S preserves
pullbacks. The inverse is constructed using the functoriality of p.(—). It follows directly from
universal properties that these two maps are mutual inverses; the details are left to the reader. O

Corollary 3.5.11. Let p: S — T be an exponentiable functor. If f: C — S is an embedding, then
also p.(f): p«(C) > T is an embedding. O

The terminology ‘exponentiable’ comes from the fact that it allows us to construct certain ‘exponen-
tial objects’ relative to a base category S:

Definition 3.5.12. Let p: C — Sand g: D — § be two functors and assume that p is an exponen-
tiable functor. We define the relative functor category Fung(C, D) — § as

@S(C’D) Cxs D
l = P lp*(q)
S C
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It comes equipped with an evaluation map
ev: Fun((C,D) Xs C — D

over S satisfying the property that for every other functor £ — S the composite functor

Mapg(E, Fung(C, D)) =5 Mapg (E x5 C,Fung(C, D) x5 C) —— Mapg(E xs C, D).

is an equivalence. In other words, Fung(C, D) is an ‘internal hom object’ or ‘exponential object’
for categories over S.

Remark 3.5.13. Note that, for a category T, the data of a functor 7 — Fung(C, D) is equivalent to
the data of a pair (¢, f), where r: T — Sis afunctorand f: T Xg C — T Xg D is a functor over T.

Observation 3.5.14. For any functor ¢: T — S and categories C and D over S such that C — S'is
exponentiable, there is a pullback square

Fun, (T x5 C,T Xxs D) —— Fun(C, D)
| l

T ! S.

In particular, the fiber of Funy(C, D) — S over an object s of S is the functor category Fun(Cs, D),
where C; and Dy are the fibers of C and D over s, respectively.

Proposition 3.5.15. Let I" be an anima and f: S — I a category in context I'. We consider two
functorsp: C — Sand q: D — S and we assume that p is exponentiable. Then there is a canonical
equivalence

Funs(C, D) = f. Fung(C, D)

in context I'.

Proof. Since we work in context I, we may as well assume that I" is the terminal category. The
evaluation functor
ev: C Xg FunS(C, D) — D

defines a functor (ev,pr,): C Xs Fung(C,D) — D Xgs Fung(C, D) over Fung(C, D) (with pr,
the projection of C Xg Fung(C, D) to Fung(C, D)), hence a section of the structural projection of
Fung(C, D) to S over Fung(C, D), in particular a functor of the form

¢ Fung(C. D) — f.Fung(C, D)
To prove that the latter is an equivalence, it suffice to prove that, for any category E, the induced map
¢« Map(E,Fung(C, D)) — Map(E, f, Fung(C, D))
is an equivalence. The left hand side fits in a pullbacks square of the form

Map(E, Fung(C, D)) —— Map(E X C, D)

| l

* Map(E X S, S)




In other words, a term of Map(E, Fung(C, D)) amounts to a commutative square of the following

form.
ExC 25D

idg XpJ/ J/q
pry
ExS —— §

Taking into account the canonical equivalence of the form (E X §) xs C — C, those correspond to
commutative triangles of the form

ExC%ExD

idE><p\‘ Asxq
ExS

through the rules u — (pr;, u) and h — pr, oh that are obviously inverse to each other. The map ¢,
simply is another way to name this correspondence. O

Corollary 3.5.16. Let I" be an anima and f: S — I a category in context I'. We consider two
two functors p: C — S and q: D — S and we assume that p is exponentiable. Then there is a
canonical equivalence

Maps (C, D) <> (f, Fung(C, D))*

in context T.

Proof. Since Map(X,Y) = Fun(X,Y)~ for all X and Y and since (—)~ preserves pullback squares,
we see that there is a canonical equivalence of the form
Map(C, D) = Fung(X,Y)™.

This corollary follows thus directly from the previous proposition. O

3.6 Joins

In this section, we introduce the join C % D of two categories C and D. We will see that it has two
different universal properties: one for mapping out of C % D and one for mapping into C x D. Using
the join construction we define C” := C x = and C™ := % % C. We may then inductively define the

>

categories [n] by [0] = % and [n + 1] := [n]".

Two universal properties

We start with the universal property of mapping out of C % D:

Axiom J.1 (Join axiom). For categories C and D, there is a category C *« D and a pushout
square
Cx({0ju{l) xD —> Cx[l] xD

Lo

cub —<2 ___, cxD,
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where the top map is induced by the inclusion {0} LI {1} — [1] and the left vertical map is
given by

prc Uptp

Cx{Ou{1p) xD S>Cx{0}xDuCx{l}xb ——— CuD.

Remark 3.6.1. In other words, for every third category E, the commutative square

Fun(C x D,E) —— Fun(C x [1] X D, E)

l l

Fun(CuD,E) —— Fun(C x9[1] x D,E)
is a pullback square.
Example 3.6.2. For C = D = [0], we see that [0] % [0] = [1].

Example 3.6.3. By Corollary 1.7.7, the commutative squares

{0} x [1] — [1] x [1] [1] x {0} —— [1] x [1]
l lpo and l lpz
M NN D) ¥ —— [2]

Notation 3.6.4. For any functor g: C * D — E, we denote by
gc:C - E and gp: D — E
the composites of g with the inclusions C — C % D and D — C % D, respectively.

Construction 3.6.5 (Functoriality of joins). Consider functors f: C — C’ and g: D — D’. Then
the functors f Xid[1;Xg: C X [1] XD — C’" x [1] X D" and f U g: CUD — C’ U D’ induce a
functor f x g: C * D — C’ % D’. This construction respects identities and composition.

Example 3.6.6. Taking f = pc: C — [0] and g = pp: D — [0], we obtain amap pc x pp: C %
D — [0] % [0] = [1] fitting in a commutative diagram as follows:
cubD —” , cxD
lfug lpc*pD
a[1] =[0] u [0] —— [1].

We now come to the second universal property of C x D:
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Axiom J.2 (Join as dependent product). Let C and D be categories. Then the map C LD —
(C % D) X[1] [1] is an equivalence, and its inverse exhibits C * D as a dependent product of
C U D along the inclusion d[1] < [1], in the sense of Definition 3.5.4.

Remark 3.6.7. Let us spell out the resulting universal property of C x D more explicitly. Consider
a category E over [1] and denote by E and E| its fibers over 0 and 1:

Ey — E EfL—E
[
[0] — [1] [0] —— [1].

Then Axiom J.2 demands that for all E there is an equivalence
Map[l](E,C * D) = Mapa[l](E X117 0[1],C u D) ~ Map(Ey, C) x Map(E;, D).

In other words, giving a functor ¢: E — C % D over [1] amounts to giving a pair of functors
wo: Eg > Cand ¢,: E; — D.

Proposition 3.6.8. Let A and B be two categories. The canonical embedding AU B — A x B

induces an equivalence
AUB™ = (A% B)~.

Proof. We have a canonical commutative square of the form

(AxB)” —— A% B

l |

[1]7 — [1]
in which the horizontal maps are embeddings as well as a pullback square of the form

AUB —— AxB

l |

thus inducing a canonical embedding
(AxB)"<—> AUB.
Since A LI B® = (A U B)~, this defines an embedding of the form
(AxB)™ — A" U B~
that has an obvious section given by the embedding
AUB” — (A% B)~

obtained by applying (-)® to A LU B — A x B. Since embeddings with sections are equivalences,
this achieves the proof. O
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Unitality and associativity

We will now show that the join operation (C, D) — C x D is unital and associative.

Lemma 3.6.9 (Unitality of joins). For every category C, the maps C — 0 x C and C — C x () are
equivalences.

Proof. By definition the category @ x C sits in a pushout square
0
*

and hence the bottom map is an equivalence. A similar argument applies to C % 0. O

A—=

R —
— 0% C

Construction 3.6.10 (Associativity of joins). Given categories C, D and E, we construct an equiv-
alence -
acpe:C*x(D*E)— (CxD)*E.

Consider the following diagram:

CU(DUE) —— (CUD)UE

idc Uip. g ic,pUidg
CU (D *E) (CxD)UE
IC,DxE ICxD.E
Cx(DxE) 2525 (Cx D) E

[0] % [1] ——— [1] % [0],

where the bottom equivalence is the composite [0] x [1] = [2] ~ [1] % [0] from Example 3.6.3.
One may easily check that the outer rectangle commutes by reducing to the case C = D = E =
[0]. It then follows from a double use of the universal property of the join that there exists an
essentially unique dashed arrow ac p g making the diagram commute. One may construct a map
aa D.E" (CxD)*x E — C (D % E) in an analogous fashion, and it follows by iterated use of the
universal property of the join constrution that these maps are inverses to each other, showing that
ac.p g 18 an equivalence.

Proposition 3.6.11 (Monoidal coherence). For all categories C, D, E and F, the following two
diagrams commute:
CxD
Cx(0xD) — (C*x0)*xD

ac,0,p
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and
(CxD)x (ExF)

((CxD)xE)xF Cx(Dx(E%F))
aC’DyE*idFT lidc *ap .E,F
(Cx(DxE))xF PRy Cx((DxE)%F)

Proof. TO DO.

Proof strategy: first prove it in the case where all the categories are [0], and then deduce the
general case using the universal property of the join. For the second diagram, the special case will
need the assumption that the category [1] is O-truncated, which we may or may not have already
established/assumed at this point. O

Relative joins

We will at some point also need to talk about relative joins:

Definition 3.6.12. Let p: C — S and g: D — S be two exponentiable functors of categories. A
relative join of C and D over § is an exponentiable fibration C xg D — S together with a pushout
square

({0} u{1}) X (Cxg D) — [1] X (C x5 D)

L

cCubD ’ CxsD

over S.

Definition 3.6.13. Let C be a category. We define its left cone C™ and its right cone C* as follows:

C*:=[0]xC, and C":=Cx|[0].

3.7 Slice categories

The join operation can be used to describe functors into slice categories.

Construction 3.7.1 (Slice category). Let ¢: ¥ — C be a functor. We construct the slice C;y, via
the following pullback square:

Cry Fun([1] xY,C)

-

l l(evo,evl)

C=Cxx —P2Y | Fun(y,C) x Fun(¥, C).

Objects of C;y, are pairs (x, a) consisting of an object x of C together with a natural transformation

Py X . . .
a: consty — i, where const, : ¥ — % — C is the constant function with values x.
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Remark 3.7.2. We will mostly be interested in the case Y = =. In this case, we may identify functors
x: x — C with (absolute) objects of C, and write C/ for the slice of C over x.

Lemma 3.7.3. For every category X and every functor : Y — C, there is a pullback square of the

form
Fun(X,C,;,) —— Fun(X xY,C)

| - |

Fun(X, C) T Fun(X, C) x Fun(Y, C).

Proof. Since the assignment C +— Fun(X, C) preserves pullbacks, applying it to the defining
pullback square of C,y, gives

Fun(X, C;y) Fun(X x [1] x Y, C)
-

J/ l(CVO,CVI)

1><l// erXpry
Fun(X,C) —— Fun(X,C) X Fun(Y,C) —— Fun(X xY,C) x Fun(X x Y, C).

Because of the factorization of the bottom map, we may compute this pullback by first pulling back
along the map pry X pry, giving a pullback square

Fun(X, C/,ﬁ) — > Fun(XuY,C) XFun(Xxd[1]xY,C) Fun(X x [1] xY,C)

: l

Fun(X UY,C)

E

el Fun(X, C) x Fun(Y, C).

Fun(X, C) = Fun(X, C) X %

Since the upper right corner is equivalent to Fun(X = Y, C) by Remark 3.6.1, this finishes the
proof. O

Remark 3.7.4. Informally speaking, the previous lemma says that a functor X — C/,, into the slice
consists of amap g: X xY — C fitting in a commutative diagram as follows:

SN

X*Y—>C

Completely analogously we obtain a dual slice construction:

Construction 3.7.5. For a functor ¢: X — C, we define the slice category C, via the following
pullback square:
Cy,y — Fun([1] x X, C)
]

L. l

C =#xC 2% Fun(X, C) x Fun(X, C).
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3.8 Exercises Chapter 3

Exercise 3.8.1. Consider a category I', a category D and a category (E,q: E — I') over I'. Define
another category Funr(Dr, E) over I via the following pullback square:

Funp(Dr, E) —— Fun(D, E)

.
l J«
r—"2 . Fun(D,T).

Show that Funp(Dr, E) is indeed equivalent to the functor category in context I" from Dr to E.

Exercise 3.8.2. Consider a groupoid I". Show that a commutative square

c ",

T

D —%.D

in context I" is a pushout square if and only if the induced square

Syrh
S C s 3 C

27:1’ f’l J/Zy:l" f

is a pushout square (in the absolute context).

Exercise 3.8.3. Prove Lemma 3.2.10: show that for embeddings I"' < C and A < D the projections
CxD — Cand C x D — D induce an equivalence

(T'xACCxD) = (' CC)x{(AC D).

Exercise 3.8.4. Prove the assertions from Remark 3.1.16: given a functor f: C — D sending a
collection of morphisms M in C to a collection of morphisms N in D, we have:

(1) The map f|: ({M)c — (N)p is uniquely determined by f (up to natural isomorphism).
(2) Given a natural isomorphism f = f’, we obtain an induced isomorphism f| = f”|.

(3) The construction is compatible with composition: we have (idc)| = id(as). and (go f)| = g|o f|
if g: D — E is another functor preserving a collection of morphisms.

(4) If the functors f: C — D and f: M — N are equivalences, then also f|: (M)c — (N)p is an
equivalence.

Exercise 3.8.5. Let W be a collection of morphisms of a category C, and let [: C — L and
I”: C — L’ be two localizations of C at W. Construct an equivalence L — L’.
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Exercise 3.8.6. Let W be a collection of morphisms of a category C, and let C — C[W~!] be a
localization of C at W. Construct a pushout square

[1xW —2 5 C

o

W — C[W!],

where the map W is adjoint to the composite W N Map([1],C) — Fun([1],C).

Exercise 3.8.7. Let p: S — T be a functor, and let f: C — S be a category over S. Letg: D —» T
and g’: D’ — T be categories over T that are both a dependent product of C along p. Show that
there is an equivalence D ~ D’ of categories over T (in the sense of Definition 4.1.3).
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4 Synthetic categories and contexts

We have already explained that we consider terms of categories in various contexts. We also would
like to consider synthetic category theory in any given context as well. In other words, for any
category I', we would like to speak of categories defined in context I'.

Definition 4.0.1. Let I" be a context (i.e. a category). A category in context Gamma is a pair
C = (X, p) where C is a category and p: C — I' a functor.

A context in context I" is thus any functor of the form y: IT” — T'. for any category C = (X, p) in
context I" there is a category

C(y)=(X",p")

where X’ = IV xr X and p’ = pry is the canonical projection. We can thus think of C as a family of
categories C(y) indexed by the terms of I'. Forgetting the context yields a category in the absolute
context

Z:y: FC('Y) =X.

The caveat is the following: the formation of each C(y) is functorial with respect to morphisms of
contexts over " in the external sense but not with respect to morphisms between terms of C. The
fact that the latter functoriality exists is the prerogative of cocartesian fibrations. However, for I
an anima, the external functoriality and the functoriality with respect to morphisms of terms in I
will coincide. This will make the theory very transparent for animae: for each anima I', synthetic
category theory in context I" is a semantic interpretation of synthetic category theory, and for each
map of animae f: A — T, pulling back along f is a map of logics: it will preserve absolutely every
construction that is the translation of a formal statement made in the language of synthetic category
theory.

In Section 4.1, we will formalize the idea of a I'-indexed family of categories in terms of functors
C — I'. In order to ensure that families of categories satisfy the same axioms as individual
categories, we will introduce in Section 4.2 a notion of categories in context I' and axiomatize a
one-to-one correspondence with I'-indexed families of categories. We may then demand that the
axioms hold for categories in context I for either an arbitrary category I' or merely for an arbitrary
groupoid I
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4.1 Families of categories

Definition 4.1.1. Let I" be a fixed category. A category over T is a functor p: C — I'. Given
another such functor g: D — T, a functor from C to D over I' is a commutative triangle

c—L b
;\ A
r.
We will often abuse notation and leave the choice of isomorphism g o f = p implicit in the notation,
referring to such a triangle with just the symbol f. If g (read: a pair (g,q o ¢ = p)) is another
functor from C to D over I', a natural isomorphism over I" between f and g is a natural isomorphism

a: f = g of functors C — D equipped with an isomorphism of natural isomorphisms between id,

and the composite
qOLY

p=qof = qog=p.

This approach can be iterated to define even higher iterations of isomorphisms over I', but these first
three layers will suffice for our purposes.

Construction 4.1.2 (Identities and compositions). In fact contexts themselves will always come in
the context of an anima A. In other words, we give first an anima A and then a functor 7: I' — A
(in context A, we can always see A as the terminal object). Given any functors p: C — I' and
q: D — I" we can form the following pullback square.

MapF(C, D) E— MapA(C’ D)

| [«

A—P Map, (C,T')

In other words, terms of Map-(C, D) literally are commutative triangles of the form
C _r D
N S
r.

over the context A. For any other functor r: E — I, the composition law

—o—: Map,(C,D) xMap,(D, E) — Map,(C,E)
induces a composition law

— o —: Mapp(C, D) x Mapr(D, E) — Map(C, E)

and the identity of C canonically yields a term

idc: Mapp(C,C)
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corresponding to the commutative diagram
c ¢
AV
L,

where the commutativity is exhibited by the unitality isomorphism p = p o idc.

For any commutative triangles
c—L »p c—=% b
\ / and \ /
P q p q
I. I.
we can make sense of f = g in context I" simply by considering the concept of identification in the

anima Map-(C, D).

Definition 4.1.3. We say that a functor f: C — D over I" is an equivalence over I if there exists
another functor g: D — C over I" such that the composites g o f and f o g are naturally isomorphic
over I to the respective identities.

4.2 Synthetic categories in context

For future purposes, we would like to be able to manipulate categories over I as if they are individual
categories. In order to do this, we will expand our language of naive categories by introducing the
concept of categories in contexts:

Axiom K.1 (Categories in context). Let I be a category. We may speak of:

(0) Synthetic categories in context I';
(1) Functors in context T,
(2) Natural isomorphisms in context I';

(3+) Etcetera...

All the rules from Axioms A.1, A.3, A.2 and A.4 are still valid in context I'. In particular, we
may talk about commutative squares, commutative triangles and equivalences in context I'.

We will use the phrase absolute context if we wish to emphasize that we are talking about categories
in the sense of Axiom A.1 as opposed to categories in some context I'. If I" is a groupoid, we will
speak of a groupoidal context.

Recall that we think of our naive category theory as capturing the internal language of the universe
of small categories Cat, to be officially introduced in Chapter 7 below. From this perspective, we
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may think of synthetic category theory in context I" as capturing the internal language of the slice
category Catr.

Notation 4.2.1. Synthetic categories in context I" may be denoted by letters like C, D, E, etcetera,
just like for categories in the absolute context. If we wish to emphasize we are working in context
I', we will sometimes also use the notation C(y), D(y), etcetera to denote a category in context
I'. This notation is meant to evoke the idea that a category in context I contains the data of a
synthetic C(7y) for every object v of I". In a similar way, we may denote functors in context I" by
f(y): C(y) — D(y), natural isomorphisms in context I" by a(y): f(y) = g(y), etcetera.

It may sometimes be useful to employ type-theoretic notation to incidate contexts:

I' + C category , 't F:C— D, Nra: F =G,

We will now impose that all previous axioms hold in arbitrary groupoidal context, and some even in
arbitrary contexts.

Axiom K.2 (Axioms in context). Let I" be a category.

(1) If I is a groupoid, then every axiom about categories also holds for categories in context I'.

(2) Every axiom which is underlined also holds for categories in an arbitrary context I'.

So for example, we may form products, coproducts and pullbacks of categories in an arbitrary context
I, but we may form functor categories, groupoid cores and subcategories only in a groupoidal context.
Note that all of the content of Chapter 3 only holds in groupoidal content.

Note that Axioms K.1 and K.2 are themselves underlined, which allows us to form iterated contexts:
if I; is a category in context '], we may work with categories in context I, in context I';:

I'1,I, + C category , I',Io+F:C — D,
We will usually leave contexts implicit, so while iterated contexts are allowed they will make no
explicit appearances in the book.

Next, we will make precise the one-to-one correspondence between categories in context I" and
categories over I

Axiom K.3 (Weakening). Let I" be a category. For every category C in the absolute context,
there is a category wrC in context I', called the weakening of C to I'. For every functor
F: C — D in the absolute context, there is a functor wpF : wrC — wrD, called the weakening
of F to I'. This process continues: for every n-isomorphism in the absolute context, there is an
n-isomorphism in context I'. These assignments preserve identities, composition, and inverses,
and are compatible with the associativity, unitality and invertibility isomorphisms.

Remark 4.2.2. In the semantic picture of the universe of categories Cat, the weakening construction
C +— wrC encodes the pullback functor Cat — Cat;r. In particular, the fiber of wrC over y : I is
supposed to be C for every .
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Convention 4.2.3. We will usually want to think of wrC as being simply an instantiation of C itself.
To avoid cluttering of notation, we will frequently write C instead of wrC.

Axiom K.4 (Dependent sum). Let " be a category. Given a category C(7y) in context I, there
is a category ZrC in the absolute context, called the dependent sum of C(y) over I'. It comes
equipped with a functor

(v,=): C(y) = wr(ZrC)

in context I, called the pair functor. This pair functor is universal among functors from C(y)
into a weakening of an absolute category:

* Given a category D in the absolute context and a functor f(y): C(y) — wrD, there exists
a functor f: >r C — D in the absolute context, equipped with a natural isomorphism in
context I making the following triangle commute:

) 2L w0

P

WrD.

* Given two functors g, h: ). C — D in the absolute context and a natural isomorphism
a(y): wrg o (v,—) = wrh o (y,—) in context I', there exists a natural isomorphism
@: g = hsuchthat a(y) = (y,—) x wra.

In particular, there is a one-to-one correspondence between functors C(y) — wrD in context
I' and functors XrC — D in the absolute context.

Remark 4.2.4. In the semantic picture of the universe of categories Cat, the dependent sum con-
struction C(y) + XrC is encoding a left adjoint Xr: Cat;r — Cat to the weakening functor. It
corresponds to the forgetful functor that forgets the reference map to I'.

Construction 4.2.5 (Functoriality of direct sum). Using the axiom we see that every functor
F(y): C(y) — C’(vy) induces a functor Y} F: X»;r C — > C’ in the absolute context which
makes the following diagram commute in context I":

( s_)
C(y) === wr(2rC)
F(y)l lwr(ZrF) 4.1)
’ (¥.-) ’
C'(y) L= wr(ZrC).

Construction 4.2.6 (Second projection functor). Given a category D in the absolute context, we
may apply Axiom K.4 to the identity functor id,,.p : wrD — wrD in context I" to obtain a functor

pry: ZrwrD — D
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in the absolute context. We refer to pr, as the second projection functor. Observe that for every
functor F': D — E we obtain a commutative square as follows:

SrwrD —25 D

srwrr | lF 4.2)

ZFWFE L E.

Note that so far the notion of categories in context I" did not actually talk about I" yet (even though
we are heavily using I' in our suggestively chosen notation). The following final two axioms about
contexts will make sure categories in context I" really behave like categories over I':

Axiom K.5. There is an equivalence pr;: Xr* — I.

Definition 4.2.7. Under the equivalence from the axiom, the pair functor (y,—): * — wrXr*
corresponds to a functor
Yuniv: * = wrl’

that we refer to as the universal object of T'.

Axiom K.6. (1) For every functor F(y): C(y) — C’(vy) in context I" the square (4.1) is a
pullback square;

(2) For every functor F': D — E in the absolute context the square (4.2) is a pullback square;

(3) The assignment C(y) — XZrC preserves pullbacks: For every pullback square

C'(y) —— C(y)
| |
D'(y) —— D(y),

the induced commutative square

ZFC’ — ZFC

l l

ZFD/ e ZFD

is a pullback square.

Notation 4.2.8. Note that the map X+ — I corresponds to a functor * — wrI in context I". We
will denote this object by yyniy-

Observation 4.2.9. There is a one-to-one correspondence between categories in context I" and
categories over I':
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» To a category C in context I' we assign its dependent sum XrC, equipped with the composite

by
pr;: 2rC Zrpe, Yrx — T,

called the first projection functor.

e To a category p: D — I over I', we assign the category D, in context I' defined by the
following pullback square:
D, —— wrD

-
l lwrp
* We have C(y) ~ (ZrC), as a special case of the pullback square (4.1):

cy) L wr(zro)

.
pcl lWrErpc

o =2 (S

J |
Yuniv

* ——— wrl.

* We have XD, — D by virtue of the outer pullback square in the following diagram:

Z]“Dy e ZrWrD ﬂ) D

| | l

T Yuniv

Tre <2 Spwil 2 T

Here the left-hand square is a pullback by (3) of Axiom K.6 while the right-hand square is a
pullback by (2).

Example4.2.10. Givenafunctor f: C — Dandatermx: {x} — D, we defined in Definition 1.3.12
the fiber C of f over x as the pullback

c, — C
L* b
{x} <> D.

In particular, C, is naturally a category over {x}, and Theorem 4.2.9 allows us to regard Cy as a
category in context {x}. We will frequently treat C in this way: it will allow us to assume without
loss of generality that x is an absolute term.

Remark 4.2.11. For every category C in the absolute context, there is a functor pc: C — =,
allowing us to regard C as a category in context . Conversely, every category D in context
determines a category )., D. The axioms on * imply that these two assignments determine a
one-to-one correspondence between categories in the absolute context and categories in context *.
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Lemma 4.2.12. Every category in context () is contractible.

Proof. Under the correspondence from Theorem 4.2.9 between categories in context () and categories
over (), we see that a category C in context ) is contractible if and only if the induced functor
20 C — g * = 0is an equivalence. This is an instance of Axiom B.2’. O

Lemma 4.2.13. For every category ', the functor 0 — 3.1 0 is an equivalence.

Proof. By the universal property of 0, the given functor is a functor over I'. We will construct an
explicit inverse. Under the corresponcende from Theorem 4.2.9, the functor & — I" corresponds
to a category (), in context I'. By the universal property of the initial object in context I" there is
a functor 0 — 0,, and translating this back this gives rise to a functor »,.r® — 0. Using the
respective universal properties of the initial categories in the absolute context and in context I it
follows that this functor is an inverse to the given functor. (Alternatively one may conclude using
Axiom B.2’.) O

Lemma 4.2.14. Let I" be a groupoid and let p: X — T be a category over I'. Then X is a groupoid
in context I if and only if X is a groupoid in the absolute context.

Proof. Consider the following commutative diagram:

\ \\
Funr([1]r, X) —— Fun([1], X)
| - |
I ————— Fun([1],T).
The bottom map is an equivalence since I' is a groupoid, and thus it follows that also the top

horizontal map is an equivalence. It then follows by 2-out-of-3 that the map X — Fun([1], X) is an
equivalence if and only if the map X — Funr([1]r, X) is an equivalence, finishing the proof. O

Corollary 4.2.15. The data of a term of C in context I is equivalent to the data of an absolute object
of Cr in context I

Proof. By Axiom K.5, there is an equivalence pry: . * — I is an equivalence. In particular,
the data of a term x: I' — C of C in context I' is the same as the data of a functor }.,.r * — C. By
Axiom K.4, this is in turn equivalent to the data of a functor + — Cr in context I', i.e. the data of an
absolute object of Cr in context I'. O

We will now show that the assignment C +— Cr preserves all categorical structures we have
introduced so far.

Proposition 4.2.16. Let I" be a category.

(1) Fora category C, there is a natural isomorphism (idc)r = id¢, of functors Cr — Cr in context
I.
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(2) For functors f: C — D and g: D — E, there is a natural isomorphism (g o f)r = gr o fr of
functors Cr — Er in context T

(3) The category =r in context I is contractible;

(4) For categories C and D, the functor

((pre)rs (prp)r): (C X D)r — Cr X Dr
is an equivalence;

(5) For functors f: C — E and g: D — E, the functor

((pre)r, (prp)r): (C xg D)r — Cr Xg; Dr
is an equivalence;
(6) The category Or is an initial category in context I';

(7) For categories C and D, the functor
((ic)r, (ip)r): CruDr — (CU D)r

is an equivalence.

Proof. For parts (1) and (2) we may prove the analogous statements for categories over I, which are
special cases of Exercise 1.2.11.

For (3), let us temporarily write % for the terminal category in context I', in order to distinguish it
from the terminal category = in the absolute context. We need to show that the functor *r — % is an
equivalence in context I'. Under Theorem 4.2.9, this amounts to showing that the induced functor

[xx — S0

p& /pr|
T

is an equivalence over I'. But this is an immediate consequence of 2-out-of-3, since the two diagonal
functors are equivalences by Lemma 1.2.7 and Axiom K.5, respectively.

The proofs of (4) and (5) are similar. For (4), it will suffice to show that the induced functor
I'x (CxD)— (I'x C) xr (I' x D) is an equivalence. For (5), we may equivalently show that the
induced functor

K.6
I'x (Cxg D) — Z(Cr Xgr Dr) — (I' X C) Xrxg (I' X D)
y:I'

is an equivalence. Both of these statements are relatively straightforward to prove and will be left to
the reader.

For part (6), let us temporarily denote the initial category in context I" by @, to distinguish it from
the initial category in the absolute context. It will suffice to produce a functor Or — @ in context
I', since this is then automatically an equivalence by Axiom B.2’. Via Theorem 4.2.9, such functor
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corresponds to a functor @ X I' — >,..r @ over I'. Butsince @ X I' — 0 by Lemma 1.2.12, there is
a preferred such functor, finishing the proof of (6).

For part (7), we start by constructing a functor (CLID)r — CrUDr incontextI". Via Theorem4.2.9,
this corresponds to a functor I' X (C U D) — 2,.r(Cr U Dr) over I'. The source of this map is
equivalent to I' X C U I" X D by Corollary 1.3.22, and hence such a functor may be given by the
functors

Zy:]" iDl"

Syri
rxc=Zcrﬂ>Z(crqu) and  I'xD =) Dr =5 % (CruDr)
yI yI y:I' y:I

over I'. We will leave it to the reader to verity that the resulting functor (C L D)r — Cr U Dr is an
inverse of the functor ((ic)r, (ip)r): Cr U Dr — (C U D)r, finishing the proof. O

4.3 Exercises Chapter 4

Exercise 4.3.1. Consider a category I'. Show that a commutative square

c ", c

A

D —%.D

in context I" is a pushout square if and only if the induced square

Sy h
S C s 3, C

Zy:]" f’l J/Zy:l"f
’ Z T8
Zy:r D — Zy:r D

is a pushout square.
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5 Cartesian and cocartesian fibrations

An important concept in category theory is that of a cocartesian fibration: a functor £ — C whose
fibers E. are in a certain sense ‘covariantly functorial’ in the object ¢ € C. Similarly there is the
dual concept of a cartesian fibration, for which the fibers are ‘contravariantly functorial’ in c. In this
chapter, we will introduce synthetic analogues of these notions.

The material in this chapter is similar in spirit to the article [BW21] by Buchholtz and Weinberger,
who give an extensive treatment of cartesian and cocartesian fibrations in the context of simplicial
type theory.

We emphasize that most results in this chapter will hold true in an arbitrary context I" and not merely
in groupoidal context: most of the content of this chapter is completely independent of all the axioms
introduced in Chapters 2 and Chapter 3. All definitions and results that work in an arbitrary context
are underlined.

5.1 Directed pullbacks

We begin by introducing the notion of the directed pullback of two functors.

Construction 5.1.1 (Directed pullback). Consider two functors f: A — C and g: B — C. We
define the directed pullback A X f.¢ B of Aand B over C (sometimes called ‘lax pullback’) via the
pullback square

A Xy, B —— Fun([1],0)

-
l l(evo,evl)

AxB —I*% , cxc.

Note that a term of A Qf,g B consists of a triple (a, b, ¢) where a is a term of A, b is a term of B,
and ¢: f(a) — g(b) is a morphism in C.

We often abuse notation and write A X ¢ Binthe case where C = Aand f =ids: A — A and dually
write A Xy BwhenC = Band g =idg: B — B.

Given a commutative diagram

A C B
of e

A/ ’ B/
Vi ¢ g ’
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we obtain an induced functor

aXyB:AXsg B— A Xp g B,
(a,b, ) = (a(a),B(b),y(p): f(a(a)) =y(f(a)) — y(g(b)) = g'(B(D))).

Remark 5.1.2. Combining Lemma 1.3.18 with the Rezk axiom (Axiom F), we obtain a pullback
square
AXxc B —— Iso(C)

-
J/ l(evo,evl)

AxB %, cxc.

We will see in Corollary 6.1.9 below that the inclusion mo: Iso(C) <— Fun([1],C) is a full
subcategory, and hence it induces a full subcategory A Xc B < A Xc B. Therefore, we may think
of the pullback A ¢ B as the full subcategory of A Xc B spanned by those triples (a, b,y) such
that the map y: f(a) = g(b) is an isomorphism in C.

Construction 5.1.3 (Directed evaluation maps). Consider a functor f: A — B. We define the
directed evaluation maps

&/ : Fun([1],A) — A X, B . &/ Fun([1],A) — B Xs A
an
(p:a—a') - (a, f(d), fe) (p:a—d) - (fla).d, fg)
via the following two commutative diagrams:

f*
%\

Fun([1],A) -~%> A %, B —— Fun([1], B)

|
(evo,evl)l l l(evo,evl)

AxA 9 axp X9 pyp

and
£
%\

Fun([1],4) -=> BX; A —— Fun([1], B)

4
(evo,evl)l J/ l(eVQ,CVI)

id id
AxA L% pua 42 gy

Remark 5.1.4. In case B = * there are equivalences A X frB~A=>~B X r A and the directed

/ and eV{ simplify to the evaluation maps evg,evy: Fun([1], A) — A.

evaluation maps €v;

For later use, we record various properties of the directed evaluation maps.

S

o and e_if{ are equivalences.

Lemma 5.1.5. Assume that f: A — B is an equivalence. Then also €V

Proof. For e_ifof , this follows from the 2-out-of-3 property applied to the following two maps:

&

Fun([1], A) — A X; B — Fun([1], B).

Indeed, the composite is induced by f and is hence an equivalence, and the second map is a base

change of f and thus also an equivalence. The proof for &’

1 is similar. O
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Lemma 5.1.6 (Base change). Consider a pullback square of the form
A —— A
-
T
B’ —— B.
Then the commutative square

Fun([1],A’) —= Fun([1], A)

| s

A YL T
A’ X b B — AX f B
is a pullback square. The dual result for eV{ and eV{ " also holds.

Proof. Consider the following commutative diagram:

Fun([1], B')

Fun([1], B)

Fun([1], A") Fun([1], A)
|
e*v-(’;' Fun([1], B") Fun([1], B)
/ (evo,evy) /
A’ Xp B l AXs B (evo.evi)
B’ x B’ BxB

A’ X B’ A X B.

— "

Observe that the bottom square is a pullback square, while the lower vertical squares on the left and
right sides are pullback squares by definition of A” X f B and A X r B. It follows by the pasting
law of pullback squares that also the middle horizontal square is a pullback square. Since also the
upper square at the back and the top square are pullback squares, it thus follows that the upper front

square is a pullback square, as desired.

O

Lemma 5.1.7 (Composition). For functors f: A — Band g: B — C. Then there is a commutative

diagram
Fun([1], A)

Fun([1], B) B X, C,

where the bottom square is a pullback square.
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Proof. 1t is easy to verify that the diagram commutes, hence it remains to show that the bottom
square is a pullback square. To this end, consider the following commutative diagram:

AXsB AXgr C
\ e \ )
Fun([1], B) g l B X, C
AxB [xs AxXC
\le)
fx1
BxB s BxC.

We want to show that the top square is a pullback square. The left square is a pullback square by
definition and the bottom square is easily seen to be a pullback square, hence by the pasting law of
pullback squares it will suffice to show that the right square is a pullback square. This follows from
another instance of the pasting law, applied to the following commutative diagram:

A Xgp C —— BX,C —— Fun([1],C)

A -
J/ J/ l(eVO,CV])

Aaxc I pxe =2, cxe.

Indeed, by the definitions of A X ¢f Cand B X ¢ C the right and outer squares are pullback squares
and hence so is the left square. O

Lemma 5.1.8 (Retracts). Consider a retract diagram of functors:

Al —— A —— A

Al

B —— B —— B.

A

Then the map v,

!
. > f.
is a retract of ev:

Fun([1],A”) —— Fun([1],A) —— Fun([1],A4’)

- > f s
eVO J/ J/GVO J]CV()

A%y B — 5 ARy B—— A%y B

Proof. This is an immediate consequence of the definitions. O

5.2 Left and right fibrations

We define the notions of left and right fibrations, and show that they admit a notion of covari-
ant/contravariant transport.
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Definition 5.2.1 (Left/right fibration). A functor f: A — B is called a left fibration if the directed
evaluation map e?/f Fun([1],A) — A X f B is an equivalence. Dually, we say that f is a right

fibration if & ev : Fun([1], A) — B Xy A is an equivalence.

Lemma 5.2.2. A functor f: A — B is a left fibration if and only if the commutative square

Fun([1], A) ., Fun([1], B)

evol £

A—>

is a pullback. A dual characterization for right fibrations is obtained by replacing e_{/g by eV{ and
evg by evy.

Proof. This is immediate from the fact that the directed evaluation map eV(J; is defined as the unique
dashed map filling the following diagram:

Fun([1], A) — I

B)

The proof for right fibrations is dual. O

Corollary 5.2.3. Let f: A — B be a left (resp. right) fibration. Then the commutative square

A —>
1

«—

(p)”

1], B)

(pry)”

Fun([1], A) _F, Fun(

—

is a pullback square.

Proof. We prove the claim for left fibrations; the claim for right fibrations is dual. Consider the
following commutative diagram:

A— T .3
(Pm)*l l(Pm)*
Fun([1], A) —L— Fun([1], B)

evo

—

o

A— B.

The outer square is clearly cartesian, and the bottom square is cartesian by Lemma 5.2.2. It thus
follows from the pasting law of pullback squares that also the top square is cartesian. O

Proposition 5.2.4. Let p: X — Y be a functor and assume that Y is a groupoid. Then the following

conditions are equivalent:
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(1) The category X is a groupoid;
(2) The map p is a left fibration;

(3) The map p is a right fibration.

Proof. We prove the equivalence between (1) and (2); the equivalence between (1) and (3) is dual.
Consider the following commutative diagram:

Fun([1], X) BN Fun([1],Y)

evo evy

[
x—" Ly

Since Y is a groupoid, the right vertical map is an equivalence. It follows that this square is
a pullback square if and only if the left vertical map is an equivalence. But the former is by
Lemma 5.2.2 equivalent to (2), while the latter is equivalent to (1). O

Corollary 5.2.5. If f: X — Y is a left (resp. right) fibration and Y is a groupoid, then also X is a
groupoid. O

Corollary 5.2.6. Let f: A — B be a left (resp. right) fibration. Then every fiber of f is a groupoid.

Proof. For every term b of B, the map A, — {b} is again a left (resp. right) fibration, hence the
claim follows from the previous corollary. O

Covariant transport

For a left fibration f: A — B, the fibers A; are suitably functorial in the object b € B: every
morphism B3: b — b’ in B induces a functor 8y: A, — A, between fibers, called the covariant
transport functor. Dually, right fibrations admit contravariant transport functors. We will now
construct these functors and prove various of their basic properties.

Definition 5.2.7 (Category of lifts). Let f: A — B be a functor. Consider a term (a, 8) of A X r B
in context {(a, 8)}, given by a term a of A and a morphism B: f(a) — b’ in B. We define the
category Liftof (a, B) of covariant lifts as the fiber of eVg over (a, B):

Lift) (a,8) —— Fun([1], A)

| -, e

(asﬁ) >
{(a,B)} A Xy B.
As discussed in Example 4.2.10, we may regard Lift({ (a, B) as a category in context {(a,8)}. A

term of Liftof (a, B) is called a covariant lift of B8 starting in a and consists of a morphism a: a — a’
in A whose source is @ and whose image under f is .
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Dually, we define for every term (a’, 8) of B Xs A the category Lift{ (a’, B) of contravariant lifts
as the fiber of e?/{ over (a’, B):

Lift/ (a’, ) — Fun([1], A)

g
l le_illf

7 (a,’ﬁ) >
{(¢’,B)} ——— B Xy A.

A term of Lift{ (a’, B) is called a contravariant lift of B ending in a’ and consists of a morphism
a: a — a’ in A whose target is a and whose image under f is 3.

Corollary 5.2.8. A functor f: A — B is a left fibration if and only if the category Liftg (a,p) is
contractible for every term (a, ) of A X¢ B. Dually, f is a right fibration if and only if Lift{ (a’,B)
is contractible for every term (a’, 3) of B ;<f A.

Proof. This is an instance of Lemma 1.3.14, applied to the functor e_izof : Fun([1],A) — A X £ Bin
context {(a, B)}. m|

Remark 5.2.9. After imposing some further axioms, we will show in Lemma 6.4.4 below that it in
fact suffices to check the contractibility of Liftg (a, B) only for objects (a, B).

In what follows, we will spell out various constructions in the case of left fibrations, and be more
terse about the dual constructions for right fibrations.

Construction 5.2.10 (Covariant transport). Let f: A — B be a left fibration. We denote by

lift) : A Xy B — Fun([1], A)

the inverse of the functor e*V(J)C : Fun([1],A) —» A X f B. Foraterm (a, ) of A X ¢ B, we denote the
morphism liftof (a,B) in A by
lif) (@, B): a = Bi(a),

and refer to its target Bi(a) as the covariant transport of a along . Observe that lift(])c (a,p) is
a covariant lift of B starting in a, and in particular we see that 8(a) is a term of A,/. Fixing a
morphism B8: b — b’ of B, the assignment a — f(a) thus provides a functor

Br: Ap — Ap.

Dually, if f is instead a right fibration, we denote the inverse of eV{ by lift{ . Its value at a term
(a’,B) of B >?f A is denoted by 1iftlf(a’,,8) : B*(a’) — a and we refer to 8" (a’) as the contravariant
transport of a’ along B. 1f we again fix a morphism 8: b — b’ of B, this construction assembles
into a functor 8*: Ay — Ap.

Remark 5.2.11. We remind the reader that we may construct functors like 8y: A, — Ay simply
by providing for every term of A, a term of Ap: a ‘term’ is defined as a functor a: I' — Ay
from an arbitrary category I', and Construction 5.2.10 provides for us another functor 8i(a): I' —
Ap. Applying this to the identity functor a = ida, : A, — Ap thus provides the desired functor
ﬂg . Ab 4 Ab/.

Since this is the first time we use this method for constructing a functor, let us give an alternative
definition of 8): A, — Ay that does not use the language of terms. As a first step, we observe that
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the assignment a — (a, 8) extends to a functor A, — A >#<f B, defined as the unique dashed arrow
making the following diagram commute:

N
By —£5 Fun([1], B) =2 B.
Here the outer rectangle is the commutative square defining the fiber A;,. We may now consider the

composite

am(a,B) . lift] ev)
Ap —— A Xy B— Fun([1],A) — A.

> f

ev, N
Observe that the composite of ev| with f is isomorphic to the composite Fun([1], A) L AX fB—
Fun([1], B) BalR B, and since liftof is a section of €v| we see that this composite factors uniquely
through the fiber Ap. All in all we obtain a functor 8y: A, — Apr.

The next proposition shows that the covariant transport functors ,: A, — A are suitably ‘func-
torial’:
Proposition 5.2.12. Let f: A — B be a left fibration.

(1) For B = idp: b — b, the functor (idp)i: Ap — Ay is naturally isomorphic to the identity
functor;

(2) For morphisms B: b — b’ and B’ : b’ — b” in B, the composite functor
ﬁ: OIB': Ah d Ah//

is naturally isomorphic to (8’ o B),: Ap — Apr.
The dual result for the contravariant transport functors of a right fibration is also valid.

Proof. For (1), observe that for any term a : Ay the mapid,: a — ais acovariantliftofidy: b — b
starting in a. By uniqueness of covariant lifts, it follows that id,, = lift{; (a,1idp), and in particular we
have a = (idp),a. Applying this to the universal term of Aj, provides the desired natural isomorphism
(idb)! = idA;,-

For (2), we have for term a : Aj, a covariant lift
lift] (a, B): a — pi(a)
of S starting in a, which in turn leads to a covariant lift
lift) (B(a), B): Bu(a@) = Bi(Br(a)).

Since the composite of these two morphisms is a covariant lift of 8’ o B starting in a, it follows that
there is an isomorphism

Lift) (Bi(a), B) o lift! (a, B) = lift] (a, B’ o B),

and in particular we get (8’ o §)i(a) = B](Bi(a)). Taking a to be the universal term of A, then
provides the desired natural isomorphism. O
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The covariant transport functors are compatible with maps of left fibrations:

Lemma 5.2.13. Consider a morphism of left fibrations over B:

A—*F% N

N AT

Then there is for every morphism 3: b — b’ in B and every term a of Ap a natural isomorphism

Bi(pp(a)) = pp(Bi(a))

of functors Ap, — A,,.

Proof. This is clear from the observation that the morphism

(lift) (a, 8)): ¢n(a) = @i (Bi(a))

in A’ is a covariant lift of 8 starting in ¢j(a), so that it must be isomorphic to the morphism
life] (¢(a). B): @n(a) = Bi(gp(a)). 0

Closure properties left/right fibrations

We now prove various preservation properties of left and right fibrations. While the results below are
only stated for left fibrations, all of them admit dual versions for right fibrations whose formulations
we leave to the reader.

Lemma 5.2.14. Every equivalence f: A — B is a left fibration.

Proof. This is immediate from Lemma 5.1.5. O

Proposition 5.2.15 (Base change). Consider a pullback square of categories

AL A

SR

B’ —— B.
(1) If f is a left fibration, then also f’ is a left fibration;

(2) For a morphism B: b — b’ in B’, the following square commutes:

B
Ay —2 o,
ubl: :lubr
v(B)

Avpy — Ay

Proof. Part (1) is immediate from Lemma 5.1.6, which says that the map e?/g "is a base change of

evof . This implies that the inverse map 1ift‘(’; "is a base change of liftg : given a morphism 8: b — b’
in B’ and a term a of A}, the covariant lift lift f*;: @ — Bi(a) of 8 starting in a is sent under u to
the covariant lift liftof: u(a) = v(B)(u(a)) of v(B): v(b) — v(b’) starting in u(a). This proves
part (2). O
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Proposition 5.2.16 (Composition). Consider a commutative diagram

B
N
A——>C
gf

of functors, and assume that g is a left fibration. Then f is a left fibration if and only if g f is a left
fibration.

Proof. By Lemma 5.1.7, there is a commutative triangle

Fun([1],4)

y \e\lg

BXsA C Xqr A,

where the bottom map is a base change of the map e?/g and hence is an equivalence as g is a left

fibration. It follows by 2-out-of-3 that the map e?lg is an equivalence if and only if e”vﬁf is an
equivalence. This finishes the proof. O
Lemma 5.2.17. The class of left fibrations is stable under retracts.

Proof. This is immediate from Lemma 5.1.8. O

Lemma 5.2.18. Let f: C — D be a left fibration. Then for every category E also the induced
functor f.: Fun(E, C) — Fun(E, D) is a left fibration.

Proof. Observe that the directed evaluation map for f. is obtained by applying Fun(E, —) to the
directed evaluation map of f, and hence is again an equivalence. O

5.3 Slice categories

In this section we provide two fundamental examples of left and right fibrations: the forgetful
functors C;, — C and Cy; — C for a category C and a term x of C. We further show that
resulting functoriality on the fibers C(x,y) of these two fibrations is given by precomposition and
postcomposition in C, respectively.

Recall first from Definition 1.6.6 the definitions of the slice categories C), and Cy;:

Cj — Fun([1],C) C.) — Fun([1],C)
] .
le l(eVo,eW) fhl l(eVO,CVl)
ide Xx and xXide
C CxC C CxC
. 4
I i
{x} ————— C. xy ———— C.
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Remark 5.3.1. The slice category C) is a special case of the more general slice category construction
C,y from Construction 3.7.1 by taking ¥ = . It is also a special case of the directed pullback
construction 5.1.1 by taking f =idc: C - Cand g =x: %« — C.

Lemma 5.3.2. Consider categories C and D, let x be a term of C, and let X € Fun(D, C) denote
the constant functor on x. Then there are equivalences

Fun(D, C/x) — Fun(D, C)/x and Fun(D, Cy/) — Fun(D, C)y,.
Proof. Since Fun(D, —) preserves pullbacks, we have a pullback square

Fun(D, C/y) ——— Fun([1],Fun(D, C))

|
l l(evo,evl)

idpun(p,c) XX

Fun(D, C) x {x} —— Fun(D, C) x Fun(D, C),

showing that Fun(D, C;x) — Fun(D, C)/z. The equivalence Fun(D,C,/) — Fun(D,C)y, is
analogous. O

The following is the main result of this section:

Theorem 5.3.3. Let C be a category and let x be aterm of C. Then the forgetful functor px: C;x — C
is a right fibration. Dually, the map q: Cy; — C is a left fibration.

Proof. By symmetry it will suffice to prove the claim for C;, — C. We have to show that the functor
e_izf’“ : Fun([1],C)x) = C pr C/x

is an equivalence. By Lemma 5.3.2, the source of this isofibration sits in a pullback square of the
form

Fun([1],C/y) Fun([1], Fun([1], C))

J/ l(evo,evl)

1xp
Fun([1], C) x {x} =25 Fun([1],C) x C — Fun([1],C) x Fun([1],C),
and as a consequence of Corollary 1.7.7 we thus obtain a pullback square

Fun([1],C/x) —— Fun(A?,C)

l leVZ

{x} ————C.
On the other hand, the target C X px Cx 1s defined via the pullback square

C Xpe Crxy — Fun([1],C) x {x} xid

l - lew
C/x C x {x}

|

| o

(evo.evi)

Fun([1],C) —————— C xC,
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and consequently we obtain a pullback square

C Xpe Cjx — Fun(A2,C)
|
{x} ———— C.

Under these two identifications, the map e?/f *: Fun([1],C/x) — C X px C)x 1s obtained by pulling
back the map Fun(A2, C) — Fun(AZ, C) along x: {x} — C, and thus it is an equivalence by the
Segal axiom E. O

Remark 5.3.4. In more down-to-earth terms, the above proof is capturing the equivalence between
three ways of encoding maps in the slice C/,:

y Z Z
Corollary 1.7.7 Axiom E

l : ; / \ Axiom E / \\

X y —™X y X.

Corollary 5.3.5. For two terms x and y in a category C, the hom groupoid C(x,y) is a groupoid.

l

= e—— N

Proof. Since C(x,y) is the fiber over x of the right fibration C;, — C from Theorem 5.3.3, this
follows from Corollary 5.2.6. O

Since the fiber of the left fibration C,; — C over a term y of C is the hom groupoid C(x, y) from
Definition 1.6.3, Construction 5.2.10 produces for every morphism g: y — z a covariant transport
functor

g: C(x,y) = C(x,2).

This functor may be identified with a functor we have already encountered:

Proposition 5.3.6. For every morphism g: y — z, the functor g,: C(x,y) — C(x,z) agrees with
the composition functor

go—:C(x,y) > C(x,2)

from Construction 1.7.4. Dually, the contravariant transport functor g*: C(z,x) — C(y, x) associ-
ated to the right fibration C;, — C agrees with the composition functor — o g: C(z,x) — C(y,x).

Proof. Aswe have seen in the proof of Theorem 5.3.3, the directed evaluation map e?/gx : Fun([1],Cy)) —
C ;<qx C/ is a base change of the map Fun(AZ?, C) — Fun(AZ, C), and hence the map liftg" is given
by the inverse of this map. But this inverse precisely defines composition in C. In more detail, fixing
the morphism g: y — z, the covariant transport functor g is given as the composite
—(f, R lifed™

Clr.y) 22 € %y, € = Fun([11.C,) <5 €y,
where one checks that this lands in the fiber C(x, z) over z. Due to the above identification of the
middle map, we may rewrite this as

C(x,y) — Fun([1],€) 225, Bun([1], €) x¢ Fun([1],C)

CV{LZ}

~ Diag(A?, C) = Diag(A?, C) —— Fun([1],C),
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where again one checks that this lands in C(x, z). But this is precisely the map g o —: C(x,y) —
C(x,2). O

The previous results directly imply versions for the relative slice categories C;4 for a functor
f:C — D andatermd of D:

Definition 5.3.7 (Relative slice). Given a functor f: C — D and a term d of D we define the relative
slices C;4 and Cgy via the following pullback squares:

Cia — Dya Cay — Dy
[ R B
C%D CL)D.

Corollary 5.3.8. For any functor f: C — D and any term d of D, the functor C;q — C is a right
fibration and the functor C4; — C is a left fibration.

Proof. This is immediate from Theorem 5.3.3 and Proposition 5.2.15. O

Corollary 5.3.9. For a functor s : X — C, the forgetful functor C;y, — C from Construction 3.7.1
is a right fibration. Dually, C,, — C is a left fibration.

Proof. We prove the first statement; the second statement is dual. Unwinding definitions, we see
that the category C/,, sits in a pullback square of the form

Cjy — Fun(Y,C),y
-]
¢ — Fun(Y,0),
hence the result is a special case of the previous corollary. O

Proposition 5.3.10. Let C be a category. Then the commutative diagram

(evp,evy)

Fun([1 CxC

\/

determines a right fibration in context C. Dually, the diagram

(evp,evy)

Fun([1 cCxC

\/

determines a left fibration in context C.
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Proof. We prove the first statement, the second statement being dual. For the purpose of this proof,
consider the category D := C¢ in context C corresponding to the category (C X C LiENYS ) over C.
The diagonal map A: C — C x C determines an absolute object x of D in context C. We claim that
the map D, — D in context C corresponds to the functor (evg,evy): Fun([1],C) — C x C over
C from the proposition, so that the statement is a special case of Theorem 5.3.3 applied in context
C. To see this, notice that the map D, — D is defined by the following pullback square in context
C:
D/x E— Func([l]c, D)

|

l l(evo,evl)
(idp,x)

D ———— DxD.

When translating this to categories over C, the arrow category Func ([1]¢, D) of D in context C
corresponds to the functor pr,: Fun([1],C) x C — C, and the above pullback square turns into the
following pullback square over C:

Fun([1],C) —— Fun([1],C) xC
(evo,evl)l -
CxC

l(evo,evl )Xidc

Mexd | cxCxC,

where the fact that the pullback is Fun([1], C) follows from an easy instance of the pasting lemma
of pullback squares. We conclude that the right fibration D, — D in context C corresponds to the
functor (evg,evy): Fun([1],C) — C x C over C, finishing the proof. O

5.4 Adjunctions

The concept of an adjunction is fundamental in category theory, hence we will need an analogue
in our setup of synthetic category theory. Given two functors f: C — D and g: D — C between
ordinary categories, there are two equivalent ways to encode the data of an adjunction f 4 g between

f and g:

(1) One may provide the data of a unit n: idc — gf and a counit ¢: fg — idp satisfying the
triangle identities;

(2) One may provide a natural isomorphism D ( fx,y) — C(x, gy) for all x in C and y in D.

In this section, we will introduce synthetic analogues of these two definitions.

5.4.1 Units and counits

Our first definition of adjunctions will use units and counits.

Definition 5.4.1 (Adjunction). Consider two functors /: C — D and r: D — C. An adjunction
[ 4 r consists of natural transformations 1: idc¢ — r/ and e: Ir — idp satisfying the triangle
identities:

Irl

rlr
In Y and V \i
l r r.
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We call i the unit of the adjunction and & the counit. We often write (I 4 r): C 2 D to indicate the
data (I, r,n, &) of an adjunction.

Warning 5.4.2. To obtain the correct category of adjunctions, Definition 5.4.1 needs to be modified
as follows: an adjunction / + r consists of a natural transformation n: id¢ — r/ and two natural
transformations ¢, &’ : Ir — idp satisfying the triangle identities:

Irl rir
V Y‘ and V \s’
l l r r.

One may then deduce a posteriori that the counits £ and &’ are equivalent to each other, much like
the left and right inverses of an equivalence are canonically equivalent.

Since we will not have much interest in the category of adjunctions in this course, we will keep
working with the somewhat simpler and more familiar definition of an adjunction given in Defini-
tion 5.4.1.

Proposition 5.4.3. Let (I +r): C 2 D and (I’ v+ ¥'): D 2 E be adjunctions. Then the composite
functors l'l: C — E and rr’: E — C constitute an adjunction (I'l +rr’): C 2 E.

Proof. The corresponding unit and counit are given as the composites

oo ro'l Uer’ ‘.
ide 5 rl == 'l and  Ulr’ =50 S idg
We leave the verification of the triangle identity to the reader, see Exercise 5.13.1 O

Proposition 5.44. Let (I + r): C & D be an adjunction. Then for every category E we obtain
adjunctions

l,: Fun(E,C) 2 Fun(E, D) :r, and r*: Fun(D, E) 2 Fun(C, D) :I*.

Proof. We construct the first adjunction and leave the second adjunction to the reader. To construct
the unit 7, : idpun(g,c) — 7+l+, we may by currying equivalently produce a transformation between
the two curried functors E X Fun(E,C) — C, which we do by whiskering the transformation
n: idc — rl with the evaluation functorev: ExFun(E, C) — C. The counite&, : l.r. — idpun(g,D)
is constructed similarly. The triangle identities for 1, and €, follow directly from the triangle identities
of n and & after whiskering. O

Proposition 5.4.5. Adjoints are unique: if (I 4r): C 2 D and (I 4 1r'): C 2 D are adjunctions,
there is a preferred natural isomorphism r = r’.

Proof. Consider the following two composites:

’ ,Ir/

n'r r'e re’
r—r'lr—=r and r —rlr’ —r.

These two maps can be shown to be inverse to each other, finishing the proof. We leave the details
to the reader, see Exercise 5.13.2 |

Proposition 5.4.6 (cf. [Unil3, Theorem 4.2.3]). Let f: C — D be an equivalence with inverse
g: D — C. Then there exists an adjunction f 4 g between f and g.
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Proof. By assumption, there are natural isomorphisms 7: idc — gf and €: fg — idp. We
define a new transformation &’ as the composite

el fg fnlg £ .
fg ferg fg—idp.

We claim that the transformations 7 and &’ satisfy the two triangle identities. To show that the

’

composite f ﬂ> fef 8—f> f is isomorphic to the identity on f, we consider the following
commutative diagram:

ef

fof I pofef
fn fefn fn'ef
A
£ fer f f 7.

~—

The top composite is (g’ f) o (¢’ f). The two faces of the diagram commute by naturality.

. ng ge’ L. . . . .
To show that the composite g — gfg —— g is isomorphic to the identity on g, consider the
following commutative diagram:

’

8¢ ng
gfg g gfg
ng \ / ge’
ngfe gfge’
g

gfere g

ng ng ge' fg V
8fg

8rg.

The three squares each commute by naturality and the bottom triangle commutes by the triangle
identity established above. Therefore, the diagram expresses an isomorphism

(g&") o (ng) o (g&) o (ng) = (g&’) o (ng).
Since the transformations ng and ge’ are invertible, we may cancel them to obtain the desired
isomorphism (ge’) o (ng) = id,. This finishes the proof. O
5.4.2 Adjunctions via hom groupoids

As explained in the introduction of this section, there is a second common way to define adjunctions
(I 4r): C 2 D between categories: rather than providing unit and counit transformations, one may
also provide a natural equivalence

D(lx,y) = C(x,ry)

between hom groupoids for all x in C and y in D.
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Proposition 5.4.7. Let |: C — D and r: D — C be functors. Then the following three conditions
are equivalent:

(1) There exist a unitn: idc — rl and counit €: lr — idp which exhibit r as a right adjoint of [;
(2) For every term (x,y): C X D there is an equivalence oy y: C(lx,y) — D(x,ry).

(3) There exists an equivalence a: C X; D = C X, D over C x D.

Proof. 1t is clear that (2) and (3) are equivalent: (3) follows from (2) by taking (x,y) to be
the universal term of C x D, while (2) follows from (3) by pulling back the equivalence along

(6, y): {(x,y)} » CxD.

To show that (1) implies (2), assume that the data (7, &) of an adjunction has been given, and
consider terms x : C and y : D. We construct the map a, ,: D(lx,y) — C(x,ry) as the following
composite:

ax,y: D(Ix,y) N C(rix,ry) UEN C(x,ry).

Here the first map is the map induced by r from Construction 1.6.4, while the second map is defined
as the contravariant transport functor along the unit map 1, : x — rlx applied to the right fibration
C/ry — C from Theorem 5.3.3. Dually, we may construct a map Sy, ,: C(x,ry) — D(lx,y) as the
following composite:

s (eyh
Bx,y: C(x,ry) l—> D(Ix,lry) L D(Ix,y).

Here the first map is induced by / and the second map is defined as the covariant transport functor
along the counit map &, : [ry — y. We will now show that g, , is an inverse to «,, ,. We will show
that By y o ax,y ~ idp(ix,y), leaving the other case to the reader. To this end, consider the following

diagram:
@x,y

/\

D(Ilx,y) SELLEEN C(rlx ry) I C(x,ry)

(lr)*
D(lrlx Iry) | Brix,y x.y
(gy)'

D(Irix,y) ST D(lx,y).

The composite along the top right is S o @. We claim that the bottom composite is the identity
functor. To see this, notice that by Proposition 5.2.12 the bottom composite is isomorphic to the
functor (g;x o In,)*. By the triangle identity, we may identify this with the functor (id;)*. It thus
follows from another application of Proposition 5.2.12 that this is indeed the identity on D (Ix, y).

We will now show that the diagram commutes. The square on the right commutes by applying (the
dual of) Lemma 5.2.13 to the morphism g: C/., — C X; D of right fibrations over C. Here we
have used Proposition 5.2.15 to identify the bottom horizontal map. The top left triangle is easily
seen to commute. It thus remains to see that the triangle on the bottom left commutes. Recall from
Proposition 5.3.6 that the functors (&y), and ] are given by postcomposition with & : Irx — y
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and precomposition with g;, : Irlx — Ix, respectively. The claim is thus equivalent to the claim that
for every morphism ¢: Ix — y, the following square commutes in D:

Irix LACIN Iry

.g,xl l

lx#y.

But this is an instance of naturality of the transformation £. We conclude that 8 o @ ~ idp(y,y)-
The proof that @ o f ~ idc(x,ry) is entirely analogous and is left to the reader.

We now show that (3) implies (1). Consider an equivalence a: C X; D = C X, D over C x D.
We define the unit 7: id¢c — rl as the composite

C—>CX D=~CX,D — Fun([1],0).

The fact that the source and target of this natural transformation are indeed id¢ and rl, respectively,
follows from the following commutative diagram:

C —— CxD—%5 CX, D —— Fun([1],0)

Al | | [(esen)

cxc 2 oxp CxD X", cxcC.

Similarly, we define the counit £: [r — idp as the composite
D — CX,D=C X D — Fun([1],0C).
We now need to verify the two triangle identities. By symmetry, it will suffice to show one of the

triangle identities: we will show that the composite

nr re
r—rlr—r

is isomorphic to the identity on r. Picking an arbitrary term y of D, we must show that the composite
nr rey . . .

ry — rlr —> r y is the identity on ry. As a consequence of Lemma 5.2.13 we see that the

following diagram commutes:

Qlry,lry

D(lry,lry) BREAE C(ry,riry)

(sy»l l(rsy»

D(Iry,y) —225 D(ry,ry).

But by Proposition 5.3.6, the two covariant transport functors (), and (r&y); are given by post-
composition with &, and re, respectively. Since @y i,y (id,7y) = 7,y and aj,y y(&y) = id,y by
definition of  and &, plugging in the map id,;,: rly — rly in the top left corner thus gives the
desired isomorphism

rey oMry = (rgy)!(a/lry,lry(idrly)) = alry,y((gy)!(idrly)) = a’lry,y(gy) = idry .
This finishes the proof. O
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5.5 Initial/terminal objects and left/right adjoint sections

In this section, we introduce the notion of an initial object of a category. More generally, we consider
the notion of a left adjoint section of a functor, which we may think of as a fiberwise analogue of
initial objects. Dually we obtain notions of ferminal objects and right adjoint sections.

5.5.1 Left and right adjoint sections

Definition 5.5.1 (Left/right adjoint section). Let f: C — D be a functor. A left adjoint section of f
is a left adjoint s: D — C such that the unit transformation r: idp — fs is a natural isomorphism.
Dually, a right adjoint section of f is a right adjoint s: D — C such that the counit transformation
e: fs — idp is a natural isomorphism.

In other words, f admits a left adjoint section if and only if it admits a section s: D — C (i.e. a
functor satisfying fs = idp) which comes equipped with a natural transformation ¢: sp — id¢ of
functors C — C satisfying the following two conditions:

* The map ¢ is a transformation living over D: the induced map fe: f = fsf — f is naturally
isomorphic to the identity transformation.

* The map ¢ restricts to the identity on D: the map €s: s = sps — s is naturally isomorphic to
the identity transformation.

Definition 5.5.2 (Left/right Bousfield localization). A functor f: C — D is called a left Bousfield
localization if it admits a right adjoint section. We call f a right Bousfield localization if it admits a
left adjoint section.

We will see in Proposition 6.1.7 that a left/right adjoint section s: D — C of a functor f: C — D
is automatically a full subcategory. We may then think of f as reflecting the category C into this
subcategory D.

Lemma 5.5.3. Every equivalence C — D is both a left and a right Bousfield localization.
Proof. This is immediate from Proposition 5.4.6. O

Lemma 5.54. For a category C, the target functor evi: Fun([1],C) — C is a left Bousfield
localization with right adjoint section given by

s = pfl]: C — Fun([1],C).

Dually, the source functor evg: Fun([1],C) — C is a right Bousfield localization.

Proof. We prove the claim for evy; the claim for evy is dual. Consider the following functor:
Fun([1],C) x [1] — Fun([1], C); (f,1) — (s — f(max(z,s))).

Using Lemma 1.6.10, we see that f(max(0,y)) = f(y) and f(max(1,y)) = f(1), so that this
assignment defines a natural transformation

n: idrun(1],c) — sevi

of functors Fun([1], C) — Fun([1], C). It also follows from Lemma 1.6.10 that:
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* The evaluation of 77 at 1 gives the identity of evy;

* Applying 1 to s(c) gives the identity of s(c).
This shows that i exhibits s as a right adjoint section of evy, finishing the proof. O

We can relax the condition on the transformation € as follows:

Proposition 5.5.5. Let f: C — D be a functor. Assume that there exists a section s: D — C of f
and a natural transformation €: sf — id¢ over D such that the transformation €s: s = sfs — s
is a natural isomorphism. Then s is a left adjoint section of f.

The analogous statement for right adjoint sections also holds.

Proof. Let(es)™': s — sbeaninverseof es: s — 5. We define a new transformation’: s f — id¢

as the following composite:
(es)7'f g .
sf —> sf —>idc.

This is again a transformation over D, and it satsifies
g's = (es)o((es)” fs) = (es) o (e5)” =idc.
This shows that the map &’: sf — id¢ exhibits s as a left adjoint section of f. O

Left and right Bousfield localizations are closed under a variety of operations.

Proposition 5.5.6 (Composition). Left (resp. right) Bousfield localizations are closed under compo-
sition.

Proof. By Proposition 5.4.3 the composite functors form again an adjunction, and it is immediate
from the descriptions of the unit and counit in the proof that the composite is again a left/right
Bousfield localization. m]

Proposition 5.5.7 (Functor categories). Let f: C — D be a left (resp. right) Bousfield localization.
Then also the functor f.: Fun(A, C) — Fun(A, D) is a left (resp. right) Bousfield localization for
any category A.

Proof. This is immediate from Proposition 5.4.4. O

Proposition 5.5.8 (Base change). Left (resp. right) Bousfield localizations are stable under base
change.

Proof. We prove the claim for right Bousfield localizations; the claim for left Bousfield localizations
is dual. Consider a pullback square

cC —~-C

T

D —> D
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where f is a right Bousfield localization. Let (s, &) be a left adjoint section of f. By the universal
property of the pullback, we obtain a section s’ : D’ — C’ of f’ satistying us’ = sv:

SV

DS, 1“3

.
\ /J/ J/f
D' —— D.
Similarly, we define the map &’: C’ X [1] — C’ over D’ via the following commutative diagram:

go(uxl)

C’' x[1] L 03¢

.
\f’l lf
f'opr

D — D.

Note that &’ is indeed a transformation from s’ f” to id¢- over D’. Finally, we construct the desired
commutative diagram o’: D’ X [2] — C’ via the following commutative diagram:

oo(vxl)

D'x[2] -5 —“3 ¢

_I
f/l lf =
pry

D — D.

Proposition 5.5.9 (Retracts). Left and right Bousfield localizations are stable under retracts: given
a diagram

if ' is a left/right Bousfield localization then so is f.

Proof. The proof is similar to the previous result, and we leave the proof as an exercise to the reader,
see Exercise 5.13.3. O

Proposition 5.5.10. Let f: C — D be a left (resp. right) Bousfield localization. Then f is a
localization, in the sense of Definition 3.3.6.

Proof. Let s: D — C be a left adjoint section of f, with natural isomorphism r: idp = fs and
counit £: sf — idc. For any category E, the induced functor

f*: Fun(D, E) — Fun(C, E)
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is a left adjoint section of s*: Fun(C,E) — Fun(D,E), see Proposition 54.4. Let W —
Map([1], C) denote the collection of morphisms in C that are sent to isomorphisms in D under

f,ie.
W ——— Map([1],C)

| ;

Iso(D) —— Map([1], D).

Since the map f(ex): f(s(f(x))) — f(x)is an isomorphism by the triangle identity, it follows that
the map &, : s(f(x)) — x lies in W for any object x of C. In particular, for any functor F: C — E

in Fun" (C, E), the counit of the adjunction f* 4 s* is a natural isomorphism: f*s*F — F. It
follows that this adjunction restricts to an adjunction

f*: Fun(D,E) 2 Fun" (C,E) :s5*
in which both the unit and counit are an equivalence. We conclude that the induced functor
f*: Fun(D,E) — FunV (C, E)

is an equivalence, showing that f exhibits D as a localization of C at W as desired. O

5.5.2 Initial and terminal objects

The notion of leftr/right adjoint sections specializes to the notion of initial/terminal objects from
Definition 1.6.7:

Lemma 5.5.11. Let C be a category and let x be an absolute object of C. Then the following
conditions are equivalent:

(1) The object x is initial in the sense of Definition 1.6.7: the forgetful functor Cy; — C is an
equivalence;

(2) The object x defines a left adjoint section x: * — C of the functor pc: C — #*;

(3) There exists a transformation €. const, — id¢ and a natural isomorphism €, = id, of functors

. . P X
* — C. Here const, is defined as the composite C S5

(4) There exists a transformation €. const, — id¢ such that the map €, : x — Xx is an isomorphism
in C.

The dual statement for terminal objects is also valid.

Proof. The equivalence between (1) and (2) is a special case of Proposition 5.4.7, applied to
l=x:%* > Candr = pc: C — * To see that (2) is equivalent to (3), note that there is only a
single functor C X [1] — =, and hence the unit transformation r7: id. — p¢ o x is unique. One of
the two triangle identities is automatic, and the remaining triangle identity amounts to condition (3).
The equivalence between (3) and (4) is a special case of Proposition 5.5.5. O
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Remark 5.5.12. Let O be an initial object of C. Point (2) says that the functor Cp; — C is an
equivalence, and in particular for every y € C the fiber C(0, y) of this map over y is contractible.
Informally, this says that for every y there exists a unique morphism 0 — y in C.

We will show in Lemma 5.9.8 below that the converse also holds true, but proving this requires an
additional axiom which we introduce in Section 5.9.

Lemma 5.5.13. Let f: C — D be a right Bousfield localization with left adjoint section s: D — C.
For every object d of D, the object s(d) € Cy is an initial object of the fiber C; := {d} X¢ D.

The dual statement for left Bousfield localizations and terminal objects also holds.

Proof. It follows from Proposition 5.5.8 that the base change f|c,: Cq4 — {d} of f along {d} — D
is again a right Bousfield localization with left adjoint section given by the restriction 5|4y : {d} —
C,. By definition this means that s(d) is an initial object of Cy. O

We will now provide some basic examples of initial and terminal objects. The most important
example will be the walking morphism:

Lemma 5.5.14. The category [1] has both an initial object 0 : [1] and a terminal object 1 : [1].
Proof. This is true as Axiom C.2. O

This lets us compute all the Hom groupoids of [1]:

Corollary 5.5.15. There are equivalences

Hom(1(0,0) = x, Hom()(0,1) = * and Homy(1,1) = .

Proof. This is immediate from Lemma 5.5.14. O

Corollary 5.5.16. There is an equivalence Hom)(1,0) = 0.

Proof. We first show that every morphism f: 1 — 0 in [1] is an isomorphism with inverse
the canonical morphism can: 0 — 1. Indeed, by Corollary 5.5.15 there are unique homotopies
f ocan ~ idg and can o f ~ idj, so that can provides both a left and a right inverse to f. Since
[1] = Iso([1]) = Fun([1],[1]) is an embedding by Lemma 1.8.4, we deduce that Hom;(1,0)
sits in a pullback square as follows:

Hom[l](l,O) _— [1]
|,k
« —20 L rxq.
Furthermore, since [1]® < [1] is an embedding Corollary 2.2.12, the right-hand square in the
following commutative diagram is a pullback square, and hence by the pasting law so must be the
left-hand square:
Hom(;;(1,0) [1]% [1]

|, | |

s —LY L Ex 1] — [1]x[1].




But since [1]® =~ {0, 1} is a disjoint union of two points, we see that

[117 % [1]7 = {(0,0), (0, 1), (1,0), (1, 1)}

is a disjoint union of four points, and the diagonal map corresponds to the inclusion

{(0,0), (1, 1)} = {(0,0),(0,1),(1,0), (1, 1)} .

It thus follows from the universality of disjoint unions, Axiom B.4’, that the pullback over the point
(1,0) is empty. m]

Lemma 5.5.17. For a term x of a category C, the slice category C;. admits a terminal object
(x,idx : x = x). Similarly, Cy; admits an initial object (x,idy: x — Xx).

Proof. We showed in Lemma 5.5.4 that the evaluation map ev;: Fun([1],C) — C admits a right
adjoint section given by pi’:‘l] : C — Fun([1], C). Since C/ is the fiber over x of this map, the claim
thus follows from Lemma 5.5.13. O

If one already knows the existence of an initial object x, then other initial objects are particularly
easy to recognize:

Exercise 5.5.18. Let x and y be objects in a category C and assume that x is an initial object. Then
y is an initial object if and only if the canonical map x — y from (the dual of) Remark 5.5.12 is an
isomorphism.

The dual statement for terminal objects also holds.

Corollary 5.5.19. All terminal objects of a category C are canonically isomorphic. Similarly, all
initial objects of C are canonically isomorphic. O

5.6 Cartesian and cocartesian fibrations

In Section 5.2 we introduced the notion of a left fibration: a functor f: A — B such that every
morphism B8: b — b’ admits a unique covariant lift starting in a given lift a of b. The goal of this
section is to introduce a variant of this notion, called a cocartesian fibration, in which the covariant
lift is not necessarily unique but where there exists always an initial covariant lift with given source.
Dually, we obtain a notion of cartesian fibration, in which there exists a ferminal contravariant lift
with given target.

Definition 5.6.1 ((Co)cartesian fibration). An isofibration f: A — B is called a cocartesian fi-
bration the directed evaluation map e?/g : Fun([1],4) —» A ;<f B admits a left adjoint section
lift) : A X; B — Fun([1], A).

Dually, f is called a cartesian fibration if the map e_i/{ : Fun([1],A) — B X £ A admits a right
adjoint section lift{: B X; A — Fun([1], A).

Throughout this section, we will frequently state results only for cocartesian fibrations and leave
their dual formulation for cartesian fibrations to the reader.

Example 5.6.2. The following are the first few basic examples of (co)cartesian fibrations:
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Of is an equivalence and thus in

particular admits a left adjoint section by Lemma 5.5.3. Dually, every right fibration is a
cartesian fibration.

* Every left fibration is a cocartesian fibration: the map ev

* In particular, every equivalence is both a cartesian fibration as well as a cocartesian fibration.

* For a category C, the map pc: C — = is both a cartesian fibration and a cocartesian fibration.
Indeed, since the map e?/gc : Fun([1],C) — C X * is isomorphic to evp: Fun([1],C) —
C by Remark 5.1.4, it admits left adjoint section by Lemma 5.5.4, showing that pc is a
cocartesian fibration. The cartesian case is dual.

* For categories C and D, the projection maps pr;: C XD — C and pr,: C X D — D are both
a cartesian fibration and a cocartesian fibration. This can again be argued directly, but also
follows from the previous example and Proposition 5.6.14 below.

5.6.1 Covariant transport

Cocartesian fibrations allow for a notion of covariant transport generalizing the situation for left
fibration:

Notation 5.6.3 (Covariant transport). For a term (a,8) of A X r B, we denote the morphism
lift) (a, B) in A as

lift] (a, B): a — pi(a)

and refer to its target 8,(a) as the covariant transport of a along 3. Observe that this map is a term
of the category Liftg (a, B) of covariant lifts of 3 starting in a, defined in Definition 5.2.7. In fact,

liftg (a, B) is even an initial object of this category, see Lemma 5.5.13.

Just like in Construction 5.2.10, the assignment a — (a) determines a functor
ﬁy . Ab — Ab/.

called covariant transport along £3.

Remark 5.6.4. When we write liftof (a, B) we allow a and B to be a term of A and a morphism of
B, respectively, defined not just in a global or groupoidal context, but in an arbitrary context I'.
Concretely, this means that for every category I" and any solid commutative square of the form

I'x {0} —%> A
A

|l

rx[1] —£- B

we have the dashed lift defined as the uncurrying of the composite

R lift/
r % A% B~ Fun([1], A)

(where we are implicitly currying ). We call the dashed arrow a cocartesian lift in context I" and
simply denote it by liftof (a, B). We can view it as a transformation a — S(a), whose codomain we
call the cocartesian transport in context I" of a along £.
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Note that by construction, cocartesian lifts are compatible with change of context. Explicitly, for
every g: I'” — T" we have liftof (a,B)lg = liftg (alg, Blg). and analogously for cocartesian transport.

Finally, note that the definition of left adjoint section means precisely that for each term of A X rB
i.e. each pair (a, 8) in arbitrary context I" as above, the object liftg (a, B) is characterized as an initial
object of the category LiftOf (a,B) in context I.

We would like to show that the covariant transport functors satisfy the relations (idp); = id and
(B’ o B)1 = B} o By as in Proposition 5.2.12. While the statement for left fibrations was immediate
due to uniqueness of covariant lifts, the statement for cocartesian fibrations is slightly more involved.
We will need the following auxiliary notion of cocartesian morphisms:

Construction 5.6.5. Let f: A — B be a cocartesian fibration. Since the functor liftof is a left adjoint

section of e?f(])c , it comes equipped with a natural transformation &: liftg o e*V(J; — idpun([1],4). In

particular, for a morphism «: a — a in A with underlying morphism 8 := f(a): f(a) — f(a’)
in B, we obtain a morphism & : hft (a,B) — ain Fun([1], A), corresponding to a commutative
square in A of the form

lft ( B)
ift! (a '(a)

ISQ
N2

a—— al.

By Corollary 1.7.7, we may think of this square in A as a commutative triangle in A of the form

Bi(a)

lift] (a.B) \\\sa
N
!

ﬁ
a a a .

Definition 5.6.6 (Cocartesian morphism). In the setting of Construction 5.6.5 we say that the mor-
phism « is f-cocartesian (or simply cocartesian if f is clear from context) if the morphism
£q: Bi(a) — a’ is an isomorphism in A.

Remark 5.6.7. Note that by abuse of notation, we used the symbol &, both for the transformation
liftof (a,B) — «a and for its image under the projection ev;: Fun([1], A) — A. In the definition of
cocartesian morphisms, we are only asking for the latter to be an isomorphism. Nevertheless, we will
prove in Corollary 6.2.5 below that isomorphisms in Fun([1], A) can be detected after evaluation
at 0 and 1, and since the component of £, at 0 is always an isomorphism, this will imply that
cocartesian morphisms are equivalently characterized by the whole transformation liftg (a,B) — «
being invertible.

Lemma 5.6.8. Let f: A — B be a cocartesian fibration. Fix a term a of A and composable

/

morphisms B: b = f(a) LN b’ b"”, both in some context I'. Then for everyy: a — a’’ over B’
there exists a dashed filling

lfrf it ()

20 8 (a) b—P b
Vl :y over B’ﬁl lﬁ'
a,, a, b// [ b//

which is unique up to isomorphism.
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Proof. This follows from the fact that liftof is a left adjoint section of e_izof . Indeed, consider the
objects (a,8) and (idy»: a”” — a”’) of A X f B and Fun([1], A), respectively. Then the solid data
describes an arrow (a,8) — e?/g (idg~) while the dashed extension describes an extension to an

arrow liftof (a,B) — id,~. By the adjunction equivalence
Homgy([1],4) (1ift] (a, £), idg) = Hom, 5 5((a, B), €] (ida~))
there is a unique such extension up to isomorphism. O

We will often use Corollary 1.7.7 to rewrite such lifting problems in the following form:

Bi(a) %
lf] <a,/3>/ ST L 17 N
AN N
a ;: a’ b BB Jb//.

Proposition 5.6.9. Let f: A — B be a cocartesian fibration.

(1) For each term a of A with b = f(a), the cocartesian lift a — (idp)ia of the identity can be
chosen to be the identity map id,: a — a.
(2) Given a term a of A and composable morphisms b = f(a) i b’ £—> b"”, the canonical map

c: (B'B)i(a) — BBi(a) over b" obtained by filling

lift) (a.B'B)
a ——

(B'B(a) b LB b
lift-(’:(a,ﬁ)l i ¢ over ﬁl ‘
Bi(a) —— Bipi(a) b — b

lift) (B1(a).B") B

is an ismorphism.

Proof. (1) Recall that (B4, liftg ) is an initial object of the category Lift{; (a, B). In the case where
B = id,, is the identity, this category is exactly the slice (A};),; which already has an initial object
given by (a,id,). The claim follows because initial objects are unique up to isomorphism, see
Corollary 5.5.19.

(2) We construct an explicitinverse ¢”: B/f1(a) — (B’f)1(a) as follows. Consider the solid diagram

lift] (a.B) lift! (Bra.B’)

Bi(a) BB (a) b—P oy
lift/ (a,ﬁ’ﬁ)l i i v over B,ﬁl lﬁ’ ‘
(B'B)1(a) == (B'B)1(a) == (B'B)(a) b b b

By applying Lemma 5.6.8 twice, we obtain the indicated dashed extensions, yielding the desired
map ¢’. The fact that this is an inverse follows by the uniqueness part of Lemma 5.6.8 applied
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to the diagrams

litt! (a.8) litt! (B1a,p) ,
a - Bi(a) : BiBi(a)
o lift] (Bra.B’) ! gy 0
it/ (B1a,8) lift] (a.B) lhfto(a’ﬁﬁ) ' iu ' ,’/ i
(B'B)i(a) (B'B)i(a) L (B B)i(a)
\
J¢ J¢ N e
N
BB (a) BB (a) BiBi(a)

(twice, yielding lift({(ﬁga,ﬂ’) =~ cu and then id ~ ¢c¢”) and

litt! (a.8'B) )
a : (B'B)(a)

\
J’c, \

\
BiBi(a) |idwp), @
)

/
litt! (a.8'8) l <
a 2 B'B)(a)

lift) (Bra.B") lift] (a.B)

(yielding id = ¢’¢). m]

Corollary 5.6.10. Let f: A — B be a cocartesian fibration. Covariant transport is functorial in the
following sense:

(1) For every object b of B, covariant transport (idp): Ap — Ap along the identity is isomorphic
to the identity functor.

’

. . B B . . . .
(2) Given composable morphisms b — b’ — b"”, there is a canonical natural isomorphism

BB = ﬁf,& Ap — Apr.

Proof. This follows directly from Proposition 5.6.9 applied to the tautological term a: A, — A of
A in context A, (which is just the fiber inclusion). O

Lemma 5.6.11. Let f: A — B be a cocartesian fibration.

(1) Every isomorphism of A is f-cocartesian.

v ' B s .
(2) Let a S a5 a” be composable arrows of A over b — b’ — b"”. Assume that « is

f-cocartesian. Then a’ is f-cocartesian if and only if '« is f-cocartesian.

Proof. (1) Without loss of generality we may treat the case of an identity id,: a — a. In this case,
we can choose lift'g (a,idf(4)) to be the identity, so that &, must be the identity too.
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(2) Consider the following diagram

litt! (a,8'8) ,
a . (B'B):(a) BB ”
b b
~ \\
/ / =l h H
lift) (a,B) lift) (Bi1a,B’) ,
a ——7 Bia o ﬁ;ﬁ!a \\\ b B B b
Jo e 1 over g H
\I/ B; ’ 3 l €0/ a
a, | e— a ‘—) :a’ / b/ | b/ —> b”
. /
J/a/ J/a/ :‘9&// /// lﬁ, J/B,
4 -
a’ a’ a’ « b"” b’ b

where the the rightmost semicircle commutes by the uniqueness statement of Lemma 5.6.8.
Since a is cocartesian by assumption, &, is an isomorphism, hence also its cocartesian transport
along B’. We conclude that £,/ is an isomorphism if and only if &, is an isomorphism, which
is what we wanted to show. m]

5.6.2 Closure properties of cartesian and cocartesian fibrations

We will now show that the classes of cartesian and cocartesian fibrations satisfy various closure
properties.

Proposition 5.6.12. Let f: A — B be a cocartesian fibration. Then for every category E, the
functor f,.: Fun(E, A) — Fun(E, B) is a cocartesian fibration.

Proof. Since Fun(E, —) preserves pullbacks, one observes that the directed evaluation map of fi
is given by applying Fun(E, —) to er Fun([1],A) — A X; B. The claim is now an immediate
consequence from the fact that Fun(E ,—) preserves adjunctions, see Proposition 5.4.4. O

Proposition 5.6.13. The classes of cartesian and cocartesian fibrations are stable under composi-
tion.

Proof. We will only prove the claim about cocartesian fibrations, leaving the dual claim for cartesian
fibrations to the reader. If f: A — B and g: B — C are two cocartesian fibrations, we have by
Lemma 5.1.7 a commutative diagram

Fun([1], A)
vy \&gf
AXsB AXgr C
.
| |
Fun([1], B) u B X, C,

where the bottom square is a pullback square. As f and g are cocartesian fibrations, the maps e?fg
and e?/g admit left adjoint sections, and it then follows from Proposition 5.5.6 and Proposition 5.5.8

that also év5/ admits a left adjoint section. O

0
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Proposition 5.6.14. The classes of cartesian and cocartesian fibrations are stable under base change.

Proof. Again we only treat the case of cocartesian fibrations, leaving the dual statement for cartesian
fibrations to the reader. Consider a pullback square of the form

A —— A
_I
A
B’ —— B,
and assume that f is a cocartesian fibration. By Lemma 5.1.6, there is a pullback square of the form

Fun([1],A”) —— Fun([1], A)

&' | B

A" Xy B ——— A Xy B,

and thus it follows from Proposition 5.5.8 that also e?/(])c " admits a left adjoint section. O

Proposition 5.6.15. The classes of cartesian and cocartesian fibrations are stable under retracts.

Proof. This follows from a combination of Lemma 5.1.8 and Proposition 5.5.9. O

Proposition 5.6.16. Let f: A — B be a cocartesian fibration. If for every morphism u: a — b the
covariant transport functor uy: A, — Ayp admits a right adjoint u*: A, — Ag, then f is a cartesian
fibration as well.

Dually, every cartesian fibration whose contravariant transport functors admit left adjoints is also
a cocartesian fibration.

Proof. Missing. O

5.7 Cocartesian fibrations in context §

Let S be a category. As indicated at the start of this chapter, all the axioms that were needed to make
sense of the definition of a (co)cartesian fibration are also valid in context S, and so we may speak
of (co)cartesian fibrations in context S. In this subsection, we will discuss the relationship between
(co)cartesian fibrations in context S and (co)cartesian fibrations in the absolute context.

Lemma 5.7.1. Let S be a category and consider a functor

f

C —— D

N A

S

over S. Then f admits a left (resp. right) adjoint section in context S if and only if it admit a left
(resp. right) adjoint section in the absolute context.
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Proof. If f admits a left (resp. right) adjoint section s: D — C in context S, then by forgetting
that it lives over S it also provides a left (resp. right) adjoint section to f in the absolute context.
Conversely, assume that s: D — C is a left adjoint section to f in the absolute context, and let
e: sf — id¢ be a counit transformation exhibiting this adjunction, i.e. the two composites

fe: f=fsf—f and ES. S = Sps > S

are naturally isomorphic to the respective identity transformations. The fact that s is a section of f
means that we may regard s as a functor over D, hence it is in particular a functor over S. The first
condition on the transformation € expresses the fact that ¢ is a transformation over D, and hence it
is in particular a transformation over S. The second condition on € expresses the fact that it restricts
to the identity on D, and this will then automatically hold true in context S as well. All in all, we
conclude that € also exhibits s as a left adjoint section of f in context S, as desired. O

Lemma 5.7.2. Let S be a category and consider a functor
c—7L b
N
S
over S. Then there exists a pullback square

Fung([1]s,C) —— Fun([1],C)

) |
o f Ny
e"o,sl lev0

CXpsD —— CXs D,

where we denote by e#vg  the underlying functor of the directed evaluation map of f in context S
Proof. Consider the following commutative diagram:

Fung([1]s,C) —— Fun([1],C)

s =S
eV, Sl lev0

CXpsD —— CXsD

l l

S —— Fun([1],S).

By definition, the outer rectangle is a pullback square, hence by the pasting law of pullback squares
it will suffice to show that also the bottom square is a pullback square. This follows from an iterated
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use of the pasting law of pullback squares applied to the following large commutative diagram:

C Xy D Fun([1], D)
C Xrs D/ \ Funs([l]s,D)/
N
CxD DxD
CXxsD / D Xg D /
stp/ D xs D /
SxS SxS
Fun([l],S)/ Fun([l],S)/
S / S. /

Indeed, in the bottom half of the diagram, all left and right faces are pullback squares, and since the
bottom faces are trivially pullback squares it follows that the middle two faces are pullback squares.
On the top half, the slanted back face is a pullback square by definition, hence so is the back face of
the top front cube. As the front face is a pullback by definition, it thus remains to show that its right
face is a pullback square. But this also follows from the pasting lemma as the composite vertical
face on the right is a pullback square. O

Proposition 5.7.3. Let S be a category and consider a functor

f

C——— D

N A

S

over S. If f is a left (resp. right) fibration in the absolute context, then it is a left (resp. right)
fibration in context S.

Proof. This is immediate from Lemma 5.7.2. O

Proposition 5.7.4. Let S be a category and consider a functor

C\‘—/>D

over S. If f is a cocartesian (resp. cartesian) fibration in the absolute context, then it is a cocartesian
(resp. cartesian) fibration when regarded as a functor in context S.
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Proof. By symmetry it will suffice to prove the claim for cocartesian fibrations. Let us denote by
e_{]OfS: Funs([l]s, A) — A >_2f,5 B

the directed evaluation map of f in context S. To show that this map admits a left adjoint section
in context S, it suffices by Lemma 5.7.1 to show that the underlying map the absolute admits a left
adjoint section. But by Lemma 5.7.2 this map is a pullback of evf Fun([1],A) —» A X f B, and
hence the claim is a consequence of Proposition 5.5.8. O

Proposition 5.7.5. Let " be a groupoid and consider a functor over I of the form
c—7 . p
N Y
I.

Then f is a cocartesian (resp. cartesian) fibration when regarded as a functor in context I if and
only if it is a cocartesian (resp. cartesian) fibration in the absolute context.

Proof. By duality it suffices to prove the claim for cocartesian fibrations. Consider the following
commutative diagram:

eﬂf
Fun([1],C) - CxpD
| —
Funr([1]r, C) : l CXsrD
Fun([1],T) Fun([1],T)
T / r /

The left face is a pullback square by construfction. The right face was shown to be a pullback square
in the proof of Proposition 5.7.4. Since I' is a groupoid, the map p*fl]: I' —» Fun([1],T) is an
equivalence, and it follows that the two slanted maps in the top square of the cube are equivalences.
We conclude that the map e?zof admits a left adjoint section if and only if the map e?zof’ r
adjoint section, which by Lemma 5.7.1 implies that this map even admits a left adjoint section in

context I'. This finishes the proof. O

admits a left

Corollary 5.7.6. Let I" be a groupoid and let p: C — T be a functor. Then p is both a cartesian
fibration as well as a cocartesian fibration.

Proof. It follows from Lemma 5.6.2 that the map

c —F—r

N

is both a cartesian and a cocartesian fibration in context I'. The claim thus immediately follows from
Proposition 5.7.5. o
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5.8 The source and target fibrations

In this section, we will provide two fundamental examples of (co)cartesian fibrations: the source
and target maps evg, ev;: Fun([1],C) — C for a category C. The fibers of these two functors are
the slice categories C/, and C,, constructed in Section 5.3 below, and the fact that evy and ev; are
cartesian and a cocartesian fibration, respectively, encodes the functoriality of these slices in x.

We start with an auxiliary result, for which we need to recall the maps jo, ji: A? — [1] x [1]
and po, p2: [1] x [1] — A? from Constructions 1.6.19 and 1.6.21, pictorially represented by the
following diagrams:

(0,00 —— (0, 1)

(0,0)

Jo = \ l N l \
(1, 1), (1,0) — (1, 1),

00— 1 00— 2

wo= ] SR

0—— 2, 1 —— 2.

Proposition 5.8.1. The map jg is a left adjoint section of the map po. The map j, is right adjoint
section of the map p».

Proof. We prove the claim for j; and p; and leave the analogous case for jy and pg to the reader.
For simplicity we write j := j; and p := p, for the remainder of this proof. By construction j is a
section of p. We will construct a natural transformation 77: id[1)x[1] — Jjp. or equivalently a map

he (117 < [1]) x [1] = ([1] x [1])

such that 4(x,y,0) = (x,y) and h(x, y,1) = jp(x,y) = (max(x, y), y), where the last equality holds
by Lemma 1.6.24. Formally, we may define 4 by

h(x,y,1) = (max(min(z, y), x), y),

using the maps max and min from Construction 1.6.9. Indeed, when ¢ = 0, we have min(z,x) =
min(0, x) = 0, so that the second component is max(0,y) = y. When ¢t = 1, we have min(¢,x) =
min(1, x) = x so that the second component is max(x, y).

Pictorially, we may display 4 as the following commutative cube in [1] X [1] (read from front to
back):

(0,0) (1,1)

| e

0.1)
l

/
(1,0) (1,1)
~ ~

(1,0) (1,1).

(0,0

138



An explicit computation using the relations from Lemma 1.6.10 shows that the composite p# is the
identity transformation id,,: p — p. Similarly, one can show that the composite 2(j X 1) is the
identity transformation id;: j — j. This finishes the proof. O

Construction 5.8.2. Given a natural transformation H: [1]xC — D between two functors f,g: C —
D, and a category A, we construct a natural transformation

H*: [1] xFun(D, A) — Fun(C, A)
between the precomposition functors f*, ¢g*: Fun(D, A) — Fun(C, A) as follows:

Fun(D, A) 25 Fun([1] x C, A) = Fun([1], Fun(C, A)).

It is clear that this construction sends identity transformations to identity transformations and com-
positions of transformations to compositions of transformations.

Theorem 5.8.3. For any category C, the functor evy: Fun([1],C) — C is a cartesian fibration.
Dually, the functor evy: Fun([1],C) — C is a cocartesian fibration.

Proof. We show the statement for evg and leave the dual case of ev; to the reader. We need to show
that the map
&v$": Fun([1], Fun([1],C)) — C Xey, Fun([1],C)

admits a right adjoint section. We may identify the source of this map with Fun([1] x [1], C). The
target sits by definition in a pullback square

C Xey, Fun([1],C) —— Fun([1],C)
C

Fun([1],) ————— C,

and thus we may identify it with Fun(A2, C). Unwinding definitions, we see that the map e?/‘;vo
factors as

Fun([1] x [1],C) —— Fun(A2,C) —— Fun(Sp,, C),
where the second map is a trivial fibration by the Segal axiom. It will thus suffice to show that j
admits a right adjoint section.

We claim that p3 is a right adjoint section of j{. Indeed, we have jip3 = (p2j1)* = (id)*

ok
1

The transformation h: 1 — jipy gives rise to a transformation h*: 1 — (jip2)* = pj; via
Construction 5.8.2. Furthermore, we have

= (hj)* = idjl* and h*p5 = (p2h)* = idp; .
This finishes the proof. O

Remark 5.8.4. Pictorially, the functor eVI’VO may be thought of as the following assignment:

X —>Yy X X
al lﬁ = alw [ al

’ ’ ’ ’
X’T>y, X AR X Y



Its right adjoint section is given informally by the following assignment:

’

u' a ’
X X X —>Yy
’
al — alw — al ‘
’ ’ ’ ’
—_— —_— ’ ’
X ' y X u y XT)y

We will in fact need a slight generalization of Theorem 5.8.3. Given a functor f: C — D, we may
consider the directed pullbacks C X r D and D X r C. They both come equipped with canonical
maps to D, which we claim to be (co)cartesian fibrations:

Proposition 5.8.5. For a functor f: C — D, the projection evi: C X r D — D is a cocartesian
fibration, while the projection evg: D X r C — D is a cartesian fibration.

Proof. By symmetry, it suffices to prove the claim for ev;: C >?_f D — D. We thus need to show
that the map
&0, : Fun([1],C X D) — (C X5 D) X, D

€vy

admits a left adjoint section. The proof is analogous to the proof of Theorem 5.8.3; to make the
proof more readable we will explain what happens on objects and leave it to the reader to write a
formal proof.

First observe that terms of the category Fun([1],C X f D) are pairs (a,7) where a: x — x" is a
morphism in C, and o is a commutative square in D of the form

fx) ——y

| e

f) —— .
On the other hand, terms of (C X r D) X D are of the form (x, f(x) 5 y 5 7), which we might
alternatively display as

flx) ——y

X, lv

Z

The map engl is then given by the assignment

x flx) ——y flx) ——y
R P b
X’ f) sy y

A left adjoint section is then given by the assignment

flx) 4>y X flx) ——y
* [ Rt I 5
Z x flx) /= ¢
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The precise definition of this functor and the fact that it is a left adjoint section proceed just like
the (dual version of the) proof of Theorem 5.8.3, using the functors jo: A> — [1] x [1] and
po: [1] x [1] — A% O

5.9 Functoriality of universals axiom

Let f: C — D be a functor. If f admits a left adjoint section s: D — C, we saw in Lemma 5.5.13
that then every fiber C(d) of f admits an initial object given by s(d) € C(d). If f is a cartesian
fibration, we expect to be able to also go the other way: if every fiber C(d) admits an initial object
Sx, then these objects should assemble into a left adjoint section s: D — C of f. Informally, the
functoriality of s is given as follows: given a morphism 8: d — d’ in D, its image s; — s, under
s corresponds to a morphism s; — B%(sg4/) in the fiber C(d), which is uniquely determined by the
fact that s is an initial object of C(d). We make this heuristic precise by introducing the following
axiom:

Axiom L (Functoriality of universals axiom). Let p: E — C be a cartesian (resp. cocartesian)
fibration. Assume that for every object x in C, the fiber E(x) of p at x admits an initial (resp.
terminal) object s,. Then there is a left adjoint (resp. right adjoint) section s: C — E of p
equipped with an isomorphism s, — s(x) in E(x) for every object x of C.

Remark 5.9.1. Recall from Convention 1.5.7 that by ‘object’, we really mean ‘an objectx: {x} — C
in an arbitrary groupoidal context {x}’. One easily observes that it suffices to check the condition
for the universal object, i.e. the map y¢c: C= — C. In this case, the fiber E(x) is given by the left
vertical map p in the following pullback square:

c= XcE —— E
[ )
c- X c.
Hence the following is an equivalent way of phrasing the axiom: If p admits a left (resp. right)
adjoint section §: C™ — C~ X¢ E, then also p admits a left (resp. right) adjoint section s: C — E
which the following diagram commute:

Axiom L will be of fundamental importance throughout our development of synthetic category
theory: it allows us to reduce functorial statements to objectwise statements. In the remainder of
this section, we will prove a wide range of examples of such phenomena.

141



5.9.1 Fiberwise criteria

We will start by showing that various proprties of (maps between) left/right fibrations may be tested
at the level of fibers.

Proposition 5.9.2. Let f: E — B be a left (resp. right) fibration. Assume that the fiber Ey, of f at
b is contractible for every object b of B. Then f is an equivalence.

Proof. We will prove the claim for left fibrations; the claim for right fibrations is dual. For any
object b of B, contractibility of Ej;, implies that there is an object s, in Ej such that sp, is terminal.
By Axiom L, it follows that the assignment b — s, is the restriction of a right adjoint section
s: B — E of f. In particular, we have fs = idp and a given transformation n7: idg — sf such that
fm =1idy. In particular, the transformation fn: f — f is a natural isomorphism. But by combining
Corollary 5.2.3 with the Rezk Axiom, we see that the commutative square

Iso(E) -, Fun([1],E)

| |

Iso(B) —= Fun([1],C)

is a pullback square, and hence it follows that already the transformation n: idg — sf is a natural
isomorphism. This shows that s is in fact an inverse to f, thus finishing the proof that f is an
equivalence. O

Lemma 5.9.3. Consider a commutative triangle
f
A—— B
N
C7
where p and q are left (resp. right) fibrations. Assume that the induced map A, — B on fibers is

an equivalence for every object ¢ of C. Then f is an equivalence.

Proof. The functor f is also a left (resp. right) fibration by Proposition 5.2.16. By the previous
proposition, it will thus suffice to show that the fibers of f are contractible. To this end, consider an
object b: {b} — B, and define ¢ := g o b: {b} — C. We then get a pullback diagram of the form

Ap A A

=1 b

(b} B. B
[ 7 [
b

} <> C.

{

Since the induced functor A, — B, is an equivalence by assumption , it follows that also its base
change A, — {b} is an equivalence, showing that Ay, is a contractible category in context {b} as
desired. O
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Corollary 5.9.4. Consider a commutative square
A AN B
p q

c 25D

and assume that p and q are left (resp. right) fibrations. Then the square is a pullback square if and
only if for every object x of C the induced map f: Ax — By (x) on fibers is an equivalence.

Proof. Since left (resp. right) fibrations are closed under base change by Proposition 5.2.15, the
functor B Xp C — C is a right fibration. The square is a pullback square if and only if the map
(f,p): A > B Xp C is an equivalence over C. By Lemma 5.9.3, we may check this condition
fiberwise, where it precisely becomes the claim that the induced map A(x) — B(f(x)) is an
equivalence. O

Corollary 5.9.5. Let f: E — C be a left (resp. right) fibration. Then the commutative square

S
A
3

YE E
|7
yc C

is a pullback square.

Proof. Note that the functor f~ is again a left (resp. right) fibration by Proposition 5.2.4, since
both its source and target are groupoids. By Corollary 5.9.4 it will thus suffice to show that yg
induces equivalences on all fibers over C~. But given an object x of C, the induced map on fibers is
YE,: (Ex)™ — E,, which is an equivalence since E is a groupoid by Corollary 5.2.6. O

Lemma 5.9.6. For every category C, the commutative square

YFun([1],C)

Map([l],c) _— Fun([l]yc)
(evo,evl)l l(evo,evl)
c=xCc* X, cxc

is a pullback square.
Proof. Consider the following commutative diagram:

Map([1],C) —— C= X, C —— Fun([1],C)

|
(evo,evl)l l l(evo,evl)

C= x 0= 02X, oy 0 2XMe | o

By the pasting law of pullback squares, it will suffice to show that the left square is a pullback
square. Using the first projection map pr,: C~ X C — C~, we may regard this square as a diagram
of categories in context C~, and it will suffice it is a pullback square in context C~. Since C~ is
a groupoid, we may prove this claim after pulling back along an arbitrary map x: {x} — C~ from
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some groupoid {x}. (This step is redundant since we may take {x} = C~, but the change in notation
makes the proof psychologically easier to follow.) Observe that the resulting diagram of categories

in context {x} is given as follows:
- )ICX/
(Cx/ )_ > Cx/

l l

c X .

But since the functor C,; — C is a left fibration by Theorem 5.3.3, this square is a pullback square
by Corollary 5.9.5. This finishes the proof. O

Recall that we defined in Definition 1.6.3 for any pair (x, y) of absolute objects in a category C the
hom groupoid C(x,y), which was generalized in Definition 2.3.6 to objects in arbitrary context. We
now obtain the following alternative description of the hom groupoid:

Corollary 5.9.7. For a category C and objects x and y of C, there is a pullback square

C(x,y) —— Map([1].C)

|
l l(evo,evl )

()} =2 €= x .

Proof. The objects x,y: I' — C uniquely factor through the groupoid core C=. Since C(x,y) is
defined as the fiber over I" of the map (evg, evy): Fun([1],C) — CxC, it follows from Lemma 5.9.6
that it is equivalently the fiber of the map (evg,evy): Map([1],C) —» C= x C=. O

Note that this gives an alternative proof of the claim in Corollary 5.3.5 that the hom groupoids
C(x,y) are indeed groupoids.

5.9.2 Objectwise criteria

Using the fiberwise criteria discussed above, we may reformulate various categorical notions in
terms of objectwise properties.

Lemma 5.9.8. Let x be an object of a category C. Then x is initial if and only if for every other
object y of C the hom groupoid C(x,y) is contractible. Dually, x is terminal if and only if C(y, x)
is contractible for every object y of C.

Proof. By Lemma 5.5.11, the object x is initial if and only if the forgetful functor C,; — C is an
equivalence. Since this functor is a left fibration by Theorem 5.3.3, it follows from Proposition 5.9.2
that it is an equivalence if and only if all of its fibers C(x, y) are contractible. O

Lemma 5.9.9. Let f: A — B be a functor and let «: a — a’ be a morphism in A. Then « is
[f-cocartesian if and only if for every object x of A the commutative square

Ala’,x) —2—— A(a,x)
/| |+
—of(a)

B(f(a"), f(x)) —— B(f(a), f(x))
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is a pullback square.
Proof. By definition, « is f-cocartesian if and only if the square

Aw) —5— Ay

7| By

f(a)

By — By(ay/

is a pullback square. Equivalently, the canonical map A,y — Aa/ X8y, Br(a’)/ 1s an equivalence.
This map fits into a commutative triangle

Ag) ——— Aa) XBy, Brar)/

of left fibrations over A, and thus by Lemma 5.9.3 it suffices to show that this map is an equivalence
on fibers over x for every object x of A. But the induced map on fibers is the map A(a’,x) —
A(a,x) Xp(f(a'),f(x) B(f(a), f(x)) induced by the commutative square from the statement of the
lemma, and hence it is an equivalence if and only if this square is a pullback square. O

Remark 5.9.10. In more informal terms, the previous result says that a morphism @: a — a’ is
f-cocartesian if and only if for any morphism v: a — x in A and morphism w: f(a’) — f(x)in B
such that the triangle

f(a’)

f V X
f(a) ) F(x)

commutes, there exists a unique morphism w: a’ — x such that the triangle

commutes and is sent to the previous triangle under f.

Lemma 5.9.11. Let f: A — B be a cocartesian fibration. Then f is a left fibration if and only if
the fibers of [ are groupoids.

Proof. We have seen the ‘only if’-direction in Corollary 5.2.6. For the ‘if’-direction, assume that
all fibers of f are groupoids. It follows from Proposition 5.2.4 that for every functor I' — B from a
groupoid I' the base change functor A Xp I' — I' is a left fibration. To show that f itself is a left
fibration, we must show that all morphisms in A are cocartesian morphisms. Consider a morphism
u:a — a’ in Aandletv: b — b’ be its image in B. Since f is cocartesian, u factors uniquely as
a composite of a cocartesian morphism ¢ — ua and some map uja — a’. It thus remains to show
that the map u,a — a’ is an equivalence. But this map lives in the fiber A;, of A over {b}, which by
assumption is a groupoid. O
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5.9.3 The pointwise criterion for adjunctions

We will now prove a useful characterization for adjunctions.

Theorem 5.9.12. Let f: C — D be a functor. Then the following conditions are equivalent:

(1) The functor f admits a right adjoint g: D — C;
(2) The projection functor p: C >_€f D — D admits a right adjoint section s: D — C ;<f D;

(3) For every object d in D, the relative slice C;q = C Xp D q admits a terminal object 5.

Dually, f admits a left adjoint if and only if the projection functor D ;<f C — D — D admits a
left adjoint section, or equivalently if and only if the relative coslice Cy; admits an initial object for
every object d of D.

Remark 5.9.13. We will in fact prove the following somewhat more refined statement: assume that
for every object d of D, the relative slice C;4 admits a terminal object s4 = (g4, £4), Where g4 is an
object of C and £4: f(gq) — d is amorphism in D. Then the right adjoint g: D — C of f may be
chosen in such a way that for every object d of D the following two conditions are satisfied:

* There is an isomorphism g; = g(d);

* Under this isomorphism, the counit map £: f(g(d)) — d of the adjunction corresponds to
the given map €4: f(gq) — d.

Proof of Theorem 5.9.12. We will prove the equivalence between (1), (2) and (3), and leave the dual
claim to the reader. Recall from Construction 5.1.1 the directed pullback C X ¢ D, defined via the
following pullback diagram:

C Xy D — Fun([1], D)

|
l l(evo,evl)

id
cxD - L bbb

.
Prll lprl
S

C —— D.

Objects of C ;<f D are pairs (x, u) where x is an object in C and u is an object in Fun([1], D) of the
form u: f(x) — y. There are two canonical projection maps

p:CXyD—>D and qg:CXyD—C
which are given on terms by p(x,u: f(x) — y) =y and ¢(x,u) = x. We have:

* The functor p is a cocartesian fibration by Proposition 5.8.5;

* The functor g is a base change of the evaluation map evg: Fun([1], D) — D. Since evg
admits a left adjoint section given by y + id, by Lemma 5.5.4, we get that also ¢ admits a

left adjoint section i: C — C Xs D given by i(x) = (x, f(x) = f(x)).
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* The composite
c5cxD5D
is equal to f.

For (1) = (2), recall from Proposition 5.4.7 that the data of an adjunction f 4 g is equivalent to
the data of an equivalence C X rD=C X ¢ D over C x D. We may therefore equivalently show that
the projection C X; D — D admits a right adjoint section. But this follows from Lemma 5.5.4, as
this map is a base change of the evaluation functor ev; : Fun([1],C) — C.

For (2) = (1), assume that p admits a right adjoint section s: D — C X r D. Since adjunctions
compose by Proposition 5.4.3, we conclude that the composite g := gs: D — C is the desired right
adjoint of f = pi:
/f\)

14
;’ C XD

-_ -
4

C D.

H@

The claim that (2) and (3) are equivalent is a direct consequence of the Functoriality of Universals
Axiom L: p is a cocartesian fibration, and the fiber of p over an object d of D is precisely the relative
slice C/q.

For the the refined statement from Remark 5.9.13, we use that the terminal objects s4 = (g4, £4) of
the relative slices C 4 assemble into the right adjoint sections: D — C X f D, with counit ps = idp.
The right adjoint g of f is then given by ¢s, with counit fg — idp given by the composite
. PEa)
fg(d) = pigs(d) —— ps(d) = d,

where the transformation &’: ig — id %D is the counit of the adjunction i 4 g. After unwinding
the definitions, one sees that this map is precisely the given map €4: f(gq) — d, as claimed. O

Proposition 5.9.14 (Pointwise criterion adjunctions). Let f: C — D be a functor. Assume that, for
every object d € D, there exists an object g(d) in C together with a morphism €4 f(g(d)) — d
(resp. ng: d — f(g(b))) such that for any object c in C the map

Cle.g(d) L D(F(e). F(g(d)) 255 D(f(c). d)

is an equivalence (resp. for every c in C the map

C(g(d).¢) L D(f(g(d)). f(e) =2 D(d, f(c))

is an equivalence.) Then there is a right adjoint (resp. left adjoint) g: D — C of f such that g(d)
coincides on objects with the data above, and the counit (resp. unit) is on objects given by the maps

&q (resp. na).

Proof. We will only prove the first case; the other case is dual. By Theorem 5.9.12 it suffices to check
that, for each object d of D, the pair (g(d), £4) is a final object of the relative slice C/y = C Xp D 4.
By Lemma 5.9.8, it suffices to show that the hom groupoid Homc , ((c, @), (g(d), £4)) is contractible
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for any object (c,a: f(c) — d) of C/q. By definition of C,4 as a pullback, we may compute this
hom groupoid via the following pullback square:

HOmC/d((C, a)7 (g(d)vgd)) —_— HomD/d((f(C),(l), (f(g(d))78d)) I I

Homc(c, g(d)) ! Homp (f(c), £(g(d))) — 2 Homp (f(c), d).

But since the bottom composite is assumed to be an equivalence, we see that the top composite is also
an equivalence, and so the left-upper corner is contractible as desired. This finishes the proof. O

Proposition 5.9.15. Consider a pullback square

c -5 C

T

D —> D
such that p is a cocartesian fibration. If v admits a left adjoint, then also u admits a left adjoint.

Proof. By Theorem 5.9.12, the projection D’ X, D — D admits a left adjoint section. By that
same theorem, it will suffice to show that the projection C’ X,, C — C admits a left adjoint section.
To this end, we consider the following commutative diagram:

C’ X, C —— Fun([1],0)

[ e

-

- - id X v >
D%, D' «—— C%,, D —% CX,D

L

D —"—c.
Since p is a cocartesian fibration, the functor e?/g admits a left adjoint section. Since functors
admitting left adjoint sections are closed under base change and composition, it remains to show
that the two squares in the diagram are pullback squares. For the left bottom square, this follows by
applying the pasting lemma of pullback squares to the following commutative diagram:

Fun([1],D) «—— D X, D’ «—— C >?p,v D’
l B
DXD «——— DXD' «—— CxD’

| "
De——C
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For the top right square, this is a consequence of the pasting law of pullback squares applied to the
following commutative diagram:

Cx,C Fun([1],C)
\ ‘ Yp/
CXpy D' l C X, D ——— Fun([1], D)
CcxcC’ cCxC
\ wp
CxD' e X CXD——— s DxD
This finishes the proof. O

Let us finish the section with a recognition principle for (co)cartesian fibrations:

Proposition 5.9.16. Let f: C — D be a functor. Assume that, for any object x of C and any
morphismv:y — f(x) in D, there exists an f-cartesian liftu: § — x of v, meaning that f(u) = v.
Then f is a cartesian fibration.

Proof. Consider the directed evaluation map e?/{ : Fun([1],C) —- D X r C. We have to show
that it admits a right adjoint section. We will apply Theorem 5.9.12, so we have to prove that for
every object (v,y) in D X ¢ C the slice Fun([1], C)/(,,y) admits a terminal object. We proved in
Lemma 5.5.17 that the slice Fun([1], C),, admits a terminal object. Hence it will suffice to show
that the functor

Fun([1],C) Fun([1], C)/(v,y)

\ /

Fun([1],C)

is an equivalence over Fun([1],C). Since both functors are right fibrations, also the horizontal
functor is a right fibration, and thus it will suffice to show that the fibers over any object in
Fun([1],C)/(v,y) are contractible. Such an object is given by a pair (@, 7) where a: y’ — yisa
map fitting in a commutative square as follows:

£ =) p oy

wl lf(a)

v
Jx) —— F ().
Butsince u is f-cartesian, there exists a unique morphism w making the following diagram commute:

f— y

=

=
—
<

&
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This proves that e_i/{ admits a right adjoint o : D X C — Fun([1], C), with unit7: 1 — oevs and
{ o — 1 such that o-(v, y) is the chosen f-cartesian lift u# of v and such that & restricts to
the identity on objects. It follows that € is a natural isomorphism, and which means that o is a right

adjoint section of &. This shows that f is a cartesian fibration. O

counit ev

5.10 Limits and colimits

In this section, we start to discuss the concept of limits and colimits in categories.

Definition 5.10.1. Let / and C be categories. We refer to objects of the functor category Fun(Z, C)
as I-indexed diagrams in C. Given such a diagram F' € Fun(/, C), we define the category C,r of
cones over F as the following relative slice category:

C/p —— Fun(1,C)/r
J

l l

C ———  Fun(/,C).

XH>consty

In other words, a cone over F consists of a pair (x, &) where x € C and : const, — F is a natural
transformation. A cone (x, &) over F is called a limit cone if it is a terminal object of the cone
category C,p. If it exists, a limit cone is unique up to isomorphism. The underlying object x will
then be called the limit of F and denoted by lim(F'), of lim; F or lim;cy F (7).

Dually, we define a cocone under F to be an object of the dually defined category Cr,. A colimit
cocone is an initial object of Cr/, and its underlying object, if it exists, will be denoted by colim(F),
or colim; F or colim;e; F(i).

The condition that C admits all I-indexed (co)limits admits

Definition 5.10.2. Let / and C be categories. We say that C admits I-indexed limits (resp. colimits)
if the functor p;: C — Fun(/, C) admits a right (resp. left) adjoint

lim;: Fun(/,C) —» C (resp. colimy: Fun(/,C) — C).
Proposition 5.10.3. A category C admits I-indexed colimit if and only if for every functor F: I — C
(in arbitrary groupoidal context T") there exists a colimit colimy (F) of F.
Proof. This is a particular case of Proposition 5.9.14. O

Definition 5.10.4. Let / be a category and let f: C — D be a functor. If C and D admit /-indexed
colimits, we say that f preserves I-indexed colimits if the commutative diagram

c—L1 b
constp l lconstc
f*

Fun(/,C) —— Fun(/, D)
is left-adjointable, in the sense that the Beck-Chevalley map
BC: colimjof, — f o colim;

is a natural isomorphism of functors Fun(/,C) — D.
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A straightforward reformulation of the previous definition is:

Proposition 5.10.5. A functor f: C — D preserves I-indexed colimits if and only if for every I-
indexed diagram F : I — C (in an arbitrary context I') and an arbitrary colimit cocone (colimy F, &)
for F, the induced cocone (f(colimy F), f(&)) is a colimit cocone for f o F.

Lemma 5.10.6 (Adjoints preserve (co)limits). Let f: C — D be a functor and let I be a category
such that both C and D admit I-indexed colimits. If f admits a right adjoint g: D — C, then f
commutes with I-indexed colimits. The dual statement that right adjoints preserve limits also holds
true.

Proof. We have to show that the Beck-Chevalley transformation in the diagram

S

C —— D

colimIT \ Tcolim,

Fun(l,C) —L= Fun(1, D)

is a natural isomorphism. By passing to right adjoints, this is equivalent to showing that the
Beck-Chevalley transformation in the diagram

c——2—>

constp l \ lconst(;

Fun(I, C) —< Fun(I, D)

is a natural isomorphism. But this is clear since the adjunction f,: Fun(/,C) & Fun(/l,D) :g. is
natural in /. O

Lemma 5.10.7. Let D and I be small categories and assume that D admits I-indexed colimits. Then
for every category C also Fun(C, D) admits I-indexed colimits and for every functor f: C' — C
the restriction functor f*: Fun(C, D) — Fun(C’, D) preserves I-indexed colimits.

The dual statement for I-indexed limits also holds true.

Proof. If we have an adjunction of the form
colim;: Fun(/,D) 2 D: const; .
Therefore, for any category C, there is an induced adjunction of the form
(colimy), : Fun(C,Fun(l, D)) 2 Fun(C, D): (consty). .
By virtue of Proposition 5.4.4, this yields an adjunction of the form
colim; : Fun(Z,Fun(C, D)) 2 Fun(C, D): const; .

By construction, the unit and co-unit of the latter adjunction are those in D, termwise with respect
to C. This implies right away that, for any functor f: C’ — C the functor

f*: Fun(C, D) — Fun(C’, D)

preserves /-indexed colimits by Proposition 5.10.5. O
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Examples of limits and colimits

Throughout, we let C denote a category.

Observation 5.10.8. Consider the empty diagram / = (. Then the category Fun(@, C) is contractible
by Lemma 1.4.13, providing a unique functor F': ) — C. Observe that C;r ~ C = Cg;. So cones
and cocones on F are simply given by objects x € C, and as a consequence we see:

» Terminal objects in C are the same as (-indexed limits;
* Initial objects in C are the same as (-indexed colimits.

Definition 5.10.9. Consider the two-point set I = {0, 1} := % U . Then the two evaluation maps
define an equivalence (evg,ev;): Fun({0,1},C) = C x C, so that a functor {0,1} — C is the
same as a pair (x, y) of objects of C.

* A product of x and y, denoted x X y, is a limit of the {0, 1}-indexed diagram (x, y).

* A coproduct of x and y, denoted x U y, is a colimit of the {0, 1}-indexed diagram (x, y).

Unwinding the definitions, we see that x X y is terminal among objects equipped with maps pr, : x X
y = xand pry: x Xy — y. Dually, x LI y is initial among objects equipped with maps x — x LI y
andy — x U y.

We say that C admits binary (co)products if C admits {0, 1}-indexed (co)limits.
Definition 5.10.10. We define categories _| and ™ as follows:
4 :={0,1} % = and =% %x{0,1},

using the join operation from Axiom J.1.

The notations for these categories reflect the shape of the diagrams they classify: a functor J — C
corresponds to a diagram in C of the form

X

b

y —5%

while a functor ™ — C corresponds to a diagram of the form

f

I — X

gl

y.

More precisely, there are pullback squares
Fun(d,C) —— Fun([1],C) Fun(—,C) —— Fun([1],C)
|- oo | - [

Fun([1],C) —— C Fun([1],C) —— C.
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Definition 5.10.11. Consider a _-indexed diagram x L ;& y in C. We refer to its limit as the
pullback of f and g, and denote it by x X, y. We say that C admits pullbacks if it admits _|-indexed
limits.

Dually, given a ™ -indexed diagram x <i 3 v, we refer to its colimit in C as the pushout of f and
g, and denote it by x LI, y. We say that C admits pushouts if it admits ™ -indexed colimits.

5.11 Locally cocartesian fibrations

In this section, we introduce the notion of a locally (co)cartesian fibration. Our exposition closely
follows that of [Lur, Section 5.1.3, 01TW].

Definition 5.11.1. Let p: C — S be a functor, and consider a morphism #: x — y in C, say in
context I'. This morphism uniquely lifts to a morphism u’ in the category C’ defined by the following
pullback square in context I':

1
cC’—— C

» _I
l ,
(1] 2%, Sl

We say that u is locally p-cocartesian if the morphism u’ is p’-cocartesian. We say that p is a
locally cocartesian fibration if for every morphism w: s — ¢ in S and any x: Cs there exists a
locally p-cocartesian lift u: x — y of w starting in x.

One may dually define the notion of a locally p-cartesian morphism and the associated notion of
locally cartesian fibrations.

Remark 5.11.2. Notice that the morphism u: x — y is locally p-cocartesian fibration if for every
object z € C)(y) the functor v +— vu given by composing with u induces an equivalence

Cpiy)(¥,2) = C(x,2) p(w)

where C),(y) is the fiber of p over p(y) and C(x, z) (4 is defined as the fiber

C()C,, y)p(u) —_— C(X’, y)

a1 lP
s — s S(p(x), p(y)).

More informally, this says that for any morphism u’: x — z such that p(u’) = p(u), there is a unique
morphism v: y — zin C,(y) fitting in a commutative triangle

y

\
u N=1Y
\
N

in C which is sent under p to the degenerate commutative triangle on p(u) in S.
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Observation 5.11.3. Note that a functor p: C — S is a locally cocartesian fibration if and only if
for every functor I X [1] — S the base change p’: C* — I" X [1] of p is a cocartesian fibration.

Example 5.11.4. Any p-cartesian morphism is locally p-cartesian.
Example 5.11.5. Any isomorphism is p-cartesian, hence in particular locally p-cartesian.

Example 5.11.6. Let A and B be two categories. A morphism (u,v), consisting of a pair of
morphisms u: xo — x; and v: yo — y; in A and B, respectively, is locally pr4-cocartesian if
and only if v is an isomorphism. To see this, we observe that (u,idp): (x9,b) — (x1,b) is pry-
cocartesian for any object b by direct inspection of the universal properties. On the other hand, for
any morphism u: xo — x; in A any object of the form (xp, ) in A X B, the morphism (u, idp)
is a locally pr4-cocartesian lift of u. This implies that a morphism of A X B is pr4-cocartesian if
and only if it is isomorphic to a morphism of the form (u,id,) with v an isomorphism in B. It is
straightforward to see that the latter conditions characterizes the morphisms of A X B whose second
component is an isomorphism.

Observation 5.11.7. Consider a pullback square

f

C — C

»| |»

S —— S

and let u’: x — y’ be a morphism in C’ with image u := f(u’): x — y in C. Then u’ is locally
p’-cocartesian if and only if u is locally p-cocartesian.

Proposition 5.11.8. Let p: C — S be a functor and let u: x — y be a morphism in C. Assume that
p(u): p(x) — p(y) is an isomorphism in C. Then the following conditions are equivalent:

(1) u is locally p-cocartesian;
(2) uis locally p-cartesian;

(3) u is an isomorphism in C.

Proof. By Observation 5.11.7 each of these three properties are stable under base change. Since the
morphism p(u): [1] — S factors through [0] (since it is an isomorphism), we may thus assume that
S is the terminal category [0]. In particular p is a cocartesian fibration by Proposition 5.7.6. But in
this case, a morphism u in C living over an isomorphism in S is an isomorphism itself if and only
if it is p-cocartesian, showing the equivalence between (1) and (3). Similarly one shows (1)

2). O

Lemma 5.11.9. Assume that S = T> = T % [0] for some category T. Let p: C — T" be a functor
and let u: x — y be a morphism in C such that p(y) is the cocone point of T>. Then u is locally
p-cocartesian if and only if it is p-cocartesian.

Proof. This is immediate from the characterization from Remark 5.11.2, since the image of any
morphism y — z in C under p: C — T" is the identity on p(y): Since there are no morphimsms
from the cocone point of 7% to any term”~ coming from 7 (because there is no morphism from 1 to
0 in [1]), the morphism u, seen as a functor of the form [1] = [0] x [0] — T % [0] must send all of
[1] to the full subcategory @ % [0] = [0] of 7", hence must be the identity of p(y). O
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Corollary 5.11.10. Let p: C — S be a functor and consider a commutative triangle o : [2] — C

of the form
y
f/ g
f T)\ Z.

Assume that f is p-cocartesian. Then g is locally p-cocartesian if and only if h is locally p-

cocartesian.

Proof. By pulling back along the map p(o): [2] — C it will suffice to prove the claim when
S =[2] and p(o) = id[2]. In this case Lemma 5.11.9 tells us that the morphisms g and # are locally
p-cocartesian if and only if they are p-cocartesian. The claim thus follows from Lemma 5.6.11. O

Proposition 5.11.11. Let p: C — S be a locally cocartesian fibration. The following conditions
are equivalent:

(1) The functor p is a cocartesian fibration;
(2) Every locally p-cocartesian morphism of C is p-cocartesian;

(3) Locally p-cocartesian morphisms are closed under composition: if f:x — yand g:y — 2
are locally p-cocartesian morphisms in C then sois gf: x — z.

Proof. If p is a cocartesian fibration, then condition (2) holds: indeed, if f: x — y is a locally
p-cocartesian morphism, then there is a unique p-cocartesian lift g: x — y’ of p(f). Since both f
and g are locally p-cocartesian lifts of p(f) with the same source, there is a unique isomorphism
u:y — y' in the fiber of p(y) such that gu = f. In particular, f is the composition of two
p-cocartesian morphisms, hence is p-cocartesian as well. Since p-cocartesian morphisms are stable
under composition, it is clear that condition (3) follows from condition (2). It remains to prove that
condition (1) follows from condition (3). Let us assume that condition (3) holds and that f: x — yis
a locally p-cocartesian morphism. Lemma 5.9.9 tells us that, order to prove that f is p-cocartesian,
it suffices to prove that, for any object z in C,

C(y,2) =, A(x,z)

| |?

S(p(). p(2) =28 S(p(x). p(2)

is a pullback square of animae. This means that we have to check that the map induced by this
pullback square

C(y,2) = S(p(¥), P(2)) Xs(p(x).p(z)) AX,2)

is an equivalence. In other words, by virtue of Proposition 1.1.15, if we consider any morphism
g:x — zin C as well as a morphism v: p(y) — p(z) in S such that p(g) is the composition of v
and p(f), we have to prove that there is a unique morphism u: y — z in X such that p(u) = v and
such that g is the composition of # and f. We define u’: y — 7’ as the unique locally p-cocartesian
lift of v with source y. We define u = hu’. Since u’ f is a locally p-cocartesian lift of vp(f) there is
a unique morphism A: 7’ — z in the fiber over p(z) such that uf = hu’ f can be identified with g.
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If we have another morphism of the form w: y — zin C such that w f = g, and such that p(w) = v,
then we have a unique morphism k: z” — z in the fiber over p(z) such that ku’ = w. In particular,
we must have

hu' f=g and ku' f=¢g

and the universal property of u’ f as locally p-cocartesian lift of v p(f) implies that k and 4 must
agree as terms of C(z’, z). Therefore, u = w must hold true. O

Remark 5.11.12. Let p: C — S bs a cocartesian fibration. Given any morphism v: yg — y; in S
and any object xp in C such that p(xo) = yo, there is a (locally) p-cocartesian morphism u: xo — X
in C such that p(u) = v in S(yg, y1). On the other hand, there is a functor

vi: Cyy — Cy,
defined by covariant transport. Each object x¢ of Cy,, comes with a canonical map
Ex = lift) (xo,v) : xo = vi(x0)

and there is a canonical map ¢, : vi(xg) — xj in Cy, such that ¢,&x, = u holds in C. By uniqueness
of locally p-cocartesian lifts, the property that u is a locally p-cocartesian lift of v is equivalent to the
property that it is a p-cocartesian morphism in C, which in turns means that c,, is an isomorphism in
C. In other words, up to isomorphism in the category of morphism in C, all (locally) p-cocartesian
morphisms are of the form &,, for some object xo of C and some morphism v in § as above.

Proposition 5.11.13. Let p: C — A X B be a functor. We denote by pry: A X B — A and
prp: A X B — B the obvious projections, and we assume that prgp: C — B is a cocartesian
fibration. The property that p is a cocartesian fibration is equivalent to the following list of
properties to be fulfilled altogether:

(i) the functor p: C — A X B is cocartesian over B.
(ii) for any object b of B, the induced functor py: Cp, — A is a cocartesian fibration;

(iii) for any morphism v: by — by in B, the covariant transport functor
Vi Cbo — Cb1

sends pp,-cocartesian morphisms to pyp, -cocartesian morphisms (i.e. preserves the property
of being a locally p-cocartesian morphism in X if we see each fiber Xy, as a subcategory of
X).

Proof. By virtue of Example 5.11.6 and of Proposition 5.11.11, prg-cocartesian morphisms are
pairs of the form (u,v), with u any morphism in A and v any isomorphism in B. It is clear that
all properties (i), (ii) and (iii) are verified whenever p is a cocartesian fibration. Conversely, let us
assume all three of them, and let us verify that p is a cocartesian fibration.

Given any object b of B, we can identify A with the fiber of pry at b (in context {b}) and the
induced covariant transport functor associated to any morphism v: by — b; in B with respect to

156



the projection pry simply is the identity of A. Condition (i) thus ensures that we have canonical
commutative trangles of the form

for each morphism v: by — b; in B. Condition (ii) ensures that each projection p, is a cocartesian
fibration and condition (iii) means that each of these functor v, in the triangles above is cocartesian
over A.

Let us consider a morphism f: xo — x; in C. Its image by p is of the form p(f) = (u,v) with
u:ag — ay and v: by — b; morphisms in A and in B, respectively. This yields a commutative
diagram of the following form in A X B:

(u,idp,)
(a0, bo) —> (a1,bo)

(idao,wl l(idal,w
(u,idp) )
(ao,b1) —— (a1, by)

We consider the morphism &, : xo — u1(xp) obtained as the image in C of the pj,-cocartesian lift of
u. We may assume that prz(p(ey,)) is the identity of by. Seeing u:(xo) as an object of the fiber Cp,
we may now apply the functor v, and get an object viu(xo) in the fiber Cp,,. Alternatively, we may
as well apply covariant transport along v to xo, yielding an object v(x) in the fiber Cj,, observing
that we may assume that pr, p(vi(x9)) = ao (by condition (i)) and then apply covariant along u;.
The fact that v(ey,) is a pp, -cocartesian morphism ensures that we have a canonical identication of
the form
viuy (x0) — uyvi(xo)

inducing a commutative square of the form

SXO
xXp —— M!(X())
xg l l Ty (xq)
‘9v!(x0)

vi(xg) — viu(xo)

in which the vertical maps are prp p-cocartesian morphisms (the commutativity of the square
comes from the fact that the formation of v,(x¢) is functorial in xo and from the identification
Ey(xo) = Vi(&x,) due to condition (iii)). There is a unique morphism g: vi(xp) — x; such that
8Nx, = f. We may assume furthermore that pry p(g) is the identity of ;. In other words, we can
see g as a map in Cp,. There is thus a unique morphism of the form %: viui(x9) — x; in C such
that he,, (x,) = g and such that prz p(h) = idy,. In other words, the morphism &, ()7, is a locally
p-cocartesian lift of (u, v). This proves that p is a local cocartesian fibration.

By virtue of Proposition 5.11.11, it remains to prove that locally p-cocartesian morphisms are stable
under composition in C. Since locally p-cocartesian morphisms are those isomorphic to those of the
form &,,(x,)7x, constructed above it suffices to check that those are stable under composition. This
boils down to the fact that (locally) pgp-cocartesian morphisms are stable under composition and
that pjp-cocartesian morphisms are stable under composition for each object » of B, which yields
the property that commutative squares as above are stable under horizontal as well as under vertical
composition. O
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5.12 Cocartesian functors

In Lemma 5.2.13, we saw that any functor between left fibrations is compatible with the covariant
transport functors. The situation is different for cocartesian fibration: a functor between cocartesian
fibrations is compatible with the covariant transport functors if and only if it preserves cocartesian
morphisms. Functors satisfying this property are called cocartesian functors and will be made
precise in this section.

Construction 5.12.1 (Beck-Chevalley transformation). Let p: C — S and ¢g: D — S be two
cocartesian fibrations, and consider a commutative triangle

C % D
x A
S.
By definition of cocartesian fibrations, the map eVg : Fun([1],C) — C % p S admits a left adjoint
section lift], and similarly év¢ admits a left adjoint section lift]. In particular, we have natu-

ral isomorphisms eVg lifté7 =~ id and eVg liftg idid, and transformations &, : lifté7 ev?’ — id and

0
. ed 249
gq: hfto v,

— id. Observe that we have a commutative diagram

Fun([1],C) —L— Fun([1], D)

We now define the Beck-Chevalley transformation BC, : liftg f - fi liftg as the following compos-
ite: .
liftd f = lift] fevl 1ifth) = lifed evd £ 1ift) — £ 1ift) .

Definition 5.12.2 (Cocartesian functor). The functor f over S as above is said to be a cocartesian
functor over S if the natural transformation BC;: liftg f— f. liftg is invertible.

There is a dual notion of a cartesian functor between cartesian fibrations over S.

We can make the Beck-Chevalley transformation a bit more concrete as follows. For every morphism
v:x — yin § and every term a of C,, the map BC,(v): liftg fla,v) = f. 1ift(“)7 (a,v) takes the
form of a commutative square

fla) =——= f(a)
liftg(f(a),v)l lf(lift{)’(a,v))
vi(f(a@) —2= f(vi(a)).

In this sense, we see that the Beck-Chevalley transformation induces a canonical morphism of
functors

vivyfy = fyv!

where vi: Cx — Cy and v,: D, — D, are the covariant transport functors and f,: Cy — D, is
the functor induced by f on each fiber.
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Lemma 5.12.3. Given two cocartesian fibrations p: C — S and q: D — S, and a functor
f: C — D over S, the following assertions are equivalent:

(i) the functor f is cocartesian over S;

(ii) for any morphism v: x — y in S, the Beck-Chevalley transformation induces a commutative
square of the form

Cx L’ D

V!l Vi 5
Iy

Cy Dy

(iii) the functor f sends locally p-cocartesian morphisms to locally q-cocartesian morphisms;

(iv) the functor f sends p-cocartesian morphisms to q-cocartesian morphisms.

Proof. Proposition 5.11.11 tells us that conditions (iii) and (iv) obviously are equivalent. The
previous remark explains why conditions (i) and (ii) are equivalent. Finally, the equivalence between
conditions (ii) and (i) is a straightforward consequence of the characterization of p-cocartesian
morphisms given in Remark 5.11.12. O

Example 5.12.4. For S = *, every functor f: C — D is a cocartesian functor over *. Indeed, we
have C X p * = C, with the directed evaluation map corresponding to evy: Fun([1],C) — C, which
admits a left adjoint section p*[‘l] : C — Fun([1], C). The same holds for D, and the claim follows
from naturality of p’f 1"

Corollary 5.12.5. Every equivalence C — D over S is a cocartesian functor. O

Example 5.12.6. If p and ¢ are left fibrations, then any functor f over S from C to D is a cocartesian
functor over S: this is a direct consequence of the fact that the two adjunctions lift) 4 év{ and
liftg = e?/g are adjoint equivalences.

Lemma 5.12.7. Consider cocartesian fibrations f: C — Dandq: D — S, andletp :=qf: C — S
denote the composite cocartesian fibration from Proposition 5.6.13. Then f is a cocartesian functor
over S.

Proof. By construction of the Beck-Chevalley map, it will suffice to show that the map
life? &4 £, 1ife? =5 £, life?

is an equivalence. Spelling out the left adjoint section lifté7 obtained from Proposition 5.6.13, we
see that it sits in the following commutative diagram:

iedf
hft0

m

Fun([1],C) &—= CXy D &—= C X4 S
ev

g l - l
* i
f lift{]

Fun([1],D) &= D X, S.
eVg
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In particular, we see that f; liftf)7 factors through lift?, and thus it suffices to show that the map

o o d e g lift] J
hft0 eV hftO —_ 11ftO

is an equivalence. But this is immediate from the triangle identities and the fact that the unit
id — &v{ lift! of the adjunction lift] + v is a natural isomorphism. O

Proposition 5.12.8. For any category C the diagram

(evp,evi)

Fun([1],() ——————————> CxC

evy pry

a

is a cocartesian functor over C.

Since locally ev;-cocartesian morphisms in Fun([1], C) precisely are those commutative squares in
C of the form

’ ’

=
<

u v

< —

1
—_—
f
_—

= —

in which both u and f” are isomorphisms, this is a direct consequence of:

Proposition 5.12.9. Let p: X — B be any cocartesian fibration and u: C — C any functor. Then
the diagram

x— P pyc
x prp
B

is a cocartesian functor over B if and only if the functor u sends locally p-cocartesian morphisms
to isomorphisms.

Proof. We know from Example 5.11.6 that the (locally) prz-cocartesian morphisms in B X C are
nothing else than pairs (u, v) withu: by — b any morphismin Band v: ¢y — ¢ any isomorphism
in C. O

Definition 5.12.10. Let us consider a commutative square of categories of the form bellow.

LD

q

!
“n — 0O

LN

We assume that both p and g are cocartesian (cartesian) fibrations. We say that f is a cocartesian
functor over u (a cartesian functor over u) if the induced functor C — S Xp D is a cocartesian
functor over S (a cartesian functor over S, respectively).

Remark 5.12.11. For a commutative square as in the definition above, the property that f is a
(co)cartesian functor over T is equivalent to the property that it sends p-(co)cartesian morphism in
C to g-(co)cartesian morphisms in D.
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Proposition 5.12.12. For any functor f: C — D, the diagram

Fun([1], C) ERATENY ><f C

ev] levl

f

¢C ——D

f

determines e?fl as a cocartesian functor over f.

Proof. Recall that terms of D X r C are pairs (x,u) where x isaterm of C and u: f(x) — y aterm
of Fun([1], D) whose source agrees with f(x). In particular, morphisms in D X C are essentially
characterized as morphisms «: x — x’ in C together with commutative squares of the form

flx) ——y

| s

F) =y

in D. Such data yield an ev-cocartesian morphism if and only if @ is an isomorphism in C (more
precisely, what the proof of Proposition 5.8.5 tells us is that morphisms that are isomorphic to
morphisms obtained from data as above in which « is an identity are ev{-cocartesian). On the other
hand ev;-cocartesian morphisms in Fun([1], C) correspond to commutative squares in which the
maps going out of the upper left corner are isomorphisms. It is thus clear that the functor &/

1
preserves evi-cocartesian morphisms, so that Lemma 5.12.3 applies to this situation. O

Lemma 5.12.13. For a functor f: Cx [1] — D, the induced functor (f,pr;): Cx[1] = DX [1]
over [1] is a cocartesian functor over [1] if and only if f is a natural isomorphism of functors
C - D.

Proof. Recall from Example 5.11.6 that the the C-component of a cocartesian morphisms in C X [1]
is necessarily invertible, and similarly for cocartesian morphisms in D x [1]. It follows that (£, pr, ])
is a cocartesian functor over [ 1] if and only if for every term x of C the morphism fy: {x} x[1] —» D
is invertible in D. But this is equivalent to the condition that f is a natural isomorphism. O

Proposition 5.12.14. Let p: C — S and q: D — S be cocartesian fibrations and let f: C — D
be a functor over S. If f is a cocartesian functor over S, then for every functor T — S the induced
functor f XsT: C Xs T — D Xg T is a cocartesian functor over T.

Proof. Let us abbreviate Cr := C Xg T, Dy := C Xs T and fr := f Xg T. In light of (the proof of)
Proposition 5.6.14, the functors pr: Cr — T and g7: Dy — T are again cocartesian fibrations,
which left adjoint sections of the directed evaluation maps given via pullback:

Fun([l]’CT) —_— Fun([l]’c) Fun([l]’DT) —_— Fun([l]’D)
life) T 7 le*ng B lift!) ( le?/é’ and lifeg T ! leng B lift{! ( l&g
\ \
CrXp, T ——— CX, S D7 Xgp T ———— D %, S.

We need to show that the Beck-Chevalley transformation BC; : lifth fT - (fr)s liftg T is a natural
isomorphism. Since this is a natural transformation of functors 7' X pr Cr — Fun([1], D7), it
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suffices to show this after application of e_i/gT and Fun([1], D7) — Fun([1], D). For the first, this is
a consequence of the fact that the lifts form sections of the directed evaluation maps. For the second,
this is a consequence of the assumption that f is a cocartesian functor. O

Proposition 5.12.15. Consider a commutative diagram

CxEDLD

-
S
q
c—2—E
\}‘
P
S
of categories, and assume that the functors p,q,r are cocartesian fibrations and f and g are
cocartesian functors over S.

(1) The induced functor C Xg D — S is a cocartesian fibration;
(2) The projection functors pry and pr, are cocartesian functors over S;

(3) For every other cocartesian fibration T — § and cocartesian functorstc: T — Candtp: T —
D over S such that f otc = g otp over S, the induced functor (tc,tp): T — C Xg D is a
cocartesian functor over S.

Proof. We will provethatm: CxgD — Sisalocally cocartesian fibration with locally -cocartesian
morphisms those pairs (u, v) with u a p-cocartesian morphism in C and v a g-cocartesian morphism
in D such that g(u) = h(v) holds. Since such pairs are stable under composition, this will show
that 7 is a cocartesian fibration. Given any morphism w: so — s1 in S and any object zg = (xo, yo)
in C Xg D, i.e. xp is an object of C, yg an object of D, and g(xo) = h(yo) holds true, we can
consider a p-cocartesian lift u: xo — x; as well as g-cocartesian lift v: yg — y;. For any morphism
f:z0 = z2in C Xg D with n(f) = w, we have zo = (x,y2) with x, an object of C and y; an
object of D such that g(x;) = h(y2) holds. In particular, there is a unique morphism a: x; — x»
such that au = pr;(f) as well as a unique morphism b: y; — y» such that bv = pr,(f). The pair
(a, b) is the unique morphism from z; to z; factorizing f through (u,v). This shows that (u,v) is
a locally cartesian lift of w. This achieves the proof that 7 is a cocartesian fibration. The explicit
characterization of m-cocartesian morphisms in C Xg D turns the other assertions into obvious
statements. O

5.13 Exercises Chapter 5

Exercise 5.13.1. Spell out the missing details in the proof of Proposition 5.4.3.

Exercise 5.13.2. Spell out the missing details in the proof of Proposition 5.4.5.
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Exercise 5.13.3. Show that left and right Bousfield localizations are stable under retracts: given a
diagram

if p’ is a left/right Bousfield localization then so is p.

Exercise 5.134. Let p: A — S and g: B — § be left fibrations over S. Show that any functor
f: A — Bover S is cocartesian over S.
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6 TheFundamental Theorem of category
theory

In ordinary category theory, it is a well-known fact that a functor f: C — D is an equivalence if
and only if it is both fully faithful and essentially surjective. The goal of this chapter is to discuss an
analogue of this result in synthetic category theory, and draw various important conclusions from it.
All results in this section hold in context I" for an arbitrary groupoid I'.

6.1 Fully faithful functors

In this section, we introduce the notion of fully faithful functors in the context of synthetic category
theory.

Definition 6.1.1 (Fully faithful). A functor f: C — D is said to be fully faithful if for all objects x
and y of C the induced functor

f:Cxy) = D(f(x), f(¥)
on hom groupoids is an equivalence.
Remark 6.1.2. The map C(x,y) — D(f(x), f(y)) is obtained by passing to fibers over (x, y) in

the following commutative diagram:

Map([1],C) —— Map([1], D)

l l (6.1)

c=xc= L, prxp=,

where we use Corollary 5.9.7 to identify the fibers of the two vertical maps with C(x,y) and
D(f(x), f(y)), respectively. It follows that fully faithfulness of f is equivalent to the condition that
the square (6.1) is a pullback square.

Corollary 6.1.3. Let f: C — D and g: D — E be two functors such that g is fully faithful. Then
f is fully faithful if and only if g f : C — E is fully faithful.
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Proof. This follows from applying the pasting lemma for pullbacks to the following commutative
diagram:

Map([1],C) —L Map([1], D) —£ Map([1], E)

l L] "

CcCxC™ LD X D= g—W>E X E=.

Example 6.1.4. Every equivalence u: C — D is fully faithful, see Exercise 6.5.1.

Lemma 6.1.5. For a functor f: C — D, the following conditions are equivalent:

(1) The functor f is fully faithful;

(2) For every object x in C, the following commutative square is a pullback square:

f.
Cix — Dyf(x)

l l

f

C —— D.
(3) For every object x in C, the following commutative square is a pullback square:

£
Cx) — Dy(xy

l l

C S N D.
Proof. We will prove the equivalence between (1) and (2); the equivalence between (1) and (3) is
dual. The vertical two maps in (2) are both right fibrations by Theorem 5.3.3, hence by Corollary 5.9.4
the square is a pullback square if and only if it induces an equivalence on all fibers. But for an object
y of C, the induced map on slices is the map C(y,x) — D(f(y), f(x)), so this condition is satisfied
if and only if f is fully faithful. O

Lemma 6.1.6. Let X and Y be groupoids. Then a map u: X — Y is fully faithful if and only if it is
an embedding.

Proof. Consider the following commutative diagram:
X Y
Map([1], X) —— Map([1],Y)

i |

XM, yxyY.

u

Since the top two vertical maps are equivalences, we see that the outer rectangle is a pullback square
if and only if the bottom square is a pullback square. Since the former means that « is an embedding
and the latter that « is fully faithful, this finishes the proof. O
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Proposition 6.1.7. Let f: C — D be a functor with a left (resp. right) adjoint s: D — C. The
following conditions are equivalent.

(i) The functor s is a left (resp. right) adjoint section of f.
(ii) The functor s is fully faithful.

(iii) For any object y: D=, the co-unit map (resp. the unit map) is an isomorphism between
f(s(y)) and y.

Proof. We will prove the case for right adjoints; the other case is similar.
It is clear that (iii) follows from (i) by definition. Since a natural transformation is invertible if only
if it is objectwise invertible, this means that condition (i) and (iii) are equivalent.

Given objects x and y of D, and let us consider the co-unit map &,: fsx — x. By the triangle
identity, the composite

MNsx SEx
sx — sfsx — sx

is the identity and we may now consider the following commutative diagram:

D(x,y) —— C(sx,sy)

l(gx)* J/(SSX)*

D(fsx,y) BELLEN C(sfsx,sy)

\ l(m)*

C(sx,sy).

As discussed in the proof of Proposition 5.4.7, the diagonal composite

D(fsx,y) 25 C(sfsx, sy) =5 C(sx, 57)

is precisely the adjunction equivalence. This shows that the map (&,)* is an equivalence for all x
and y if and only if s, is an equivalence for all x and y. The latter property expresses precisely
the property for s to be fully faithful. The first property expresses the invertibility of &, for all x
(Exercise 1.9.13). This shows that assertions (ii) and (iii) are equivalent. O

By virtue of Lemma 5.5.4, Proposition 6.1.7 immediately implies:
Corollary 6.1.8. The functor p?l] : C - Fun([1], C) is fully faithful. O
Corollary 6.1.9. The inclusion functor nis,: 1so(C) — Fun([1], C) is fully faithful. O

6.2 Conservative functors

We introduce the notion of a conservative functor and prove some basic properties about them.

Definition 6.2.1 (Conservative functor). A functor f: C — D is said to be conservative if the
following condition is satisfied: for every pair of objects x and y of C and every morphismu: x — y
in C, if the image f(u): f(x) — f(y) of f is invertible in D then f is already invertible in C.
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Conservative functors may be characterized in a variety of different ways:

Proposition 6.2.2. Let f: C — D be any functor. The following conditions are equivalent:

(i) The functor f is conservative.

(ii) The commutative square

Iso(C)™ (), Map([1],C)

7| |

Iso(D)* 222 Map([1], D)

is a pullback square.
(iii) The commutative square

€= = Map(+ ) 2 Map([1], )

1 B

D= = Map(, D) "5 Map([1], D)

is a pullback square.
(iv) For any object d of D, the fiber of [ at d is a groupoid in context {d};
(v) For any object d of D, the fiber of f at d is a groupoid in the absolute context;

(vi) A given commutative square

is a pullback square.

(vii) The square

is a pullback square.
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Proof. We first show the equivalence between (i) and (ii). Recall from Lemma 1.8.4 that the map
(7150) ™+ Iso(C)™ — Map([1],C)

is an embedding for every category C. It thus follows from Lemma 1.3.30 that also the comparison
map
ISO(C): el ISO(D): XMap([l],D) Map([l], C)

is an embedding. It thus follows from Lemma 1.3.28 that it is an equivalence if and only if it admits
a section. Since the target is a groupoid, the latter is equivalent to the essential surjectivity of this
map. But since the objects in the target of this map are precisely those morphism u#: x — y in C
whose image in D is invertible, the essential surjectivity of this map is precisely the condition on
f that every such morphism « in fact comes from an isomorphism in C, which is the definition of
conservativity.

The equivalence between (ii) and (iii) is immediate from the equivalence C~ — Iso(C)~ from the
Rezk Axiom F. The equivalence between (iv) and (v) is immediate from Lemma 4.2.14. To show
that (v) implies (vi), consider the diagram

X — s ¥xpC
Y

of groupoids. By the hypothesis of (v), the category ¥ Xp C is a groupoid, hence ¥ xp C =
(Y xp C)® =2 Y Xp= C* and the claim follows. The implication (vi) = (vii) is clear. To see
that (vii) implies (iii), we use that the functor Map([1], —) preserves pullback squares, and apply the
equivalence C= — Map([1], C™) coming from the fact that C~ is a groupoid.

It thus remains to show that (iii) implies (v). Consider a pullback square

X=f"'b) —>C

| - b
r—%> 5o

with I" a groupoid. We must show that X is a groupoid as well. To this end, consider the following
commutative diagram:

X:

.

Map([1],C)

T
}
~ ~.

Map([1],T) Map([1], D).
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The back and front faces are pullback squares, and the right face is a pullback square by the hypothesis
from (ii). We conclude from the pasting lemma of pullback squares that the left face

X= —— Map([1],X)

| l

" —— Map([1],I)

is a pullback square. Since the bottom map I'* — Map([1],I") is an equivalence, it follows that
also the top map X~ — Map([1], X) is an equivalence, and thus we conclude from part (5) of
Proposition 3.4.4 that X is a groupoid as desired. O

Lemma 6.2.3. Compositions of conservative functors are conservative.

Proof. This is clear from the definition. O
Lemma 6.2.4. Let f: C — D be a functor admitting a retractionr: D — C, i.e. we haver f = id¢.
Then f is conservative.

Proof. Consider the following commutative diagram:

Iso(C)= L)) Map([1],C)
f*l lf*
Iso(D)= (o) Map([1], D)

Ty Py

Iso(C)* 220 Map([1], C).

Since the horizontal maps are embeddings and the outer square is clearly a pullback square, it
follows from Lemma 1.3.32 that the top square is a pullback square. The claim thus follows from
Proposition 6.2.2. o

Lemma 6.2.5. For every category C, the functor (evg,evy): Fun([1],C) — C x C is conservative.

Proof. We will check condition (iii) from Proposition 6.2.2. Under the currying-uncurrying equiv-
alence from Lemma 1.4.11, this translates to showing that the square

Map([1],C) —— Map([1] x [1].C)

l(evo,evl) l

C=xC* —— Map([1] U [1],0)

is a pullback square. For this, it will in turn suffice to express the category [1] as a pushout of
[0] b [0] and [1] x [1] along [1] L [1]. For this, we consider the following commutative square:

[0]U[0] —— [1u[l] —— [1]
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In this diagram, both of the top two squares are pushouts as a consequence of the Commutative Square
Axiom D, where for the top right square we use the reformulation of pullbacks from Lemma 1.3.18.
Since the outer square is vertically degenerate and hence also a pushout square by Lemma 1.3.17,
it follows from the pasting law of pushout squares that the bottom rectangle is a pushout square, as
desired. O

Lemma 6.2.6. Every left (resp. right) fibration is conservative.

Proof. Inlight of Corollary 5.2.3, this follows immediately from characterization (iii) in the previous
proposition. O

Corollary 6.2.7. Let f: C — Sand g: D — S be functors and assume that g is a left (resp. right)
fibration. Then the canonical inclusion map

Mapg(C, D) — Fung(C, D)

from Definition 3.5.2 is an equivalence.

Proof. Since g is a left (resp. right) fibration, also the induced functor g.: Fun(C, D) — Fun(C, S)
is a left (resp. right) fibration by Lemma 5.2.18, and in particular g.. is conservative by Lemma 6.2.6.
It thus follows from Proposition 6.2.2 that we have a pullback square of the form

Map(C, D) —— Fun(C, D)

e =

Map(C, S) —— Fun(C, S).

Passing to vertical fibers, it follows that canonical map Mapg(C, D) — Fung(C, D) is an equiva-
lence, as claimed. o

Proposition 6.2.8. If a functor f: C — D is fully faithful, then it is conservative.

Proof. Consider a morphism u: x — y in C whose image f(u) in D is invertible. We will show that
u admits a left inverse; the argument for the existence of a right inverse will be analogous. Since f(u)
is invertible in D, it admits a left inverse v: f(y) — f(x),i.e. we have v f(u) = ids(y). Since f is
fully faithful, there exists a morphism ¥: y — x in C satisfying f(¥) = v. We claim that the relation
vu = id, is satisfied. Since f is fully faithful, it suffices to show that f(¥u) = f(id,). But since f
preserves identities and compositions, this is equivalent to the relation f(¥) f(u) = v f(u) = idf(x),
which holds by assumption. O

Corollary 6.2.9. Let f: C — D be a fully faithful functor. Then the induced map f~: C= — D~
is an embedding.

Proof. Consider the following commutative diagram:



The bottom square is a pullback square by the assumption that f is fully faithful. The top square is
a pullback square since the map f: C — D is conservative by the previous proposition. It follows
that the outer rectangle is a pullback square, which is precisely the condition that the functor f~ is
an embedding. O

Corollary 6.2.10. Let f: C — D be a fully faithful functor such that f~: C= — D~ admits a
section. Then the functor f~: C~ — D~ is an equivalence.

Proof. We have seen in Corollary 6.2.9 that the functor f~ is an embedding. Since it also admits a
section, it follows that f~ is an equivalence by Lemma 1.3.28. O

We now come to the main result of this section: the fact that a natural transformation is a natural
isomorphism if and only if it is so objectwise.

Theorem 6.2.11 (Objectwise criterion natural isomorphisms). For categories C and D, the canon-
ical embedding yc: C~ — C induces a conservative functor y¢.: Fun(C, D) — Fun(C~, D).

In other words: given a natural transformation «: f — g of functors C — D, if the induced map
a(x): f(x) — g(x) is an isomorphism in D for every object x of C, then « is a natural isomorphism.

Proof. By Proposition 6.2.2, we may show that the square

Map(C, D) —— Map([1], Fun(C, D))

V*Cl ly*c

Map(C*, D) —— Map([1], Fun(C=, D))
is a pullback square. Note that this square is isomorphic to the square

Map(C, D) —— Map(C, Fun([1], D))

l l

Map(C=, D¥) —— Map(C=,Map([1], D)).

But this square is a pullback square since the functor D — Fun([1], D) is a full subcategory by part
(3) of Proposition 3.4.4. O

We may use this theorem to give a more concrete description of when a functor between cocartesian
fibrations is a cocartesian functor.

Corollary 6.2.12. Let p: A — S and q: B — S be two cocartesian fibrations, and consider a

a—1  .p
N
S.
Then f is a cocartesian functor over S if and only if for every morphism v: x — y in S and every
object a of A(x), the map v: vi(f(a)) — f(vi(a)) is an isomorphism.

commutative triangle
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Proof. By definition, f is a cocartesian functor if and only if the natural transformation BC; : liftg f -
fe lift(‘;J constructed in Construction 5.12.1 is a natural isomorphism. By Theorem 6.2.11, this may be
tested pointwise: it is equivalent to asking that for every morphism v: x — y in § and every object a
of A(x), the morphism BC,(a, v): liftg f(a, V) > fi liftg(a, v) in Fun([1], B) is an isomorphism.
This morphism takes the form of a commutative square

fla) =—= f(a)
liftg(f(a),v)l lf(lift{)’(a,V))
vi(f(a) —— f(vi(a)),

and by Corollary 6.2.5 this is in turn equivalent to asking both horizontal maps to be isomorphisms.
Since the top vertical morphism is an identity map and thus always an isomorphism, this finishes
the proof. O

Proposition 6.2.13. Let p and q as above and let f: C — D be a functor over S. Then the following
conditions are equivalent:

(1) The functor f is a (co)cartesian functor over S;

(2) For any functor T — S, the induced functor fr: T Xs C — T Xs D is a (co)cartesian functor
overT;

(3) Condition (2) holds whenever T is of the form T = [1] X I for some groupoid I';

(4) Condition (2) holds for T = [1] x Map([1],S) equipped with the evaluation map [1] X
Map([1],S) — S.

Proof. We showed that (1) implies (2) in Proposition 5.12.14. The implications 2) —= (3) =
(4) are clear. To see that (4) implies (3), consideramap ¢: [1] XxI" — S. We then obtain by currying
amap7: I' — Fun([1],S)™ = Map([1], S), and the map ¢ is given as the composite

[1] x T 25 [1] x Map([1], §) 5 S.

In particular, if the pullback of f to [1] X Map([1], S) is a (co)cartesian functor, then its pullback to
[1] x I will also be a (co)cartesian functor by Proposition 5.12.14, as desired.

It thus remains to show that (3) implies (1). By the previous corollary, it suffices to show that for
every morphism v: x — y in S and every object ¢ of C(x), the map v: vi(f(c)) — f(vi(c)) is an
isomorphism. But if x and y are objects in context I' for some groupoid I, then v is a map of the
form [1] x ' — §. By assumption, the pullback fr of f to T = [1] X I is a cocartesian functor
of cocartesian fibrations over 7. But the map v is precisely the Beck-Chevalley map induced by the
canonical morphism in T (regarded as a category in context I') and hence it is an isomorphism. O

6.3 The Fundamental Theorem of category theory

The goal of this section is to prove the synthetic analogue of the fundamental theorem of category
theory: a functor is an equivalence if and only if it is both fully faithful and essentially surjective. In

172



the synthetic setting the notion of ‘surjectivity’ is somewhat more subtle than in the classical setting.
While we will eventually introduce a notion of essential surjectivity in Definition 11.5.3, we will
work for now with the following stronger notion:

Definition 6.3.1 (Strongly surjective functor). We say that a functor f: C — D is strongly surjective
if it comes equipped with a section s: D¥ — C~ of the underlying map f~: C= — D~ on groupoid
cores.

Remark 6.3.2. Using the convention from Definition 1.5.6, note that f is strongly surjective if and
only if for every object d of D there exists an object ¢ in C together with an isomorphism f(c) — d
in D. For this reason, this notion was previously called ‘essentially surjectivity’ in this text.

Theorem 6.3.3 (Fundamental Theorem of Category Theory). A functor f: C — D is an equivalence
if and only if it is fully faithful and strongly surjective.

Proof. 1t is clear that every equivalence is fully faithful and strongly surjective. Conversely, let
f: C — D be a functor which is fully faithful and strongly surjective. Our goal is to show that f is
an equivalence.

We start by showing that f admits a right adjoint g: D — C. By Theorem 5.9.12, it will suffice to
show that the relative slice category C/q = C Xp D ;4 admits a terminal object for every object d of
D. Since f is strongly surjective, we may assume that d is of the form f(c) for some object ¢ in C,
and thus it suffices to show that C, () admits a terminal object for every object ¢ of C. But since f
is fully faithful, it follows from Lemma 6.1.5 that the canonical map C;. — C/re) = C Xp D¢ (c)
is an equivalence, and hence it will suffice to show that the slice category C,. admits a terminal
object for every object ¢ of C. This was proved in Lemma 5.5.17.

Recall that the adjoint g we obtain is given by a composite of adjoints, as displayed as follows:

f

— T

_i, . _P

C s C Xf D L D.
o ' N
\—/
g

If we denote by 7: id %,p = SP the unit of the adjunction p 4 s and by €: ig — id %D the
counit of the adjunction i 4 ¢, it will thus remain to show that the to natural transformations

f8 = pigs = ps =idp
and A

. . qni .

idec =qi — gspi=gf
are natural isomorphisms.

To show that pes is a natural isomorphism, consider an arbitrary type X, atermx: X — C of C and
amorphism u: f(x) — y of D. Then the evaluation of the transformation &: ig — id, %, p at the

object (x,u: f(x) = y) of C X ¢ D is by the following morphism in C X f D (to be read from top
to bottom):

x f(x) = fx)

o |

Xof) ——y
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In particular, we see that the induced map pe(y ;) : x — x is the identity in D. This shows that the
transformation pes: fg — idp is a natural isomorphism.

To show that gni is a natural isomorphism, it will by Theorem 6.2.11 suffice to do so on objects. To
this end, we will start by giving an explicit description of the transformation n: id %, p — Spatan
object (x,u: f(x) — y). By essential surjectivity of f, there exists an object x” in C with f(x’) = y.
By fully faithfulness, there is in turn a morphism v: x — x’ in C such that f(v): f(x) — f(x’) =y
is equal to u. Unwinding definitions, the section s is given on an object y of D by the pair

', f(x") 5 y). The map nx ) (x,u) = (X', f(x') = y) is given by the following morphism
(to be read from top to bottom):

x flx) ——y

1o |

X)) ——y

In particular, the induced map gn(x,,): y — y is the identity as well. We conclude that gn; is an
(objectwise) natural isomorphism, finishing the proof. O

Corollary 6.3.4. A functor f: C — D is an equivalence if and only if the induced map
f++ Map([1],C) — Map([1], D)

is an equivalence.

Proof. If f is an equivalence, it is clear that f, is an equivalence. Conversely, assume that f, is an
equivalence. By the Fundamental Theorem, it will suffice to show that f is strongly surjective and
fully faithful. Consider the following commutative diagram:

p*
c* — Map([1],C) —2 ¢*

le lf* lf:
~ I’f]] €vo ~
D —— Map([1],D) —— D=.

It follows that = is a retract of f,, and thus in particular it is an equivalence. In particular, f is
strongly surjective. Now consider the following commutative diagram:

Map([1],C) —L— Map([1], D)

(CV(),CV[)J/ (CV(),CV[)J/

c=xc= L, p*«p~.

Since the top and bottom maps are equivalences, it follows that the square is a pullback square, and
thus f is fully faithful by Remark 6.1.2. O

Exercise 6.3.5. Given types C and D, construct a canonical pullback square of the form

Equiv(C, D) —— Equiv(Map([1], C),Map([1], D))

l l
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6.4 Applications

We will now discuss a variety of applications of the Fundamental Theorem. We start by showing
that the various notions of ‘subcategories’ and ‘full subcategories’ we have previously introduced
are compatible with each other.

Proposition 6.4.1. Consider a functor f: C — D. Then the following conditions are equivalent:

(1) The functor f is an embedding, in the sense of Definition 1.3.24;

(2) The induced map f.: Mc := Map([1],C) — Map([1], D) is an embedding and the induced
map C — (Mc)p is an equivalence;

(3) The functor f exhibits C as a subcategory of D, in the sense of Definition 3.1.2.

Proof. It is clear that (2) implies (3), and we showed in Lemma 3.1.5 that (3) implies (1). To see
that (1) implies (2), assume that f is an embedding. Then also the induced map f.: Map([1],C) —
Map([1], D) is an embedding. To show that the functor C — (Mc¢)p is an equivalence, it
suffices by Corollary 6.3.4 to show that the induced functor Map([1],C) — Map([1], (M¢)p) is
an equivalence. But this is clear since under the fixed identification Map([1], (M¢)p) = M¢ =
Map([1], C) this map corresponds to the identity map on Map([1], C). m]

Proposition 6.4.2. Consider a functor f: C — D. Then the following conditions are equivalent:

(1) The functor f is fully faithful;

(2) The functor f=: C= — D= is an embedding and the canonical functor C — (C= C D) is an
equivalence;

(3) The functor f exhibits C as a full subcategory of D, in the sense of Definition 3.2.2.

Proof. First note that in all three cases the induced map f~: C* — D~ is an embedding, where in
case (1) we use Corollary 6.2.9.

To prove that (1) implies (2), assume that f is fully faithful. We already argued that f~: C* — D~
is an embedding. To show that C — (C= C D) is an equivalence, it suffices by Corollary 6.3.4
to show that the induced functor Map([1],C) — Map([1],(I" € C)) is an equivalence. By
Proposition 3.2.8, this is equivalent to the condition that the top square in the following commutative
diagram is a pullback square:

Map([1],C) —L— Map([1], D)

l l

Map(([1])%, C%) 25 Map(([1])*, D)

(evo,evl)l~ ~l(ev0,eV|)
cxxcx —LX , p=xp=
Since the bottom two vertical maps are equivalences by Axiom G.1, the bottom square is always a

pullback square, hence by the pasting law for pullback squares it will suffice to show that the outer
square is a pullback square. But this precisely fully faithfulness of f.
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The fact that (2) implies (3) follows from Proposition 3.2.7, which shows that the functor (C= C
D) — D satisfies the conditions of (3).

Finally, condition (3) demands that for every category B the commutative square

Map(B, C) ., Map(B, D)

l l

Map(B=, C=) L2, Map(B=, D)

is a pullback square, and as explained above this square for B = [1] precisely says that f is fully
faithful, giving (1). O

Corollary 6.4.3. For every category C the inclusion Iso(C) — Fun([1], C) is fully faithful.
Proof. Under Proposition 6.4.2 this is a reformulation of part (4) of Proposition 3.4.4. O

Next, we show that various properties we have introduced can be checked at the level of objects. To
start with, recall that a functor f: C — D is a left fibration if and only if the commutative square

Fun([1],C) —£— Fun([1], D)

€vo J/ J/SVO

f

C —— D

is a pullback square, and dually for right fibrations. We may interpret this as saying that every
morphism in B admits a unique lift to A with prespecified source, in a way which is fully functorial
in the morphism in B. The next lemma says that it suffices to find these lifts objectwise:
Lemma 6.4.4. Let f: C — D be a functor. Then f is a left (resp. right) fibration if and only if the
square
f*
Map([1],C) —— Map([1], D)
ev; Cvi
c* '

ﬁ D:

is a pullback fori =0 (resp. i = 1).

Proof. By symmetry, it suffices to treat the case for left fibrations. One direction is clear by
Lemma 5.2.2, so assume conversely that the above square is a pullback square. We need to show

that the map
e?zof: Fun([1],C) - C Xy D

is an equivalence. By assumption, we know that the underlying map on groupoids
(&)*: Map([1],C) = Fun([1],C)* — C= xp~ Fun([1],D)" = (C X D)~

is an equivalence, and in particular eVOf is strongly surjective. By the Fundamental Theorem 6.3.3,
it will thus suffice to show that it is also fully faithful. To this end, consider objects u: xo — x| and

v: yg — y1 of Fun([1], C). We need to prove that the induced map
Homgun([11,¢) (u, v) — Home 5, ((x0, f (). (yo. f(v)))
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is an equivalence. Since it is a functor between groupoids, we may equivalently show that all its fibers
are contractible. A map (xo, f(u)) — (yo, f(v)) in C ;<f D is given by a morphism a: xg — yg in
C and a morphism 8: f(x;) — f(y1) in D together with a commutative diagram in D of the form

Fxo) 25 ()

f(a)l lﬁ

oo L5 £,

A lift of this data to a morphism u — v in Fun([1], C) consists of a morphism 8: x; — y; and a
commutative square in C of the form

XOLUH

(zl :E
) ¢
Yo — )1
such that f sends this commutative square to the above square in D. By invoking the Segal Axiom
E, we thus have to show the existence of a unique dashed arrow in the following triangle on the left
which gets sent to the triangle on the right:

X0 x1 f(x0) /1 x1

\ //,/ o \ /
Bu v B f(Bu) B
yi-

Y1

By assumption on f there exists an essentially unique lift 8”: x; — ¥ of 8. But then the composite
B'u: xg — y’is alift of f(Bu), so by uniqueness it agrees with Bu: xo — y;. In particular, y’ = y;
and B’ is the desired unique lift 5. O

Proposition 6.4.5. Let f: C — D be a right fibration, c: C= an object of C, and d := f(c). Then
the induced functor

q: Cey = Day, (x,uz ¢ = x) = (f(x), f(w): d — f(x))
is a right fibration as well.
Proof. We apply the criterion of Lemma 6.4.4. We consider an object of C,/, that is a morphism
u:c — xin C. We definev = f(u) and y = f(x), so that v: d — y. A morphism in D 4, with
codomain g (x,u) = (y,v), is a diagram of the form
d V—,> v’ LR y

in D with an identification 7: k ov’ =~ v. Since y = f(x) there is a unique morphism 4: x’ — x with
f(h) = k. Similarly, there is a unique morphism ug: ¢y — x” with f(ug) = v'. But then & o ug is
sent to v and there is thus a unique isomorphism i : ¢ = ¢g such that f (i) =idg and hougoi = u.
Defining u’ = h o ug we thus get a diagram of the form
W, u
c—x —x
with an identification s: & o u” = u such that f(s) = ¢. This list is unique up to isomorphism in any
context, and this implies that the criterion of Lemma 6.4.4 is fulfilled for g. O
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Our next goal is to provide a fiberwise criterion for a map between (co)cartesian fibrations to be
an equivalence. In contrast to the statement for left (resp. right) fibrations from Lemma 5.9.3, the
statement for (co)cartesian fibrations requires that we restrict attention to (co)cartesian functors, a
notion that was defined in Section 5.12.

Lemma 6.4.6. If a (co)cartesian functor between (co)cartesian fibrations is fully faithful fiber-wise
then it is fully faithful. In other words, given a commutative triangle

C—>D

A

such that p and q are cartesian (resp. cocartesian) fibrations and that f is a cartesian (resp.
cocartesian) functor over S, if moreover, for each object s: S~, the induced functor f;: Cs — Dy is
Sfully faithful, then the functor f: C — D is fully faithful.

Proof. We will consider the cartesian case, the cocartesian case being deduced by duality (i.e through
the semantic interpretation of synthetic category theory obtained by exchanging the roles of 0 and
1 in the interval [1]). Let xo and x| be two objects of C, and put s; = p(x;) fori =0 andi = 1.
We consider a morphism v: f(xg) — f(x;). We want to show that there is a unique morphism
u: xog — x1 such that f(u) =v. Let w = g(v) be the image of v in S.

Existence. We choose a p-cartesian lift of w
ii: w(x1) — x;
as well as a g-cartesian lift of w
vrwi(f(x1)) = f(x).

Since the functor f is cartesian over S, we have f(if) = ¥. On the other hand, there is a unique
morphism in the fiber D of the form

vs: f(xo) = w'(f(x1))

such that ¥ o vy = v. Since fy: Cy — Dy is fully faithful, there is a unique morphism in Cy of the
form
Us: xo — w'(xy)

such that f(ug) = vs. Finally, defining u = i o uy we get f(u) = v.

Unicity. Let u: xo — x; be a morphism in C such that f(u) = v. We can factorise uniquely
u = i ouy with uy, a morphism in the fiber Cy and ii the p-cartesian lift of w determined by x;. Since
f(ii) = ¥, the universal property of g-cartesian lifts tells us that we must have f(u,) = v,. m|

Theorem 6.4.7. A (co)cartesian functor between (co)cartesian fibrations is an equivalence if and
only if it is an equivalence on fibers. More precisely, consider commutative triangle

C—>D

N A
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such that p and q are cartesian (resp. cocartesian) fibrations and that f is a cartesian (resp.
cocartesian) functor over S. If for every object s of S the induced functor fy: Cs — Dy is an
equivalence, then f is an equivalence.

Proof. It is clear that, if f is an equivalence, so are the functors induced by f on fibers. Let us
assume that f;: Cs — Dy is an equivalence for each object s of S. First observe that the fibers of
f are contractible. Indeed, for an object y of D in context {y}, let s := g(y) € S. Then there is a
pullback square of the form:

Cy—>{y}

y
Cls f“ Dls {»}
N
C D S,

and thus the assumption that f;: C; — Dy is an equivalence implies that also Cy, — {y} is an
equivalence. This implies that f is strongly essentially surjective: for each object y of D with
image s in S, there is an object x in Cy such that f(x) = y. Therefore, by virtue of the fundamental
theorem of category theory, it suffices to get a proof that f is fully faithful, which is provided by
Lemma 6.4.6. ]

Corollary 6.4.8. Consider a commutative square of categories over S, i.e. a commutative diagram
/ D/

Assume that all four functors p, p’,q, q’ are cocartesian fibrations and that the functors f,g, h, k
are cocartesian functors over S. Further assume that for every object s of S the induced square

8:
C, LN D,

fsl lks

CLD

is a pullback square. Then also the top square of the original diagram is a pullback square.

Proof. Define the category E as the pullback C Xp D’. By Proposition 5.12.15, the resulting functor
C Xp D’ — S is a cocartesian fibration and the induced functor C’ — E is a cocartesian functor.
Our task is to show that it is an equivalence. By Theorem 6.4.7 it will suffice to show that the
induced map C; — Ej on fibers is an equivalence for every object s of S. But since taking the fiber
commutes with pullbacks, this map is the canonical comparison map C; — Cs Xp, D}, coming from
the induced square on fibers. Since this square was assumed to be a pullback square, this map is
indeed an equivalence, finishing the proof. O
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Theorem 6.4.9. Let f: C — D be any functor. Then the following conditions are equivalent:

(1) The functor f is fully faithful;
(2) The functor f induces a pullback square

Fun([1],C) —£— Fun([1], D)

(evo,evl)l l(eVO,eV|)

cxc —1 , pxp.

(3) For every category E, the induced functor f.: Fun(E,C) — Fun(E, D) is fully faithful.

Proof. We first show that (2) and (3) are equivalent. By Proposition 1.3.5, we see that condition (2)
is equivalent to the condition that for every category E the commutative square

Map(E, Fun([1],C)) —— Map(E,Fun([1], D))

l l

Map(E,C x C) —— > Map(E, D x D)
is a pullback square. Notice that this square is isomorphic to the following square:

Map([1], Fun(E,C)) ——— Map([1],Fun(E, D))

l l

Fun(E, C)= x Fun(E,C)® —— Fun(E, D)~ X Fun(E, D)~.

But this square is a pullback square if and only if the functor f.: Fun(E,C) — Fun(E, D) is fully
faithful, which is condition (3).

Now we show that (1) and (2) are equivalent. It is clear that (2) implies (1) by passing to groupoid
cores. It thus remains to show that (1) implies (2). To this end, recall from Lemma 6.1.5 that for
every object x of C the commutative square

Cix — Dy

l l (6.2)

f

¢C —— D

is a pullback square. Now consider the following diagram:

Fun([1],C) —— D Xy C —— Fun([1], D)

|
(evo,evl)l l l(evo,evl)

CcCxcC fid DXC%DXD.

We need to show that the outer rectangle is a pullback square. Since the right square is a pullback
square, it suffices to show that the left square is a pullback square.
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To show this, we will make use of Corollary 6.4.8. Note that we may regard this square as a square
over C as follows:
e s/ -
Fun(([1 - DXsC

(CVOV \ / w,evl)
\\{jld (// e

All four functors to C are cocartesian fibrations: for the maps pr,: CXC — Candpr,: DXC — C
this holds by Lemma 5.6.2, for ev;: Fun([1],C) — C this holds by Theorem 5.8.3, and for
D >?_f C — C this follows from Proposition 5.12.14 since it is the base change of the cocartesian
fibration ev; : Fun([1],D) — D.

Furthermore, all four functors in the top square are cocartesian functors over C. For fxid: CxXC —
D x C this follows from [ref] since it is a pullback along C — = of the functor f: C — D over .
For eV{ this was argued in Proposition 5.12.12. For the functor (evg,ev;): Fun([1],C) - C xC
this was argued in Proposition 5.12.8. For the functor (evg,ev;): D X r C — D x C this then
follows from Proposition 5.12.14 as it is a base change along C — D of the cocartesian functor
(evg,evy): Fun([1],D) — D x D over D.

By Corollary 6.4.8, it now remains to show that for every object x of C the induced square on fibers
over C is a pullback square. But this induced square is precisely the square (6.2), which we have
already argued is a pullback square. O

Corollary 6.4.10. Let u: A — C be a full subcategory, in the sense of Definition 3.2.2. Then
for every category E, the induced functor Fun(E,u): Fun(E,A) — Fun(E,C) is again a full
subcategory, with essential image those functors F: E — C satisfying the property that, for any
object x of E, the object F(x) of C is contained in A.

Proof. The functor u is fully faithful by Proposition 6.4.2, hence so is Fun(E, ) by Theorem 6.4.9.
Another application of Proposition 6.4.2 thus shows that Fun(E, A) is a full subcategory of
Fun(E,C). The characterization of its essential image in Fun(E, C) is then a consequence of
the following pullback square from Proposition 3.2.8:

Map(E,A) ——— Map(E,C)

| l °

Map(E=, A¥) —— Map(E=, C~).
Remark 6.4.11. For every category E, we have a pullback square

Fun(E, (I’ € C)) —— Fun(E,C)

l l

Fun(E=,(I' € C)) —— Fun(E=,C).

Indeed, we may show that the map from the left upper corner to the pullback is both strongly
surjective and fully faithful. Essential surjectivity follows from the usual claim on mapping spaces.
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For fully faithfulness, notice that both the top map as well as the bottom map are fully faithful
by Theorem 6.4.9. By the cancellation property of fully faithful functors from Corollary 6.1.3, it
follows that also the map from Fun(E, {I" C C)) to the pullback of this square is fully faithful. In
light of the Fundamental Theorem of Category Theory, Theorem 6.3.3, this finishes the proof.

6.5 Exercises Chapter 6

Exercise 6.5.1. Show that every equivalence u: C — D is fully faithful.

Exercise 6.5.2. Show that a composite of fully faithful functors is fully faithful.
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7 Universes and directed univalence

In this chapter, we will introduce a synthetic category Cat called the universe of small categories. 1t
comes equipped with a cocartesian fibration myy;y : Cat, — Catcalled the universal small cocartesian
fibration. The conditions on Cat and 7,3y Will imply that all the constructions of synthetic category
theory can be performed internally in the universe Cat. We will also construct the universe of
groupoids Grpd (for historic reasons often denoted S and called the ‘co-category of spaces’ in the
literature), together with its natural functors to and from Cat:

-1
RN

Grpd —  Cat.

~

A fundamental property myyiy is required to satisfy is directed univalence. To state what that says,
note that to every object ¢ of Cat we may assign a synthetic category C by forming the following
pullback:

C —— Cat,

.
J/ Tluniv

x —= > Cat.

We will call a synthetic category C small if it is obtained in this way for a given object ¢ of Cat.
Directed univalence then demands that for two small categories C and D, corresponding to objects ¢
and d of Cat, morphisms from c to d in Cat are in one-to-one correspondence with functors C — D;
more precisely, we require a certain map

Homcy (¢, d) — Map(C, D)

to be an equivalence. Informally, this means that working with small categories and functors between
them is the same as working with objects and morphisms of Cat, justifying the terminology ‘universe
of small categories’.

7.1 The subcategory of cocartesian functors

In order to phrase directed univalence, we need to have a category of cocartesian functors between
two cocartesian fibrations p: C — S and g: D — S. Recall from Definition 5.12.2 that a functor
f: C — D over S is a cocartesian functor if it sends p-cocartesian morphisms in C to g-cocartesian
morphismsin D, see Lemma 5.12.3. The goal of this section is to construct a category CoCart (C, D)
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over S whose global sections § — CoCart(C, D) correspond to cocartesian functors from C to D
over S.

We will construct this category as a subcategory of the relative functor category Fung(C, D) of
functors C — D over S, defined in Definition 3.5.12. For the latter to make sense, recall that we
need the functor p to be an exponentiable functor, in the sense of Definition 3.5.7. In light of this,
we will impose the following axiom:

Axiom M (Exponentiability Axiom). Let p: S — T be a cartesian or cocartesian fibration.
Then p is an exponentiable functor.

Example 7.1.1. Assume that S = I'" is a groupoid. By Proposition 5.7.6 any functor p: C — I'is a
cocartesian fibration, hence in particular exponentiable. It follows that the relative functor category
Fun.(C, D) exists for any categories C and D over I'.

Construction 7.1.2. Let p: C — Sand ¢: D — § be two cocartesian fibrations, and let f: C — D
be a functor over S. We will construct a category is_Cocart(f) whose objects are proofs that f is
a cocartesian functor.

Recall from Corollary 6.2.12 that a functor f: C — D over § is a cocartesian functor over S if and
only if for every morphism v: x — y in S and for every object ¢ € C(x) a certain canonical map
BCi(v,c): vif(c) — f(vic) is an isomorphism in D. This map is natural in the pair (v, x), in the
sense that it is part of a natural transformation of functors C X p S — D. Precomposing with the
directed evaluation functor év: Fun([1],C) — C X p S, we thus obtain a functor

BC,: Fun([1],C) — Fun([1], D)

and f is a cocartesian functor over S if and only if BC, factors through the subcategory D =
Iso(C) — Fun([1], D) of isomorphisms.

Consider now the following pullback square:

P TE— Iso(D)=

[ i

Map([1], C) —= Map([1], D).
Consider also the map p = pmap([1],c): Map([1], C) — *. We then define
is_Cocart(f) := p.(P),
where p.(P) denotes the dependent product of P along p as defined in Definition 3.5.4.

Lemma 7.1.3. Forevery f as above, the functor is_Cocart(f) — =isan embedding. In particular,
if is_Cocart(f) admits an (absolute) object, then it is contractible.

Proof. Note that P — Map([1], C) is an embedding, since it is the base change of the embedding
Tso from Lemma 1.8.4. It follows from Corollary 3.5.11 that also the map is_Cocart(f) — = is
an embedding. An absolute object of is_Cocart(f) determines a section of this embedding, which
then by Lemma 1.3.28 implies that this embedding is an equivalence. O
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Observation 7.1.4. Note that is_Cocart(f) admits an absolute object if and only if f is a cocarte-
sian functor over S. Indeed, an object * — is_Cocart(f) corresponds by adjunction to a section
of the map P — Map([1], C), which in turn is equivalent to a lift of BC, along 7s,:

Map([1].€) —e> Map([1]. D).
Such a section precisely says that the map BC,(¢) is an equivalence for every morphism ¢ in C,

which is the condition for f to be a cocartesian functor.

Remark 7.1.5. The above constructions go through in the context of an arbitrary groupoid I": for
a category S in context I', cocartesian fibration C — S and D — § in context I', and a functor
f: C — D over S in context I', we obtain a category is_Cocartr(f) in context I'.

We continue to fix two cocartesian fibrations p: C — S and g: D — S over S. Our next goal is
to define a subcategory CoCart(C, D) C Fun(C, D) spanned by the cocartesian functors C — D
over S. More precisely, we would like that for any other functor 7 — S, a functor 7' — Fun¢(C, D)
over S factors through CoCart(C, D) if and only if the associated functor 7 xg C — T Xgs D over
T from Remark 3.5.13 is a cocartesian functor over 7.

Definition 7.1.6. Consider a morphismin Fun¢(C, D), i.e. an object of Fun([1], Fun((C, D)). Such
an object is given by a groupoid I" together with a functor [1] X I' — § and a functor over [1] X I"

of the form
f:([1]xT) xs C — ([1] xT') xg D.

We say that the morphism is cocartesian if the associated map f is a cocartesian functor over [1] XTI
Equivalently, we may regard f as a functor over I" and ask that it is a cocartesian functor over [1]p
in context I'. By Remark 7.1.5, this is classified by a category is_Cocartr(f) in context I'.

We will apply this to the universal morphism of Fun¢(C, D):
Construction 7.1.7. Define T := [1] X Map([1], Funy(C, D)). Then evaluation determines a map
ev: T — Fung(C, D),
which corresponds to a functor T — § together with a functor
Juniv: Cr — Dr.

Applying Definition 7.1.6 to the case I' = Map([1],Funy(C, D)), we thus obtain a category
is_Cocartr( funy) in context I', i.e. a functor

is_Cocartr( funiv) = Map([1], Fung (C,D)).
Lemma 7.1.8. The above functor is an embedding.

Proof. This is a special case of Lemma 7.1.3, applied in context I'. O
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Note that a morphism f in Fung(C, D) lies in the image of this embedding if and only if the
corresponding functor ([1] X I') xg C — ([1] X I') Xs D over [1] X I" is a cocartesian functor.

Lemma 7.1.9. The embedding M := is_Cocartr( funv) < Map([1],Funy(C, D)) forms a collec-
tion of morphisms in Fun(C, D) which is closed under composition, in the sense of Definition 3.1.6.

Proof. We first show that M is closed under identity maps. But this is clear: given a morphism f in
Fung(C, D), the corresponding functors over [1] X I" corresponding to id (o) and id ¢ (1) are given
by pulling back the corresponding functor to f along the two maps

[1]XT - {0} xI'— [1] xT and [1]XT - {0} xI" — [1] x T,

and cocartesian functors are closed under base change, see Lemma 6.2.13.

We now show that M is closed under composition. Consider two morphisms f and g in Fun¢(C, D).
By the Segal Axiom, we may just as well assume they arise as the restrictions of some map
o: [2] xT' — Fung(C, D) along the two inclusions [1]o; < [2] and [1];2 < [2], where for
0 <i<j<2wewrite [1];; C [2] for the subcategory spanned by i and j. This map o corresponds

to a functor
Clajxr — > Dpjxr

\/

over [2] X I'. By assumption on f and g, if we form the pullbacks of this map along the inclusions
[1]o1 XT' = [2] xI" and [1];p X I = [2] X I" we obtain cocartesian functors over [1] X I". Our
task is to show that also the pullback of this map along the inclusion [1]go X I' < [2] X T is a
cocartesian functor over [1] X I". To this end, consider a cocartesian morphism xo — x2 in C|[1],,xr
living over the edge 0 — 2. By cocartesian lifting, we may factor this morphism as a composite
of two morphisms xo — x; and x; — xp living over 0 — 1 and 1 — 2, respectively. By the
assumption on f and g, these morphisms are then sent to cocartesian morphisms in D), xr and
D1),,xr, respectively. But then their composite must be a cocartesian morphism in Dy}, xr. This
finishes the proof. O

Definition 7.1.10. We define the (non-full) subcategory CoCart,(C,D) € Fun(C,D) as the
subcategory spanned by M:

CoCartS(C, D) := <M>MS(C,D) c @S(C’ D).

Lemma 7.1.11. Let C and D be categories, regarded as cocartesian fibrations over the terminal
category S = x. Then we have an equivalence

CoCart (C, D) =~ Map(C, D) < Fun(C, D).

Proof. We need to show that a morphism f: [1] — Fun(C, D) lies in the image of M —
Map([1], Fun(C, D)) if and only if it is a natural isomorphism of functors C — D. By definition,
the former is the case if and only if the corresponding functor [1] X C — [1] X D is a cocartesian
functor of cocartesian fibrations over [1]. The claim then follows from Lemma 5.12.13. O

186



Lemma 7.1.12. Let p: X — Sand q: Y — S be two left fibrations. Then the inclusion
CoCarty(X,Y) — Funy(X,Y)
is an equivalence.

Proof. Since every functor between two left fibrations is a cocartesian functor, it follows that the
embedding is_Cocartr(funiv) < Map([1], Funy(X,Y)) is an equivalence. The claim thus follows
from Lemma 3.1.13. o

Proposition 7.1.13. Consider a functor T — S and let ¢: T — Funy(C, D) be a functor over S,
corresponding to a functor f: T Xs C — T Xs D over T. Then f is cocartesian over T if and only
if ¢ factors through the subcategory CoCart(C, D).

Proof. By definition of CoCarty(C, D) as a subcategory, ¢ factors through CoCart¢(C, D) if and
only if the induced map Map([1],7) — Map([1], Fung(C, D)) = Mapg([1]xC, D) factors through
M. This is in turn equivalent to the condition that for every I" and every map a@: I' — Mapg([1],7),
the object

¢(a): I' = Mapg([1], Fung(C, D))

factors through M. The map « corresponds to a map @: [1] X ' — T, and by definition of M this
happens if and only if the induced functor

frxy: (Cx [1]) xs € — (I' x [1]) xs D

is a cocartesian functor over I' X [1]. Now, observe that this map is obtained from fr: T xXs C —
T Xs D by pulling back along @: I' X [1] — T, and thus it follows from Lemma 6.2.13 that the
condition is equivalent to the condition that fr is a cocartesian functor over 7. This finishes the
proof. O

Corollary 7.1.14. For every functor T — S, there is a pullback square of the form
CoCart (T x5 C,T Xs D) —— CoCart((C, D)
| |

T ! S.

Proof. The pullback square from Observation 3.5.14 restricts a pullback square on subcategories of
cocartesian fibrations due to Proposition 7.1.13. O

7.2 Straightening over the walking morphism
Recall that for a cocartesian fibration W — [1], the canonical morphism v: O — 1in [1] determines

a covariant transport functor vy: Wy — W;. We will now construct a version of covariant transport
that works over an arbitrary base category.
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Construction 7.2.1. Let S be a category, let p: W — [1] X S be a cocartesian fibration, and denote
by pi: W; — S fori =0, 1 the base change of p: W — § along the inclusion (7,id): S — [1] X S.
We will construct a cocartesian functor over [1] X S of the form

leo—>W

iy ><Po\,4 /

The functor [ will be constructed as a dashed filler fitting in the following commutative diagram:

[1] X Wo id—>[IJ <o

[1] x S.

Observe that such a choice of lift is equivalent to finding a filler for the following commutative
diagram:
{0} —=— Fun(W,, W)

//7
| )

[1] =— Fun(W,, [1] X S),

where the right vertical functor is given by postcomposition with p and the bottom map is adjoint to
[1] X po: [1] X Wy — [1] X S. In other words: we need to find a morphism in Fun(W,, W) whose
source is the inclusion ¢y: Wy — W and which lifts the morphism in Fun(Wy, [1] X §) adjoint to
id[1; Xpo: [1] x Wy — [1] x S. Since p. is a cocartesian fibration by Proposition 5.6.12, we may
simply choose k to be a cocartesian lift which starts in ¢.

Unwinding the proof of Proposition 5.6.12, we obtain an explicit description of / at the level of
objects: given an object (g,w) € [1] X Wy, write s := mg(w) € S and let u: 0 — & denote the
morphism in [1] obtained from the fact that O € [1] is an initial object, see Lemma 5.5.14. Then we
have

(e, w) = (u,ids)1(w),

where the functor (u,ids)i: Wos) — W(s ) denotes cocartesian transport along the morphism
(u,idg): (0,5) — (&,s)in [1] X S.

Lemma 7.2.2. The functor L: [1] X Wy — W constructed in Construction 7.2.1 is a cocartesian
Sfunctor over [1] X S.

Proof. Consider a morphism ¢ : (g,s5) — (&’,5’) in [1] X S and an object (e,w) € {e} X W =
([1] X W)(g,s). By Corollary 6.2.12, it will suffice to show that the canonical map

¥ yn(l(e,w)) = L(Yi(e,w))

is an isomorphism in W. Observe that we may factor ¢ as a composite

(,5) = (&,5) = (', 5),

and hence since the covariant transport functors compose, Corollary 5.6.10, it will suffice to show
the claim in the two cases where either € = ¢’ or s = §”:
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* Assume that s = 5" and ¥ = (v,idy): (g,5) — (&', s) for some morphism v: ¢ — &’ in
[1]. Letting u,: 0 — & and u,: 0 — &’ denote the canonical maps in [1], the map i then
simplifies to the map

(v,idg)1 (e, ids ) (W) — (uer,ids) (w).

But since . : 0 — &’ is the composite of u.: 0 — & and v: & — &', this map is an
isomorphism by Corollary 5.6.10.

* Assume that &€ = &’ and that = (id.,v) for some morphism v: s — s in S. Since
(e,w) = (ug,idy)1(0, w), we may by the previous case reduce to & = 0. The map i then
simplifies to the map

(ido, v)1 (0, 1d5)1(0, w) — (uo,ids)1(ido, v)1(0, w),
which is clearly the identity since ug: 0 — 0 is the identity and hence so is (uq, ids):.

This finishes the proof. O

Definition 7.2.3 (Straightening). Let p: W — [1] X § be a cocartesian fibration, and denote by
pi: W; — Sfori =0,1 the base change of p: W — § along the inclusion (i,id): § — [1] X S. We
define the straightening of p over [1] to be the cocartesian functor over S of the form

St(p)

W() Wl
S,

obtained from the cocartesian functor /: [1] x Wy — W over [1] X S by forming the base change
along (1,id): S — [1] x S. Note that St(p) corresponds to a section

op: § — CoCart (Wo, Wr)
of the structural functor CoCartS(Wg, W) — S.

Remark 7.2.4. If S’ — S is any functor and if p: W — [1] X § is a cocartesian fibration, we may
form the pullback

W —W

We obtain a pullback square
CoCartg (Wg, W) —— CoCarty(Wo, W)
|- l
[1]x§ —— [1] xS.

There are now a priori two ways of constructing a cocartesian functor Wj — W{ over §": we can
either apply Definition 7.2.3 directly to p’, or we first apply Definition 7.2.3 to p to get a cocartesian
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functor Wy — Wj over S and then pull back along S’ — S. One can show that these two functors
agree. In other words, the diagram

CoCartS(W’,W{) —— CoCartg(Wo, Wr)

UP/T T(Tp

[1]xS8 —— > [1] xS

is commutative.

Weak functoriality of straightening over [1]

Given a cocartesian fibration W — [2], we obtain functors Wy — Wy, W, — W, and Wy — W, by
performing covariant transport along the three maps 0 — 1, 1 — 2 and 0 — 2 in [2]. We have seen
in Corollary 5.6.10 that these three functors fit into a commutative triangle

|4}
W() —_— W2.

Similarly, if the cocartesian fibration W — [1] were pulled back along the map [1] — [0] from
some functor W — [0], then the corresponding covariant transport functor W — W’ is naturally
isomorphic to the identity functor. This expresses the functoriality of covariant transport.

As we shall now see, the analogous statements still hold true over an arbitrary base S.

Lemma 7.2.5. Consider a cocartesian fibration p: W — [1] X § obtained from a cocartesian
fibration p’: W — § via the following pullback square:

W—mWw

p| |~

[1]xS 255 5.

Then the straightening functor St(p): W — W’ of p is isomorphic to the identity of W’ over S.

Proof. This is clear from the fact that the dashed diagonal map in the diagram in Construction 7.2.1
may be taken to be the identity map on W = [1] x W’. ]

Proposition 7.2.6. Consider a cocartesian fibration p: W — [2]. For 0 < i < j < 2, define the
cocartesian fibration p;;j: W;; — [1];; X S via the following pullback square:

Wij —)W

W |

[l]ij X§ —— [2] X S,
where [1];; is the subcategory of [2] spanned by i and j. Then there is a natural isomorphism

St(po2) = St(p12) o St(po1)

of cocartesian functors Wy — W, over S.

190



Proof. Via Construction 7.2.1, we obtain cocartesian functors

I I
[1]o1 X Wy - Woi [1]12 x W, x Wiz
id% Po id% A
[1]o1 xS, [1]12x S
and
[1]o2 x Wo e |14
1d><po\,4 A
I]oo X S.

Restricting these three functors to {j} X S «— [1],- j X 8 produces the three functors St(po1), St(p12)
and St(pg2). We claim that these three diagrams can all be extended to cocartesian functors over
[2] x S of the form

i()] ll2

[2] x Wy —————— Wor X[, [2] Wor X[1), 2] ——— W
ld% / ide\, /
X S, [2] xS
and .
R xWy — 2w
idm %
[2] xS

The map [ is obtained from lo; by pulling back along the map s;: [2] — [1] (given by 0 > 0,
I — 1and 2 +— 1). To obtain the map /|5, we write [2] as a pushout of the span [1]g; « {1} —
[1]12, giving a pushout square

W —— Wy

o) |
r

[1]12 X Wi —— Wor X[13,, [2].
The map 15 is then given on Wy by the inclusion Wy; < W and on [1];2 X W| by the composite

I
[1]12 X W) = Wiy — W,

this is well-defined since the restriction of both functors to W; is the inclusion W; — W. Since
both 1, and the inclusion preserve cocartesian morphisms, it follows that /1, preserves cocartesian
morphisms lying over either [1]o; or [1]}2, from which it follows that /,, is indeed a cocartesian
functor over [2] x S.

Finally, the map lop is defined by finding a lift in the following commutative diagram:

(1} —— [1]or —2, Fun(Wp, W)

—
l e
r -~

[1]12 [2] = Fun(W, [2] X ).
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Since the left square is a pushout square, it suffices to construct a diagonal map [1] — Fun(Wy, W)
making the top and bottom triangle commute, but such a map exists uniquely due to the fact
that p, is a cocartesian fibration. Observe that the pullback of the map o, along the inclusion
[1]02 X S <> [2] x S is indeed the map loy: the restriction of its curried functor kg to [1]g2 < [2]
is a solution of the lifting problem

{0} ———— Fun(Wy, W)

— S
J« kOi - i J«p*

[1]o2 —— Fun(Wo, [1]g2 X S)

and must hence agree with the (unique) solution kq;.

To finish the proof, observe that the composite 212 o 701 1 [2] X Wy — W is another cocartesian
functor over [2] x S that satisfies the same lifting criterion as [p>. By uniqueness, we thus obtain a
natural isomorphism

lop = l12 0 lpy.

Pulling back along the inclusion {2} X § < [2] X § then provides the desired natural isomorphism

St(po2) = St(p12) o St(po1). |

7.3 Directed univalence

In this section, we introduce a class of cocartesian fibrations called directed univalent cocartesian
fibrations. Let us start by giving an informal overview of the definition.

Consider a cocartesian fibration n: U, — U, taken to be fixed for now. We will say that another
cocartesian fibration E — § is U-small if it is a base change of 7 along some map S — U. Given a
U-small cocartesian fibration p: W — S X [1], we may apply the straightening procedure from the
previous section to obtain a cocartesian functor St(p): Wy — W of U-small cocartesian fibrations
over S. We then say that 7: U, — U is directed univalent if this procedure determines, for every S,
a one-to-one correspondence between U-small cocartesian fibrations over S X [1] and cocartesian
functors over S.

7.3.1 Small cocartesian fibrations

We start by defining what it means for a cocartesian fibration to be ‘small’, and by introducing various
categories that classify small cocartesian fibrations. Throughout this section, we fix a cocartesian
fibration r: U, — U.

Definition 7.3.1. We say that a cocartesian fibration p: E — S is U-small if it comes equipped with
a pullback square of the form
E— U,
-
Pl lﬂ'
[pl
S —— U.

We say that the map [ p] classifies the fibration p, or that p is classified by the map [p]. We say that
a category C is U-small if the functor pc: C — * is U-small.
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Terminology 7.3.2. We say that the category U classifies U-small cocartesian fibrations, and that
the fibration 7: U, — U is the universal U-small cocartesian fibration.

Observe that the category U X U classifies pairs of U-small cocartesian fibrations:

Observation 7.3.3. Let S be a category equipped with two U-small cocartesian fibrations p;: E; —
Sand py: E; — S, classified by functors [p], [p2]: S — U. Then p; and p, may be obtained via
pullback from the functors 7 X id: Ue X U — U X U andid x7: U X U, — U X U:

E, — U.xU 2, Ey — UxU, 225 U,

U.
- .
Pll nxidl B ln and pzl ianl 4 l”
— —>plrl pr2
S(Fpquz])UXU v S(fm)])UXU — U.
We may think of the pair of cocartesian fibrations 7Xid: UsxU — UxU andid Xn: UxU, — UXU

as the universal pair of U-small cocartesian fibrations.

Observation 7.3.4. Given the pair of cocartesian fibrations 7 Xid: U XU — U XU and id X7: U X
U. — U x U, Definition 3.5.12 provides a category Fun,, ., (Us X U,U X U,) equipped with a
functor

Fun,,. ,(Us xU,U xU,) - UXU.

Given a category S, it follows from Remark 3.5.13 that the data of a functor § — Fun,, ,,(Us X
U,U x Us,) is the same as the data of a functor ([p;], [p2]): S — U X U together with a functor
E| — E, over S between the cocartesian fibrations p: E; — S and p,: E; — S classified by [p1]
and [p>]. In other words: the category Fun,, ., (Us X U,U X Us,) classifies functors between two
U-small cocartesian fibrations.

Observation 7.3.5. Consider the subcategory
CoCarty,, ., (Ue X U,U x U,) C Fun,,_ ., (Us X U,U X Us,)

of cocartesian functors over U XU, defined in Definition 7.1.10. By Proposition 7.1.13, a functor S —
Fun,, ., (Us XU, U x U,) factors through this subcategory if and only if the functor E; — E; over §
from Observation 7.3.4 is a cocartesian functor over S. In other words: the category CoCart,, ,,(UeX
U, U x U,) classifies cocartesian functors between two U-small cocartesian fibrations.

Remark 7.3.6. Recall from Observation 3.5.14 and Corollary 7.1.14 that the constructions Fun
and CoCart are compatible with pullbacks. It thus follows that for any pair (p;, p2) of U-small
cocartesian fibrations over S, classified by functors [p;], [p2]: S — U, there are pullback squares
of the form

ms(El, E)) — @UXU(U' xU,U xU,)

| l
S (Tp11.[p21) UxU

and
CoCart((Ey, E;) —— CoCart,, ,,(Use X U,U X Us,)

Ll l
g (Tp11.[p2D UxU.
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Using this remark, we may be more precise about the way that the category CoCart, . ., (Us X U, U X
U,) ‘classifies’ cocartesian functors between two cocartesian fibrations.

Definition 7.3.7. Write T := CoCart,, ., (Us X U,U X U,) for short. Define cocartesian fibrations
71: Uy — T and 7p: Us — T via the following pullback squares:

U — U xU Uy —— UxU,
. .

f|l lnxid and le lidxn

T —— UxU T —— UxU.

Since the map T — U X U lifts toamap T — CoCart,,, ., (Us XU, U X U,) (namely the identity map
on T), it follows from Observation 7.3.5 that the cocartesian fibrations 7, and 7w, come equipped

with a cocartesian functor
funiv

U,
N
T.

Lemma 7.3.8. Let pi: E1 — S and py: E; — S be two U-small cocartesian fibrations, and
let f: Ey — Ej be a cocartesian functor over S. Then there exists a functor [f]: S — T =
CoCarty,, ,(Us X U,U x U,) such that f is the base change of funiv along [ f1:

Us

B —L k5 11 (@) 2 5111 (@)

PN Az m*@k Aw*@)
S S.

Proof. We saw in Observation 7.3.5 that the cocartesian functors between U-small cocartesian
fibrations over a category S are classified by functors § — T = CoCart,,, ., (Us x U,U X U,). This
process is functorial in S: given functors ¢: § — S" and ¥ : S’ — T, the cocartesian functor over S
classified by the composite ¥y o ¢: S — T is obtained from the one over S’ classified by by pulling
back along ¢. Taking S’ = T now gives the claim. O

7.3.2 Directed univalence

We now come to the definition of directed univalence, still fixing a cocartesian fibration 7: Uy — U.
As indicated in the introduction of this section, this should mean that for every S there is a one-to-
one correspondence between U-small cocartesian fibrations over [1] X S and cocartesian functors
between U-small cocartesian fibrations over S.

By definition, U-small cocartesian fibrations over [1] X S are classified by functors [1] X S — U,
or equivalently by functors S — Fun([1],U). Similarly, we have seen in Lemma 7.3.8 that
cocartesian functors between U-small cocartesian fibrations over S are classified by functors § —
CoCarty,, ,(Us x U,U x U,). Hence directed univalence essentially boils down to the existence of
an equivalence

Sty : Fun([1],U) — CoCart,,. ., (Us x U,U X U.).

Let us explain how to construct such a comparison functor:
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Construction 7.3.9 (Universal straightening). Let 7: U, — U be a cocartesian fibration. We will
construct a straightening functor

Sty

Fun([1], V)

(eVom

To this end, consider the cocartesian fibration p: W — [1] X Fun([1], U) defined as the base change
of m along the evaluation functor:

CoCarty,, ,(Ue X U,U x U,)

\

UxU.

W—s U,
-
Pl ln
[1] x Fun([1],U) == U.
(Observe that p is the universal U-small cocartesian fibration of the form W — [1] x S for some S.)

Applying the straightening procedure from Section 7.2, we thus obtain a cocartesian functor

Wo St(p) W

Fun([1],U)

of cocartesian fibrations over Fun([1], U), where Wy and W, are defined as the following base
changes of «:
Wi — U,
-
Pil ln
Fun([1],U) — U.

Applying Observation 7.3.5 to the case S = Fun([1], U), we see that the cocartesian functor St(p)
over S is precisely classifying a lift Sty in the following commutative diagram:

CoCarty,, ., (Us X U, U x U,)

Sty ,/’% l

P
-
-

Fun([1], V) UxU.

(evo,evi)

This finishes the construction of Stg;.

Definition 7.3.10 (Directed univalence). A cocartesian fibration n: U, — U is called directed
univalent if the functor Sty : Fun([1],U) — CoCart,,, ,(Us X U, U x U,) is an equivalence.

Perhaps the most important consequence of directed univalence is that it provides a translation
between morphisms in U and functors of U-small categories. To see this, consider two objects ¢ and
d of U, and consider their corresponding U-small categories C and D:

c — U D —— U,
A -

l l,, and l l,,

x« —< 5 U *LU.
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Since the map Sty is a functor over U X U, it induces a functor on fibers over (¢, d). This functor
takes the form
Homy, (¢, d) — CoCart{(c,d)}(C, D) =~ Map(C, D),

where the equivalence comes from Lemma 7.1.11.

Corollary 7.3.11. Let m: Us — U be a directed univalent cocartesian fibration. For every pair of
objects c and d of U with corresponding U-small categories C and D, the induced map

Homy; (¢, d) — Map(C, D)
is an equivalence of groupoids. O

In other words, morphisms in U from c to d are nothing but functors from C to D. It then follows
from Proposition 7.2.6 and Lemma 7.2.5 that under this correspondence identities and compositions
in U correspond to identity functors and composition of functors. All in all we get the following
dictionary:

Objects c of U = U-small categories C
Morphisms ¢ — d in U — Functors C — D
Identity id, in U — The identity functor idc: C — C
Composition in U = Composition of functors
Commutative triangles [2] — U — Commutative triangles /'D\
C —E
. . C—>D
Commutative squares [1] X [1] - U = Commutative squares ! 1
' — D

Remark 7.3.12. Using the same reasoning as above, it follows that for U-small cocartesian fibrations
C, — S and C, — S, classified by functors Fi, F»: S — U, there is a one-to-one correspondence
between cocartesian functors C; — C, over S and natural transformations F; — F>. Under this
correspondence, the cocartesian functor C; — C, is an equivalence if and only if the natural
transformation F| — F5 is a natural isomorphism.

As a special case, assume that a cocartesian fibration p: C — S is classified by two a priori different
functors F, F’: S — U:

CcC — U, c — U,
- _|

Pl s and Pl T
sty SLU.

Then there is a natural isomorphism F = F’ corresponding to the identity C = C. We will see this
below in Remark 7.3.17. We conclude that the notion of smallness is really just a property of the
underlying cocartesian fibration.
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7.3.3 Consequences of directed univalence

‘We continue to fix a directed univalent cocartesian fibration 7: U, — U.

Definition 7.3.13. Consider two cocartesian fibrations pg: Eg — S and p;: E; — S. We define
the cocartesian mapping space over S as

CoCartg(Eo, E1)
Map$PCat(Eg, E1) = (ps)s l
S

We observe that by virtue of Corollary 3.5.16, there is a canonical equivalence of the form

Fung(Eo, E1)
Mapg(Eo, E1) = (ps)« l

S

There is thus an embedding Mapg"cart(EO, E|) — Mapg(Eo, E1).

Lemma 7.3.14. Given two left fibrations po: Xo — S and p1: X1 — S, the inclusion
Map§°“"(Xo, X;) < Mapg (Xo, X1)

is an equivalence.

Proof. This is an immediate consequence of Lemma 7.1.12. O

Now assume that the cocartesian fibrations p;: E; — S are U-small: there are functors F;: S — U
for i = 0, 1 and pullback squares

l

E. —l> °
pi

U.
U

~

¥
s L,
Lemma 7.3.15. Given functors Fy, F1: S — U, the fiber of the functor

Fun(S, CoCartyxy (Us X U,U x U,)) — Fun(S, U) x Fun(S, U)
at the pair (Fo, F1) is Map$°“™(Eo, E1).

Proof. The fibers of this functor are groupoids: indeed, we are talking of the fibers of a functor
equivalent to the functor

Fun(S, Fun([1],U)) = Fun([1], Fun(S, U)) — Fun(S, U) X Fun(S,U),

and since the latter is known to be conservative, this proves our claim. Consider a groupoid I'. Then a
map[" — Mapgoca”(Eo, E) corresponds by definition to a cocartesian functor f: TXEqg — ['X E}
over ' X S.
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On the other hand, a map from I" to the fiber is given as a map Yy — Y; over I' X § together with a
proof that it is a cocartesian functor over I" X S, where Y; and Y7 are defined via the pullback squares

Y; U.

|

l |-

FXSLS—i>U

But it is easy to see that Yy and Y| are equivalent to I" X Eg and I" X E, respectively. O

Theorem 7.3.16. For U-small cocartesian fibrations p;: E; — S classified by functors F;: S — U,
there is an equivalence of groupoids

Fun(S, U)(Fo, F1) = Mapg°“"(Eo, E1).

Proof. By definition, the hom groupoid Homgy,(s,u7) (Fo, F1) is defined via the following pullback
square:
Homgun(s,v) (Fo, F1) —— Fun([1], Fun(S, U))
| . l
 —of) | Fun(S, U) x Fun(S, U).
By the previous lemma, it will thus suffice to show that the right vertical map is equivalent to the
map in the lemma. But this follows directly from the following commutative diagram:

Fun([1], Fun(S, U)) ——— Fun(S, Fun([1],V)) LN Fun(S, CoCartyxy(Ue X U, U x U,))

l l

Fun(S, U) x Fun(S, U) Fun(S, U) x Fun(S, U),

since the top two functors are equivalences. O

Remark 7.3.17. Given two cocartesian fibrations p;: X; — S, every equivalence Xo — X; over S
is automatically a cocartesian functor over S, Corollary 5.12.5, so the inclusion Equivg(Xo, X1) —
Mapg (Xo, X;) factors through Map(Sjocm(Xo, X1). If each cocartesian fibration p; is classified by
a functor F;: S — Cat, Theorem 7.3.16 implies right away that the equivalence of the previous
theorem restricts to a map of the form

Fun(S, Cat)~(Fy, F1) — Equivg(Xo, X1)

that is an equivalence. Indeed the induced comparison map is an embedding since its composition
with the embedding into Mapgocm(Xo, X)) is the composition of an embedding with an equivalence,
hence an embedding. The compatibility of the straightening equivalence with compositions by
Proposition 7.2.6 implies the surjectivity as well: given an equivalence u: Xo — X over S, with
inverse v: X; — Xp, we can find ¢: Fyp — Fj and ¢ : F| — Fy such that u is the straightening of
¢ and v the straightening of . This means that ¢ o ¢ and i o ¢ are straightenings of identities.
Theorem 7.3.16 thus implies that they must be equivalent to identities themselves.
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Consider now the following diagram:

Iso(U) ------ > Equivy,(Ue x U, U x U,)

l |

Fun([1],U) LN CoCartyxy(Ue X U, U x Us,).

We claim that this is a pullback square and thus that the dashed map is an equivalence. Indeed, given
any category S, we obtain a commutative square of the form

Map(S, Iso(U)) ------ > Map(S, Equivy;,(Ue X U, U x U,))

l l

Map(S, Fun([1], U)) S, Map (S, CoCartyxy(Ue X U, U X U.,)).

This is a pullback square: since this is a diagram of animae over Map(S, U x U), it suffices to check
this property fiber-wise over each object of Map(S, U x U), which we already know.

The equivalence
Iso(U) = Equivy gy (Ue X U, U x U,)

precisely means that the cocartesian fibration n: U, — U is univalent in Voevodsky’s sense. In
practical terms, this is the precise way to say that there is a correspondence between cocartesian
fibrations with U-small fibers of the form p: X — § and functors of the form F: § — U: given a
pullback square of the form

p and F determine each other uniquely up to equivalence.

7.4 The universe of categories

Our next goal is to define the universe of all (small) categories, i.e. a category Cat whose objects
classify (small) categories. We require that Cat comes equipped with a directed univalent cocartesian
fibration myy;y : Cate — Cat, so that we may identify the objects and morphisms of Cat with (small)
categories and functors between them. To ensure that Cat does indeed behave like a universe of
categories, we will have to enforce that all the categorical constructions of categories we have
introduced so far admit analogues internal to Cat.

7.4.1 Universes

Let us start by introducing some general terminology regarding universes.

Definition 7.4.1 ((Regular) Universe). A universe is a category U equipped with a directed univalent
cocartesian fibration 7: Uy — U.

A universe U is called regular if U-small cocartesian fibrations are closed under composition.
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Remark 7.4.2. In light of Remark 7.3.12, we will frequently be somewhat sloppy with our use of
the adjective ‘U-small’ and treat it as a property. A more constructive approach will be given in
Section 7.8.

While there can a priori be many different universes, the collection of universes behaves like a
partially ordered set:

Theorem 7.4.3. Let U be a universe with directed univalent cocartesian fibration n: Uy — U, and
leti: V — U be a functor. Then the following two conditions are equivalent:

(1) The base change Vo :=V Xy Us — V exhibits V as a universe;
(2) The functor i is fully faithful.

Proof. Consider the map n’: V, — V defined as the base change of 7 along i:

J
—>U.
_I

NS

T

:\
<

L.

By taking the cartesian product of this square with a degenerate pullback square, we obtain two
pullback squares

VoxV 25 UsxU vxV, 25 uxu.,
n'xidl - lnxid and idxn’l - lid)w
VxV X, UxU VxV X, UxuU.

As a consequence, we obtain from Corollary 7.1.14 a pullback square

CoCart,, (Ve xV,V X V,) —— CoCart, ., (Us X U,U x U,)

l l

VXV el UxU.

Since the square
[1] x Fun([1],V) ==V

lxi*l li
[1] x Fun([1],U) —=— U

commutes, we obtain pullback squares

Wy Wu U.

-

l e |-

1xi ev

[1] x Fun([1],U) == [1] x Fun([1],U) ——
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Consider now the following commutative diagram:

iy

Fun([1],V) Fun([1],U)

J]Stv J,StU

CoCarty, \, (Ve xV,V X V,) —— CoCart, ,(Us X U,U x U,)
l J l

VXV i UxU.

Since the bottom square is a pullback square, it follows from the pasting rule for pullback squares
that 7 is fully faithful if and only if the top square is cartesian. Since the upper right vertical map Sty
is an equivalence, this happens if and only if also the left vertical map Sty being an equivalence, i.e.
if the cocartesian fibration V, — V is directed univalent. This finishes the proof. O

Lemma 7.4.4. Let " be a groupoid and let U be a universe. Then the category Ut in context I is a
universe for categories in context I.

Proof. 1If is clear that Ur is a cocartesian fibration. Since I" is a groupoid, a family of functors
f(x): A(x) — B(x) parametrized by terms x: I" is a cocartesian fibration in conext I" if and only if
its associated functor

z:x: Ff(x): 2:x: FA(x) - Zx: FB(X)

is cocartesian in the absolute context. Similarly, if S(x) is a family of categories indexed by terms
x: T with associated category in the absolute context S = X. rS(x), a functor between cocartesian
fibrations over S(x) in context I is cocartesian over S(x) in context I" if and only if it is cocartesian
in context S in the absolute context. This implies that

COCaI'tUXu(U. XU,UXUs)r = (UXU)r =Ur xr Ur

classifies cocartesian functors between cocartesian fibrations that are pullbacks of the cocartesian
fibration U, — U in context I'. Since we also have

Fun([1], U)r = Funr([1], Ur)

this implies right away that Ur is a directed univalent universe in context I simply because the
operation (—)r preserves equivalences. m]

7.4.2 The universe of categories

‘We will now introduce the universe Cat.

Definition 7.4.5 (Universe of categories). We say that a universe U is a universe of categories if the
following conditions are satisfied:

(Catl) (Regularity) The composite of two U-small cocartesian fibrations is U-small;

(Cat2) (Terminal category) The category * is U-small;
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(Cat3) (Pullbacks) Given U-small cocartesian fibrations C — S, D — S and E — S, and cocarte-
sian functors C — E and D — E over S, the cocartesian fibration C Xp E — S from
Proposition 5.12.15 is U-small;

(Cat4) (Subcategories) Let p: C — § be a U-small cocartesian firbration and let i: C’ — C be
an embedding such that ip: C’ — § is still a cocartesian fibration. Then ip is a U-small
cocartesian fibration;

(Cat5) (Joins) If C — S and D — § are U-small cocartesian fibrations, then their relative join
C x5 D — § (in the sense of Definition 3.6.12) exists and is again a U-small cocartesian
fibration;

(Cat6) (Dependent products) For any U-small category S, any U-small cocartesian fibration f: C —
D and any functor D — S, the functor (ps).(f): (ps)«(C) — (ps)«(D) is a U-small
cocartesian fibration.

(Cat7) (Localizations) If C is U-small and W — Map([1], C) is an embedding, then there exists a
localization of C at W which is U-small;

(Cat8) (Regular subuniverses) For any U-small subcategory V of U there exists a U-small subcate-
gory V € V' C U such that V’ is a regular universe.

We may or may not need the following additional conditions:

(Cat9) (Retracts) Any retract of a U-small category is U-small;
(Cat10) A cocartesian fibration which has U-small fibers is a U-small cocartesian fibration;

(Catll) (Dependent products 2) For any U-small cocartesian fibration p: C — D and a functor
E — C with U-small fibers, also the functor p.(E) — D has U-small fibers.

(Catl12) A category C is U-small whenever the groupoid Map([1], C) is U-small.

Here in (Cat10) and (Cat11) we used the following:

Definition 7.4.6 (U-small fibers). Let U be a universe in the sense of Definition 7.4.1, and let
f: C — D be a functor. We say that f has U-small fibers if for any U-small category T and any
functor T — D the pullback C Xp T is U-small.

Axiom N (Directed Univalence Axiom). For any cocartesian fibration g: E — B, there exists
a universe of categories U such that B is U-small and g has U-small fibers.

In practice, we will mostly just need a single universe of categories; we will frequently fix a choice
and denote it by Cat. We denote the associated universal cocartesian fibration by

Tuniv - Cat, — Cat.
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We will say that a category C is small if it is Cat-small in the sense of Definition 7.3.1, i.e. if there
exists an object c¢: * — Cat and a pullback square

C —— Cat,

.
J/ Tluniv

x —= Cat.

We will similarly speak of small cocartesian fibrations, etcetera. The reader should keep in mind
that all results stated for the fixed universe Cat will hold for any universe of categories U.

We will now deduce various further closure properties of Cat.

Lemma 7.4.7 (Identity functors). For every category S, the identity functor ids: S — S is a small
cocartesian fibration.

Proof. The identity functor on § is a base change along ps: S — = of the functor id,: * — =, and
hence this follows (Cat2). O

Lemma 7.4.8 (Initial category). For every category S, the functor 0 — S is a small cocartesian
fibration.

Proof. This follows from applying (Cat4) to the embedding ¢ < S, combined with the fact that
ids: S — § is small by the previous lemma. O

Lemma 7.4.9 (Products). Let p: C — S and q: D — S be small cocartesian fibrations. Then also
C xXs D — S is a small cocartesian fibration.

. . . pr, .
Proof. This functor may be written as a composite C Xg D =% ¢ & 5 of two small cocartesian
fibrations, hence the claim follows from (Cat1). O

Lemma 7.4.10 (Groupoid cores). Let C be a small category. Then also its groupoid core C~ is
small.

Proof. This follows by applying (Cat4) to the embedding C= <— C from Corollary 2.2.12. O

Lemma 7.4.11 (Universality of coproducts). Let S and T be categories. A cocartesian fibration
p: C — SUT is small if and only if its pullbacks ps: Cs — S and pr: Ct — T are small.

Proof. The ‘only if’-direction is clear since U-small cocartesian fibrations are closed under base
change. Conversely, assume that the cocartesian fibrations ps: Cs — S and pr: Cr — T are
represented by functors Fs: S — Catand Fr: T — Cat, respectively. We claim that p is represented
by the functor F := (Fs, Fr): SUT — Cat. Indeed, if we let D — SUT denote the small cocartesian
fibration classified by F, then we see that D pulls back to the functors Cs — S and Cr — T, hence
it follows from Axiom B.4’ that D ~ Cs U Cp = C as desired. O

Lemma 7.4.12 (Coproducts). Given small cocartesian fibrations p: C — S and q: D — S, their
coproduct {p,q): C U D — S is a small cocartesian fibration.
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idg,id )
Proof. We may factor this functor as C LI D L RY R M S. The first functor is a small

cartesian fibration by Lemma 7.4.11. The second functor is a base change of the functor * LI * — =,
hence it remains to show that * LI * is small. But since * LI % = [1]7, this follows from applying
Lemma 7.4.10 to the small category [1]. O

Lemma 7.4.13. The product p X q: EXF — C X D of two small cocartesian fibrations p: E — C
and q: F — D is again small.

Proof. We may factor p X g as a composite

id id
ExFquFﬂCxD.

The maps p X idg and id¢ Xg are small, and hence so is their composite by (Catl). O

Lemma 7.4.14. Let p: C — S be a small cocartesian fibration. Then p has small fibers.

Proof. We may assume without loss of generality that S is small. But then also the composite
C — § — = is small by (Catl). O

Lemma 7.4.15. Let C be a small category and p: D — S a small cocartesian fibration. Then also
p«: Fun(C, D) — Fun(C, S) is a small cocartesian fibration.

Proof. The functor p X idc: D X C — § x C is a small cocartesian fibration, being a base change
of p. The projection maps to C exhibit it as a cocartesian fibration over C. By (Cat6), the functor
(pc)«(D xC) — (pc)«(S x C) is again a small cocartesian fibration. But this functor is precisely
p«: Fun(C, D) — Fun(C, S), hence we are done. O

Lemma 7.4.16 (Functor categories). If C and D are small categories, then also Fun(C, D) is small.

Proof. This is a special case of Lemma 7.4.15 by taking § = . O

7.5 Category theory internal to the universe

In the previous chapters of this book, we have introduced various axioms for constructing and
manipulating categories, and we used these axioms to build up some basic category theory. We will
sometimes refer to this theory as the ‘external’ category theory: the notion of ‘category’ is taken for
granted, and it is up to the user of the theory to interpret it in different contexts.

In this section, we will study ‘internal’ category theory. Recall that we introduced the universe of
categories Cat in the previous section, whose objects we may think of as small categories. The goal
of this section is to show that all aspects of the external theory admit reflections for small categories,
purely formulated in terms of the category Cat. We may loosely refer to this as ‘internal category
theory in Cat’.

7.5.1 Constructions of categories

We start by discussing internal versions of initial/terminal categories, products/coproducts, pullbacks
and functor categories.
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Products and coproducts

Notation 7.5.1 (Initial/terminal categories). By condition (Cat2) and Lemma 7.4.8, the terminal
category = and the initial category @ are both small, hence are classified by objects |*] and | 0] of
Cat:

x* —— Cat, ) —— Cat,
. .
J/ J/”univ and J/ J/”univ
* 0
* % Cat * % Cat.

Lemma 7.5.2. The object + € Cat is a terminal object. The object O € Cat is an initial object.

Proof. We start with the statement about *. By Lemma 5.9.8, it suffices to show that for any
other object ¢ € Cat the Hom groupoid Homcy(c, *) is contractible. By directed univalence, this
groupoid is equivalent to Map(C, =), where C is the small category classified by ¢. But we have
Fun(C, %) = = by Lemma 1.4.8 and *+® — = by Example 2.1.4.

The argument for @ is analogous, except that we use the equivalence Fun(0,C) — = from
Lemma 1.4.13. O

Notation 7.5.3 (Products). By Lemma 7.4.13, the product functor mypiy X yniy : Cate X Cat, — CatXx
Cat is a small cocartesian fibration, and hence is classified by some functor — x —: Cat x Cat — Cat:

Cat, X Cat, —— Cat,

.
ﬂunivX”univJ/ J/”univ

Cat x Cat --2-5 Cat.

Given two objects ¢ and d of Cat corresponding to small categories C and D, note that the fiber of
Tuniv X Tuniv over (¢, d) is the product category C X D, so that the functor — X —: Cat x Cat — Cat
does indeed encode the product of categories.

Notation 7.5.4 (Coproducts). By Lemma 7.4.12, the coproduct functor
(funiv X id, id X7ryniv) : (Cate X Cat) LI (Cat x Cat,) — Cat x Cat
is a small cocartesian fibration, and hence is classified by some functor — L —: Cat x Cat — Cat:

(Cat, x Cat) U (Cat x Cat,) —— Cat,

.
( Ttuniv Xid, id Xﬂuni\,)l lﬂuniv
Catx Cat ----- -5 Cat.
Given two objects ¢ and d of Cat corresponding to small categories C and D, note that the fiber of the
left vertical map over (¢, d) is the coproduct category CLID, so that the functor —LI—: CatxCat — Cat
does indeed encode the coproduct of categories.

Lemma 7.5.5. For objects c,d € Cat, the object ¢ X d is a product in Cat, and the object c L1 d is a
coproduct in Cat.
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Proof. The argument is similar to Lemma 7.5.2. For the product, we need to show that for any other
e € Cat the two projection maps induce an equivalence

HomCat(e, c X d) — Homcat(ea C) X HomCat(e, d) = HomCathat((e, 6), (C’ d))

Under directed univalence this follows from the equivalence Map(E,C X D) — Map(E, C) X
Map(E, D) from Lemma 1.4.9. The argument for the coproduct is dual. O

Pullbacks

Recall from Definition 5.10.10 the category _I, which for the purposes of this section we will display

as follows:
0

I

1 —— 2.

In particular we denote its three objects by 0, 1 and 2. We would like to construct a pullback functor
lim: Fun(J, Cat) — Cat.

Construction 7.5.6. Let us write Cat” := Fun(d, Cat). Fori =0, 1,2, we denote by Catii — Cat”
the small cocartesian fibration defined via the following pullback diagram:

Catfl. — Cat,
| *
TTuniv
Cat® —X Cat.

Using the unstraightening procedure from Definition 7.2.3, the morphisms 0 — 2 and 1 — 2 in
give rise to cocartesian functors

Cat}y ——— Cat?, Cat), —— Cat,
\ / and \ /
Cat- Cat”.
It then follows from condition (Cat3) that the resulting cocartesian fibration

4 1 1
Cat] Xcat, Cat; | — Cat
is again a small cocartesian fibration, and hence is classified by some functor lim: Cat® — Cat:

Cat?

.|
o0 Xca, Caty; — Cate

.
Tluniv

Observation 7.5.7. Note that an object of Cat” corresponds to a pair of morphisms ¢ — e and
d — e in Cat, which in turn corresponds under directed univalence to a pair of functors C — E and
D — E. A computation shows that the fiber of the left vertical map over this object is the pullback
C xg D, showing that the functor lim: Cat” — Cat does indeed classify pullbacks of categories.
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Lemma7.5.8. The functorlim: Fun(J, Cat) — Catis right adjoint to the diagonal map p*,: Cat —
Fun(d, Cat).

Proof. Consider a cospan ¢ — e « d in Cat and an object x of Cat. We need to show that the map
I_I()InCaltJ (X =X X, 0 e d) - HomCat(x’C Xe d)

induced by the cone diagram of ¢ X, d is an equivalence. A computation shows that the left-hand
side is equivalent to
HomCat(Xa C) XHomey (x,€) HomCat(X’ d)

By directed univalence, the map is then equivalent to the map
Map(X, C) Xmap(x,£) Map(X, D) — Map(X, C Xg D),
which is an equivalence by Lemma 1.4.10 and Lemma 2.2.5. O

Corollary 7.5.9. The category Cat admits pullbacks. O

Functor categories

We will now discuss functor categories internal to Cat.

Construction 7.5.10. Let ¢ be an object of Cat and let C be the associated small category. By
Lemma 7.4.15, the functor

(7univ)« - Fun(C, Cat,) — Fun(C, Cat)
is a small cocartesian fibration, hence it is classified by some functor I'c : Fun(C, Cat) — Cat:

Fun(C, Cat,) —— Cat,

.
(nuniv)*l J/”univ

Fun(C, Cat) -~S-> Cat.
We define the functor (—)¢: Cat — Cat as the following composite:

Pe T,
Cat — Fun(C, Cat) -5 Cat.

Note that for an object d € Cat corresponding to a small category D, the image d¢ € Cat classifies
the small category Fun(C, D).

Lemma 7.5.11. The functor (—)¢: Cat — Cat is right adjoint to — X ¢: Cat — Cat.

Proof. Using directed univalence this follows from Lemma 1.4.11, similar to the proofs of Lemmas
7.5.2,7.5.5and 7.5.8. m]
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Construction 7.5.12. Let f: ¢ — d be a morphism in Cat corresponding under directed univalence
to a functor f: C — D between small categories. We will construct a natural transformation

(- ()
We denote by Cat{ — Cat the small cocartesian fibration classified by (-)¢: Cat — Cat:

Cat; —— Fun(C, Cat,) —— Cat,

- 4
J/ (Tuniv )= J/ l Tluniv

CatLFun(C,Cat) fe Cat.
-)F

Precomposition with f gives rise to a commutative diagram

Fun(D, Cat,) —— Fun(C, Cat,)

l l

Fun(D, Cat) —— Fun(C, Cat),

which induces a cocartesian functor Cat? — Cat¢ over Cat. Under directed univalence this corre-
sponds to a natural transformation f*: (=)¢ — (=) as desired.

Lemma 7.5.13. There is a natural isomorphism (—=)* = idcy of functors Cat — Cat.

Proof. This is immediate from the equivalence Cat; =~ Cat, over Cat, which follows from the

equivalences Fun(x, Cat) ~ Cat and Fun(x, Cat,) ~ Cat, from Lemma 1.4.12. O
Lemma 7.5.14. For small categories C and D there is a natural isomorphism ((=)€)P = (=)¢xP
of functors Cat — Cat.

Proof. The small cocartesian fibration classified by ((—=)€)? sits in a pullback square as follows:

(Cat$)4 Fun(D, Fun(C, Cat,))

-
J/ J](”univ)*

(P&)s
Cat —22, Fun(D, Cat) Pk, Fun(D, Fun(C, Cat)).

Under the equivalences Fun(D, Fun(C, Cat)) =~ Fun(C x D, Cat) and Fun(D, Fun(C, Cat,)) =
Fun(C x D, Cat,) from Lemma 1.4.11, the bottom functor is p., ,, and we see that the left vertical
map agrees with the small cocartesian fibration Cat$*¢ — Cat classifying (—)¢*¢. The claim thus
follows from directed univalence. O

Remark 7.5.15. Proceeding in this way, one may prove each of the following natural isomorphisms:

* For ¢ € Catthere is a natural isomorphism (—x—)¢ = (—=)¢Xx(—-)¢ of functors CatxCat — Cat,
cf. Lemma 1.4.9;

* Fort € Cat there is a natural isomorphism (lim(-))? = lim((-)") of functors Fun(_, Cat) —
Cat, cf. Lemma 1.4.10;

* There is a natural isomorphism (—)? = constg, cf. Lemma 1.4.13;

« There is a natural isomorphism ()" = (=)¢ x (-)¢, cf. Lemma 1.4.14.
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7.6 The universe of groupoids

In this section we construct the universe of groupoids Grpd and equip it with the universal small
left fibration myniy : Grpd, — Grpd. We further show that the inclusion Grpd < Cat admits both a
right adjoint (—)=: Cat — Grpd and a left adjoint || — ||: Cat — Grpd.

Recall that a category X is a groupoid if all its morphisms are invertible, or equivalently if the
functor p? K X — Fun([1], X) is an equivalence. This immediately leads to an internal definition
of groupoids:

Definition 7.6.1. Applying Construction 7.5.12 to the projection map [1] — [0], we obtain a natural
transformation
1] : idCat = (_)[0] - (_)[1]

of functors Cat — Cat, which corresponds to a functor Cat — Fun([1], Cat) sending x to p[ ik

x['1. We say that x € Cat is a groupoid if this morphism is an equivalence in Cat. We define the
category Grpd of groupoids via the pullback square

Grpd — Iso(Cat)
[ - [
Cat —— Fun([1], Cat).
x (x—oxl1)
Since the right vertical map is fully faithful by Corollary 6.4.3, we see that the resulting functor
Grpd — Cat is fully faithful. We define the cocartesian fibration my,,: Grpd, — Grpd via the

pullback square
Grpd, —— Cat,

-
ﬂunivl l Tluniv

Grpd —— Cat.

Note that the cocartesian fibration iy : Grpd, — Grpd is directed univalent by Theorem 7.4.3,
because it is classified by a fully faithful functor Grpd — Cat.

Definition 7.6.2. A small cocartesian fibration p: X — § which is a left fibration is called a small
left fibration.

Theorem 7.6.3. The functor myniy: Grpd, — Grpd is the universal small left fibration: given a
small cocartesian fibration p: X — S classified by a functor F: S — Cat, we have that p is a left
fibration if and only if F factors through the full subcategory Grpd of Cat.

Proof. Let p: X — S be a small cocartesian fibration classified by a functor F"

X —— Cat,

-
pl l”univ

s —£ . Cat.

We know from Lemma 5.9.11 that p is a left fibration if and only if the fibers of p are groupoids.
Note that the fiber of p at an object x of S is the category classified by the object F'(x) of Cat, so we
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see that p is a left fibration if and only if F(x) € Grpd for every object x of S. Since the inclusion
Grpd < Cat is fully faithful, the latter condition is equivalent to the condition that the functor F
factors through the full subcategory Grpd of Cat. O

Proposition 7.6.4. The category Grpd admits pullbacks, and the inclusion Grpd — Cat preserves
pullbacks.

Proof. Recall from Corollary 7.5.9 that Cat admits pullbacks: given morphisms ¢ — eandd — e
in Cat corresponding to functors C — E and D — E, the pullback ¢ X, d in Cat corresponds to the
pullback C xXg D. We have seen in Lemma 2.1.9 that if C, D and E are groupoids then so is C Xg D.
This shows that the functor lim: Fun(_, Cat) — Cat restricts to a functor lim: Fun(J, Grpd) —
Grpd right adjoint to the diagonal functor. This means that Grpd admits pullbacks and that they are
preserved by the inclusion to Cat. ]

7.6.1 Groupoid cores
We would like to show that the inclusion Grpd < Cat admits a right adjoint
(=)~ Cat — Grpd

which assigns to every small category C its groupoid core C~. For this, we start by constructing the
fiberwise maximal groupoid C=/S — S of a cocartesian fibration p: C — .

Construction 7.6.5. Let p: C — S be a cocartesian fibration. Consider a morphism u: xy — x| in
C, and write v = p(u) for the resulting morphism in S. We then get a unique map () : vi(xg) — x;
in Cg, fitting in the following commutative diagram:

v1(x0)

SN

X9 — XJ.
This process defines a functor
¥ Map([1],C) — Map([1],C): u > ¢(u).

Observe that we have p (¥ (u)) = id,(,). We now define a collection of maps in C via the following
pullback square:
M — Iso(C)~
[T
Map([1],C) —— Map([1], C).
Observe that a morphismis in M if and only ifitis p-cocartesian. Since the p-cocartesian morphisms

in C are closed under composition by ??, it follows that the collection of maps M is closed under
composition, and thus we may make the following definition:

Definition 7.6.6. Given a cocartesian fibration C — S, we define the fiberwise maximal groupoid
of C over S as the subcategory
C™s :=(M)c c C.
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Proposition 7.6.7. The resulting map p’: C~/S — S is a left fibration and the functor C=/S — C is
a cocartesian functor over S.

Proof. A direct inspection of universal properties shows that any morphism in C~/S whose image in
C is p-cocartesian is in fact p’-cocartesian. Since all p-cocrtesian morphisms of C belong to C=/s, it
is clear that any morphism of S equipped with a lift of its source in C~/5 has a unique p’-cocartesian
lift with the prescribed source: it suffices to provide a p-cocartesian lift in C. This proves that p’ is
a cocartesian fibration and that the embedding of C~/s into C is a cocartesian functor over S. O

Lemma 7.6.8. Let p: C — S be a cocartesian fibration and let f: T — S be any functor. For any
left fibration q: Y — T, there is an equivalence

Mapy(Y, S X7 C¥/5) = MapS°“™ (Y, T xs C).
Proof. Consider the following commutative diagram:
(S x7 C)*I" —— S x7 C¥IS —— C=Is
|-
T — S.
Now use the universal property of the subcategory (M)c. O
We are now ready to construct the groupoid core functor (-)=: Cat — Cat.

Construction 7.6.9 (Groupoid core). Applying Proposition 7.6.7 to the universal small cocartesian
fibration 7,y : Cat, — Cat, we obtain a left fibration

Cat,’™ ——— Cat,

\ Aniv
Cat.

Since the top functor is an embedding, it follows from the closure condition (Cat4) that the left
fibration Cat,’“ — Cat is a small cocartesian fibration, hence is classified by a functor (=)~ : Cat —
Cat:

Cat,’® — Cat,

.
Tuniv

The inclusion map Ca — Cat, is a cocartesian functor over Cat, and hence corresponds under
directed univalence to a natural transformation

tz/Cal
Y (_)= - idCat

of functors Cat — Cat.

Lemma 7.6.10. The functor (=)= : Cat — Cat factors through the full subcategory Grpd C Cat.
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Proof. By definition of full subcategories, it suffices to show that for every object ¢ of Cat the object
¢ of Cat is a groupoid. If C is the small category classified by ¢ € Cat, then a simple computation
shows that its groupoid core C~ is the small category classified by ¢~ € Cat (here one uses the
equivalence C= =~ (Iso(C))¢.) Since C= is a groupoid, the claim follows. O

Proposition 7.6.11. The functor (=)= : Cat — Grpd is right adjoint to the inclusion Grpd — Cat,
with counit given by the natural transformation y: (=) — idcat.

Proof. Consider objects ¢, x € Cat and assume that x € Grpd. We have to show that postcomposition
with the map ¢™ — c¢ induces an equivalence of groupoids

Homgpa(x, c™) — Homcy(x, ¢).
Under directed univalence, this map agrees with the functor
Map(X,C™) — Map(X, C)

induced by the inclusion yc: C* — C. The fact that this is an equivalence is Proposition 2.2.11. O

7.6.2 Geometric realizations and localizations
Our next goal is to construct a left adjoint
|| = 1: Cat —» Grpd

to the inclusion Grpd < Cat, which is given on objects by sending a small category C to its
fundamental groupoid ||C||.

The main ingredient will be to understand how to localize a cocartesian fibration fiberwise. We
continue to fix a universe Cat of small categories, equipped with a universal cocartesian fibration
Tuniv: Cate — Cat with small fibers. Recall that we then defined the universal left fibration with
small fibers as the pullback

Grpd, —— Cat,

-
Tluniv

Grpd ', Cat

Last time, we investigated the right adjoint to the inclusion i. This time, we would like to understand
the left adjoint of i.

Proposition 7.6.12. The inclusion functor i: Grpd — Cat admits a left adjoint || — || : Cat — Grpd.

Proof. We will verify the conditions of Proposition 5.9.14. Let ¢ be an object of Cat and let C
denote its associated small category. By condition 7 there exists a small category ||C|| together with
a functor nc: C — ||C|| that exhibits it as a localization of C at all its morphisms. This implies
that ||C|| is the fundamental groupoid of C and hence is a groupoid by Proposition 3.4.5. It is thus
classified by some object |C|| € Grpd, and under directed univalence the localization map C — ||C||
is classified by a morphism ¢ — ||C]| in Cat.
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We claim the assignment ¢ + ||C|| enhances to a functor || — ||: Cat — Grpd which is left adjoint
to the inclusion functor. By Proposition 5.9.14, it will suffice to show that for any object x € Grpd
the map

- . .\ ~°nc .
Homgrpa (||C1l, x) — Homeu (i[|Cl, ix) —— Homca(c, ix)
is an equivalence. Under directed univalence, this map agrees with the map

—onc: Map(||C]l, X) — Map(C, X).

The fact that this map is an equivalence then follows from Lemma 3.4.3. O

The geometric realization functor is a special case of the process of localizing by a family of maps.
Construction 7.6.13. Let C be a category with pullbacks. There is a functor
6: Fun([1],C) — Fun([1],C)

sending each morphism f: x — y in C to the diagonal map 6s: x — x X, x. induced by the
canonical commutative square

idy S

id
—_—
S
R

= =
</ =

in C. We define the category of embeddings of C as the full subcategory of Fun([1], C) spanned by
embeddings in C. In other words, this is the category obtained by forming the following pullback
square.

Emb(C) —— Fun([1],C)

l ls
Iso(C) —— Fun([1],C)
For C = Cat, we define the categories of pairs of small categories as
Pair = Emb(Cat)

By a slight abuse of notation, we will often think of objects in Pair as a pair (C, W) where C is a
small category and W a subcategory of C (which makes sense, using Proposition 6.4.1). There is a
functor

eviPair - C

sending (C, W) to C. The latter has a unique section
(-)?: Cat — Pair

with the property of sending each small category C to the pair C* = (C, C*). The functor (=) is
easily seen to be fully faithful (this boils down to the fact that any functor sends isomorphisms to
isomorphisms).

Proposition 7.6.14. The functor C — (C, C~) has a left adjoint

L: Pair — Cat.
More precise, for a pair (C,W), the category L(C,W) corresponds to the localization of C by the
Sfamily of maps Map([1], W).
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Proof. A morphism of pair of the form (C, W) — (D, D) corresponds to a commutative square in
Cat of the form
W —— D~

L]

f

C — D
in which both vertical maps are embeddings. But by virtue of Proposition 6.4.1, such a commutative
square is totally determined by the functor f: C — D and the fact that the induced map

Je: Map([1], C) — Map([1], D)

sends Map([1], W) to Iso(D)=. In other words, this is the same thing (in any groupoidal context) as
a functor from L(C, W) to D, where L(C, W) denotes the localization of C by Map([1], W). O

Remark 7.6.15. For any category, i(||C||) = L(C, C), where i: Grpd — Cat denotes the canonical
embedding.

7.6.3 Fiberwise localizations

As a consequence of the adjunction between (—)” and L from the previous paragraph, we get for
every category S an adjunction between the induced functors

Ls: Fun(S, Pair) — Fun(S, Cat) and (—)g: Fun(S, Pair) — Fun(S, Cat).

The existence of the functor Lg allows us to form fiberwise localizations of (small) cocartesian
fibrations:

Proposition 7.6.16. Let p: C — S be a small cocartesian fibration. We consider, for each object
x: 8% a subcategory W, — C, and assume that, for each morphism f: x — y in S, the induced
Sunctor fi: Cx — C, restricts to a functor from Wy to Wy. Then there exists a commutative triangle

c < Lg(C,W)

Ix /Ls(p)
S
satisfying the following properties:

(1) The functor Ls(p) is a cocartesian fibration;

(2) For any other small cocartesian fibration D — S, precomposition with n¢ induces an equiva-

lence
ne: Map§*™(Ls(C, W), D) = Map*@™(C, D)
where Mapgocart’w(c , D) is the collection of cocartesian functor ¢: C — D over S with the

property that, for any object x: S=, the induced functor on fibers ¢: Cx — Dy sends all
morphisms of W to isomorphisms of D .

(3) The formation of nc and Ls(C, W) is stable under base change along any functor S’ — S. In
particular, for any object s: S=, the functor (n¢c)s: Cs — Ls(C, W)y induces an equivalence

L(Cs, W) — Ls(C,W)y.
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Proof. Each morphism u of C factors uniquely into a p-cocartesian morphism v: x — y followed
by a morphism w: y — y’ that is sent to the identity of p(y). We define W s the subcategory of
C whose morphisms are characterized by the property that, in the factorization above, w belongs
to W, (y). It is obvious that the restriction of p to W remains a cocartesian fibration and that the
embedding W < C is a cocartesian functor over S. Such data correspond by directed univalence to
a functor F: § — Pair. Then the composite

LoF: S — Cat

classifies a cocartesian fibration s(p): Ls(C,W) — §:

Ls(C,W) Cat,

]
Ls (p)J/ Jlﬂ'univ

S F Pair —=- Cat.

The natural transformation idpy; — (L(—))” provides a natural transformation F — (L(F))P,
which, by directed univalence, yields a cocartesian functor from C to Lg(C, W) over S:

c < Ls(C,W)

z\ /Ls<p>
s.

This produces the desired commutative triangle and proves property (1). For (2), we note that
postcomposition with the functors L and (—)? extends to an adjunction

Ls = (L), : Fun(S, Pair) 2 Fun(S, Cat) : ((-)").

whose unit is induced by the unit map of the adjoint pair (L, (=)”), by Proposition 5.4.4. In particular,
for functors F': S — Pair and G: § — Cat the map
(=)o~ —on
HomFun(S,Cat) (LoF,G) —— HomFun(S,Pair) ((Lo F)b> Gb) — HomFun(S,Pair) (F, Gb)

is an equivalence. The functor F: S — Pair corresponds to a small cocartesian fibration C — S,
equipped with a subcategory W < C such that the restriction of p to W remains a cocartesian
fibration and the embedding of W into C a cocartesian functor over S, while the functor G: S — Cat
corresponds to a small cocartesian fibration D — S. Under directed univalence, the previous functor
then translates into the functor

ng: Map§*(IClls, D) = Mapg*™"(C, D),

from part (2), showing that it is an equivalence.

For part (3), we observe that the map ¢ can in fact be recovered as a pullback from the universal
case S = Pair and F = idp,j;. More precisely, The embedding

Pair < Fun([1], Cat) — CoCart, (Cat, x Cat, Cat x Cat,)

atxCat
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yields a commutative triangle of the form

Luniv

.C > .
WLIHIV Cuan

N S

Pair

in which py,iy as well as its restriction to Wiy are cocartesian fibrations and i,y 1S @ cocartesian
functor over Pair and an embedding (fiberwise, hence globally as well). Pulling back the diagram
above along F': § — Pair recovers W — C over S and we have canonical pullback squares of the

form:
LS(Ca W) - LPair(Cuniv, Wuniv) - Cat,

LS(p)J/ LPair(puniv)J/ lﬂuniv
S F Pair L Cat.
This readily implies the final statement in part (3). ]

Corollary 7.6.17. Let p: C — S be a small cocartesian fibration. Then there exists a commutative
triangle
¢ == lIClis

"xs Ap”s

satisfying the following properties:
(1) The functor ||p||s is a small left fibration;
(2) For any other small left fibration X — S, precomposition with n¢ induces an equivalence

e Map§e([IClls, X) = Map$°©™(C, X).

(3) The formation of nc and ||C||s is stable under base change along any functor S — S. In
particular, for any object s of S the functor (nc)s: Cs — (||C||s)s induces an equivalence

I1Csll = (lIClls)s-

Proof. Under the assumptions of the preceding proposition, if we suppose furthermore that W, = Cy
forall x: §%, we define
IClls = Ls(C,C) .

We see that each fiber of Lg(p) at x: S= is the geometric realization of the fiber of p:
ICxll = Ls(C, C)x .

This means that the cocartesian fibration Lg(p) is in fact a left fibration. This corollary is an
immediate consequence of Proposition 7.6.16. O
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7.6.4 Fiberwise localization as a localization

In the previous subsection we have constructed the fiberwise localization ¢ : C — ||C||s over S for
every cocartesian fibration C — § and showed that it has a universal property among left fibrations
over S receiving a cocartesian functor from C. It turns out that the functor n¢c: C — ||C||s also
admits a non-relative universal property: it is the functor obtained those maps in C that are inverted
by p: C — S, i.e. those maps which are contained in a single fiber of p. The goal of this subsection
is to prove this claim.

The main ingredient for the proof will be a certain result about relative functor categories. Let
p: C — § be a cocartesian fibration. For any other category D, we may consider the projection
map S X D — S, which defines another category over S. Since p is exponentiable by Axiom M, we
may form the relative functor category over S:

n: Fung(C,$ X D) — S.

Given another functor g: E — §, amap f: D — Funy(C,S X D) over § corresponds to a map
¢: DXxgC— SXDover D:

E —L Funy(C,Sx D) ExsC —% > DxD

xs/ = N

Proposition 7.6.18. Let p: C — S be a cocartesian (cartesian) fibration and let D be a category.
Then the functor

n:T:=Fung(C,DxS) —S§
is a cartesian (cocartesian) fibration whose fiber over an object s of S is given by Fun(Cg, D).

Similarly, for any cocartesian (cartesian) functor C — C’ over S, the induced functor Funy(C’, D X
§) — Fung(C, D x S) is a cartesian functor over S.

Proof. It suffices to prove the case where p is a cocartesian fibration: the case of cartesian fibrations
follows from the semantic interpretation of synthetic category theory obtained by exchanging the
roles of 0 and 1 in the interval [1].

Recall that for amap a: §” — S, we have a pullback square
Fung, (C", 8" x D) —— Fung(C,Sx D)

~| ! |7

S’ e S,

where we write C’ := 8’ Xg C — §’. In particular, it follows directly that the fibers of 7 are given
by Fun(Cjy, D), and it remains to show that 7 is a cartesian fibration.

We will first show that 7 is a locally cocartesian fibration and then show that locally cartesian
morphisms compose. By (the dual of) Proposition 5.11.11 this will imply the claim.
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Consider the following commutative diagram:

Fun([1],T) — 5 § %, T —— T

| L

Ty T

Fun([1],S) == Fun([1],9) LAY

Given a morphism u: a — b in S, we may consider the fiber of the map ev] over u € Fun([1], S)

to obtain a functor
= (&V)y: Fun([1],T)y = (S Xz T)y = Tp.

We claim that 7 is a locally cartesian fibration if and only if this functor / admits a right adjoint
section r: T, < Fun([1],7T),. Indeed, the existence of r means that for every object ¢ € T}, there
exists a morphism r(¢): ¢ — ¢ over u such that for every diagram

’

A

«——

k|

P S — O

t

in T living over u: a — b, there exists a dashed arrow filling the square. But this is equivalent to
the condition that r(¢) : ' — ¢ is a locally cartesian lift of u.

This characterization of locally cocartesian fibrations works for arbitrary functors T — S. For
our specific T we must now compute what the map Fun([1],7), — T is. In the source we get
Fun(C,, D), where C,, is defined via the following pullback diagram:

Cu
l
[1] —

—_—

|

|7 QI S—
<

We also have T, — Fun(Cp, D). The map Fun(C,,, D) — Fun(Cp, D) is given by restriction along
the inclusion Cp, — C,,. Our goal now is to find a right adjoint section of this functor.

Recall from Proposition 5.4.4 that for an arbitrary right adjoint section / 4 s: C 2 D, the induced
maps

s*: Fun(C, D) 2 Fun(D, D) :I*
still form a right adjoint section (where now [* is the section). So it will suffice to show that the

inclusion Cp — C,, is the right adjoint section of some functor C,, — Cj. This is a general fact
about cocartesian fibrations: we have a pullback square

Cp — Cy

.
pr, J/pu

{1} — [11,

and since the functor p,, is a cocartesian fibration and {1} < [1] admits a left adjoint [1] — {1}
it follows from Proposition 5.9.15 that also C;, — C,, admits a right adjoint C,, — Cj as desired.
This finishes the proof that 7: T — S is a locally cartesian fibration.
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To see that locally m-cartesian morphisms are closed under composition, we may equivalently show
that the locally cartesian transport functors compose. In other words, given two morphismsu: a — b
and v: b — c in S, we need to show that the composite

T, = Fun(C., D) - Fun(Cp, D) “5 Fun(Cy, D) = T,

agrees with (vu)*: T, — T,. To see this, we give an explicit description of v* and u*.

We start by giving an explicit description of the left adjoint #: C,, — Cj, to the inclusion functor
Cp — C,: on objects, it sends a pair (¢, x) consisting of an object # of [1] and an object x of C,(;)
to the object u(r — 1),(x), given by the cocartesian transport of x along the morphism u(r — 1),
where t — 1 is the unique map in [1] from 7 to 1. The locally cartesian transport u*: T, — T, along
u: a — b is then given as the following composite:

u*: Fun(Cyp, D) LR Fun(C,, D) =, Fun(C,, D).
The first functor sends F: Cp, — D to the assignment
(t,x) > F(u(t — 1)(x)).

Restricting to r = 0 thus shows that the composite sends F to the functor x — F(u(x)), which is
the precomposition of F with u,: C, — Cp.

Now, given two morphisms u#: a — b and v: b — ¢ in S, the composite
Fun(C,, D) BN Fun(Cyp, D) =, Fun(C,, D)

is given by precomposition with vyou,. Since p is a cocartesian fibration, this functoris (vou),: C, —
C,, hence precomposition with it agrees with (vu)*. This finishes the proof. O

Remark 7.6.19. More generally, if p: C — § is merely locally cocartesian, m: T — S will be
locally cartesian. Indeed, for a functor S — S we have a pullback square

Fung, (C X5 8, D x §") —— Funy(C,D x S)
| |

S’ S.

Taking S” = [1] then shows that & being locally cartesian only depends on the pullbacks of C — S
to [1].

Theorem 7.6.20. Let p: C — S be a cocartesian fibration. We assume given a subcategory
i: W Cwuch that p o i is a cocartesian fibration and i is a cocartesian functor over S. Then the
functor nc: C — Ls(C, W) exhibits Ls(C, W) as the localization of C by Map([1], W).

Proof. We must show that precomposition with n¢ induces for every category D a fully faithful

functor
n¢: Fun(Lg(C,W), D) — Fun(C, D)
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whose image agrees with the full subcategory Fun" (C, D). To this end, consider the following
functor over S:

*

Fun(Ls(C,W),Sx D) ———<— Fung(C, S x D)

T~

By Proposition 7.6.18 this functor is a cocartesian functor between cartesian fibrations over S, which
is fiberwise given by the fully faithful functors

Fun(L(Cy, Wy), D) — Fun(C,, D).

Recall from Lemma 6.4.6 that a cartesian functor 7 — T over S is fully faithful if the induced
functors T, — Ty on fibers is fully faithful for all x: S¥. Not that the essential image is obviously
detected fiberwise. We conclude that 77, : Fung(||Cl|s, S X D) — Fung(C, S x D) is fully faithful,
and that a functor f € Fun(Cy, D) = Funy(C, S X D), is in the essential image if and only if it
inverts all morphisms in W,.. Now, applying (ps).(—) with Ps: S — [0], we obtain the functor

n¢: Fun(Ls(C,W), D) — Fun(C, D),

which we conclude to be also fully faithful. Its essential image consists of those functors f: C — D
whose associated cocartesian functor (p, f): C — § X D over S sends all morphisms in C, to
isomorphisms for all @ € S. But this is precisely the definition of the full subcategory Fun" (C, D),
finishing the proof. m|

7.7 Straightening/unstraightening

Given a category S, functors § — Cat correspond by their very definition to small cocartesian
fibrations over S. Furthermore, directed univalence of 7 implies that natural transformations of
functors § — Cat correspond to cocartesian functors between small cocartesian fibrations over S,
and we have seen in Lemma 7.2.5 and Proposition 7.2.6 that this assignment is compatible with
identity functors and with composition of functors.

The goal of this section is to enhance the correspondence between functors S — Cat and small
cocartesian fibrations over S to a fully fledged equivalence of categories: if S is a small category
corresponding to an object s of Cat, we will define a (non-full) subcategory CoCart(S) C Cat, of
(small) cocartesian fibrations over S and construct an equivalence

Fun(S, Cat) = CoCart(S)

called the straightening/unstraightening equivalence.

7.7.1 Directed univalence in arbitrary contexts

Let S be a small category with associated object s: Cat™.

S —— Cat,

.
J/ Tluniv

* — > Cat

220



We will write Cat;s := Cat/,. We consider similarly two small categories X and Y corresponding to

X —— Cat, Y —— Cat,
. .

j{ l Tuniv and J/ l Tluniv

x —> 5 Cat « —> s Cat

as well as functors p: X — Sand g: ¥ — S. We will also denote by p: x — sand g: y — s the
associated morphisms in Cat. Since straightening is compatible with composition of functors (by
Proposition 7.2.6) the canonical embedding

Cat;s((x, p), (y,q)) — Map([1], Cat) = CoCart(Cat, x Cat, Cat x Cat,)"~
corresponds to a commutative triangle of the form bellow.

f univ

X x Cat/s((x, p), (¥, q)) Y x Catys((x, p), (y.9))

S X Cat/S((x’ p)? (y’ q))

Therefore, in context Cat/s((x, p), (y,¢)), there is a unique term of Mapg(X,Y) corresponding to
this diagram. In other words, this defines a canonical map

Cat/s((x, p), (v, q)) = Maps (X, S) .

Lemma 7.7.1. There is a canonical equivalence Cat;s((x, p), (y,q)) — Mapg(X, S).

Proof. Using the fact that m,;y is directed univalent as well as Proposition 7.2.6, we see that the
map
Cat/S((x’ p)? (y’ q)) - MapS(X’ S)

constructed above is an equivalence because it is obiously bijective (i.e. by applying Proposi-
tion 1.1.15). o

7.7.2 The subcategory of cocartesian fibrations

We start by construction the subcategory CoCart(S) of Cat/,. For this, we will ‘internalize’ the
definition of cocartesian fibrations given in Definition 5.6.1, so that it makes sense for a morphism
in Cat to be a ‘cocartesian fibration’.

Remark 7.7.2. In what follows, we will use the following previously established facts about the
category Cat:

» The walking morphism [ 1] is small and thus defines an object [1] € Cat;

* There is a pullback functor Fun(_, Cat) — Cat right adjoint to the constant diagram functor,
see Corollary 7.5.9;

* Thereis a product functor —x—: CatxCat — Catright adjoint to the diagonal Cat — CatxCat;
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» For every d € Cat, the functor — X d: Cat — Cat admits a right adjoint (—)¢: Cat’ — Cat’.

* For any object ¢ in Cat and any object x of ¢ (i.e. any morphism x: [0] — c¢), one can define
the slice ¢, by forming the following pullback square in Cat.

¢fp —— cll]

|
l(evo,evl )

.
¢ x [0] L exe.

* An object x of an object ¢ of Cat’ is terminal if the projection ¢;, — c is an isomorphism;
* all of the above holds for Cat and the embedding ¢ : Cat — Cat commutes with these operations.

Construction 7.7.3. For two morphisms f: @ — ¢ and g: b — ¢ in Cat, we define their directed
pullback a X f.,¢ b via the following pullback square in Cat:

aXfpgb — cl!l

|
l l (evp,evy)

X
axb _Ixe cXc.
When b = ¢ and g = idp, we write a ;<f b:=a ;<f,g b. For a morphism f: a — b in Cat, we
define the directed evaluation map e?/(])c calll - a % f b as the map whose two components are
evo: al'l > aand foevy: al'l - a — b.

We can now define notions of (co)cartesian fibrations internally to Cat’. We can do this in two
equivalent ways: we can interpret any map in Cat’ as a functor between large categories and then ask
that this functor is a (co)cartesian fibration. Equivalently, we can reproduce the definition using the
internal language of Cat’. Are we are about to see, the external language remains useful to define the
collection of all (co)cartesian fibrations over a given base as well as the collection of all cocartesian
functors between them.

Construction 7.7.4. Consider an object s of Cat’, corresponding to some small category S:

S —— Cat,

.
J/ Tluniv

x — Cat.

Recall that we write Cat /s = Cat/,. We define In order to define CoCart(S) as a subcategory of Cat s,
we need to define the collection CoCart(S)~ of all cocartesian fibrations between small categories.
For this we recall the following fact. Given a functor p: X — B in a given groupoidal context I', one
can define type-theoretically the proposition asserting that f is a p-coCartesian functor as follows.
For each morphism f: x — y of X in context I', one gets a commutative square of the form

*

f
Xy) —— Xy

Ll

p
Ap(y)) — Apx)/
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hence a canonical functor
Crip: Xy = Ap(3)) XApe, Xx/

and we have the proposition asserting that the latter is an equivalence in context I':
is_Equivp(cys/p) — T

The proposition is_Equivr(cy/p) is also the assertion, in context I', that f is a p-coCartesian
morphism in X. Let us consider the universal morphism in X, in context Map([1], X), defined
through the evaluation functor;

univy: [1] x Mapp([1], X) < [1] X Funp([1], X) — X .

If we still denote by p the pullback of p along the projection of Map([1], X) to I', the proposition
asserting that univy is p-cocartesian in context Map-([ 1], X) defines the collection of p-coCartesian
morphisms in X:

Mapl‘([l]’ X)p-coCart = iS_EQUiVMapF([l],X) (Cunivx/p) — Mapl"([l]’ X) .

The property that p is a coCartesian fibration can be reformulated by asserting, for any object xo in
X and any morphism g: p(xo) — y; in A, the existence of a unique p-coCartesian morphism in X
of the form f: xog — x| such that p(f) = g. In other words, evaluation at 0 induces a commutative
square of the form

Mapr([l], X)p—coCart i) X=

a l”

€vo

Mapy-([1], A) —2— A=
hence a canonical functor
Pp: Mapl“([l]’ X)p—coCart - Mapl“([l]’ A) XA~ X 5

and the property for the latter to be an equivalence is equivalent to the property that the functor p is
a coCartesian fibration in context I". We thus define

is_coCartFib(p) := is_Equivp(g,) — I'.
We consider now the universal functor from a small category to S. This is the functor of the form
Puniv/s : Xuniv/s — (Cat/g)™ X S
corresponding through directed univalence to the morphism
univys: [1] x (Cat;s)~ < [1] x Map([1], Cat) < [1] x Fun([1], Cat) — Cat

induced by the obvious evaluation functor. The collection of coCartesian fibrations of the form
p: X — § with X small is defined to be the proposition asserting that pypiy g is a coCartesian
fibration in context (Cat;g)~:

CoCart(S)™ := is_coCartFib(puniv,s) < (Cat/s)™ .
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We define as an intermediate step the full subcategory CoCart(S)” of Cat/s spanned by coCartesian
fibrations of codomain S. By directed univalence, in context Map([1], CoCart(S)’), there is a
universal functor between cocartesian fibrations over S:

f univ
X s X

Map([1], CoCart(S)’) x S

Asserting that fyniv is a cocartesian functor over S in context Map([1], CoCart(S)") thus defines a
collection of morphisms in CoCart(S)":

Map([1], Cocart(S)I)COCart := is_Cocart( funiv) < Map([1], CoCart(S)') — Map([1], Cglt/S) .
We finally define CoCart(S) as the subcategory of Cat;s generated by Map([1], CoCart(S)")cocart:
CoCart(S) = (Map([l],CoCart(S)’)Cocart)Cat/S .

By definition, a functor f: B — Cat/g factors through CoCart(S) if and only it sends each object
of B to cocartesian fibrations over S and each morphism of B to cocartesian functors between
cocartesian fibrations over S.

Construction 7.7.5. Given S as above, we now construct a functor
Un: Fun(S, Cat) — Cat/g.

We observe that, given any category B and any functor @: B — Fun(S§, Cat), we may uncurry @
into a functor of the form
F: BxS§S — Cat

and then consider the small cocartesian fibration classified by F:
p:E—>BXS.

Observe that the projection map prz: B X S — B sits in a pullback square of the form

BxS 5, § — Cat,

1 J
Prp J/ J/ J/ Tluniv

B x — Cat,

and hence prp is a small cocartesian fibration classified by the constant functor consts: B — Cat.
Since Cat is a regular universe, the composite g := prz op: E — B is a small cocartesian fibration
as well, thus classified by some functor e: B — Cat.

We may regard the functor p: E — B X S as a functor over B in this way, and it follows from
Lemma 5.12.7 that p is a cocartesian functor over B. By directed univalence of Cat, more specifically
by Theorem 7.3.16, it follows that p corresponds to a natural transformation e — const of functors
B — Cat. But by Lemma 5.3.2 such a natural transformation precisely corresponds to a functor

Un(®): B — Catg

of the desired form. Consider now B = Fun(S, Cat) and the identity of B. The previous construction
applied to the identity of Fun(S, Cat) defines a functor of the desired type:

Un: Fun(S, Cat) — Cats .
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Lemma 7.7.6. The functor Un: Fun(S, Cat) — Cat/s lands in the subcategory CoCart(S).

Proof. By definition of a subcategory it suffices to check this on individual morphisms in Fun(S, Cat).

Let us check what this functor does on objects. Note that the above construction is functorial in B,
in the sense that if we precompose F': B X S — Cat by the functor g Xidg: B’ XS — B x § induced

by some functor g: B’ — B, we will end up with the composite B’ 5B LN Cat/g. So to compute
Un( f) for some functor f: S — Cat, we may directly do the above construction where we replace
B by *. But then the natural transformation e — const, is just the morphism in Cat corresponding
under directed univalence to the cocartesian fibration p : E — § classified by the given functor
f S — Cat. So on objects we see that it does indeed factor through CoCart(S).

On morphisms, the proof is similar. It suffices to interpret how the functor Un interprets cocartesian
fibrations with small fibers of the form

p:E—[1]xS

as a morphism in Cat;s. Let [ be a p-cocartesian lift of the term id[1} Xpo: Eo X [1] — [1] X S
extending the term given by the canonical embedding ¢y of the fiber Ey into E obtained from
Lemma 7.2.2.

L id
Eo 0 > E £

E
1_-~

(O,idgo)l -7 P pri p

Pr)
[1] x E ol [1] xS — [1]

-

Taking fibers over 1 turns [ into a functor /;: Eyg — E| over S that is a cocartesian functor over S.
The extra commutative square on the right hand side of the diagram above is there to make obvious
to the eye of the reader that forgetting the base S is a transparent operation: the induced functor [y,
interpreted in Cat through directed univalence, is indeed the underlying morphism associated to p.
In other words, the induced morphism in Cat/g simply is the the morphism in Cat associated to /
together with the information that the latter is compatible with the projections to S. In particular,
this morphism is cocartesian over S. m]

Lemma 7.7.7. The functor Un: Fun(S, Cat) — CoCart(S) is fully faithful.

Proof. Let us consider fori = 0 and i = 1 a pullbacks square of the following form.

Xi — Cat,

|

S — Cat

If we denote by x; the object of CoCart(S) corresponding to the cocartesian fibration p;, we see that,
by definition of CoCart(S), the equivalence

Cat,s((x0,x1)) — Mapg(Xo, X1)

from Lemma 7.7.1 induces a pullback square of the form

CoCart(S) (xgp, x1) —— Mapgocart(XO,XI)

[ [

Cat/s((xp,x1)) — Mapg(Xo, X1)
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We observe that the map induced by Un
Un: Fun(S, Cat)(Fy, F1) — CoCart(S)(xg,x1)
composed with the equivalence
CoCart(S) (xo,x1) = Map§°“"(Xo, X))
coincides termwise (in any groupoidal context) with the canonical equivalence
Fun(S, Cat) (Fo, Fi) = Map$°“™(Xo, X1) .

provided by Theorem 7.3.16. This shows that this map is an equivalence by applying Proposi-
tion 1.1.15. O

Theorem 7.7.8 (Straightening/unstraightening). For every small category S, the functor
Un: Fun(S, Cat) = CoCart(S)

is an equivalence.

Proof. By virtue of the preceding lemma and of the fundamental theorem of category theory
(Theorem 6.3.3), it suffices to prove that the functor Un has a section. We observe that a functor
® from B to Cat/g factors through Fun(S, Cat) if and only if it factors through CoCart(S): this
is precisely what Proposition 5.11.13 means. Considering B = CoCart(S), and @ the canonical
embedding of CoCart(S) into Cat/g, this proves that the functor Un has a section. O

Corollary 7.7.9. For every small groupoid T, there is a canonical equivalence of the form

Un: Fun(I", Cat) — Cat/r .

Proof. For any functor p: X — I', we know that p is a cocartesian fibration and that any morphism
in X is p-cocartesian. This readily implies that

CoCart(I') = Catr

for any small groupoid I'. The corollary is thus a special case of the previous theorem. O

7.7.3 Straightening/unstraightening for left fibrations

Construction 7.7.10. Let A be a small category, with universal object t4: A~ <— A. We define the
category LFib(A) of left fibrations over A as the full subcategory

LFib(A) € CoCart(A) € Cat,4

spanned by those cocartesian fibrations B — A which are in fact left fibrations (i.e. have groupoidal
fibers). In other words, it is defined by forming the pullback square bellow.

LFib(A) Grpd, 4=
[~ [

CoCart(A) —— Cat/u _a, Cat/ 4=
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Since the vertical functor at the right hand side is fully faithful, so is its counter part at the left hand
side. We observe that, since Grpd is a full subcategory of Cat, there is a canonical pullback square
of the form bellow.

Fun(A, Grpd) —2— Fun(A=, Grpd)
.
R
Fun(A, Cat) ———— Fun(A~, Cat)

Proposition 7.7.11 ((Un)Straightening for left fibrations). For every small category A, the straight-
ening/unstraightening equivalence from Theorem 7.7.8 restricts to an equivalence

Un: Fun(A, Grpd) = LFib(A).

Proof. For a cocartesian fibration of the form p: X — A, the property to be a left fibration is
equivalent to the property of being conservative, or. equivalently, that all fibers of p are groupoids.
In other words, p is a left fibration if and only if the pullback A® x4 X is a groupoid. In view of
the two pullback squares above, in order to prove this proposition, by virtue of Theorem 7.7.8 and
of Corollary 7.7.9, it suffices to prove the special case where A is a groupoid. In other words, if
suffices to prove the next corollary. O

Corollary 7.7.12. For every small groupoid T, there is a canonical equivalence of the form

Un: Fun(T', Grpd) — Grpd,r- .

Proof of Corollary 7.7.12. Since left fibrations precisely are conservative cocartesian fibrations, and
since any functor with codomain a groupoid is a cocartesian fibration, left fibrations with codomain
a groupoid are the same as functors between groupoids. This implies right away that Corollary 7.7.9
induces the claimed equivalence. O

7.8 A constructive approach to universes

In the previous sections, we have been somewhat sloppy with our use of the phrase ‘U-small
cocartesian fibration’, treating the U-smallness as if it was a property rather than additional data.
While we have somewhat justified this approach in Remark 7.3.12, it is also possible to provide a
fully constructive treatment in which one keeps track of all this additional data. The goal of this
section is to provide such a treatment, which is based on Awodey’s work [Awo18].! A reader not
interested in constructive mathematics may safely ignore the content of this section.

Throughout, we shall fix a universe U and a directed univalent cocartesian fibration 7: U, — U. The
overall strategy of constructively reformulating certain closure properties for U-small cocartesian
categories is to show that the question reduces to a certain ‘universal’ instance of the question.

7.8.1 Regular universes constructively

We will start by making precise the definition of a ‘regular universe’ from Definition 7.4.1, which is
about composites of U-small cocartesian fibrations again being U-small.

Twe apologize if there is earlier work on this that deserves to be cited as well.
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Construction 7.8.1. We construct a category U* equipped with two U-small cocartesian fibrations
nlzz U — U* and 7r22: UE, — UZ:

o Welet U* := Fun,, (Us, U x U). It comes equipped with a canonical map py : U* > U.

* We define 7112 via the following pullback square:

U — U.
Note that it comes equipped with an evaluation map

ev: Uy = Fun,(U,,U xU) xy Us > U.
* We define 7r§ via the following pullback square:

vz, — U,

s -
7T2 Ve
—_—

Lemma 7.8.2. The category U” classifies composable pairs of U-small cocartesian fibrations: the
data of a functor S — UZ is the same as the data of a pair of U-small cocartesian fibrations
el

' — UZ,
le i lnf
C —— Ur
le - lnf‘
S —— U~

Proof. The data of a functor § — U* = Fun,, (U,,U x U) is the same as the data of a functor
F: S — U together with a lift

MU(UO’ U X U)

A1
-
-
-
-
-

Let p;: C — S denote the cocartesian fibration classified by F:

U.

P1 b4

L —— 0O

 —
g

F
B —

U.
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Since the pullback of the first projection pr;: UXU — U along F is the first projection pr; : SXU —
S, it follows from Observation 7.3.4 that such a lift contains the same data as that of a functor
C — U x S over S. But this in turn contains the same data as a functor C — U, or equivalently a
U-small cocartesian fibration C’ — C:

cC — U,

At

cC — U.

This shows the desired one-to-one correspondence. Observe that in the case § = UZ, the cocartesian
fibrations p; and p; classified by the identity functor id: U* — U* are precisely the fibrations 7>
and 7r§ from Construction 7.8.1. By unwinding of definitions we see that in general p; and p; are

obtained by pulling back nlz and 7r§ along the classifying functor S — U>. O

In other words, the lemma says that the U-small cocartesian fibrations ﬂlz and 7r§ from Construc-
tion 7.8.1 form the universal pair of two composable U-small cocartesian fibrations. We can now
use this observation to give a constructive definition of regular universes:

Definition 7.8.3 (cf. [Awo18, Section 3.1]). A universe U is called constructively regular if it comes
equipped with functors

U > U and U,Z,,—>U.
which fit into a pullback square as follows:

pair
vz, — U

ﬂzoﬂzl - lﬂ'
1 2
>
Ur —= U.

Proposition 7.8.4. A universe is regular if and only if it is constructively regular.

Proof. Let U be a consturctively regular universe. Consider a pair of U-small cocartesian fibrations
cZcls. By Lemma 7.8.2 we have a pullback diagram as follows:

pair
¢ — Uz, —> U,

]
z
p2 RZJ/ -

pien2| C —— U~ 7
-
l]’l nlzl
S Ut —2- U.
The outer pullback square then expresses the composite p; o p, as a U-small cocartesian fibration.
Conversely, if U is regular, then the composition nlz o 7r§ is a cocartesian fibration with small fibers
and there is thus a unique cartesian square is in the previous definition. O

7.8.2 The closure properties of Cat

TO DO: Write down analogous constructive versions of each of the other closure properties of
U-small cocartesian fibrations from Definition 7.4.5.

229



8 Cofinality

In this chapter, we will introduce the notions of initial and terminal functors,' and show that every
functor admits a preferred factorization into an initial functor followed by a left fibration, as well as a
dual factorization into a terminal functor followed by a right fibration. We will deduce from this the
existence of left Kan extensions in the synthetic category Grpd of groupoids, see Theorem 8.1.19.
In Section 8.2 we introduce proper and smooth functors and in Section 8.3 we investigate weak
homotopy equivalences of synthetic categories. In Section 8.4 we prove smooth and proper base
change, see Theorem 8.4.1 and Theorem 8.4.6, respectively.

8.1 Initial and terminal functors

Let S be a category and consider two categories over § given by functorsu: C — Sand p: X — S.
Recall from Definition 3.5.2 the groupoid Map¢(C, X) of functors C — X over S, defined via the
pullback square

Mapg(C, X) —— Map(C, X)

-
|k
* ——— Map(C, S).

Definition 8.1.1. A covariant equivalence (resp. a contravariant equivalence) over S is a commuta-
tive triangle

C ; D
N/
S
such that for any left (resp. right) fibration p: X — S the induced functor
o f: Mapg(D, X) — Mapg(C, X)

is an equivalence.

Definition 8.1.2 (Initial/terminal functors). A functor f: C — D is called initial (or limit-cofinal)
if for any category S and any functor v: D — §, f is a covariant equivalence over S (with respect to

'In the literature these are usually called final and cofinal, but it depends on the author which word is used for which
notion. To avoid confusion, we opt for using initial and terminal instead, for which we think the meaning is unambiguous
and easy to remember, cf. Proposition 8.1.13 below.
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the composite C L D5 S). Dually, f is called terminal (or colimit-cofinal) if for any v: D — S,
f is a contravariant equivalence over S.

Lemma 8.1.3. Consider a covariant (resp. contravariant) equivalence
C —— D
A
S

over S. Then for every functor ¢: S — T, the functor f is also a covariant (resp. contravariant)
equivalence over T.

Proof. Let X — T be a left (resp. right) fibration. We obtain a commutative square as follows:

Mapy(D, X) ——L 5 Map,(C, X)

zl lz

Map(D, S x7 X) —= Mapg(C, S x7 X).

We need to show that the top map is an equivalence. But this follows from the fact that the bottom
map is an equivalence, since the functor S X7 X — § is again a left (resp. right) fibration. O

Proposition 8.1.4. Let f: C — D be a functor. Then the following conditions are equivalent:
(1) The functor f is initial (resp. terminal);
(2) For every left (resp. right) fibration X — D the induced map
—o f: Mapp (D, X) — Map,(C, X)
is an equivalence.

(3) For every left (resp. right) fibration p: X — S the commutative square

Fun(D, X) —L— Fun(C, X)

r| 2

Fun(D, S) — Fun(C, S)
is a pullback square.

Proof. The equivalence between (1) and (2) is immediate from Lemma 8.1.3. For the equiva-
lence between (1) and (3), note that the two vertical maps labeled p. are still left fibrations by
Lemma 5.2.18, so that the square is a pullback square if and only if it induces equivalences on fibers
by Corollary 5.9.4. But by Corollary 6.2.7 the map on fibers is precisely the map

—o f: Mapg(D, X) — Mapg(C, X)
appearing in the definition of initial (resp. terminal) functors. O
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Remark 8.1.5. We may understand part (3) as saying that for every solid commutative square

a

—>X

A1
il lp
7
7
S

D

f

—

o

there exists a unique diagonal filler making both of the triangles commute. One sometimes also
says that the initial functors are left orthogonal to the left fibrations, and similarly that the terminal
functors are left orthogonal to the right fibrations.

We will now prove various basic properties of initial and terminal functors.

Lemma 8.1.6. Consider a commutative triangle
f
C — D
N S
S,
where p and q are left (resp. right) fibrations. Then the following three conditions are equivalent:

(1) f is an equivalence;
(2) f is initial (resp. terminal);

(3) f is a covariant (resp. contravariant) equivalence over S.

Proof. The implications (1) = (2) and (2) = (3) are obvious. The proof of (3) =— (1) is
entirely analogous to Proposition 1.1.16 and is left to the reader. O

Lemma 8.1.7. Let f: C — D be a left (resp. right) fibration. Then f is initial (resp. terminal) if
and only if it is an equivalence.

Proof. This follows from Lemma 8.1.6 by taking ¢ = idp and p = f. O

Proposition 8.1.8. (/) Letu: C — D be an initial (resp. terminal) functor. Then for every category
E, also the functor u X idg: C X E — D X E is initial (resp. terminal).

(2) Consider two functorsu: C — D and v: D — E and assume that u is initial (resp. terminal).
Then v is initial (resp. terminal) if and only if vu is initial (resp. terminal).

Proof. For (1), consider a functor f: D X E — S and a left (resp. right) fibration X — S. We want
to show that the induced functor

—o(uxidg): Mapg(D X E, X) — Mapg(C X E, X)

is an equivalence. By uncurrying, the functor f corresponds to a functor f: D — Fun(E, S), and
the above functor is equivalent to the functor

Mapg,, (g 5) (D, Fun(E, X)) — Mapgy, (g 5) (C, Fun(E, X)).
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Since the functor Fun(E, X) — Fun(E, S) is still a left (resp. right) fibration by Lemma 5.2.18, it
follows from the assumption on « that this functor is an equivalence.

For (2), let X — E be a left (resp. right) fibration, and consider the following commutative diagram:

Mapg (E, X) i Map (D, X)
vN uo—
Mapz (A, X).

By assumption, the right diagonal map is an equivalence. It follows by 2-out-of-3 that the left
diagonal map is an equivalence if and only if the top horizontal map is an equivalence. O

Proposition 8.1.9. Let f: C — D be a localization, i.e. it factors as C — C[W~'] ~ D for some
collection of morphisms W — Map([1], C). Then f is both initial and terminal.

Proof. Recall that we denote by Map" (C, T) the full subgroupoid of Map(C, T) on those maps that
send all morphisms in W to equivalences in 7. Consider a left (resp. right) fibration p: X — D. By
Lemma 6.2.6, p is conservative, and hence for a functor F': C — X the functor F' sends morphisms
in W to isomorphisms in X if and only if the composite p o F: C — D sends morphisms in W to
isomorphisms in D. In particular, we see that the right square in the following commutative diagram
is a pullback square:

Map(D, X) —— Map"(C,X) —— Map(C, X)
Map(D, D) —— Map"(C, D) —— Map(C, D).

The left square is also a pullback square since both horizontal functors are equivalences. By passing
to fibers over the identity idp : D — D, this shows that the induced functor

Map,, (D, X) — Mapp, (C, X)
is an equivalence, which is what we needed to show. O
The following example of initial/terminal functors will generate a large class of other examples:

Example 8.1.10. The inclusion {1} < [1] is terminal. The inclusion {0} < [1] is initial.

Proof. Let us treat the case of {0} < [1], the other case being dual. Consider a left fibration
p: X — S. By Proposition 8.1.4, it will suffice to show that the commutative square

Fun([1], X) —2— Fun([1],S)

evol levo

Fun({0}, X) —=— Fun({0}, S)

is a pullback square. But since the bottom functor agrees with p: X — §, this holds true by
Lemma 5.2.2. O
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Our next goal is to show that right adjoints are terminal and that left adjoints are initial. We start
with the case for fully faithful functors.

Proposition 8.1.11. Let v: D — C be a left Bousfield localization with right adjoint section
u: C — D. Then u is a terminal functor. Dually, a left adjoint section of v is an initial functor.

Proof. We prove the first case, and leave the second dual case to the reader. Consider a right fibration
p: X — D. The unit transformation i7: id — uv corresponds to a functorn: [1]xD — D, allowing
us to regard [1] x D as a category over D. Consider now the following square:

MapD([l] XD’X) _— MapD([l] XCa X)

l l

Map, ({1} x D, X) —— Map, ({1} x C, X).

Since the inclusion {1} < [1] is terminal by Example 8.1.10, so is {1} x C — [1] X C by
Proposition 8.1.8, and hence both vertical functors are equivalences. It follows that the square is a
pullback square, i.e. we have an equivalence

Mapp, ([1] X D, X) — Mapp, ([1] X C, X) Xmap,, ({1}xc.x) Mapp ({1} x D, X).

We will finish the proof by exhibiting the map — o u: Map,, (D, X) — Map,,(C, X) as a retract of
this equivalence, implying that it is itself an equivalence as desired. To this end, we consider the
following diagram:

sk .
pry )

Map,, (D, X) Map, ([1] x D, X) Map,, (D, X)

_oul * lz l_ou

(pry,v™) igopr
Map,, (C, X) —=— Mapp,([1] X C, X) Xwmapy, ({1}xC.,x) Mapp ({1} x D, X) —— Mapp,(C, X).

The fact that all these maps are well-defined and that the two squares commute is a consequence of
the following commutative diagram over D:

{1} xD d C - D.

This finishes the proof. O

Proposition 8.1.12. Any right adjoint is terminal. Any left adjoint is initial.

Proof. By symmetry it suffices to do the right adjoint case, so let f: C — D be a right adjoint. As
in the proof of Theorem 5.9.12, we may factorize f as a composite

c - cx;p5D,
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where i is a fully faithful right adjoint and where m admits a left adjoint section, i.e. is aright Bousfield
localization. The functor i is terminal by Proposition 8.1.11. The functor x is a localization by
Lemma 5.5.10, and hence also terminal by Proposition 8.1.9. It follows from Proposition 8.1.8 that
also their composite f is terminal. O

Proposition 8.1.13. Let x be an object of a category C. Then x is an initial (resp. terminal) object
of x if and only if the functor x: + — C is initial (resp. terminal).

Proof. If x is an initial object, then the functor x: * — C is a left adjoint and the claim follows from
Proposition 8.1.12. Conversely, assume that x: * — C is initial. Since the functor (x,idy): * — Cy;
is a left adjoint it is also initial, and hence it follows from Proposition 8.1.8 that also the forgetful
functor C,; — Cisinitial. Since this functor is a morphism between left fibrations over C, it follows
from Lemma 8.1.6 that it is an equivalence, and hence x is an initial object. O

Corollary 8.1.14. Let xbe an object of a category C. For any left (right) fibration p: A — C with
fiber Ay over x, there is a canonical equivalence

Map(Cy/), A) — Ay (Map(Cjx,A) — Ay, (respectively)).
The following theorem will be of crucial importance throughout the remainder of this chapter.
Theorem 8.1.15. Any functor f: C — D admits a factorization of the form
ricsco L EL D,

where

o i is a fully faithful left (resp. right) adjoint;

o ' is a localization, and remains a localization after base change along an arbitrary functor

D’ — D;

® p is a left (resp. right) fibration.

Proof. We start by factoring f as
c5Cx D5 D,

where i is a fully faithful left (resp. right) adjoint and r is a cocartesian (resp. cartesian) fibration.
We may now factor r as

N 4 N JU S D
c%;p L n.u(c % p/p) =52 b,

We showed in Proposition 7.6.16 that [1., (7r/ D) is a left fibration, and we showed in Theorem 7.6.20
that f’ is a localization. Since this construction is compatible with base change along D’ — D
(part (3) of Proposition 7.6.16) we see that in fact any base change of f” along D’ — D is still a
localization. O

Corollary 8.1.16. Any functor f: C — D admits a factorization of the form
cLx 2 p,
where j: C — X is an initial (resp. terminal) functor, and p: X — D is a left (resp. right) fibration.
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Remark 8.1.17. If C and D are small and f has small fibers, then all the functors in the above
diagrams are again small. (For the factorization using I1,(—/D) we in fact only need small fibers,
we don’t even need source and target to be small.)

Proposition 8.1.18. Consider a commutative triangle
f
C —— D
N S
S,
where q is a left (resp. right) fibration. Then f is initial (resp. terminal) if and only if it is a covariant

(resp. contravariant) equivalence over S.

Proof. It is clear that if f is initial, then it is a covariant equivalence over S. Conversely, assume
that f is a covariant equivalence over S. We may factorize f as pi where i is initial and p is a left
fibration. By Lemma 8.1.6 we know that i is also a covariant equivalence over S, hence so is p
by 2-out-of-3. It then follows from the previous lemma that p is an equivalence, hence f = pi is
initial. O
The main consequence of the above factorization is the following explicit formula for computing
colimits of groupoids:

Theorem 8.1.19. Let u: C — D be a functor which has small fibers.

(1) Then the pullback functor
u*: Fun(D, Grpd) — Fun(C, Grpd)
admits a left adjoint u,: Fun(C, Grpd) — Fun(D, Grpd).

(2) This left adjoint is given on objects as follows: for a functor F: C — Grpd, consider the
pullback
E —— Grpd,

|
[Tk
F
C —— Grpd,
and apply Corollary 8.1.16 to factor the composite u o p: E — D as a composite
ELy %D,
where j is initial and q is a left fibration. Since u has small fibers, also q has small fibers, and
thus there is a pullback square of the form
Y —— Grpd,
-
(Il ln
w (F)

D ---> Grpd.

Under directed univalence, the functor (p,j): E — C Xp Y over C then corresponds to a
natural transformation ng: F — u*u\(F). Then ng is a unit map exhibiting u,(F) as a left
adjoint object to F.
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Proof. Consider a functor G: D — Grpd. We have to show that the canonical map
HomFun(D,Grpd) (M! (F)’ G) - HomFun(C,Grpd) (F, u*(G))
is an equivalence. Define the left fibration r: Z — D via the following pullback square:
Z —— Grpd,
.
1L
G

D —— Grpd.

Under directed univalence, in the form of Theorem 7.3.16, and using the equivalence from Lemma 7.3.14,
the above map then becomes equivalent to the map

Map, (Y,Z) — Map(E,C Xp Z) =~ Mapp,(E, Z)

induced by precomposition with j: E — Y. But since j is initial and r: Z — D is a left fibration,
this map is an equivalence, finishing the proof. O

8.2 Proper and smooth functors

We will now introduce the classes of smooth and proper functors.

Definition 8.2.1 (Proper/smooth functors, Grothendieck). A functor p: E — S is called proper
(resp. smooth) if for any pullback diagram

EN Y E M E
. ]
|- b

ZAL N VA N

in which v’ is terminal (resp. initial), also u’ is terminal (resp. initial).

Remark 8.2.2. Some remarks about this definition:

* We will see that a functor u: C — D is initial if and only if for every object x of D, the
relative slice C/, is weakly contractible (meaning that its fundamental groupoid Il (C)y) is
contractible).

* We have also seen that a functor u: C — D is a left adjoint if and only if for any object x of
D, the slice C;, admits a terminal object.

* More generally, every predicate on categories, we obtain a notion of “initiality”, which has a
corresponding notion of “smoothness”.

* For the choice of left adjoints, we claim that this notion of smoothness corresponds to locally
cocartesian fibrations.
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Eventually, we will prove that for a category E with small limits and any functor u: C — D with C
and D small, the restriction functor

u*: Fun(D,E) — Fun(A,E)

admits a right adjoint u,.: Fun(C, E) — Fun(D, E). Then u is proper if and only if for any E with
small limits and any pullback square
' —— C
"]
u’ u
D' —>D
the canonical map w*u, — u/v* is a natural isomorphism of functors Fun(C, E) — Fun(D’, E),
and in fact the same property holds for any base change of u.

Lemma 8.2.3. The collection of proper (resp. smooth) functors is closed under composition and
base change.

Proof. Itis clear that it is closed under base change. For compositions, let p: X — Bandg: B — C
be proper functor. For functors C”” — C’ — C with C”” — C’ terminal, we consider

X" X' X
- A
I
B" B B
- A
[
c” c’ C.

Since q is proper, also B” — B’ is terminal, but then by properness of p also X" — X’ is terminal.
This finishes the proof. O

Theorem 8.2.4. Let p: E — S be a functor, and assume that p satisfies the property that for any
pullback diagram of the form

E" “ E’ “ E
< 4
| | J
"= {e} xS <L [1] xS —2 §

fore =1 (resp. € = 0) the base change u’ is terminal (resp. initial). Then p is proper (resp. smooth).

Proof. We prove the statement for proper functors; the statement for smooth functors is dual.
Consider an arbitrary pullback diagram

.| |
| [T

A A N

in which v’ is terminal. We need to show that also u’ is terminal. To this end, we factor v’ as
SN _ S// i) SN i> S// =1I (SN/S/) i) S/
=99 1 2 = Mool ’
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where j is a fully faithful right adjoint, 4 is a localization and remains so after pullback, and ¢ is a
right fibration. Consider now the following commutative triangle:

S// 512/
SI

The top map is a right adjoint and thus terminal by Proposition 8.1.12. It follows that also ¢ is
terminal, and since it is also a right fibration it is an equivalence, see Lemma 8.1.7. Now consider
the following pullback diagram:

E” Ef X5 Ey =5 F S E

[
4

S,, ] S,l, P Sé/ Z S/ v S

Since A’ is a localization, it is terminal by Proposition 8.1.9. It thus remains to show that the pullback
of j along p is terminal. In other words: without loss of generality we may assume that v’ is a fully
faithful right adjoint. Let w: §* — S be a left adjoint of v/, so that we have maps €: wv’ = Lg~
andn: 1g» — v'w. Now form the following pullback:

¥ " -x

e
[1] xS —1s §.

Consider the diagram
(1} x8" -2 {1} x§' =5

[ X! \

TR UL y ’
[1] xS ] xS S
\ —> S,

If we pull back this diagram along p’, we obtain
{1} x X" —— §" xg» X"

[ |

[MxX" — X
\
X'

The map i is clearly terminal, and j are terminal by the assumption since it is a pullback of the map
{1} X8 — [1] x§":

S xsn X"’ X X’
1 -

l l |

(I}xS — [1]x8 —1> .
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Now, to show that u’: X" — X’ is terminal, we have to show that or every right fibrationg: Z — X’
the induced map

Mapy (X', Z) 25 Mapy, (X", Z)

is an equivalence. Observe that the above commutative square over X’ induces a commutative square

/| ’

Mapy, (S x5 X”") —— Mapy. ({1} x X", Z)

where the two vertical maps are equivalences since 7 and j are terminal. It follows that we have an
equivalence

Mapy, (X, Z) = Mapy, (8" X5 X", Z) Xnap,, (x,z) Mapy, ([1] X X", Z).

Now we are done, since the map we wanted to show is an equivalence is a retract of this map. [Work
this out!] O

Corollary 8.2.5. Any cocartesian fibration is proper. Any cartesian fibration is smooth.

Proof. Let p: E — S be a cocartesian fibration and consider a pullback square of the following
form:

’

< 4
J J J
: S

S” = {e} x 8" < [1] x 8" —2

Since p’ is a cocartesian fibration and v’ is a right adjoint, it follows from Proposition 5.9.15 that
also u’ is a right adjoint, and hence terminal by Proposition 8.1.12. The claim now follows from
Theorem 8.2.4. O

Remark 8.2.6. The statement of the corollary in facts this holds true for locally (co)cartesian
fibrations.

Corollary 8.2.7. Any left fibration is proper. Any right fibration is smooth. O

Corollary 8.2.8. Any projection of the form C x D — C is both smooth and proper. O

8.3 Weak homotopy equivalences and Quillen’s Theorem A

We will now introduce the notion of a weak homotopy equivalence of categories and prove a synthetic
version of Quillen’s Theorem A.

Definition 8.3.1. A functor f: C — B is called a weak homotopy equivalence if it is a covariant
equivalence over *. A category C is called weakly contractible if the functor pc: C — * is a weak
homotopy equivalence.

Lemma 8.3.2. For a functor f: C — B, the following are equivalent:
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(1) The functor f is a weak homotopy equivalence;
(2) For every groupoid X, the induced map
Map(B, X) — Map(C, X)
is an equivalence;

(3) The induced map e (f): o (C) — I (B) is an equivalence.

Proof. The equivalence between (1) and (2) is clear, since by Proposition 5.2.4 a functor X — = is
a left fibration if and only if X is a groupoid. By Lemma 3.4.3, (2) is equivalent to the condition that
f induces an equivalence

Map(Il (B), X) — Map(Il(C), X)
for every groupoid X. This is equivalent to (3) by Proposition 1.1.16. O

Corollary 8.3.3. A category C is weakly contractible if and only if its fundamental groupoid T (C)
is contractible. O

Example 8.3.4. Any initial (or terminal) functor is a weak homotopy equivalence.

Lemma 8.3.5. Consider a commutative triangle of the form

A—L > X

N O

where i is initial and where p is a left fibration. Then, for any object s of S, the following two
functors are weak homotopy equivalences:

A/s - X/s — X;.

In fact, A;y — X is initial and X; — X/ is terminal.

Proof. Consider the following pullback diagram:

X, X/ X
- 4
R
s (s,ids) S/s S.

Since p is a left fibration, it is proper, so the terminal functor * — S/ pulls back to a terminal
functor X; — X/;. Consider now the following commutative diagram:

Ass XJs S/s
|
At s x P .5

Since the functor §;; — S is a right fibration, it is in particular smooth, so the initial functor
i: A — X pulls back to an initilal functor A;; — X/;. O
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Proposition 8.3.6. Consider a commutative triangle
P
¢C —— D
N S
S.
Then f is a covariant equivalence if and only if for every object x of S the induced map
Cix = D)y

is a weak homotopy equivalence.

Proof. The first step is to construct a commutative diagram of the form

where the two vertical maps are initial and the two diagonal maps u’ and v’ are left fibrations. In
particular, the maps C — C” and D — D’ are covariant equivalences, and we see that f is a covariant
equivalence if and only if f’ is a covariant equivalence. But since u’ and v’ are left fibrations, this
is equivalent to saying that f is an equivalence. By Lemma 5.9.3 this is in turn equivalent to the
statement that the induced map C;, — D’ is an equivalence on all fibers. Again using the lemma,
this translates into the statement that the induced map C,, — D/, is a weak equivalence. O

Corollary 8.3.7. A functor u: C — D is initial if and only if for any object d of D the relative slice
Cq is weakly contractible.

Proof. The functor u is initial if and only if the diagram

Cc —— D
Lx/ idp
D
is a covariant equivalence. The statement now follows as the relative slice of the identity functor
idp at any object of D has a terminal object and is thus weakly contractible. O

Corollary 8.3.8 (Quillen’s Theorem A). Let f: C — D be a functor such that the relative slice C,4
is weakly contractible for any object d of D. Then f is a weak homotopy equivalence.

Proof. This is immediate from the previous corollary. O
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8.4 Proper and smooth base change

Let f: A — B be a functor between two small categories A and B. Recall from Theorem 8.1.19
that the restriction functor
f*: Fun(B, Grpd) — Fun(A, Grpd)

admits a left adjoint f;. In particular, taking B = * shows that the category Grpd of small groupoids
admits all small colimits.

Now consider a commutative square of small categories
A —— A
7| K
B —— B
and any functor F': A — Grpd. The goal of this section is to show that under suitable assumptions,
the canonical Beck-Chevalley map

BCy: f{u*(F) — v" fi(F)

in Fun(B’, Grpd) is an equivalence. This Beck-Chevalley map is defined as the composite

Fur(F) L fu fA(F) = f1 17V f(F) S v A(F),

where n7: ida — f” fi is the unit of the adjunction f; 4 f* and where &: f; f"* — idp is the counit
of the adjunction f 4 f"*. Alternatively, it is the map adjoint to the map

W (F) 5w f*AiF = £V fi(F).

Before continuing, it is useful to first give a more concrete description of the map BC,. Consider
the following pullback square:
X —— Grpd,
]
S
F
A —— Grpd,
where the right vertical map is the universal left fibration with small fibers. Choose a factorization
of fop: X —» Bas
xLy5s,
where j is initial and ¢ is a left fibration. In particular, ¢ is given via a pullback square

X215y — Grpd,

L]

A—L.B iE), Grpd

for some functor fi(F). The commutative square on the left exhibits the unit F — f* fiF. Pulling
back along v and u, we obtain the commutative diagram

A xa X 29 By

u*pl lv*q

f/

Al —— > B,
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We may factorize f” Xy j into
A’xAXLY’LB’xBY,
where j’ is initial and r is a left fibration. Then the composite
q ==v'qor:Y — B
is again a left fibration. All in all, we have constructed a commutative diagram as follows:

Xl J YI

NI

u'p X
o
A/ f, ’
——> B q
v
u
A f

We have pullback squares
Y’ —— Grpd,
_I
A
B f]—>,u*(F) Grpd

and

B’ xgY —— Y —— Grpd,

-
ol 2o ]
B’ Qﬁi Grpd.
v fi(F)

Allin all, we see that the Beck-Chevalley map BC,: f/u"(F) — v* fi(F) corresponds under directed
univalence to the map Y’ — B’ Xp Y over B’. We may now state the main theorem of this section:

Theorem 8.4.1 (Smooth base change). Consider a pullback square of small categories
A —— A
el
B’ —— B,
where v is smooth. Then for any functor F: A — Grpd, the Beck-Chevalley map
BC,: flu*(F) = v*fi(F)
is an equivalence.
Proof. Denote by p: X — A the left fibration associated to F’:

X —— Grpd,

.
pl lﬂuniv

ALt Grpd.
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We may factor the composite f o p: X — B into an initial functor j: X — Y and a left fibration
q:Y — B:

Y

:

The left fibration g corresponds to a functor f;(F): B — Grpd. Similarly, we may factor the induced
functor A’ x4 X — B’ Xg Y into

p

D o—— M

—_—
¥
e

Axs XLy LB xgy,

where j is initial and r is a left fibration. Then we get a composite left fibration ¢’ := v*(g)r: Y’ —
B’. All of these functors fit into the following commutative square:

A’XAX — ! Ly

N

u*p
A — B’
\ \
A f
The commutative diagram
B’ XgY

\/@

corresponds to a natural transformation f/u*(F) — v* fi(F). We will prove that the map r’: ¥" —
B’ Xp Y is initial.

To this end, consider the following commutative square:

APXp X ———— B'xpY

u'p X l Y
A — B
\ \
A ! B

Then the top square is a pullback square, hence the functor A” x4 X — B’ Xp Y is a base change
of j: X — Y along v. Since v is smooth and j is initial, it follows that also A’ x4 X — B’ Xg Y is
initial. Since j’ is also initial, it follows by Proposition 8.1.8 that also ’ is initial, as claimed.

This finishes the proof: since 7’ is both initial and a left fibration, it is an equivalence by Lemma 8.1.7,
as desired. ]
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Recall: if C is a category that admits a terminal object w, the functor
evy,: Fun(C, Grpd) — Grpd

admits a left adjoint given by
p*: Grpd — Fun(C, Grpd),

where p = pc: C — . (This is an instance of Proposition 5.4.4.)

Notation 8.4.2. For a general (small) category C with p: C — *, we define
colim¢ := p;: Fun(C, Grpd) — Grpd.
Sometimes this is also denoted by h_n)l

Remark 8.4.3. Consider a pullback square

X —— Grpd,

A
pJ/ l”univ

C — Grpd.

Then the groupoid colim¢ F corresponds to the weak homotopy type of X: itis obtained by factoring
the functor X — = into an initial functor X — I, (X) followed by a left fibration IT,,(X) — *. In
other words, there is a pullback square:

e (X) —— Grpd,

.
J/ Tluniv
k

Grpd.

colimc F

Proposition 8.4.4. Let A and B be small categories. A functori: A — B is terminal if and only if,
for any functor F: B — Grpd, the Beck-Chevalley map

BC: colimy i*F — colimpg F
from Construction 5.12.1 is an equivalence.

Proof. As usual we will start by rewriting the Beck-Chevalley map in terms of a morphism of left
fibrations. Consider the following pullback diagram:

Ly — Grpd,

X Y
1 .
q,l lq lﬂuniv
A

SN S N Grpd.

Since q is a left fibration, it is in particular proper. Therefore, if i is terminal we get that j is terminal
as well. If we denote by p: C — = the terminal functor, the Beck-Chevalley map is given by

. . . .+ Pr(counit) .
colimy i*F = priyi' F ——— pF = colimp F,
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hence this corresponds to the map induced by j on fundamental groupoids:
Moo (j): Moo (X) — T (Y).

But this is an equivalence since j is terminal.

For the converse, we can consider the special case where ¢ is the projection B, — B for some
object b of B. In this case, we have X = Ay, and Il () is the map from Il (A/) to the terminal
groupoid. In other words, of the Beck-Chevalley map BC, is an equivalence for all F, the co-slice
Ay is weakly contractible for any object b of B. We conclude with Corollary 8.3.8 that the functor
i must be terminal. o

Lemma 8.4.5. Let f: A — B be a proper functor between small categories. Consider an absolute
object b of B and let Ay, denote the fiber of f over b. Then for any functor F: A — Grpd, there is a
canonical isomorphism

colimy, i"F — b* fi(F) = fi(F)(b)

of groupoids, where i: A, — A denotes the inclusion of the fiber.

Proof. We will again translate this to a statement about left fibrations. Consider the left fibration
p: X — A associated to F:
X —— Grpd,

.
pl l”\miv

A —L Grpd.

Consider now the following pullback diagram:

Xp —2 X —2 X
-
T
Ay —2s Ay —22s A
|
l lfh/ lf
b

Since wy, is aright fibration, it is in particular smooth, hence by smooth base change (Theorem 8.4.1)
we see that the canonical map

BC:: (fip)wvy,(F) = wi, fi(F)
is an isomorphism. Passing to colimits over B/;,, we obtain an equivalence
colimy , vj,(F) = colimp (fyp)1vy,(F) — colimp,, wy, fi(F).
Now consider the following commutative diagram:

colimy, i"F ——— b* fi(F)

l l

colimy , vy F —— colimg,, w} fi(F).
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Since the inclusion (b,idp): * — By, is terminal, the right vertical map is an equivalence by
Proposition 8.4.4. But also ij, is initial, since it is a base change of (b,id;): * — B/, hence also the
left vertical map is an equivalence. By 2-out-of-3 it follows that also the top map is an equivalence,
finishing the proof. O

Theorem 8.4.6 (Proper base change). Consider a pullback square
A —— A
vl lf
B’ —— B,
where f is proper. Then for every functor F: A — Grpd, the Beck-Chevalley map
f{u*(F) = v*fi(F)

is a natural isomorphism.

Proof. It suffices to check that for any object b’ in B’, the map

flu(F)(b") = v filF)(b) = A(F)(v(b))

is an isomorphism in Grpd. By working with categories in context {b}, we may assume that b is an
absolute object. Write b := v(b’). We may now consider the following commutative diagram:

\A’ “ ‘b\A
A

* *

NN

B’ v B.

’
Ay,

Observe that all the non-horizontal faces are cartesian. We may now consider the following com-
mutative diagram:
colimy,  i""u*F —— colimy,, i"F

l |

Jw (F)(b") ——— [(F)(D).

The two vertical maps are equivalences by Lemma 8.4.5. But the top map is clearly an equivalence,
since it is induced by the functor A}, — A, which is a pullback of id,: * — * and hence an
equivalence. O

Corollary 8.4.7. Let p: A — B be a proper (resp. smooth) functor and consider a commutative
square of the form

X 2.4
I
y - B
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where f is initial (resp. terminal) and both ¢ and  are left (vesp. right) fibrations. Then, for any
functor v: B’ — B, the induced functor

g: B/XBX—>B,XBY
is again initial (resp. terminal).
Proof. The left fibration ¢ corresponds to a functor F: A — Grpd:

X —— Grpd,

|
“al J/ﬂ'univ

ALt Grpd.

The left fibration ¢ is obtained by factorizing p o ¢ into an initial functor and a left fibration, hence
it corresponds to the functor
pi(F):=Fop:A— Grpd.

If we now define the map p’: A’ — B’ via the pullback square

A5 A
R
B’ —— B,
then the map g corresponds to the Beck-Chevalley map pju*(F) — v*pi(F), which is a natural

isomorphism by Theorem 8.4.6. It follows that g is a contravariant equivalence over B’. Since the
map B’ Xg Y — B’ is a left fibration, it follows from Proposition 8.1.18 that g is in fact initial. O

Lemma 8.4.8. Consider a commutative square of the form

7| |«

ida xXg

AXC —> AXB,

where p and q are left fibrations. Assume that f is fiberwise initial over A, meaning that for every
object a in A, f induces an initial functor

fa: Xa — Ya.
Then f is initial.

Proof. Since q is a left fibration, it suffices to check that f is a covariant equivalence over A X B,
see Proposition 8.1.18. For any object b of B, we may consider the following commutative square

I

X/b _— Y/b

P/bl l‘I/b

idA Xg/b

AXC/b —>AXB/[,
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obtained from the above commutative square by pulling back along B;, — B. For any object a of

A, the commutative square
fa

X, — Y,

pa) da
c—2-5B
induces a commutative square
(Xa)p — (Y
(pan | @

8/b
C/b —I> B/b

by pulling back along B, — B. The top map agrees with the map obtained from

fiv

X/b _— Y/b
A

by passing to fibers over a. In particular, (f/5)a = (fa)/» is a pullback of the initial functor f, along
a smooth functor B, — B and hence is initial itself. Since the functor X;;, — A induced by p is
proper (being the composition of a left fibration with the projection of C;;, X A — A), pulling back
the immersion of the terminal object in the slice A, yields a terminal functor of the form

(X/)a=(Xa)p = (Xib)ra = X)(a,p) >

hence a weak homotopy equivalence. Similarly, the functor ¥;;, — A induced by g yields a weak
homotopy equivalence

Yn)a=Y) = Yw)ia =Y ap) -

This means that we have a commutative square of the form

(fu)/
(X))o — (Yo

(Pa)/bl (9a) /b

fia,p)
Xi(a,p)y = Yj(a,b)

in which the top horizontal map as well as the two vertical ones are weak homotopy equivalences.
Therefore, the functor f is a covariant equivalence over A X B by Proposition 8.3.6. O

250



9 The Yoneda lemma

The goal of this chapter is to prove a version of the Yoneda lemma in synthetic category theory. On
the way, we will encounter various useful auxiliary notions:

* corepresentable functors Home (x,—): C — Grpd;
* the opposite category C°P of a synthetic category C;

* the twisted arrow category Tw(C);

locally small synthetic categories.

9.1 Opposite categories

In ordinary category, every category C gives rise to another category C°P, called the opposite
category of C. While C°? has the same objects as C, the morphisms in C°° are different: a
morphism from x to y in C°P is given by a morphism from y to x in C°P. Our goal in this section is
to provide an analogous construction in the case where C is a synthetic category.

To motivate our definition of C°P, recall from ordinary category theory that for every ordinary
category C, the functor

he: C — Fun(C®P, Set), x — Homc (-, x)

is fully faithful; it is known as the Yoneda embedding. Applying this construction to C°P, this
provides a fully faithful functor

hcop : C? < Fun(C, Set).

The essential image consists of precisely those functors F': C — Set that are corepresentable,
meaning that they are naturally isomorphic to a functor of the form Hom¢ (x, —): C — Set for some
object x of C.

For our synthetic definition of the opposite category C°P of C, we will turn this logic on its head
and define CP as the full subcategory of Fun(C, Grpd) spanned by the corepresentable functors.
Making this precise will take up the remainder of this section.
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Construction 9.1.1 (Covariant Hom-functor). Let C be a small category and let x be an object of
C. The slice category C,/ fits in a pullback square of the form

C.y — Fun([1],C)

|
l l(evo,evl)

c &), oxe.
The left vertical map is a small left fibration by Theorem 5.3.3, hence fits into a pullback square of

the form
Cy) — Grpd,

J/ l”univ
(& AN

This defines the functor Home (x, —): C — Grpd.

Definition 9.1.2 (Corepresentable functor). We say that a functor F': C — Grpd is corepresentable
if we have an object x of C and an isomorphism Hom¢ (x, —) = F.

A priori the condition of a functor to be corepresentable seems to involve a choice of object x of C.
It turns out that this object is uniquely determined if it exists, so that corepresentability is really a
property of a functor F’:

Proposition 9.1.3. For a functor F: C — Grpd, let pr: / F — C denote the small cocartesian
fibration classified by F. Then F is corepresentable if and only if f F admits an initial object.

Proof. Let x be an object of C. Observe that there is an equivalence between the following three
types of data:

(1) Objects y of [ F satisfying pr(y) = x;
(2) Functors ¢: Cy) — /F over C;

(3) Natural transformations Hom¢ (x, —) — F of functors C — Grpd.

The equivalence between (2) and (3) is an immediate consequence of directed univalence. For
comparing (1) and (2), note that the slice C; has an initial object (x,idy), so that the functor
(x,idy): * — C,/ is initial by Proposition 8.1.13. It follows from Remark 8.1.5 that for every object
y of / F satisfying pp(y) = x there exists a unique functor ¢: Cy; — f F fitting in the following
commutative diagram:

Cof Tt [F
N o
C.

We claim that the object y is initial in f F if and only if the corresponding natural transformation
Hom¢ (x, —) — Fis anatural isomorphism of functors C — Grpd. Indeed, since directed univalence

252



respects composition the latter is equivalent to the condition that ¢: C,; — C is an equivalence.
Since ¢ is a morphism between left fibrations over C, it is an equivalence if and only if it is an initial
functor, see Lemma 8.1.6. But by Proposition 8.1.8 this is in turn equivalent to y: * — f F being
an initial functor, which by Proposition 8.1.13 happens precisely whenever y is initial in f F. This
finishes the proof. O

As a consequence of Proposition 9.1.3, we expect to be able to form the full subcategory C°P of
Fun(C, Grpd) spanned by the coreprentable functors. In order to make this precise, we need to
formulate the condition of being corepresentable in terms of a category. We start with a formulation
of initiality.

Definition 9.1.4. For a small category C, we define
hasInitial(C) := Z isEquiv(C,, — C).
x: x—C

More precisely, we define this category via the following pullback square:

hasInitial(C) ——— Iso(Cat)

ST

x=(Cx/—C)
IR, Fun([1], Cat),

where the bottom functor is obtained by applying directed univalence to the cocartesian functor

(CV() evy )

Fun([1],C) —— CxC

\/

over C.

Lemma 9.1.5. The category hasInitial(C) is a proposition.

Proof. Note that the type isEquiv(Cy, — C) is a proposition for every x. So we get an embedding
hasInitial(C) — C=, and thus we obtain a full subcategory (hasInitial(C)) — C consisting
of all initial objects of C. Notice that every morphism in this subcategory is automatically an
isomorphism, hence it is actually equivalent to the groupoid hasInitial(C). It will now remain
to show that the functor hasInitial(C) — = is fully faithful, since all fully faithful functors are
embeddings. But this is clear: by definition of initial objects the mapping spaces on both sides are
contractible. O

Construction 9.1.6. Let C be a small category. We will construct a groupoid (C°P)™ equipped with
an embedding
(C°P)™ — Map(C, Grpd)

such that a functor F: C — Grpd is contained in (C°P)™ if and only if it is corepresentable, or
equivalently if the total space / F of the left fibration pf: f F — C associated to F has an initial
object.
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Consider the groupoid I' :== Map(C, Grpd). Then the inclusion I < Fun(C, Grpd) gives rise via
currying to a functor I'x C — Grpd, and hence to a left fibration p: X — I'xXC. Working in context
I', we may then consider the statement hasInitial(X) in context I, which by Lemma 9.1.5 defines
a proposition in context I', which translated back to the absolute context corresponds to the desired
embedding of groupoids of the form

(C?)* — I" = Map(C, Grpd).

For any point y € I, the fiber of this map is the proposition hasInitial(X, ), which is precisely
what we wanted.

Definition 9.1.7 (Opposite category). For a small category C, we define the co-category CP as the
full subcategory
C°? C Fun(C, Grpd)

spanned by (C°P)~ C Map(C, Grpd), and refer to it as the opposite category of C. We will write
hcop : C? < Fun(C, Grpd)
for the inclusion functor called the Yoneda embedding of the opposite.

Remark 9.1.8. The definition of C°P does not depend on the universe for which C is small: if Grpd’
is a larger universe of groupoids, we will have a full embedding of Grpd into Grpd’, hence a full
embedding

Fun(C, Grpd) — Fun(C, Grpd’),

and thus the definition of C°P as full subcategory of the domain or of the codomain will be canonically
equivalent.

The opposite category of C is functorial in C:

Proposition9.1.9. Ler f: C — D be afunctor. Thenthe left Kan extension functor f: Fun(C, Grpd) —

Fun(D, Grpd) restricts to a functor
fo: C®P — D

Proof. Consider the induced adjunction
fi: Fun(C, Grpd) 2 Fun(D, Grpd) : f*.
For every object x of C, we obtain a commutative square

fx/
Cx) — Dy

l l

f

¢ —— D,

and it follows from the diagram

(x, 1(/ \(f(j) Sidg(x))

Cyy — Dyxyy
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that f,, is an initial functor, using the cancellation property (2) from Proposition 8.1.8. As a
consequence, we obtain an equivalence

fithcor) = hpee (f(x)),
and in particular the functor fij(hce): D — Grpd is corepresentable. O

Definition 9.1.10 (Hom-functor). We define the Hom-functor of C
Hom¢: CP x C — Grpd
as the functor obtained by uncurrying the inclusion functor 4cep : C°P < Fun(C, Grpd).
Lemma 9.1.11. For a category C, there exists a preferred equivalence
C™ = (C?)7, x = Home (x, -).

Proof. Identifying Fun(C, S )LFib(C) Let (C°P)= can be described as the anima whose terms are
tuples of the form (X, p,x, s) with p: X — C aleft fibration with small fibers, x: X an object of X
and s: hasInitial(X) a proof that x is an initial object of X. The rule (X, p,x, s) — p(x) defines
a canonical projection

CP > C.

There is a map in the other direction defined by the rule
x> (Cy/y Py, (x,1dy), Sx)

with p,: Cx; — C the canonical projection, and s, the canonical proof that the pair (x,idy) is
an initial object in Cy, (for this to make sense, we use the fact that the formation of slices Cy,
is functorial in x: C=, which follows from Corollary 7.7.9: this allows to see the pullback of
evg: Fun([1],C) — C over C= as a functor from C= to the universe of small groupoids). These two
maps are inverse to each other: the second is obviously a section of the first whereas Proposition 9.1.3
ensures that the other composite is the identity. O

Lemma 9.1.12. Let C be a category and x,y: C™ by two objects. There is a preferred equivalence
CP(y,x) = C(x,y).
Proof. By definition, there is a canonical equivalence of the form
C*®(y,x) = Map(Cy;, Cy/) .

On the other hand, since the fiber of the canonical projection C,,;, — C at y is C(y, x) by definition,
Corollary 8.1.14 provides a canonical equivalence

MapC(Cy/’ Cx/) = C(yax) .
We may simply compose these two equivalences. O

Proposition 9.1.13. For every small category C, the opposite category C°P is small.
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Proof. By the bicompleteness condition on Cat, it suffices to check that Map([1], C°P) is small. We
may write this as
Map([1.C) = 3T C(w).
(x.y):(CoP)=x(CP)=

Since C= is small, so is (C°?)= by Lemma 9.1.11. Therefore, it suffice to prove that each C=(x, y).
But we have seen in Lemma 9.1.12 that that C=(x, y) =~ C(x, y), and since C(x, y) is small for all x
and y, this achieves the proof. O

Lemma 9.1.14. If C is a category and x: C~ a terminal (initial) object of C, then interpreting x as
an object of C°? by Lemma 9.1.11, it becomes an initial (terminal) object in the category C°P.

Proof. If x is a terminal in C, then C(y, x) is contractible for all y: C=. Therefore, by virtue of the
preceding lemma, we see that C°P(x, y) is contractible for all y: C°P, which proves that x is initial
in C°P. The case of an initial object is done similarly. O

Lemma 9.1.15. If p: X — C is a right fibration, then p°P: X°P — C°P is a left fibration.

Proof. We have to check that the square

Map([1], X?) {225 Map([1], C°P)

evo l levo

op =
is a pullback square. Identifying C* and (C°P)~, this square is a diagram of the form bellow.

Zx,y: x= XOp(y’x) - Zx,y: c= COp(y’x)

l : l

X: C:

By virtue of Lemma 9.1.12, this square is equivalent to

Zx,y: X= X(x7y) —_— Zx,y: c= C(x’y)

l o

X b c*

which in turns is equivalent to the commutative square

Map([1], X) —2— Map([1],C)

evll (%]

X= P C=

and the latter is a pullback square, since p is a right fibration. O
Proposition 9.1.16. If C is a category and x an object of C, there is a canonical equivalence
(Cop)x/ — (C/x)op .
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Proof. By virtue of Lemma 9.1.14, the pair
(x,idy): (Crx)™ = ((Cr)*)”

defines an initial object in (C/,)°. On the other hand, Lemma 9.1.15 ensures that the right fibration
C/x — C induces a left fibration of the form

(C/X)Op — COp .

the latter sends the initial object of (C/,)°P to x. Proposition 9.1.3 now readily implies that there is
a canonical equivalence from (CP),, to (C;,)°P over CP. O

9.2 The twisted arrow category

Definition 9.2.1 (Twisted arrow category). For a category C, we define the left fibration Tw(C) —
C°P x C as the one classified by the Hom-functor:

Tw(C) —— Grpd,
(s,t)l - lnumv

co x ¢ 2ome, Grpd.

We refer to its total category Tw(C) as the twisted arrow category of C. We denote the two
projections to C°P and C by

s: Tw(C) - C® and t: Tw(C) — C.
Lemma 9.2.2. If C is a small category, so is Tw(C).

Proof. This is immediate from the fact that the left fibration Tw(C) — C°P X C has small fibers and
that C°P x C is small by Proposition 9.1.13. O

The twisted arrow category is suitably functorial in C:

Construction 9.2.3. Consider a functor f: C — D. We will construct a functor Tw(f): Tw(C) —
Tw(D) fitting in a commutative square

COPXC&DOPXD.

Equivalently, we need to produce a morphism of left fibrations

W) ~————————————- > (fPx f)*(Tw(D))

o~

CPxC
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over C° x C. Under unstraightening, this is in turn equivalent to producing a natural transformation
Hom¢ (—,—) — Homp(—, —) o (f°P x f) of functors C°’ — C — Grpd. By currying, we may
equivalently produce a natural transformation between the curried functors C°? — Fun(C, Grpd).
For Hom¢ (-, —), this curried functor is simply the inclusion. For Homp(—,—) o (f°P X f) =
Homp (-, —) o (f°P xidp) o (idcer X f) it is given by the composite

op ¢
CcoP EAR D®? < Fun(D, Grpd) AN Fun(C, Grpd),

which by definition of f°P is the same as the composite

C°? — Fun(C, Grpd) KN Fun(D, Grpd) EAN Fun(C, Grpd).

The desired natural transformation is now simply given by whiskering the unit transformation
idrun(c,Grpay — f* fi with the inclusion C? < Fun(C, Grpd).

Proposition 9.2.4. The fibers of both projections s: Tw(C) — C andt: Tw(C) — C have initial
objects.

Proof. We have a commutative diagram

C: X C Zx:C2 HOmc(x,—)

|

(CPY*XC —— CPxC Tome Grpd.

So we obtain pullback squares

2Zy:cx Cx) — Tw(C)

.
| Jon

CZ=XC —> C"xC

.
Prll lprl

C> = (CP)* ——— C.

In particular, the fiber of s over an object x € C is the slice category C,;, which has an initial
object (x,idy).

Now consider an object y of C and let Tw(C),, denote the fiber of t: Tw(C) — C at y:

Tw(C), —— Tw(C)

|
pyl l(s,r)

|k

« —2 5 C.
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Note that p, is a left fibration whose fiber at y is given by C *(y,y) = C(y, ), hence we obtain an
object (y,idy) in this fiber, producing an object id, € Tw(C),. We then obtain a unique map

CP,

It will thus suffice to show that for every object x of C°P (i.e. every object x of C) the dashed map
induces an equivalence
C®(y,x) = C(x,y).

Under the equivalence from Lemma 9.1.12, we have to check in fact that the dashed map induces
the identity of C(x,y). A term f in C(x, y) correspond to a functor

f:[1] - C.

By functoriality of the formation of the twisted arrow category (Construction 9.2.3), we obtain a
commutative square bellow.

Tw([1]) —L, Tw(C)
(s,t)l l(s,t)
fO

[0 x [1] £24 corx ¢

Since f sends the ordered pair 0, 1 to x, y, this induces a commutative diagram of the form

[1](0,1) —— [1]°P(1,0) ---> [1](0,1)
C(x,y) — CP(y,x) ----> C(x,y)

in which the vertical maps are induced by f°P and f. All the maps of the upper horizontal line are
isomorphisms because they are maps between terminal objects (expressing that 1 is terminal in [1],
say). Interpreting this proof in context C(x, y) for f the universal term of C(x, y), this proves that
the dashed map is indeed fiber-wise the identity. O

Remark 9.2.5. Given any object x of C seen as an object of C°P, the proof of the preceding
proposition shows that the fiber of the target functor

t: Tw(C) - C

at x is equivalent to (C°?),,. Using Proposition 9.1.16, this means that we have a canonical
equivalences over C°P of the form:

(C/X)OP — TW(C)x .

Corollary 9.2.6. The maps s and t induce equivalences

Mo () &= 11 (Tw(C)) 2=, (o).
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Proof. Let f: X — Y be a left fibration such that for every object y of Y the fiber X, is weakly
contractible (i.e. I (Xy)) ~ *.) Because the inclusion X, < X/, is terminal, it follows that also
Il (X;y) — . But then it follows that I ( f) is an equivalence. Now apply this to both f = s and
f =T1. O

Lemma 9.2.7. Consider the functor ii = ((s,t), Tw(u)) defined by

Tw(C) —=%—» C% x D Xporxp TW(D) —— Tw(D)

]
oo l Jio

CPXC ——— CPXD —— > D’ x D.
ldcop Xu op><1d[)

Then the functor i is initial.

Proof. By virtue of Lemma 8.4.8, it suffices to show that & induces an initial functor fiberwise over
each object of C°P. Let x be an object of C (and thus an object of C°P). The functor induced over x
fits into a diagram of the form

(x IV wx) 1du(x)

---------- > Dy(x)/
and thus by the cancellation property it follows that the bottom map is initial, as desired. O
Proposition 9.2.8. Let u: C — D be a functor between small categories. The adjunction
(idcor Xu),: Fun(C®? x C,Grpd) 2 Fun(C® x D, Grpd) : (idcop Xu)*.
induces a canonical isomorphism
(idcor xu ) (Home) = (u®? x idp)* (Homp)
in Fun(C° x D, Grpd).

Proof. This is a direct interpretation of the previous lemma in view of the explicit description of the
functor (idcor Xu); given by Theorem 8.1.19. O

Lemma 9.2.9. Consider the functor it = ((s,t), Tw(u)) defined by

Tw(C) —-%=> D X C Xporxp TW(D) —— Tw(D)

|
(s,t)l l l(s,t)

CPXC ———— DPXC ————— DPxD.
uPxide ldDop Xu

Then the functor i is initial.
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Proof. As in the proof of Lemma 9.2.9, it suffices to show that i induces an initial functor fiberwise
over each object of C. Let x be an object of C. By Remark 9.2.5, the functor induced on fibers over
x fits into a diagram of the form

*

(x,idx/ wj)’iduo{)

(CP)yy —======--= > (DP)u(x)/5
and thus, by the cancellation property, is initial. O

Proposition 9.2.10. Let u: C — D be a functor between small categories. The adjunction
(u°? xid¢)r: Fun(C x C, Grpd) 2 Fun(D®? x C, Grpd) : (u°? xid¢)™.
induces a canonical isomorphism
(u°? x id¢c)1(Home) — (idpor Xu)*(Homp)
in Fun(C° x D, Grpd).

Proof. This is a reformulation of Lemma 9.2.9. O

Proposition 9.2.11. For a functor u: C — D between small categories, the following conditions
are equivalent:

(1) The functor u is fully faithful;
(2) The functor uy: Fun(C, Grpd) — Fun(D, Grpd) is fully faithful;

(3) The commutative square

Tw(C) -2 Tw(D)

(s,t)l l(s,t)

op
CPx(C XX Do x P

is a pullback square;

(4) The functor u°?: C°° — DP is fully faithful.

Proof. The equivalence between (1) and (3) is immediate, since both conditions ask the induced
map C(x,y) — D(u(x),u(y)) to be an equivalence for all objects x and y of C. The equivalence
between (1) and (4) readily follows from Lemma 9.1.12. The fact that (4) follows from (2) holds by
definition of u°P. It remains to show that (1) implies (2).

Let p: X — C be a small left fibration, classified by a functor F: C — Grpd. We may factor u o p

as
J
e

>

u
—_—

o
O —

Y
|«
D,
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where j is initial and ¢q is a left fibration. Then ¢ is a small left fibration and thus corresponds to
a functor u)(F): C — Grpd. The natural transformation F — u*uF corresponds to the functor
(p,j): X > Cxp Y, and we have to show this is an equivalence. Since it is a morphism of left
fibrations over C, we may equivalently show that for every object x of C,the induced map

Xy — Y, u(x)
is an equivalence. Now, this map fits into the following commutative square

Xy — Yu(x)

| l

Xy — Yu(x)

and since the vertical functors are both terminal (because left fibrations are proper, by Corol-
lary 8.2.7), we may equivalently show that the functor u,, is a weak homotopy equivalence. Since
u is fully faithful, we have a pullback square

Cix — Dy
[
c —*%“ D,

and hence an equivalence C;, — C/,(x). Itfollows that we also have an equivalence X/, — X/, (x),
and so it will suffice to show that the map j/,(x): X/u(x) — Y/u(x) is a weak equivalence. But since
this functor is a pullback of j along the smooth functor D ,,(x) — D, j/u(x) is an initial functor, and
hence in particular a weak equivalence. This finishes the proof. O

Corollary 9.2.12. Consider the pushout square of categories bellow.

ALB
c 25D

If f is fully faithful, so is g.

Proof. We may assume that this is a commutative square of small categories (up to a choice of
suitable universe). Let us assume that f is fully faithful. By virtue of Proposition 9.2.11 the functor

fi: Fun(A°?, Grpd) — Fun(B°, Grpd)
is fully faithful. In otherwords, if we consider the induced pullback square

Fun(D°P, Grpd) SN Fun(B°P, Grpd)

g*l lf*

Fun(C°P, Grpd) SN Fun(A°P, Grpd)

the functor f; is a left adjoint section of f*. Proposition 5.5.8 thus tells us that the functor g* is has a
left adjoint section, i.e. that the functor g, is fully faithful. A new application of Proposition 9.2.11
implies that the functor g itself is fully faithful. O
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9.3 The Yoneda lemma

The goal of this section is to state and prove the Yoneda lemma. We start with the following general
theorem:

Theorem 9.3.1. Consider a category C equipped with a functor ®: C — Grpd, andlet q: f o - C
denote the associated left fibration:

f LN Grpd,

.
ql l”univ

c—2 Grpd.
Then there exists a canonical pullback square of the form

Fun(C, Grpd)p; —— Fun([ @, Grpd,)

.
l l(ﬂuniv)*

Fun(C, Grpd) — Fun(f @, Grpd).
Proof. We form the following pullback square.

w - Fun(f @, Grpd,)

pJ/ l(”univ )*

Fun(C, Grpd) — Fun( f @, Grpd)

The pair w = (g, ®,) determines an object w : W= such that p(w) = ®. Since p is a left fibration,
this determines a unique functor

f: Fun(C,Grpd)ep; — W

over Fun(C, Grpd) such that f(®) = w. To prove the theorem, it suffices to prove that f is an
equivalence. Since this is a functor between two left fibrations over Fun(C, Grpd), it suffices to check
this on fibers over any object of Fun(C, Grpd). Finally, up to replacing the underlying groupoidal
context, it suffices to consider fibers defined in the absolute context. Consider an arbitrary object
¥ of Fun(C, Grpd) (in the absolute context). The fiber of Fun(C, Grpd)e, over Fun(C, Grpd) is by
definition the mapping groupoid

Fun(C, Grpd)(®, \P).

By straightening/unstraightening (Theorem 7.3.16), this is equivalent to the relative mapping space
Map( f D, f ¥) over C. Since f W sits in a pullback square of the form

[¥ — Grpd,

.
l Tluniv

c—* Grpd,
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we have by adjunction the equivalence bellow, in which f @ is seen over Grpd with structural map

Yogq.
Map (/ <I>,/ ‘P) — Mapg,pq (/ D, Grpd,)

We also have the following canonical pullback squares (the first one by definition and the second
one by conservativity of left fibrations).

Mapg, 4 (f ®,Grpd,) —— Map ([ ®,Grpd,) ——> Fun ([ @, Grpd,)

| -
J/ J/ l(”univ)*

* Yoq Map (f ®, Grpd) —— Fun (f @, Grpd)

It remains to check that the map induced by f on fibers over W simply is the composition

Fun(C, Grpd)(®, ¥) — Map, (/ CD,/ ‘P) — Mapg,pqg (/ o, Grpd,) .

A map u: ® — W can be seen as a functor u: [1] — Fun(C, Grpd). Since f(®) = w, there is
a unique functor v: [1] — W such that p(v) = u. By definition, we then have f(u) = v. On
the other hand the straightening/unstraightening equivalence consists in interpreting u as a functor
ii: [1]XC — Grpd corresponding to a left fibration ¢g: X — [1]xC and to apply Construction 7.2.1.
In other words, we see [1] x f @ over [1] X C by pulling back f ® along the projection [1] xC — C,
which we interpret by transposition as a functor

i: [1] - Fun(/ D, [1] xO)
and we consider the unique lifting of i of the form
v:[1] — Fun(/ D, X)
with source the composition of the embedding the fiber Xo < X with the identification of f @ with
the fiber Xy. In other words, we consider the commutative square

¢:¢

| L

and pick the lower horizontal line in the image of this square by f. This is indeed the same as
applying f directly. O

Corollary 9.3.2. Let e be the terminal object of Grpd. Then there is an equivalence Grpd,, —
Grpd, over Grpd.

Proof. We apply Theorem 9.3.1 with C = * and with ® = e¢: *+ — Grpd. Since e is terminal, it
represents the left fibration * — . Using the equivalence Fun(x, Grpd) — Grpd, we thus obtain a
pullback square of the form

Grpd,, —— Grpd,

Grpd Grpd,
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and thus the top functor is an equivalence. O
Corollary 9.3.3. There is an equivalence of functors
HomGrpd(e , =) = idGrpd

of functors Grpd — Grpd.

Proof. The equivalence Grpd,, ~ Grpd, of left fibrations over Grpd corresponds under straighten-
ing/unstraightening to a natural isomorphism Homgpa(e, —) = idgrpd. O

Corollary 9.3.4. Consider a small category C, and let e c denote the terminal object of Fun(C, Grpd)
(i.e. the constant value with value e). Then there is a pullback square

Fun(C, Grpd,) ——— Grpd,

(”univ)*l l”univ

Fun(C, Grpd) Hom(ec.”) Grpd

Proof. By definition of the functor Hom(ec, —), there is a pullback square if we replace the left
upper corner by the slice category Fun(C, Grpd),.,. By Lemma 5.3.2 this slice category is equiv-
alent to Fun(C, Grpd,,), and so the claim follows from the equivalence Grpd,, — Grpd, from
Corollary 9.3.2. O

From Theorem 9.3.1 we may immediately deduce the following more general claim:
Corollary 9.3.5. Consider a commutative diagram of the following form:

v—t>v -2, Grpd,

Sl

P
C —— Grpd.
Assume that i is an initial functor. Then the commutative square

Fun(C, Grpd)g; —— Fun(U, Grpd,)

| |

Fun(C, Grpd) — Fun(U, Grpd)
is a pullback square.

Proof. By Theorem 9.3.1 the diagram is a pullback square if we replace U by V and i by idy. But
applying part (3) of Proposition 8.1.4 to the universal left fibration myy;y : Grpd, — Grpd, we obtain
a pullback square of the form

Fun(V, Grpd,) ., Fun(U, Grpd,)

(”univ)*l l(”tlniv)*

Fun(V, Grpd) — Fun(U, Grpd),
and thus we may paste the two pullback squares to get the result. O
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Corollary 9.3.6. Consider a category C with an object x: C~ defined in the absolute context. We
assume that, for each object y of C, C(x,y) is small (i.e. that the projection of Cy; to C is a left
fibration with small fibers). We consider the functor

hcor(x) = Home (x,—): C — Grpd
determined by the following pullback square.

Cy) — Grpd,

.
l Tluniv

C —— Grpd.

hcop (x)

Then we have a homotopy pullback square

Fun(C, Grpd)p.op (x)) — Grpd,

-
Tluniv

Fun(C, Grpd) — Grpd.
In particular, we obtain an equivalence
evx = Homgyy(cop,Grpa) (hcor (X), —)
in the category Fun(Fun(C, Grpd), Grpd).

Jidx C
Proof. The map U = * L)“—)—> /18 initial, and hence we may apply Corollary 9.3.5. O

We have thus provided an equivalence F'(x) ~ Homgyn(cor,Grpa) (Acer (x), F) for all F: C — Grpd,
functorially in F'. This is a version of the Yoneda lemma. We would now like to make this equivalence
natural in x as well.

For a small category C, choose a universe Cat’ such that Cat (and hence Grpd) is small with respect
to Cat’. We write Grpd’ for the full subcategory of Cat’ spanned by the groupoidal objects in Cat’.
We then consider the functors

(s,1): Tw(Fun(C, Grpd)) — Fun(C°, Grpd)® x Fun(C°®, Grpd)

and
(s,): Tw(C) —» C®? x C.

We now define a category V and a functor v: Tw(C) — V by means of the following commutative
diagram:

/TW(_hC)\‘
Tw(C) ——— -2 >V — Tw(Fun(C®, Grpd)) —— Grpd,

A
(s,z)l l l [

CPx C —— C° x Fun(C°P, Grpd)(widFun(C‘)p, Grpd)°P x Fun(C°P, Grpd) _Hom Grpd’.

idcop X hC
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We similarly define a category W and a functor w: Tw(C) — W by means of the following
commutative diagram:

K—\

Tw(C) ==Y »W ———3 Grpd, —— Grpd,

. - .|
(S,l‘)l l J/ﬂ'univ lﬂéniv

idcop X hc

C% x C —— C° x Fun(C, Grpd) —~— Grpd —— Grpd’.

\—/

Hom¢

Lemma 9.3.7. Both functors v and w are initial.

Proof. For v, this is a particular case of Lemma 9.2.7. The proof for w is similar. Recall from
Lemma 8.4.8 that for a commutative square

f

X —Y

p| |«
CxXD — CxC
idc xXg
such that p and ¢q are left fibrations, if f is fiberwise initial over C then f is initial. Therefore, in

order to show that w is initial, it will suffice to show that for every object x of C (seen as an object
of C°P), the induced map w,: Tw(C)y — Wy is initial:

Wx

Tw(C)y W, Grpd,

| | ) [

C —— Fun(C, Grpd) =, Grpd.
C

But we already know from the previous corollary that V, ~ W, holds fiberwise, and on fibers the
maps v, and w, fit into a commutative diagram over Fun(C°P, Grpd) as follows:

Cx/ — Vx

:l lz

Tw(C)y —2 W,

Indeed, to see the commutativity of this square, since the projection of W, to Fun(C°P, Grpd) is a
left fibration, by virtue of Proposition 8.1.13, it suffices to check that the initial object of C, is sent
to the same object of W either way. This amounts to say that, in the equivalence

F(x) =~ Hompyn(cor,Grpd) (hcor (x), F)

provided by Corollary 9.3.6, in the case where F = hcop(x), the identity of x is sent to the identity
of hcor(x). This is true by construction.

Now, since v is initial (see the proof of Lemma 9.2.7), this implies that wy is initial as well. This
finishes the proof. O
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Definition 9.3.8. A category C is locally small if the left fibration
(s,8): Tw(C) > C®?’xC
has small fibers. In this situation, we have a pullback square of the form

Tw(C) —— Grpd,

4
(S,I‘)J/ J/”univ

C® x ¢ 22", Grpd

that induces the functor
he: C — Fun(C®, Grpd)

called the Yoneda embedding, defined by the rule
hc (y)(x) = Home (x, y) .
A presheaf on C is a functor of the form
F: C%® — Grpd.

Such a presheaf is said to be representable if there exists an object x of C as well as an isomorphism
of the form
o:hec(x) = F.

Proposition 9.3.9. The Yoneda embedding hc : C — Fun(C°P, Grpd) is fully faithful.
Proof. The proof of the previous lemma shows that the square

Cy)=Tw(C)y ——>——V,

l l

C . - BN Fun(C°P, Grpd)

is a pullback for all x. It then follows from Proposition 9.2.11 (recalling the definition of V) that the
functor ¢ : C — Fun(C°P, Grpd) is fully faithful. O

Corollary 9.3.10. For every category C, there exists a preferred equivalence
C = (CP)°P,

Proof. For any object x of C, the functor hc(x) is corepresentable in C°P, because, as explained in
Remark 9.2.5, the corresponding left fibration is the functor (CP),/ = (C/,)? — CP:

(CP)x) —— Tw(C)

.
| e

C®? —— CPxC

|

«x — > 5 C
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It follows that we obtain a factorization

C* - > ((CoP)er)®

| [

C E— Fun(C°P, Grpd),
C

and hence we obtain a functor C — (C°P)°P. The composition of this functor with the full embedding
of (C°P)°P into Fun(C°P, Grpd) is the Yoneda embedding that we already know to be fully faithful. It
follows that the functor C — (C°P)°P is fully faithful. But we also know by Lemma 9.1.11 that both
C and (C°P)°P have the same objects, which implies (strong) essentially surjectivity. This finishes
the proof. O

Remark 9.3.11. This corollary means that there exists an equivalence Tw(C°P) ~ Tw(C) making
the following diagram commute:

Tw(CP) ———— = —— = > Tw(C)

(S,t)l l(s,l)

(COP)P x CP «—— C x CP 2y P x C,

Remark 9.3.12. If C is locally small, Homc: C°? x C — Grpd is a functor. In particular any
morphism f: x — yin C, seen as functor from [1] to C, induces for each object z of C a morphism

f«: Homc(z,x) — Homc(z.y)

defined as f. := Homc¢(z, f). In other words, composition by f is now encoded in the functorial
nature of Homc¢.

Corollary 9.3.13. Let f: x — y be a morphism in a locally small category C. Assume that, for any
object z of C, f induces an isomorphism

f«: Home(z,x) = Home(z.y) .
Then f is an isomorphism in C.

Proof. Since isomorphisms in Fun(C°P, Grpd) are detected object-wise, this corollary simply says
that the Yoneda embedding is conservative. But any fully faithful functor is conservative, so that
this corollary is a direct consequence of Proposition 9.3.9. O

Proposition 9.3.14. Let us consider a pullback square of the form bellow.

X —— Grpd

| e

cr £, Grpd
Then F is representable if and only if the category X has an initial object.

Proof. In view of the preceding remark, this is a special instance of Proposition 9.1.3. O
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Let us consider a locally small category C. Since Fun(C°P, Grpd) is small with respect to Cat’, we
have a Hom functor of the the form:

Tw(Fun(C°?, Grpd)) ———— > Grpd,

(s’t)J/ J/ﬂ'univ

Fun(C°P, Grpd)°P X Fun(C, Grpd) —22 Grpd’ .

The Yoneda embedding of C being fully faithful, it follows that the functor idco XA is fully faithful
as well, and hence the left Kan extension functor

(idcor Xhc)y: Fun(C x C, Grpd”) — Fun(C® x Fun(C®®, Grpd), Grpd’)
is fully faithful, by Proposition 9.2.11. On the other hand, by virtue of Proposition 9.2.8, if
i: Grpd — Grpd’
denotes the obvious full embedding, we get the identification
(idcor Xhe )1 (i o Home) = h x idEyn o, Grpa) (1 © Hom)
and, by a similar argument, the initiality of the functor w from Lemma 9.3.7 means that
(idcor Xhe) (i o Home) =ioev

holds. Moreover, the full faithfulness of the Yoneda embedding can be expressed by saying that
there is a pullback square of the form

hc

Tw(C) Tw (Fun(C°P, Grpd))

(S,l)l l(s,t)

cor x ¢ T Bun(Co, Grpd)®P x Fun(C, Grpd)
inducing a pullback square of the form

Tw(C) z 1%

.
o |

idcop Xhc

CP? x C —— C° x Fun(C°P, Grpd) .

By construction, we have a pullback square of the form

Tw(C) d 1%

.
o |

idcop X hc

C? x C —— C°P x Fun(C°?, Grpd) .

All in all, we obtain:
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Theorem 9.3.15 (Yoneda lemma). Let C be a locally small category. There is an isomorphism
Hom(h(g)(x), F) = F(x),

which is functorial in both variables F: Fun(C°P, Grpd) and x: C°P.

It is the unique functorial identification which extends the identification
Homc (x,y) = Hom(hZ (x), he ()
on representable functors expressing the full faithfulness of the Yoneda embedding hc.
Proof. As already explained above, there are identifications:
(idcor X/ )1(i 0o Home) = b X iy (cor,Grpay (F © Hom) - and  (idcer Xhc)i(i o Home) =i o ev

This gives the first assertion. The restricton of this identification expresses the full faithfulness of the
Yoneda embedding by construction (this is what the last two pullback squares before the statement
of the theorem mean). Finally, the full faithfulness of 4¢ implies the full faithfulness of the functor
(ideor XA )1, which readily implies the unicity assertion. O

Corollary 9.3.16. Let C and D be small categories. Then the Yoneda embedding of D induces a
Sfully faithful functor

Fun(C, D) — Fun(C, Fun(D, Grpd)) =~ Fun(C x D?, Grpd)

whose essential image is the collection of those functors F: C X D°° — Grpd with the property that
F(x,-): D°? — Grpd is representable for any object x of C.

Proof. This is immediate from part (2) of Proposition 9.2.11. O
Theorem 9.3.17. Let f: C — D be a functor between small categories. We consider the adjunction
fi: Fun(C®, Grpd) 2 Fun(D°?, Grpd) : f*,

where [* is defined by the rule G — G o f°P. Then the following assertions are equivalent:
(1) The functor f admits a right adjoint;
(2) There is a functor g: D — C together with a functorial identification
Homp (f*P(x), y) — Homc (x,g(y))
natural in (x,y): C°P X D.
(3) Foranyobjecty in D, the functor f*hp(y) = Homp (f°P(-),y): C°? — Grpd is representable;
(4) There is a functor g: D — C together with a natural identification
g — f
of functors from Fun(D°P, Grpd) fo Fun(C°P, Grpd).
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Proof. Ttisclear that (2) implies (3), and the implication (3) = (2) follows from Corollary 9.3.16.

We have seen in Theorem 5.9.12 that (1) is equivalent to the statement that for any object y of D the
relative slice C/, = C Xp D/, admits an initial object. Note that the left fibration (C,, )" — CP is
represented by f*hp(y):

(C/y)Op EE— (D/y)op EE— Grpd,

R

cor 1", pop Grpd.

D

S hp (y)

It then follows from Proposition 9.3.14 that (C,,)°P has an initial object if and only if the presheaf
f*hp(y) is representable, proving the equivalence between (1) and (3).

To show that (1) implies (4), we observe first that, for any functor g: D — C, will have an adjunction
of the form:
g1: Fun(D°?, Grpd) 2 Fun(C?, Grpd) :g".

If g is right adjoint to f, then g* is right adjoint to f*, and then we have gy — f™ since both are left
adjoints to v*.

Finally, assuming (4) we get f*hp =~ g/hp =~ hcg, and thus this directly implies (3). This finishes
the proof. O

Corollary 9.3.18. Letu: C — D be a functor between small categories. We consider the adjunction
u,: Fun(C, Grpd) 2 Fun(D, Grpd): u*

where u* is the functor defined by the rule F — F o u®? and u, is the left Kan extension functor
along u®?. Then there is a canonical commutative square of the form bellow.

c -t Fun(C°P, Grpd)

l [

p 2, Fun(D°P, Grpd)

Proof. We will apply Corollary 9.3.16 for the Yoneda embedding of Fun(D°P, Grpd) (using a
universe of groupoids Grpd’ large enough so that it is well defined as done above multiple times
already). In other words, it suffices to check that

Hom((u; o he)*(x), F) = Hom((hp o u)*®(x), F))
functorially in x in C°P and F' in Fun(D°P, Grpd). Applying Theorem 9.3.17 to the adjunction
uy: Fun(C, Grpd) 2 Fun(D?, Grpd) :u*
itself, the left hand side can be identified as

Hom((u:hc)® (x), F) = Hom(hZ (x), u” (F))
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and the Yoneda lemma implies that
Hom(hZ (x), u"(F)) = u* (F)(x)
holds, whereas another instance of the Yoneda lemma implies
Hom(hy (u®®(x), F)) = F(u®(x)) .
Finally, u* (F)(x) = F(u°P(x)) holds functorially by definition. O
Corollary 9.3.19. For any functor f: C — D, there is a commutative square

f

C ——D

:l lz

(COP)OP W’) (DOP)OP,

(where the vertical maps are the equivalences given by Corollary 9.3.10).
Proof. This follows straight away from Corollary 9.3.18 and Proposition 9.1.9. O

Lemma 9.3.20. Let C be a locally small category and F : C — Grpd a presheaf on C. We consider
an object y of C and suppose that the following holds.

(i) For each object x of C, there is a morphism

s¢: Home(x,y) — F(x).

(ii) for each morphism u: x’ — x in C, there is a commutative square in C of the form

Home (x,y) —— F(x)

”*l l“*

Home (x',y) —2— F(x')

Then there is a unique pair (s, @) where s is a morphism of presheaves
s: Hom¢c(—-,y) —» F
and a: s(idy) = s,. Moreover, for each object x of C, there is an isomorphism s(x) = sy, where
s(x): Home(x,y) — F(x)

is the map induced by s. In particular, if moreover each morphism sy is an isomorphism, then the
presheaf F is representable.

Proof. By virtue of Theorem 9.3.15, there is a unique morphism of presheaves

s: Hom¢(-,y) > F
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such that s(idy) = s,. We will show that, for any object x of C, the induced map
s(x): Home (x,y) — F(x)

is isomorphic to s,. Since isomorphisms can be detected object-wise in any functor category, this
will prove the last assertion as well.

Let p: E — C°P be the left fibration corresponding to F. Then s corresponds to a functor
o:(Cpy)? - E

over C°P? and we want to prove that o induces an equivalence on fibers over any object x. A term in
the fiber of the source is thus a map u: x — y in C, that we see as a map u°?: y — x in C°P. We
define

u* =) E, > Ey

to be the transport functor along u°?. We see through directed univalence that
ox(u) =u*(idy) .

But condition (ii) means precisely that u*(idy) is the image of u by the functor corresponding to s
by directed univalence. For u the universal term of the anima C(x, y), this computation in context
C(x,y) proves that s, = s(x) holds, which achieves the proof. m|

9.4 Functoriality of the opposite category

We fix a universe of small categories myy;y : Cat, — Cat.

We would know like to turn the assignment C +— C°P into a functor (—)°P: Cat — Cat at the level
of the universe.

Construction 9.4.1. Let ev;: Fun([1],Cat) — Cat be the cocartesian fibration exhibiting the
assignment
S+ Cat/S

as a functor (with values in a larger universe Cat’, say). Given any functor between small categories
u: S — T, the induced functor
uy: Catyg — Cat/r

is induced by composition with u, and since Cat has pullbacks, it has a right adjoint
u*: Catyp — Cat/g

assigning to each functor g: ¥ — T the first projection p: S X7 Y — S. Therefore, the functor ev,
above is a cartesian fibration as well.
Let LFib be the full subcategory of Fun([1], Cat) whose objects are the left fibrations between small
categories. Since the full embedding

LFib(S) — Cat/s
is compatible with pullbacks, the restriction of the evaluation functor

evy: LFib — Cat
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is a cartesian fibration and the embedding LFib < Fun([1], Cat) is a cartesian functor over Cat.
On the other hand, since, for any functor between small categories u: S — T, the pullback functor

u*: LFib(T) — LFib(S)

has a left adjoint
u,: LFib(S) — LFib(T)

the functor ev;: LFib — Cat is a cocartesian fibration as well. Let CoRep be the full subcategory
of LFib whose objects are those left fibrations between small categories whose domain has an initial
object. Since, by virtue of Proposition 9.1.9, each functor

uy: LFib(S) — LFib(7T)

preserves the property of being corepresentable, the restriction

evy: CoRep — Cat
is a cocartesian fibration and the full embedding

CoRep — LFib

is a cocartesian functor over Cat.
Proposition 9.4.2. The assignment C +— C°P can be turned canonically into a functor

(—)°P: Cat — Cat
together with a natural transformation

hco: C? — LFib(C)

inducing the Yoneda embedding of the opposite after composition with the straightening equivalence
LFib(C) = Fun(C, Grpd).

Proof. The functor (—)°P is defined by the following pullback square.

CoRep —— Cat,

_I
ev] TCuniv

Cat LGN Cat
We may now apply straightening to the natural transformation associated to the full embedding
CoRep — LFib
interpreted as a cocartesian functor between cocartesian fibrations with small fibers over Cat. O
Definition 9.4.3. The functor
(=)°P: Cat — Cat, C— C®

obtained from Proposition 9.4.2 is called the opposite category functor.
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Proposition 9.4.4. The functor (—)°P: Cat — Cat is an equivalence.

Proof. It suffices to check that the functor is fully faithful and strongly essentially surjective- The
second property follows immediately from Corollary 9.3.10. We will now focus our attention on the
property of full faithfulness.

Fix categories C and D. We must show that the induced map
Cat(C,D) — Cat(C°®*,D?), f > fP
is an equivalence. We claim that an inverse is given by sending g: C°° — D°P to the composite
C = ¢y 22, (popyor =, p.

To show that the composites are the respective identities, it will suffice to do so on objects (since
Cat(C, D) and Cat(C°P, D°P) are groupoids). The claim follows easily from Corollary 9.3.19. O

Corollary 9.4.5. The opposite category functor has the following properties.

(i) It commutes with limits (in particular with pullbacks). In particular, we have % — % and
for categories C and D there exists a canonical equivalence

(Cx D) = C°? x DP |

(ii) For any categories C and D there exists a canonical equivalence
Fun(C, D)°®® = Fun(C®, D).

Proof. Equivalences of categories commute with limits and colimits, and this explains assertion (i).
For any categories A, C and D, the evaluation functor

ev: C xFun(C,D) - D
induces thanks to the compatibility of (—)°P with cartesian products a functor
ev?: C? x Fun(C, D)®® — D
hence a comparison functor
v: Fun(C®®, D?) — Fun(C, D)? .
On the other hand, there are canonical equivalences:

Map(A Fun(C, D)) = Map(A x C, D)
— Map((A x C)°P, D°P)
— Map(A® x C°P, D°P)
— Map(A°?, Fun(C®?, D°P))
— Map((A°P)°P, Fun(C°P, DP)P)
—> Map(A, Fun(C°P, D°P)°P) .
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where the final equivalence is induced by the equivalence A — (A°P)°P. Using Corollary 9.3.19,
we see that the equivalence

Map(A Fun(C, D)) <> Map(A, Fun(C°, DP)°P)

obtained above as composition of equivalences is isomorphic to the map defined by the rule # +— you.
Therefore, the comparison functor vy is an equivalence. O

Lemma 9.4.6. There is a unique equivalence [1] — [1]°P exchanging 0 and 1.

Proof. Since [1](0,1) = [1]°P(1,0), there is a canonical morphism from 1 to O in [1]°P, i.e. a
functor
w: [1] — [1]°P
inducing the map
u”:{0,1} = {0,1}
defined by the rule 0 — 1 and 1 + 0. The functor ¥ must be fully faithful because it induces the
endomorphism of the empty anima or of the terminal anima

[11Cx, y) = [1]%P(u(x), u(y))

for all x,y: [1]7. Being strongly essentially surjective and fully faithful, the functor is thus an
equivalence. Thisis clearly the only one possible (in any context), so that the anima of all equivalences
from [1] to [1]™ is contractible. O

Remark 9.4.7. The preceding lemma can also be proved by a functoriality argument. To construct
an equivalence [1]°°P = [1], it will suffice to show that for every category C there is an equivalence
Map([1], C) ~ Map([1]°P, C) which is natural in C. But we have

Map([11.C)~ > Clay)= > Cly.x) ~Map([1],C%) ~ Map([1]*, C).
(x,y):C*xC*> (x,y)e(x,y):C>xC>

where the middle equivalence is given by the flip map C= x C= — C= x C= sending (x, y) to (y, x).
Given a functor f: C — C’, the above equivalences fit in a commutative diagram

Map([1],C) —— Map([1]*,C)

. |-

Map([1],C") —— Map([1],C").

We may now pick a map f € Map([1], [1]°?) corresponding to the identity of [1]°P under the
equivalence to Map([1]°P, [1]°P), and similarly we may pick its inverse g € Map([1]°P, [1]) as the
map corresponding to the identity of [1] under the equivalence to Map([1], [1]). It follows from
the above naturality that f is inverse to g. Tracing through the above equivalences shows that f
exchanges the objects 0 and 1.

Proposition 9.4.8. There is a preferred equivalence Fun([1], C)°? — Fun([1], C°P) which fits
functorially in a commutative diagram

Fun([1], C)° = Fun([1], C)°P
(evo,eV|)°pl l(evgp,ev(l’p)

(CxC)P —=, copx o — 1P, oy cop,
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Proof. Using Lemma 9.4.6 together with assertion (ii) of Corollary 9.4.5, we have
Fun([1],C)°® = Fun([1],C)°P.
This equivalence obviously fit in a commutative square as stated above. O

Corollary 9.4.9. Let f: C — D be a functor.

o If f admits a right (left) adjoint section, then f°P admits a left (right) adjoint secion.

o If f is a cocartesian (resp. cartesian) fibration, then f°P: C°° — D°P is a cartesian (resp.
cocartesian) fibration.

o If f is a left (resp. right) fibration, then f°P: C°P — D°P is a right (resp. left) fibration.
Proof. This follows straight away from Corollary 9.4.5 and Proposition 9.4.8. O
Definition 9.4.10. Let S be a small category, corresponding to an object s: * — Cat. We let

Cart(S) ¢ Cat/g := Caty,

denote the (non-full) subcategory of cartesian fibrations over C and cartesian functors over C (defined
as an appropriate variation of Construction 7.7.3 and of Construction 7.7.4). We denote by

RFib(S) C Cart(S)
the full subcategory spanned by the right fibrations over S.
Lemma 9.4.11. The equivalence (—)°P: Cat — Cat induces an equivalence
Cat;s — Cat/gop .
This equivalence restricts to equivalences of the form
RFib(S) = LFib(S°P) and Cart(S) = CoCart(S?) .

Proof. The first assertion is obvious and is only stated for the record. The second follows right away
from the first through Corollary 9.4.9. O

Theorem 9.4.12 (Straightening/unstraightening). For every small category S there are canonical
equivalences

Un: Fun(S°P, Cat) = Cart(S) and Un: Fun(S°?, Grpd) = RFib(S).

Proof. Inorder to get these equivalences, simply combine Theorem 7.7.8 for S°° with Lemma 9.4.11.
O

Corollary 9.4.13. For any small category S, there is a canonical equivalence of the form

Fun(S, Cat°?)~ = Cart(S)~.
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Proof. The functor (—)°P is an equivalence and thus has a right adjoint that we will denote by
A A

on objects. We will see later in the book that this adjoint is (—)°P itself (Proposition 9.4.18).
However, we can see that A’ ~ A° holds object-wise. This follows imediately from the explcit
equivalence A — (A°P)°P and from the commutative squares

S

A—— B

zl lz

(AP)P —z (BP),

associated to each functor f: A — B by Corollary 9.3.19.

We obtain the following chain of equivalences.

Fun(S, Cat°?)* — Fun(S, Cat’)
— Fun(S°, Cat)™
— Cart(S)~

using the fact that Fun(C, D)~ may be identified with Map(C, D). O

Corollary 9.4.14. Let p: C — S be a cartesian fibration. We assume given a subcategoryi: W —
C wuch that p o i is a cartesian fibration and i is a cartesian functor over S. Then the functor
nc: C — Ls(C,W) exhibits Ls(C, W) as the localization of C by Map([1], W).

Proof. This follows from Theorem 7.6.20 for p°P: C°P — S°P and applying the functor (-)°P. O

Construction 9.4.15. Let RFib be the full subcategory of Fun([1], Cat) whose objects are the right
fibrations between small categories. The functor

evy: Fun([1],Cat) — Cat

is a cocartesian fibration. Since, for any functor between small synthetic categories u: A — B, the
functor
U: Cat/A — Cat/B

induced by composition with u has a right adjoint (defined by pullbacks along u), the functor ev;
is a cartesian fibration as well. The property of right fibrations to be stable under pullbacks in Cat
precisely means that the restriction of ev| to RFib remains a cartesian fibration:

evy: RFib — Cat.

For any small category C
C —— Cat,

| |

x —< Cat
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the fiber of the latter cartesian fibration at ¢ is precisely RFib(C). But ev;: RFib — Cat is a
cocartesian fibration as well, since the pullback functors

u*: RFib(B) — RFib(A)

have a left adjoint u, for each functor between small categories u: A — B.

We define Rep as the full subcategory of RFib whose objects are the fibrations between small
categories whose domain has a terminal object. Corollary 9.3.18 implies that taking the codomain
of these right fibrations defines a functor

evy: Rep — Cat

that is a cocartesian fibration, so that the embedding of Rep into RFib defines a cocartesian functor
over Cat.

Lemma 9.4.16. The functor evy: Rep — Cat is a directed univalent cocartesian fibration. More
precisely, there is a canonical pullback square of the form

Rep —— Cat,

eWJ, l”univ

—)op)op
Cat u Cat

Proof. By definition, there is a pullback square bellow.

CoRep —— Cat,

evi l J/ Tluniv

—)op
Cat (—> Cat

There is also an equivalence RFib(A) — LFib(A°P) functorially in A given by Lemma 9.4.11. This
yields a pullback square of the form

RFib —— LFib

evll levl

(=)°p
Cat —— Cat.

The last assertion of theorem thus follows of the stability of pullback square by (horizontal) compo-
sition. The first assertion follows from the fact that any cocartesian fibration equivalent to a directed
univalent one is directed univalent. O

Lemma 9.4.17. Recall that there is an ambient universe of large categories Cat’. Let us consider
an equivalence of the form ¢’ : Cat’ — Cat’ that we suppose to restrict to an equivalence of the form

¢: Cat — Cat.

We also assume that there is an equivalence [1] = ¢([1]) together with commutative triangles of the
form

Map([1],C) = Map([1], ¢(C))
(Cwm Axm
CxC
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where the horizontal map is the one induced by ¢ and by the identification [1] = ¢([1]). Then there
is an isomorphism of functors idcy — .

Proof. We form the following pullback square.

¢*Cat, —— Cat,

@ Tuniy l J/ Tuniv

Cat —2— Cat

We can repeat all the constructions of straightening/unstraightening and of the opposite category
functor with respect to ¢* myyiy instead of myyiy. Let ¢ : Cat — Cat be the opposite category functor
associated to ¢*myniy. The preceding theorem also holds replacing my,iv by ¢* muniv. However, our
assumption on the compatibility of ¢ with the interval [1] means that ¢ preserves the properties of
being a right (left) fibration and of having a terminal object. In other words, the cocartesian fibration
evy: Rep — Cat is independent of ¢, and we get from the appropriate version of Lemma 9.4.16 a
pullback square of the form:
Rep —— ¢*Cat,

evi J/ J/QD* Tluniv

Cat & Cat

But, since myyiy is directed univalent, this means that the identity of Rep determines an isomorphism
of functors of the form

ooy = (5.

But we have pullback squares of the form

CoRep —— ¢*Cat, — Cat, CoRep —— Cat,
evy l J/tp* Tuniv J/ﬂ'univ and evy l J/”univ
d ¢ (-)P
Cat Cat Cat Cat ——— Cat

and by univalence of iy, the identity of CoRep determines an isomorphism of functors
(2P —goy.
We obtain that
()P oy = (5)P).
Therefore, we must have
v = ()",
This implies in turns that ¢ o ((—)°P)°P = ((—)°P)°P, hence ¢ = idcy. O
Proposition 9.4.18. There is a functorial equivalence C — (C°P)°P inducing a pullback square of

the form
Rep —— Cat,

evy Tluniv

idey
Cat —=*, Cat.
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Proof. 1t follows from Proposition 9.4.8 that me may apply Lemma 9.4.17 to ¢ = ((—)°P)°P. ]

Remark 9.4.19. The previous proposition allows a fairly explicit description of the objects and
morphisms of Cat,, using the equivalence with Rep. An object of Rep is a right fibration p: X — A
together with a terminal object x of X. But then the induced functor X,, — A/, (x) preserves
terminal objects and is a morphism of right fibrations over A. Therefore, it is an equivalence. Since
the projection X, — X is an equivalence as well, this means that, up to equivalence, p is totally
determined by the pair (A, a) consisting of a small synthetic category A and of an object a of A. A
morphsim in Rep is by definition a commutative square in Cat of the form

A/a L> B/b

o

A—— B

where a is an object of A, b an object of B, and p and g are the canonical projections. The functor
u is totally determined by the functor

i: A/a —>A/b=A><B B/b

over A. Since g is a right fibration, this means that this functor is totally determined by the image
of the terminal object (a, id,) in the fiber product A ;. This image must be a pair of the form (a, v)
where v: f(a) — b is a morphism in B. In other words, a morphism in Cat, is a pair of the form

(f,v): (A,a) — (B,b)

where f: A — B is a functor between small categories, a is an object of A, b is an object of B, and
v: f(a) — b is a morphism of B.

This allows to describe objects and morphisms in any Grothendieck construction (i.e. in the total
category associated to a functor with values in Cat). Indeed, let F': A — Cat be a functor from a
category A to the category of small categories. We can then form the following pullback square.

[, s Fa) — Cat,

p[:l J/”univ

A — Cat

Any object of fa . o F(a) will have an image in A. If we also write F'(a) the category corresponding
to F(a): Cat™, using the pullback square

F(a) — fa:AF(a)

| e

0] —%&— A

We see that an object of fa: 4 F(a) is a pair (a, x) where a is an object of A and x an object of F'(x).
A morphism in /;l: 4 F(a) is a pair of the form

(u,v): (a,x) = (b,y)

where u: a — b is a morphism in A and v: F(u)(x) — y is a morphism in F(b) (since one can
interpret the pair (F(u), v) as a morphism in Cat,).
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9.5 Approximation of presheaves by representable ones

Let myniv: Cat, — Cat a directed univalent cocartesian fibrations defining a universe of small
categories with corresponding universe of small groupoids Grpd.

Remark 9.5.1. Recall that, for any small category C, the presheaf category Fun(C°P, Grpd) admits
all small colimits: given a small category I, the colimit functor

colimy : Fun(7, Fun(C®?, Grpd)) — Fun(C®?, Grpd)
may be describes as follows: given the projection pr,: I X C°? — CP it is given by

Fun(/, Fun(C®, Grpd)) =~ Fun(/ x C°?, Grpd) M Fun(C®?, Grpd).

A fundamental computation of colimits in a presheaf category is the following one.

Theorem 9.5.2. Let C be a small category. Then the colimit of the Yoneda embedding
hc: C — Fun(C®, Grpd)
is the terminal object.

Proof. Let e be the terminal object of Grpd. We abuse notation by denoting by e also the constant
presheaf on C with value e. We want to prove that the map colimc hc — e is an isomorphism in
Fun(C°P, Grpd).

Choose a universe Cat’ that contains Grpd both as an object and as a full subcategory, and write
Grpd’ for the groupoids in Cat’. Write i: Grpd < Grpd’ for the resulting inclusion. Due to the
explicit construction of colimits in Grpd (in terms of factorizations of functors into initial functors
and left fibrations) it follows that the inclusion i preserves colimits. In particular, the top square in
the following diagram commutes up to preferred natural isomorphism:

colim¢

Fun(C, Fun(C°P, Grpd)) Fun(C°P, Grpd)

3l [+

Fun(C, Fun(C°, Grpd’)) colime Fun(C°P, Grpd’)

h
( C)!l %Fun(c"p,Grpd):eve

Fun(Fun(C°P, Grpd), Fun(C°P, Grpd")).
We thus see that
iCO]imc hc = colimc ihc = COlimFun(Cop’Grpd) (hc)y(ihc).

But, by virtue of Proposition 8.4.4, taking colimits indexed by Fun(C°P, Grpd) simply consists in
evaluating at the terminal object. To conclude the proof, it suffices to prove that

(hc)i(ihe) =i
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holds as functors Fun(C°P, Grpd) — Fun(C°P, Grpd’). To see this, we observe that the previous
diagram is equivalent to the diagram

Fun(C°P x C, Grpd) (Pr1): Fun(C°P, Grpd)

‘| |+

Fun(C°P x C, Grpd’) LVl Fun(C°P, Grpd’)
-
(idcop th)zl /”//”(I:rl)!

Fun(C°? x Fun(C®?, Grpd), Grpd’).
and we recall the identification
(idcor Xhe )1 (i Home) = iev
used in the proof of the Yoneda Lemma (Theorem 9.3.15). O

Corollary 9.5.3. Let C be a small category and let F: C°® — Grpd be a functor corresponding to
a right fibration pr:
C/r — Grpd?

|
op
PF J/ Tuniv

C —a Grpd®P.
Then F is canonically a colimit of representable presheaves: there is a preferred isomorphism
colim(x,s)ec/F hc(x) = F
in Fun(C°P, Grpd).
Proof. The functor pr: C;r — C induces an adjunction
(pr)i: Fun((C/F)®?, Grpd) 2 Fun(C®?, Grpd) : pj.

By Theorem 9.5.2 the colimit colim(x s)ec, fic/F (x, s) isaterminal objectec,,. in Fun((C; )P, Grpd),
hence it follows that

colim(x s)ec,. hc(x) = colim(hcopr) = colim((pr)ihc,.) — (pr)i(colimhc,.) — (pr)i(ec,)-

So it remains to show that there exists a canonical equivalence (pr)i(ec,.) = F. To see this,
consider the diagram

Cip — x+ — Grpd.?

¥ -
o
H ln »
univ
e

C/p —— % —— Grpd®.

The bottom functor is the one corresponding to ec,.: C;); — Grpd, hence its associate right
fibration is simply the identity functor on C,r. The left Kan extension is obtained by factorizing its
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composite with pg into a terminal functor followed by a right fibration, but this is clear since pr is
already a right fibration:
Cr — Cir

[

C;p —— C.

Hence the functor (pr)i(ec): C® — Grpdis the functor classifying the right fibration pr: C/p —
C, whichis F. ]

Remark 9.5.4. The reason for the notation C/r in the previous statement is that the category C/r
fits into a pullback square of the following form:

C/r — Fun(C®, Grpd),r

-

e |

C — Fun(C°P, Grpd).
C

So objects in C, are really pairs (x, s) where x is an object of C and s: hc(x) — F is a morphism
in Fun(C°P, Grpd).

Remark 9.5.5. Let I, J and C be categories, and let F': I — C be a functor. Assume that lim; F
exists in C. Then also lim;e; constr(;) exists in Fun(J, C) and is given by constjim, r. If we let
v: constim, r — F denote the counit exhibiting lim; F' as a limit in Fun(J, C), then we see that the
pair (lim; F,7) is a terminal object of Cf:
C/r —— Fun(l,C)/r
|- l
C ——— Fun(/,C).

const

Consider a small category A and consider a functor F': A°? — Grpd, corresponding to a cocartesian
fibration £ — A°P. We write A r := EP, so that we may write E as (A;r)°:

(A/F)® —— Grpd,

_|
pOPJ/ Tuniv

/L N Grpd.

The functor (p°P),;: Fun((A,r)°®, Grpd) — Fun(A°P,Grpd) sends the terminal functor e to F,
hence we have
colimaer F' = colimacr (p)1(e) = colim(a .yor €.

To compute this, we must factor the map (A,r)°® — e into an initial functor and a left fibration:

(A/p)P 228 11 ((A/F)°P)

H Juss

(A/p)? —— .

So we see that colimgor F' = Ileo ((A/F)P) = o (A/p)P = T (A F).
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Corollary 9.5.6. Let F': A°® — Grpd be a representable functor. Then colimaer F' is contractible.

Proof. We have colimyo F = Il (A/F). But since F is representable, the category A,r admits a
terminal object, meaning that there is a terminal functor * — A,r. By Example 8.3.4 this implies
that I1,(A/F) is contractible. O

Proposition 9.5.7. Let A be a small category. The full embedding
Fun(A°, Grpd) = RFib(A) — Cat/
has a left adjoint L sending each functor u: X — A to the colimit of the functor
X % A" Fun(A%, Grpd) .

Proof. Let F: A®® — Grpd be a presheaf with corresponding right fibration pr: Ajp — A. If e
denotes the constant presheaf on X with value the terminal object of Grpd, we see that

Homcay,, (X, u), (A/r, pr)) = Homcay ((X,idx), (X Xa A/F, pry))
= HomgFip(a) (X, idx), (X X4 A/, pry))
= Hom(e, u*(F))
= Hom(u(e), F) .

It suffices to check that u,(e) is the colimit of the composition of the Yoneda embedding /4 with
the functor . By virtue of Theorem 9.5.2, the colimit of the Yoneda embedding of X is e. Since u,
commutes with colimits, and since u; o hx = hy o u, this proves that

Homcay, (X, u), (A/F, pr)) = Hom(colim, x ha(u(x))), F)

holds functorially in F. We conclude by applying Theorem 9.3.17 to the embedding of the category
Fun(A°, Grpd)°P into (Cat/4)°P. O

Remark 9.5.8. The left adjoint of the proposition above is natural with respect to functors u,. In
other words, for any functor between small categories

u:A—B

there is a canonical commutative square

Cat/u L, Fun(A°P, Grpd)

u!l l”’

Cat/p L, Fun(B°P, Grpd)
corresponding to the commutative square of right adjoints bellow.

Fun(B°, Grpd) —— Cat/p

| |+

Fun(A°, Grpd) —— Cat/»
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Proposition 9.5.9. Let u: A — B be a right fibration between small categories A corresponding to
a presheaf F: B°® — Grpd.
A® —— Grpd,

.
u? l Tluniv

B» £, Grpd

Then the canonical commutative square

A ", Fun(A®, Grpd)

LN Fun(B°P, Grpd)

is a pullback square in which all vertical maps are right fibrations with small fibers and the functor
u, induces an equivalence

Fun(A°?, Grpd) — Fun(B, Grpd),r
over Fun(B°P, Grpd).
Proof. We observe that the functor
uy: Cat/y — Cat/p
sends the full subcategory RFib(A) to RFib(B). Since The composition
RFib(B) < Cat;5 — RFib(B)
is the identity, this means that there is the canonical commutative diagram bellow.

Fun(A°?, Grpd) —— RFib(A) —— Cat/,

l l lu,

Fun(B°, Grpd) —— RFib(B) —— Cat/p

The square on the right hand side is a pullback square: since the two horizontal maps are full
embeddings, it suffices to check this on objects, which follows right away from Proposition 5.2.16.
In particular, since

uy: Catjy — Cat/p

is a right fibration, so is the functor
u,: RFib(A) — RFib(B).
It is now clear that the equivalence
Cat/4 — (Cat/g)/(Au)
canonically induced by u, restricts to an equivalence

RFib(A) = RFib(B) /(4.) -
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Therefore, since the functor
uy: Fun(A°, Grpd) — Fun(B?, Grpd)
sends the terminal object to F, it induces an equivalence
Fun(A, Grpd) — Fun(B, Grpd),F .

over Fun(B, Grpd). O

9.6 Locally small categories

We will now discuss various consequences of the above results for locally small categories. Recall
that C is locally small if, for all objects x and y the groupoid Hom¢ (x, y) is small. Equivalently, C
is locally small if and only if the functor (s,¢): Tw(C) — C°P x C has small fibers.

Example 9.6.1. If C is small, then it is locally small.

Example 9.6.2. If C is small, then the category Fun(C, Grpd) is locally small: given functors
Fy, F1: C — Grpd corresponding to left fibrations pg: Xo — C and p;: X; — C, we have an
equivalence

Fun(C, Grpd) (Fo, 1) ~ Mapc(Xo, X)),

and the right-hand side is small.

Theorem 9.6.3. Let C be a locally small category and let x be an object of C. Then the functor
Home¢ (x,—): C — Grpd

preserves limits.

Proof. We first prove the case where C is actually a small category. Let F': I — C be a functor such
that lim; F' exists: we have a natural equivalence

Homc (x,limy F)) = Homgyy(r,c) (consty, F),

functorial in x. We have to show that the canonical map A¢ lim; F — lim; ¢ F is an isomorphism
in Fun(C°P, Grpd). For this, we apply the Yoneda lemma: for every functor ®: C°? — Grpd we
will show that the induced map

Hom(®, h¢ lim; F) — Hom(®, lim; ¢ F) = Hom(®;, hcF)

is an equivalence. Let us first prove this in the case where ® = h¢(x) for some object x € C. Then
we have a chain of natural equivalences
Hom(®, ¢ lim; F) = Hom(hc (x), he (lim; F))

~ Hom(x, lim; F)

=~ Hom(const,, F)

~ Hom(h¢ consty, hcF)

~ Hom(consty.(x), hc F)

=~ Hom(hc¢ (x),limy hc F).

288



For general ®, we may choose a functor x: J — C such that ® = colim;c; hc(x;). We then have a
commutative diagram

Hom(®, h¢ lim; F) —— Hom(colimjes hc(x;), he lim; F) ——— Hom(hc (x), (hc lim; F) ;)

| l |

HOm((D[,]’lcF) — Hom(COIiijJ hc(Xj)],/’lC 111’1’1] F) — Hom(hc(x)l, (hc 111’11] F)J)

This proves the claim for arbitrary @, finishing the proof when C is a small category.

For general C, we may choose a big enough universe Cat’ containing Cat as a full subcategory, and
such that C is Cat’-small. Let Grpd’ be the subcategory of groupoids in Cat. Then the composite

Hom¢ (x,—): C — Fun(C®, Grpd) < Fun(C®?, Grpd")

preserves all limits. But since the second functor is fully faithful, the fact that the object ¢ lim; F in
Fun(C°P, Grpd) becomes a limitin Fun(C°P, Grpd’) implies that itis already a limit in Fun(C°P, Grpd).
]

Theorem 9.6.4. The category Grpd has small limits. More precisely, given a small category I and
a functor F: 1 — Grpd, the unique morphism to the terminal functor

hioo — (eg) o in Fun(/°?, Fun(Z, Grpd))
induces through the Yoneda lemma a cone
c¢: Hom(e;, F); —» F = Hom(hjo(-), F)
which exhibits Hom(ey, F) as the limit of F in Grpd, i.e. the induced map
Homgpa(x, Hom(ey, F)) — Hom(xz, F)
is an equivalence for all objects x of Grpd.

Proof. We saw in Theorem 9.5.2 that colimjop o0 — e, hence
Hom(e;, F) ~ Hom(colimjop hijop, F) ~ lim; Hom (Ao, F) ~ lim; F,
where the middle equivalence holds by Theorem 9.6.3 and the last equivalence holds by Yoneda. O

Construction 9.6.5. Let C be a category. We choose a universe Cat’ enlarging Cat such that both
C and Cat are Cat’-small, and write Grpd’ for the full subcategory of groupoids in Cat’. We let C’
be the image of the map

Z Homc,y (A, C) — Fun(C,Grpd’), (u: X — C) — he(u(x))
X: Cat® x colim X

where h¢: ¢ — Fun(C°P, Grpd’) is the Yoneda embedding. A presheaf F: C°? — Grpd’ is said to
be small if it is a term of C’. We define C to be the full subcategory of Fun(C°P, Grpd’) spanned by
small presheaves.

For instance, any representable presheaf is small, hence we have a Yoneda embedding

hC:C—>5.
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Lemma 9.6.6. A category C has small colimits if and only if the small Yoneda embedding
he:C—C

has a left adjoint
L:C—-C.

Proof. Assume that C has small colimits. Given any small category X and any functoru: X — C,
we let a be the colimit of # in C and F be the small presheaf defined as the colimit of /¢ o u. For
any b: C we thus have

Homc¢ (a, b) = Ii%p Hom¢ (u(x)°P, b)
= lim Homg (hc (u(x))P, he (D))
= Hom (colim he (u(x)), he (b))
= HOl’l’lé(F, hc(b)) .

unctorially in b: C. in eorem 11.5.12 to now implies that i¢ has a left adjoint.
fi ially in b: C. Applying Th 11.5.12 hocp implies that ¢ h left adjoi

Conversely, if L is a left adjoint of the small Yoneda embedding /¢, for any small category X and
any functor u: X — C, the colimit of ¢ ou in Fun(C°P, Grpd’) yields by definition a small presheaf
F, and L(F) clearly is a colimit of u in C. O

Lemma 9.6.7. If C is locally small, then so is C.

Proof. Let G be asmall presheaf on C. Then G is in fact a functor from C°P to Grpd: given any object
a: C*,G(a) is a small colimit of groupoids of the form Hom¢ (a, u(x)), hence is small. This means
that the full subcategory of Fun(C°P, Grpd’) spanned by those F’s such that Hom¢ (F, G) is small
contains all representable presheaves and is stable under small colimits (because the embedding of
Grpd into Grpd” preserves the formation of small limits). This implies the lemma right away. ]

Lemma 9.6.8. If C is small then C= Fun(C°P, Grpd) holds.

Proof. We have seen in the proof of Lemma 9.6.7 that Cisafull subcategory of Fun(C°P, Grpd). the
converse embedding follows from Corollary 9.5.3, since the domain of the right fibration associated
to any functor from C°P to Grpd is small. O

Lemma 9.6.9. For any functor u: C — D, the associated left Kan extension functor
uy: Fun(C, Grpd’) — Fun(D°®?, Grpd")

restricts to a functor of type

u: C — 5 .
(a) If C and D have small colimits, there is a natural transformation of the form
comp,,p: L(u:(F)) = u(L(F))

fJor all F: C. This natural transformation is invertible if and only if the functor u commutes
with small colimits.
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(b) If furthermore C is small and D is locally small, then the functor u, is right adjoint to the
functor
u*: D — C = Fun(C, Grpd) .

Proof. The property that u, preserves small presheaves follows right away from the fact the functor
u, preserves (small) colimits and representable functors.

If C and D have small colimits, we produce a comparison map of the form
comp, - L(uy(F)) — u(L(F))

as follows. Any F: C correspond to a right fibration of the form pr: X — C with the property that
the collection of terminal functors of the form f: I — X with I small forms a cover of the context
in which F is defined. This implies that any category with small colimits has colimits indexed by X
even though the latter might not be small. There is a canonical identification of the form

colimy. x hC(p(x)) =F
hence a canonical comparison map
L(uy(F)) = colimy. x hp(up(x)) — u(colimy. x p(x)) = u(L(F)).

The fact that this map is invertible for all F: C= if and only if the functor # commutes with small
colimits is a tautology.

If C is small and D locally small, Lemma 9.6.7 and Lemma 9.6.8 imply that the functor
u*: Fun(D?, Grpd’) — Fun(C®, Grpd’)
restricts to a functor of the form
D — C = Fun(C, Grpd) .
Therefore the canonical adjunction (uy, u*) restricts to small presheaves. O

Proposition 9.6.10. Let C be a locally small category. The locally small category c of small
presheaves on C has small colimits and the full embedding

C < Fun(C, Grpd)
commutes with small colimits.

Proof. Let I be a small category and F': [ — C a functor. For each i: I%, there is a small category
X; and a terminal functor of the form

Uu;: Xl- i C/Fi-

Using the projections C;r, — C, these induce a map

u: ZX7_>C:~

i I
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We denote by B the full subcategory of C spanned by the image of u. Since C is locally small and /
as well as each X; are small, B is a small category. Let v: B < C be the associated full embedding.
The induced functor

vi: Fun(B°?, Grpd’) — Fun(C°?, Grpd’)

is fully faithful. By virtue of Lemma 9.6.9, it restricts to a fully faithful embedding
vi: Fun(B®?, Grpd) — C.
By construction, for each i € I7, there is a functor
pi: Xi > B

such that v o P; agrees with the composition of u; with the projection C;r, — C. We define
®;: B°® — Grpd as the presheaf corresponding to the factorization of p; into a terminal functor
followed by a right fibration (or, equivalently, as the colimit of the composition of p; with the Yoneda
embedding of B). By construction, vi(®;) = F; for all i: I™. Since v, is fully faithful, there is a
unique functor

@: I — Fun(B®, Grpd)

such that vy o @ = F holds true. Let ¥ be the colimit of ® in Fun(B°P, Grpd). Then v(¥) is small
but it is also the colimit of F in Fun(C°P, Grpd’). Therefore, v,(¥) is the colimit of F in C. O

Theorem 9.6.11 (Kan). Let A be a locally small category and C any category with small colimits.
There is a functor that commutes with small colimits

LM!Z Z - C
equipped with a canonical identification
Lu! o ]’lA =Uu

of functors from A to C. Furthermore, if C is locally small, the functor Lu, is left adjoint to the

functor
u*hc: C — Fun(A®,Grpd) , y+— Homc (u(-),y).

Proof. The functor
uy: Fun(A°?, Grpd’) — Fun(C°?, Grpd’)

commutes with (small) colimits (being a left adjoint). We have a commutative square of the following
form.

—~ u —~

A - C

[ [

Fun(A°P, Grpd’) SN Fun(C°P, Grpd’)

This implies that the induced functor
u: A—>C

preserves colimit cocones indexed by small categories. The functor
L:C—C
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is a left adjoint by Lemma 9.6.6, hence preserves all colimits. This implies that the composite Lu,
preserves small colimits.

If furthermore A is small and C is locally small then Lemma 9.6.9 tells us that u, is a left adjoint to
u*. Since L is a left adjoint to the small Yoneda embedding, the composite Lu, is a left adjoint to
u*hc. O

Corollary 9.6.12. Let A be locally small and let C with small colimits. Then a functor
®:A-C

commutes with small colimits if and only if there is an isomorphism of the of the form ® = Lu, for
u = ®ohy. Inparticular, if furthermore A is small and C is locally small, the property for a functor
@ as above to commutes with small colimits is equivalent to the property of having a right adjoint.

Proof. For u = ®hy4, the canonical adjunction
u;: Fun(A°, Grpd’) 2 Fun(C®, Grpd’) :u".
induces an adjunction of the form:
u,: Fun(A, Fun(A°?, Grpd")) 2 Fun(A, Fun(C®?, Grpd")) :u".
For a presheaf F': A°® — Grpd we have
Hom(h%(-),F) =F
by the Yoneda lemma. Then @ induces a natural transformation
Hom ;(~, =) — Home (% (-), ®(-)),
and hence we obtain a canonical homomorphism
F =Hom(ha(-), F) — Homc (@ha(-), @(F)) = Homc (u(-), @(F)) = u"hcP(F),
which is functorial in F. In other words, we have constructed a natural transformation
t — uhc®(-)

where ¢: Fun(A°, Grpd) < Fun(A°P, Grpd”) denotes the canonical full embedding. By passing
to adjoints, this yields a canonical morphism

uy — /’lc o.
Applying the functor L and using that L h¢c = idc, this yields a canonical map
Luy - O

inducing the identity of # when composing with 4. Therefore, we know that the map Lu)(F) —
®(F) is an isomorphism whenever F is a representable presheaf. But since both Lu, and ® commute
with colimits, the collection of objects on which the map Lu; — @ is an isomorphism is closed
under colimits in A, and so by Corollary 9.5.3 it is an equivalence for an arbitrary presheaf F.

The last assertion comes from the fact that any functor (isomorphic to a functor) of the form Ly, O
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Remark 9.6.13. The property that C is locally small is necessary for the last assertion to hold.
Indeed, assume that C is a category with small colimits. Taking A = % and y: * — C, we may
construct a colimit-preserving functor Ly,: Grpd — C, written also as s ® y := Ly(s). If the
previous corollary is satisfied for C, then then this functor has a right adjoint R: C — Grpd, hence
we obtain a natural equivalence

Homc (s ® y, x) = Homgpa (s, R(x)).

In particular, taking s to be the terminal groupoid we see that Homc (y,x) = Homgpa(*, R(x)) =
R(x), and hence C is locally small.

Proposition 9.6.14. Letu: A — B be a functor between small categories. Then the pullback functor
u”: Fun(B, Grpd) — Fun(A, Grpd)

admits a right adjoint
u,: Fun(A, Grpd) — Fun(B, Grpd).
Proof. By Corollary 9.6.12 it will suffice to show that u* preserves small colimits. But this is an

instance of Lemma 5.10.7. O

Notation 9.6.15. If C and D have small colimits,we write LFun(C, D) for the full subcategory of
Fun(C, D) whose objects are the functors commuting with small colimits.

Notation 9.6.16. Given two categories C and D, we write Fun,(C, D) for the full subcategory
of Fun(C, D) spanned by the functors from C to D that preserve small colimits. We also write
Fun(C, D) for the full subcategory of Fun(C, D) spanned by functors that admit a right adjoint.
There are obvious full embeddings of the form:

Fun’(C, D) — Fun,(C, D) < Fun(C, D).

Corollary 9.6.17. Let A be as locally small category and C a category with small colimits. Then
the Yoneda embedding hp: A — A induces an equivalence:

Fun (A, C) = Fun(A,C).

In particular, the rule assigning to a functor u: A — C the functor Lu, is itself a functor.

Furthermore, if A is small and C is locally small, then we have
Fun® (Fun(A°, Grpd), C) = Fun,(Fun(A®, Grpd), C) .
Proof. The last assertion is a reformulation of Corollary 9.6.12.
We observe that there is a canonical identification of the form:
Fun, (Fun(A°, Grpd), Fun([1], C)) = Fun([1], Fun,(Fun(A°, Grpd), C)) .

By virtue of Corollary 6.3.4 it suffices thus to check that the Yoneda embedding hy: A —
Fun(A°P, Grpd) induces an equivalence:

Fun(Fun(A°P, Grpd), C)™ = Fun(A, C)~.

This follows immediately from the first parts of Theorem 9.6.11 and of Corollary 9.6.12. O
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Theorem 9.6.18. Let C be a locally small category and let I be a small category. Then the
hom-groupoids of Fun(I, C) may be computed as

Homgyy(1,c)(F, G) = limy. ;—,; Homc (F (i), G(j)),

where the right-hand side is defined as the limit of the composite functor

s °p H
Tw(l) 22, 1o 5 1 222G, cop o ¢ 200, Grp.

In particular, the category Fun(I, C) is again locally small.

Proof. Choose a universe so that C is small, and consider the fully faithful functor hc: C —
Fun(C®, Grpd). Then h¢: Fun(l,C) — Fun(/,Fun(C°P, Grpd)) is fully faithful as well. Given
F,G: 1 — C,wehave

Hom(F,G) ~ Hom(hc(F), he(G)).

We may now consider the following commutative diagram:

Tw(G)
Tw(l) --%-» W —— Tw(C)
.
(s,t)l l” l(s,t)
idxG G°Pxid

IPx] —= [P xC —= C°P x C.

We showed in Lemma 9.2.7 that the unique functor w obtained from this diagram is an initial functor.
Now, consider the terminal object e of Fun(Tw(7), Grpd), so that we have a natural isomorphism

Hom; = (s,1)1(e)
of functors /°°xI — Grpd. It then follows from the above diagram that there is a natural isomorphism
Homc¢(G(-), -) = (G xid¢c)" Home (=, —) = (idjw XG); Homy (=, =) = (idjoe XG): (s, 1)1(e)
of functors I°? X C — Grpd. It follows that

Hom(F,G) ~ Hom(Hom¢ (G (=), —), Hom¢ (F(-), —))
~ Hom((idjer XG):1(s,1)1(e), Home (F (=), —))
~ Hom(e, (s,1)*(idjor XG)* Hom¢ (F(—), —))
~ Hom(e, Home (F (=), G(-)))
> limpy (1) (5,1)" (i, j) > Home (F(i), G ()). 0

Remark 9.6.19. Consider a category / and a functor ®@: /°° X[ — D. If D admits limits indexed by

o . o
Tw(I), then we may define the end of ® as the limit in D of the composite Tw(/) ﬂ I°xI — D.
This is sometimes denoted / el d(i, 1), though we will mostly avoid this notation. In this language,
the previous theorem may be rephrased as

iel
Homgun(r.c(F, G) ~ / Home (F(i), G (i)).
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Corollary 9.6.20. Let I be a small category and C a category with small colimits. For any functor
F: I — C, the colimit of the functor

Tw(I)® — Fun(1,C), (j,i)— j® F(i)
is F itself.
Proof. For any functor G: I — C, we have
Hom(j ® X,G) = Hom(X, G(j))
for any X in C. The corollary is thus a direct reformulation of the previous theorem. O

Construction 9.6.21. Let A be a small category and B a category with small colimits. Interpreting
objects of A as functors of the form a: I' — A for some groupoid I', we define the relative Yoneda
embedding of A in B as the functor

ha/p: AXB — Fun(A®,B), (a,x) = a®x=a(x).

Given any functor of the form
®: Fun(A°®’,B) - C

we get a functor
Do hA/B: AXB—C

which in turn yields by transposition a functor
'®: B — Fun(A,C).

Given x: B, the functor ‘®(x) assigns to each a: A the term ®(a ® x). In particular, we see that, if
ever @ preserves small colimits, then so does ' ®.

Lemma 9.6.22. Let A and B as above. For any functor F: A°® — B, the presheaf on A X B defined
by the rule
(a,x) — Homg(x, F(a))

is small.

Proof. We observe first that a left fibration p: X — C correspond to a small presheaf on some
category C if and only if there exists an initial functor from some small category to X. One can then
consider the diagram

Tw(A)® —— (Fun(A, B)? X A) X (Fun(A,B)*x (Fun(A,B)) TW(Fun(A, B)) —— Grpd,

| | -

A% x A Fxid Fun(A, B)P x A Hom(=,F(=)) Grpd

in which the right hand square is cartesian and in which the upper horizontal map of the square on
the left hand side is an initial functor by Lemma 9.2.7. This proves the lemma. O
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Theorem 9.6.23. Let A be a small category and B and C two categories with small colimits. The
assignment ® +— '® defines an equivalence

Fun,(Fun(A°P, B), C) = Fun|(B, Fun(A, C)) .
Proof. We observe that we have a canonical equivalence of the form
Fun;(Fun(A°P, B), Fun([1], C)) = Fun([1], Fun,(Fun(A®®, B), C))) .
Similarly, we have
Fun, (B, Fun(A, Fun([1], C))) = Fun([1], Fun,(B, Fun(A, C))) .

Therefore, Corollary 6.3.4 informs us that it suffices to prove that the assignment @ +— ‘@ induces
an equivalence of the form

Fun,(Fun(A°P, B),C)~ = Fun,(B, Fun(A, C))~.

Given a functor ¥: B — Fun(A, C), we denote by ¥: A x B — C the associated functor by
transposition, which induces a functor

‘i’g :AXB—> 6
by Lemma 9.6.9. We define a functor W as the composite

Fun(A°,h ¥~
W' . Fun(A%, gy S04 o s M et e

where L is the left adjoint of the Yoneda embedding provided by Lemma 9.6.6. The functor ¥’
commutes with small colimits whenever the functor ¥ has this property. Indeed, the assignment
¥ +— ¥ is functorial in C in the following sense: given any functor u: C — D commuting with
small colimits, we have a canonical commutative square of the form

c *t-sc
D—-Ltsp
by Lemma 9.6.9 (a), hence a canonical identification of the form

u(¥) = (u.(¥))

for any functor ¥: B — Fun(A, C), where u..: Fun(A, C) — Fun(A, D) denotes postcomposition
by u. The particular case where

u:= chiIm : Fun(1,C) —» C
L

for some small category / yields the compatibility of the assignment ¥ +— ¥’ with small colimits.

We claim that the rule ¥ — ¥’ is an inverse of the rule @ — ‘®. The main step will follow from
the following assertion: if ever ¥ = ‘® for some functor ® as above, then there is a canonical
comparison map of the form

c: ¥V -0
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and the latter is invertible whenever @ commutes with small colimits.
Indeed, since @ is a functor, there is a canonical map of the form
Homg(x, f(a)) = Homgun(ar,p)(a ® x, ) — Homc (@ (a ® x), D(f))
functorially ina: A, x: B and f: A°? — B. By transposition, this defines a canonical map
W' (f) = LY (hp..(f)) = ®(f)

functorially in f. For f = a ® x, this map is an isomorphism: this comes from the canonical
identification
W\ haxp = hc¥

and from the computation (left as an exercise for the reader, using essentially that binary cartesian
product of groupoids commutes with colimits in each variable):

haxp(a,x) =a ® hp(x).

But, by virtue of Corollary 9.6.20 (and the proof of Lemma 9.6.22), any functor f: A°°? — B, seen as
a presheaf on A x B through the functor /4 .., canonically is a small colimit in Fun(A°P, B°?, Grpd’),
of presheaves of the form a ® x (with Grpd’ the category of groupoids in any large enough universe).
Since the functor P, preserves such colimits, if ever ® commutes with small colimits, the fact that
Y (f) = D(f) for all f follows from the special case where f = a ® x.

If we start from a functor ¥: Fun(A, B) — C, then the functorial formula
¥i(a ® hp(x)) = hc(¥(x)(a))
to which we can apply the functor L shows that
¥ (a®x)=¥(x)(a)

functorially in both variables x: B and a: A. In other words ’ (¥') = ¥ holds. O

9.7 Revisiting smooth/proper base change

Let A and B be small categories and let u: A — B be a functor. Consider the restriction functor
u*: Fun(B°®, Grpd) — Fun(A°?, Grpd), F— Fou,
By Proposition 9.6.14, u* admits a right adjoint
u,: Fun(A°?, Grpd) — Fun(B?, Grpd).
Theorem 9.7.1. Consider a pullback square of small categories

f

Al —— A
1
u u
B’ T) B.
If u is proper or g is smooth, then for any presheaf F : A°® — Grpd, the Beck-Chevalley map
BC.: g"u.(F) = u,f*(F)

is an isomorphism.
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Proof. For every presheaf ®: B’°® — Grpd, we need to show that the induced map
Hom(®, g*u.(F)) — Hom(®,u’ f*(F))
is an equivalence. By adjunction, this corresponds to a map of the form
Hom(u*g\®, F) — Hom( fiu""®, F) .

One can show that this is precisely the map induced the Beck-Chevalley isomorphism BC,: fiu’*® —
u*g\® from Theorem 8.4.1 or Theorem 8.4.6. This finishes the proof. O

Theorem 9.7.2. Let u: A — B be an initial functor between small categories. For any functor
F: B — Grpd there is a canonical isomorphism

limg F — limu u*F.

Proof. Consider the functor p: B — =, so that limg = p. and limy = (pu). = p.u.. We need
to check that the unit map id — u.u* induces an isomorphism p, — p.u.u*. By passing to left
adjoints, we may equivalently show that the map u,u*p* — p* is an isomorphism. To this end,
consider a groupoid X. We compute both sides in terms of left fibrations over B. The object p*(X)
corresponds to the projection pr,: XxB — B. Similarly, u*p*(X) is the projection pr,: XXA — A.
The object uyu*p*(X) is computed by factoring the composite u o pr,: X X A — B into an initial
functor followed by a left fibration. But for this we may simply take

idx Xu

XXA ——> XXB

|
prz l lprz

A—% 5 B

So this diagram exhibits pr,: X X B — B as an instance of u;u*p*(X). With these choices the map
wu*p*(X) — p*(X) simply corresponds to the identity map of X x B over B, hence is in particular
an equivalence. This finishes the proof. O

Corollary 9.7.3. Let u: A — B be a functor between categories. If A is small and u is initial, then
Grpd admits B-indexed limits, and we have a natural isomorphism

limp = limg u*
as functors Fun(B, Grpd) — Grpd.

Theorem 9.7.4. Let A and C be categories and assume that C admits A-indexed limits. Then, for
any initial functor u: A — B, C also admits B-indexed limits and we have a natural isomorphism

limp = limg u*

as functors Fun(B,C) — C.
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Proof. Let F: B — C be a functor. We need to show that the functor C®* — Grpd, x +—
Hom(xp, F') is representable by some object limp F. We compute:

Hom(xpg, F) ~ Hom(h¢c (x) g, he (F))
=~ Hom(hc (x), limpep hc (F(D)))
= limpe g Hom(hc (x), he (F(D)))
=~ limpe g Home (x, F(D))
~ limge 4 Home (x, F(u(a)))

~ Hom¢ (x, limgea F(u(a))).

Hence the functor is represented by the limit lim,ec 4 F(u(a)). The isomorphism limp = limy4 u*
then follows from the Yoneda lemma. O

Notation 9.7.5. Given a functor u: A — B between small categories A and B and an object b of B,
we may consider the functors

A/bi—h>A

| l

B, —— B.
/b Jb
For a functor F: A°? — C, we write

Fip:=Foip: (A)° — Grpd.

Given a presheaf F: A°’ — Grpd, smooth base change provides us with an isomorphism
w(F)(b) = (jpue(F))(b,idp) = (up)s (i F)(b,idp) = limg,, o0 (1) (Fyp) = lima , yor Fp.

Theorem 9.7.6 (Pointwise formula for right Kan extensions). Let u: A — B be a functor between
categories. Let C be a category such that, for any object b of B, C admits (A ,)°P-indexed limits.
Then the functor u*: Fun(B°P,C) — Fun(A°P, C) admits a right adjoint

u,: Fun(A°?,C) — Fun(B®, C)

satisfying the formula u.(F)(b) = lima,,, )00 Fp.

Proof. Choose a universe so that C is small. Then we may consider the Yoneda embedding
hc: C — Fun(C°P, Grpd), which induces a fully faithful functor

he @ Fun(B?, C) — Fun(B, Fun(C?, Grpd)) ~ Fun(C?, Fun(B®, Grpd)),

and similarly for B replaced by A. The induced restriction functor u*: Fun(C°P, Fun(B°P, Grpd)) —
Fun(C°P, Fun(A°P, Grpd)) admits a right adjoint

u,: Fun(C°?, Fun(A°?, Grpd)) — Fun(C°?, Fun(B°, Grpd)),

and we need to show that it restricts to a functor Fun(A°P, C) — Fun(B°P, C). But for a presheaf
F: A°® — (C and an object b of B we have

ui(hc (F)) (D) =lim(g 5)e(a,, ) he(F(a)) = he(lima ) F(a)),

which does indeed lie in the essential image of the functor C — Fun(C°P, Grpd). ]
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Corollary 9.7.7. Let u: A — B be a functor and let ®: C — B be a functor such that C and D
both admit (A )°P-indexed limits for any object b of B, which are preserved by the functor ®. Then
for every presheaf F: A°? — C the Beck-Chevalley map

O (u.(F)) = u.(P(F))

is a natural isomorphism.

Proof. Tt suffices to show for every object b of B the induced map ®(uF))(b) — u.(P(F))(b) is
an isomorphism. This is immediate from the pointwise formula from Theorem 9.7.6. O

Lemma 9.7.8. Let C be a small category. The following conditions are equivalent.

(i) C is weakly contractible;
(ii) C°P is weakly contractible;
(iii) taking the associated C-indexed constant functor defines a fully faithful functor
Grpd < Fun(C, Grpd)

and its essential image consists of those functors sending all maps of C to isomorphisms in

Grpd.

(iv) for any category D, taking the associated C-indexed constant functor defines a fully faithful
functor
D — Fun(C, D).

Proof. Corollary 9.2.6 shows that conditions (i) and (ii) are equivalent. It is clear that condition
(iv) implies condition (iii). Condition (iv) follows straight away from condition (i): if C is weakly
contractible, then the unique functor C — [0] exhibits [0] as the localization of C by all morphisms
of C. In other words, for any category D, the associated constant functor X — X¢ defines a fully
faithful functor of the form

D — Fun(C, D)

whose essential image consists of hose functors F: C — D with the property that F(u): F(x) —
F(y) is an isomorphism in D for any morphism u#: x — y in C. It remains to prove that condition
(iii) implies condition (i). Recall from Remark 8.4.3 that, if X is a small groupoid and if e is the
terminal object of Grpd, then we have a canonical isomorphism

Hom(I1.,(C), X) = Hom(ec, X¢) .
If the functor X — Xc is fully faithful, the isomorphism
Hom(e, X) = Hom(ec, X¢)
can thus be reinterpreted as asserting that the map I1.,(C) — ¢ induces an isomorphism of the form
Hom(e, X) = Hom(I1s (C), X)

for all X. Therefore, by virtue of Corollary 9.3.13, the map I1.,(C) — e must be an isomorphism in
Grpd, which means that C is weakly contractible by definition. O
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Definition 9.7.9. A functor f: A — B is weakly proper if, for any object b of B, the induced functor
Ap — Ayp is terminal.

A functor f: A — B is weakly smooth if, for any object b of B, the induced functor A, — Ay is
initial.

Example 9.7.10. Any proper functor is weakly proper. In particular, (locally) cocartesian functors
are weakly proper. Dually, smooth functors are weakly smooth. In fact, a functor u: A — B is
weakly proper if and only if u°P: A°? — B°P is weakly smooth. Examples of weakly proper functors
that are not locally cocartesian will come from simplicial approximation; see Proposition 11.8.6.

Lemma9.7.11. Let A be asmall category and X a small synthetic groupoid. Then Homgpq (Il (A), X)
is the limit of the A-indexed constant functor with value X.

Proof. We know that I, (A) is the colimit of the constant A-indexed diagram with value the terminal
object e of Grpd — see Remark 8.4.3. We thus have

Homgpd (ITeo (A), X) = Hom(e4, X4)

where X4 denotes the constant A-indexed diagram with value X. But we also know that Hom(e 4, —)
is the limit functor for A-indexed diagrams. O

Lemma 9.7.12. Let C be a category and f: A — B a weakly smooth functor. We assume that C
admits colimits of type Ay, for any object b of B. Then the functor

u*: Fun(B°?, C) — Fun(A®P, C)

has a right adjoint
u,: Fun(A°?,C) — Fun(B®, C)

and, for and object b of B and any functor F: A — C, there is a canonical isomorphism
u.(F)(b) = limAc;p FlAZp
where F\,, denotes the composition of F with the embedding Azp — AP,

Proof. Appyling Theorem 9.7.4, we see that C admits colmits of type (A ;)P for each object b of
B. This lemma follows now straightaway from Theorem 9.7.6. O

Proposition 9.7.13. Let f: A — B be a functor between categories. We suppose that the following
properties hold.

(i) The functor f is either weakly proper or weakly smooth.
(ii) For each object b of B, the fiber Ay, is weakly contractible.
(iii) For each object b of B there is an object a in Ay, such that f(a) = b holds.
Then f exhibits B as the localization of A by
W= Map([1],Ap)

b: B>

(the family of maps in A that are sent to identities in B).
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Proof. We will prove the case where f is weakly proper (the weakly smooth case follows from the
weakly proper one by considering f°P: A°? — B°P).

We obviously have a commutative triangle of the form

A\—>/A w1

where y: A — A[W~!] is the localization of A by W. We will show that ¢ is an equivalence.
Condition (iii) implies that proving full faithfulness will suffice.

We may choose a universe Cat so that A and B are small. The commutative triangle above thus gives
rise to a commutative triangle of the form

Fun(A°P, Grpd) Fun(A[W~11", Grpd)

Fun(B°P, Grpd)

in which y* is fully faithful, with essential image those functors that send any map in W to an
isomorphism of Grpd. We claim that f* is fully faithful. Equivalently, this means that, for any
functor of the form E: B — Grpd, the unit map

ng: E— f*f*(E)

is an isomorphism. We observe that the restriction of f*(E) to the fiber A is the constant functor
with value E (b). By virtue of Lemma 9.7.11 and Lemma 9.7.12 this implies that, for each object b
of B, there is a canonical isomorphism of the form:

Hom(Ilw (A}0), E(b)) = fo f*(E)(b) .

Since Ay, is weakly contractible, so is Azp and, by Corollary 9.3.3, the previous identification can be
rewritten as:
E(b) = f.f (E)(D).

This isomorphism agrees with the evaluation of g at b, and this proves that f* is fully faithful.
Since y* is fully faithful as well, the functor ¢* must also be fully faithful.

In order to prove that ¢* is an equivalence, it suffices to check that both fully faithful functors f*
and y* have the same essential image in Fun(A°P, Grpd). Since f* is the composition of ¢* and y*,
it suffices to check that and object in the essential image of y* is in the essential image of f*. Let
E: A — Grpd be a functor sending any map in W to an isomorphism of Grpd. We will prove that
the co-unit map
eg: ["fu(E) > E

is an isomorphism. Let a be an object of A. The restriction of E to each fiber A(}an) sends each map
to an isomorphism. Since the fiber is weakly contractible, this means that the restriction to the fiber
is constant with value E (a). In other words, the functor

) op
a: [0] —>Af( )
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induces isomorphisms

: _ op -
hmA?(a) EIA?@ = Hom(Hoo(Af(a)), E(a)) = E(a).

By virtue of Lemma 9.7.12, this means that there is a canonical isomorphism of the form

F(E)(f(a)) = E(a).

The composition of this isomorphism with the obvious isomorphism f*f.(E)(a) = f.(E)(f(a))
coincides with the evaluation of g at a. Therefore, f* f.(E) = E and thus E lies in the essential
image of f*. Since ¢™ is an equivalence, so is its left adjoint ¢,. This implies finally that the functor
o itself if fully faithful, by Proposition 9.2.11. O

Remark 9.7.14. Assumption (iii) in the previous proposition is not necessary: since each fibre
Ap is weakly contractible, it must be non-empty. However, the proof of the proposition without
assumption (iii) would require tools that will only be developed later in this book, through descent
theory, using simplicial techniques.

9.8 Limits and colimits of categories

‘We will now show that the universe Cat admits all small limits and colimits.

Theorem 9.8.1. The category Cat admits small colimits.

Proof. Let I be a small category and let F': A — Cat be a functor with associated cocartesian
fibration p: X — I:
X —— Cat,

.
pl l”univ

AL, Cat.

Now consider an object b of Cat with associated small category B:

B —— Cat,

A
lﬂuniv

« —2 Cat.

Then the composite b4: A — = 5, Cat corresponds to the projection pr;: A X B — A. Natural
transformations F — b 4 corresponds to functors (p, ¢): X — A X B over A that send p-cocartesian
edges to pr;-cocartesian edges.

A morphism in A X B is a pair (u,v), where u: a — a’ is a morphism in A and v: b — b’ is a
morphism in B. The morphism (u, v) is (pr;)-cocartesian fibration if and only if v is an isomorphism.
So we see that (p, ¢) is a cocartesian functor over A if and only if the functor ¢: X — B sends
p-cocartesian morphisms to isomorphisms in B.

Denote by X the localization of X at the p-cocartesian edges, and denote by
v: X — X
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the localization functor. We then define colim(F): = — Cat as the functor corresponding to the
cocartesian fibration X — x:

X —— Cat,

|* Je

x* ——— Cat.
colim(F)

The map y gives rise to a functor

X — Y AxX

over A, which corresponds to a natural transformation njg: F — (colim(F)) 4 of functors A — Cat.
We observe finally that 77 induces an isomorphism

Hom(F,by) > Hom(colim(F), b)
by construction. O

Remark 9.8.2. The proof of the theorem in fact provides a stronger statement: not only does Cat
admit colimits, we also have a concrete description of the colimits in Cat as suitable localizations.

Theorem 9.8.3. The category Cat admits small limits. For a functor F: I — Cat, the limit lim; F
is computed as the category of cocartesian sections of the cocartesian fibration p: X — I classified
by F. O

Proof. Consider a cocartesian fibration p: X — [, and let Y be a category. Cones ¥ — X;
correspond to maps I X Y — X over [ that preserve cocartesian edges. In other words, we consider
the pullback

Fun;(I xY,X) —— Fun(/ xY,X)

-
| :
o Fun(/ x Y, 1),

and we consider the full subcategory cocart; (I X Y, X) of Fun;(/ X Y, X) spanned by functors that
preserve cocartesian edges over /.

The above pullback square is isomorphic to a pullback square of the form

Fun(Y, Fun; (I, X)) —— Fun(Y, Fun(/, X))

.
l l(m)*

s+ — Y Fun(Y,Fun(l,1)).

Since the property of preserving cocartesian edges is an objectwise property, we discover that there
is an equivalence of categories

cocart; (I XY, X) = Fun(Y, cocart; (1, X)).
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Now assume that p and Y are small, i.e. come equipped with pullback squares of the form

X —— Cat, Y —— Cat,
- |
pJ/ lﬂuniv and J/ J/ Tuniv
I —L 5 cat x* ——— Cat.

Using directed univalence, we then obtain identifications
Homgyn(7,car) (y1, F) = cocart; (I x Y, X)™ ~ Fun(Y, cocart; (1, X))~.

If I is small, then also X and cocart; (I, X) are small, so that we obtain an object lim; F: Cat™ and
a pullback square
cocart; (I, X) —— Cat,

.
Tluniv

*omm—mm = > Cat.

The previous argument shows that lim; F is a limit of F in Cat, as desired. O
Lemma 9.8.4. Let C and D be categories. Then there exists an equivalence

lim¢ D ~ Fun(Il,, (C), D).
Proof. For every other category E we have

Map(E,limc D) ~ limc Map(E, D) = limp_ ¢y Map(E, D)
~ Map(I1,(C),Map(E, D)) =~ Map(E, Fun(Il,(C), D)),

finishing the proof. O

Corollary9.8.5. Letu: A — B be afunctor between small categories. Then the functoru®: Fun(B, Cat) —
Fun(A, Cat) admits a left adjoint

u,: Fun(A, Cat) — Fun(B, Cat).

Remark 9.8.6. The inclusion Grpd — Cat admits both a left adjoint Il and a right adjoint
(-=)=: Cat — Grpd, hence this inclusion preserves both limits and colimits.

Proposition 9.8.7. Let us consider a pullback square of categories of the form.
P A

f

We consider another category I and assume that all three of A, B and S has [-indexed limits and
that both functors u and v commute with them. Then X has I-indexed limits and both functors p and
q commute with them.

B e

v
—_—
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Proof. Up to enarging the universe Cat, we may assume that all categories involved here are small.
We write r: X — § for the composite of u and p. Let F: I — X be a functor. We let a by the
limit of i — pF;, b for the limit of i — gF; and s for the limit of i — rF;. We have u(a) = s and
v(b) = s, hence an object y in X with p(y) = a and p(y) = b. Since the functor

lim; : Fun(/, Grpd) — Grpd

commutes with pullbacks (being a right adjoint), we have the following computations. For any
object x of X, we have the following computations.

lim; Homy (x, F;) = lim; (Homa(px, pF;) Xtoms (rx.-F;) Homp(gx, gF;))
= lim; Homa (px, pF;) Xiim; Homg (rx.rF;) 1im; Homp(gx, g F;)
= Homa (px, lim; pF;) XHomg (rx,lim; rF;) Homp(gx, lim; g F;)
= Homy (px, a) XHomg (rx,s) lim; Homp(gx, b)

= Homx (x, y) .

This proves that y is the limit of i > F; in X. O

Colimits indexed by colimits

We show that colimits indexed by a colimit category C = colim;¢; C; may be computed as iterated
colimits.

Lemma 9.8.8. Let C be a category. Let F: I — Cat be a functor, and consider

F(i) —— [_ F(i) — Cat,

R

r ‘ I F_, cat,

where i is any object of I (in any groupoidal context I'). Let ®: fie ; F (i) — C be a functor such
that the composite
Dol F(i) > C

admits a colimit in C in context I for every object i. Then there is a canonical functor
I — C, i colimpi) ®ol;.
If, furthermore, C admits I-indexed colimits, then colim @ exists in C and we have
. . o
colim;. ; colimp ;) [; ® = cohmfid F(i) (O}

Proof. Since the functor pr is a cocartesian fibration, it is in particular proper. By proper base
change, we have'

colimp I7 =i"(pr).

I'Whenever we write colimg ;) we are talking about colimits in context I'.
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Using a Yoneda argument, the object (pg)i(®) exists in C, i.e. the functor
Homgun(z,¢) ((PF)1(®), G) = Homyoy, (1 p ) (P, prG)
is representable for some object (pr)(®) and we have
(pr)(@)(i) = colimp ;) [;®
for any object i of 1. It is then also clear that
colimf r ® = colim;(pr) P,
by inspection of universal properties. O

Corollary 9.8.9. Let I and C be categories with I small. We assume that I-indexed colimits exist in
C. and we consider functors F: I — Catand : colimy; F — C. Assume that for every object i of

Ai . .. . .
C the colimit of the composite F (i) — colim; F LN C exists in C. Then also the colimit of ¥ exists
and
colimeolim; F ¥ = colim;er colimp;y v/

Proof. Since I is small, the category colim; F is a localization of f1 F, and thus there is a localization
functor y: fl F — colim; F. Since every localization is terminal by Proposition 8.1.9, it follows
that there is an equivalence

colimeolim, F ¥ = colim I F vy,

Byt this is equivalent to colim;. ; colimg ;) y; by Lemma 9.8.8. O

Lemma 9.8.10. Let I be small and X : I — Fun(C°P, Grpd). Then the canonical functor

p: / C/xi—>C
i1

is a cartesian fibration.
Proof. Given a presheaf X: C® — Grpd, we will see C,x through the following pullback square

C/x — Fun(C®, Grpd),x

l l

C _ ke Fun(C°P, Grpd)

where A is the Yoneda embedding.

We will prove that p is a locally cartesian fibration and that p-cartesian morphisms are stable under
composition. Let u: i — j be a morphism in /, with induced morphism u;: X; — X;. Given a
presheaf X : C°? — Grpd, we will see Cx through the following pullback square

C/x —— Fun(C®, Grpd),x

l l

cle, Fun(C°P, Grpd)
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where h¢ is the Yoneda embedding. The explicit description of the Grothendieck construction given
in Remark 9.4.19 means that a morphism in fl .1 Cx; over f: a — bin C amounts to a commutative

square of the form

he(a) 2295 he(b)

s |

X —“ ¥,
in Fun(C°®P, Grpd), where u: i — j is a morphism in /. We see that such a morphism is locally
p-cartesian when u is invertible, and thus that locally cartesian lifts obviously exist. Proving that
locally p-cartesian morphisms are stable under composition is straightforward. O

Lemma 9.8.11. Let I be small and X : 1 — Fun(C°P, Grpd). Consider the pullback

C/X; —— Grpdy

< 0]
7P
()p univ
X

C —— Cat,
which provides a functor I — Cat,i — C/X;. Then there is an equivalence
colimiel C/X, = C/(COlimie[ X,').

Proof. We start with some observations:

* The functor Cat)c — Cat, (X, p) + X preserves colimits, since it admits a right adjoint
C x —: Cat — Cat;c. Furthermore this functor is conservative. Hence we may compute this
colimit either in Cat,c or Cat.

* The category Fun(C®P, Grpd) is equivalent to the full subcategory RFib(C) < Cat,c consisting
of the right fibrations. This equivalence is given by sending X to (C/X, px: C/X — C).

* Soit will suffice to show that colim;c; C/X;, computed in Cat,c, is still contained in RFib(C),
since then it must also be a colimit in RFib(C) and hence correspond to the colimit of the X;
in Fun(C°P, Grpd).

By virtue of Lemma 9.8.10, the functor fie s C/X; — C isacartesian fibration. Since colim; C/X; is
obtained by inverting all the morphisms that lie in a fiber over C~ and since fiberwise localizations
of cartesian fibrations are still cartesian fibrations by Corollary 9.4.14, we see that the resulting
functor colim;¢; C/X; — C is a cartesian fibration as well. To finish the proof, it suffices to check
that this functor is conservative. But since this localisation is formed fiberwise, it is compatible
with pullbacks under any functor of codomain C. In other words, in order to prove conservativity,
we may work objectwise in C. Therefore, we may now assume, without loss of generality, that C
is a groupoid. Up to changing contexts, we may even assume that C is the point, in which case
colim; C/X; coincides with colim; X;, which is a groupoid by construction, so that conservativity is
then tautological. O
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Proposition 9.8.12. Let C be a small category. The embedding functor
Fun(C®, Grpd) =~ RFib(C) — Cat,c
has a right adjoint defined by assigning to each f: X — C the presheaf

C = HomCat/C(C/C,X) .

Proof. This follows right away from Corollary 9.6.12 and Lemma 9.8.11. O

9.9 Descent and Quillen’s Theorem B

Consider a bigger universe Cat’ so that Cat is Cat’-small and so that Cat is Cat’-small and there is a
fully faithful functor Cat < Cat’. Let Grpd’ denote the corresponding universe of groupoids.

’

Cat)cyy — Cat ICat
I
Cat —— Cat'.
The objects of the category Catcy are pairs (X, F') where X is a small category and F': X — Catisa

functor. The category Fun([1], Cat’) has a non-full subcategory Funcc‘;i"“( [1], Cat’) whose objects
are cocartesian fibrations in Cat” and whose morphisms are the pullback squares in Cat’:

a

x — x’
-
7
b ’
y >y

with f and f’ cocartesian fibrations. Let univ = (Cat,, myniv), Where mygvcolonCat, — Cat is the
universal cocartesian fibration with small fibers, seen as an object of Fun([1], Cat’).

There is an obvious full embedding of the form
Fun&C([1], Cat) < Fun&C™([1], Cat’)
and we can form the relative slice category

C C C
Fung;rf‘rt [1], Cat) jyniv = Fung;rf‘rt [1], Cat) X FungeCart ([1],Cat’) Fung;mart [1], Cat’) juniy -

We observe that the forgetful functor

Funé%(start [1] s Cat) Juniv. Fung;(r:taﬂ [1] > Cat)

is an equivalence. Indeed, it suffices to check that it induces an equivalence of animae of the form
Map([1],) Fun& ™ ([1], Cat) juniv) — Map([1],) Fungy ™ ([1], Cat))
which amounts to see that any pullback square of small categories

X 25 x

10

y — 2y

310



extends uniquely into pullback squares of the form

X 4> X Cat,
|
fl J/f, J/ TTuniv
y b2y Cat.

Evaluating at 1 induces a canonical functor

Funé‘;ftart [1], Cat) juniv — Cat) /cat -

Theorem 9.9.1. There is a canonical equivalence
Cat/cy — Funcc‘;?tart( [1], Cat)
assigning to each pullback square of the form

fF —— Cat,

.
PFJ/ Tluniv

x —F£ 5 cat.

C
the functor pr, seen as a term of Fun&)-"'([1], Cat).

Proof. We have a functor

Fung™ (1], Cat) = Fungi ™ ([1], Cat)univ = Catyca

We observe that the induced map

Map([1], Fun&S([1], Cat)) — Map([1], Cat/ca)

Cart

is an equivalence: this means that pullback squares of the form

X 45 x Cat,
| -
fl f,l l”univ
y by Cat

with ¥ and Y’ small categories are uniquely determined by diagrams of the form

Cat,
J/”univ
y 2> v Cat.
It is clear the inverse of this equivalence is given by the rule (X, F) — pp. O

The advantage of this theorem is that it provides a convenient way of computing colimits in

Fun&C([1], Cat):

coCart

Theorem 9.9.2. The category Fungy,
Fun([1], Cat) preserves small colimits.

[1], Cat) admits small colimits, and the inclusion Fun%(;(r:f‘rt [1], Cat) —
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Proof. Since the functor Cat < Cat’ preserves the formation of small colimits and since the functor
Cat;C ot Cat’ commutes with large colimits (hence with small ones as well), it is clear that the
pullback Cat;c, has small colimits and that the forgetful functor

Cat;cye — Cat

commutes with colimits. The fact that Fun"c‘j](;tart [1], Cat) admits small colimits is thus an immediate

consequence of Theorem 9.9.1. To see that they are preserved by the inclusion, notice that the functors
evg,evy: Fun([1],Cat) — Cat preserve colimits and are jointly surjective. So it suffices to show
that the functors evg, evy : Funcc‘;ga“( [1], Cat) — Cat preserve small colimits. This follows from the
observation that the composite

Cat)cy — Funccoaftm [1], Cat) 2L Cat

agrees with the forgetful functor (X, F: X — Cat) — X, which preserves colimits, and that the
composite

Catcy — Fung;ftart([l], Cat) 20, Cat

agrees with the functor (X, F: X — Cat) — f F = X Xc4 Cat,, which also commutes with colimits
(since pulling back along an exponentiable functor commutes with colimits). O

Corollary 9.9.3. Let A be a small category and X,Y: A — Cat be two functors andu: X — Y a
natural transformation. We assume that the following two conditions are satisfied.

(i) For each object a: A, the induced functor u,: X, — Y, is a cocartesian fibration (a
cartesian fibration, a right fibration, a left fibration).

(ii) For each morphism a: ag — aj in A, the induced commutative square

a
Xoy — Xq

“uol l“ul

Yoo —— Yq,
is a pullback square in Cat.

Then the induced functor colim,. 4 X, — colim,. oY, is a cocartesian fibration (a cartesian
fibration, a right fibration, a left fibration, respectively) and the canonical commutative squares

X, —— colimy,. 4 X,

] l

Y, —— colim,. 4 Y,
are pullback squares for any object a: A~.

Proof. Let us discuss the case of cocartesian fibrations. The natural transformation u can be
interpreted an A-indexed diagram with values in Funcc‘zgtaIt [1], Cat). Taking the colimit there and
using the preceding theorem obviously yields the conclusions of the corollary.
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Assuming that all functors u, are left fibrations, since there is a full embedding
Fun(A, Grpd) — Fun(A, Cat)

whose essential image consists of those functors taking values in Grpd object-wise, we can see the
natural transformation from Y to the constant A-indexed functor with value Cat classifying the left
fibrations u, as natural transformation from Y to the constant functor with value Grpd. In other
words, we get a commutative diagram of the form

colim,. 4 X, ----» Grpd, —— Cat,

l l l

colim,. 4 ¥, —— Grpd —— Cat
in which all squares are pullback squares, proving that the functor induced on colimits is a left
fibration.

The remaining cases of cartesian fibrations and of right fibrations are proved similarly by duality, or
by applying the preceding cases to the diagram induced by composing with the equivalence (—)°P,
and then applying (—)°P again, using that the latter preserves both pullbacks and colimits. O

Lemma 9.9.4. Let A be a small category and X,Y: A — Grpd be two functors, withu: X — Y
a natural transformation. We assume that, for each morphism a: ay — aj in A, the induced

commutative square

a
Xoy — X

Uag l luztl

a
Yoo — Yq
is a pullback square in Grpd. Then the canonical commutative squares

X, — colim,. 4 X,

of ]

Y, —— colim,. 4 Y,
are pullback squares in Grpd for any object a: A~.
Proof. Since the embedding Grpd < Cat commutes with colimits, so does the induced embedding

of categories of arrows
Fun([1], Grpd) < Fun([1], Cat) .

We apply Corollary 9.9.3 noticing that any functor between groupoids is both a left and a right
fibration. O

Theorem 9.9.5 (Quillen’s Theorem B). Let u: A — B be a functor between small categories. The
following conditions are equivalent.

(i) For any morphism B: b — b’ in B, the induced functor
BiiAp— A (BT Ay — Ap))

induces an equivalence Il (A/,) — T (A)p) (an equivalence Mo (Ap /) — Tl (Ap)),
respectively).
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(ii) For any object b of B, the square

Hoo(A/b) _ HOO(A) Hoo(Ab/) _ HOO(A)
l - lnw(u) (the square l - lnw(u) resp.)
e =l (B/p) — Il (B) e =l (Bp)) — Il (B)

is a pullback square in Grpd.

(iii) Any pullback square of the form
S

Al —— A

[
u’ u
B —%.B

in which g is a right fibration (a left fibration, respectively) induces a pullback square

Mo(A) =Y 11.4)
Hm(u’)l - ll’[m(u)
e (g)

Mo (B’) —= Tl (B)
in Grpd.

(iv) Any pullback square of the form
f

A —— A

7o
u’ u
B -8B

in which g is a smooth functor (a proper functor, respectively) induces a pullback square

Mo (4) =Y 11 (a)

Mo (1) - oo (1)

Mo (B) 2 11,,(B)

in Grpd.

Proof. We will prove the formulation in terms of slices, right fibrations and smooth functors. The
respective case in terms of coslices, left fibrations and proper functors follows right away by the
obvious duality.

Condition (ii) follows from condition (iii) since the canonical projection B, — B is aright fibration.
Similarly, assuming condition (ii), any morphism 8: b — b’ induces a pullback square of the form

HDO(A/b) — Il (A/b’)
| |

eo(Bp) —— Heo(Bp)
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in which the lower horizontal map is an endomorphism of the terminal object, so that the upper
horizontal map must be invertible. We will now prove that condition (i) implies condition (ii).

Let e be the terminal object of Grpd. We will also write e for the constant presheaf with value e.

We have A = A/e and A/b =AXp B/b = A/u*(HomB(—,b))a where

Fun(B°P, Grpd) SN Fun(A°P, Grpd)
RFib(B) ——“— RFib(A).
Since I, commutes with colimits (being a left adjoint), Lemma 9.8.11 implies that
X - I (A/X)

preserves colimits. But the functor #* also has a left adjoint and thus commutes with colimits. This
proves that the assignment ¥ +— Il (A/u*Y) commutes with colimits. Since we have

colimpg hg = ¢ and u*(e) =e,
by Theorem 9.5.2, we see that colimy,. g e (A/p) = e (A/e) = Il (A). Since for every morphism

B: b — b’ we have a pullback square
Heo(Ajp) —— Heo(Ajp)
L
Hoo(B/b) — Hoo(B/b')
it follows from Lemma 9.9.4 that the commutative square

Moo (Ap) — T(A)

.
[ e

e =T(B),) — T(B)

induced by passing to colimits are pullback squares as desired.
We will finally prove that condition (ii) implies condition (iii). For any object b’ of B’, if we put
b = g(b’), the induced functor

B;b, — By
is an equivalence over B (it is a terminal functor between right fibrations). The horizontal arrows in
the commutative square

A;b’ — A/b

I

B}b’ — B/b

are equivalences and we thus obtain from condition (ii) a pullback squares of the form

M (47,,) — Tw(A)

| e

M (B),,) —— Tw(B)
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for each object b’ in B’. This means that the colimit of this B’-indexed diagram may be computed in
Funcc‘zl?ta“( [1], Cat). Since, as explained above, the colimit of the HOO(A; )8 18 Tl (A7), this shows
that condition (iii) follows from condition (ii).
Since any right fibration is smooth, it is clear that condition (iii) follows from condition (iv). For the
converse, given a pullback square of the form

f

Al —— A

[*
u’ u

B -8B
in which g is a smooth functor, we choose a factorization of g into g = g o j with a terminal functor
j: B’ — B” and a right fibration g: B” — B. We define A”” = B” xp A. The functor j induces
a functor i: A” — A” that is terminal (we see this by applying Corollary 8.4.7 in the case where
@ is the identity). If p: A” — A denotes the base change of ¢, and u”’: A”” — B’ the canonical

projection, we obtain a commutative diagram of the form

Mo (A) 229 a7y 2223 g (a)
|
I (u’)l Hm(u")l le (u)
e (j) Mo (gq)

oo (B) —= Hw(B”) —— Ilx(B)

in which the two horizontal maps of the square at the left hand side are equivalences. Therefore,
since the square at the right hand side is a pullback square, so is the composite. O
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10 Localizations

10.1 Cartesian products in localizations

We fix a universe of small categories Cat. Given a category C and a subcategory W, we will say
localization of C by W instead of localization of C by Map([1], W). We will often denote by
L(C, W) the localization of C by W.

Proposition 10.1.1. Let C be a category and W — C a subcategory. If C has a terminal object then
so does the localization L(C, W) and the localization functor y: C — L(C, W) preserves terminal
objects.

Proof. Since terminal functors are stable under composition, this follows right away from the facts
that localization functors always are terminal (Proposition 8.1.9) and that a terminal object is the
same thing as a terminal functor out of the terminal category (Proposition 8.1.13). O

Definition 10.1.2. A subcategory W of a category C is unital if C™ is a subcategory of W (i.e. if
idy: W for any x: C%).

Proposition 10.1.3. Let C and C’ be two categories, with unital subcategories
WeC and W — ('
respectively, and associated localization functors
v:C— L(C,W) and ' :C" — L(C',W').

Then the functor
yXxvy' :CxC" — L(C,W)XxL(C",W')

induces an equivalence
L(CxC',WxW') = L(C,W)x L(C'",W).

Proof. Let ¢: C X C" — D be any functor. Given two maps f: x — y and f’: x’ — y’ in C and
C’ respectively, we have a canonical commutative square of the form below.

s, (idx, f7) ,
()C,X) —_— ()C,y)

(f,idx/)l l(f,idy)
NI
(3, x") —= (3,
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Since both W and W’ are unital, all identities of C belong to W and all identities of C’ belong to
W’. This means that the property for the functor ¢ to send all maps in W x W’ to isomorphisms is
equivalent to the conjunction of the following two properties:

* for any map f: x — y in W and any object x” of C’, the map ¢(f,id,) is an isomorphism in
D;

* for any map f’: x” — y’ in W’ and any object x of C, the map ¢(idy, f’) is an isomorphism
in D.

In other words, the obvious equivalence
Fun(C x C’, D) = Fun(C,Fun(C’, D))
restricts to an equivalence
Fun"*W'(C x ¢’, D) = Fun" (C, Fun"' (C’, D))
functorially in D. This implies that there is a canonical equivalence
FunV>*V'(C x ¢’, D) = Fun(L(C, W), Fun(L(C’,W’), D)) .
Using the equivalence
Fun(L(C,W) x L(C’',W'), D) = Fun(L(C,W),Fun(L(C’,W’), D))

we see now that the functor y X vy’ exhibits L(C, W) x L(C’,W’) as a localization of C x C’ by
WxW. O

Lemma 10.1.4. Let F: C 2 D: G be an adjunction. We consider two subcategories
VeasC and W — D

respectively, and we assume that F sends any map in'V to a map in W, and, conversely, that G sends
any map in W to a map in' V. Then there is an induced adjunction of the form

F:L(C,V)2 L(D,W): G
with canonical commutative squares

F G

c —~ D D —————>C
[ e [
L(C,V) —— L(D,W) L(D,W) —— L(C,V)

in which the vertical maps are the localization functors. Furthermore, for any objects x and y in C
and D, respectively, the unit and co-unit maps

x— G(F(x)) and F(G(y)) —y
are the images of the unit and co-unit maps
x— G(F(x)) and F(G(y)) —y

respectively.
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Proof. For any category E, there is an induced adjunction of the form
G*: Fun(D,E) 2 Fun(C,E): F*.

Our hypotheses on F' and G ensure that this restricts to an adjunction of the form

G*: Fun"(D,E) 2 Fun¥(C,E): F*.
We thus get an adjunction of the form

G*: Fun(L(D,W),E) 2 Fun(L(C,V),E): F*.
The unit id — F*G* may be seen as a functor
7: L(C,V) — Fun([1], E)
which is determined by the functor
n: C — Fun([1], E)

corresponding to the unit id — GF. Similarly, the co-unit G*F* — id may be interpreted as a
functor
g: L(D,W) — Fun([1],E)

that is fully determined by the induced functor
g: D — Fun([1],E)
corresponding to the co-unit FG — id. O

Proposition 10.1.5. Let C be a category and W — C a unital subcategory. We assume that C has
binary cartesian products and that W is stable under cartesian product in the sense that, for any
maps f and g in W, the induced map f X g belongs to W. Then the localization L(C, W) has binary
cartesian products and the localization functor y: C — L(C, W) commutes with them.

Proof. There is an adjunction
A:C2CxC: (-)x(-)

where A is the functor defined by the rule x + (x,x). The property that W is stable under binary
cartesian product precisely means that Lemma 10.1.4 applies in this situation, yielding an adjunction
of the form

A: L(C,LW) 2 L(CxC,WxW): (=) x (-).

But, since W is unital, Proposition 10.1.3 provides a canonical equivalence
L(ICXxC,WxW) = L(C,W)xL(C,W)
whose composition with A simply is the diagonal functor
L(C,W)—> L(C,W)xL(C,W), x> (x,x).

This proves the existence of cartesian productsin L(C, W). The explicit compatibilities between units
and co-units in Lemma 10.1.4 show that the localization functor from C to L(C, W) is compatible
with the formation of cartesian products. O
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10.2 Localizations and adjunctions

Proposition 10.2.1. Let C be a category. If f: C — D is a localization of C by a subcategory
W — C and admits a right (resp. left) adjoint g: D — C, then g is fully faithful.

Proof. We will consider the case of right adjoints (the case of left adjoints is done similarly, or
follows from the case of right adjoints by applying the operator (—)°P).

We choose a universe Cat so that C and D are small. It is clear that g is fully faithful if and only if
g°P has the same property. In order to prove that g is fully faithful, it thus suffices to check that

g1: Fun(D°?, Grpd) — Fun(C°P, Grpd)
is fully faithful by Proposition 9.2.11. But we have an adjunction of the form
fi: Fun(C®, Grpd) 2 Fun(D°?, Grpd): f*

and, by virtue of Theorem 9.3.17, the fact that g is right adjoint to f is equivalent to the property
that there is an isomorphism of functors of the form

ff=s.
On the other hand, the functor f* is fully faithful by definition of localizations, which proves that g,

is fully faithful as well. o

Remark 10.2.2. If f: C — D has a fully faithful right adjoint g: D — C, then we may consider
the functor
fi: Fun(C®, Grpd) — Fun(D®®, Grpd) .

For any object x of C, the functor Hom¢ (—, x) is sent through f; to Homp (—, f(x)). On the other
hand, for a functor F': C°? — Grpd, the property that the unit map

ng: F— fA(F)

is invertible is equivalent to the property that F belongs to the essential image of f*, which, by virtue
of the preceding proposition, is equivalent to the property that F sends all maps inverted by f to an
equivalence. For F = Hom¢ (—, x) representable, the unit map takes the form of the canonical map

Homc (-, x) — Homp (f(-), f(x)) = Homp (-, g fx)

induced by the unit n,,: x — gfx. In other words, the property that Hom¢ (—, x) sends all maps
of C that are inverted through f to equivalences is equivalent to the property that the unit of the
adjunction induces an equivalence x — g fx.

Proposition 10.2.3. Let f: C — D be a functor with a fully faithful right adjoint g: D — C. We
consider a category I and a functor F: I — D. If the colimit (the limit, respectively) of gF exists
in C then the colimit (the limit, respectively) of F exists in D: more precisely, the colimit (the limit,
resp.) of F is the image by f of the colimit (the limit, resp.) of gF.
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Proof. We may assume that there is a universe Cat so that C, D as well as I are all small. Let us
assume that the colimit of gF exists in C. Since f is a left adjoint, it preserves colimit cocones:

Homp (f(colim; gF),x) ~ Hom¢ (colim; gF, gx)
=~ limyop Home ((gF)®P, gx)

~ limyoo Homp (F°P, x)

holds functorially in x: D.

Let us assume that g F has a limit in C. We claim that f(lim; gF) is the limit of F in D. We observe
first that, for each object i of I, the presheaf Hom¢ (—, gF (i) sends any map inverted by f to an
equivalence (see Remark 10.2.2 above). Therefore, the functor

lim; Hom¢e (-, gF) = Home (—, limy gF)
has the same property. Since the functor
fi: Fun(C®, Grpd) — Fun(D°®?, Grpd)

coincides with f on representable presheaves and the same is true for its right adjoint f* = g, with
respect to g, Remark 10.2.2 thus tells us that there is a canonical isomorphism of the form

hl’n[ gF — gf(hl’n] gF) .

This yields
Homyp (x, f(lim; gF)) =~ Homc (gx, g f (lim; gF))
~ Hom¢ (gx, lim; gF)
~ lim; Homc¢ (gx, gF)
=~ lim; Homp (x, F)
functorially in x. O

Corollary 10.24. Let f: C — D be a functor with a fully faithful right adjoint g: D — C. We
consider a category I and assume that colimits (limits, resp.) indexed by I exist in C. Then colimits
(limits, resp.) indexed by I exist in D.

10.3 Calculus of fractions

We fix a universe Cat and a small category C equipped with a subcategory

W— C.

We denote by y: C — L(C) the localization of C by Map([1], W). Our goal is to compute the
functor
Homy (¢)(x,—): L(C) — Grpd

for a fixed object x of L(C). Since the map
vy :CT > L(O)”
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is a cover by Corollary 11.5.14, we ought to understand functors of the form
Homy (¢)(y(x),-): L(C) — Grpd

for objects x: C=. Since functors out of L(C) are the same thing as functors out of C sending
morphisms of W to isomorphisms, we will in fact study functors of the form

Homg (¢ (y(x),y(-)): C — Grpd.

For any objects x and y in C, any map s: z — x that comes from W yields, for any map f: z — y
in C, a map
Y(f)oy(s)™y(x) = y(y)

in the localization L(C). Many situations ensure that all maps in L(C) are obtained in this way.
This is what we are about to make precise.

Definition 10.3.1. A putative right calculus of fractions at an object x: C~ is a functor of the form
p:W(x) = Cj
with the following properties:

(i) For any object w: W(x)=, if we denote by s,, : z,, — x the map corresponding to p(w), so
that
p(wW) = (2w, Sw) »

the map s,, is sent to an isomorphism in L(C).
(ii) There is an object i, in W(x) (in context {x}) and p(iy) = (x, idy) holds true.

(iii) The category W (x) is weakly contractible.

Dually, a putative left calculus of fractions at x: C~ is a functor of the form p: W(x) — C,, such
that the induced functor
PP WX)® = (Cy))* = (C%P) )

is a putative right calculus of fractions at x: (C°P)=~.

Notation 10.3.2. If x: C° any y: C, we define
Homy,(c)(x,y) := Hompc)(¥P(x), ¥ (¥)) .
Notation 10.3.3. There is a map

u: Home(x,y) — colim Homc(z,r, y)
w: W(x)op

functorial in y, induced by i, : W(x)= and the identification p(i,) = x. Similarly, there is a map of
the form
v: Homy(cy(x,y) — colim Homy ) (2%, y)
w: W(x)°P
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functorially in y: C. We observe that v is always an equivalence: since W (x)°P is weakly contractible
(because W (x) has this property), assertion (iii) of Lemma 9.7.8 tells us that, for each y, the functor

w i Homy () (23, ¥)

is constant, with value its evaluation at the object i,, and Lemma 9.7.11 implies that the colimit of
this diagram coincides with its evaluation at i,. Composing the obvious map

colim Hom¢(z,y) —» colim Hom 2P
,Colim  Home (2, y) ,Colim Lc)(zw,y)

with the inverse of v yields a map of the form

colim Homc(z,},y) = Homy () (x,)
w: W(x)op

that is functorial in y. The latter map will be referred to as the canonical map.

Definition 10.3.4. A right calculus of fractions at x is a putative right calculus of fractions
p: W(x) — C/ such that the functor from C to Grpd defined by the rule

— colim Homc(z)y,
y Wi W (x)op C(Zw )’)

sends any map coming from W to an equivalence in Grpd.

Dually a left calculus of fractions at x is a putative left calculus of fractions at x that becomes a right
calculus of fractions at x after applying the operator (—)°P.

Proposition 10.3.5. Let p: W(x) — C)x be a putative right calculus of fractions at an object x of
C. A necessary and sufficient condition for this putative right calculus of fractions at x to be a right
calculus of fractions at x is that the canonical map

colim Homc (2, y) — Homgc)(x, )
w: W(x)°P
is invertible for all y. Furthermore, if this is the case, this isomorphism is uniquely characterized by

its functoriality in y and by the property that it sends the identity of x, seen in C (and then as a term
of the colimit through i), to the identity of x, seen as an object of L(C).

Proof. We have an adjunction of the form
vi: Fun(C, Grpd) 2 Fun(L(C), Grpd): y*

and the right adjoint y* is fully faithful, with essential image those functors from C to Grpd sending
any map coming from W to an isomorphism. Furthermore, the functor y* is a left adjoint as well
(by Proposition 9.6.14) and thus commutes with small colimits. Given any functor F': C — Grpd,
the unit map

nr: F — y'y(F)

is thus compatible with colimits in Fun(C, Grpd). Furthermore, nf is an isomorphism if and only
if F sends any map coming from W to isomorphisms in Grpd. For F = Hom¢ (x, —), the unit map
coincides with the map

n: Homc (x,—) — Homy c)(y(x),y(-))
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induced by y. For F' = colim,, . w(x)» Hom¢ (zyF, =), the unit map

n’: colim Homc¢(zyy,—) — cohm HomL(c)(y"p(sz) v(-))
w: W(x)°pP w:

is the colimit of unit maps for each z,,. As explained above, i’ is an isomorphism if and only if its
domain sends any map coming from W to an isomorphism. We consider the following commutative
diagram, functorially in y: C,

Homc¢(x,y) ——— coh(m Homc¢(zyr, y)

)(
nl ln/

Homy (c)(x,y) —Y 5 colim HomL(c)(sz,y)
w: W(x)oP

where both vertical maps are unit maps, whereas u and v are the maps introduced in Notation 10.3.3.
The invertibility of 7’ is equivalent to the invertibility of the map v~ o 5. The last assertion is a
direct application of the Yoneda lemma applied to L(C)°P. m]

Corollary 10.3.6. Let p: W(x) — C/x be a right calculus of fractions at an object x. We consider
the adjunction on presheaves categories

v1: Fun(C®, Grpd) 2 Fun(L(C)°?, Grpd): v*

induced by the localization functor y: C — L(C). Then, for any presheaf F: C°° — Grpd there is
a canonical isomorphism of the form

ch‘}l(n% F(230) = yi(F)(y(x)) .

Proof. Since W(x)°P is weakly contractible, i, : W(x)= induces an isomorphism of the form

G (y(x)) = colim,,: w(xyr G(yP(2W)) -
Taking the inverse of this isomorphism for G = y,(F), together with the canonical map

colim F(z,) = colim Gy (aw))
w: W(x)°P (x)°p

induced by the unit map F' — y*(G), this yields a canonical map of the form:

colim F(z ")y =5 i (F)(y(x)).
w: W(x)op
The formation of this map is compatible with colimits. Therefore, to prove that it is invertible,
Corollary 9.5.3 tells us that it suffices to prove that it is invertible for F = Hom¢ (—, y) for some object
y of C. But then, y,(F) is nothing else than Homy (¢ (-, y(y)) by Corollary 9.3.18. In this case,
the isomorphism is a characterization of right calculus of fractions at x, by Proposition 10.3.5. O

Remark 10.3.7. If we have a right calculus of fractions at x as in the previous corollary, the Yoneda
lemma applied for C and for L(C) respectively allows us to write

C%}I(m)o Hom(hg: (zy), F) = Hom(hy (c)(x), y1(F))
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for any presheaf F on C. Using Corollary 9.3.18, one can recast this formula by saying that any
right calculus of fractions at x of the form

p:W(x) — Cjy
induces through the Yoneda embedding of C a right calculus of fractions at ¢ (x)
W(x) EA C/x — Fun(C®, Grpd) 5. (x)

with respect to the localization of Fun(C°P, Grpd) by the subcategory of maps that become invertible
through the functor 7.

Remark 10.3.8. Let p: W(x) — C/. be a right calculus of fractions at x: C~. Given any other
object y: C~, we may consider the associated right fibration

Cy—C

and form the pullback
W(x)y =W(x) xc Cyy .

We claim that there is a canonical equivalence of the form
Mo (W(x)/y) = colim Homc(zyr, y)
w: W(x)op
and thus
oo (W(x)/y) — Homp (c) (x, ) .

Indeed, the right fibration W(x),, — W(x) corresponds to the functor obtained by composing
Home (-, y) with the functor from W(x)°? to C°P induced by p°P. The explicit construction of
colimits in Cat (as in the proof of Theorem 9.8.1) means that

colim Homc (zyy, y) = Hoo((W(x)/4)P) .
w: W(x)op

Since there is a canonical equivalence
Heo(W(x)/y) = Heo ((W(x)75)P)

by Corollary 9.2.6, this proves our claim above. By virtue of Corollary 11.5.14, we thus have a
canonical cover of the form

(W(x)/y)~ = Homypc)(x,y)
sending pairs (w, f), with w: W(x)~ and f: z,, — y in C, to the map y(f) o y(s,,) "' in L(C).
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11 Peano arithmetic and simplices

11.1 Sets

We begin by discussing in more detail the behavior of sets in or synthetic framework. Recall from
Definition 11.2.17 our synthetic definition of a set:

Definition 11.1.1. A set is a groupoid X such that the diagonal A: X — X X X is an embedding, in
the sense of Definition 1.3.24. We denote by Set C Grpd the full subcategory spanned by the sets.

Warning 11.1.2. The approach to sets presented here differs fundamentally from traditional ax-
iomatic set theories like ZFC. Rather than working with a global membership relation €, where for
any two sets X and Y one can always ask whether X € Y, we adopt a structural perspective in the
tradition of Lawvere. This structural approach characterizes sets through their relationships and
mappings rather than through membership. For a text book introduction to this structural viewpoint
on sets, we refer the reader to Lawvere and Rosebrugh [LRO3].

We want to think of a set as a groupoid in which it is a property whether two objects are equal or
not: if an isomorphism exists, it is unique. We may formalize the notion of a ‘property’ using the
following definition:

Definition 11.1.3. A groupoid P is called a proposition if the map pp: P — = is an embedding, i.e.
if the diagonal A: P — P X P is an equivalence.

Note that if a proposition P admits an absolute object x: * — P, it determines a section of the
embedding pp: P — =, hence this embedding is an equivalence by Lemma 1.3.28. So if an
absolute object x exists, it is unique.

Lemma 11.1.4. A groupoid X is a set if and only if for every two objects x and y of X the mapping
groupoid X (x, y) is a proposition.
Proof. Since X is a groupoid, we have X = Fun(A!, X), and consequently the mapping groupoid
X (x, y) fits in a pullback square as follows:
X(x,y) —— X
.
(x.y)

{(x,y)} —> X xX.

Since embeddings are closed under pullback, this implies one direction. For the other direction we
consider the objects x =pr;: X X X — Xandy =pry: X X X — X. O
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Notation 11.1.5. Let X be a set and let x and y be objects of X. We write x = y if the mapping
groupoid X (x, y) is inhabited (hence contractible).

Let us now introduce some standard terminology regarding sets:

Terminology 11.1.6. Let X and Y be sets.

(i) An element! of X, written x € X, is an object x of X;

(ii) A function f: X — Y is a functor from X to Y. Given an element x of X we write f(x) for the
resulting element in Y (given by composing x and f).

(iii)) We say two functions f,g: X — Y are equal, written f = g, if there exists a (necessarily
unique) natural isomorphism f = g.

(iv) We say that f is a bijection if it is an equivalence. Note that this is the case if and only if there
exists a function g: ¥ — X satisfying g f = idx and fg = idy.

Observation 11.1.7. When X and Y are sets, the category Fun(X, Y) is again a set. Its elements are
functions from X to Y.

Example 11.1.8. Note that the terminal category * is a set: the diagonal A: * — % X * is even an
equivalence. We refer to * as the one-point set. Similarly the initial category 0 is a set, which we
will refer to as the empty set.

Example 11.1.9. The groupoid of natural numbers N is a set by Corollary 11.2.12. The injections
{0} — N and succ: N < N induce a bijection {0} LIN — N by Lemma 11.2.14.

Construction 11.1.10. We can define the category of small sets as follows. We fix a universe Cat
and its full subcategory of groupoids. There is a functor

6: Grpd — Fun([1], Grpd)

sending x to the diagonal map (id,,idy): x — x X x. The category Set of small sets is defined
through the following pullback square.

Set ——— Grpd
-
| |
(x—>idy )
Grpd —— Fun([1], Grpd)
Lemma 11.1.11. Letr X be a groupoid. The following are logically equivalent:
(1) X is a proposition.
(2) Forany two x,y : X, the type X (x, y) is contractible; in formulas [, ,.x is_Contr X (x, y).
(3) Forany two x,y : X we have an identification p : X(x,y); in formulas ], y.x X (x, ).

(4) If we have an inhabitant x : X, then X is contractible; in formulas X — is_Contr X.

n [LRO3] this is called a generalized element.
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Proof. 1 <= 2. This follows the characterization of embeddings between groupoids as fully
faithful functors between groupoids.

2 = 3. Trivial.

3= 4. If wehave f : ((x,y) : XX X) — X(x,y) and ¢ : X, then X is contracible because f(c,—)
is a contraction of X onto c.

4 = 2. Assume we have x, y : X. In particular, X is inhabited by x : X, so that it is contractible by
4. But then X (x, y) is also contractible. O

We can characterize sets in a similar way.

Lemma 11.1.12. Let X be a groupoid. The following are logically equivalent:

(1) X is a set.
(2) Forany x,y : X and any two identities p,q : x =y, we have p = q.

(3) Foreveryx : X and every p : X(x,x), we have p = id,.

Proof. The biimplication “1 <= 2” follows from Lemma 11.1.11 and the implication “2 — 3
” is trivial. Finally, 2 follows from 3 by path induction on g. In other words, if we have p,g: x =y
then the composition of the inverse of ¢ with p must be the identity of x, and applying g again this
yields p = gq. O

11.1.1 Decidable equality

Recall that the negation of a groupoid Z is defined as =Z := Map(Z, 0). For identity types, we
abbreviate x # y := =(x = y) (forx,y : X).

Definition 11.1.13. A groupoid X is said to have decidable equality if for each x,y : X we either
have x = y or x # y. In formulas

hasDecidableEqualityX := l_[ x=yUx#y
x,y:X

It turns out that having decidable equality is a very strong condition. Indeed, we will show that a
groupoid X with decidable equality is automatically a set.

This argument goes back to Hedberg (add reference to Hedberg and maybe Escardo).

Definition 11.1.14. We say that a map f: X — Y of groupoids is wildly constant if we have a
section of X Xy X — X X X, i.e., an inhabitant of

wconstant(f) := l_[ fx=fy.

x,y: X
Lemma 11.1.15 (Hedberg). Let X be a groupoid and assume that for each x,y : X we have a wildly
constant map x =y — x =y. Then X is a set.
Before we prove Lemma 11.1.15, we deduce the following
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Corollary 11.1.16. Let X be a groupoid with decidable equality. Then X is a set.

Proof. By Hedberg’s lemma we only have to show that for each x = y we have a wildly constant
map f: x =y — x =Y. Since X has decidable equality, we may do this by case distinction:

* If we have a p : x = y, then we may define f simply as the constant map with value p.

* It we have a e : x # y, then we may define f as the composite x =y 50 ox= y.
In both cases it is immediate that f is wildly constant. O

Proof of Lemma 11.1.15. Assume that for each x, y we have a wildly constant map fx , : x =y —
x = y. First we note that for each p : x = y we have f, ,(p) = p o fx x(idy); indeed, by path
induction on p it suffices to check the case id : x = x which is trivial. Then for two arbitrary
P,q : x =y we obtain an identification

P = fry(P) o fox(id) ™ = fry(q) o frx(id) ' =g

where we use the equality fy y(p) = fx,y(g) coming from the fact that f, , is wildly constant.

Since p, g were arbitrary, it follows from Lemma 11.1.12 that X is a set. O

Exercise 11.1.17. Assuming the law of excluded middle (i.e. that there is a term LEMpg: E U =E
for each set E), prove the converse of Corollary 11.1.16, i.e., that every set has decidable equality.

11.2 The natural numbers

The fact that the universe of categories Cat is cocomplete gives rise to a groupoid N of natural
numbers, together with a canonical addition operation +: NXN — N satisfying the expected
properties. In this section, we will introduce N and show that it satisfies the type theoretical version
of Peano arithmetics.

Definition 11.2.1. We define the category B N as the following pushout in Cat:

OA! ——— Al

|l

*+ ——> BN,
base

We define the groupoid N as
N := Homg i (base, base),

the groupoid of endomorphisms of the canonical basepoint of B N.
* The identity morphism of the base point will be denoted by 0 : N;

* The morphism one: A! — BN corresponds to an endomorphism of base in B N, resulting in
an object 1 : N.

* A generic object of N will be denoted by n or m.
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We write
+: NXN — N, n+m:=mon

for the composition operation of endomorphisms in BN, called the addition function. Since com-
position is unital and associative, we obtain natural isomorphisms

(n+m)+k=n+(m+k), O+n=n=n+0.
We define the successor function succ: N — N by succ(x) = x + 1, i.e. as the composite
succ: N = Nx{1} — NxNSN.

All in all, we get a triple (N, 0, succ). Our goal in this section is to show that this triple satisfies a
form of Peano arithmetic, allowing us to prove things for natural numbers ‘by induction’.

Lemma 11.2.2. For any category C, there is an equivalence

Map(BN, C) = {f : Map([1],C) | s(f) =1(g)} = Z C(x,x).
x:C=

Proof. This is an immediate consequence of the universal property of the pushout. O

Construction 11.2.3. Let C be a category and let ¢: BN — C be an endomorphism in C, cor-
responding to an object x = ¢(base) of C and a morphism f = ¢(one): x — x. By passing to
hom-groupoids, ¢ induces a morphism

¢: N = BN(base, base) — C(x,x)
which we will denote by n — f". Since ¢ preserves identities and composition, we have:

* The endomorphism f°: x — x is the identity of x in C;

* For n,m € N the endomorphism f"*" of x agrees with f" o f™.

We may therefore think of f” as obtained from f by ‘iterating f a number of n times’.

Example 11.2.4. As a special case of Construction 11.2.3, take C = Cat to be the category of small
categories, and let x = P be a small category equipped with an endomorphism f: P — P. Then the
previous construction provides a map

N — Cat(P, P) ~ Map(P, P), n .
Uncurrying this functor, we obtain a functor N xP — P, (n,x) — f"(x).

Remark 11.2.5. Construction 11.2.3 is functorial in C: if F: C — D is a functor, then the
endomorphism F(f"): F(x) — F(x) agrees with F(f)": F(x) — F(x) for every natural number
n €N.

We will now show that for any sequence (P,,),en of categories P, equipped with functors f,,: P,, —
P,.+1, and for any starting object xg of Py, we obtain a sequence of objects (x, : P,)nen satisfying

Xnal = fu(Xn).
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Theorem 11.2.6 (Peano arithmetics). Let p: P — N be a functor, and let f: P — P be a functor
the following square commute:

p—L.p
p lp
N succ N
For every object xq of the fiber Py, there exists a section s: N — P of p satisfyng s(0) = xo and

s osucc = fs.

Proof. We may regard the functor p: P — N as an object of Fun([1],Cat). The commutative
square

p—L,p
pl P
N succ N

then corresponds to an endomorphism of this object. Construction 11.2.3 thus provides a map
N — Fun([1], Cat)(p, p),
which we may think of as sending a natural number n to the commutative square

|

succ”
N

P

Nlrp

’

|

|

By precomposing with the map

« —2 L N,

we obtain a functor s: N — Fun([1], Cat)(*, p) ~ Cat(x, P) ~ P — P. We have
5(0) = f%(x0) = xo

and
s(n+1) = [ (x0) = f(f"(x0)) = f(s(n)),

which are instances of the general relations from Construction 11.2.3. O

Observation 11.2.7. If for any object n: N there is a groupoid Q(n) there there is a functor
q: O — Nwhosefiberateachn: NisQ(n). Ifthereis, foreachn: Nafunctori,: Q(n) — Q(n+1)
we get a commutative diagram of the form

0 —— succ*Q =5 Q
_I

qu lq

q N succ N
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where i is given termwise by i,,. Equivalently, this corresponds to a commutative square

0—50

| |«

succ
N — N,

j = can = i. Such a commutative square may be regarded as an endomorphism of the map
q: QO — N, seen as an object of Fun([1], Cat).

Assuming given an object xg: Q(0) by the universal property of BN, we obtain for every n € N a
commutative diagram

jn
0 Q
q lq
N succ” N

|

l

>

hence a map i : Q — (succ”)*Q which induces morphisms i,(q?) : Q(m) —» Q(m +n). We may
then define
xp 1= (i")o(x0): Q(n).

Since we formalize statements as groupoids and their proofs as their objects, the more pedestrian
description above of the proof of the previous theorem explains how to see the latter as establishing
the usual induction principle.

11.2.1 Decidability of the natural numbers

We show that the groupoid N is a set by showing that it has decidable equality. The only thing we
use is the Peano induction principle (Theorem 11.2.6).

Lemma 11.2.8. For all n : N we have 0 # succ n.

Proof. By the recursion we can construct a function f : N — Grpd with f(0) := x and f(succn) :=
(. Thus for each n : N we get the desired map e: (0 = succn) — 0 defined as e(p) = f(p)(*),
where f(p): * — 0 is the map induced by the equality p : 0 = succn. O

Construction 11.2.9. (Predecessor function) The function pred: N — N is defined by recursion
with pred(0) := 0 and pred(succn) := n.

Lemma 11.2.10. For all n,m : N we have a biimplication (n = m) < (succn = succm).

Proof. The function (n = m) — (succn = succm) is induced on identity types by succ : N — N,
The converse implication (succn = succm) — (n = m) is induced by pred : N — N, O

Proposition 11.2.11. The groupoid N of natural numbers has decidable equality.

Proof. We need to show that for all n,m : N we have n = m or n # m. By double induction on n
and m it suffices to observe the following:

e Wehaveidy: 0 =0.
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* We have 0 # succm and succn # 0 by Lemma 11.2.8.

 If we assume that n = m then we also have succn = succm, and similarly n # m implies
succn # succ m; both by Lemma 11.2.10. O

Corollary 11.2.12. The groupoid N is a set.
Proof. Immediate from Proposition 11.2.11 and Corollary 11.1.16. O
Example 11.2.13. Consider {—1} = A°. Define the map o: {-1} UN — {1} LIN by
o(=1) =0, and o (n) = succ(n), forn e N,
We may also consider the functor 7: {0} LN — N defined by
n(-1)=0 and n(n) = succ(n) forn e N,
We then have a commutative diagram

{(-1}uN —Z5 {-1}uUN

nl ln

N succ N .

Since the fiber over 0 € N contains the object xo = —1 € {—1} U N, we obtain by Theorem 11.2.6 a
sectioni: N — {—1} UN of x, so that 7ri = idy. Now consider the pullbacks

N2l N N,
I T T
N uN (-1} <L, juN

By universality of binary coproducts it follows that we obtain an equivalence N.o LIN>; — N. We
then define the map p: {0} LNZ! — N by p(0) = 0 and p(n) = j(n) for n € N*'. lemma 11.2.8
implies right away that the successor map succ: N — N restricts to a map succ: N=! — N1 je.
we have a square

Nzl _suee nyzl

i [i

N succ N
We may also consider f: {0} UN=! — {0} UN=! by

f)=1 and f(n) = succ(n) forn € N=! .

This fits into a commutative square

oyunz' —L qoyun!

p| |7

N succ N .
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The fiber over 0 has an object xo = 0, so by the induction principle we obtain a section s: N —
{0} LN=! of p.

Using the maps N 5 {0} UN — = U %, we observe that the section s of p is defined over = LI =,
hence it induces sections s<¢: N<y — * and s=!: N=! — N=! of the restrictions pso: Nyg — =
and p>;: N=! — N=!. Note that the restriction ps is just the identity map, hence an equivalence,
and the fact that p>o: * — Ny admits a section means that it is in fact an equivalence as well. We
conclude that p: {0} UN=! — N is an equivalence.

Lemma 11.2.14. The functor succ: N — N induces an equivalence N — N=' n+— n + 1.

Proof. Let p: N*! — N be the restriction of pred: N — N, and s: N — N=! the map defined by
j(s(n)) =n+1forall n: N. Itis clear p and s are termwise inverse to each other. O

11.2.2 Posets

Lemma 11.2.15. For any category C, the canonical functor C — C % [0] is a full embedding.
Proof. We have a pullback square of the form

C —— Cx|[0]

l |

{0} — [1]

in which the lower horizontal map is a full embedding (since 0 is an initial object in [1]). Since full
embeddings are stable under pullbacks, this proves the lemma. O

Lemma 11.2.16. For any category C, 0: [0] < C % [0] induces a terminal object of C.

Proof. If we see 0 as an object of C x [0], for any object x of C, seen as an object of C x [0], a
morphism from x to O amounts to a section of the canonical projection

The universal property of the join as dependent product tells us that such a section is totally
determined by its restriction to {0} U {1} = [1]. In other words, once x is fixed there is exactly one
such section sending the initial object of [1] to x. In other words, there is exactly one morphism
from x to 0 in C % [0]. The embedding [0] — C % [0] is fully faithful (by an argument similar to
the preceding lemma). Therefore, for any object x of C % [0], there is exactly one morphism from x
to 0. O

Definition 11.2.17. A category C is calleda partially ordered set, or a poset for short, if, for any
objects x,y: C=, C(x,y) is a proposition. For a fixed universe Cat, we denote by Poset the full
subcategory spanned by those ¢ : Cat that correspond to a category C that is a poset.

Notation 11.2.18. When dealing with sets or posets, we sometimes use special notation.

* We may write x € § instead of x : S for an object of a set S.
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 If P is a poset, we may write p < g to say that the proposition P(p, ¢) is inhabited, hence
contractible, as shown in Lemma 11.1.11.

Example 11.2.19. For each n: N, the category [n] is a poset. This is proven by induction using
the fact that, for any poset P, the join P % [0] is a poset. Indeed we have P~ LI [0] = (P % [0])™ by
Proposition 3.6.8 and the canonical functor P < P % [0] is a full embedding. On the other hand,
for any x: P, the collection of morphisms from O to x in P % [0] is empty whereas 0 is a terminal
object of P % [0], which implies that P x [0] a poset.

By Proposition 11.6.9, to check that a groupoid X is a proposition, we have to show that for each
x,y : X the identity type X (x, y) is contractible. It turns out that it suffices to show that it is inhabited.
In other words, a groupoid is a proposition if all its elements are pairwise equal.

Next, we want to characterize posets. For this we need a preliminary lemma.

Lemma 11.2.20. Let Q and A be categories and I' C Q X A™ be a subgroupoid satisfying
e foreach g : Q= and every arrow a — a’ in Map(A', A), we have that T'(q, a) impliesT'(q, a’).

Then the projection
R=TCQO"xA")y >0xA—> A (11.1)

is a cocartesian fibration.

Proof. Since QXA — A is tautologically a cocartesian fibration and R € Q X A is a full subcategory,
this just amounts to checking that each cocartesian lift of an arrow a — a’ : Map(A!, A) lies in R.
This follows immediately from the assumption. O

Lemma 11.2.21. Let P be a category. The following assertions are logically equivalent.

(1) P isa poset, i.e., for each p, q : P, the mapping space P(p, q) is a proposition.

(2) The map
Map(A', P) - P~ x P~ (11.2)
is an embedding of groupoids.
(3) The functor
Fun(A!,P) > Px P (11.3)

is fully faithful.
(4) For every category A, the induced map
Fun(A, P) — Fun(A~, P) (11.4)
is fully faithful.

(5) For every category A, the induced map (11.4) is an embedding.
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(6) For any object x: P~, the canonical projection
P;x— P (11.5)

is fully faithful.
(7) For any object x: P=, the canonical projection (11.5) is an embedding.

(8) PP is a poset.

Moreover, if P is a poset, then the essential image of the map (11.4) consists of those collections
(pa)a:a= for which p, < pp whenever we have an arrow a — b in A.

Proof. (1) < (8). This is obvious and only stated for the record.

(1) < (2). Clear.

(1) = (3). Assume that P is a poset and fix objects f = (fo — f1) and g = (go — g1) of
Fun(A!, P). We have to show that the map

Fun(A', P)(f.8) — P(fo.80) X P(f1.81) (11.6)

of groupoids is an equivalence. But the fiber over some pair (ag, @) in the target is identified with
the groupoid P( fy, g1)(g o ap, @1 o f) which is contractible by the assumption that P( fp, g1) is a
proposition.

(3) = (4). If the functor (11.3) is fully faithful, then we may identify Fun(A', P) as a full
subcategory of P X P, which means that the following square is cartesian

Map(A, Fun(A', P)) —— Map(A=, Fun(A!, P)*)

l l 1.7

Map(A, P X P) ——— Map(A=, (P x P)¥)

Note that we may replace Fun(A', P)> by Fun(A!, P) in the upper right because A~ is a groupoid,
so that this square is identified with the square

Map(A!, Fun(A, P)) ———— Map(A!, Fun(A~, P))

l l (11.8)

Map(A, P) x Map(A, P) —— Map(A~, P) Xx Map(A~, P)

after curry-uncurry. This cartesian square expresses precisely that the functor (11.4) is fully faithful.

It remains to compute the essential image of the functor Fun(A, P) — Fun(A=, P). Clearly each
f¥: A — P obtained from a functor f: A — P needs to satisfy f(a) < f(a’) for each arrow
a — a’. To prove the converse, assume that we have an assignment on objects a : A~ — f, : P
satisfying f, < f,» whenever there is an arrow @ — a’ in A. Our task is to extend this assignment
to a genuine functor f: A — P.

Note that since P is a poset, we have the subgroupoid

I'={(p,a) | p<fa} SP XA, (11.9)
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which by assumption satisfies the condition of Lemma 11.2.20, so that the projection
((p.a)|p<sfa) SPXA—A (11.10)

is a cocartesian fibration. Trivially each object ( f,, a) is a terminal object in its fiber over a : A=,
so that by functoriality of universals they assemble to a functor f: A — P extending the original
family (f,)q:a=. (4) = (5). Fully faithful functors induce embeddings on groupoid cores.
(5) = (2). Just specialize A := A! and use the identification (A!)~ = 9A!.
(3) = (6). This follows from the stability of full embeddings by pullbacks.
(6) = (7). Any fully faithful functor is an embedding.
(7) = (1). If P/x — P is an embedding, then, for each object y of P, we get by pullback an
embedding of the form

P(y,x) — x.

Doing this for all x: P~ proves that P is a poset. O

Corollary 11.2.22. Let P be a poset and A any category. Then Fun(A, P) is a poset. For two
functors f,g: A — P we have f < g if and only if for all a : A~ we have f(a) < g(a).

Proof. That the category Fun(A, P) is again a poset follows immediately from the characterization
5 of Lemma 11.2.21 because Fun(A, —) preserves embeddings and commutes with the operation
P +— (Fun(A', P) — P x P). The second statement is just a reformulation of the characterization
4. O

11.3 The simplex category

We have given an external definition of the simplices [n] for every natural number n in ?? using the
join operation. We may now internalize this definition.

Construction 11.3.1. Consider the functor
— % [0]: Cat — Cat, CrH Cx[0]

together with the empty object @: Cat. By iterating, we obtain a functor [—]: N — Cat, sending
n: N to a category [n] defined by the formula

[0]=0%[0] and [n+1]=[n]*[0] form: N.
Proposition 11.3.2. For any posets C and D, the rule ¢ — ¢ * id[o] defines an equivalence
Equiv(C, D) = Equiv(C % [0], D % [0]) .

Proof. Lety: C % [0] = D x [0] be an equivalence. Since 0 is a terminal object of C x [0] by the
previous lemma, so is ¥ (0), hence ¥ (0) = 0.

Recall from Proposition 3.6.8 that we have

C=L[0] = (C * [0])=.
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Since coproducts of categories are universal, this shows that y(x): D~ must hold for any x: C~
(otherwise, if i (x) = 0, then x is a terminal object in C x [0] and thus x = 0, which is a contradiction
if we assume x: C~). Since C is a full subcategory in C % [0], this shows that ¢ restricts to a fully
faithful functor from C to D. Applying what precedes to the inverse of ¢ shows that this restriction
is in fact an equivalence:

Yic:C—D

(since full faithfulness is not an issue, it suffices to see what happens on objects, which we have
explained above). Since functors between posets are determined by their values on objects by
Lemma 11.2.21, we see immediately that the rule y +— | is aninverse of the rule ¢ - @xid[o). O

Theorem 11.3.3. The functor [—-]: N — Cat™ is an embedding.

Proof. We see that Cat™([n], [n]) =~ = for all n € N: This is clear for n = 0 and the preceding
proposition provides the induction step. It remains to check that [m] = [n] implies m = n for any
m,n: N. We prove first that [n] = [0] implies n = O for all n: N. We observe next that the type
[n+ 1] = [0] is empty for all n: N. For n = 0, this comes from the fact that that there is a pullback
square of the form

[0] —— [1]

providing a map from the type [1] = [0] to @ = [0], hence to @ (and any map to the latter is
invertible). Since [n] is a retract of [n + 1], we have a map from [n + 1] = [0] to [n] = [0], which
implies by induction that the type [n+ 1] = [0] is always empty. On the other hand the functoriality
of the operator C +— C x [0] induces a map from the type [m] = [n] to the type [m + 1] = [n + 1]
and it follows from Proposition 11.3.2 that this map is invertible. O

Exercise 11.3.4. Show that if C is O-truncated, then also C x [0] is O-truncated. Also, show that if
C has no other automorphisms other than identities, then also C % [0] has no other automorphisms
other than identities.

Definition 11.3.5 (Simplex category). We define the simplex category
A C Cat

as the full subcategory of Cat whose objects are [n] for every n € N. Given a category C, a functor
F: A® — C is called a simplicial object of C. We write sC := Fun(A°?, C) for the category of
simplicial objects in C.

Definition 11.3.6 (Geometric realization). For a simplicial object Xo: A®® — C, we define its
geometric realization | X.| as
| X,| = colim[n]erp Xn,

whenever this colimit exists in C.

Lemma 11.3.7. The diagonal functor 6: A — A X A, [n] > [n] X [n] is an initial functor.
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Proof. Let m,n € N be two natural numbers. By Corollary 8.3.7, we have to show that the slice
category

Aj(im.n]) = A XpxA (AXA)j(m).[n])

is weakly contractible. The forgetful functor A/([n],[n]) — A is a right fibration, hence there exists
a pullback square

(A/(tm1.[an) ™ —— Grpd,

Exercise: the horizontal functor is the product A™ x A" of the functors A™ and A" represented by
[m] and [n].

Since — % [0]: Cat — Cat preserves simplices by definition, it restricts to an endofunctor on A,
hence we may consider the maps

id[n] — (=) % [0] « const[g]

of endofunctors of A.

Now consider the product [m]x[n] in Cat. Observe that we have N ([n]) = A", hence N([m]x[n]) =
A™ x A", The inclusion
[m] x [n] = ([m] x [n]) % [0]

admits a right adjoint
ri ([m] x [n]) * [0] — [m] x [n]

satisfying r(a,b) = (a,b) for (a,b) € [m] X [n] and r(0) = (m,n). So given a functor
(a,b): [p]: [m] — [n], we may consider

[0] ———— [p] % [0]
(a,b)l l(a,b)*[O]

[m] x [n] —— ([m] x [n]) x [0] «—— [0]

I

[m] X [n].
This provides homotopies between id A1 in) and ¢, and between ¢ and const,;, ,,), where

¢([pl. (a.b)) = ([p + 1], (a, b) * [0]).

It follows that A ({,,,],[n]) is Weakly contractible. O
Corollary 11.3.8. The functor 6°P: A°° — A°P x A°P is a terminal functor. O

Corollary 11.3.9. Assume that C is a category with small colimits, and consider a functor ®: A°P x
A°®? — C. Then there is an equivalence

colim[n]erp o ,, — colim([m]’[n])erprop Dy
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Proposition 11.3.10. Let C be a category C admitting geometric realizations and finite products,
and assume that the functor — X —: C X C — C preserves geometric realizations in both variables.
Then the colimit functor |—|: Fun(A°P, C) — C preserves finite products.

Proof. Consider simplicial objects X, Y : A — C. We have to show that the map | X XY | — |X|x|Y|
induced by the two projection maps is an equivalence. To this end, consider the box product
XrY: A% X A’ — C, defined as the composite

A? x AP 25 cx 0 25 ¢
By Theorem 11.3.9, we have
| X X Y| ~ colim[n]erp(X RY)pn = colim([m]’[n])erpXAop X X Yy.

Since for a fixed object T of C, the functor T X —: C — C preserves geometric realizations by
assumption, we get

colim([m]’[n])erprop X XY, ~ colim[m]EAop X X Colim[n]erp Y, = |X| x|Y|,

as desired. O

11.4 Images and Cech complexes

Recall from Definition 1.3.24 the notion of an embedding, which we may think of as a monomorphism
of categories. This notion is the first in a hierarchy of notions of n-truncation for every integern > —1.
In particular, we obtain notions of n-truncated categories for every n. For example, a (—1)-truncated
groupoid are categories P such that the map P — * is an embedding; we will refer to such categories
as propositions and denote their full subcategory by Prop.

In this chapter, we will explore the notion of truncation in more depth. We will startin Section 11.4 by
introducing the Cech nerve construction, which shows that every morphism f: X — Y of groupoids
may canonically be factored as a surjection followed by an embedding; we may think of this procedure
as a form of ‘(—1)-truncation’ of the morphism. The general framework of truncated categories will
be introduced in Section 11.6; this in particular leads to notions of ‘propositions’, ‘sets’ and ‘posets’.
The notion of truncation of categories will be introduced in Section 11.6, where we will also explain
how the Cech nerve construction may be interpreted as (—1)-truncation. This in particular leads to
a functor 7<_;: Grpd — Prop which is left adjoint to the inclusion Prop < Grpd. Finally, we will
give explicit descriptions of the set-truncation of groupoids and the homotopy category of a category
in Section 11.7.

Before defining the general hierarchy of truncation levels, we will discuss one special case: the
(=1)-truncation operation. We will see that there is a very explicit description of this operation in
terms of the Cech nerve of a morphism.

Definition 11.4.1. Since Grpd admits small limits, the functor
evio;: Fun(A’,Grpd) - Grpd, X — Xo = X([0])

admits a right adjoint
C: Grpd — Fun(A®, Grpd)
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given by right Kan extension along the functori = [0]: * — A°P. We refer to the simplicial groupoid
C(X) as the Cech nerve of X.

Remark 11.4.2. Using the pointwise formula for right Kan extensions, we may concretely describe
the evaluation of C(X) at [n]: A as follows.

C(X), =~ X",

Indeed, pulling back the projection A/, — A along the embedding [0]: * — A°P, we obtain an
anima canonically equivalent to

(h{))o = Homp ([0], [n]) = [n]"
using that (C x [0])~ =~ C= U e, by Proposition 3.6.8, we observe furthermore by induction on n that
[n] ={0,...,n},

where {0, ...,n} is defined inductively by
{0,...,0}=[0] and {O,...,n+1}=A{0,...,n}uU[0].
It follows that, for X € Grpd™, we have
C(X): A® — Grpd, C(X)n = Homgrpa ({0, . . ., n}, X) .
By a new induction, one can show that this simplifies to
CX0n = X",
where the right-hand side is defined inductively via X° = ¢ and X! = X" x X.

Remark 11.4.3. Since i: + — A°P is fully faithful, also 7, is fully faithful, so the unit id = i*i, is
an isomorphism. Passing to right adjoints, also the counit i*i, — id is an isomorphism, so that 7, is
fully faithful.

Lemma 11.4.4. For any functor Y: A — Grpd, the morphism |pr,|: |A! X Y| — |Y| is an
isomorphism.

Proof. Under the equivalence |A! xY| =~ |A!|x|Y| from Theorem 11.3.10, the map |pr,|: |A! xY| —
|Y| corresponds to the projection map pr,: |Al| x |X| — |X|. So it remains to show that |A| ~ x.
Since A! is the presheaf on A represented by [1] € A, this is an instance of Corollary 9.5.6. O

Corollary 11.4.5. Given simplicial groupoids X,Y : A°° — Grpd and given a simplicial homotopy
h: A' x X = Y (i.e. a morphism in Fun(A°, Grpd).) Then we have |ho| = |hi| as maps |X| — |Y|.

Proof. Consider the diagram

1 X]

S

|X| e——— |A' x X| ——— Y]
prp

Nl

1X].
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Consider morphisms f: X — Y and g: Y — X in Grpd. Then there is a one-to-one correspondence
between commutative diagrams

C(X)

b

A x C(X) —2 C(v)

IT %@;

C(X)
and extensions
xux L8,y
|

(A" x C(X))o.
Corollary 11.4.6. If there is a map x: e — X, then |C(X)| is contractible.

Proof. Apply the above observation to the maps f: X — e % X and g=1dx: X — X. O

Construction 11.4.7. All of the above applies in any groupoidal context. Let ¥ be a small groupoid
and let f: X — Y be amorphism of small groupoids, i.e. a groupoid (X, f) in context Y. We have
an adjunction

€V
Fun(A?, Grpd,y) <:>O Grpd )y

Cy
fgtl
Fun(A°P, Grpd). (X, f)~C(f)

Here C(f) is the groupoid 7 f C(X/Y) — Y in context Y, obtained by applying the Cech nerve
construction in context Y to the groupoid f: X — Y in context Y. We will refer to C(f) as the Cech
nerve of f.

Remark 11.4.8. Let C be a category that admits small colimits. Then also the slice C;, admits
small colimits for any object y of C, and the forgetful functor C;, — C preserves small colimits.

So for any morphism f: X — Y of small groupoids we obtain a map |7 ¢|: IC(X/Y)| — Y.

Theorem 11.4.9. Consider a morphism f: X — Y of small groupoids. If f admits a section, then
the map |r¢|: |IC(X/Y)| = Y is an equivalence.

Proof. This is an instance of Corollary 11.4.6 applied in context Y. O

Let X and T be objects of Grpd. We may consider the projection map f = pry: X X T — T. Note
that this is the image of the map X — = under the pullback functor Grpd — Grpd, 7, and it follows
that

C(XXTJT)=~C(X)xT
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as simplicial objects in Grpd ;. We then get

IC(X XT/T)| =~ |C(X)xT| ~|C(X)| xT.

Taking T" = X, the projection map pr,: X X X — X admits a section, given by the diagonal. By
Theorem 11.4.9, it follows that
IC(X x X/X)| = X.

This proves:

Corollary 11.4.10. For every small groupoid X the projection map pr, : IC(X)|x X = X is an
equivalence. O

Theorem 11.4.11. Let X be a small groupoid. Then the groupoid |C(X)| is a proposition, in the
sense that |C(X)| — * is an embedding.

Proof. Consider the groupoid T = |C(X)|. By the previous corollary, the projection map f =
pr;: X XT — X is an equivalence. We thus get

C(XXT|T) = C(X) xT = C(X),

hence
TxT = |C(XXT/T)| =>T.

It follows that T is a proposition. O

Corollary 11.4.12. Let f: X — Y be any morphism in Grpd. Then the morphism | ¢|: IC(X/Y)| —
Y is an embedding.

Proof. Apply Theorem 11.4.11 in context Y. O

11.5 Covers

The notion of a Cech cover leads to the definition of a cover.

Definition 11.5.1. A morphism f: X — Y in Grpd is said to be a cover if the induced map
|7l |C(X/Y)| — Y is an isomorphism.

In homotopy type theory, covers are usually called surjections.
Remark 11.5.2. For any pullback square
X — X
]
Pl
Y —>vY
there is a canonical isomorphism

C(X/Y)xy Y =~C(X'JY")
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and since (—) Xy Y’ commutes with small colimits, this induces a canonical isomorphism
ICX/D) >y Y = 1C(X/Y")] .

This implies in particular that covers are stable under pullbacks. This also tells us that if u is a cover,
then f is a cover if and only if f’ is a cover.

Definition 11.5.3 (Essential surjectivity). A functor F': C — D of categories is called essentially
surjective if the induced map F~: C~ — D~ on groupoid cores is a cover.

Proposition 11.5.4. For any morphism f: X — Y, the map X — |C(X/Y)| induced by the
identification C(X/Y) = X is a cover. In particular, f factors as a composite

cover embedding

X — |C(X/Y)| ———= Y.

Proof. This is a reformulation of Corollary 11.4.12. O
Definition 11.5.5. We refer to the groupoid |C (X /Y)| as the image of f, and denote it by Im( f).

Proposition 11.5.6. Let f: X — Y be a morphism in Grpd. The following conditions are equivalent.

(i) The map f is a cover.

(ii) The pullback functor
f*: Cat)y — Cat/x

is conservative.

(iii) The pullback functor
f*: Grpd )y, — Grpd,

is conservative.
Proof. Assume that f is a cover and consider a morphism ¢: Z — W over Y:

z—*% W

N

and assume that the induced map X Xy ¢: X Xy Z — X Xy W is an isomorphism. Then ¢ induces
a map
C(X/Y)xy Z — C(X/)Y) xy W

of simplicial objects in Grpd,, which is a levelwise isomorphism, hence an isomorphism in
Fun(A?, Grpd,y). Applying the functor |-|: Fun(A°?, Grpd,y) — Grpd,y thus produces an iso-
morphism

IC(X/Y) Xy Z| = |C(X/]Y) Xy W|.

On the other hand, for any map 7" — Y in Grpd, since the functor (—) Xy T commutes with colimits,
we have a canonical equivalence of the form

IC(X/Y) xy T| = |C(X/Y)| %y T=T.
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We obtain a commutative diagram of the form

IC(X/Y) xy Z| — |C(X/Y) xy W|

| |

Z w

proving that ¢ is an equivalence. This proves that (ii) follows from (i).

For each small groupoid X, the full embedding Grpd,y < Cat,x is conservative and is compatible
with pullbacks. This implies right away that (iii) follows from (ii).

Finally, observe that the pullback of |C(X/Y)]| along f is |C (X xy X /X)|, through the first projection
of X Xy X to X, say. Since the first projection of X Xy X to X has a section, this means that f*
sends the embedding of the image of f into Y to an equivalence in Grpd, . Therefore, assertion (i)
follows from assertion (iii). O

Corollary 11.5.7. Let f: X —» Y and g: Y — Z be two functors between small groupoids.

(a) If f and g are covers, sois g o f.

(b) If g o f is a cover, so is g.

Proof. We will use characterization (iii) of Proposition 11.5.6. To prove assertion (a) we observe
that if g* and f* are conservative functors, so is the composite f* o g* =~ (go f)*. Similarly, to prove
assertion (b), we check that if the composite f* o g* =~ (g o f)* is concervative, then so is g*. O

Corollary 11.5.8. Any retract of a cover is a cover.

Proof. We will use again characterization (iii) of Proposition 11.5.6. Any retract of a conservative
functors is conservative (this follows from Proposition 6.2.2, since any retract of a pullback square
is a pullback square). Therefore, if f is a retract of g then f* is a retract of g*. O

The following is an important consequence of Proposition 11.5.6.

Proposition 11.59. Let f: X — Y be amap between groupoids that is both a cover and an
embedding. Then f is an equivalence.

Proof. In general, in order to check that f is an equivalence, we may regard it as a morphism in
Grpd,y. By Proposition 11.5.6, it will suffice to show that its pullback pr,: X Xy X — X along
itself is an equivalence. In ther words, without any loss of generality, we may assume further more
that f has a section and apply Lemma 1.3.28. O

We now finally get the strengthening

Proposition 11.5.10. Let f: A — B be a functor. If f is fully faithful and if the map f~: A~ — B~
is a cover, then the functor f is an equivalence.

Proof. Again we only show one direction. Since f is fully faithful, the functor = is an embedding,
hence by Proposition 11.5.9 it is an equivalence. In particular, f= admits a section, hence by
Theorem 6.3.3 the functor f is an equivalence. O
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Proposition 11.5.11. Let f: X — Y be a morphism in Grpd. Then the following are equivalent:

(1) The morphism f is a cover;

(2) For every embedding Z — Y, ifwe have X Xy Z — X Xy Y = X then Z — Y.

Proof. The fact that (1) implies (2) is an instance of Proposition 11.5.6. The fact that (2) implies (1)
follows by taking Z = |C(X/Y)| < Y, so that X xy Z = |C(X xy X/X)| = X. O

Theorem 11.5.12. Let u: A — B be a functor. Assume there exists a cover i: X — B~ such that
for every object x of X, the relative slice category Aji(x) = A Xp Bjj(x) admits a terminal object.
Then u admits a right adjoint.

Proof. For any groupoid I', we can consider the situation in context I': we may ask whether the
resulting functor ur: Ar — Br admits a right adjoint in context I". If this holds for I' = B~, it also
holds in the absolute context.

If Y is a groupoid equipped with a map b: Y — B, then in context B~ this looks like

y 2 =« g~ B x B

\ o

B=.

So we may express that A/, has a terminal object for every object b of B as a proposition P in
context B~. The existence of a terminal object is then expressed as the assertion that this proposition
P is equivalent to the terminal anima in context B~. To prove such an equivalence, by virtue of
Proposition 11.5.6, it suffices to check that the structural map P — B~ becomes an equivalence after
pulling back along the coveri: X — B~. O

Proposition 11.5.13. Letu: A — B be a functor. The following conditions are equivalent.
(a) The induced map u™: A~ — B~ is a cover.
(b) For any category C, the induced functor
u*: Fun(B,C) — Fun(A, C)

is conservative.

(c¢) There is a universe Cat for which A and B are small, such that the induced functor
u”: Fun(B, Cat) — Fun(A, Cat)
is conservative.

(d) There is a universe Cat for which A and B are small, with corresponding universe of small
groupoids Grpd, such that the induced functor

u”: Fun(B, Grpd) — Fun(A, Grpd)
is conservative.
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Proof. We consider the commutative diagram bellow.

Fun(B, Cat) —“— Fun(A, Cat)

l l

Fun(B=, Cat) W Fun(A=, Cat)

Cat/B: L) Cat/A:
all the vertical functors are known to be conservative, and, by virtue of Proposition 11.5.6, the
conservativity of (u~)* is equivalent to the property that ™ is a cover. This implies right away that
conditions (a) and (c) are equivalent. A similar reasoning replacing Cat by Grpd above shows that
assertions (a) and (d) are equivalent. It is clear that (c) and (d) also follow from (b). It suffices now
to check that condition (a) implies condition (b). We may assume that we work in a universe so that
A, B and C are small. Condition (d) implies that, for any category X, the functor

u”": Fun(B, Fun(X, Grpd)) — Fun(A, Fun(X, Grpd)) .

is conservative (because one can check equivalences objectwise). We consider finally the commu-
tative square
Fun(B, C) —— Fun(B, Fun(C°?, Grpd))

Fun(A, C) —— Fun(A, Fun(C°P, Grpd))

in which the horizontal arrows are the full embeddings induced by the Yoneda embedding of C.
This commutative diagram thus shows that (b) follows from (a). O

Corollary 11.5.14. For any category C and any family of morphisms W stable under composition
in C, the localization functor y: C — C[W~!] induces a cover

YT €T = (WD,
Proof. The functor
y*: Fun(C[W~!'], D) — Fun(C, D)
is fully faithful and thus conservative for any D. Proposition 11.5.13 thus ends the proof. O

Corollary 11.5.15. Let A be a small category and F: A — Cat a functor. The canonical functors
iq: F(a) — colim,. s F(a) induce a cover of the form

> F(a)* > (colimg: 4 F(a))™.

a: A*

Proof. We know that colim,,. 4 F(a) is a localization of fa . F(a), where the latter is defined by
the pullback bellow.

/a:AF(a) — Cat,

pFJ/ l”univ

A — Cat
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By virtue of Corollary 11.5.14, we thus have a cover
(/ F(a))™ — (colimg. 4 F(a))™.
a: A

But, as explain in Remark 9.4.19, objects of ( fa . 4 F(a))™ are known to be pairs of the form (a, x)
where a: A~ and x: F(a)™. In other words, there is a cover (in fact, an equivalence) of the form

Y, Flar = ([ F@).
a: A= a: A
This corollary thus follows from the fact that covers are stable under composition. O

Corollary 11.5.16. Let A be a small category and F: A — Grpd a functor. The canonical maps
iq: F(a) — colim,. g F(a) induce a cover of the form

Z F(a) — colimg. s F(a).
a: A*

Proof. This is a particular case of the previous corollary since the embedding of Grpd into Cat
commutes with colimits (being a left adjoint). O

Proposition 11.5.17. Let C be a locally small category and I" a small groupoid. We consider a
functor f: T — C=. Then |C(I'/C=)| is small. In particular, the full subcategory of C with groupoid
of objects |C(L/C*)| is small.

Proof. For any x,y: C~, we have an embedding
C=(x,y) = C(x.y)

with small codomain. Therefore, the groupoid C~ is locally small. In other words, there is a pullback
square of the form

c® — Cat,

-
AJ/ lnuniv

C*x(C" —— Cat.

Since cocartesian fibrations with small fibers are stable under composition, the diagonal C~ —
C* x---x C™ is a cocartesian fibration with small fibers for any finitely many cartesian product of
copies of C~. This implies that, for any n: N, the embedding

I'ke=++ Xe=T'—>TIx---xT
~————/—™—™ ™ —
n times n times

is a cocartesian fibration with small fibers and with small codomain. Therefore, C(I'/C=) is a
functor that is objectwise with values in small groupoids. Therefore, since the indexing category
AP is small as well, its colimit |C(I'/C*)]| is a small groupoid. O
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11.6 Truncated categories and functors

We define Z>_, = [0] LI [0] u N. The two objects obtained by the contribution of [0] LI [0] are
called -2 and —1. We define -2+ 1 = —1and -1 + 1 = 0. Since n + 1 is already defined for n: N,
this defines a successor operation on Z _, starting at —2. This induces an equivalence N — Z _,.
In particular, we can do induction starting from —2. We will often write n > —2 instead of n: Z>_».

We will now discuss the hierarchy of n-truncated functors for n > —2.

Definition 11.6.1 (n-truncated functors). We fix a category U with pullbacks as well as with a
terminal object *. For an integer n > -2, we inductively define what it means for a morphism
f: A — BinU to be n-truncated.:

* When n = -2, we say f is (—2)-truncated if it is an equivalence;

» Forn: Z,_», we say f is (n + 1)-truncated if the map Ay := (14,14): A — A Xp A to the
pullback of f along itself is n-truncated.

An objet A of C is called n-truncated if the map A — = is n-truncated.

Definition 11.6.2 (Locally n-truncated functors). A functor f: A — B is locally n-truncated if
for each pair of objects x,y : A%, the map of groupoids A(x,y) — B(fx, fy) is n-truncated. A
category A is called locally n-truncated, if every hom-groupoid A(x, y) is n-truncated.

Remark 11.6.3. ¢ A category C is (—2)-truncated if and only if it is contractible (Defini-
tion 1.2.3)

* A functor F: C — D is (—1)-truncated if and only if it is an embedding (Definition 1.3.24)

* A functor F: C — D is locally (—2)-truncated if and only if it is fully faithful.

The following proposition is obviously true.

Proposition 11.6.4. Any functor that commutes with pullbacks preserves n-truncated morphisms.
Any functor that preserves pullbacks and terminal objects preserves n-truncated objects.

Proposition 11.6.5. Assume that the ambiant category U is locally small. A morphism f: A — B
is n-truncated in a category U if and only if, for any object X : U=, the induced map

f«: Homy (X, A) — Homy (X, B)
is n-truncated in Grpd.

Proof. This follows right away from the fact that the Yoneda embedding of U is conservative and
commutes with limits, whereas equivalences in a presheaf category are detected object-wise. O

Lemma 11.6.6 (Truncations levels are cumulative). Let -2 < n < m. Then every n-truncated
morphism is also m-truncated.

Proof. This follows by induction on n; the base case is the observation that if C — D is an
equivalence then also C — C Xp C is an equivalence. O
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Proposition 11.6.7 (Closure properties of n-truncated maps). Let n > —2.

(1) Consider morphisms A L B 5 C and assume that g is n-truncated. Then f is n-truncated if
and only if g f is n-truncated.

(2) n-truncated functors are closed under fiber products, retracts and base change.

(3) For every map of groupoids u: I' — I, n-truncated functors are preserved by dependent sum
and dependent product along u.

Proof. todo O

Lemma 11.6.8 (Truncation is fiberwise). Consider functors C L D — T with groupoid I" and
categories C and D. Then f is n-truncated if and only if f,, is n-truncated for each objecty : T..

Proof. The statement “if”” follows from the closure of n-truncated functors under base change. The
converse is tautological because y can be chosen to be the universal object y = idr. O

For groupoids, the truncation level can be fully determined by looking at the identity types.
Proposition 11.6.9. Let f: X — Y be a map of groupoids and n > —1. Then f is n-truncated if
and only if for all objects x,y : X, the induced map X(x,y) — Y (fy, fx) is (n — 1)-truncated.
Proof. Apply Lemma 11.6.8 to X L X Xy X — X X X and observe that base-changing the diagonal
Agto (x,y) : X x X precisely yields the map X (x,y) — Y(fy, fx). O
Remark 11.6.10. Let X and Y be groupoids. In type theoretic language we can therefore define

isTruncated(-2, X) := is_Contr(X)

and
isTruncated(n+ 1, X) := l_[ isTruncated(n, X(x,y))
x,y:X

for all n > —2. Moreover, it follows from Lemma 11.6.8 (with X = C and Y = D = I') that for any
map f: X — Y we have the bi-implication

isTruncated(n, f) < 1_[ isTruncated(n, X, ).
yY

Lemma 11.6.11 (Truncation of functor categories). For every n-truncated functor C — D, the

induced map
Fun(T, C) — Fun(T, D) (11.11)

is again n-truncated for every category T. If C is n-truncated, then so is Fun(T, C).
Proof. This is a particular case of Proposition 11.6.4. O

For categories, the situation is slightly more complicated, since being truncated involves a condition
both on identity types and on hom groupoids.
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Proposition 11.6.12 (Characterization of n-truncated functors). Let f: C — D be a functor and
n > =2. The following are equivalent:

(1) The functor f is n-truncated.

(2) The map of groupoids Map([1], f): Map([1],C) — Map([1], D) is n-truncated.

(3) The functor f is locally n-truncated and induces an n-truncated map of groupoids f~: C~ —
D=.

Proof.

1 & 2 Follows by induction. The base case (n = —2) is Corollary 6.3.4. The induction step follows
from the fact that Map([1], —) preserves pullbacks.

2 & 3 Condition 2 implies that /= is n-truncated because f~ is a retract of Map([1], f). Hence we
may assume that f~ is n-truncated to prove the bi-implication.

Applying Lemma 11.6.8 to
Map([1],C) 5 Map([1], D) Xp=xp= C= X C* = C= x C*

shows that f being locally n-truncated is equivalent to saying that « is n-truncated. Moreover,
Map([1], f) is the composite

Map([1],C) <5 Map([1], D) Xp-xp- C~ x C= — Map([1], D)

where the second map is n-truncated as a base-change of the n-truncated map f~ x f~. We
conclude that Map([1], f) is n-truncated if and only if « is n-truncated if and only if 7 is
locally n-truncated, as desired.

Proposition 11.6.13. Let n > —2. Every locally n-truncated category is n + 1-truncated.

Proof. The case n = —2 is exactly the statement that every fully faithful functor is an embedding; this
follows from Proposition 6.4.2 and Corollary 3.2.3. Now letn > —1 and f: C — D be n-truncated.
By Lemma 11.6.12 we only have to show that f~ is n + 1-truncated. Let x,y : C~. Then we have a
commutative diagram of groupoids

C>(x,y) —— C(x,y)

I l#

D=(fx, fy) —— D(fx, fy)

where the two horizontal maps are embeddings (i.e., (—1)-truncated) by Corollary 2.2.12 and the
right vertical map is n-truncated by assumption. Since n > —1, it follows that the left vertical map
is also n-truncated. Since x,y : C~ were arbitrary, we are done by Proposition 11.6.9. O

Corollary 11.6.14. Every (—1)-truncated functor is conservative and every (—1)-truncated category
is a groupoid.
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Proof. Let f: C — D be a (—1)-truncated functor. Let x,y : C= and u: C(x,y) such that f(u)
is invertible. Since the map C~(x,y) — D~(fx, fy) is an equivalence we find an invertible arrow
v : C%(x,y) with f(v) = f(u). But that implies v = u in C(x, y) because f is an embedding. It
follows that u is invertible. Since u was arbitary, f is conservative.

The second statement is the special case where D = . O

11.7 Truncation

Definition 11.7.1 (Induction principle of n-truncation). Let X be a groupoid. We say that a map
t: X — X'’ is an n-approximation if it satisfyies the following induction principle of n-truncation:

* For every n-truncated map p: ¥ — X of groupoids, every section of X Xx» ¥ — X can be
lifted to a section of ¥ — X’. Explicitly this means that for every commutative triangle

e
X L x

where p is n-truncated we have a section f’: X’ — Y of p and an identification f = f’r over
X'

If additionally X’ is n-truncated, we say that ¢ exhibits X” as the n-truncation of X. If an n-truncation
of X exist, we denote it by #: X — || X]||,, and its action on objects by 7: x — [x].

Remark 11.7.2. A more type-theoretic way to think about the induction principle of n-truncation is
as follows: Whenever we have a family of n-truncated groupoids Y, indexed by x” : X’, to produce
asection x” : X’ — f’(x”) : Y, it suffices to do so on terms of the form x’ = tx, by specifying the

value f'(x") = f(x).

Lemma 11.7.3. In the setting of Definition 11.7.1, assume that we have two lifts f/, f;: X" = Y of
the section f. Then we have an identification h': f| = f; with k't = idy

Proof. Consider the family Z: (x’ : X) = Y (f{x’, f,x"). Since ¥ — X" is n-truncated, each Z,/
is (n — 1)-truncated; in particular, the projection Z — X’ is n-truncated. Moreover, for each x : X
we have h(x) :=idy(x) : Yx(fx, fx) = Z(tx) (using that f/tx = fx). Therefore, we may apply the
induction principle to Z — X’ to obtain a lift #’: X’ — Z of h, which is precisely the datum of an
identification f| = fJ extending the identity of f. O

Exercise 11.7.4. Show that n-truncation of a groupoid is unique if it exists. (Soon we will show that
it always does.)

Exercise 11.7.5. Let X — X’ be an n-approximation of groupoids. Show that for every n-truncated
map ¥ — X’ of groupoids, the canonical map

Mapy, (X',Y) — Mapy, (X,Y) (11.12)

is an equivalence.
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Remark 11.7.6. Matching the terminology of Definition 11.2.17, the —1-truncation and O-truncations
are also called propositional truncation and set truncation, respectively.

We conclude by defining the local analog of truncation.

Definition 11.7.7. A functor t: C — C’ is called a local n-approximation if for every locally
n-truncated functor p: D < C’, the induced map

Map(C’, D) — Map(C, D) (11.13)

is an equivalence. If C’ is additionally locally n-truncated, then we say that ¢ exhibits C” as the local
n-truncation of C, and write C’ = ||C||1,§’°.

11.7.1 Propositional truncation

Let us refer to (—1)-truncation as propositional truncation. We will now show that the Cech nerve
construction from Section 11.4 computes the propositional truncation.

Lemma 11.7.8. A map of groupoidst: X — X' is an (—1)-approximation if and only if t is a cover.

Proof. In the case n = —1 the induction principle of the n-truncation can be simplified by recalling
that an (—1)-truncated map has a section if and only if it is an equivalence (and any two sections
are isomorphic in that case), see Lemma 1.3.28. Thus in the case n = —1, the condition of
Definition 11.7.1 can be reformulated as saying that an embedding ¥ — X’ is an equivalence if and
only if the pulled back map X Xx’ ¥ — X’ is an equivalence. This is equivalent to X — X’ being a
cover by Proposition 11.5.11. O

Corollary 11.7.9 (Existence of propositional truncation). For every groupoid X, the map X —
|C(X)| is a propositional truncation. (Here the Cech nerve is computed in any universe in which X
is small.)

Proof. The groupoid |C(X)]| is a proposition by Theorem 11.4.11 and the map X — |C(X)| is a
cover by Proposition 11.5.4. O

As a consequence of the corollary, the (—1)-truncation || X||_, exists and is given by |C(X)]|.

Definition 11.7.10. Let X be a groupoid. We say that there merely exists an object of X if || X||_; is
inhabited.

Lemma 11.7.11. Amap f: Y — X of groupoids is a cover if and only if for each x : X there merely
existsan 'y : Y with fy = x, i.e., if we have an inhabitant of

[ [} 2,5y =-

x:X |lyY

-1

Proof. If x: X is a term defined in context I" (with I' a groupoid), we see that szy fy= x“_l
literally is |C(x*(f))| for x*(f) the pullback of f along x: I" — X. Therefore, if we have a term in

[1[S5=+

x:X |lyY

>

-1
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we have a term in |C (x*(f))| for all x, in particular for x the universal term of X, also known as the
identity. This means that |C(X/Y)| < Y has a section and is thus an equivalence. The converse
follows from the fact that covers are stable under base change. O

Remark 11.7.12. What the proof of Lemma 11.7.11 actually does is the construction of an equiva-

lence
Z Jy=x

yY

Icx/ml =]

x: X

-1
in context Y (since these are propositions in context Y, such an equivalence is unique in context Y).

Proposition 11.7.13. Propositional truncation X v || X||_, yields a left adjoint to the inclusion
Prop — Grpd.

Proof. By the pointwise construction of adjoints and directed univalence we need to show the
following: for each groupoid X there exists a proposition X’ and a map ¢: X — X’ such that for all
propositions Z the induced map

Map(X’, Z) — Map(X, Z) (11.14)
is an equivalence. Choosing X — X’ := || X||_; to be a propositional truncation, this is a special
case of Theorem 11.7.5 for the constant family ¥ = X' X Z — X’. O

11.7.2 Set and Poset truncation

We saw that one can construct propositional truncations using the Cech nerve. We will now see that
one can bootstrap to set and poset truncations.

Lemma 11.7.14. Let p: A — B be a functor that is a cover on objects. For every poset P, the
induced functor
Fun(B, P) — Fun(A, P) (11.15)

is fully faithful. Moreover a functor f: A — P lies in the essential image (i.e., factors through p if

and only if it satisfies f(a) < f(a’) whenever we have an arrow pa — pa’ in B.

Proof. * To establish fully faithfulness, Corollary 11.2.22 it suffices to show forall f,g: B — P
the logical equivalence between

— forall b : B= we have f(b) < g(b) and

— forall a : A= we have f(pa) < g(pa),
with the forward direction already given by functoriality of g. The converse follows from the
induction principle for propositional truncation which holds because p~: A~ — B¥isa (—1)-

approximation by assumption. Indeed it tells us that to show the proposition f(b) < g(b) for
all objects b : B~ it suffices to do so for those of the form b = pa.

* Let f: A — P satisfy fa < fa’ whenever we have an arrow pa — pa’. We have to show
that f factors through p. (The converse is obvious.)
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We start with the special case where P = § is a set, and where A = A and B = B™ are
groupoids. Let R — B X § be the fiberwise —1-truncation of the map (p, f): A — B X S;
in other words, R consists of those pairs (b, s) for which there merely exists an a : A with
pa = b and fa = s. We claim that the composite

RCBxS—B (11.16)

is an embedding. To show this we have to construct, for any » : B and any two (b, s), (b, s’) :
Ry, an equality s = s” in S; but since S is a set, hence S(s, s”) is a proposition, mere existence
is enough. By definition of R there merely exist a,a’ : A with fa = s and fa’ = s but also
pa = b = pa’. By the assumption on the map f, we thus obtain s = fa = fa’ = s" as claimed.
Now we may use that every cover is a (—1)-approximation (Theorem 11.7.8) to obtained the

dashed filler
R —— BXS

my N l (11.17)

A P B

whose second component yields the desired factorization of f through p.

To prove the general case consider the commutative square

Map(B, P) —— Map(A, P)

l l (11.18)

Map(B=, P) —— Map(A~, P)

where all maps are embeddings; the horizontal ones by what we proved earlier, and the
vertical ones by Lemma 11.2.21. Thus it suffices to show that f~: A~ — P~ factors through
p~: A — B™ and that the resulting map g~: B — P~ extends to g: B — P. We have the
first fact by applying the step we already proved; indeed, P~ is a set and A™, B~ are groupoids.
For the second step we have to show g(b) < g(b’) whenever we have an arrow b — b’ in B (by
Lemma 11.2.21). But since p: A — B, hence also A X A — B X B is a (—1)-approximation,
it suffices to show this in the case where b = pa and b’ = pa’ for a,a’ : A~, in which case it
is precisely the assumption on f. O

Corollary 11.7.15. Let p: A — B be a functor which is a cover both on objects and on each
mapping groupoid. Then the induced restriction functor

Fun(B, P) — Fun(A, P) (11.19)

is an equivalence for each poset P.

In other words, every functor that is a cover both on objects and on mapping groupoids is a poset-
approximation. Next we produce an explicit poset-truncation for each category C.

Construction 11.7.16. Let C be a category and choose a universe Cat where C is small. Consider
the composite

hoy: C —s PSh(C) = Fun(C°P, Grpd) L, Fun(C°P, Prop) =: PSh_;(C) (11.20)
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of the Yoneda embedding with the functor L given by postcomposition with the propositional
truncation functor ||—||_; : Grpd — Prop.

Denote by ||Cl[,0s € PSh_;(C) the essential image of &, which is tautologically equipped with a
map C — [|Clos-

Proposition 11.7.17. The category ||C||,os is a poset and the functor C — [|C|| o5 is a cover both
on objects and on mapping groupoids.

Proof. The category Prop is a poset ref, hence also PSh_; C = Fun(C°P, Prop) by Corollary 11.2.22
and its full subcategory [|Cll,,. Moreover, the functor C — ||Cl|, is an objectwise cover by
construction. It remains to show that for objects ¢, d : C*, the map

C(c.d) = [Cllpos([c], [d]) = PSh_1(C)(h-1c, h_yc) (11.21)

is a cover. By Yoneda and unraveling the construction, this map is identified with the propositional
truncation map
Cle,d) = |IC(c, D)1 (11.22)

which is a cover by Theorem 11.7.8. O

Corollary 11.7.18. The assignment C + ||C||,,s assembles to a left adjoints to the inclusions

Poset — Cat and Set — Grpd. (11.23)

Proof. The first statement follows directly from Corollary 11.7.15 and Proposition 11.7.17 by the
usual pointwise construction of adjoints. For the second statement it suffices to note that the poset
truncation of a groupoid is again a groupoid, hence a set; this follows immediately from the fact that
C — ||Cl[p0s is @ cover on mapping groupoids. O

11.8 Rezk nerves and complete Segal animae

The reader may have observed that a lot of the structure of a category C is already contained in the
information of the groupoids Map([n], C) for n = 0, 1, 2 together with their comparison maps:

* The objects of C are the objects of C~ = Map([0], C);
* The morphisms of C are the objects of Map([1], C);

» Composition in C is controlled by Map([2], C), which by the Segal axiom is equivalent to
Map([1], C) xc= Map([1], C).

It turns out that C can in fact be fully recovered from the simplicial groupoid [r] +— Map([n], C).
This is what we will establish in this section.

Definition 11.8.1 (Rezk Nerve). Let i: A <— Cat denote the inclusion. We define the Rezk nerve
functor as the composite functor

N': Cat 22, Fun(Cat®?, Grpd) LR Fun(A®, Grpd).
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By Theorem 9.6.11, this functor admits a left adjoint
ac = Li): Fun(A®®, Grpd) — Cat

satisfying ac A" = ac hp([n]) = [n], functorially in [n] € A. We refer to ac as the associated
category functor.

Construction 11.8.2. We fix once and for all a small category A and a functor
i: A— Cat.

We assume that, for each object a of A, there is a given terminal object e, in i(a).

Let C be small category. We form the following pullback square

Aic e, Cat/c
| |
A —1— Cat
The projection A;c — A is the right fibration associated to the presheaf
a — Homcy (i(a), C) .
Recall from Proposition 9.5.7 that the embedding of RFib(C) into Cat,¢ has a left adjoint
L: Cat;c — RFib(C)
Composing L with i;c yields a functor
c: Ajc — RFib(C).

This functor sends each functor y: i(a) — C to the right fibration C/,(.,) — C. Indeed, in terms
of right fibrations, we can factor y into a terminal functor u: i(a) — X followed by a right fibrations
q: X — C. Since ¢, is a terminal object of i(a), , u(e,) is a terminal object of X whose image in C
is y(e4) by definition. This means that u(e,) determines a unique equivalence Cy () — X over
C. But the functor L will send the morphism « to an isomorphism, which explains the identification

L((i(a),¥)) = Cy(eq) -
In other words, the functor 7 determines through the equivalence RFib(C) = LFib(C°P) a functor
T:Ajc — (CP)P
hence a functor
7c:Ajc = C

naturally in C. The functor 7¢ is very explicit on objects: it sends y: i(a) — C to y(es). On
morphisms, it sends a commutative triangle of the form

i(a) — 5 i)

\ / (withu: a — b a morphism in A)
B y
C
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to the image of the map u(e,) — ep in i(b) through y.

Since the functor L is compatible with left adjoints of pullbacks (see Remark 9.5.8), for any functor
f: C — D, there is a canonical commutative square of the form

Ae —<>C

il

Ap —2-> D
where f) is the functor defined by composition with f.

Lemma 11.8.3. Let f: C — D be a right fibration. Then

Ae =5 C

il

Ap —25 D
is a pullback square.

Proof. There is a canonical commutative triangle of the form

S
A/C _— A/C
A

and each projection A;c — A is aright fibration. Therefore, fi is a right fibration. This means that
the comparison map
A /C ™ A /D XD C

is a morphism of right fibrations over A,p. In order to prove that it is an equivalence, it suffices to
check that it induces equivalences on fibers. In other words, we may fix a functor §: i(a) — D, and
we have to compare the collection of commutative diagrams in Cat of the form

c

2
s
i(a) 4%, D

with the collection of commutative diagrams of the form

’

[0] -~ C

through the rule y +— v’ = y(e,). But e, being a terminal object of i(a) and f a right fibration, the
fact that this rule defines an equivalence obviously holds. O
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Definition 11.8.4. Let A be a small category and i: A — Cat be a functor. A décalage structure on
the pair (A, i) consists of the following data.

(i) For each object a of A, there is a terminal object e, in i(a).
(i) There is an object w of A and an endofunctor D: A — A.
(iii) There are natural transformations of the form
d: idy —» D and b:wpg— D
(where w4 is the constant A-indexed functor with value w)
(iv) For each object a of A, there is a commutative diagram

i(a) 24 i(D(a)) <L i(w)

|
i(a) —— i(a) x [0] «—— [0]

in which the vertical maps are equivalences and the horizontal maps of the bottom line are the
structural embeddings.

In particular, for each small category C, we can thus perform Construction 11.8.2 and produce a
canonical functor
T:A)c > C

sending each functor y: i(a) — C to the object y(e,) in C.

Lemma 11.8.5. Leri: A — Cat be a functor indexed by a small category and equipped with a
décalage structure. We consider a small category C with a terminal object t, and let A’ c be the
fiber of the functor v: Ajc — C att. Then A; c is weakly contractible and the full embedding

A;C — A/c is a terminal functor.

Proof. We will prove that the décalage structure on (A, i) lifts to a décalage structure on the pair
consisting of A ¢ and of the composite

Aic — A Cat.

We form the following pullback squares.

A [0]
[ |
D*A Ae —<>C
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where p simply is the structural map. There is canonical commutative triangle of the form

\/

where p is the composition of D*p with the embedding of A into D*A, and ¢ is induced by
composing with the functorial maps d,: a — D(a). We claim that p is a right fibration and that ¢
is an equivalence.

To prove that j is a right fibration, we observe first that D*p is a right fibration and that A is a
full subcategory of D*A (because 7 is a terminal object, so that, in particular, 7: [0] — C is fully
faithful). Given any map u: x — y in A and any functor y: i(D(y)) — C, the property that the
pair (a,y) belongs to A simply means that y preserves terminal objects. There is a unique lift of u
in D*A, whose source is essentially determined by the composite

yoi(D(u)):i(D(x)) = C.

We want to prove that this lift determines an object of A. In other words, we have to prove that this
composite sends the terminal object ot i(D(x)) to ¢. But the functor i(D (u)) preserves the terminal
object by condition (iv) of Definition 11.8.4. This proves that p is a right fibration. Proving that ¢
is an equivalence is similar: being a morphism of right fibrations over A, it suffices to check that ¢
induces an equivalence fiber-wise. This amounts to prove that any functor of the form

v:ii(a) > C
extends uniquely into a functor of the form
vy :i(D(a)) » C

that preserves terminal objects. Condition (iv) of Definition 11.8.4 implies that it suffices to observe
the following fact: given any category B an extension of a functor of the form

u:B—C

into a functor of the form
v:Bx[0] - C

sending O to ¢ is the same thing as a commutative diagram of the following form.

C/t

B—%“5 C

But, since 7 is a terminal object, the projection C;, — C is an equivalence, hence such an extension
exists and is unique.

We define a functor D¢ : A/c — A/c as the composite
-1
Aic S A5 DA — Ajc.
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This yields a commutative square of the form bellow.

Aic 255 Ajc

| |»

A—L2 4

There are natural transformations
idg,. = D¢ « wc
lifting their analogues in A: there is a functor
5: A — Fun([1],A,c)
defined by the rule
(a,y:i(D(a)) = C) = (da,idyoq,): (a,y 0 da) — (D(a),y)

and dc¢: idA/C — D¢ is defined as 6 o 1,0_1. We define wc as the object of A ;¢ associated to the
unique functor ¢: i(w) — C reaching the object t. We observe that, for any object a of A and any
functor y: i(D(a)) — C that preserve the terminal object, the anima of isomorphism y o i(b,) = ¢
is contractible. There is thus a unique way to promote the natural transformation b into a natural
transformation b¢c: wc — D¢ (using A and go‘l as above).

We observe that w¢ is in fact an object of A; c and that D¢ takes its values in A? c Since A? c
is a full subcategory of Ac, if we denote by Dy the restriction of D¢ to A? ¢» We obtain natural
transformations of the form:

. t
1dAz/c - D —wc.

This proves that A; ¢ 1s weakly contractible. It remains to prove that the embedding of A? c into A)c
is a terminal functor.

Leté = (a,y: i(a) — C)beanobject of A;c. We want to prove that (A;C)g/ is weakly contractible.
A term of (A; c)¢/ essentially consists of

i(a) —— i(b)

u:a—b together with \\ /
y s
C

The diagram

%, D(a)

a
I
b

%, pb)

together with the diagram

i(a) 2% i(D(a)) L= C
"(”)l lf(Dw) H
i(dp) Y

i(b) —> i(D(b)) — C
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defines natural transformations of the form
) = De — we

where w¢ is the constant functor with value the object determined by the map d,: a — D(a)
together with the functor y’: i(D(a)) — C. This shows that (A; c)¢/ 1s weakly contractible and
achieves the proof of the lemma. O

Proposition 11.8.6. Leti: A — Cat be a functor indexed by a small category and equipped with a
décalage structure. For any small category C, the evaluation at the terminal object of i(a) defines
a weakly proper functor with weakly contractible fibers

TC:A/C—>C.

In particular, the category C is the localization of A,c by the class of morphisms that are sent to
identites by ¢ in C.

Proof. Let x be an object of C. Then C/, — C is a right fibration and Lemma 11.8.3 tells us that
there is a canonical equivalence of the form

Ay — (Ac)ix = (Ajc) Xc Cyx

By virtue of Lemma 11.8.5, the functor 7¢ is weakly proper and has weakly contractible fibers. The
last assertion about C being a localization of A /¢ is a particular case of Proposition 9.7.13. O

Construction 11.8.7. Let us consider a fully faithful functori: A — Cat such that (A, 7) is equipped
with a décalage structure. We form the following pullback square.

Ae l—A> Cat,

.
TA Tluniv

A — s Cat

The functor 4 is a cocartesian fibrations whose fiber over each object a it the category with terminal
object i(a). In particular, it has a fully faithful right adjoint

e: A— A,

defined by s(a) = e, on objects.

We have a pair of adjoint functors of the form
Li,: Fun(A°", Grpd) & Cat: i

Given a presheaf X : A°? — Grpd, we form the pullback squares bellow.

A
Agx —25 Ajx Grpd,”
.
o w7
Ae —22 5 A X2, Grpd®
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In other words, we have:

A./X = / l(a) .
(a’)/): A/C

Observe that the functor 74, has a right adjoint section, being the pullback of a functor with this
property. The assumption of full faithfulness on i implies that there are canonical isomorphisms of
the form

Aja = Aji(a)

defined by sending (a’,u: a’ — a) to (a’,i(u): i(a’) — i(a)). The canonical isomorphism
deduced from Lemma 9.8.11
colim(a’y); A/X A/a - A/X

can thus be rewritten as
COlim(a’y): Ajx A/i(a) — A/X .

We observe that we have a functorially given family of functors 7;(4): Aji(a) — i(a). Since
COlim(a’),); Ajx i(a) = Lig(X)

by construction, we end up with the following commutative diagram

Jiayy: ap Alita) — Ajx

| |

f(w): A/Xi(a) — Li(X)
in which both horizontal maps are localizations at cocartesian morphisms with respect to the
projection to A;x. On the other hand, the vertical arrow on the left is fiberwise a localization as
well as a cocartesian functor over A x. Therefore, it is also a localization by Theorem 7.6.20.
Furthermore, for each object (a,y) of A/x, y: ha(a) — X, there are functorial equivalences of the
form

(A/x)/ay) = Ara = Aica)

and we have an equivalence

Fun([1], A/x) = / (A7x)/(ay)
(asy): A/X
over A/x, with evy: Fun([1], A/x) — A/x as structural map. In other words, we end up with the

following commutative diagram.

Fun([1], A;x) =, Ajx

o |«

Ae/x T Li\(X)

Since i is fully faithful, the terminal object of i(a) is determined by a unique map e, : w — a in
A. We will say that amap u: a — b in A is a last vertex morphism if u o e, ~ e holds (such an
isomorphism, if it exists, is necessarily unique).
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Lemma 11.8.8. Let W be the of morphisms in A x whose image in A is a last vertex morphism. We
also denote by W the family of morphisms in Fun([1], A /x) whose image by the functor evy is in W.
Then the functor evo) induces an equivalence of localizations

Fun([1], A;x)[W™'] = (A/x)[W].

Furthermore, the functor qx sends morphisms in W to cocartesian morphisms relatively to the
projection of Ay/x to A/x, and induces an equivalence

Fun([1], A/x)[W™'] = Lii(X).

Proof. The functor evy has a fully faithful left adjoint sending an object of A/x to its identity (the
latter being seen as an object of Fun([1], A/x)). The co-unit of this adjunction consists of squares
of the form bellow.

a

|7

b

In particular, the co-units of this adjunctions all belong to W. The units belongs to W because they
are isomorphisms. The functor evy sends W into W and its adjoint sends W into W. It thus follows
right away from Lemma 10.1.4 that evy induces a functor of the form

a

|-

a

Fun([1], A/x) [W™'] = (A [W']

that has a left adjoint and such that both the unit and co-unit morphisms are objectwiwe invertible.
In other words, this is an equivalence.

Using Remark 9.4.19, we can describe objects of A,/x as triples (a,y,x) with a an object of A,
v: X4, and x: i(a)®. A morphism from (a,y,x) to (b,6,y) is a pair (f,u) with f:a — b a
morphism in A and u: i(f)(x) — y a morphism in i(b). One checks that such a morphism is
cocartesian with respect to projection of A, x to A/x if and only if u is an isomorphism. We also
know that the localization of A,,x by cocartesian morphisms precisely is Li;(X). A morphism in
A/x essentially is a pair (u,y) with u: a — b a morphism in A and y: X,. The functor gx sends
such a pair (i, y) on the triple (b, v, x), where x is the image of the terminal object e, : i(a)~ ini(b)
through u. Under this explicit description, it is clear that W consists precisely of those morphisms
sent by gx to cocartesian morphisms.

Since the functor 7 is fully faithful, we may think of x: i(a) as a map from w to a in A. Since
[1] = i(D(w)) we can represent the data of a morphism in A,;x as a commutative diagram of the
form
de b
w —> D(w) «—— w

| A

u
a— b

together with a term y: Xj,. This presentation makes clear that any morphism in A,/x comes from
a morphism in Fun([1], A;x). This implies right away that the localization of Fun([1], A,x) by
W coincides with the localization of A,/x by cocartesian morphisms, by a simple inspection of
universal properties. O
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Theorem 11.8.9. Leti: A — Cat be a functor indexed by a small category. We assume the following
to hold:

(i) The functor i is fully faithful.

(ii) The pair (A,i) is equipped with a décalage structure.

Then the functor
i*: Cat — Fun(A°, Grpd)

defined by the rule C — (a — Homcy(i(a), C)) is fully faithful.
Proof. Let C be a small category. It suffice to prove that the co-unit functor
Liyi*(C) » C

is an equivalence. We have A,c = Aj;+(c) functorially in C by construction. We thus observe from
Corollary 9.5.3 that i*(C) is a colimit of the form

colimg,y): A, ha(a) = i"(C).

The functorially given family of functors 7;(4): Ai(a) — i(a). yields the following commutative
diagram
colim(a,y): 4/ Ajita) == A/c

l lrc

colim(g,y): A/ i(a) —— C.

In other words, taking into account the commutative diagram at the end of Construction 11.8.7, we
obtain a commutative diagram of the following form (where A,;c = A4/i*(C))-

Aic

lffcx

Li(i*(C)) —— C

Using furthermore Proposition 11.8.6, we observe that C is the localization of A ;¢ by the family of
morphisms whose images by 7¢ are identities. On the other hand, Lemma 11.8.8 tells us that 7.
exhibits Li)(i*(C)) by the family of morphisms in A, whose image in A is a last vertex morphism.
In order to prove the theorem, is suffices to prove that any morphism in A ¢ inducing an identity in
C is sent to an isomorphism in Li(i*(C)).

We can represent the data of a morphism in A,c as a commutative diagram of the form
do be
— D(w) «—— w

together with a functor y: i(b) — C. The property that such a morphism is sent to an identity in
C means that y o i(v) factorizes through y(e,): [0] — C. By functoriality in C, this means that

u
s
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we only need to understand the case C = [0]. In this case, A/c = A has a terminal object that
remains terminal in any of its localizations by Proposition 10.1.1. This means that the image of w
in Li;(i*(C)) is a terminal object. But the image of D(w) is the same as the image of w through
the map b,. Therefore, v corresponds to a map between terminal objects in Li,(i*(C)) and is thus
invertible. O

Corollary 11.8.10. The Rezk nerve functor N : Cat — Fun(A°P, Grpd) is fully faithful.

Proof. We apply Theorem 11.8.9 in the case A = A with the canonical embedding i: A < Cat. The
fact that (A, i) has a décalage structure holds by definition of A. O

Construction 11.8.11 (unions in categories of presheaves). Let C be a small category and X : CP —
Grpd a presheaf. We assume given a family of embeddings /= < Emb(Fun(C°, Grpd))™ (see
Construction 7.6.13) of the form

U—>X

and we assume that the following conditions hold: for any U < X and V < X in I, the pullback
U xx V < X iseither in I or is empty (i.e. @ =~ U xx V).
We form the full subcategory I of Fun(C®, Grpd),x spanned by /=. We thus have a canonical
functor

¢: I — Fun(C°®, Grpd)

defined by ¢(U — X) = U and a cocone c¢: ¢ — const;(X) induced by the embeddings U — X,
hence a canonical map

j: colim U — X.
UsX: 1

We observe that / is a small category: it is a full subcategory of the category of presheaves on C,x
with values in the small category of propositions. The colimit of the U’s above is called the union
of the family I in X. This terminology is justified by the following lemma.

Lemma 11.8.12. The map j: colim; ¢ — X constructed above is an embedding. More precisely,
it induces an isomorphism of the form

colim U = colim C(T/X)
UsX: 1 AP

withT = Yy x. ;= U — X the canonical map and C(T/X) defined as C(T/X). = C(T./X.) for
all c: C.

Proof. Let Z = colimpo C(T/X). For each object ¢ of C, since the evaluation at ¢ commutes with
small limits and with small colimits, the evaluation of Z at ¢ is the colimit of C(7,./X.), hence
the canonical map Z. — X, is an embedding, by Corollary 11.4.12. Since evaluation at C~ is
conservative, this shows that we have a canonical embedding Z — X. Replacing X by Z, we may
assume, without loss of generality, that Z = X (or, equivalently, that the map 7 — X is a cover
fiberwise).

Let ¢ be an object of C. We want to prove that the colimit of the U(c)’s is X(c¢). We consider then
the following pullback squares.
J — Cat,

]
J/ Tluniv

IﬂCat
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We now have
colim Uf(c) = ||/].
UsX: 1

The embeddings U(c) — X (c) induce a functor / — I x X(c¢) hence a projection pr: J — X(c).
It suffices to check that J is weakly contractible in context X(c¢). Since T(c) — X(c) is a cover,
it is in fact sufficient to prove it in context 7T(c). It is thus sufficient to prove this in each context
U(c) for each embedding U(c) < X(c). The fiber F' of the projection pr over U(c) is the full
subcategory of J spanned by those pairs consisting of an embedding V < X to gether with a term
of U(c) Xx(¢) V(c) in context U(c), i.e. a proof that the first projection U(c) xXx(c) V(c) — U(c)
is an equivalence. We thus have a functor

p: F—-F, U->UxxV

and the second projection U Xx V — V defines a map from idr to ¢. On the other hand, the first
projection U Xx V — U defines a map from ¢ to the constant functor with value U (together with
the proof that U(c) Xx(c) U(c) — U(c)), proving that F' is weakly contractible. O

Example 11.8.13. Let C be a small category and X: C°? — Grpd a presheaf. We consider two
embeddings U <— X and V — X. We denote by

UnNnvV =UxxV—>X

the embedding of the fiber product of U and V over X. The union of U and V in X, denoted by
U UV, is the colimit of the diagram of immersions

U—>X,V—oXandUNV — X.
The previous lemma tells us that we have a canonical embedding
UuV — X.
In fact, one can check that the induced commutative square

unvV ——YV

I l

U—>UuV

is both cartesian and cocartesian. Indeed, since U U V embedds in X, to check that it is a pullback
square, it suffices to do it after replacing U U V by X, and this holds then by definition. To prove that
it is cocartesian, we observe that the full subcategory / of all immersions of codomain X spanned
by immersions with domain U, V or U N V is equivalent to the category I, so that the presentation

UUV = colim W
We—X:1T

literally says that the square above is a pushout square.

Construction 11.8.14. We construct an embedding

in: Seg" — A"
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in Fun(A°P, Grpd) for each n: N as the union of all the embeddings of the form
v A s A" and wii Al — A"

with i: {0,...,n} and j: {1,...,n}, defined inductively as follows. For n: N, we see [n + 1] as
[n] % [0] and the embeddings
[n] < [n] * [0] < [0]

thus define two embeddings

5n+ll vn+]1
A n+ An+1 n+ AO )

We define wZﬂ as the map corresponding to the unique section of the structural map [n] x [0] —

[0] % [0] = [1]. We define finally:

i _ cn+l i F s
Vi1 =000 0V, ifi: {0,...,n},
J _ cn+l J e
Wi =0 oW if j: {1,...,n}.

Since functors between posets are fully determined by their effect on objects, the maps above are
fully determined by their induced maps on vertices. We see by induction that v’' sends 0 to i and w;?
sends 1to jandOto j — 1.

Definition 11.8.15. A Segal anima is a functor C: A — Grpd such that, for each n: N, the
embedding Seg” — A’ induces an isomorphism

Hom(A",C) = Hom(Seg",C) .

n+l1 n+l

w
Lemma 11.8.16. The union of Seg" — A" I A gnd AT S AL g Seg"! < A™! for any
n: N.

Proof. The image of
Seg" LAl — AL

coincides with the image of the map

Al N An+1
Jj:A{l,...n+1}

induced by the maps w;.”l : A' = A™! which, by virtue of Lemma 11.8.12, precisely is Seg"*!. O

Remark 11.8.17. Given X: A°®’ — Grpd and n: N, we define

X1 Xx, -+ Xx, X]

n times

as follows:
X1 XXy " XX, X1 = Xp

0 times
and for any n: N
X1 XXO"'XXOXI = (Xl XXO"'XXOXI)XXOXI

n+ 1 times n times
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where the structural maps to Xy are induced by the last projection to X; composed with the map
d': X; — X, on the fist factor, and by the map d®: X; — X, on the second factor. The previous
lemma provides the induction step to prove that

Hom(Seg", X) ~ X Xx, - - Xx, Xi

n times

for any n: N. The case n = 2 is already interesting: there is a canonical pullback square of the form

Hom(Seg?, X) —— X;

_|
J« J«do
dl
X, —— Xo.

Construction 11.8.18. Let C be a Segal anima. An object of C is a term of Cy. A morphism of C
simply is a term of C;. We define the composition law of morphisms in C as the composition of the
inverse of the equivalence

C; = Hom(A?, C) = Hom(Seg?, C) = C x¢, C

with the map
d': Cy— Cy.

This defines a morphism
CixgCi—Ci, (f.9)—gof.

It is characterized by the property that, there is a unique term ¢: C; together with identifications of
the form es: d%(t) = f, eq: d*(t) = g, and ey : d'(t) = g o f.

A morphism f: x — yin C is a term f: C; with identifications of the form s: d'(f) = x and
t: d°(f) = y. For instance, given any object x of C, there is the morphism id, : x — x defined as the
image of x: Cy through the map Cy — C; induced by A! — A®. One checks that the associativity
equivalence

(C1 Xc, C1) X¢, C1 = C1 X¢, (C1 X¢, C1)

induces a canonical identification
afren(hog)of=ho(gof)

forany maps f: x - y,g: y—>zand h: z > trinC.

A morphism f: x — y in C is an isomorphism if there are morphisms g: y — xand h: y — x
together with identifications of the form

l:gof=idy and r: foh=id,
Isomorphisms form an anima Iso(C) equipped with a forgetful map
Iso(C) = Cy, (f.g,hlr)—f

and there is a canonical proof that id, is an isomorphism in x, yielding a canonical map

id: Cy — Iso(C).
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More precisely, Iso(C) is defined through the following diagram.
Iso(C) —— G2 X .2 C2 — C
J |
dxd?
CoxCy —— C x(C

ld‘xd‘
,y)—(idy,id
Co x Cy 222 b ey

Given x, y: Cy, we denote by x . y the fiber of the map Iso(C) — Cy X Cp at (x, y).
Definition 11.8.19. A Segal anima C is complete if the map id: Cy — Iso(C) is an equivalence.
Example 11.8.20. For any small category C: Cat™, the Rezk nerve N(C) is a complete Segal anima.

Definition 11.8.21. A morphism of simplicial animae f: C — D is fully faithful if the induced
square

Ci N D,
(do,dl)l l(do,dl)
Joxfo

Cox Cy —— Dy x Dy

is cartesian. A morphism of simplicial animae f: C — D is essentially surjective if the the
collection of pairs of the form (x,u) with x: Cp and u: f(x) — y covers D through the map
(x,u) = y.

A morphism of Segal animae is a Dwyer—Kan equivalence if it is both fully faithful and essentially
surjective.

Remark 11.8.22. If C is a Segal anima and x,y: C are two objects, the collection C(x,y) of
morphisms from x to y in C fits in the pullback square bellow.

Clx,y) — G

l l(do,dl)
(

% —>x’y) Cox Cy

A morphism of Segal animae f: C — D is fully faithful if any only if, for any objects x, y of C (in
some groupoidal context I'), the induced map

C(x,y) = D(f(x), f()

is an equivalence (in context I).

The proof of the following lemma is straightforward.

Lemma 11.8.23. If f: C — D is a fully faithful morphism of Segal animae, then there is a canonical
pullback square of the form:

Iso(C) Lot Iso(D)

l l

Ci S/ BN D,
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Proposition 11.8.24. A morphism of Segal animae f: X — Y is an equivalence if and only if it is
fully faithful and induces an equivalence fy: Xo — Y.

Proof. This is clearly a necessary condition. Conversely, if f: X — Y is fully faithful and induces
an equivalence fy: Xo — Yo, then it induces an equivalence

fi: X1 —"

as well: fj is then a pullback of the equivalence fy X fo. This implies right away that f induces an
equivalence of the form
X1 XXO"'XX()Xl ;>Y1 XYO"'XYOYI-

n times n times

The commutative square

Hom(A",X) ——— Hom(A",Y)

zl lz

Hom(Seg", X) —— Hom(Seg",Y)
thus implies that f;,: X,, — Y,, is an equivalence for all n: N. O

Corollary 11.8.25. A morphism of complete Segal animae is an isomorphism if and only if it is a
Dwyer—Kan equivalence.

Proof. This is clearly a necessary condition. Let f: C — D be aa Dwyer—Kan equivalence between
complete Segal animae. By virtue of Proposition 11.8.24, it suffices to prove that fy: Coy — Dy is an
equivalence. It suffices to check that fj is both a cover and an embedding (see Proposition 11.5.9).
We consider the following commutative diagram.

Jo

C0—>D0

Iso(C) e, Iso(D)

Ji

C, —— D,

Cox Cy M Do x Dy
The upper square is cartesian because its two vertical maps are equivalences (since C and D are
complete). The lower square is cartesian because f is fully faithful. The middle square is a pullback
square as well by Lemma 11.8.23. Therefore, the outer square is cartesian, which proves that fj is
an embedding. Finally, if Cy Xp, Iso(D) denotes the pullback of Cy along the projection of Iso(D)
to Dy that pick the codomain of isomorphisms in D, we have an obvious commutative triangle of

the form
Co XDy ISO(D)

Co Dy
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with p(x,u: x N y)=xand g(x,u: x > y) = x. Since ¢ is a cover by assumption, so is fj. m]

Construction 11.8.26. Let E: Grpd™ be a small groupoid. We form the following pullback square.

Fun(A°?, Grpd) g —— *

| |+

Fun(A°P, Grpd) SRALEN Grpd

Alternatively, one can see E as a constant presheaf on A and form the co-slice category Fun(A°?, Grpd)g,.
the category Fun(A°P, Grpd)g is the the full subcategory of Fun(A°?, Grpd)g, whose objects are
pairs (X, e), with X a presheaf on A and e: E — X, an equivalence.

Proposition 11.8.27. The full embedding ir: Fun(A°?, Grpd)g < Fun(A®?, Grpd)g, has a right
adjoint (X, e) — (e*(X), ex).

Proof. Let X: A°® — Grpd be a simplicial groupoid equipped with a map e: E — Xj. Since [0]
is an initial object of A°", X induces a functor X with values in Grpdy, -

(AOp)[O]/ E— Grpdxo/

| 3

-

AP X, Grpd

AN

Pulling back along e induces a functor
e": Grpdy,, — Grpdg, .

We define ¢*(X) to be the composite

forget

e (X): AP % Grpdy,, <, Grpd;, — Grpd.
For each n: N, we have a canonical pullback square

e (X) =25 X,

| l

E — Xo
hence, in particular, an equivalence ex: E — ¢*(X)o and a morphism

pPrex: (e7(X),ex) — (X, e).

One checks immediately that, for any Y: Fun(A°, Grpd)® and any equivalence f: E — Y,
post-composing with prg y induces an equivalence:

Hom((Y, f), (¢"(X), ex)) — Hom((Y, f), (X, e)).

Therefore, the assignment (X, e) — (e*(X), ex) is the restriction on objects of a right adjoint to
iE. O
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Remark 11.8.28. In the construction of the right adjoint in the proof of Proposition 11.8.27, we see
that if X is a Segal anima, then so is e*(X): this follows right away from the fact that the functor
(—) Xx, E preserves pullback squares.

Remark 11.8.29. Let f: X — Y be a morphism of simplicial groupoids. We have a unique
factorization of f of the form
f . Prx,.y
X— fy¥Y) —Y
where f is a morphism in Fun(A°P, Grpd) X,- furthermore, the projection pry, y is in particular fully

faithful.

Assuming that both X and Y are Segal animae, we observe the following properties:

(i) The morphism f is fully faithful if and only if f is an isomorphism.

(i)) The morphism f is essentially surjective if and only if the projection pry, y is a Dwyer-Kan
equivalence.

Indeed, property (i) is a direct consequence of Proposition 11.8.24 and property (ii) is obvious.

Lemma 11.8.30. Let us consider two morphisms of Segal animae f: C — D and g: D — E. If
two out of the three morphisms f, g or g o f are Dwyer—Kan equivalences, so is the third.

Proof. Since one can compose pulback squares as well as covers, it is clear that Dwyer—Kan
equivalences are stable under composition.

Let us assume that f and g o f are Dwyer—Kan equivalences. Since covers are stable under pullbacks
and compositions, it follows from Corollary 11.5.7 that g is essentially surjective. We have to prove
that the map

D1 — (Do X Do) X(E,xEy) E1

induced by g; is an equivalence over Do X Dg. Let X = Cy Xp, Iso(D) and ¢ X — D be the
map picking the codomain of isomorphisms. Since g X g is a cover, it suffice to prove that g; is an
equivalence after pulling back along g X g by Proposition 11.5.4. But after such a pullback, g X ¢
has a section. Furthermore, given u: a Sbina Segal anima C, we get equivalences of the form

u*: C(b,t) » C(a,t) and u.:C(t,a) — C(t,b)
for any 7: Cy (exercise left to the reader). Therefore, it suffices to prove that g induces an equivalence

D(f(x), f(y)) — E(g(f(x)).g(f(¥))

for any terms x, y: Cyp. This follows from the commutative triangles

C(x,y) )

D(f(x), f(») E(g(f(x)),g(f(»))-

373



Let us assume now that g and g o f are Dwyer—Kan equivalences. The pasting lemma for pullback
squares (1.3.16) tells us that f is fully faithful. We define E) = Cp and w = go o fo, and form the
pullback squares bellow.

o Dy Ej
I
Co Jo Do 80 Eo

Note that all the vertical maps in the diagram above are covers. We define C’ = u*(C), D’ = v*(D)
and £’ = w*(E). We obtain a commutative diagram of the form

f g

c’ D’ E’
|
C —— D —/— E

In which all vertical maps are Dwyer—Kan equivalences. The morphism g’ and g’ o f” are Dwyer—
Kan equivalences as well: they are essentially surjective by construction and the full faithfulness of
g and g o f obviously implies the same property for any of their their pullbacks. To prove that f is
a Dwyer—Kan equivalence, it suffices now to prove that f’ is a Dwyer—Kan equivalences. In other
words, without loss of generality, we may assume that the composite g o f has a section. Let y: Dy
such that there is x: C with an isomorphism g(y) — g(f(x)). Then there is an isomorphism of
the form f(x) — y by Lemma 11.8.23. Using the fully faithfulness of f, and the given section of
g o f, this implies that the induced map

Iso(f): Iso(C) — Iso(D)
is a cover. But f obviously is a retract of Iso( f) and is thus a cover as well by Corollary 11.5.8. O
Theorem 11.8.31. For any Segal anima X, the co-unit map
ex: X — N(ac(X))

a Dwyer—Kan equivalence.

The proof of Theorem 11.8.31 will require a few preparation. We fix a simplicial anima X.

Construction 11.8.32. Let W the subcategory of lax vertex maps in A (see the end of Construc-
tion 11.8.7). In other words, W is the synthetic subcategory of A defined by W= = A™ with morphisms
those morphisms

film] — [n]
such that f(m) = n. We form the pullback square bellow.

Wx—>W

[

A/X — A
Inverting Wx in A x yields ac(X): by virtue of Lemma 11.8.8, there is a canonical equivalence
Ax[Wx'] = ac(X) .
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We observe that Wy, = (A,x)~. Given an object d of A/x, we write W(d) for the co-slice of d, seen
as an object of Wx. There is thus a canonical functor

pa: W(d) = (Ajx)a -
This is obviously a putative left calculus of fractions at d. For c: A x we write
W(d)e) = (A/x)ey XA W(d).

The dual version of Remark 10.3.8 tells us that p, is a left calculus of fractions if and only if the
functor
(A/X)OP — Grpd, ¢ He(W(d)e))

sends all morphisms of Wy to isomorphisms.
From now on, we fix a term y: Xo. We interpret the latter as the object d = ([0],y) in Ax.

An arbitrary object ¢ of A/x is a pair of the form ¢ = ([n], x) for some n: N and x: X,,. We define
Px(x, y) through the pullback square

Px(x,y) — Xnui

.
J/ l(dn+l’evn+l)

* — X, X X

where d"*! is the operator induced by the canoncal embedding [1] < [n] * [0] = [n+1] and eV,
the operator induced by the canoncal embedding [0] < [r] x [0] = [+ 1].

The projection A;x — A induces a functor
(Asx)es = Ay
inducing with the projection Wx — W a canonical functor
q: W(d)e) = Winjy = Mgy xg W
Let i,, be the object of Wy, corresponding to the diagram
[n] = [n] % [O] .

Lemma 11.8.33 (Hebestreit—Steinebrunner). Under the assumptions of Construction 11.8.32, the
functor q: W(d)e) — Winy, is a right fibration with fiber at i, canonically isomorphic to Px(x,y).
Furthermore, the embedding of Px(x,y) into W(d)., as fiber of q is an initial functor, inducing a
canonical equivalence

Px(x.y) = M (W(d).))

If furthermore X is a Segal anima, then the presheaf
¢ = Heo(W(d)c))
sends all morphisms of Wx to isomorphisms, so that
pa: W(d) — (Ajx)ay

is a left calculus of fractions at d = ([0],y) in A/x with respect to Wx.
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Proof. Since A;x — A is aright fibration, so is the induced functor

(Asx)e) = Apnyy

by Proposition 6.4.5. Right fibrations being stable under pullbacks, this yields a right fibration of
the form
(Arx)e) XA W = Apyy XA W

We observe that [0] is an initial object of W and that Wy — W is a right fibration (as pullback of
the right fibration A;x — A along the embedding W < A), hence we get another right fibration
through another application of Proposition 6.4.5:

W(d) = (Wx)a; = Wiy =W.
Therefore, we get by pullback of the latter along the second projection
(A/x)e) XA W > W
a right fibration of the form
(Asx)es XA Wx)as = ((Ajx)e) XA W) xw (Wx)ay = (Ajx)e) XA W.
Composing with the right fibration (A;x)c; XA W — A[,); XA W, this proves that the functor
q: W(d)e) = Wiy

is a right fibration as composition of two right fibrations. We observe that i, : (W[,]/)” is an initial
object. Indeed, an object in W[}, is a morphism u: [n] — [m]. A morphism from u: [n] — [m]
to u’: [n] — [m’] is a morphism f: [m] — [m'] such that f ou = u’ and f(m) = m’. For
u: [n] — [m], there is a unique map i: [n + 1] — [m] such that i(i) = u(i) for i: [n]™ and
ii(n+ 1) = m: since objects of A are posets (Example 11.2.19), this follows from the last assertion
of Lemma 11.2.21. The morphism i is the unique morphism from i, to the object determined by u.
Right fibrations being smooth, since i, : * — W[,), is an initial functor, the embedding of the fiber
of g at i,, is an initial functor.

Since ¢ is a right fibration, it is conservative and its fiber at i, is a groupoid. The terms of this
groupoid tautologically consist of those of Px(x, y).

It remains to prove the last assertion of the lemma, assuming furthermore that X is a Segal anima.
In this case, we observe, using Lemma 11.8.16, that there is a pullback square of the following form.

X1 — Xy

| [

X, — 5 X,
The latter is the outer square in the commutative diagram

Xp1 — X

(d"”’evnn)l l(do,dl)
Xy X Xog — Xo X Xp

evp Xidxo
pry l lprl
ev

X, —2" X,
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in which the lower square is cartesian. In other words, we have a pullback square of the form

Xpy) —— X

(d"“,evnn)l l(do,dl)
% .
X, X Xo v xid, Xo X Xp

This means that there is a canonical isomorphism of the form

PX(x’y) = PX(-xn’y)

where x,: Xy is the evaluation of x: X,, at n: [n]=. Let ¢ = ([n],x) and ¢’ = ([n'],x’) be two
objects of A;x. A morphism u: ¢ — ¢’ in A/x, is a morphism u: [n] — [n’] in A together
with an identification s: u*(x") = x. saying that u belongs to Wx means that u(n) = n’, which
induces through s an identification o : x,, = x/,. Let ¢o = ([0],x,,) and ¢(; = ([0], x],). We have a
commutative square in Ay of the form

co <

|

u ’
c——c¢
inducing a commutative diagram of the following form

Px(x',y) —— Mo(W(d)er)) —— Heo(W(d)e/) e« Px(x,y)

| l l |

Px(x7,,y) — Nu(W(d)ey)) == Nu(W(d)y) —— Px(xn, ).

This achieves the proof of the lemma. ]

Exercise 11.8.34. Under the conventions and definitions of Construction 11.8.32, check that the
proof of Lemma 11.8.33 shows in fact that the property for X to be a Segal anima is equivalent to
the property that, for any y: Xo,

pa: W(d) = (Ajx)ay

is a left calculus of fractions at d = ([0],y) in A x.

Proof Theorem 11.8.31. Let X be a Segal anima. As explained in Construction 11.8.7, we have
canonical commutative square

Fun([1],A/x) =, A/x

o |-

AO/X ]—X> aC(X)
and Lemma 11.8.8 tells us that 75 exhibits ac(X) as the localization of A;x by last vertex maps.
Given n: N, the map
(SX)n: Xn - N(aC(X))n
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sends y: X, to the composition of the functor jx with the embedding
[n] — A./X
corresponding to the fiber of the cartesian fibration
A./X - A/X

at the object ([n], 7).

An object of Fun([1],A/x) essentially is a pair (u,y) with u: [m] — [n] a morphism of A and
v: X,. Forany i: [n]~, the projection
[n])i = [n]

is a full embedding and induces an equivalence [n];; — [i]. From there, we observe that, since
m is a terminal object of [m], the property for u to be a right fibration is equivalent to the property
that u induces an equivalence [m] — [n];,(m). Using Remark 9.4.19, this implies that One can
decribe A,/ x as the full subcategory of Fun([1], A;x) whose objects are pairs (u,y) as above, such
that u is a right fibration. Let

r: Agx — Fun([1],A/x)

defined by this description of A,/x. The functor gx assigns to each pair (u,y) in Fun([1], A/x) the
right fibration [u(m)] = [n] u(m) < [n] together with the same y : X,,. The canonical commutative
square

— [u(m)]
| [
[n] == I[n]

define a map 77(,,y): (u,¥) — r(gx(u,y)) in Fun([1],A;x). One checks right away that this turns
r into a right adjoint section of gx with 7(, ) as unit maps.

[m] ) — [7]juim)
H
[m]

The functor jx = jx o gx o r is isomorphic to the functor 7§, o evg o r.

This implies that the map
(ex)o: Xo — N(ac(X))o = ac(X)~

is a cover. Indeed, we know that

(Aux)™ = ) Xp — ac(X)”
n: N

is a cover by Corollary 11.5.14. But, for any y: X,,, since
n: [0] — [n]

is a last vertex map, it induces an isomorphism from the image of ([0], y(n)) to the image of ([n], y)
in ac(X), which implies that the restricted map Xy — ac(X)~ is already a cover.
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It remains to prove that the morphism £x: X — N(ac(X)) is fully faithful. Let us consider given
x,y: Xo. We have to prove that the induced map

(&x)x,y: X(x,y) = N(ac(X))(ex(x), ex(y)) = ac(X) (ex(x), x(y))

is an equivalence. Thanks to the last assertion of Lemma 11.8.33 together with the dual version of
Remark 10.3.8, there is a canonical isomorphism of the form

Heo(W(d)c/) = ac(X)(ex(x), ex(y))
with ¢ = ([0],x) and d = ([0], y). Under the obvious identification Px(x,y) = X(x, y), using that
Jx = Ty oevg or, we see that the map (ex)x,y coincides with the equivalence of Lemma 11.8.33
X(x,y) = Ho(W(d)/) = ac(X)(ex(x), ex(y)) -

In other words, it sends u: X; with #(0) = x and u(1) = y to the image through 7}, of the morphism
([0],x) — ([1],u) induced by the initial embedding [0] < [1] (and we can apply this pedestrian
description to the universal term of X (x, y)). This achieves the proof. O

Corollary 11.8.35. As simplicial groupoid X is a complete Segal anima if and only if the co-unit
map €x: X — N(ac(X) is invertible.

Proof. This is a necessary condition since the Rezk nerve of any small category is a complete
Segal anima. Conversely, if X is a complete Segal anima, then by Theorem 11.8.31, the map
ex: X — N(ac(X) is a Dwyer—Kan equivalence between complete Segal animae. Corollary 11.8.25
thus ends the proof. O

Corollary 11.8.36. A morphism of Segal animae f: C — D is a Dwyer—Kan equivalence if and
only ifac(f): ac(C) — ac(D) is an equivalence.

Proof. The Rezk nerve functor being fully faithful, it is conservative. Therefore, we might as
well prove that Dwyer—Kan equivalence are exactly those morphisms sent by the functor N o ac to
equivalences. For any morphism of Segal animae f: C — D we have a commutative square

c =N (ac(0))
fl [Weew
D -2 N(ac(D))
in which the two horizontal maps are Dwyer—Kan equivalences by Theorem 11.8.31. Since the right

vertical map is a morphism of complete Segal animae, we see that this corollary follows immediately
from the combination of Corollary 11.8.25 and Lemma 11.8.30. O

Corollary 11.8.37. The functor ac exhibits the category of small categories as the localization of
the category of small Segal animae by Dwyer—Kan equivalences.

Proof. Let SegCat be the full subcategory of Fun(A°?, Grpd) whose objects are Segal animae. We
obtain an adjunction of the form
ac: SegCat 2 Cat: N

with N fully faithful by Corollary 11.8.10. This corollary is now a direct consequence of Corol-
lary 11.8.36 and of Proposition 5.5.10. O
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Corollary 11.8.38. Let C be a small category. Then 1o (C) is the colimit of N(C): A°° — Grpd.

Proof. Identifying the universe Cat with the category of complete Segal animae, this follows imme-
diately from the fact that composing the full embedding

Grpd — Cat

with the nerve functor yields the functor sending each groupoid X to the constant functor indexed
by A°P with value X. O
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12 Filtered colimits of animae

12.1 The poset of natural numbers

In the previous section, we defined the set of natural numbers. The goal of this section is to equip N
with the structure of a poset: we will define a category w with objects given by the natural numbers,
and with morphisms given by maps n — m whenever n < m.

Rather than directly defining w, we will first define what it means to take “limits and colimits over
w” by writing down an explicit formula. This will require us to first discuss some preliminaries on
sequences in a category C.

Definition 12.1.1. Let C be a category. We define the category Seq,,(C) of w-indexed sequences
in C as the following pullback:

Seq,, (€) —— [T Fun([1],C)
- |
[pew € —2— [Tuen(C % 0),

where the functor p is defined by p((fi)nen)i = (¢(f;), s(fi+1)). Dually, we define the category
Seq,, o (C) of w°P-indexed sequences in C as

Seq o0 (C) := Seq,, (CP)°P.

Explicitly, an object of Seq,,(C) consists of a collection of objects (X, )nen of C together with a
sequence of morphisms f,: X;, — X;,+1 between them:

XoDx Lx, B
We will denote such an object by (Xj,, f)nen. Dually, an object of Seq,op (C) consists of a collection
of objects (X},)nen With morphisms f;, : X,+1 — X, going in the other direction.

Definition 12.1.2 (Milnor (co)limit). Let (X,,, f,),encoe be an w°P-indexed sequence in a category
C with pullbacks as well as countable products (i.e. N-indexed limits). We define the Milnor limit
“lim;, X,, of the sequence above as the pullback

“lim), X, 1, X»
| Js
[T, Xn —2— [1,(Xa X X,.),
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where for i € N the i-th component of the map ¢ is given by the map (pr;, fi o pryyy): [, Xn —
X; X X;.
Dually, if (X,,, f)nen is an w-indexed sequence in a category C with colimits, we define its Milnor

colimit “colim;, X,, as the Milnor limit of the associated sequence in C°P,

The Milnor limit “lim;; X,, comes equipped with projection maps pr;: “lim;; X;,, — X; for every
i € N that satisfy the condition that the following triangles commute:

i+1

X
N

6‘1' bE
m; X, —— X;.
n An pr; i

Moreover, it is universal with this property: for any other object T equipped with maps t;: T — X;
satisfying f; o t;y; = t; we obtain a unique map ¢: 7 — “lim),, X,, such that #; = pr; oz.

The proof of the following lemma is obvious.

Lemma 12.1.3. IfF: C — D is afunctor between categories with pullbacks and countable products,
and if F commutes with pullbacks and countable products, then for any object X of Seq o (C), there
is a canonical equivalence of the form

F(“lim,; X)) = “lim,; F(X,,).
Construction 12.1.4. Let C be a category. We define for every n € N a restriction functor
res, : Seq,(C) — Fun([n],C)

which informally sends an w-indexed sequence (X;, f;);en to the diagram X & . ﬂ X,. We

define this functor by induction. For n = 0, we define res, to be the composite

Seq,,(C) — [ [ Fun([1].C) 2, Fun([1],0) S C.
neN

For n € N we define res,,; as the unique map determined by the following commutative diagram:

Seqw (C) res,
l W\
\\\$

[1; Fun([1],C) Fun([n +1],C) —— Fun([n],C)

-
pr l lev"
C.

Fun([1], ) ————
In light of the top commutative triangles, these functors determine a comparison functor
res: Seq,(C) — “lim,, Fun([n],C),

where the right-hand side denotes the Milnor limit in Cat of the w°P-indexed sequence in Cat given
by the categories Fun([#n], C) and the restriction functors Fun([n + 1], C) — Fun([n], C) along the
inclusions [n] — [n + 1].
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Proposition 12.1.5. For a category C, the comparison functor
Seq,, (C) — “lim,; Fun([n],C)
is an equivalence.

Proof. Consider the following commutative diagram:

Seq,, (C) [1, Fun([n], C) [T, Fun([1],C)
[1, Fun([n], C) —2> [1,(Fun([n], C) x Fun([n],C)) —> [1,(Fun([n],C) x C)
lﬂn s lnn id xs
I.c < [1,(CxC).

Since the outer square, bottom rectangle and upper right square are pullback squares, it follows from
the pasting law of pullback squares that also the upper left square is a pullback square. Since this is
precisely the diagram inducing the map Seq,, (C) — “lim;, Fun([n], C), the claim follows. O

Definition 12.1.6 (Poset of natural numbers). We define the poset w as the Milnor colimit
w := “colim); [n]: Cat™

of the simplices [n] along their inclusion maps [n] < [n] * [0] = [n+ 1].

Proposition 12.1.7. For a category C, there is a preferred equivalence

Seq,,(C) — Fun(w,C).

Proof. Since Fun(—, C): Cat®® — Cat preserves limits, this proposition follows immediately from
Lemma 12.1.3 and Proposition 12.1.5. O

Proposition 12.1.8. For a functor X,: w — C, regarded via Proposition 12.1.7 as an w-indexed
sequence in C, there is a preferred equivalence

“colim,; X,, — colim,. ., X,.

Similarly we have “colim,; X,, — lim,,. o0 X, for every w°P-indexed sequence in C.

Proof. By definition of w, this is a straightforward combination of three suitable applications of
Corollary 9.8.9 put together. O

Lemma 12.1.9. For an object X € C, the canonical maps X — colim,,. , X and X — lim,. 4,0 X
are equivalences.

Proof. We prove the case for limits; the case for colimits is dual. By the previous proposition
it suffices to show that the map X — “lim;; X is an equivalence. We claim that an inverse is
given by the map “lim;; X — X given by the zeroth projection map. It is clear that the composite

. pr . . : . .
X — “lim} X —> X is the identity on X, so it suffices to show that the composite
[PPSR L Plo [T PPNt
lim, X — X — “lim,, X
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is the identity as well. In light of the universal property of the pullback square defining “lim;, X, it
suffices to show that we get the correct map after composing with the projection map “lim,; X —
[1,, X and that the homotopy filling the square matches up:

* We need to show that for every i € N the maps “lim;, X — X given by (x,,),. v — xo and
(xn)n: n P x; are naturally isomorphic. We do this by induction, the case i = 0 being clear.
For i > 0, we may use the natural isomorphism x; = x;;; provided as part of the data of an
object in “lim;; X. Composing this with the natural isomorphism xy = x; we have already
constructed inductively gives the desired isomorphism xg = x;41.

* We need to show that forevery i € N the isomorphisms constructed above fitinto a commutative
square

X0 —> X;

|, b

X0 — Xiyl.

But this holds true by construction.

Corollary 12.1.10. The category w is weakly contractible.

Proof. We need to show that for every groupoid X the canonical map X — Map(w, X) is an
equivalence. By the previous lemma we have

Map(w, X) = lim,,. 4o Map([n], X) = lim,,. 4or X,
using that X is a groupoid. The claim then follows from the previous lemma. O
Lemma 12.1.11. The structural functors i,,: [n] — w induce a cover
i: N—-w”
defined by the rule i(n) = i, (n).

Proof. Let j: N — w be the composition of i with the embedding w™ < w. There is an obvious
conservative functor

Seq,, (C) — 1_[ C
n: N

defined by sending a sequence of the form

Xoﬁxl ﬂ)—)XnE)X,,H_] AR
to the N-indexed family (X} ),. n. Under the equivalence of Proposition 12.1.7, this functor corre-
sponds to the functor
Jj*: Fun(w,C) — Fun(N, C) = l_l C,
n: N
proving that the latter is conservative. Applying Proposition 11.5.13 with A = N and B = w, this
shows that i is a cover. O
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Construction 12.1.12. There is a functor
succ™: Seq,,(C) — Seq,,(C)
sending a sequence of the form
XoBx D 5 x, B X o

to the sequence
fl fn+l

X1—>X2£>'“—>Xn+1 = Xpi2 = -

The functor succ* above has a right adjoint
succ,: Seq,,(C) — Seq,, (C)

defined by sending a sequence of the form

fo fi

B8 o B X -

to the sequence
idx, -
Xo I XBx L s B X -

The co-unit of this adjunction obviously is the identity succ* succ, = id, so that, in particular, the
functor succ, is fully faithful.

Taking C = w, we define a functor
succ: w — w

as the image of the identity of w through the functor
Fun(w, w) = Seq,,(w) ue” Seq,, (w) = Fun(w, w) .
Lemma 12.1.13. The functor succ: w — w induces, for each small category C, a functor
(=) osucc: Fun(w, C) — Fun(w, C)
which agrees with the functor
succ™: Seq,,(C) — Seq,,(C)

through the equivalence of Proposition 12.1.7. In particular, for eachn: N, there is an identification
of the form
succ(i(n)) =i(n+1).

Furthermore the functor succ: w — w is fully faithful and terminal.

Proof. Applying the Yoneda lemma under the form of Lemma 9.3.20, we see that there are equiva-
lences
Homcy (w, C) =~ Fun(w, C)~ = Seq,, (C)~

functorially in C. This implies that composing with succ: w — w agrees with the map

(succ®)™: Seq, (C)” — Seq,, (C)~
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functorially in C. On the other hand, for any small category A, there is a canonical equivalence of
the form

Fun(A, Fun(w, C)) = Fun(w, Fun(A,C)) and Fun(A, Seq,,(C)) = Seq,,(Fun(A,(C)).

This shows that the agreement between succ™ and (—) osucc holds for all terms of the type Fun(w, C),
proving the first assertion of the lemma. The formula

succ(i(n)) =i(n+1)

is a straightforward application of the Yoneda lemma as well, and is left as an exercise for the reader.
The functor
succ”: Fun(w, Grpd) — Fun(w, Grpd)

has both a left adjoint succ, and a right adjoint succ,. But the latter, seen through the equivalence
of Proposition 12.1.7, is known to be fully faithful. Therefore, the functor succ, is fully faithful
on Fun(w, Grpd). By transposition of the co-unit, this implies that the unit of the adjunction given
by succy and succ* is invertible, hence that succ, is fully faithful. This implies that the functor
succ: w — w is fully faithful.

In order to prove that the functor succ is terminal, we will use the characterization given by Proposi-
tion 8.4.4, albeit in the language of Milnor colimits, which makes sense thanks to Proposition 12.1.8.
In other words, we consider a sequence of maps of small animae

Jo fi Jn

Xo—=>Xi—> > X, > X0 >
and we want to prove that the map
a: “colim) X,+1 — “colim), X,
induced by the commutative diagram

fl .. fn

Xn Xn+1 — -+

X1 .
Jo H i
Xo X, Xy — -+
is an equivalence. The commutative diagram

Jo Ni Jn

Xo X e Xn Xn+1
lfo J/fl lfn lfnﬂ
/i f s+
X| —— X; — - Xpe1 5 Xpio

defines a map
b: “colim, X, — “colim;, X, .

Let
kn.: X, — “colim;, X,, and [,,: X,41 — “colim;, X4

be the structural maps, for n: N. By construction, there are terms
Cn:ikp=kppofy, and dy:ly=ln410 fus
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for each n: N and the collections (k;,, ¢,,),: ~vand (I, d,,),: n determine the natural transformations
exhibiting “colim;; X, and “colim;, X,,;+1 as the colimits of the sequences n — X, and n — X4,
respectively. By construction of a and b there are terms of the form

chikpyiofp=aobok, and d): 10 fue1=boacl,
for all terms n in N. Composing ¢, with c;, as well as d,, with d,, this provides terms of the form

cyiky=aobok, and d,):l,=boaol,

for all terms n of N. We also have commutative squares of the form

C// f d// f 1
n+lJn n+lJn+
knt1 0 fu aobokuyiofy Lns1 © fun boaolyyo fur
cn (aob)e, ~ and dn (boa)dy
“ day
kn:aobokn ln boaoln

exhibiting finally @ o b and b o a as endomorphisms of colimit co-cones, hence as equivalences. O

Lemma 12.1.14. The colimit of the sequence

is canonically equivalent to w.

Proof. Applying Theorem 9.7.4 for C = Cat°?, we see that, by virtue of the last assertion of
Lemma 12.1.13, for any functor F: w — Cat, the canonical functor

colim,, succ* F — colim,, F
is an equivalence. In the case where F corresponds to the sequence
[0] > [I] > > [n] > [n+1]—---
this equivalence may be written as
“colim); [n+ 1] = “colim}, [n] =w.
The lemma simply comes from the identification [n + 1] = [0] % [n]. O

Proposition 12.1.15. For any n: N, the structural functor i,,: [n] — w is a fully faithful right
fibration. Furthermore, there is an equivalence

i: N>
defined by the rule i(n) = i,,(n). In particular, w is a poset.

Proof. Each canonical embedding [n] < [n] % [0] = [r+ 1] is a fully faithful right fibration: since
[n + 1] is a poset, it is easy to see from Lemma 11.2.21 that this corresponds to the functor

P,: [n+1]°° — Grpd
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defined by the rule

0 else.

P = {[0] ifi: [n],

By induction, using that fully faithful right fibrations are stable under composition, we deduce that,
for any k: N, the canonical embedding

[n] <= [n] % [k]

is a fully faithful right fibration.
On the other hand, for any functor F': w — Cat and any k: N, the canonical functor

colim,, (succk)*F — colim,, F

is an equivalence. The case where k£ = 0 is clear and the case where k = 1 has been explained
in the proof of Lemma 12.1.13. This provides the induction step once we know that (succk*!)* =
succ* o(succk)*, using that succ*! = succk o succ. This means that one can see w as the sequential
colimit

w = “colim} [n] % [k].
This is proven by induction: the case n = 0 precisely is the previous lemma and the induction step

is provided by the cofinality formula above. We can see [n] as the sequential colimit of the constant
sequence with value [n], by Corollary 12.1.10. The diagram

[n] = [n] e [n] = [n]
l l | l

[n] % [0] —— [n] % [1] [n] x [k] —— [n] > [k+1] —— -

is a sequence of pullback squares (because all maps are (full) embeddings) and all vertical maps are
right fibrations. By virtue of Corollary 9.9.3, we obtain pullback squares

where the lower horizontal maps are part of the co-cone exhibiting w as colimit of the [n] x [k]’s
and the vertical arrow at the right hand side is the functor induced by the sequence of commutative
squares above. Corollary 9.9.3 also tells us that the induced functor [n] — w is a right fibration. It
must be fully faithful, since its fibers are propositions. This implies that the map i: N — ™ is an
embedding: for each a,b: N we can choose n = a + b so that both a and b are terms of [n]. This
implies that

[n](a,b) — w(i(a),i(b))

is a proposition. In particular, w is a poset. Since i: N — w™ is also a cover by Lemma 12.1.11,
this proves thati: N — w~. O

Lemma 12.1.16. The functor succ: w — w is the unique functor so that succ™: w~ — w~ agrees
with the successor operation on N via the equivalence i: N — w~.
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Proof. The fact that the successor operations on N and w agree holds by construction. The unicity
statement comes from Lemma 11.2.21 because w is a poset. O

Notation 12.1.17. Given n: N we write w/, = w/i(n) and similarly w,; = w; (),
Lemma 12.1.18. Forany n: N, the functor
succ”: w > w
is a left fibration and induces an equivalence
W= Wy .

Proof. The case n = 0 simply means that 0 defines an initial object in w: in other words, we have to
check that w(i(0),i(n)) is contractible for all n: N. This follows immediately form the fact that O is
initial in [#] for all n.

Recall from Example 11.2.13 that one can decompose N = {0} LIN=! 5o that succ: N — N induces
an equivalence N = N=!. One defines w=' as the full subcategory of w with objects those of N=!.
We prove by induction that 1 < n + 1 for any n: N. In other words, 1 < n for any n: N=!'. On the
other hand, the type 1 < 0 is empty. Since w is a poset, the co-slice wy, is a full subcategory of w by
Lemma 11.2.21. This readily imply that w=' = w, ; as full subcategories of w. Since succ induces
an equivalence N > N=!, this implies that it induces an equivalence w = w, /- The equivalence
w — wy/ is deduced from the case n = 1 by an obvious induction. |

Lemma 12.1.19. The poset w has binary coproducts (i.e. the maximum of two natural numbers
always exists).

Proof. Itsuffices to prove that each [n] has binary coproducts and that each inclusion [1n] < [n]*[0]
commutes with them. This is easily proven by induction on n: for a, b: [n] eithera < borb < ais
inhabited and the maximum of a and b is b or a, respectively. O

Proposition 12.1.20. For any m,n: N with maximum k = max(m, n), the functor succk induces an
equivalence
W= Wy X Wy -

Proof. There is a canonical equivalence of full subcategories of w:
Wi/ = Wy X Why

We conclude with Lemma 12.1.18. O

12.2 Filtered categories

Definition 12.2.1. A category A is confluent if, for any morphism u: x — y in A, the functor
u*: Ay, — Ay defined by composition with u is a terminal functor.
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Remark 12.2.2. The property for A to be confluent is equivalent to the following one: given
any morphisms in A of the form u: x — y and v: x — z, the category Ay, X4, Az is weakly

contractible.
AY/ XAy Az/ ? AZ/

Lk

Ay ——— Ay

Indeed, an object of Ay, is a pair (z,v) with v: x — z a morphism in A and since v*: A;; — Ay
is a left fibration whose domain has an initial object sent to (z, v), there is a canonical equivalence
of the form

(Ax))(z,v)) — Az

over A/, so that we have a canonical equivalence

(AyD ey = Ays Xay, Az -
Our claim now follows by applying Corollary 8.3.8 with C = (A,/)°P.

Example 12.2.3. If A is a small category with pushouts, then it is confluent. Indeed, since the functor
Homu(—, a): A°? — Grpd preserves pullbacks, for any morphisms in A of the form u: x — y and
v:x — z,if p = y Uy z denotes the corresponding pushout, then

Ap) — Ayy Xa,, Ay
has an initial object and is thus weakly contractible.
Proposition 12.2.4. Let p: X — A be a left fibration. If A is confluent, then so is X.
Proof. If p is a left fibration, then, for any object x of X, the induced functor
X/ = Ap(oy

is an equivalence (this is a morphism of left fibrations over A and it preserves the initial objects).
Therefore, for any morphism u: x — y in X, we obtain a commutative square of the form

Xy —5— Xy

:l lg

p(u)*
Ap(y)) — Apx)/

in which the vertical maps are equivalences. Since p(u)* is a terminal functor, the same is true about
u. O

Theorem 12.2.5 (Sattler—Warn). A small category A is confluent if and only if the colimit functor
colimy : Fun(A, Grpd) — Grpd

commutes with pullbacks.
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Proof. Assume that A is confluent. Under the unstraightening equivalence
Un: Fun(A, Grpd) = LFib(A),
the colimit functor colimy corresponds to the functor
LFib(A) — Grpd

defined by assigning to each left fibration p: X — A the anima I1.,(X). In other words, it suffices
to prove that, for any pullback square of small categories of the form

X 4> X

7| K

y —Y 5 Y

in which all functors are left fibrations, and such that there is a left fibration p: ¥ — A, the induced
commutative square

Mo (X)) = M (X)
Hm(f’)l lﬂm(f)
e (v)

Mo, (Y) —— I (Y)

is a pullback square. In order to prove this, we start by observing that, by virtue of Proposition 12.2.4,
Y itself is confluent. For each morphism w: yg — y; in Y, the induced functor

w Yy, = Yy

is thus terminal. Since f is a left fibration, it is in particular proper. Therefore, the pullback squares

X}’1/ XYO/ X
| | l’
Yy, = Yy, Y

show that w* induces a terminal functor X, ; — X, ,. Since terminal functors are weak homotopy
equivalences, the equivalence of properties (i) and (iii) in Quillen’s Theorem B (Theorem 9.9.5)
implies that we have a canonical equivalence

HOO(X/) — HOO(Y/) ><HDQ(Y) HOO(X) s

which proves that the functor colimy4 preserves pullbacks of animae.
Conversely, let us assume that the functor colimy preserves pullbacks in Grpd. Observe that, for
any pullback square of the form

X —— Grpd,

pl lﬂuniv

At Grpd
if we see Il (X) as an object of Grpd, we have a canonical equivalence

colimy F' = I (X)
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in Grpd. Given two morphisms #: x — y and v: x — z in A, we thus have
colimg: a(Homa(y, @) XHom (x.a) Homa(z, a)) = N (Ay) Xa,, Az/) -
Similarly we have:
colimg,. o Homa (y, @) Xcolim,,. o Homu (x,a) €Olimg,: s Homa(z,a) = e (Ay)) X (Ay)) I (A))
and since any category with an initial object is weakly contractible, this yields
colim,: o Homy (y, @) Xcolim,. 4 Homu (x.a) €Olimg: o Homy(z,a) = e

where e is the terminal anima. The property that colim, commutes with pullbacks of animae thus
implies that
Hoo(Ay/ XAx/ Az/) =e.

As explained in Remark 12.2.2, this proves that A is confluent. O

Definition 12.2.6. A functor is left exact if it preserves terminal objects as well as pullback squares.
A functor is right exact if it preserves initial objects as well as pushout squares.
A functor is exact if it is both left exact and right exact.

Definition 12.2.7. A category is filtered if it is weakly contractible and confluent. A category A is
cofiltered it A°P is filtered.

Example 12.2.8. If A is confluent, then, for any object x of A, the co-slice A,/ is filtered: the pro-
jection A, — A being a left fibration, we know that A, is confluent as well, by Proposition 12.2.4,
and any category with an initial object is weakly contractible.

Theorem 12.2.9. A small category A is filtered if and only if the colimit functor
colimy : Fun(A, Grpd) — Grpd
is left exact.

Proof. The functor colimy : Fun(A, Grpd) — Grpd sends the terminal object of Fun(A, Grpd) to
I1(A). Therefore the property that the A-indexed colimit functor preserves terminal objects of
animae is equivalent to the property that A is weakly contractible. Theorem 12.2.5 thus ends the
proof. O

Definition 12.2.10. A category A is sifted if it is weakly contractible and, for any objects x, y: A~,
the category Ay, X4 Ay, is weakly contractible.

Proposition 12.2.11. Let A be a weakly contractible small category. The following conditions are
equivalent.

(i) The category A is sifted.

(ii) For any object x: A~, the projection
Ax/ — A

is a terminal functor.
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(iii) The diagonal functor A: A — A X A is a terminal functor.

(iv) For any functors X,Y : A — Grpd, the canonical map
C((;l:iIAp X, xY, = Cgl;igl X, X cgl:iqun Y,
is an equivalence.
(v) For any objects x,y,z: A~, the category Ay X Ay X Az is weakly contractible.
(vi) For any objects x,y: A~, the projection
Ay Xa Ay — A
is a terminal functor.

Proof. Quillen’s Theorem A (more precisely, the dual version of Corollary 8.3.8) implies that
conditions (i) and (ii) are equivalent. Similarly, it shows that conditions (v) and (vi) are equivalent.

Given any object (x, y) in A X A we have
A Xaxa (A X A)(x,y)/ = Ax/ XA Ay/ .

Quillen’s Theorem A thus proves that conditions (i) and (iii) are equivalent.
Since A is weakly contractible, it is clear that condition (i) follows from condition (vi).

By Theorem 9.7.4 for C = Grpd®?, we see that condition (iii) implies that, for any functors X,Y: A —
Grpd, we have:

colim X, xY, — colim X, XY,.
a: A (a,b): AXA

There is furthermore a canonical equivalence

colim F(a,b) = colim colim F(a, b)
(a,b): AXA a:A b:A

for any functor F': A X A — Grpd. Since the functor 7' X (—) commutes with small colimits in Grpd
for any small groupoid 7', we also have

colim colim X, X Y;, = colim X, X colim Y}, .
A a: A b: A

a:A b:

Putting all this together shows that condition (iv) follows from condition (iii).
It suffices now to prove that condition (iv) implies condition (v).

Condition (iv) means that the functor
colimg: Fun(A, Grpd) — Grpd

commutes with binary cartesian products. This implies that it commutes with ternary cartesian
products. For x,y,z: A™, we have

coligl Hom (x, a) X Homa(y,a) X Homa(z,a) = Il (Ayx) XA Ay Xa Az)) .
a:
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We also have
colign Homy (2, a) = I (As)) = *
a.

for any #: A™. Therefore,

colim Homyx (x, a) X colim Homa(y, a) X colim Homu(z,a) = *
a: A a: A a: A

and thus condition (iv) implies that A, X4 A, X4 Az, is weakly contractible. O
Example 12.2.12. The category A is sifted, by Theorem 11.3.8.

Corollary 12.2.13. A category is filtered if and only if it is sifted and confluent.

Proof. Any left exact functor preserves terminal objects as well as binary cartesian products. The-
orem 12.2.5 and Proposition 12.2.11 thus imply that any filtered category is sifted. The converse
implication holds for free, since any sifted category is weakly contractible, by definition. O

Proposition 12.2.14. Let A be a category. Then A is sifted if and only if the following two conditions
hold true.

(i) The map A~ — [0] is a cover.

(ii) For any object x: A~, the projection Ay, — A is terminal.

Proof. We observe that the canonical functor A~ — Il (A) is always a cover by Corollary 11.5.14.
Since any equivalence is a cover, Proposition 12.2.11 shows that these are necessary conditions.
Conversely, let us assume that conditions (i) and (ii) above hold. In order to prove that A is sifted,
it suffices to prove that A is weakly contractible. For any groupoid I', the localization of A by all its
maps in context I" simply is [T (A) X I" (with structural map to I'" the second projection). But since
A= — [0] is a cover, the functor (=) X A™ is conservative. Therefore, it suffices to prove that A is
weakly contractible in context A~. In other words, without any loss of generality, it suffices to prove
the proposition under the extra assumption that there is a given object x: A™. The co-slice A, being
weakly contractible, since it has an initial object, and terminal functors being weak equivalences,
we observe that A must be weakly contractible. O

Proposition 12.2.15. A poset P is filtered if and only if it is sifted.

Proof. Corollary 12.2.13 shows that this is a necessary condition. For the converse, assuming P
to be sifted, in order to prove that it is filtered, it suffices to check that it is confluent. Let us
consider x, y, z: P such that x < y and x < z. Since the projection P, — P is an embedding by
Lemma 11.2.21, the canonical map

Py Xpy Pzp = Py Xp Py
is an equivalence. This proves that P is confluent whenever it is sifted, by Remark 12.2.2. O

Proposition 12.2.16. The poset w is filtered.

Proof. This follows from Corollary 12.1.10, Proposition 12.1.20 and Proposition 12.2.15. O
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Corollary 12.2.17. The formation of sequential colimits is compatible with terminal objects and
pullbacks of animae. In other words, the functor

colim,, : Fun(w, Grpd) — Grpd
is left exact.

Proof. This follows from Theorem 12.2.9 and from the previous proposition. O

Proposition 12.2.18. Letu: A — B be a terminal functor with A filtered (sifted, respectively). Then
B is filtered (sifted, respectively).

Proof. The functor
u*: Fun(B, Grpd) — Fun(A, Grpd)

commutes with small limits and, for any functor F: B — Grpd there is a functorial isomorphism
colimy u*(F) = colimg F .
Therefore, any exactness property of colimy4 induces a similar property for colimp. O

Proposition 12.2.19. Let p: A — B be a functor between small categories. We assume that the
Jfollowing conditions hold:

(i) p is proper (e.g. a cocartesian fibration);
(ii) B is filtered (sifted, respectively);

(iii) for any b: B~, the corresponding fiber Ay, is filtered (sifted, respectively).
Then A is filtered (sifted, respectively).

Proof. By virtue of Lemma 8.4.5, for any functor F: A — Grpd, condition (i) implies that we have
canonical isomorphisms

colim,. o F(a) = colimy,. g colimy. 4, F(x).

Since the operation of composing with each embedding A, — A commutes with small limits,
conditions (ii) and (iii) thus prove through Theorem 12.2.9 (through Proposition 12.2.11, resp.)
that the formation of A-indexed colimits defines a left exact functor (a functor that preserves finite
products, resp.). Therefore, a new application of Theorem 12.2.9 (of Proposition 12.2.11, resp.)
implies that A is filtered (sifted, resp.). O

Corollary 12.2.20. Let B be a small filtered (sifted) category and A: B — Cat a functor such that
Ay, is filtered (sifted, resp.) for any b: B~. Then colimg A is filtered (sifted, resp.).

Proof. We know that colimp A is a localization of fB A. Since any localization is a terminal functor,
it suffices to check that /B A is filtered (sifted), by Proposition 12.2.18. This follows by applying
Proposition 12.2.19 with p the projection of fB AtoB. O
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12.3 Filtered colimits of categories

‘We fix a universe Cat.

Definition 12.3.1. A functor is said to commute with small filtered colimits if it commutes with
colimits of type [ for any filtered category /: Cat™.

A full subcategory C of a category D is said to be stable under small filtered colimits if the embedding
C — D commutes with filtered colimits.

Example 12.3.2. The functor
lim,: Fun(J,Grpd) - Grpd, (X 5 Z «Y)—> XXzY
commutes with small filtered colimits. Indeed, if / is a small filtered category, for any functor
F:Ix1] — Grpd,
there is a Beck-Chevalley comparison map
colim; lim F — lim colim; F

that turns out to be invertible because colim; is a left exact functor. This literally means that the
functor lim_; commutes with /-indexed colimits.

Lemma 12.3.3. The full subcategory of synthetic Segal animae is stable under small filtered colimits
in Fun(A°P, Grpd).

Proof. For each n: N, the functor
Fun(A®®, Grpd) — Grpd, X — X, = Hom(A", X)

commutes with colimits (being a left adjoint) hence with small filtered ones. This implies that the
functor
X Hom(Seg",X) =X XXy " XXy X1

n times
commutes with small filtered colimits: by an obvious induction on #, this amounts to the property
that the formation of pullbacks commutes with small filtered colimits in Grpd (Example 12.3.2).
Given a small filtered category [ and a functor

I — Fun(A®,Grpd), i~ X;,
and assuming that each X; is a synthetic Segal anima, we obtain for each n: N a commutative square

colim;. ; Hom(A", X;) —— colim;. ; Hom(Seg", X;)

:l lz

Hom(A", colim;. ; X;) —— Hom(Seg", colim;. ; X;)

in which the vertical maps are isomorphisms because of the arguments above, whereas the upper
horizontal one is an isomorphism as a colimit of isomorphisms. This proves that colim;. ; X; is a
synthetic Segal anima. O
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Lemma 12.3.4. The full subcategory of complete synthetic Segal animae is stable under small
filtered colimits in Fun(A°P, Grpd).

Proof. The diagram of pullback squares

ISO(X)—>X2XX1X2—>X1
R T
Xo XX — X XX

l

Xo X Xg — Xi1x Xy

shows that the assignment X — Iso(X) may be seen as a functor from Fun(A°P, Grpd) to Grpd
that commutes with small filtered colimits. The map of type Xy — Iso(X) sending each x: Xy
to (x,x,idy) is functorial and the full subcategory of those X’s such that X — Iso(X) through
this map is clearly stable under small filtered colimits. Therefore, we conclude the proof with
Lemma 12.3.3. O

Proposition 12.3.5. The Rezk nerve functor N : Cat — Fun(A°P, Grpd) commutes with small filtered
colimits.

Proof. Let cSegCat be the full subcategory of Fun(A°P, Grpd) whose objects are the complete
synthetic Segal animae. Corollary 11.8.10 and Corollary 11.8.35 imply that the nerve functor
induces an equivalence

N: Cat = cSegCat.

On the other hand, Lemma 12.3.4 implies that the embedding
cSegCat — Fun(A®, Grpd)
commutes with small filtered colimits. O

Definition 12.3.6. Let C be a locally small category with small filtered colimits. An object X of C

is compact if the functor
C —» Grpd, Y+ Hom¢(X,Y)

commutes with small filtered colimits.

Example 12.3.7. Let A be a small category. For any a: A™, the associated representable presheaf
ha(a) = Homy (-, a) is compact in Fun(A°P, Grpd): the functor

Y —» Hom(ha(a),Y) = Y(a)
commutes with small colimits (being a right adjoint), hence with filtered ones in particular.

Proposition 12.3.8. If C is a locally small category with small filtered colimits and pushouts, then
the full subcategory of compact objects is stable under pushouts.

Proof. For any object y of C, the functor Hom¢ (-, y) will turn pushouts in C into pullbacks in
Grpd. This proposition is thus a direct consequence of the fact that filtered colimits are compatible
with pullbacks in Grpd. O
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Theorem 12.3.9. For any n: N, the category |n] is a compact object of Cat.

Proof. Forany n: N, we have A" = N([n]) that is representable, hence compact in Fun(A°P, Grpd)
(Example 12.3.7). Let I be a small filtered category and

X: I — Cat

a functor. Since the Rezk nerve functor is fully faithful (Corollary 11.8.10) and commutes with
small filtered colimits (Proposition 12.3.5), we obtain the following computation

cczl:i}n Homcy([1], X;) = celzi}n Hom(A", N(X;))

~ Hom(A", cc;lzi}n N(X;))

~ Hom(A", N(C(?lziin X;))

~ Homcy ([n], Cfil:ign Xi)
thus proving that [#] is compact in Cat. O
Corollary 12.3.10. The functor

Cat - Grpd, Cr— C”

commutes with small filtered colimits.
Proof. The preceding theorem tells us that [0] is compact and C= = Hom([0], C). O

Corollary 12.3.11. Let A be a small filtered category, and C,D: A — Cat two functors. We
assume given a natural transformation u,: C, — Dg, a: A, such that u, is an embedding (a full
embedding) for all a: A™. Then the induced functor

colimy C — colimy D
is an embedding (a full embedding, respectively).

Proof. Any left exact functor preserves pullback squares of the form

X | e— X
|, b
f

X —Y

hence preserves embeddings. For the case of full embeddings, we use the characterization of fully
faithful functors provided by Remark 6.1.2, together with Theorem 12.3.9 forn=1andn=0. O

Theorem 12.3.12. For any small filtered category A, the functor
colimy: Fun(A, Cat) — Cat

is left exact.
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Proof. The nerve functor is fully faithful (Corollary 11.8.10), commutes with small limits (being a
right adjoint) and commutes with small filtered colimits (Proposition 12.3.5). Therefore, it suffices
to prove that taking A-indexed colimits in Fun(A°P, Grpd) is a left exact functor. We know that the
functor

colimy: Fun(A, Grpd) — Grpd

is left exact, by Theorem 12.2.9. This implies that, for any small category C, the functor
colimy : Fun(A, Fun(C®, Grpd)) — Fun(C°, Grpd)

is left exact (since both limits and colimits are computed objectwise in Fun(C°P, Grpd)). This applies
in particular for C = A and proves the theorem. O

Remark 12.3.13 (Morphisms in a filtered colimit of categories). Let A be a small filtered category
and C: A — Cat a functor. One can understand the colimit of C as follows. Objects are easy to
understand by Corollary 12.3.10:

colim C;, = (colim Ca)_ .
a: A a: A
Assume given ag,a;: A~ and two objects x4, Cg, and yq : C7,. We will write x and y for the
object of colimy4 C obtained as the images of x4, and y,, through the canonical functors

Cqy, = colimy C and C,4 — colimy C

respectively.

For any map u: ap — a in A, we will write x, : C;, for the image of x,, through the functor induced
by u. Similarly, for any map v: a; — a in A, we will write y, : C; for the image of y,, through the
functor induced by v.

We observe that the projection A,,; X4 A,y — A is terminal (since A is sifted, using Proposi-
tion 12.2.11). The terms of A,/ Xa A,/ literally are of the form (a, u,v) with a: A together with
u:ag— aandv: a; — ain A. In other words, we have an equivalence

colim C, = colim C,
(a,u,v): Agg/XaAay) a: A

The category A, Xa Ag,; is filtered as well: it is weakly contractible, and it is confluent, since the
projection to A is a left fibration, so that we can apply Proposition 12.2.4. Therefore, the colimit of
the Ay, X4 Ag, /-indexed diagram of cartesian squares

Homc, (x4, y4) —— Hom([1],Cy)
(a,u,v) — l - l

0] ——— > xC=

yields a cartesian square after applying the colimit functor. Using Theorem 12.3.9 for n = 1 and
n = 0, this produces a canonical equivalence of the form

colim Homc, (x4, ya) = Homeolim, c (X, y) ,
(a,u,v): AaO/XAAa]/

expressing morphisms from x to y as a filtered colimit.
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12.4 Finite categories

We will construct the universe of finite categories. We fix a universe Cat.

Construction 12.4.1. Given a full embedding i: C < Cat, we consider the functor
colim- : Fun(—, Cat) — Cat

and define E(C)= < Cat™ as the image of the induced map

i" ~ colim® -
Fun(r, C)® — Fun(r, Cat)™ o, Cat™.

We define E (C) as the full subcategory of Cat with collection of objects E (C)~, with corresponding
embedding
lE(C): E(C) — Cat.
idx idx . .
Since the pushout of any diagram of the form x & xS xisx itself, the functor const- : C —
Fun(~, C) induces a canonical functor
ec: C - E(C)

such that ig(c) o ec =~ i. We observe that, by virtue of Proposition 11.5.17, if C is small, then so is
E(C) (as full subcategory of a locally small category with a small collection of objects).

We define Cj as the full subcategory of Cat with objects 0, [0] and [1], with
ig: Cp — Cat
the embedding. We define for any n: N
en: Cp = Cup
through C,,41 = E(C,) and e, = ec,. There is also a full embedding
ins1: Cpyp — Cat
defined by i,+1 = ig(c,). The sequence of maps e,, n: N, define a functor C,: w — Cat.
Definition 12.4.2. We define the category FinCat of finite categories as the colimit
FinCat = colim C,, .
n:w

Remark 12.4.3. If follows from Corollary 12.3.11 that FinCat is the full subcategory of Cat induced
by the embedding
colimC,, — Cat™ .

n: w

Since w as well as each C,, are small, so is FinCat.

Lemma 12.4.4. The category ™ is a finite category.
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Proof. We know that [n] belongs to Cy for n = 0 and n = 1 and we have a pushout square of the

form below.
[0] — [1]
[1] ——
This shows that ™ belongs to Cj. O

Proposition 12.4.5. Any finite category is compact in Cat.

Proof. Let Cat,, be the full subcategory of compact objects of Cat. By virtue of Proposition 12.3.8,
the full embedding
Cat,, — Cat

commutes with pushouts. In other words, for any full subcategory C of Cat,,, E(C) is a full
subcategory of Cat,, as well. We know that Cy is contained in Cat,. Therefore, C, is a full
subcategory of Cat,, for all n: N. The w-indexed colimit of full embeddings

C,— Cat,, n w,
thus provides a full embedding
FinCat — Cat,,
by Corollary 12.3.11. O
Lemma 12.4.6. The category FinCat is the smallest full subcategory of Cat stable under pushouts

containing the objects O and [1]. In other words, given a full subcategory C of Cat, if the embedding
C — Cat is a right exact functor, then the following conditions are equivalent.

(i) The embedding FinCat — Cat factors through the embedding C — Cat.
(ii) The embedding FinCat™ — Cat™ factors through the embedding C= — Cat™.

(iii) The object [1] belongs to C.

Proof. It follows from Lemma 12.4.4 that any functor from ™ to FinCat factors through C,, for some
n. Therefore, the colimit of such a diagram in Cat belongs to C,,1, hence to FinCat. This proves
that FinCat is stable under pushouts in Cat.

Conditions (i) and (ii) are obviously equivalent by the universal property of full embeddings.
Therefore, it suffices to prove that (i) follows from (iii). With the notation of Construction 12.4.1,
we know that the embedding ec: C — E(C) is an equivalence and that condition (iii) implies that
Cy is a full subcategory of C. But if ever C;,, < Cat factors through C — Cat, we get an induced
embedding

E(C,) — E(C)=C

for all n: N. This proves by induction that C,, is a full subcategory of C for all n: N and provides a
commutative diagram of the form

Cp ———— Cuai

NS
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hence a morphism from the sequence
Coc_)cl c_>...c_>CnC_)Cn+] s ...

to the sequence

and taking the associated Milnor colimits, this yields an embedding FinCat — C. O

Proposition 12.4.7. The opposite of a finite category is finite: for any C: FinCat, we have
C°P: FinCat.

Proof. We form the pullback below.

FinCat’" —— FinCat

[ [

(=)
Cat ——— Cat

Since the functor C +— C°P is an equivalence, we see that the embedding of FinCat’ into Cat is a
fully faithful right exact functor. Therefore, by virtue of Lemma 12.4.6, it suffices to check that [1]
is an object of FinCat’, which follows right away from the identification [1] = [1]°P. m|

Proposition 12.4.8. If A and B are finite categories, then so is A X B.
Proof. Let B be any small category. We form the pullback square below.

Caty; —— FinCat

[ |

Cat DB, Cat
We thus have a full embedding of the category Cat, whose objects are the categories A such that
A X B is finite. Since the functor (=) X B commutes with small colimits (being left adjoint to
Fun(B, —)), we observe that the embedding of Cat, into Cat commutes with pushouts. In particular,
if ever Cy is a full subcategory of Cat’y, then FinCat is contained in Cat;, by Lemma 12.4.6.

For B = (), we have A x () — 0 for all A, hence Cat;, = Cat. For B = [0], we have A X [0] — A
for all A, hence Cat’[o] = FinCat. For B = [1], we observe that A x [1] is finite for A = 0, A = [0],
as well as for A = [1]. In the last case, this comes from the fact that [1] X [1] is a pushout of a

diagram of the form
(2] « [1] = [2]

and that [2] itself is finite, being a pushout of a diagram of the form
[1] < [0] — [1].

In other words, Cj is a full subcategory of Cat’[l], hence FinCat as well, by Lemma 12.4.6.

Using the equivalences A X B = B X A, this implies right away that, for any B finite, Cy is a full
subcategory of Caty, so that A X B is finite for any finite category A. O
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Corollary 12.4.9. For any finite category A, the functor
Fun(A, -): Cat — Cat
commutes with small filtered colimits.

Proof. Let I be a small filtered category and C: I — Cat a functor. In order to prove that the
canonical functor
cql_i}n Fun(A, C;) — Fun(A, co}ign C;)

is an equivalence, it suffices to check that the induced map

Homc;n([l],colign Fun(A, C;)) — Homcy([1], Fun(A, colim Ci))
L. L.

is an equivalence (by Corollary 6.3.4, taking into account the correspondence between Map and
Homgy through directed univalence). Since [1] and [1] X A are compact, we have:

Homca([l],cqli}n Fun(A, G;)) = CO,li}n Homcy ([1], Fun(A, C;))
L l:
= cqli}n Homcy ([1] X A, C))
L
= Homcy ([1] X A, cqli}n C))
L.

= Homcy ([1], Fun(A, C(gl:ign G)). O
Proposition 12.4.10. The embedding FinCat — Cat commutes with pushouts.
Proof. Since™ is compact in Cat, we have by Corollary 12.4.9 a canonical equivalence
cg}igl Fun(—, C,) = Fun(, FinCat) .

By construction, we have functors p, : Fun(, C,) — C,4 for each n: N fitting in a commutative
diagram of the form

Fun(~,C,) —— Fun(™, Cpy1) —— Fun(, Cat)
|

I Pn Pn+l lpushout

for each n: N. Since the map n — n + 1 is a terminal functor from w to itself, this provides a
commutative diagram of the form below, in which all horizontal maps are full embeddings.

colim Fun(r,C,,) = Fun(r, FinCat) —— Fun(, Cat)
n: w |
: : lpushout
N2 N
FinCat =—— FinCat — Cat
This is literally a proof that the pushout functor in Cat preserves the property of being finite. O

Corollary 12.4.11. If A and B are finite categories, then so is A % B.
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Proof. There is a pushout of the form below.

AX[1]"XB —— AX|[l]xB

l l

AUB — A% B
The previous proposition together with Proposition 12.4.8 thus imply that A x B is finite. O

Proposition 12.4.12. Let C be a category. If C has an initial (terminal) object as well as pushouts
(pullbacks), then C has colimits (limits, resp.) of type A for any finite category A.

Proof. Since C has an initial object, it has colimits of type (. It also has colimits of type [0] and [1]
(more generally, of type A for any A with a terminal object). The full subcategory of Cat spanned by
categories A such that C has A-indexed colimits is stable under pushouts, by Corollary 9.8.9. This
full subcategory also contains Cy. Therefore, it contains FinCat as well, by Lemma 12.4.6. O

Proposition 12.4.13. Let f: C — D be a functor. We assume that C and D both have initial
(terminal) objects and pushouts (pullbacks). If f is right (left) exact then it commutes with colimits
(limits) of type A for any finite category A.

Proof. We will consider the case of finite colimits (the case of finite limits will follow by replacing
C by C°P).

The full subcategory T of Cat spanned by categories A such that f commutes with A-indexed
colimits is stable under pushouts. Indeed, if A = A; L4, A2 and f commutes with colimits indexed
by Ag, Ay or Ay, for any functor X: A — C, if we denote by X|g the composition of X with the
structural functor E — A for E = Ag, A}, Ay, then we have canonical isomorphisms

colimg fX|g — f(colimg X|g).
If f is right exact, a double application of Corollary 9.8.9 yields isomorphisms

colimy fX = (colima, fX|a,) Ucolima, £Xja,) (cOliMa, fX|a,)
= f(colima, Xja,) Us(colimys, Xa,) f(cOlima, Xja,)
~ f((colimAl X|Al) |—|(.:olimAO Xiaq) (COlimAz XlAz))

~ f(colimy X).

If f preserves initial objects, this full subcategory T contains 0. It clearly contains [0] and [1].
Therefore, by Lemma 12.4.6, T contains all finite categories. m]

Recall that a poset P is called finite if its underlying set P~ is finite (meaning that there is a cover of
the form f: {1,...,n} — P~ for some n: N).

Proposition 12.4.14. Any finite poset is a finite category.

Proof. If P is a finite poset, there is a unique term »n: N such that there exists an isomorphism from
{1,...,n} to P=. We call such n the cardinality of P. The proof proceeds by induction on n. For
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n = 0, this is clear. We assume the proposition to be true for all posets of cardinality k < n and we
will prove it for posets of cardinal n + 1.

Let us define a maximal object m: P~ by the property that for any other x: P~, either x < m or
P(m,x) = 0. Let I" be the collection of maximal objects of P. By induction on n, one proves that P
has maximal objects (i.e. that I" covers the terminal anima). Therefore, it suffices to prove that P is
a finite category in context I'. In other words, without any loss of generality, we may assume that P
actually has a maximal object m. We let P, be the full subcategory of P whose objects are those x
with x < m, and P, the full subcategory of P,, whose objects are those x with x not isomorphic
to m. Finally, we define Q as the full subcategory of P whose objects are those x: P~ that are not
isomorphic to m in P (so that P, is the fiber product of P, and Q over P). We claim that the
induced pullback square
Poyy — Pepy

L

Q ——F

is also a pushout square in Cat. Indeed, we check immediately that all four maps in this square are
right fibrations, so that this is a particular case of Lemma 9.8.11 in disguise (with C = P and I =I").
Therefore, it suffices to prove that P.,,, P<,, and Q are finite categories. The cases of P.,, and of
Q are settled by induction hypothesis. As for P,, we check that we have

P§m=P<m*[O]

Therefore, Corollary 12.4.11 ends the proof. O
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13 Ind-objects

13.1 Left exact localizations

We consider a category C.

Definition 13.1.1. We say that a family of morphisms F < Map([1], C) is closed under pullbacks
if the following property is verified: for any map f: x — y in F, and for any map v: y’ — y in C,
there exists a cartesian square of the form

|

I
b

'\<\
}

such that f” belongs to F.

If W — C is a subcategory of C, we say that W is closed under pullbacks in C if the associated
family of morphisms Map([1], W) is closed under pullbacks in C.

Lemma 13.1.2. Assume that F is a family of morphisms in C that is closed under pullbacks. For
anymap v:y" — yin F, and any object x of C, the induced functor

Vi Xc idC/X: Ciy Xc Cix = Cry Xc Cyy

has a right adjoint, which we can describe as follows. It sends an object (z, s, f) of Cj, Xc C/y,

7N

to the object (z',s’, f') obtained by forming the cartesian square
4 Z

7| lf
yl

and by choosing a composition s” of s and w.

seen as a diagram

w
—_—

\%
—_—
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Proof. Since the Yoneda embedding is fully faithful, continuous, and compatible with slices, we see
that proving the lemma for Fun(C°P, Grpd) implies that it holds for C itself. In other words, we may
assume, without loss of generality, that C has finite products and pullbacks. But then we have

Cry Xc Cpx = Cryxx
and we observe that pulling back along v X id, in C produces the expected right adjoint. O

Proposition 13.1.3. If the subcategory W — C is closed under pullbacks in C, for any object
x: C=, forming the pullback square

W(x)® —L— (C)y)"

l l

Fun([1], W)™ —— Fun([1],C)*
defines a full embedding p: W(x) — C) that is a right calculus of fractions at x.
Proof. Letv:y" — ybe a map in W. With the notation of the previous lemma, we have a functor
vii Cpyr = Cyy
which encodes the operation of composing with v, and we know that the induced functor
v X idc/x: Ciyr Xc Cjx = Cpy X Cyx

has a right adjoint by Lemma 13.1.2. The explicit description of the latter shows that, when we
restrict ourselves to the subcategories in the diagram

vy Xc idw(x): Cryr Xc W(x) — Cjy Xc W(x),

we still get a functor with a right adjoint. But functors with right adjoints are initial, hence are weak
homotopy equivalences, by Quillen’s Theorem A. Applying Il yields the map induced by applying
the functor
y = colim Homc(z)y,—)
w: W(x)°pP
tov. a

Definition 13.1.4. We say that W < C has the 2-out-of-3 property if, for any commutative triangle

in C of the form
X L y
\ /e
Z

if two out of f, g and & are in W, then so is the third.

Theorem 13.1.5. Let C be a category and W — C a subcategory. We denote by y: C — L(C) the
localization of C by W. We assume that the category C has pullbacks and that the subcategory W
is closed under pullbacks and has the 2-out-of-3 property. Then the following properties hold.
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(i) For any object x of C, the full subcategory W(x) of C,x spanned by pairs (y, f) such that
f:y — xis amorphism in W is a right calculus of fractions at x.

(ii) For any object x of C, the category W (x)°P is filtered.
(iii) The category L(C) has pullbacks and the functor y commutes with pullbacks.

(iv) Given any category D with pullbacks and any functor f: C — D sending any map in W to an
isomorphism in D, the induced functor f: L(C) — D commutes with pullbacks if and only if
the functor f itself has the same property.

(v) For any object x of C, the functor y induces a functor

Yix: Cix = L(C)y(x)

that exhibits L(C);,(x) as the localization of C, at the subcategory W(x) < C/x.
Proof. Property (i) is a particular case of Proposition 13.1.3. Let x be an object of C. We check
immediately that the collection of objects in W (x) is stable under pullbacks in C/. Therefore, W (x)

has pullbacks, which implies right away that W (x)°P is confluent (see Example 12.2.3). But W (x)°P
has an initial object, hence is weakly contractible, which shows property (ii).

In order to establish (iii), we want to prove that, for each pair of morphisms
f v,
X——> )y Yy
in L(C), there exists a pullback square in L(C) of the form

u
—_— X
’

)l)f

in L(C). It suffices to prove such a statement in context

xl
|+
, v

y—)

= Z L(C)(x,y) x L(C)(Y', y)

x,y,y': L(C)=

for the universal term y: I (in context I'). Since
v C*" - L(O)
is a cover by Corollary 11.5.14, so is
YVIXYIXYT I CTXCTXCT - L(C)" X L(C)" x L(C)~.
We thus have a cover

D LOGE,y0)) X LOGG),y() - T.

x,y,y': C=
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In other words, it suffices to prove the existence of pullbacks in the case where all objects x, y, y’
come from C. Furthermore, for all objects x and y in C, by virtue of Corollary 11.5.14, we have a
cover of the form

(W(x)/y)™ = Heo(W(x)/y) = LICO) (7 (x), ¥ () -

This yields a cover
D W)X (W) > T
x,y,y': C=
This means that it suffices to prove that the formation of pullbacks from diagrams as above is possible
in L(C) in the case where f and v are of the form

f=v()""oy(p) and v=y()""oy(q) respectively,

with p: xo — y and g: y, — y any maps in C, and s: xo — x and ¢: y; — y’ any maps in W.
Therefore, it suffices to check that any pullback square in C of the form

, u
% x
J’f,
v

X
y ——y

F

in C yields a pullback square of the form

y) 2y ()

ly(f’) ly(f)

y(y') 2, y(y)

in L(C). For this, it suffices to prove that, given any object ¢ in L(C), we have a pullback square of
the form
HOII’IL(C) (t,x’) L HOIIIL(C)(Z,)C)

& |
Homy,(c) (t,y") —— Homy,c)(t,y)
in Grpd. It suffices to prove this for the universal term 7 in context L(C)~. Using the cover

C= — L(C)=, we may assume, without loss of generality, that ¢ comes from C. In other words, in
order to prove property (iii), it suffices to prove that any functor of type C — Grpd given by the rule

x — Homy (¢)(t,x)

commutes with pullbacks for any 7: C~. But property (i) ensures that such a functor can be computed
through the rule of the form

x+— colim Homc(z,r,x).
w: W (2)op

Since each functor Hom¢ (z,,,, —) commutes with pullbacks, and since W (¢)°P is filtered, we see that,
for any finite category A and any A-indexed functor with values in C

am xg
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the canonical map

colim Homc(z)y, limx,) = colim lim Home(z,r, x,) — lim colim Home (zyy, x4)
w: W(t)oP a: A w: W(t)%a: A a: Aw: W (r)°P

is an equivalence, by Theorem 12.2.9 and Proposition 12.4.13.

The proof of property (iv) is similar. First, if f preserves pullback squares, since y preserves
pullback squares as well, so does the composite f = f oy. Conversely, assuming that f preserves
pullbacks, if T" denotes the collection of all pullback squares in L(C), it suffices to prove that the
pullback square in L(C) corresponding to the universal term of I" yields a pullback square in D in
context I'. Since, by right calculus of fractions, as seen in the proof of property (iii), the collection
of pullback squares in C covers T, it suffices to prove that the functor f sends the image of any
pullback square of C to a pullback square of D. Since f oy = £, this amounts to the property that
f preserves pullback squares.

Finally, let us prove property (v). We consider an object x: C~ and we want to prove that the induced
functor

Vix: L(Crx) = L(C)jy(x)
is an equivalence. It suffices to check that the functor ¥/, is fully faithful and induces a cover

(v7x)7: (Crx)™ = (L(C) jy(x)~ -

The latter property comes from the fact that there is a commutative diagram of the form

Zt: Cc= (W(t)/x):

T

(Crx)™ (L(C)}y(x))

with p and g defined explicitly as follows. A term in the top vertex of the triangle above is a triple

of the form 7 < z < x in C, with s in W. The map p sends such a triple to the pair (z, g) whereas
the map ¢ sends it to (¢,7(s)~! o ¥(g)). The commutativity of this triangle is provided by the
identification in L(C)/y(x) provided by the invertible morphism induced termwise by s. Therefore,
in order to prove essential surjectivity, it suffices to check that the map ¢ is a cover, which follows
right away from the fact that it is the composition of the cover

DLW > > LO G (1), y(x))

t: C* t: C*

with the cover

L(C)(y(1),y(x)) = Z L(O)(1,7(x)).

t: C= t: L(C)=

It remains to prove that, for any maps u: y — x and v: z — x in C, the induced map

L(Cr)((y,u), (z,v)) = L(C) () (¥ (), ¥ (), (¥(2), (V)

is an equivalence. We observe that property (i) applies to C/, with respect to the full subcategory
W(x) < C)x. We thus have a right calculus of fractions at (y,u): taking into account the
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identification of C,, with the slice of C/, over (y,u), we see that the collection of morphisms in
L(C/yx) from (y,u) to (z,v) is thus the colimit

colim Homc,, ((tw,uw), (z,V)),
w: W(y)°p

where we see each term w: W(y) as a pair consisting of s,, : t,, — y in W and define u,, : t,, — x
as the composition of s,, and u. In other words, we can consider the diagram assigning to each term
w in W(y)°P the diagram

[0] =% Home (fyy, X) €= Home (ty,2) -

Forming first the pullback and then the W (iy)°P-indexed colimit yields L(C/)((y, u), (z,v)), whereas,
by right calculus of fractions at y in C, we see that taking the W (y)°P-indexed colimit first and then
forming the pullback produces the collection of morphisms from y(y) to y(z) over y(x) in L(C).
Therefore, the property of fully faithfulness of the functor y, . follows from property (ii) and another
application of Theorem 12.2.9. O

Corollary 13.1.6. Let C be a small category with finite limits, and W — C a subcategory closed
under pullbacks, with associated localization functor y: C — L(C). Then L(C) has finite limits
and vy is left exact.

Proof. This follows right away from Theorem 13.1.5 (iii) and from Theorem 13.1.5 (v) in the case
where x is the terminal object of C. O

Definition 13.1.7. Let C be a category with pushouts. A subcategory W — C is closed under
pushouts in C if WP — (C°P is closed under pullbacks.

Corollary 13.1.8. Let C be a category and W — C a subcategory. We denote by y: C — L(C)
the localization of C by W. We assume that the category C has pushouts and that the subcategory
W is closed under pushouts and has the 2-out-of-3 property. Then the following properties hold.

(i) For any object x of C, the full subcategory W(x) of Cy, spanned by pairs (y, f) such that
f:x — yisamorphism in W is a left calculus of fractions at x.

(ii) For any object x of C, the category W (x) is filtered.
(iii) The category L(C) has pushouts and the functor y commutes with them.

(iv) Given any category D with pushouts and any functor f: C — D sending any map in W to an
isomorphism in D, the induced functor f: L(C) — D commutes with pushouts if and only if
the functor f itself has the same property.

(v) For any object x of C, the functor y induces a functor

Yx/: Cx) = L(C)y(xyy

that exhibits L(C), (x), as the localization of Cy, at the subcategory W(x) — C/.

Proof. Apply Theorem 13.1.5 to C°P. ]
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Corollary 13.1.9. Let C be a small category with finite colimits, and W — C a subcategory closed
under pushouts, with associated localization functor y: C — L(C). Then L(C) has finite colimits
and y is right exact.

Proof. Apply Corollary 13.1.6 to C°P. O

Definition 13.1.10. A subcategory W < C is saturated if the obvious commutative square

We————~C

l P

L(C)® —— L(C)
is cartesian.

The next proposition shows that left exact localizations can always be described by localizing a
saturated subcategory.

Proposition 13.1.11. Let C be a category and W — C a subcategory. We denote by y: C — L(C)
the localization of C by W. We assume that the category C has pullbacks and that the subcategory
W is closed under pullbacks and has the 2-out-of-3 property. We define W through the following
pullback square.

We———C

| Y

L(C)" —— L(C)

Then W is closed under pullbacks, has the 2-out-of-3 property, and the functor y exhibits L(C) as
the localization of C by W.

Proof. Assertion (iii) of Theorem 13.1.5 implies that W is closed under pullbacks. The rest of the
proposition is obvious. O

Lemma 13.1.12. Let W — C be a subcategory closed under pullbacks and with the 2-out-of-3
property. Given two objects x and y in C and two diagrams of the form

s P s’ , p/
X—z—>y and x—7 —Yy

with s and s’ in W, the anima y(s)~! o y(p) = y(s")~! o y(p’) is covered by the collection of
commutative diagrams in C of the form

V4
2N,
s ’ p//

x F4 y
\ l‘/’/

s p

’

Z

with s” in W.
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In particular, the collection of morphisms of the form f: x — y in C inducing an isomorphism in
L(C) is covered by the collection of diagrams of the form

’

124

P
X' —x

r._f

—x =Yy

with the property that each composite f o p and p o p’ isin W.

Proof. We observe that W(x),, always has pullbacks (for any objects x and y) and thus that the
localization I, (W (x),y) is obtained by a right calculus of fractions at any object of W (x)/,. This

implies the first assertion right away. The last assertion follows from the first by interpreting the fact
that a map in L(C) is invertible if and only if it has a right inverse which itself has a right inverse. O

Proposition 13.1.13. Let W < C be a subcategory closed under pullbacks and with the 2-out-of-3
property. Then W is saturated if and only if the collection of diagrams of the form

p” p’ p
x/// x// xl = x

with the property that each composite p’ o p”’ and p o p’ is in W coincides with the collection of
diagrams of the same shape with the property that all three morphisms p, p’ and p"’ are in W.
Proof. 1t suffices to prove that the collection of diagrams of the form

4 ’
p p p
X' X ¥ S x

with the property that each composite p’ o p”” and p o p’ is in W is covered by the collection of
diagrams of the same shape with the property that all three morphisms p, p” and p”” are in W. This
follows right away from Lemma 13.1.12. O

Proposition 13.1.14. Let W — C be a saturated subcategory closed under pullbacks. Then the
localization functor C — L(C) restricted to W exhibits L(C)= as the localization of W by all its
maps:

(W) = L(C)™.

Proof. Let x: C~. Since W= = C~, we may see x as an object of W. We observe that W is closed
under pullbacks with the 2-out-of-3 property as a subcategory of W. If we define W (x) as the full
subcategory of C;, with objects those pairs (y, s) with s: y — x a map in W, we thus have a right
calculus of fractions at x

W(x)—=C) inC

and a right calculus of fractions at x
Wx)=W, inW.
Given any other object y, the map
oo (W)(x,y) = L(C)(x,y)
may thus be described as the canonical map

colim Homwy(z,r,y) — colim Homc¢(zyr,y).
wi W(x)oP w: W(x)oP
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It suffices now to check that the map above is an embedding with image L(C)~(x,y). We observe
right away that W (x) has pullbacks, hence that W (x)°P is confluent. Since the functor

colim : Fun(W(x)°?, Grpd) — Grpd
W (x)oP

preserves pullbacks, it preserves embeddings. Therefore, since each map
Homy (z,/, y) <= Homc (3, )

is an embedding, this proves that I1.,(W)(x, y) embeds into L(C)(x,y). In order to prove that the
image consists exactly of isomorphisms from x to y in the localization L(C), it suffices to work in
the context of such equivalences that come from an object of W(x),,. Butif s: z — x is in W and
p:z — yisamapin C such that y(s)~! o y(p) is invertible in L(C), then so is y(p) itself. Since
W is saturated, this implies right away that p is in W as well. O

13.2 Compactly generated left Bousfield localizations

Recall the notion of compact object (Definition 12.3.6).

Definition 13.2.1. Let C be a locally small category with small filtered colimits. An object x: C~
is compact if the functor
Hom¢ (x,-): C — Grpd

commutes with small filtered colimits.
We denote by C,, the full subcategory of C whose collection of objects consists of the compact

objects of C.

Example 13.2.2. If A is a small category and a: A=, then Hom4(—, a) is a compact object of
C = Fun(A°P, Grpd). Indeed, by virtue of the Yoneda Lemma, this amounts to claiming that the
functor F — F(a) commutes with filtered colimits, which is due to the fact that it commutes with
all colimits.

Lemma 13.2.3. Let C be a locally small category with small colimits. The full subcategory C,, has
finite colimits and the full embedding C,., — C is a right exact functor.

Proof. By virtue of Proposition 12.4.12 and Proposition 12.4.13, this amounts to saying that the
initial object is compact and that, for any pushout square of C of the form

b
E

’ u b/

u
—_—

~
«— Q

Q

with a, b and a’ compact, the object b is compact. Indeed, if ¢: C is initial, then the functor
Homc (¢, —) is the constant functor with value the terminal object of Grpd. Claiming that ¢ is
compact amounts to claiming that, for any small filtered category I, the /-indexed colimit functor
preserves terminal objects in Grpd, which follows from the fact that, by definition, filtered categories
are weakly contractible. As for the second assertion, we observe that, for any small filtered category
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I, and for any functor i — x; with values in C, we have the following immediate computations, using
the very definition of compactness together with Theorem 12.2.9.

colim Hom¢ (b, x;) = colim(Homc (a’,Xi) XHome (a,x;) Homc(b,xi))
iil iil ’
= COhIIn HomC(a/, X;) ><coli}nHomc (a,xi) COllll’Il Homc (b, x;)
1 i: 1
= Homc (a’, CQliIl’n X;) ><Homc(a,colilrn Xi) Homc (b, CQliIrn X;)
i i: L:

= Hom¢ (b, cc_)lilmxl-) |
Ll

Definition 13.2.4. Let C be a locally small category and S <— Map([1], C) a family of morphisms
in C. An object x: C~ is said to be S-local if, for any map f: a — b belonging to S, the induced
map

fr:C(b,x) — C(a,x)
is an equivalence.

We denote by Lg(C) the full subcategory of C spanned by S-local objects.

A morphism f: a — b in C is called an S-equivalence if, for any S-local object x, the induced map
ff:C(b,x) — C(a,x)
is an equivalence.

Proposition 13.2.5. Let C be a locally small category with small filtered colimits. If S is a family
of morphisms between compact objects of C, then Ls(C) has small filtered colimits and the full
embedding Ls(C) — C commutes with small filtered colimits. In other words: any small filtered
colimit of S-local objects in C is an S-local object.

Proof. This is straightforward. O

The main goal of this section is to prove the theorem below.

Theorem 13.2.6. Let C be a locally small category with small colimits and S — Map([1],C) a
small family of maps between compact objects of C. Then the full embedding Ls(C) — C has a
left adjoint

locs: C — Lg(C)

exhibiting Ls(C) as the localization of C by the family of S-equivalences. Furthermore, the functor
locs preserves compact objects.

The proof of this theorem will need a little bit of preparation. Fix C locally small with filtered
colimits.

Definition 13.2.7. A family of morphisms § < Map([1], C) is codiagonal-stable if, for any map
u: a — bin S, if we form the pushout square

LN
: l
— 5 b

U, b

S —
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then the codiagonal map v: b LI, b — b induced by the obvious commutative square

<
S ——— 9
l:
S

belongs to S.

Lemma 13.2.8. If S is codiagonal-stable, then an object x: C~ is S-local if and only if, for any map
u: a— binsS, the induced map

u*: Home (b, x) — Home (a, x)
has a section.
Proof. Thisis clearly anecessary condition. Conversely, let us consider an object x with the property

that ™ has a section for any u: S. We observe that, for any map u: a — b in S, the codiagonal map
v: b1, b — b has a section, hence

v*: Homc¢ (b, x) — Home (b 1, b, x)

is a section. In other terms, v* has a left inverse as well as a right inverse and is thus an equivalence.
In other words, for any u: @ — b in S, the induced commutative square

Hom¢ (b, x) =—— Homc¢ (b, x)

.

Homc¢ (b, x) —— Homc(a, x)

is a pullback square. This means that the map u*: Hom¢ (b,x) — Homc (a, x) is an embedding.
Since u* also is a cover, it must be an isomorphism, by Proposition 11.5.9. O

Lemma 13.2.9. The family of S-equivalences has the following stability properties.

(i) It has the 2-out-of-3 property.

(ii) It is stable under small colimits: for any small category I and any functors a,b: I — C and
any natural transformation
u:a—b

ifu;: a; — b; is an S-equivalence for any object i: 17, then the induced morphism

colimu; : colima; — colim b;
i:1 i:1 i:1

is an S-equivalence.

(iii) For any pushout square in C of the form

u
—_—

b
g

’ u bl

— Q

Q

with u an S-equivalence, the morphism u’ is an S-equivalence.
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Proof. Properties (i) and (ii) are straightforward (they follow right away from the analogous proper-
ties for the family of isomorphisms in Grpd, using the fact that the functor Hom¢ (x, —) commutes
with small limits for any object x). As for property (iii), we simply observe that we have an induced
pullback square of the form

Hom¢ (b, x) &, Hom¢ (b, x)

| I

Hom¢ (a’,x) —— Home(a, x)
proving that ” is an S-equivalence whenever u has this property. O

Construction 13.2.10. Let S — Map([1], C) be a family of maps in C. We define V(S) as the
union in Map([1], C) of S with the image of the map

k: S — Map([1],C)

that assigns to each u: a — b in S the associated codiagonal x(u) = v: b I, b — b. We define a
sequence of embeddings of anima

So =81 o8 o S o
by defining Sg = S and S,,+1 = V(S,,) for all n: N. We put
S =colim$,, .
n: w

Lemma 13.2.11. Assume that S — Map([1], C) is a small family of maps between compact objects.
Then the following properties hold.

(i) The family S is a small family of maps between compact objects.
(ii) The family S is codiagonal-stable.

(iii) An object x: C= is S-local if and only if it is S-local.

Proof. 1t is clear that V(S) is small whenever S is small. Therefore, each S,, is small. Since small
anima are stable under w-indexed colimits, this proves that S is small. The second part of property
(i) follows right away from Lemma 13.2.3. The property for S to be codiagonal-stable amounts to
the property that S contains V(S), which holds by construction. Finally, it is clear that any S-local
object is S-local because S is a subfamily of § by construction. Conversely, it suffices to prove that
any S-local object x is also V(S)-local, which follows right away from properties (i) and (iii) of
Lemma 13.2.9. O

Proof of Theorem 13.2.6 through the small object argument. By virtue of Lemma 13.2.11, we may
assume that S is codiagonal-stable. We define a functor

L:C—-C
as well as a natural transformation /: idc — L as follows. There is a functor

GrpdxC - C, (a,x)—a®x
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defined by the functorial formula
Homc ((a ® x)?, y) = Homgpa(a®?, Home (x°P, y))
for a: Grpd and x, y: C. More precisely, if a is an anima and x an object of C, then a ® x is the

a-indexed colimit of the constant diagram with value x.

Given x: C and an object a of C, there is thus a canonical map
Ca.x: Home(a,x) ®a — x

corresponding to the identity of Hom¢ (a,x), functorially in x. We define A(x) as the colimit
indexed by S of the diagram that assigns Hom¢ (a,x) ® a for each term u#: @ — b of S. Similarly,
we define B(x) as the colimit indexed by S of the diagram that assigns Hom¢ (a, x) ® b for each
term u: a — b of S. We define

ay: A(x) > x

as the map induced by the family ¢, , indexed by each term u: a — b of S. We form the pushout
square

Alx) —= x

ixl lzx

B(x) -2 L(x)

where i is the S-indexed colimit of the maps
id®u: Homc(a,x) ® a —» Home(a,x) ® b.

We now define a sequence of functors

ll 12 ln+l
LO—>L1—>“'—)Ln—>Ln+1—>"'

by induction through the formulas
L’=idc and L™'=LoL", I"™'=In.
We define
Ay x — locg(x)

functorially in x by the formula
locs(x) = colim L" (x)
n: w

with A, the map induced by the component of the colimit cocone at 0: N. It follows from
Lemma 13.2.9 that [/, is an S-equivalence for all x. We can also see the map A, as the w-indexed
colimit of the natural transformation

X X cee X X
L n len ) n+l
x L(x) Lr(x) 219 )

in which the vertical maps are S-equivalences (this is proven by induction, as finite compositions of
maps of the form /, for various y’s). Therefore, Lemma 13.2.9 (ii) implies that A is an S-equivalence
for any x.
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We claim that locs(x) is S-local. Indeed, for any u: @ — b in S, and for any n: N, there is a
canonical commutative diagram of the form

n+l
Home (b, L' (x)) ~>% Home (b, L™ (x)) —— Home (b, locs (x))

-
*J/ An - l * J/ *
u - u u
-

- 1
(B

Homc (a, L"(x)) ——> Hom¢ (a, L™ (x)) —— Homc (a, locs(x))

in which the dashed arrow A,, is induced by the map B (x). We can think of the collection of the
maps 4, as a morphism of sequences of morphisms of anima:

(l£,+1 )*

Homc (a, x) Homc¢ (a, L"(x)) ——= Homc¢(a, L"™!(x)) —— ---
/l()l l/ln l/lnﬂ
Hom¢ (b, L(x)) Homc (b, L™ (x)) —— Homc (b, L™ (x)) —— ---

Taking the associated Milnor colimits yields a morphism
A’ colim Home (a, L™ (x)) — colim Home (b, L™ (x)) .
n: w n: w
Since w is filtered, the embedding w;; — w is terminal, hence we have
colim Home (b, L™ (x)) = colim Home (b, L™ (x)) .
n: w n: w
The map A’ thus yields a map
A: colim Homc (a, L"(x)) — colim Hom¢ (b, L™ (x)) .
n: w n: w

Since Hom¢ (t, locs (x)) canonically is the colimit of the Hom¢ (¢, L™ (x))’s for any compact object
t, the map A determines a map

A: Home (a, locs(x)) — Home (b, locs(x))
that is a section of the map
u*: Homc¢ (b, locs(x)) — Home (a, locs(x))

by construction. Lemma 13.2.8 thus proves that locs (x) is S-local.

Consider now an S-local object y in C. Then, for any object x: C~, the S-equivalence 1, induces
an isomorphism
A%: Home (locs(x),y) — Home (x,y) .

Since this equivalence is obviously functorial in y, this shows that the full embedding of Lg(C) into
C is aright adjoint by Theorem 9.3.17.

The characterization of Lg(C) as localization of C by S-equivalences follows from Proposition 5.5.10
and from Corollary 9.3.13 applied to Ls(C).

It remains to prove that the left adjoint locs preserves compact objects. Let x: C~ be a compact
object. We consider a small filtered category I as well as an /-indexed functor i — y; with values
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in Lg(C). We know from Proposition 13.2.5 that the colimit of the diagram of the y;’s can be
computed independently in Lg(C) or in C itself. In other words, we have

c?}i}n Homy () (locs(x), yi) = ccl):1i1m Home¢ (x, y;)
= Hom¢ (x, cci):lilm Vi)
= Homy(c) (locs (x), colim y;) ,
thus proving that locs(x) is a compact object of Lg(C). O

Recall that Fun,(C, D) is the full subcategory Fun(C, D) spanned by functors commuting with small
colimits.

Corollary 13.2.12. Let C be a locally small category with small colimits and S a small family of
morphisms between compact objects of C, with associated localization functor

lOCSZ C — Ls(C) .

Given any category D with small colimits, we denote by Funf(C,D) the full subcategory of
Fun(C, D) spanned by colimit preserving functors sending any morphism in S to an isomorphism
of D. Then pre-composing with the functor locs induces an equivalence

Fun,(Ls(C),D) = Fun!S(C, D)
for any category D with small colimits.
Proof. By virtue of Theorem 13.2.6 pre-composing with locg induces a full embedding of the form
Funy(Ls(C), D) = Fun}(C, D)
It suffices to prove that the induced map
Fun,(Ls(C), D)™ — Funf(C, D)~

is a cover. Let F: C — D be a small colimits preserving functor sending all maps of S to
isomorphisms of D. We define Fs: Ls(C) — D as the following composite:

Fs: Ls(C) > C5D.
It suffices to prove two properties:
(i) Fs olocs = F holds (i.e. is inhabited);

(i1) Fs commutes with small colimits.

The second property follows from the first: we know that small colimits in Lg(C) can always
be computed by forming first the colimits in C and then applying locs. Let W be the family of
morphisms of C that are sent to isomorphisms of D. Keeping track of the explicit construction of
the functor locg through the small object argument as in the proof of Theorem 13.2.6, we observe
that, for any object x of C, the unit map x — locs(x) belongs to W. This implies right away that
Fs o locs = F holds true. O

420



13.3 Left exact presheaves
Notation 13.3.1. Let C and D be two categories. We denote by Lex(C, D) the full subcategory of
Fun(C, D) whose objects are the left exact functors from C to D.
Proposition 13.3.2. Let C be a small category with finite colimits. The full embedding
Lex(C°?, Grpd) — Fun(C°P, Grpd)

commutes with filtered colimits and has a left adjoint.

Proof. Let h: C — Fun(C°, Grpd) be the Yoneda embedding. If @¢ denotes the initial object of
C, there is a canonical comparison map

i:0— h(0c).

Similarly, given any pushout square in C of the form

u
—_—

b
g

’ u b’

«— Q

Q

there is a canonical comparison map
comp: h(a’) Upay h(b) — h(b').

This defines a map from the collection of pushout squares of C into Map([1], Fun(C°P, Grpd)), the
image of which we will denote by S”. We write S for the union of S§” with the image of the map from
[0] to Map([1], Fun(C°P, Grpd)) corresponding to i above. We observe the following properties:

(a) Anobject F: C°? — Grpd of Fun(C°P, Grpd) is S-local if and only if it is a left exact functor;

(b) The anima S is small and consists of morphisms between compact objects of Fun(C°P, Grpd).

Indeed, property (a) is a direct translation of the definitions through the Yoneda lemma (under the
form of Corollary 9.3.13). The smallness of S follows from Proposition 11.5.17. The last assertion
is a direct consequence of Example 13.2.2 and Lemma 13.2.3.

The proposition is now a particular case of Proposition 13.2.5 and Theorem 13.2.6. O

Corollary 13.3.3. If C is a small category with finite colimits, then the category Lex(C°P, Grpd) of
left exact functors from C°P to Grpd has small colimits as well as small limits.

Proof. Since small colimits and small limits exist in Fun(C°P, Grpd), this follows from the previous
theorem, by Corollary 10.2.4. O

Proposition 13.3.4. Let C be a small category with finite colimits. For any object x: C~, the
representable presheaf Home ((—, x) is a left exact functor from C°P to Grpd. Furthermore, the
Yoneda embedding

h: C — Lex(C, Grpd)

is a right exact functor.
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Proof. The property for Home(—,x) to be left exact follows from Theorem 9.6.3 applied to
C°P.  Proposition 10.2.3 tells us that colimits and limits in Lex(C°P, Grpd) are always com-
puted by first forming them in Fun(C°P, Grpd) and then applying the left adjoint to the embed-
ding Lex(C°P, Grpd) — Fun(C°P,Grpd). This left adjoint being also the localization functor by
S-equivalences for S defined in the proof of Proposition 13.3.2, this immediately proves that the
Yoneda embedding is right exact as functor from C to Lex(C°P, Grpd), by definition of S. O

Corollary 13.3.5. If C is a small category with finite colimits, then, for any object x: C~, the
associated representable presheaf he (x) = Home (—, x) is a compact object of Lex(C°P, Grpd).

Proof. For any left exact functor F: C°° — Grpd, we have

HomLex(C"I’,Grpd) (hC ('x)a F) = HomFun(C"P,Grpd) (hC ()C), F)
=F(x).

Since the functor
Fun(C®, Grpd) — Grpd, F +— F(x)

commutes with colimits and since the embedding of Lex (C°P, Grpd) into Fun(C°?, Grpd) commutes
with filtered colimits (see Proposition 13.3.2), this implies that hc(x) is a compact object of
Lex(C°P, Grpd). O

Lemma 13.3.6. Let C be a small category with finite colimits with Yoneda embedding h: C —
Fun(C°P, Grpd). We consider a right fibration with small fibers q: E — C classified by a presheaf
F: C°° — Grpd. The following conditions are equivalent:

(a) F is aleft exact functor;
(b) E is a filtered category;

(c) There is a small filtered category X, a functor p: X — C, and an isomorphism of the form

colimhc(p(x)) = F.
x: X

Proof. Corollary 9.5.3 shows that (c) is a consequence of (b). Let us assume that condition (c)
holds. If I is a finite category and i — y; is an /-indexed functor with values in C, using the fact
that colimits are computed object-wise in Fun(C°P, Grpd), since I°P is finite as well and since small
filtered colimits commute with finite ones in Grpd, we have canonical isomorphisms:

F(colim y;) = colim Hom¢ (colim y;, p(x))
i1 x: X i1

= 1 l H 9P
C)?:I)I(ni:lglf}l? Omc(yl ,p(x))

lim colim H P
l_zlgrolpcg:l}rfn omc(y;", p(x))

. op
il:lgrolp FG-

In other words, F is left exact. Finally, let us assume that F is left exact. In order to prove that E is
filtered, it suffices to prove that E has finite colimits: the existence of pushouts ensures the property
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of being confluent (Example 12.2.3) and the existence of initial objects implies the property of weak
contractibility. Since the embedding

Lex(C°P, Grpd) < Fun(C?, Grpd)
is fully faithful and contains representable presheaves by Proposition 13.3.4, we see that there are

canonical pullback squares of the following form.

E —— Lex(C,Grpd);r —— Fun(C,Grpd),r

1, 1 1

C —" Lex(C°, Grpd) —— Fun(C°, Grpd)
Since h: C — Lex(C,Grpd) is right exact and since the projection of Lex(C°, Grpd)/r to
Lex(C°P, Grpd) commutes with small colimits, we see that E has finite colimits (applying Proposi-
tion 9.8.7 to E°P). O

Definition 13.3.7. Let C be a category. We let I be the collection of all functors of the form
p: X — C where X is a small filtered category. The category of (small) ind-objects in C is the full
subcategory of the category of presheaves on C (with values in the category of large groupoids for
a large enough universe) spanned by the image of the map

p:X—-C c)(c)h)r(n he(p(x)).
The Yoneda embedding of C induces a full embedding of the form
C — Ind(C).
Remark 13.3.8. Lemma 13.3.6 tells us that, for any small category with finite colimits, we have:
Ind(C) = Lex(C, Grpd) .

Proposition 13.3.9. Let C be a small category. A presheaf F: C°® — Grpd is an ind-object in C
if and only if the domain of the associated right fibration Cr is a filtered category. Furthermore,
the category Ind(C) has small filtered colimits and the full embedding Ind(C) — Fun(C°P, Grpd)
commutes with small filtered colimits.

Proof. Since any presheaf F is a colimit of the composition of the projection of C;r to C with the
Yoneda embedding, it is clear that F' is an ind-object whenever C/ is filtered. For the converse, if X
is a small filtered category and p: X — C any functor, with F the presheaf obtained by producing
the colimit of the composition of p with the Yoneda embedding, one can construct F' by choosing
a factorization of p into a terminal functor i: X — Y followed by a right fibration 7: ¥ — C. The
presheaf F is then the one classifying 7, hence C;r =Y. Proposition 12.2.18 thus ensures that C/r
is filtered.

Let us consider a small filtered category X and a functor
¢: X —» Ind(C).

We let F be the colimit of ¢ in Fun(C®, Grpd). Since, by virtue of Lemma 9.8.11, C is the colimit
of the diagram
X = Crp(x)

that takes values in filtered categories, Corollary 12.2.20 implies that C, itself is filtered. O
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Theorem 13.3.10. Let u: C — D be a right exact functor between small categories with finite
colimits. Then the adjunction

uy: Fun(C, Grpd) 2 Fun(D, Grpd): u”
restricts to an adjunction of the form
uy: Lex(CP, Grpd) 2 Lex(D?,Grpd): u™.

Proof. We know that the composition of two left exact functors is left exact. Since u™ precisely is
the operation of composing with the left exact functor #°P, this implies right away that the functor
u* sends Lex(D°P, Grpd) into Lex(C°P, Grpd). As for the functor uy, recall first that, by virtue of
Corollary 9.3.18, there is a canonical commutative square of the form

c -l Fun(C°P, Grpd)

p 2, Fun(D°P, Grpd)

where the two horizontal arrows are the Yoneda embeddings. Let F': C°° — Grpd be a left exact
functor and let ¢g: E — C be the corresponding right fibration. By virtue of Corollary 9.5.3, there
is a canonical isomorphism of the form:

co]ign hc(g(x)) = F.
Hence we have:
ui(F) = uycolim hc(4(x) )
= colimu,(hc(q(x)))
= colim p (u(q(x))) -

Moreover, since F is left exact, Lemma 13.3.6 tells us that E is a small filtered category, and therefore
u (F) is a left exact functor. O

Notation 13.3.11. Given two categories with finite colimits C and D, we denote by Rex(C, D) the
full subcategory of Fun(C, D) spanned by finite colimit preserving functors.

Theorem 13.3.12. Let C be a small category with finite colimits. For any category D with small
colimits, precomposing with the Yoneda embedding

hc: C — Lex(C, Grpd)
induces an equivalence of the form

Fun,(Lex(C?, Grpd), D) = Rex(C, D).
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Proof. By virtue of Corollary 9.6.17, precomposing with the Yoneda embedding of C induces an
equivalence of the form
Fun, (Fun(C®, Grpd), D) = Fun(C, D) .

On the other hand, Proposition 13.3.2 tells us that the full embedding
Lex(C°P, Grpd) < Fun(C®?, Grpd)

has a left adjoint
[: Fun(C®, Grpd) — Lex(C°?, Grpd)

and, by Corollary 13.2.12, pre-composing with [ yields an equivalence of the form
Fun,(Lex(C, Grpd), D) = Fun;q (Fun(C*?, Grpd), D)

for S the family of morphisms so that S-local objects correspond precisely to left exact presheaves
on C (see the proof of Proposition 13.3.2). In other words, there is a pullback square of the form
below.

Fun!S (Fun(C°P, Grpd), D) —— Fun,(Fun(C°P, Grpd), D)

| l'

Rex(C, D) « Fun(C, D)

Since the vertical map on the right hand side of the square is an equivalence, this proves the
theorem. O

Remark 13.3.13. Let Cat’ be a universe of large categories (i.e. such that Cat is both an object of
Cat’ and a full subcategory of Cat’). If Grpd” denotes the category of large groupoids, given a small
category with finite colimits C, we then have a full embedding

Lex(C°?, Grpd) < Lex(C, Grpd’) .

The latter functor commutes with small colimits as well as with small limits. For the case of limits,
this follows from the analogous property for Grpd < Grpd’. For small colimits, the argument is
analogous once we notice that the respective left adjoints L and L’ of the embeddings

Lex(C, Grpd) < Fun(C,Grpd) and Lex(C®,Grpd’) < Fun(C, Grpd’)
induce the following commutative square

Fun(C°, Grpd) —— Fun(C°P, Grpd")

| P

Lex(C°, Grpd) —— Lex(C°P, Grpd’)

(this is easily seen using the description of L with the small object argument).
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13.4 Compactly generated categories

Construction 13.4.1. Let C be a category with finite colimits, and leti: E < C be a full subcate-
gory. We consider the functor
colim- : Fun(™,E) - C

and define U(E)™ < C~ as the image of the induced map

I _ colim~ N
Fun(—,E)” — Fun(™,C)" —— C~.

We define U(E) as the full subcategory of C with collection of objects U(E)~, with corresponding
embedding

iu(E)i U(E) — C.

idx idx . .

Since the pushout of any diagram of the form x & S xisx itself, the functor const- : £ —
Fun(r, E) induces a canonical functor

MEZE—>U(E)

such that iyy(g) o ug =~ i. We observe that, by virtue of Proposition 11.5.17, if C is locally small and
if E is small, then U(E) is small as well (as full subcategory of a locally small category with a small
collection of objects).

We define Uy (FE) as the full subcategory of C with objects the initial object as well as the terms of
E~. We denote by
io: UQ(E ) — C

the embedding. We define for any n: N
un(E): Un(E) = Uns1(E)
through U,41(E) = U(U,(E)) and u,(E) = uy, (). There is also a full embedding
int1: Ups1 (E) = C

defined by i,+1 = iy(v, (E))- The sequence of mapsu, (E),n: N, definesafunctor U,(E): w — Cat.

We denote by (E)g, the colimit of U, (E). The family of full embeddings i, : U, (E) — C induces
a canonical full embedding (E)f, < C by Corollary 12.3.11. It follows from Lemma 12.4.4 that
any functor from - to (E)g, factors through U, (E) for some n, hence that the colimit of such a
diagram belongs to U,+1(E), hence to (E ). This implies that (E ), has finite colimits and that its
embedding into C is right exact.

Definition 13.4.2. Given a full subcategory E of a category C with finite colimits, we call (E )y, the
smallest finitely cocomplete full subcategory of C generated by E.

Remark 13.4.3. This terminology is justified by the fact that, given any full subcategory D of C, if
D is closed under finite colimits in C (i.e. D has finite colimits and the embedding of D into C is
right exact), the property that all objects of E are objects of D is equivalent to the property that all
objects of (E)g, are objects of D (exercise left to the reader). We also observe that, if C is locally
small and if E~ is small, then (E ), is small.
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Definition 13.4.4. A compactly generated category is a category D with the following properties:

(i) D is locally small;
(i) D has small colimits;

(iii) there is given a small family of compact objects £ < D~ that generates D in the sense that,
for any morphism f: x — y in D, if the induced map

f«: Homp(e,x) — Homp (e, y)
is an isomorphism for any e: E, then f is an isomorphism in D.

Example 13.4.5. The category Grpd is compactly generated with generating family of compact
objects the terminal objects of Grpd.

Example 13.4.6. The category Cat of small categories is compactly generated: a family of generators
is given by the single object [1] by Corollary 6.3.4 and Theorem 12.3.9.

Example 13.4.7. If C is a small category with finite colimits, then Lex(C°P, Grpd) is compactly
generated, the representable presheaves forming a generating family of compact objects by Corol-
lary 13.3.5. This class of examples covers all cases, as expressed by the following theorem.

Theorem 13.4.8. Let D be a compactly generated category. We consider a small family of compact
objects E — D~ that generates D and form the smallest finitely cocomplete full subcategory
C = (E)fp of D generated by E. Then there is a canonical equivalence

Lex(C,Grpd) = D
whose composition with the Yoneda embedding yields the embedding C — D.

Proof. Leti: C — D be the inclusion. By virtue of Theorem 9.6.11, we then have an adjunction
of the form
iy: Fun(C°,Grpd) 2 D: i*

where i* is the functor defined by the formula
i"(y)(x) = Homp (i(x), y)

forany x: C°Pand y: D. Let S be defined as in the proof of Proposition 13.3.2. We deduce right away
from the fact that i is right exact that, for any object y of D, the presheaf i*(y) is S-local. Applying
Corollary 9.3.13 to D, we see that the functor 7, thus sends S-equivalences to isomorphisms. Let

locs: Fun(C?, Grpd) — Lex(C®?, Grpd)

be the left adjoint to the embedding Lex(C°P, Grpd) < Fun(C°?, Grpd). We know from Proposi-
tion 13.3.2 that locgs exhibits Lex (C°P, Grpd) as the localization of Fun(C°P, Grpd) by S-equivalences.
Therefore, there is a unique functor

L: Lex(C®,Grpd) —» D
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together with an isomorphism L o locs = i;. The functor L has a right adjoint
R: D — Lex(C, Grpd)

characterized by the property that composing R with the embedding of Lex(C°P, Grpd) into
Fun(C°P, Grpd) is isomorphic to i*. We will now prove that the functor L is fully faithful. We
will prove first that the restriction of L to representable presheaves is fully faithful. Indeed, if x and
x’ are objects of C, then we have:

Homy ex(cop,Grpd) (A (X), he (x”)) = Home (x, x”)
= Homp (i(x),i(x"))
= HomLex(C"P,Grpd) (L(hC (x)), L(hC(x/))) .

This implies that, for x: C= and F: C°? — Grpd left exact, the canonical map
Homy ex(cor,Grpd) (A (x), F) — Homp (L(hc(x)), L(F)) = Homp (i(x), F)

is an isomorphism. Indeed since hc¢(x) is compact in Lex(C°P, Grpd) and since i(x) is compact in
D, both functors Homy ex(cor Grpd) (hc (x), —) and Homp (i(x), —) commute with filtered colimits.
But Lemma 13.3.6 tells us that any left exact functor of the form F: C°° — Grpd is a small filtered
colimit of representable presheaves, which implies our claim. We can finally prove that the functor
L is fully faithful: given two left exact functors

F,G: C®° - Grpd,
we write F' as a small (filtered) colimit of representable presheaves
cci):lilm he(x;) = F
so that we get canonical identifications of the form

Hom(F,G) = Hom(cqli;n he(x;),G)

_lignp Hom(hc(x;)P, G)
i:1°

lim Hom(L(hc (x:)), L(G))
= Hom(colim L(/c (x:))™, L(G))
= Hom(L((colim e (x)) ™. L(G))
= Hom(L(F), L(G)).

The fully faithfulness of the functor L can be reformulated by saying that the unit map is an
isomorphism F = R(L(F)) for all F. To conclude, we observe that the functor R is conservative:
this amounts to saying that isomorphisms in Fun(C°P, Grpd) can be detected object-wise and to the
assumption that E generates D in the sense of Definition 13.4.4. Therefore, in order to prove that
the co-unit map L(R(y)) — y is an isomorphism for any y: D~, it suffices to prove that its image
by R is an isomorphism, which follows right away from the invertibility of the unit map. O

Corollary 13.4.9. If D is compactly generated, then D has small limits.
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Proof. This follows from Corollary 13.3.3 and Theorem 13.4.8. O

Corollary 13.4.10. Any small category is a small filtered colimit of finite categories. More precisely,
there is a canonical equivalence Lex(FinCat®?, Grpd) = Cat.

Proof. We know that Cat is compactly generated by virtue of Corollary 6.3.4 and Theorem 12.3.9.
This yields the equivalence Lex(FinCat®?, Grpd) = Cat by Theorem 13.4.8. The first assertion is
then a particular case of Lemma 13.3.6 with C = FinCat. O

Corollary 13.4.11. A category has small colimits if and only if it has finite colimits as well as small
filtered colimits. Similarly, if C and D are categories with small colimits, a functor f: C — D
commutes with small colimits if and only if it commutes with finite colimits as well as with small
filtered colimits.

Proof. This is a direct application of the first assertion of the previous corollary and of Lemma 9.8.8.
m]

Proposition 13.4.12. Let D be a compactly generated category and E a locally small category with
small colimits. We consider a functor
ff:D—>E

admitting a conservative right adjoint
fir E—>D.

Then the following conditions are equivalent.
(i) The left adjoint functor f* preserves compact objects.

(ii) There is a generating family of compact objects of D that are sent to compact objects of E
through f*.

(iii) The right adjoint functor f. commutes with small filtered colimits.
In particular, if one of the equivalent conditions above is fulfilled, then E is compactly generated.

Proof. It is clear that (ii) follows from (i). Let X < D~ be a small family of compact objects
generating D. Let us assume furthermore that f*(x) is compact in E for all x: X. We consider a
small filtered category [ and an /-indexed diagram i — y; taking values in £. We want to prove that
the canonical map

C(i):lilm fe(yi) = f*(c?}ilrn Vi)
is an isomorphism. This follows from the computations below, for each x: X.
Homp (x, C?;hlm f) = C(i):lilrn Homp (x, fi(y:))
= C(i):lilm Homg (f*(x), y:)
= Homg (f*(x), ccl):li[rn yi)

= Homp (x, f*(colilm yi)) -
1
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This implies right away that assertion (iii) is a consequence of assertion (ii). Finally, let us assume
that assertion (iii) holds true, and let x: D~ be a compact object of D. We want to prove that f*(x)
is compact. We consider again a small filtered category / and an /-indexed diagram i — y; taking
values in E and compute:

colim Homp (f Y(x),yi) = colim Homp (x, f.(y:))
= Homp (x, C(l)}ilrn (i)
= Homyp, (x, f*(cci):lilmyi))
= Homg (f"(x), colimy;) .

This completes the proof. O

13.5 Left Bousfield localization of compactly generated categories

Proposition 13.5.1. Let D be a compactly generated category and S — Map([1], D) a small family
of morphisms between compact objects. Then the category of S-local objects Ls(D) is compactly
generated.

Proof. By virtue of Theorem 13.2.6, the full embedding
Ls(D) — D

has a left adjoint
locs: D — Lg(D)

that preserves compact objects. Let E < D~ be a small family of compact objects in D. We denote
by Es < Ls(D)~ the image of the composed map
. locg ~
E — D™ — Lg(D)~.

Proposition 11.5.17 ensures that Eg is small and all of its terms are compact objects of Ls(D). By
construction, the map p: E — Eg is a cover. It suffices now to check that the family of functors of
the form

Hom; (p)(y,—) forally: Eg

is conservative. Let f: a — b be a morphism in Lg(D) such that
fu: Hompg(p)(v.a) = Hompg(p) (v, )
is an isomorphism for all y: E¢. This implies that
fi: Hompg(p) (p(x), a) = Hompg(p) (p(x), b)
is an isomorphism for all x: E~. But p(x) = locs(x) and this means that
f«: Homp (x,a) = Homp (x,b)

is an isomorphism for all x: E~. In other words, the image of f through the full embedding of
Ls(D) into D is an isomorphism. Since full embeddings are conservative, this proves that f is an
isomorphism in Lg(D). O
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Proposition 13.5.2. Let D be a compactly generated category and C — D a small full subcategory
such that C* is a generating family of compact objects in D. We consider a family of morphisms

S — Map([1],C)
with associated localization functor by S-equivalences
locs: D — Lg(D)

We let W — C be the subcategory of morphisms in C that become invertible in Ls(D) through
the functor locs, with associated localization functor y: C — L(C), and we define Cs as the full
subcategory of Ls(D) spanned by the image of the map
N _ locg N
C”— D™ — Lg(D)™.

Then there is a canonical equivalence

L(C) = CS .
Proof. The functor locs obviously restricts to a right exact functor

[:C—>Cs

that sends maps in W to isomorphisms. Corollary 13.1.8 (iv) implies that there is a unique right
exact functor
A: L(C) — Cs

equipped with an identification A o y = [. We will prove that A is an equivalence. Theorem 13.4.8
provides a canonical equivalence
Lex(C°,Grpd) = D

extending the embedding C < D. The proof of Proposition 13.5.1 allows us to apply Theorem 13.4.8
once again to provide an equivalence of the form

Lex(Cgp,Grpd) = Lg(D)
extending Cs < Lg(D). Under these equivalences, the functor
I*: Lex(CP, Grpd) — Lex(C°?, Grpd)

corresponds to the full embedding Ls(D) — D.
On the other hand the functor

v*: Fun(L(C)°?, Grpd) — Fun(C°P, Grpd)

is fully faithful with essential image consisting of those presheaves on C which send maps in W to
isomorphisms of Grpd. Corollary 13.1.8 (iii) means that there is a canonical pullback square of the
form below.

Lex(L(C)°P, Grpd) AN Lex(C°P, Grpd)
[~ [
Fun(L(C)°P, Grpd) , Fun(C°P, Grpd)
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In particular the upper horizontal arrow above is a full embedding whose essential image consists of
those left exact presheaves on C sending maps in W to isomorphisms in Grpd. Under the equivalence
Lex(C°P, Grpd) = D, those correspond to T-local objects where

T =Map([1], W) — Map([1],C) — Map([1], D).

Since S < T, it is clear that any 7-local object is S-local. Conversely, any S-local object y is
T-local: indeed, for any map u: a — b in W, since locs(u) is an isomorphism by definition of W,
the map

u*: Homp (b, y) — Homp(a, y)

is isomorphic to the isomorphism
u*: Homp (locs(D), y) S Homp, (locs(a),y) .

We obtain a commutative square of the form

Lex(L(C)*, Grpd) —2— Lex(C%, Grpd)

zl lz

Lr(D) Ls(D)

thus proving that the upper horizontal map is an equivalence. In other words, the adjunction provided
by Theorem 13.3.10
Ay: Lex(L(C)P, Grpd) & Lex(Cgp, Grpd): A*

consists of equivalences. Since the restriction of A, to representable presheaves is isomorphic to the
composition of A with the Yoneda embedding of Cg, this proves that the functor A is fully faithful.
Since

A7 L(C)” — Cy

is a cover by construction, this proves that A is an equivalence. O

Notation 13.5.3. Recall that, for any category D with small colimits and any functor f: A — B
between small categories, the functor

f*: Fun(B, D) — Fun(A, D)
has a left adjoint
fi: Fun(A, D) — Fun(B, D).

In particular, given any small category A and object a: A~ the evaluation functor F' — F,, has a left
adjoint

D — Fun(A,D), x> a®x
defined by a ® x = a(x), where we see a as an A-valued functor. If D is locally small, we thus have

the formula
Hom(x, F,;) = Hom(a ® x, F)

functorially in x and F, which determines a ® x. Given a family of objects E < D=, we define E 4
as the image of the map

A X E — Map(A,D), (a,x)—a®x.
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Proposition 13.5.4. Let D be a compactly generated category. For any small category A, the functor
category Fun(A, D) is compactly generated. More precisely, given a small family of compact objects
E — D= that generates D, the family E 4 is a family of compact objects that generates Fun(A, D).

Proof. Givena: A™,the assignment F' — F, commutes with colimits and therefore, for any compact
object x of D, the object a ® x is compact: the functor Hom(a ® x, —) is the composition of the
evaluation at ¢ with Hom(x, —). One can detect isomorphisms in Fun(A, D) object-wise, and can
detect isomorphisms in D by evaluating on terms of E. This shows that the family of functors of the
form Hom(a ® x, —) is jointly conservative. m]

Proposition 13.5.5. Let D be a compactly generated category. For any finite category A, any
functor F: A — D taking values (objectwise) in compact objects of D is compact as an object of
Fun(A, D).

Proof. The assertion is clearly true if A = @ or A = [0]. Let us prove it for A = [1]. Given an object
x of D, and a morphism u#: a — b in D, there is a correspondence of the form

S
x —

uof

a
lu e fix—oa.

x——b

In other words, the object 0 ® x can be described as the morphism

idy:x > x

seen as a functor from [1] to D. Similarly, if @ denotes the initial object of D, we see that the object
1 ® x corresponds to the unique morphism of the form

0—x.

Given any morphism u: @ — b in D there is a functor ¢: ™ — Fun([1], D) yielding a diagram of
the form
0®a—1®a—1®b

corresponding to the commutative diagram below.

idg
—

idg

QRe—— S
Se— S

—
id,
«—

Qe—

u
—_—

A simple inspection of universal properties shows that the colimit of this functor ¢ is nothing else
than u: a — b (seen as a functor from [1] to D). By virtue of Lemma 13.2.3, this proves that, if
ever both a and b are compact in D, so is u in Fun([1], D).

Let C — Cat be the full subcategory of Cat whose objects are those small categories such that any
A-indexed functor with values in D, is a compact object of Fun(A, D). We know that C contains
0, [0] as well as [1]. By virtue of Lemma 12.4.6, it suffices now to prove that C is stable under
pushouts in Cat.
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Let us consider a pushout square in Cat of the form

A—>B

oL

A/ u’ B’
with A, A’ as well as B in C. Given a functor F: B — D, we write Fyy: V — D for the
composition of F with the functor v: V — B’, for v being either u, a or u’. We observe that

the assignment F — Fy commutes with colimits (in particular with small filtered ones). For any
functors F, G: B’ — D, since we have a pullback square of the form

Fun(B’, D) —2— Fun(B, D)

] |

Fun(A’, D) _a, Fun(A, D)
we have a canonical identification of the form
Hom(F,G) = Hom(Fa/, G o) XHom(Fa,G4) Hom(Fp,Gp) .

Since filtered colimits commute with pullbacks in Grpd, this shows that F' is compact whenever Fy
is compact in Fun(V, D) for V. = A,V = A’, and V = B. This implies right away that C is stable
under pushouts in Cat and completes the proof of the proposition. O

Lemma 13.5.6. Let P be a finite poset and C a small category with finite colimits. The restriction
of the functor

P x Lex(C®, Grpd) — Fun(P,Lex(C?,Grpd)), (a,x)+—>a®x

to P X C via the Yoneda embedding of C takes values in the full subcategory Fun(P°P,C). This
induces an equivalence (P X C)g, = Fun(PP, C) (in other words, Fun(P°P, C) is the smallest finitely
cocomplete full subcategory of Fun(P°P, Lex (C°P, Grpd)) generated by objects of the form a ® x for
a: PT and x: C7). In particular, we have

Ind(Fun(P°?, C)) = Fun(P°?,Ind(C)) .
Proof. The evaluation of a ® x at an object e of P is

X.

u: Homp (e,a)

Since Homp (e, a) is a finite set, this implies the first claim.

Therefore, in order to prove the second assertion, it suffices to know that any object of Fun(P°P, C)
is a finite colimit of objects of the form a ® x. Since P°P is a finite poset, so is its twisted arrow
category Tw(P°P). In particular, a new application of Proposition 12.4.14 tells us that Tw (P°P)°P is
a finite category. Therefore, Corollary 9.6.20 concludes the proof of the second assertion. The third
one follows right away from the second one by Theorem 13.4.8. O
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Theorem 13.5.7. Let C be a small category with finite colimits and W — C a subcategory closed
under pushouts and with the 2-out-of-3 property, with associated localization functory: C — L(C).
Given a small category A, we denote by L(Fun(A, C)) the localization of Fun(A, C) by the family
of natural transformations u: F — G such thatu,: F, — G is a map of W for any object a: A~.
Then, for any finite poset P, the functor

v«: Fun(P,C) — Fun(P, L(C))
induces an equivalence

L(Fun(P,C)) = Fun(P, L(C)).

Proof. Recall that any finite poset is finite as a category (Proposition 12.4.14). Let us define
D = Fun(P, Lex(C°, Grpd)) and let S — Map([1], D) be the family of morphisms in Fun(P, C)
that are objectwise in W. We see right away that S-local objects simply are left exact functors from
L(C)°P to Fun(P, Grpd), hence that

Dgs = Fun(P, Lex(L(C)°?, Grpd)) .
Since, by virtue of Proposition 13.5.5 the Yoneda embedding
hc: C — Lex(C, Grpd)

induces a full embedding
Fun(P,C) — D

taking values in compact objects, Proposition 13.5.2 implies that the functor
locs = (y1)«: D — Dg

induces an equivalence
L(Fun(P, C)) = Fun(P, C)s

where Fun(P, C)g is the full subcategory of Fun(P, Lex(L(C)°P, Grpd)) spanned by the essential
image of the functor

Fun(P,C) 25 Fun(P, L(C)) — Dy .
This implies that the induced functor
L(Fun(P,C)) — Fun(P, L(C))

is right exact and fully faithful (right exactness was already known by Corollary 13.1.8 anyway).
For any a: P~ and any object x of C, we see that the formation of a ® x commutes with y by
right exactness. Lemma 13.5.6 thus implies that the comparison functor is essentially surjective:
its essential image is stable under finite colimits and contains all objects of the form a ® x, hence
everything. O

Theorem 13.5.8. Let P be a finite poset. For any categories C and D with finite colimits, the
canonical equivalence from Theorem 9.6.23

Fun, (Fun(P°?, Ind(C)), Ind(D)) = Fun,(Ind(C), Fun(P, Ind(D)))
restricts to a functorial equivalence

Rex(Fun(P°?, C), D) = Rex(C,Fun(P, D)) .
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Proof. The equivalence is defined by sending any functor ®: Fun(P°P,Ind(C)) — Ind(D) to the
transposition of the functor obtained by composing @ with the functor

P x Ind(C) — Fun(P°®,Ind(C)), (a,x)—>a®x.

On the other hand, since Fun(P°P, C) is the smallest full subcategory of Fun(P°P,Ind(C)) stable
under finite colimits and containing objects of the form a ® x for a: P~ and x: C~, yielding the
equivalence

Ind(Fun(P°®, C)) = Fun(P,Ind(C)),

by Lemma 13.5.6, we may see Rex(Fun(P°P, C), D) as the full subcategory of the category
Fun,(Fun(P°?,Ind(C)), Ind(D))

spanned by those functors that send objects of the form a ® x to representable presheaves on D by
Theorem 13.4.8. We also have similarly

Fun,(Ind(C), Fun(P, Ind(D))) = Rex(C, Fun(P, Ind(D)))

by another application of Theorem 13.4.8.

In other words, we have a pullback square of the form:

Rex(Fun(P°P, C), D) Rex(C, Fun(P, D))

[ [

Fun, (Fun(P°, Ind(C)), Ind(D)) —— Fun,(Ind(C), Fun(P, Ind(D)))
in which the upper horizontal map must be an equivalence. O

Remark 13.5.9. We can also give an alternative proof of Theorem 13.5.7 using Theorem 13.5.8
instead of Proposition 13.5.2 (exercise left to the reader).

Remark 13.5.10. One can understand the functoriality of the equivalence prodided by the previous
theorem. Given a functor between finite posets u: P — Q, if C has finite colimits, if u*(F) = F ou,
there is an adjunction

u: Fun(P,Ind(C)) 2 Fun(Q,Ind(C)): u*

and the formula

w()(y) = colim _ F(x)

shows that this adjunction resticts to an adjunction of the form
u: Fun(P,C) 2 Fun(Q,C): u*.

There is thus a functor
(u°?)y: Fun(P°P,C) — Fun(Q°, C)

inducing a functor

((u°P)1)*: Rex(Fun(Q®, C), D) — Rex(Fun(P?,C), D).

436



Fora: P and x: C, we have
(u®)(a®x)=u(a)®x.

This means that the functor ((1#°P);)* above corresponds under the correspondence of the previous
theorem to the functor of type

Rex(C,Fun(Q, D)) — Rex(C, Fun(P, D))

defined by ¥ +— u*¥.

On the other hand, since both (#°P), and its right adjoint («°P)* are right exact, the induced adjunction
((«°®)*)*: Fun(Fun(P?, C), D) 2 Fun(Fun(Q°, C), D): ((u°?),)"
resticts to an adjunction
((u°?)")*: Rex(Fun(P°?,C), D) 2 Rex(Fun(Q,C),D): ((u°?)))".
Therefore, ((#°P)*)* corresponds to the functor of type
Rex(C,Fun(P, D)) — Rex(C,Fun(Q, D))

defined by @ — u®.

If furthermore u has a right adjoint v: Q — P, then
(v7): = ()"

This means that (#°P)* has a furhter right adjoint, namely (v°P)*, that one can interpret through the
correspondence of Theorem 13.5.8 as well.

13.6 Free completion by finite colimits

Definition 13.6.1. Let C be a small category. We define rex(C) as the smallest finitely cocomplete
full subcategory of Fun(C°P, Grpd) generated by the family of representable presheaves. The Yoneda
embedding thus yields a canonical fully faithful functor h¢c: C — rex(C).

Theorem 13.6.2. For any category D with finite colimits, pre-composing with the Yoneda embedding
vields an equivalence of the form

Rex(rex(C), D) = Fun(C, D) .
Proof. We observe that, by virtue of Proposition 13.5.4 and Theorem 13.4.8,
Lex(rex(C)?, Grpd) = Fun(C, Grpd) .
Given a small category D with finite colimits, the Yoneda embedding
hp: D — Lex(DP, Grpd)
induces a full embedding

Rex(rex(C), D) < Rex(rex(C), Lex(D?, Grpd)) .
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But the codomain of this embedding can be identified with

Rex(rex(C), Lex(D°?, Grpd)) = Fun,(Lex(rex(C)?, Grpd), Lex(D®?, Grpd))
= Fun,(Fun(C, Grpd), Lex(D®?, Grpd))
= Fun(C, Lex(D?, Grpd)) .

This implies that pre-composing with the Yoneda embedding of C yields a full embedding of the
form
h¢ : Rex(rex(C), D) — Fun(C, D)

because the latter functor fits in a commutative square of the form

Rex(rex(C), D) e Fun(C, D)
Rex(rex(C), Lex(D°P, Grpd)) == Fun(C, Lex(D°P, Grpd))

in which the two vertical maps are induced by the Yoneda embedding of D.

Let F: C — D be any functor. The functor

hp o F: C — Lex(D, Grpd)
extends uniquely to a right exact functor

@: rex(C) — Lex(D®?, Grpd) .

We then form the pullback square below.

’

¢ —*——0p

[ [#2

rex(C) LN Lex(D°P, Grpd)

We know that all functors in this square are right exact (applying the dual version of Proposition 9.8.7),
and that hp is fully faithful, hence that C” is a full subcategory of rex(C) stable under finite colimits
and containing representable presheaves on C. Therefore, the full embedding C’ < rex(C) is an
equivalence (see Remark 13.4.3). This shows that the functor F' is the restriction of a right exact
functor from rex(C) to D. O

Notation 13.6.3. We define RexCat as the subcategory of Cat whose objects are the small categories
with finite colimits and whose morphisms are the right exact functors. Dually, we define LexCat as
the subcategory of Cat whose objects are the small categories with finite limits and whose morphisms
are the left exact functors. There is a canonical equivalence

RexCat = LexCat, C+— C°P.
Corollary 13.6.4. The canonical embedding RexCat — Cat has a left adjoint given by the rule
C b rex(C).
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Lemma 13.6.5. Let C be a small category with finite colimits and let ¢ rex(C) — C be the unique
right exact functor extending the identity of C through the correspondence of Theorem 13.6.2. Then
@ is a left adjoint of the Yoneda embedding hc: C — rex(C). In particular, C canonically is a
right exact localization of rex(C).

Proof. We have
Lex (rex(C)°?, Grpd) = Fun(C, Grpd)

by Theorem 13.4.8 for D = Fun(C, Grpd). Therefore, the functor ¢ is the restriction of a functor
preserving small colimits of the form

@1 Fun(C, Grpd) — Lex(C?, Grpd) .

The last assertion of Corollary 9.6.12 even tells us that ¢, must have a right adjoint ¢*. But, by
definition, ¢; is the extension by small colimits of the Yoneda embedding

C — Lex(C®?,Grpd) .
In other words, ¢* is nothing else than the canonical inclusion
Lex(C°?, Grpd) < Fun(C, Grpd)

and ¢, is the left adjoint of the latter provided by Proposition 13.3.2.

In particular both functors ¢, and ¢* preserve representable left exact presheaves on rex(C) and C,
thus inducing an adjunction at the level of representable (left exact) presheaves. O

Remark 13.6.6. Let C be a small category with finite colimits and W a family of maps in C
stable under pushouts and with the 2-out-of-3 property. For a category with finite colimits D, we
denote by Rex" (C, D) the full subcategory of Rex(C, D) spanned by right exact functors from
C to D sending any map in W to an isomorphism of D. It follows then from assertions (iii) and
(iv) of Corollary 13.1.8 that the localization functor y: C — L(C) with respect to W induces an
equivalence

Rex" (C, D) = Rex(L(C), D).

Lemma 13.6.7. The subcategory RexCat is stable under small filtered colimits in Cat.

Proof. Let I be a small filtered category and i — C; an /-indexed functor with values in RexCat.
Let us denote by C the colimit of this diagram in Cat.

We know that = [0] % [1]™ is compact in Cat. Therefore the collection of functors u: ™ — C;
forms a cover of the collection of functors of the form v: ™ — C. Therefore, in order to prove that C
has pushouts, it suffices to prove that, for each object i of I, the canonical functor C; — C preserves
pushout squares. This is an immediate consequence of the description of morphisms in C given
in Remark 12.3.13 and of the fact that small filtered colimits are compatible with the formation of
pullback squares in Grpd. Similarly, Remark 12.3.13 implies right away that each canonical functor
C; — C preserves initial objects (in particular, C has an initial object).

Finally, given a small category D and a functor f: C — D, the property that f is right exact is
equivalent to the property that each restriction f;: C; — D is right exact for all i: /™. This comes
from the fact that initial objects of C as well as pushout squares of C come from initial objects of C;
and from pushout squares of C; for some i: [~, since ) and 0 = [1] X [1] both are compact in Cat
(being finite categories). This implies that C is the colimit of the C;’s in RexCat. O
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Theorem 13.6.8. The category RexCat of small categories with finite colimits is compactly generated
(in particular, it has both small colimits and small limits).

Proof. We will prove first that RexCat has small colimits. By virtue of Corollary 13.4.11 and
of Lemma 13.6.7, it suffices to prove that it has an initial object as well as pushouts. We check
immediately that [0] = rex(0) is an initial object (by Theorem 13.6.2, say). Let us consider two
right exact functors

BLaSc
with A, B and C small categories with finite colimits and let us form the following pushout in Cat.

A—>C

Jo s

f

B—— D
By virtue of Theorem 13.6.2, for any small category 7" with finite colimits, the pullback square
Fun(D,T) —— Fun(C,T)
|~ l
Fun(B,T) —— Fun(A,T)

yields a pullback square of the form below.

Rex(rex(D),T) —— Rex(rex(C),T)
| l
Rex(rex(B),T) —— Rex(rex(A),T)
Given any small category with finite colimits E, we let ¢ : rex(E) — E be the left adjoint of the
Yoneda embedding E < rex(E) provided by Lemma 13.6.5. We let Wg be the family of maps in
rex(E) that are sent to isomorphisms in E through ¢r. The family W is stable under pushouts in

rex(E) and has the 2-out-of-3 property, exhibiting E as a right exact localization of rex(E) by Wg.
By virtue of Remark 13.6.6, there is thus a canonical equivalence

Rex(E,T) = Rex"E (rex(E), T) .
We let W’ be the image of the map
Wp L We — Map([1],rex(D))

induced by rex( f) and rex(g). We define W as the smallest family of maps in rex(D) stable under
pushouts and satisfying the 2-out-of-3 property containing W’. Remark 13.6.6 yields a canonical
equivalence of the form

Rex(D, T) = Rex" (rex(D),T),

where D denotes the localization of rex(D) by W. Furthermore, there is a pullback square of the
form
Rex" (rex(D),T) —— Rex"¢ (rex(C),T)

Rex"5 (rex(B),T) —— Rex"4(rex(A),T)
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hence a canonical pullback square of the following form
Rex(D,T) —— Rex(C,T)
| - l
Rex(B,T) —— Rex(A,T)
thus proving that D is the pushout of B and C under A in RexCat.

It is clear that the forgetful functor RexCat < Cat is conservative. Therefore, Corollary 6.3.4,
Theorem 13.6.2 and Corollary 13.6.4 tell us that the functor

Hompgexcae(rex([1]), =) : RexCat — Grpd

is conservative. To finish the proof, it suffices to check that rex([1]) is compact in RexCat. Since
[1] is compact in Cat, this amounts to checking that the functor RexCat — Cat commutes with
filtered colimits by Proposition 13.4.12, which is precisely what Lemma 13.6.7 does. O

Remark 13.6.9. Let Cat’ be a universe of large categories as in Remark 13.3.13. Let RexCat’ be
the category of large categories with finite colimits. Then the embedding

RexCat — RexCat’

commutes with small colimits as well as with small limits. Indeed, the explicit description of
pushouts given in the proof of Theorem 13.6.8 shows that it preserves pushouts. If we consider the
smallest full subcategory RexCat; of RexCat stable under pushouts and containing objects of the
form rex(A) for any finite category A, we then have

Lex(RexCat;.p, Grpd) = RexCat and Lex(RexCat;.p, Grpd’) = RexCat’,
so that we can apply Remark 13.3.13.
Remark 13.6.10. The functor
Rex: RexCat? x RexCat — Cat

preserves small limits in each variable. To see this, we use the fact that, for any small category A
and any small categories with finite colimits B and C, we have

Map(A, RexCat(B, C)) = Rex(B,Fun(A, C))~.
It thus suffices to recall that
Homgexcat(—, —) = RexCat(—, =)~ : RexCat®® x RexCat — Grpd
preserves small limits in each variable and to convince ourselves that
Fun(A, —): RexCat — RexCat
commutes with limits. For the latter, this follows from the fact that the embedding
RexCat — Cat

is conservative and commutes with small limits as well as with the operator Fun(A, —). Therefore,
it suffices to check that
Fun(A, -): Cat — Cat

commutes with small limits, which holds true since it is right adjoint to the functor

B— AXB.
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13.7 Tensor product of finitely cocomplete categories

Construction 13.7.1. Let C and D be two small categories with finite colimits. We have a Yoneda

embedding:
h:CxD —rex(CxD).

We let W be the smallest family of morphisms in rex(C X D) stable under pushouts and satisfying
the 2-out-of-3 property containing the following kind of maps:

(1) h(x,y) — =if x is an initial object of C;
(ii) h(x,y) — =if y is an initial object of D;
(iii) the canonical comparison map h(x1,y) Ly (x,,y) A(x2,y) — h(x,y) for any pushout square

X0 — X2

[

X} —— X
in C and any object y in D;
(iv) the canonical comparison map h(x,y1) Uy« y,) A(x,y2) — h(x,y) for any pushout square

Yo —— 2

||

y$r——y
in D and any object x in C.

We define finally
C®D :=L(rex(CxD),W)

to be the localization of rex(C x D) by W, with localization functor
v:rex(CxXxD) - CQ®D.
By construction, there is a canonical functor
®:.CxXxD—->C®D, (x,y)—>x®y:=vy(hcxp(x,y)).

Definition 13.7.2. Let C, D and E be categories with finite colimits. A functor
p:CxD—>E

is right exact in each variable if, for each object x: C~, the functor
px,-): D - E

is right exact, and, for each object y: D=, the functor
¢(=y):C - E

is right exact.

We denote by Fun"""*(C, D; E) the full subcategory of Fun(C X D, E) spanned by functors that
are right exact in each variable.
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Example 13.7.3. By construction, for any two categories with finite colimits C and D, the canonical
functor
®:CxD—->C®D, (x,y)—x®y

is right exact in each variable.
Remark 13.7.4. For any B, C and D with finite colimits the identification
Fun(B, Fun(C, D)) = Fun(B x C, D)

restricts to:
Rex(B,Rex(C, D)) = Fun™*"™*(B,C; D).

Theorem 13.7.5. Given C and D two categories with finite colimits, the assignment
e ((x,y) ~ e(x®Yy))
defines, for any category E with finite colimits, an equivalence

RexCat(C ® D, E) = Fun"*"**(C, D; E)

Proof. As explained in Remark 13.6.6, there is a canonical equivalence:
Rex(C ® D, E) = RexCat" (rex(C x D), E) .
On the other hand, we have
RexCat(rex(C X D), E) = Fun(C X D, E)
by Theorem 13.6.2. This produces a canonical full embedding
Rex(C® D, E) — Fun(C x D, E)
whose image at the level of objects obviously is Fun"*"*(C, D; E), by definition of W. O

Corollary 13.7.6. Let u: A — B be a right exact functor between small categories with finite
colimits. Then, for any compactly generated category C, the functor

u*: Lex(B°, C) — Lex(A®P, C)
defined by composition with u®® has a left adjoint

u: Lex(A%,C) — Lex(B?,C).
Proof. We may assume that C = Lex(E°P, Grpd) for some small category with finite colimits E by
Theorem 13.4.8. We observe that, for any category D with finite limits, we have

Lex(A°?, D) = Rex(A, D°P)°P
which allows us to reinterpret Theorem 13.7.5 through
Lex(AP,C) = Lex((A ® E)?, Grpd) .
Doing the same for B, replacing u by the induced functor
u®ideg: AQE - BQE

we see that it suffices to consider the case where C = Grpd. This is then a particular case of

Theorem 13.3.10. o
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Example 13.7.7. We define FinAn = rex([0]). We thus have
RexCat(FinAn,C) = C
for any category C with finite colimits. For any finite poset P we have

Rex(Fun(P°P, FinAn), C) = Rex(FinAn, Fun(P, C))
= Fun(P, C)
= Fun(rex(P),C) .

In other words, we have:
rex(P) = Fun(P°?, FinAn)

In general, for any categories with finite colimits C and D, we have:

Rex(rex(P) ® C, D) = Rex(rex(P),Rex(C, D))
= Fun(P,Rex(C, D))
= Rex(C, Fun(P, D))
= Rex(Fun(P?,C), D).

In other words, we have
rex(P) ® C = Fun(P®,C)

for all C with finite colimits.

Remark 13.7.8. If A and B are pointed right exact categories, the functor
AXB—-BxA, (a,b)w (b,a)
induces a unique right exact functor
0ap: A®B—>BQ®A

such that 64 g(a ® b) = b ® a for all terms a: A and b: B. This comes from the fact that the
canonical equivalence
Fun(A X B,C) =Fun(B x A,C)

restricts to an equivalence of the form
Fun*"**(A, B; C) = Fun™*"*(B, A; C) .

The unicity of the functor 4 g above implies that it must be an equivalence with inverse 6p_4.

Similarly, for A, B and C pointed right exact categories, the identification
(AXB)xC=Ax(BxC), ((x,y),2)+ (x,(y,2)
yields a unique identification of the form

(AQB)®C=A0(B®C(C), (x®y)®7z—x®(y®z).
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13.8 Idempotent completion

Definition 13.8.1. Let x and y be two objects of a category C. We say that x is a retract of y if there
is a morphism of the form g: y — x that admits a section.

A projector is a morphism of the form p: y — y for some object y in a category C equipped with
an identification 7: p = p2?. We say that such a projector has an image if there exists an object

x together with morphisms g: y — x and s: x — y such that s is a section of g, p

n: p = p? is isomorphic to the identification coming from

pP=s50°q
= s oidy ogq

=sogosogq

=pop.

= s o g and

Lemma 13.8.2. If C is a category with w-indexed colimits, then any projector has an image in C.

Proof. Let p: y — y be a projector. We denote by Y the w-indexed diagram corresponding to the

sequence
idy idy

y—y =y e

We then define an w-indexed diagram X by forming the sequence of morphisms below.

We clearly have

S y—y—y—---

iy idy

y =colimY
w

and we define

x:=colimX .
w

The sequence of commutative squares

idy idy id,
y y y Yy
I
p P P
y y y y
defines a map Q: Y — X and similarly,
p p p
y y y Yy
g by by b
idy idy idy
y y y y
defines amap S: X — Y. This yields two maps
qg:y—x and s:x—>Yy
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by passing to colimits. It remains to prove that s is a section of g. The composition g o s is obtained
from Q o § by taking the colimit. But Q o § simply is the sequence of maps

p p p

p P P

y y y y

L N A
P P P

y y y y

But the colimit of the latter sequence clearly is the identity of x, since wj; — w is a terminal
functor. O

Lemma 13.8.3. Let C be a category and q: y — x a map in C equipped with a section s: x — Y.
If we define p := s o q, then x canonically is the colimit of the diagram

p p p p
Y=y oSy oSy Sy —>y— -

Proof. We may assume that C is small. It suffices to prove the lemma for the image of the diagram
through the Yoneda embedding of C: since the Yoneda embedding is fully faithful, if an object of
C happens to be a colimit in Fun(C°P, Grpd) of a diagram taking values in C, it must be a colimit
in C as well. Therefore, we may assume that C has w-indexed colimits. Let x” be the colimit of the
diagram as stated in the lemma. The sequence of commutative squares defined by gop = gosog =g

p p p
y y y y
R N O
idy idx idx
X X X X

induces a map u: x” — x. Similarly, the sequence of commutative squares associated to the relation
pos=sogos=s

X X X X

J’S J’S J’s J’S
p 14 14

y y y y

induces a map v: x — x’. Itis clear that u o v = id, by functoriality, since g o s = id,. Finally, the
composition v o u is the colimit of the diagram

p p p

y y y y
L N O
y y y y

p

that is the identity of x’, by a cofinality argument as at the end of the proof of Lemma 13.8.2. O
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Proposition 13.8.4. Let C be a small category with finite colimits. Any retract of a representable
presheaf on C is a compact object in Lex(C°P, Grpd). Conversely, the collection of retracts of
representable presheaves covers the collection of compact objects in Fun(C°P, Grpd).

Proof. Let y be an object of C and ¢g: Hom¢(—,y) — F a map in Fun(C°P, Grpd) equipped
with a section s: F — Hom¢(—, y). Using Lemma 13.8.3 and the stability of Lex(C°P, Grpd) in
Fun(C°P, Grpd) by small filtered colimits, we see that F' is a left exact functor (one can also see this
rather directly from the definitions, using that any retract of an equivalence is an equivalence). Let
us prove that F is a compact object. Let / be a small filtered category and i — G; an /-indexed
functor with values in Lex(C°P, Grpd). Then the canonical comparison map

cqlilm Hom(F, G;) —» Hom(F, cQ_liIm G;)
is a retract of
colim Hom(hc (»), Gi) — Hom(hc (), colim G;)
L: L:

(by a straightforward functoriality argument). The latter is an equivalence by the Yoneda lemma
and the fact that small filtered colimits in Lex(C°P, Grpd) are computed objectwise (since they can
be computed in Fun(C°P, Grpd)).

Conversely, let F' be a compact object of Lex(C°P, Grpd). By virtue of Lemma 13.3.6, there is a
small filtered category I, a functor ¢: I — C and an isomorphism of the form

C?:lilm hce(e(i)) = F.
Since F is compact, we have an equivalence:
C(i):lilm Hom(F, hc(¢(i))) = Hom(F, F) .
Since we have a canonical cover of the form

2, Hom(F, he(¢(1))) — colim Hom(F, he (¢(1)))
i I* '

this means that there exists i: I~ and a map ¢g: F — hc(e(i)) such that its composition with the
structural map

he (@(i)) = colim he (¢(i)) = F
is the identity of F. O

Corollary 13.8.5. Let D be a compactly generated category. Then the full subcategory D, of
compact objects of D is small.

Proof. By virtue of Theorem 13.4.8, we may assume that D = Lex(C°P, Grpd) for some small
category C with finite colimits. Since the collection of retracts of representable presheaves forms a
small family, we conclude with Proposition 13.8.4 and Proposition 11.5.17. O

Definition 13.8.6. A category C is called idempotent complete if any projector in C has an image.

Proposition 13.8.7. A small category with finite colimits C is idempotent complete if and only if any
compact object of Ind(C) is representable.

447



Proof. If C is idempotent complete, then it follows from Proposition 13.8.4 that any compact object
of Ind(C) = Lex(C°P, Grpd) is representable. Conversely, any projector in C has an image in Ind(C)
by Lemma 13.8.2, and such an image will be a compact object of Ind(C) by Proposition 13.8.4.
Therefore, if any compact object of Ind(C) is representable, any projector of C has an image in
C. i

Definition 13.8.8. Let us choose a universe of large categories Cat’ (so that Cat is both an object
and a full subcategory of Cat’). We define Prl; as the subcategory of Cat’ whose objects are the
compactly generated categories and whose morphisms are the functors that commute with small
colimits and that preserve compact objects.

Given A and B two compactly generated categories, we denote by Funl (A, B) the full subcategory
of Fun(A, B) spanned by the functors that preserve small colimits as well as compact objects. In
particular, we have:

Homy,1. (A, B) = Funl (4, B)™.

Theorem 13.8.9. Given a small category with finite colimits C and a compactly generated category
D, there is a canonical equivalence of categories of the form

Rex(C,D,,) = Funl (Ind(C), D).
In particular, assigning the full subcategory of compact objects defines a fully faithful functor
Pri — RexCat, D D,
that is right adjoint to the functor
Ind: RexCat — Pr];) , Cr Ind(C).
Proof. Corollary 13.8.5 and Theorem 13.4.8 ensure that
Lex(D,Grpd) = D .
By definition, there is pullback square of the form

Funl (Ind(C), D) —— Fun"(Ind(C), D)
Rex(C,D,) — > Rex(C, D)

in which, by virtue of Theorem 13.3.12 and Remark 13.3.8, the vertical arrow on the right side is
an equivalence. This proves the first assertion of the theorem. The second one follows from the first
by applying the operator (—)=. m|

Corollary 13.8.10. The category Pr];u is locally small and has small limits as well as small colimits.

Lemma 13.8.11. The full embedding Prt: —s RexCat commutes with small filtered colimits.

Proof. Let I be a small filtered category and D: [ — Prfu a functor. We define

C = cc_)liImD(i)a, .
L.
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For any compactly generated category E we have:

Fun®(Ind(C), E) = Rex(C, E)
= Rex(cqlilm D)y, E)

= lim Rex(D (i), E)
i: [°P

lim Fun™(D(i), E)
i: I°P

hence an equivalence
Fun! (Ind(C), E) = lim Fun (D (i), E)
i: I°

In particular, the colimit of i > D (i) in Prl simply is Ind(C). The lemma thus simply means that
C is idempotent complete by Proposition 13.8.7. But, using that [2] is compact in Cat, since [ is
filtered, we see that the collection of projectors in C is the colimit of the diagram assigning to each
i: I the collection of projectors in D (i). The fact that each projector has an image in each D (i) thus
implies that each projector in C has an image in C as well. O

Proposition 13.8.12. The category Prt is compactly generated:
Prl: (Prh)>.
Proof. The preceding lemma allows us to apply Proposition 13.4.12. O

Remark 13.8.13. The functor C — Ind(C) restricts to an equivalence from the full subcategory of
RexCat spanned by small idempotent complete categories with small colimits to Pr];u: this is what
the combination of Theorem 13.8.9 and of Proposition 13.8.7 means. In other words, for any small
category with finite colimits C, the Yoneda embedding induces a fully faithful right exact functor
C — Ind(C),, that is the universal right exact functor of C to a small idempotent complete category
with finite colimits. We call Ind(C),, the idempotent completion of C.

Lemma 13.8.14. For any finite poset P, the category Fun(P°P, FinAn) is a compact object of RexCat.

Proof. For any small category with finite colimits C, we have

Homgexca (Fun( P, FinAn), C) = Rex(Fun(P?, FinAn), C)~
= Rex(FinAn, Fun(P, C))~
= Fun(P, C)~
= Homcy (P, C) .

Since the forgetful functor RexCat < Cat commutes with small filtered colimits, the lemma follows
from the fact that finite posets are compact objects of Cat (since they are finite categories). O

Proposition 13.8.15. If A and B are compact in RexCat, then so is A @ B.

Proof. If there are finite posets P and Q such that A = rex(P) and B = rex(Q) respectively, then we
have
A®B=rex(PxQ)

and since P X Q is a finite poset, this particular case follows from the previous lemma.
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On the other hand, we know that rex([1]) is a compact generator of RexCat. Therefore, applying
Proposition 13.8.4 in the case where C = RexCat, for a full subcategory of RexCat to contain all
compact objects of RexCat, it suffices that it is stable under finite colimits, under the formation of
images of projectors, and contains rex([1]).

Given A in RexCat, since A ® (—) commutes with small colimits, the full subcategory X4 of RexCat
spanned by those small categories with finite colimits B such that A ® B is compact is stable under
finite colimits as well as under the formation of images of projectors (these being a particular kind
of colimits, as explained in the proof of Lemma 13.8.2). If A = rex(P) for some finite poset P, we
deduce that any compact object of RexCat belongs to X4. Since A ® B = B® A, this means that, for
A an arbitrary compact object of RexCat, X4 contains all categories of the form rex(P) for any finite
poset. Therefore, for any compact object A of RexCat, X4 contains all compact objects of RexCat,
and this proves the proposition. O

Corollary 13.8.16. A small category with finite colimits A is compact in RexCat if and only if the
functor
Rex(A, —): RexCat — Cat

commutes with small filtered colimits.

Proof. Since RexCat is compactly generated, this follows straight away from the formula
HomRexCat(A ® B’ C) = HomRexCat(A’ Rex(B, C))

and from Proposition 13.8.15. O

13.9 Pointed categories with pushouts

Definition 13.9.1. A small pointed right exact category is a small category C with pushouts as well
as with an initial object that is also terminal. We denote by RexCat, the full subcategory of RexCat
spanned by small pointed right exact categories.

Construction 13.9.2. Let = be the terminal object of Grpd. We know that Grpd, = Grpd,, and that
forgetting the base point is the universal left fibration with small fibers:

Tuniv . Grpd, — Grpd.
This functor has a left adjoint
Grpd — Grpd, , x+— x4

where x; = x LI * is equipped with the canonical embedding * — x LI . We define the pointed
0-sphere as SO .= «,. We observe that the functor m,;, commutes with small filtered colimits and
is conservative (being a left fibration). Since Grpd is compactly generated by the point *, this shows
that Grpd, is compactly generated by S, by virtue of Proposition 13.4.12.

Let C be a small category with finite colimits. We let * be the terminal object of Lex(C°P, Grpd)
and observe that the canonical equivalence

Grpd,, = Grpd,
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induces an equivalence:
Lex(C, Grpd),, = Lex(C®?, Grpd,) .

In particular, Lex(C°P, Grpd,) is compactly generated by Proposition 13.5.4. The forgetful functor
Lex(C?, Grpd,) — Lex(CP, Grpd)

has a left adjoint
Lex(C°P, Grpd) — Lex(C?,Grpd,), x> x,.

We let C;” be the image of the map
C™ — Lex(C®,Grpd,)™, x> hc(x)s

and we define C, as the smallest full subcategory of Lex(C°?, Grpd,) stable under finite colimits
containing the terms of C, . There is a canonical right exact functor

C—-Ce, x> he(x)s
with C, pointed.

Proposition 13.9.3. Given a small category with finite colimits C and a pointed right exact category
D, pre-composing with the canonical right exact functor C — C, induces an equivalence of the
form

Rex(C,, D) = Rex(C, D).

In particular, the full embedding RexCat, — RexCat has a left adjoint
Cr—C,.

Proof. Tt suffices to prove that, for any category A, we have an equivalence of the form

Map(A, Rex(C,, D)) = Map(A, Rex(C, D)) .
Using the identification

Map(A,Rex(C, D)) = Rex(C,Fun(A, D))~
we see that it suffices to prove that we get an equivalence of the form:

Rex(C,, D)™ = Rex(C,D)~.

In other words, it suffices to prove the last assertion of the proposition.

We may assume that D is small (up to enlarging the ambient universe). Since D is also pointed, we
observe that the canonical right exact functor from D to D, is an equivalence. Indeed, there is an
equivalence

Lex(D®?, Grpd,) = Lex(D®?, Grpd)

due to the fact that the Yoneda embedding is exact, hence sends the initial object of D to an object =
that is both initial and terminal, which allows us to use the canonical identification

Lex(D®?, Grpd),,; = Lex(D?, Grpd,) .
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This implies that the canonical functor D — D, is fully faithful (being the restriction of an
equivalence of categories). On the other hand, we know that its essential image is stable under
finite colimits and contains the image of any object of D, which proves the essential surjectivity, by
definition of D,. Any right exact functor f: C — D extends to small colimit preserving functors

fi: Lex(C®, Grpd) — Lex(D®?, Grpd) and f;: Lex(C?, Grpd,) — Lex(D?, Grpd,)

by Corollary 13.7.6. Since the functor x — x, commutes with colimits, we have a commutative
square of the form
Fun(C°P, Grpd) —— Fun(C°P, Grpd,)

i Is

Fun(D°P, Grpd) —— Fun(D°P, Grpd,)

by Corollary 9.7.7 and this restricts to a commutative square of the form

Lex(C°, Grpd) —— Lex(C°P, Grpd,)

Lex(D°P, Grpd) == Lex(D°P, Grpd,)

through an easy application of Theorem 13.3.10. By definition of C,, this induces a commutative
square of the form

c — G,
]
D —— D,

This shows that the map
Rex(C,, D)™ — Rex(C, D)~

has a section. We will now prove that this is an embedding. Observe first that, by virtue of
Theorem 13.3.12, the factorization of f through C, is totally determined by the factorization of

fi: Lex(C®?, Grpd) — Lex(D?, Grpd) = Lex(DP, Grpd,)
through Lex(C°P, Grpd,). The right adjoint of the latter is the composition of the functor
/7 Lex(D®, Grpd) = Lex(D?, Grpd,) — Lex(C, Grpd,)

with the forgetful functor
Lex(C, Grpd,) — Lex(C°, Grpd) .

The uniqueness of left adjoints and the compatibility of the formation of adjoints with respect to
composition shows that the factorization through Lex(C°P, Grpd,) is unique. This implies that the
factorization of f through C, is unique. O

Corollary 13.9.4. The category RexCat, has small colimits as well as small limits.

Proof. This follows from the preceding proposition and from Corollary 10.2.4. O

Proposition 13.9.5. The full embedding RexCat, — RexCat commutes with small filtered colimits.
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Proof. Let I be a small filtered category and i — C; an /-indexed diagram with values in RexCat.
We assume that, for any object i of I, the initial object * of C; is also a terminal object of C;. We
thus have pullback squares of the form

xidy

C; — Fun([1], ;)

l lev.

[0] ——— C;

functorially in i. Since the functor Fun([1], —) commutes with small filtered colimits in Cat and
since small filtered colimits are compatible with the formation of pullbacks in Cat, Lemma 13.6.7
implies that the colimit C of the diagram i — C; in RexCat yields a pullback square in Cat of the
form

c 2% Fun([1], €)

[0] ——— C
thus proving that the initial object * of C induces an equivalence C/. = C. This proves that C
belongs to RexCat, and implies that C is a colimit of diagram i — C; in RexCat, as well. O

Corollary 13.9.6. The category RexCat, is compactly generated.

Proof. This follows from Proposition 13.4.12 and from the preceding proposition. O

Proposition 13.9.7. Let C be a small category. For any pointed right exact category D, there is a
canonical equivalence
Rex(rex(C),, D) = Fun(C, D).

Proof. This is the conjunction of Theorem 13.6.2 and of Proposition 13.9.3. O

Remark 13.9.8. Let C be a category with pushouts. We denote by
1" =evy: Fun([1],C) » C

the functor assigning to a map of C its codomain. The existence of an initial object * in C amounts
to the existence of a left adjoint
I;: C - Fun([1],C)

of 1*. Indeed, if = is initial in C, given a morphism #: x — y in C and a term a in C, there is an
obvious correspondence of the form

X
lu o fra—>y.
y

e
f
—

Q— %

Conversely, a correspondence as above for some object «: C~ implies in the particular case a := y
and u := id, that there is a unique map from = to y for any y: C~. This computation also shows that
the left adjoint 1, sends an object x to the unique map of type = — x.

453



The property that the initial object = of C is also terminal is equivalent to the property that the functor
1, itself has a left adjoint
1’: Fun([1],C) — C.

Indeed, if * is also terminal, the dual version of the preceding observation tells us that the functor
0" =evg: Fun([1],C) - C

has a right adjoint
0.: C —> Fun([1],0)

assigning to each term x of C the unique map of type x — . The identity of * being both an initial
object and a terminal object of Fun([1], C), the functor

0,: Fun([1],C) — Fun([1], Fun([1], C))

yields the assignment

X X — %
o
y y—)*

Since C has pushouts, the full embedding i: < O induces an adjunction
ir: Fun(™,C) 2 Fun(g,C): i*
where i, sends a diagram of the form b « a — ¢ in C to the corresponding pushout square
—
r J«

—— b1, c.

With these conventions, the functor 17 is constructed as i) o i* o 0,. In other words, it sends a map
u: x — yin C to the pushout square

X — %

o

y — cofib(u) .

The object 17(u) = cofib(u), also known as the cofiber of the morphism u, is thus the evaluation at
the terminal object of O = [1] X [1] of i;(0.(u)).

Conversely, if C has an initial object and if 1, has a further left adjoint 1°, since 1, is fully faithful
with image those maps of the form * — x, applying 0* to the unit map

Mt u — 1,17 (u)

yields for # = idy a unique map x — * for all x: C~, hence * is a terminal object of C.
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Definition 13.9.9. Let C be a pointed right exact category with initial object *. The suspension
functor
2:C—-C

is defined by forming for each term x: C the following pushout square

X — %

-

x — X(x).

We warn the reader that, despite what the notation suggests, although the two maps from * to X(x)
are the same (since * is initial), the commutativity constraint making this square commutative is not
the identity in general.

Proposition 13.9.10. The suspension functor £: C — C is right exact.

Proof. We adopt the notation of Remark 13.9.8. The functor 0. is right exact because the functor
x > * is a right exact functor and so is the identity functor x > x. The cofiber functor 17 = cofib is
right exact because it is a left adjoint. Therefore, X = 17 o 0, is right exact. O

Proposition 13.9.11. For any right exact functor between pointed right exact categories f: C — D,
there is a canonical isomorphism X f (x) = f(Z(x)) functorially in x: C.

Proof. The functor f preserves initial objects hence preserves terminal objects as well and thus
commutes with the operator 0.. Since it is right exact, it is compatible with the formation of
pushouts, hence of cofibers. m]

Remark 13.9.12. We define FinAn := rex([0]), so that
Ind(FinAn) = Grpd.
For any category C with finite colimits, we thus have
Rex(FinAn,C) = C
by Theorem 13.6.2. If C is pointed, we even get by Proposition 13.9.7:
Rex(FinAn,,C) = C.

The suspension functor
> : FinAn, — FinAn,

thus induces a functor
¥*: Rex(FinAn,, C) — Rex(FinAn,, C) .

Lemma 13.9.13. Given afixed pointed right exact category C, under the identification Rex(FinAn,, C) =
C, the two functors

>*: Rex(FinAn,, C) — Rex(FinAn,,C) and X:C — C
agree. More generally, for any pointed right exact category A, the suspension functor
>: Rex(A, C) — Rex(A,C)

agrees with the operation of pre-composition with the suspension functor ¥: A — A.
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Proof. The last assertion means that, for any right exact functor ¢: A — C, we have

Z(p(a) = ¢(X(a))
functorially in a: A. This is precisely what the preceding proposition claims to be true. O

Proposition 13.9.14. If A and B are small right exact categories, and if either A or B is pointed,
then A ® B is pointed.

Proof. Being pointed for a small right exact category C is equivalent to the property that the
canonical functor C — C, is fully faithful. Indeed, if this is the case, then its essential image is the
smallest full subcategory of C, stable under pushouts containing objects coming from C, which is
C. by definition. Equivalently, we deduce right away from Theorem 13.4.8 that this means that the
functor x — x,

Lex(C°?, Grpd) — Lex(C?, Grpd,)

is an equivalence. If B is pointed, we have

Lex((A ® B)°P, Grpd) = Lex(A°P, Lex(B°P, Grpd))
= Lex (A, Lex(B®?, Grpd,))
= Lex((A ® B)°?,Grpd,) .

Therefore, A ® B is pointed whenever B is pointed. The case where A is pointed is either proved
similarly or deduced from what precedes using Remark 13.7.8. O

Proposition 13.9.15. Let A and B be two small categories with finite colimits. The canonical right
exact functor (=)+: B — B, induces a functor

A®B—>A®B.,, Xx®y—x®y,

that exhibits A ® B, as the free pointed right exact category associated to A ® B and thus induces a
canonical equivalence
(A®B)e = A®B,.

Proof. We have

Rex(A ® B, (A ® B),) = Rex(A,Rex(B, (A ® B),))
= Rex(A, Rex(B,, (A ® B),))
=Rex(A ® B., (A ® B),) .

There is thus a unique right exact functor u: A ® B¢ — (A ® B), sending x ® y, to (x ® y), for
allx: A and y: B. Similarly, the universal property of (A ® B). and Proposition 13.9.14 provide a
functor v: (A ® B)e — A ® B, uniquely determined by the property that it sends (x ® y)+ to x ® y4
forall x: A and y: B. Therefore u and v must be inverse to each other. O

Remark 13.9.16. Given a pointed right exact category C, the suspension functor

2:C—-C
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agrees with the functor
2 ®id¢ : FinAn, ® C — FinAn, ® C

induced by the suspension X~ : FinAn, — FinAn, up to the canonical equivalences
C = FinAn ® C = FinAn, ® C.
Indeed, for S := *, and S! := X(S?), we see with Proposition 13.9.11 that
Steox=5"®2(x)

for all x: C. Since Rex(FinAn,,C) = C through evaluation at S°, this proves the claim. This
identification is useful to prove the following proposition.

Proposition 13.9.17. The suspension functor can be promoted to an endomorphism of the identity of
RexCat, in the category Fun(RexCat,, RexCat, ). In other words, we get a commutativity constraint

CLD .
ZJ/ M KfZZOf;)foZ
C S

for any right exact functor f, functorially in f.
Proof. There is a functorial identification
ac: FinAn, ® C = C
and the suspension X: FinAn, — FinAn,. We will see that the assignment
CrHoaco Z(X)idcoaa1

provides a natural transformation with the expected properties. O
Exercise 13.9.18. Prove that, for any finite poset P, one has

Fun(P°?, FinAn,) = rex(P), .
Deduce that, for any C pointed and right exact, the suspension functor

¥: Fun(P,C) — Fun(P,C)
is induced through the identification above by pre-composition with the suspension functor

¥: Fun(P?,FinAn,) — Fun(P°?, FinAn,) .
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14 Elements of stable category theory

14.1 Stable categories

Definition 14.1.1. A stable category is a pointed right exact category such that the suspension

functor
2:C->C

is an equivalence.

We denote by StabCat the full subcategory of RexCat spanned by small stable categories.

Lemma 14.1.2. Let S be the image of the map [0] — Map([1], RexCat) corresponding to the right

exact functor
2:rex([1])e — rex([1])s .

Then S is a collection of morphisms between compact objects and the S-local objects in RexCat,
precisely are the small stable categories. Moreover, for any small pointed right exact category C,
the suspension functor ¥: C — C is an S-equivalence.

Proof. The suspension functor X: C — C is an equivalence if and only if the induced map
Z.: Map([1],C) — Map([1],C)
is an equivalence. We have:

Map([1],C) = Fun([1],C)~
= Rex(rex([1])s, C)~

The map . coincides with the map defined by pre-composition with X: rex([1])s — rex([1])e by
the first part of Lemma 13.9.13. This proves the first assertion. The last one follows right away from
the last part of Lemma 13.9.13. O

Proposition 14.1.3. The category StabCat is compactly generated and the full embedding
StabCat — RexCat,
commutes with filtered colimits and has a left adjoint.

Proof. Since RexCat, is compactly generated by Corollary 13.9.6, the preceding lemma says that
we can apply Proposition 13.5.1. O
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Remark 14.1.4. One can prove directly that (small) stable categories are stable under (small) colimits
in pointed right exact categories. Indeed, by virtue of Proposition 13.9.17, if i — C; is a diagram in
StabCat indexed by a small category /, with colimit C in RexCat,, the suspension X: C — C is the
colimit of the suspension functors X: C; — C;, hence is an equivalence as well. One can construct
the left adjoint of the embedding of StabCat into RexCat, explicitly as follows.

Remark 14.1.5. Let C be a small pointed right exact category. One constructs a sequence of right

exact functors
fl fn+1

Co—Ci— > C— Cpyg —> -+

by C,, = C for all n: N and f,4+; = X for all n: N. We define the Spanier-Whitehead stabilization
of C as the Milnor colimit in RexCat, of this sequence of functors (one can compute this Milnor
colimit as an w-indexed colimit, hence as an w-indexed colimit in Cat itself):

SW(C) := “colimj,. 5y Cp,.
By construction there is a cover

> ¢ - sw(C).
n: N

For x an object of C and n: N, we write X*°7"(x) for the image of x in SW(C), where x is seen
as a term of C,,. Given another object y of C and a natural number p: N, the general explicit
description of mapping spaces in filtered colimits of categories given in Remark 12.3.13 yields for
m := max{n, p}:

colim Homc (257" (x), 2577 (y)) = Homgw (c) (Z¥ 7" (x), 2P (y)) .

k: Wi/

The component Cp = C yields a canonical right exact functor
T C - SW(C), x+- 3 %%).
For each k > max n, p, there is a structural map
cany: Home (27 (x), ZFP(y)) — Homgw(c) (¥ (x), Z¥7P(y)) .

We have a morphism of sequences of the form

c_Z,c_Z,.. c_Z,c_=
| Z s| Z | 2 :| Z
C C C C

in which each commutative square is given by the commutativity constraint of Proposition 13.9.17
for f = X. The induced functor on the Milnor colimits simply is the suspension functor

>:SW(C) - SW(O).
We define for each k > max n, p the map
canj,: Home (27" (2(x)), 277 ((y))) — Homsw(c) (Z(Z¥7"(x)), Z(Z7 7P (1))
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defined as the composition of
cany: Home (ZF"(2(x)), 7P (2(y))) — Homgw(c) (T (2(x)), 2¥7P (2(y)))
with the isomorphism

Homgw (c) (E¥7"(Z(x)), Z%77(2(y))) = Homsw () (Z(Z%7"(x)), Z(E¥7P(y)))

assigning to each map
u: Z¥7M(E(x) - ZTP(E(Y)

the map
Z(ZV() = IV W) - ZVTP(E) = 2(ETTP ()

where the signs = stand for the canonical equivalences expressing that X" and X*°~” commute
with the suspension by right exactness. There are canonical commutative triangles of the form

Homc (ZF"(2(x)), 2P (2())) e Homgw (c) (Z(Z%7"(x)), Z(Z%77(¥)))

zl /
canj

Home (Z417 (2 (x)), 24177 (2(y)))
inducing an isomorphism of the form

colim Home (47" (2(x)), 2P (2())) = Homsw(c) (E° " (2(x)), Z¥7P(2(0))) -

Given f: Homc (XK (Z(x)), Z¥P(Z(y))), since
Home (Z47"(2(x)), 2577 (£(y))) = Home (Z41 7" (x), 2177 ()

it makes sense to form cany,1(f): Homgw(c)(Z*7"(x), X*7P(y)). We observe that there is a
canonical equivalence

Z(can1 (f)) = cani (f) .

Theorem 14.1.6. For any pointed right exact category C, the Spanier-Whitehead stabilization
SW(C) is a stable category.

Proof. We will prove that the functor
2: SW(C) —» SW(C)

induces an equivalence
X7 SW(C)™ - SW(0O)™.

Indeed, we see that this is a cover: we know that the collection of objects of the form X®~/(x) covers
SW(C)=. But we have

27 (x) = 27N (2(x)
=X (Z° " (x)).
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Formula X(cang+1(f)) = can) (f) at the end of Remark 14.1.5 implies that X~ is an embedding.
Since Fun([1]), —) preserves small filtered colimits, we observe finally that

Fun([1], SW(C)) = SW(Fun([1],C)) .

The preceding discussion appied to Fun([1], C) thus implies that X: SW(C) — SW(C) induces
an automorphism of the collection of morphisms Map([1], SW(C)) hence is an equivalence of
categories. O

Remark 14.1.7. Using the last assertion of Lemma 14.1.2, we see that, for any pointed right exact
category C and any stable category D, the canonical functor

¥®: C — SW(C)

induces an equivalence
RexCat(SW(C), D)™ = Rex(C, D)~

In particular, Theorem 14.1.6 yields another proof that the full embedding StabCat < RexCat,
has a left adjoint given on objects by the Spanier-Whitehead construction. Applying Proposi-
tion 13.4.12, we see that StabCat is compactly generated. Overall, this yields an alternative proof of
Proposition 14.1.3, arguably more explicit.

14.2 Spectra

Lemma 14.2.1. Let A and B be pointed right exact categories. If either A or B is stable, then both
A ® B and Rex(A, B) are stable.

Proof. Assume that A is stable. The suspension functor £: A — A induces a functor
X®idg: A®B—>A®B

that is isomorphic to the suspension of A ® B. To see this, one can for instance use the canonical
equivalence
(FinAn, ® A) ® B = FinAn, ® (A ® B)

and conclude with Remark 13.9.16. This implies that A ® B is stable. The case where B is stable is
deduced from the equivalence A® B = B® A.

Similarly, if A is stable, Lemma 13.9.13 implies that the suspension on Rex(A, B) is induced from
the one on A and thus that it is an equivalence. The fact that Rex(A, B) is stable whenever B has
this property is even more tautological. O

Theorem 14.2.2. The embedding StabCat — RexCat, has a right adjoint given by the assignment
B — Rex(SW(FinAn,), B) .

In particular, it commutes with small colimits.
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Proof. Given A a small stable category and B a small pointed right exact category, since (—) ® A
commutes with colimits in RexCat, (being a left adjoint, by definition in RexCat, but then also in
RexCat,, by Proposition 13.9.15), and since the category w is weakly contractible, we see that

A =FinAn® A
= FinAn, ® A
= SW(FinAn,) ® A.

Therefore, we have:

Rex(A, B) = Rex(SW(FinAn,) ® A, B)
= Rex(A, Rex(SW(FinAn,), B)) .

Since, by virtue of Lemma 14.2.1 and Theorem 14.1.6, Rex(SW (FinAn,), B) is stable, this implies
the theorem right away. O

Construction 14.2.3. Let C be a pointed left exact category. We denote by Sp(C) the Milnor limit

of the diagram

eSS A0 .

Corollary 14.2.4. For any pointed left exact category C, Sp(C) is a stable category.

Proof. We have Sp(C) = Rex(SW(FinAn,), C°?)°P. We conclude with Lemma 14.2.1 and Theo-
rem 14.1.6. O

Definition 14.2.5. Let Grpd, = Grpd,, be the category of small pointed anima. The stable category
Sp of (small) spectra is defined as
Sp := Sp(Grpd,) .

Lemma 14.2.6. Let C be a pointed right exact category with pullbacks. Then C is a stable category
if and only if C°P is a stable category.

Proof. Since C has pullbacks with a terminal object that is also initial, one can apply Remark 13.9.8
to C°P and translate it to properties of C: this means that the functor

0.: C —» Fun([1],0C)

has a right adjoint
0': Fun([1],C) —» C

that takes a map u: a — b in C to its fiber 0'(x) = fib(u) appearing in the pullback below.
fib(u) —— a
|
u
* —— b

We define the loop space functor
Q:C—-C
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with the formula Q := 0' o 1,. Recall that £ = 17 0 0, so that Q obviously is a right adjoint functor
to . On the other hand, we see through the equivalence [1]°P = [1] that

QP: C® — C*P

coincides with the suspension functor on C°P. Since a left adjoint functor is an equivalence if and
only if its right adjoint functor is an equivalence, this shows that C is stable if and only if C°P has
the same property. O

Proposition 14.2.7. For any (small) pointed right exact category C, we have
Lex(SW(C)°P, Grpd) = Lex(C®?, Sp) .
Proof. Since C is pointed we have
Lex(C, Grpd) = Lex(C®?, Grpd,)
functorially in C. It is clear from Lemma 13.9.13 that the functor Lex((—)°P, Grpd,) takes the
diagram

CCc2. . oS0

to the diagram
(0) Q O] Q Q O] Q O]
- — Lex(C?, Grpd,) — Lex(C, Grpd,) — - -- —> Lex(C°?, Grpd,) — Lex(C°®?, Grpd,)
itself isomorphic to the image of
- — Grpd, 2, Grpd, 2,5 Grpd, 2, Grpd,

through the functor Lex(C°P, —). We conclude by observing that the functor Lex(C°P, —) preserves
limits. m]

Corollary 14.2.8. For any small stable category C, there is a canonical equivalence
Ind(C) = Lex(C, Sp) .

Proof. Since C is stable, the canonical functor C — SW(C) is an equivalence. We conclude with
Proposition 14.2.7 above and Remark 13.3.8. O

Corollary 14.2.9. The idempotent completion of a small stable category is stable.

Proof. The idempotent completion of a small category C with finite colimits is obtained by taking
the full subcategory of compact objects in Ind(C). If C is stable, then so is Ind(C) (by Lemma 14.2.1,
Lemma 14.2.6 and Corollary 14.2.8), and the suspension functor on the idempotent completion of
C is obtained from the one on Ind(C) by functoriality, hence is an equivalence. O

Corollary 14.2.10. The category of spectra is stable and compactly generated. More precisely,
there is a canonical equivalence

Lex(SW(FinAn, ), Grpd) = Sp.
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Proof. We already know that Sp is stable by Corollary 14.2.4. On the other hand, Proposition 14.2.7
for C = [0] yields
Lex(SW(FinAn,)°?, Grpd) = Lex((FinAn,)°?, Sp) .

But since Sp is pointed, we also have
Lex((FinAn,)°?, Sp) = Lex((FinAn)°?, Sp) = Sp.. m|
Notation 14.2.11. The preceding corollary together with Theorem 13.3.10 implies that the functor
FinAn, —» SW(FinAn,), x> X%(x)
extends to a small colimit preserving functor
>%: Grpd, — Sp

that has a right adjoint
Q%: Sp — Grpd, .

We observe that if S° = #,, then Q® = Homsp(Z‘x’(SO), —) (see Remark 9.6.13).

Proposition 14.2.12. A morphism of spectra u: E — F is an isomorphism if and only if, for any
integer n: N, the induced map

Q= (2" (u): Q¥ (E"(E)) —» Q¥(E"(F))
is an equivalence.

Proof. Let C be the full subcategory of Sp whose objects are those spectra X such that
u,: Homgp(X, E) — Homgp(X, F)

is an isomorphism. Assuming that Q® (X" (u)) is an equivalence for all n means that C contains
Q" (2% (S%)) for all n: N. On the other hand, C clearly is stable under small colimits in Sp. There
is a unique right exact functor

FinAn, — C

sending the point to Z*(S%). Since C is stable, this extends to a unique right exact functor
i: SW(FinAn,) — C

sending = (5Y) to itself. Theorem 13.3.12 implies that there is a unique small colimits preserving
functor
ir: Lex(SW(FinAn,)°?, Grpd) — C

extending i. Corollary 14.2.10 together with a new application of Theorem 13.3.12 tell us that
composing i) with the full embedding C < Sp is the identity. Therefore, C = Sp. This proves that
u is an isomorphism. O
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14.3 Exact functors between stable categories

Definition 14.3.1. Let C be a pointed right exact category with initial object 0. A cofiber sequence
in C is a pushout square of the form

’ u
X —>

X
-
r
0 — x”

Let C be a pointed left exact category (i.e. such that C°P is a pointed right exact category). A fiber
sequence in C is a pullback square of the form

~

O —

]

Lemma 14.3.2. Let C be a category with a terminal object O that is also an initial object. We
assume that C has both pullbacks and pushouts. The following assertions are equivalent.

(i) The category C is stable.
(ii) The category C®P is stable.
(iii) A commutative square of C is a pullback square if and only if it is a pushout square.

(iv) A commutative square of the form

’ u
X —

X
"]
v
0 — x”

in C is a fiber sequence if and only if it is a cofiber sequence.

Proof. We already know that assertions (i) and (ii) are equivalent by Lemma 14.2.6. Let O be the
initial object of C. It is clear that condition (iv) follows from condition (iii). Let us show that
condition (i) follows from condition (iv). For any object x: C, the cofiber sequence

|

— I(x)

S — =

is a fiber sequence as well, which means that there is a functorial equivalence
x = Q(X(x)).

The same argument applies to C°P and thus shows that there is a functorial equivalence of the form
2(Q(x)) =x.

This shows that both X and € are equivalences of categories.
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Let us assume now that assertion (iv) holds and consider a pullback square in C of the form

u
X —

! X
|
f’l lf
’ v
y —y

We complete this diagram by forming further pullback squares below

o) 22 o(y) — 0
Q(u)l QW)
Q(f)
Q(x) Q(>y) fib(v) —— 0
0 — fib(f) x’ “ X
f lf
0 y —2—y

and observe that the upper left square is the image of the lower left one through the functor Q up to
a flip along the diagonal. Since fiber sequences are cofiber sequences as well, the two squares

Qx') —— 0 Qy) —0
Q(u)l l and lﬂ(v) l
Q(x) —— fib(v) Q(y) —— fib(v)

are pushout squares, hence that the image of

u
X —

’
il
yl
by the functor Q is a pushout square. Since Q is an equivalence, this says that the latter square is a

pushout square as well. Applying the same argument to C°P shows that condition (iii) follows from
condition (iv).

X
|7
\4

_ .

It remains to check that condition (iv) follows from condition (i). Let

’ u

—_— X
_l
v
7

X

=

S —

be a fiber sequence. We also form the following cofiber sequence.

by 0
1]
’ y

xl

|

|
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Composing the squares

x’ Y ox 0
l v

l// w l
0 X y

defines canonical a map a: x” — Q(y). On the other hand, there is a canonical pushout square of

the form
y — Z(x)

| b
0 —— XZ(x")

hence also a pushout of the form
Q(y) — x

-

0—>xll

inducing a canonical map b: Q(y) — x’. We see that b o a is the identity of x” because its image
through X is part of an endomorphism of the pushout square

f—_—

]

Ly

=

O —

that is the identity on the shape . The same observation in C°P shows that a o b is the identity. O

Theorem 14.3.3. If C is a stable category then so is C°P. In other words, any stable category has
pullbacks.

Proof. Let C be a stable category. The Yoneda embedding is a fully faithful right exact functor
hc: C — Lex(C, Grpd) = Lex(CP, Sp)

into a stable compactly generated category. Since those have small limits, Lemma 14.3.2 applies
to them. In other words, the family of pullback squares in Lex(C°P, Grpd) agrees with the family
of pushout squares. This will be used to prove the existence of pullbacks in C as follows. Let us
consider a diagram of the form

X
f
|4

y ——y
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in C. We complete this diagram through further pushout squares as follows.

S
y’ Y y cofib(f) —— 0
l L
0 —— cofib(v) X’ 2(y")
U lZ(v)

We define x” through X(x’) := X’ and similarly f’ through X(f’) := F’ and u through Z(u) := U.
We obtain a pushout square of the form

’ u
—_— X

if

whose image through X is the square in the lower right of the big diagram above. The image of the
latter square through % is thus a pushout in Lex(C°P, Grpd), hence a pullback square as well. The
functor h¢ being fully faithful, this implies right away that this is a pullback square in C. O

=

i
b

’ v
—_—

<

Theorem 14.3.4. Let A and B be two stable categories, and ¢: A — B be a functor. The following
assertions are equivalent.

(i) The functor ¢ is right exact.
(ii) The functor ¢ is left exact.
(iii) The functor ¢ preserves initial objects and cofiber sequences.

(iv) The functor ¢ preserves terminal objects and fiber sequences.

Proof. It is clear that any left exact functor preserves fiber sequences by definition. Let us assume
condition (iv) to hold and prove that ¢ is left exact. We just have to prove that it preserves pullbacks.
[

Let
X X
f’l lf
%

y ——y

u

be a pullback square in A. We extend it by forming the fiber of f”.

fib(f’) —— x’

L b

0 —
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We then get a commutative diagram in B of the form

o(fib(f)) 25 o) 21 p(x)
l sa(f’)l lw(f)
0 e(y") 0 ()

in which the outer square as well as the square on the left both are pullback squares. But B being
stable these are pushout squares as well. This implies that the square on the right is a pushout square,
hence a pullback square as well. In other words conditions (i) and (iii) are equivalent and conditions
(ii) and (iv) are equivalent.

It suffices now to prove that conditions (iii) and (iv) are equivalent. This follows from the fact that in
any stable category, the collection of initial objects coincides with the collection of terminal objects,
and that the collection of cofiber sequences agrees with the collection of fiber sequences. O

Proposition 14.3.5. Let u: A — B be an exact functor between small stable categories. Then the
induced functor
u”: Lex(B°, Sp) — Lex(A°P, Sp)

has a right adjoint
u.: Lex(A°?, Sp) — Lex(B°, Sp) .

Proof. Since we have
Lex(C°P, Grpd) = Lex(C®, Sp)

for any small stable category C by Proposition 14.2.7, Theorem 13.3.12 tells us that it suffices to
prove that the functor #* commutes with small colimits. Since it is left exact (being a right adjoint
by Theorem 13.3.10), it is an exact functor, by Theorem 14.3.4. Therefore, by virtue of Corol-
lary 13.4.11, it suffices to prove that #* commutes with small filtered colimits. But Theorem 13.3.10
tells us that there is a commutative square of the form

Lex(B°P, Grpd) AN Lex(A°P, Grpd)

l [

Fun(B°P, Grpd) ., Fun(A°P, Grpd)

in which the two vertical maps are fully faithful embeddings that commute with small filtered colimits
by Proposition 13.3.2. Since the lower horizontal map in the square above commutes with small
colimits, this implies that the upper horizontal one commutes with small filtered colimits. m]

14.4 Representable presheaves on stable categories

Construction 14.4.1. Let C be a small stable category. Recall from Corollary 14.2.8 that
Ind(C) = Lex(C, Sp) .

The Yoneda embedding C < Ind(C) thus yields a fully faithful exact functor
hscp: C — Lex(C°?,Sp)
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hence an exact functor of the form
(th)OP: C? — Rex(C, Sp?)

corresponding to a functor
RHom¢: CP x C — Sp

that is (right) exact in each variable. For x in C°P and y in C there is a functorial identification
Q”(RHomc (x, y)) = Homc (x, y) .
Therefore, if C is locally small, RHomc (x, y) belongs to the category Sp of small spectra.

Lemma 14.4.2. If C is a stable locally small category, then RHom¢ takes its values in Sp. Moreover,
the induced functor
RHom¢: CP x C — Sp

preserves small limits in each variable.

Proof. We can choose a larger universe for which C is small, with corresponding category of large
spectra Sp” and thus a functor
RHom¢: CP x C — Sp’.

An object of Sp’ is by definition an infinite sequence of possibly large pointed groupoids x,, equipped
with isomorphisms x, = Q(x,;) for all n: N. In the case of RHom¢ (a, b) with a and b objects of
C, by construction, this sequence may be obtained through

xn = Homc (a, 2" (D))
together with the isomorphisms

Home (a, 2"(b)) = Home (a, (™ (b))
= Q(Homc (a, 2" (D)) .

The last assertion of the lemma follows from the analogous property for the ordinary Hom functor
Homc. ]

Theorem 14.4.3. Let f: C — D be an exact functor between locally small stable categories. Then
f has a right adjoint g: D — C if and only if there is a functorial isomorphism of spectra

RHomp (f(x),y) = RHomc (x, g(y))

foranyx: C andany y: D.

Proof. This is clearly a sufficient condition since one can recover Hom from RHom by applying Q.

For the converse, we may choose to work in a universe for which both C and D are small. The
property that g is right adjoint to f is that g, = f*, where

f*: Fun(D°?, Grpd) — Fun(C®?, Grpd)
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is the functor defined by precomposition by f°P whereas
g1: Fun(D®?, Grpd) — Fun(C*P, Grpd)

extends g by small colimits along the Yoneda embedding. By virtue of Theorem 13.3.10, these
identifications remain true when we restrict ourselves to ind-objects. We thus get identifications of
the form g, = f* where this time we consider functors

/7. g Fun(D?,Sp) — Fun(C®?, Sp) .
Since we have a canonical commutative square of the form

D —— Ind(D) —— Fun(D°P, Sp)

gl & [

C —— Ind(C) —— Fun(C°P, Sp)

we must have
g (RHomp (-, y)) = RHomc (-, g(»))

forall y: D. Since
f*(RHomp (-, y)) = RHomp (f (=), y)

holds by definition, this proves the theorem. O

Proposition 14.4.4. Let C be a locally small stable category with small colimits. Given an object x
of C, the following conditions are equivalent.

(i) The object x is compact in C.
(ii) The functor RHom¢ (x, —): C — Sp commutes with filtered colimits.
(iii) The functor RHom¢ (x, —): C — Sp commutes with small colimits.
Proof. Corollary 13.4.11 implies that conditions (ii) and (iii) are equivalent. We have an adjunction
2°((=);): Grpd 2 Sp: Q%

with the left adjoint preserving compact objects, hence the right adjoint Q> commutes with small
filtered colimits. We know from Proposition 14.2.12 that the collection of functors Q% o " indexed
by n: N is jointly conservative. We observe that

Q* (X" (RHomc (x,y))) = Home (x, £"(y))
for all y. Therefore, condition (ii) simply means that each functor
y = Homc (x, £ (y))

commutes with filtered colimits. Since the functors Q" commute with all colimits, this is clearly
equivalent to the property of compactness for x. O
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14.5 w-Presentable stable categories
Definition 14.5.1. We define StabPrl) as the full subcategory of Pr whose objects are the stable
compactly generated categories.

Remark 14.5.2. If D and E both are compactly generated, and if E is stable, then Fun"(D, E) is
stable as well.

Proposition 14.5.3. A compactly generated category D is stable if and only if there is a small stable
category C and an equivalence of the form Lex(C°P, Sp) = D.

Proof. It is clear that Lex(C°P, Sp) is stable and compactly generated. Conversely, we can consider
a small category C such that
Ind(C)=D.

We observe that, for any compact object x of D, Q(x) is still compact: since Q is left adjoint to the
equivalence X, and since £ commutes with small colimits, it is clear that the functor

Homp (2(x), —) = Homp (x, Z(-))

preserves small filtered colimits. Let C be the smallest full subcategory of D stable under pushouts
and containing any object of the form Q" (h¢(x)) for x: C* and n: N. Itis clear that C is small and
it follows from Theorem 13.4.8 that

Ind(C)=D.

But then it is clear that ©: C — C is an equivalence with inverse the restriction to C of the loop
functor of D. Therefore, C is stable. We conclude the proof with Corollary 14.2.8. O

Theorem 14.5.4. The functor
StabCat — StabPr: , C - Ind(C)

is left adjoint to the fully faithful functor defined by the rule D — D .

Proof. This follows right away from Theorem 13.8.9 since both functors Ind(-) and (-),, preserve
the property of being stable. O

Corollary 14.5.5. The category StabPr‘LU is compactly generated.

Proof. We know that D +— D, defines a fully faithful functor from Pr; to RexCat that commutes
with filtered colimits. Since the full embedding of StabCat into RexCat also commutes with small
filtered colimits, this implies that both full embeddings

StabPrt < Pr  and StabPrl < StabCat

commute with small filtered colimits. Proposition 13.4.12 completes the proof. O
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14.6 Verdier quotients

Proposition 14.6.1. Let C be a stable category and W a family of maps in C with the 2-out-of-3
property and stable under pullbacks. We also assume that one of the following conditions is verified:

(i) W is also stable under pushouts;

(ii) W is stable under the suspension functor £: C — C.
The localization L(C) of C by W is then stable and the localization functor y: C — L(C) is exact.

Proof. We know that L(C) is pointed left exact and that the localization functor
v:C— L(C)

is left exact by Theorem 13.1.5.

Under condition (i), we can apply dually Corollary 13.1.8 and see that L(C) has pushouts and that y
is right exact (Proposition 10.1.1 and its dual version ensure that L(C) has a terminal object that is
also initial and that y preserves those). The proof of Theorem 13.1.5 (iv) tells us that the collection
of pullback squares of C covers the collection of pullback squares of L(C). Since all pullback
squares of C also are pushout squares, and since 7 is exact, this implies that all pullback squares of
L(C) are pushouts. Applying the previous argument to C°P shows that all pushout squares of L(C)
are pullback squares as well.

Under condition (ii), Lemma 10.1.4 tells us that the adjunction equivalence
X:C2z2C:Q

induces an adjunction equivalence after localization, which implies right away thatQ: L(C) — L(C)
is an equivalence of categories. Therefore, L(C)°P is stable, and thus so is L(C) itself. O

Definition 14.6.2. Leti: A — B be an exact full embedding between stable categories. The Verdier
quotient of B by A is the stable category B/A defined by forming the pushout square

J

—— BJ/A

;)

O —— >

in the category StabCat of stable categories (that are small for a big enough universe), where 0
denotes the terminal stable category.

Remark 14.6.3. In the commutative square defining B/A above, the commutativity constraint
expressing that p o i is the constant functor taking the value O in B/A is unique: the O functor is a
terminal object in the category of exact functors from A to B/A.

Lemma 14.6.4. In a stable category C, for any morphism u: x — y in C, the cofiber of u is
canonically isomorphic to the suspension of its fiber.
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Proof. This follows right away from the fact that in the commutative diagram

fib(u) X 0
N
0 y cofib(u)
both squares are pullbacks as well as pushouts. O

Lemma 14.6.5. Let C be a stable category and
x/
u'l
yl

a pullback (hence also a pushout) square in C. Then u is an isomorphism if and only if u’ is an

S
D

g
—

isomorphism.

Proof. In a pullback square as in the lemma, if u is invertible, so is u’. The dual statement for
pushouts implies the converse. O

Lemma 14.6.6. Let u: x — y be a morphism in a stable category C. The following assertions are
equivalent.

(i) The morphism u is an isomorphism.
(ii) The fiber of u is isomorphic to 0.
(iii) The cofiber of u is isomorphic to 0.

Proof. It follows immediately from Lemma 14.6.4 that conditions (ii) and (iii) are equivalent. We
deduce right away from Lemma 14.6.5 that conditions (i) and (ii) are equivalent. O

Proposition 14.6.7. Leti: A — B be a fully faithful exact functor between stable categories. The
family W of morphisms of B with fibers in A agrees with the family of morphisms of B with cofibers
in A. Moreover W is stable under pullbacks as well as under pushouts, and the resulting localization
of B by W is nothing else than the Verdier quotient B/ A.

Proof. The first assertion follows right away from Lemma 14.6.4. The stability of W under pullbacks
is obvious, since fibers remain constant through pullbacks. Stability under pushouts follows by a
dual argument.

Given an exact functor ¢: B — C, using Lemma 14.6.6, we see that the property for ¢ to send any
map in W to an isomorphism in C is equivalent to the property of sending any object of A to Oin C.
In other words, by Remark 13.6.6, there is a pullback square of the form

RexCatV (B, C) —— RexCat(B, C)

| :

0 ——— RexCat(A,C)

which shows that B/A literally has the universal property of the localization of B by W. O
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Corollary 14.6.8. Leti: A — B be an exact full embedding between small stable categories with
corresponding Verdier quotient p: B — B/A. The induced functor

p*: Lex((B/A)®,Sp) — Lex(A®?, Sp)
is fully faithful. Given an exact functor of the form
F: B® — Sp,
the following assertions are equivalent.

(i) The functor F belongs to the essential image of p*.
(ii) The functor i*(F) = F o i° is constant with value 0.
(iii) We have F(i(a)) = 0 in Sp for any object a of A.

(iv) We have Q®(F(i(a))) = = in Grpd, for any object a of A.

Proof. The fact that the functor p* is fully faithful with essential image described by condition (ii)
is a direct consequence of the description of the universal property exhibiting B/A as a localization
provided by Proposition 14.6.7, using Remark 13.6.9 and Remark 13.6.6. Conditions (ii) and (iii)
obviously are equivalent. Since

Q% Lex(C®, Sp) — Lex(C°, Grpd,)

is an equivalence for any small stable category C, all of the above may be repeated replacing Sp by
Grpd, and this implies that conditions (iii) and (iv) are equivalent. O

Remark 14.6.9. Leti: A — B be an exact fully faithful functor between small stable categories,
with Verdier quotient. Let W be the family of maps with fibers in A.

Using the Yoneda embedding
B < Ind(B) = Lex(B®?, Sp)

we may see W as a small family of maps in Ind(B). The W-local objects are thus those presheaves
satisfying condition (iii) of Corollary 14.6.8. More precisely, if Ly Ind(B) denotes the full subcat-
egory of W-local objects in Ind(B), the functor p* induces a fully faithful and essentially surjective
functor from Ind(B/A) to Lw Ind(B). Since p* corresponds to the full embedding of Ly Ind(B) to
Ind(B), its left adjoint

pi: Ind(B/A) — Ind(B)

correspond to the W-localization functor
locw : Lw Ind(B) — Ind(B).

One can then use Proposition 13.5.2 to identify the localization of B by W with the smallest full
subcategory of Ind(B/A) stable under pushouts and containing objects of the form p(b) for b: B=.
Let y: B — L(B) be this localization.
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We also get a Verdier quotient of the form

Ind(B/A) —2— Tnd(B)

Lk

0 — Ind(A)

since i* is a localization (having a fully faithful left adjoint ;) and that the objects of Ind(B) that are
sent to 0 through i* precisely are the objects in the essential image of p* by Corollary 14.6.8, so that
we can apply Proposition 14.6.7 (for large stable categories, i.e. seeing Ind(B) as a stable category
in larger universe).

Definition 14.6.10. A six gluing functors datum is a diagram of stable categories of the form

Ji i
/jm. i
Ue—— X ——— 7

\]_*/l

in which all functors are exact, with the following properties.

(i) We havei* o j; = 0.

(i) Both functors j, and i, are fully faithful.
(iii) The functor j* is right adjoint to j, and left adjoint to j..
(iv) The functor i* is left adjoint to i,.

(v) The pair (j*,i*) is jointly conservative: for any object x: X~, we have x = 0 if and only if
Jj¥(x) =0andi*(x) =0.

Remark 14.6.11. If we have a six gluing functors datum as above, then, for any object x of X the
following square induced by the co-unit of the adjunction (i, j*) and by the unit of the adjunction
(i", i)

NG x) ———x

l |

0 — i.(i"(x))

is a cofiber sequence in X (there is a unique way to make this square commutative by condition (i)).
Indeed, it suffices to prove that the induced map from the cofiber of the co-unit map j,(j*(x)) — x
to i, (i*(x)) is an isomorphism. By condition (v) of the definition, this means that it suffices to check
that the two commutative squares

J GG @) ——— J*() () ——— (@)
l Lo l
0 ———— J (") 00— (0" (1)

476



are cofiber sequences. But they are isomorphic to

J (x) == j*(x) 0 —— i*(x)
| I
0 =———0 0 — i"(x)

respectively, which are obviously cocartesian squares.

‘We define then a functor
X —>7Z

by assigning to each x: X a fiber sequence of the form

i (x) —— "(x)

l l

0 —— *(J.(J"(x)))

where the vertical map on the right side is the image by i* of the unit map of the adjunction (j*, j.).

We can define I(x) through the pullback square

I(x) — x

| l

0 —— j.(j7(x)

and observe that since j* sends the vertical map on the right side to an isomorphism, we have
J¥(I(x)) = 0. In other words the cofiber sequence

NI (X)) —— 1(x)

l l

00— i.(i"(I(x)))

shows that the unit map 7(x) — i,(i*(I(x))) is an isomorphism. Since i*(/(x)) = i'(x) essentially
by definition, we thus have

I(x) = i.(i'(x))

and this yields a canonical fiber sequence of the form below.

i*(i!(x)) — s x

| |

0 ——— Jj.(j" (%))

Remark that since i, is fully faithful, i* o i, is the identity and thus the fiber sequence above may
be taken as a definition of i'(x) as well. The following lemma explains why we speak of six gluing
functors.

Lemma 14.6.12. With a six gluing functors datum as above, the functor i‘': X — Z introduced in
the previous remark is right adjoint to i..
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Proof. Given x in X and z in Z, since i, is fully faithful, it suffices to prove that
Hom(i,(2), ixi' (x)) = Hom(i.(z), x)
By construction of i*, for any @ and x in X, we have a pullback square of the form below.

Hom(a, i,i'(x)) ——— Hom(a, x)

l l

0 ——— > Hom(a, j.j*(x))
By virtue of Lemma 14.6.6 it suffices to prove that
Hom(i.(z), j.«(u)) = 0

for all zin Z and all u in U. But j* is left adjoint to j. so that this amounts to proving the relation
j* oi, =0. This follows from the relation i* o j, = 0 by transposition:

Hom(a, j*i.(b)) = Hom(i* j\(a), b) . m|

Proposition 14.6.13. We consider a six gluing functors datum of the form below, with X, U and Z
small.

Then all commutative squares below are both pullbacks and pushouts in StabCat.

v x AN U, x
T T
0—— 7 00— U 00— 7

Proof. We first prove that each square is a pullback square of stable categories. Since all functors ji,
J« and i, are fully faithful, it suffices to check this on objects. For the first two squares, this follows
right away from the pushout squares of the form

NG ) ———x

l |

0 — i.("(x))
for each x: X~. For the third one, this follows from the pullback squares of the form

i*(i!(x)) — > x

| |

0 ——— j.(j" (%))

for each x: X~.

Finally, each functor with a fully faithful left or right adjoint is a localization. In the case of
exact functors between stable categories, an exact localization is always obtained by inverting the
morphisms whose fiber becomes zero in the localization. Therefore, the description of Verdier
quotients as localizations provided by Proposition 14.6.7 ends the proof. O
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Construction 14.6.14. Given a small stable category C, we will write C’ = Ind(C),, for its
idempotent completion. Each exact functor u: C — D between small stable categories induces an
exact functor

u,: Ind(C) — Ind(D)

that preserves compact objects and thus restricts to an exact functor after idempotent completions:
u:C' - D".
The naturality of the Yoneda embedding yields a commutative square of the form

C —— D

||

C/ u D/

in which the two vertical maps are fully faithful exact functors.

Theorem 14.6.15 (Thomason). Leti: A — B be a fully faithful exact functor between small stable
categories, and let B/ A be the associated Verdier quotient.

—t 4B
l”
/

A

S —

é B
By passing to idempotent completions, we obtain a cartesian square in StabCat of the form

Al

l l»

0 —— (B/A)
with i’ fully faithful, and the induced functor
B'JA" — (B/A)
is an exact fully faithful functor that induces an equivalence after idempotent completion
(B'/A") = (B/A)".
Moreover, the induced commutative square of (large) stable categories

Ind(A) —=— Ind(B)

L b

0 —— Ind(B/A)
has the property that i\ is fully faithful and that p, induces an equivalence

Ind(B)/Ind(A) = Ind(B/A) .
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Proof. Since i is fully faithful, the induced functor
iy: Fun(A°?, Grpd) — Fun(B°, Grpd)
is fully faithful, hence its restriction
i;: Ind(A) — Ind(B)

is fully faithful as well. Restricting further to compact objects thus yields an exact fully faithful
functor

i":A" > B.
Since Ind(C) = Ind(C’) for any small stable category C, Remark 14.6.9 implies right away that the

comparison functor
B/A — B'/A’

is fully faithful and induces an equivalence
Ind(B/A) =Ind(B’'/A") .

Passing to compact objects, this proves that B/A and B’ /A’ have the same idempotent completion.

Let us consider finally the commutative square in StabPrI;) given by

Ind(A) —"— Ind(B)

L

0 — > Ind(B/A)

In order to prove that this is both a pullback square and a pushout square of (large) stable categories,
we will apply Proposition 14.6.13. In other words, it suffices to check that we have a six gluing
functors datum of the form

] p!

Ind(A) «——— Ind(B) «Z— Ind(B/A)

The existence of adjoint functors follows from Theorem 13.3.10 and Proposition 14.3.5. The only
non-trivial property to be checked is the fact that i* and p, form a jointly conservative family of
functors. In other words, we have to check that, for an object X of Ind(B) with i*(X) = 0 and
p1(X) = 0 we must have X = 0. But by Corollary 14.6.8, the condition that i*(X) = 0 is equivalent
to the condition that X is in the essential image of p*. If X = p*(Y) for some Y, since p* is fully
faithful, we then have p,(X) =Y. Therefore, if p;(X) = 0 we must have ¥ = 0 hence X = 0 as well.
Since (-),, preserves pullback squares (being a right adjoint), this proves the theorem. m]

Definition 14.6.16. Let B be a stable category. A thick subcategory of B is a fully faithful exact
functori: A — B with the property that, for any projector of the form p: x — x in A, if i(p) has an
image in B, then p has an image in A. We will then say by a slight abuse that A is a thick subcategory
of B.

Proposition 14.6.17. Leti: A — B be a fully faithful exact functor between stable categories. We
denote by y: B — B/ A the associated Verdier quotient. The following conditions are equivalent.
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(i) The commutative square

is a pullback square.

(ii) A is a thick subcategory of B.

Proof. 1f (i) holds and p: x — x is a projector in A that has an image y in B, then y(y) = 0
because y(y) is the image of a projector on y(i(p)) = 0. Therefore, y is in the essential image of i.
Conversely, if we denote by C’ the idempotent completion of any stable category C, we know from
the previous theorem that we have a pullback square of the form

A/%B’

Ll

0 — B'/A’

Since B/A — B’/A’ is fully faithful, this readily implies that the full subcategory of B whose
objects are sent to 0 in B/A precisely is the intersection of A’ with B. The explicit description
of idempotent completions obtained from Proposition 13.8.4 shows that condition (ii) follows from
condition (i). O
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15 K-Theory, after Quillen, Waldhausen
and Thomason

15.1 Completion by small Sifted colimits

Notation 15.1.1. Given a small category with finite coproducts C we denote by Px(C) the full
subcategory of Fun(C°P, Grpd) spanned by finite products preserving functors.

Proposition 15.1.2. Let C be a small category with finite coproducts. The category Py (C) is
compactly generated. Furthermore, the embedding

Px(C) < Fun(C, Grpd)
commutes small sifted colimits.
Proof. The fact that Px(C) has small sifted colimits and that the embedding of Py(C) into

Fun(C°P, Grpd) commutes with them is immediate, since sifted colimits are compatible with fi-
nite products of groupoids, by Proposition 12.2.11. Let S be the family of maps consisting of

0 — hc(x*)
with * the initial object of C and of the canonical comparison maps
he(x) Lhe(y) = he(x L y)

for any objects x and y of C. It is clear that the S-local objects precisely are the objects of Px(C).
Therefore, Proposition 13.5.1 ensures that Py (C) is compactly generated. O

Remark 15.1.3. If C is small with finite coproducts, the Yoneda embedding of C takes values in
Py (C) and the induced functor
he: C — Pz(C)

commutes with finite coproducts. Indeed, for any object x of C, the functor Hom¢ (-, x) takes
coproducts in C to products in Grpd.

Lemma 15.1.4. Any small category with finite coproducts is sifted.

Proof. Let A be a small category with an initial object * as well as binary coproducts. Since A = A,/,
A is weakly contractible. We also have

A(xily)) = Ax) Xa Ay

for all x,y: A%, proving that A,;, — A is a terminal functor for all x. O
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Lemma 15.1.5. Let C be a small category with finite coproducts. Given a presheaf F: C°° — Grpd,
the following assertions are equivalent.

(i) The functor F preserves finite products.
(ii) The category CF has finite coproducts.
(iii) The category C/F is sifted.
(iv) There is a small sifted category A, a functor ¢: A — C and an isomorphism of type
colim hc(g(a)) = F
in Fun(C°P, Grpd).

Proof. 1t is clear that (iii) follows from (ii) by Lemma 15.1.4. Corollary 9.5.3 implies that (iv)
follows from (iii). Assuming that F’ preserves finite products, we see that C,r has finite coproducts
and that the projection C/r — C preserves them as follows: The category Px(C)/r has finite
coproducts and the forgetful functor to Py (C) commutes with them. We have a pullback square

C/r — Px(O)/r

i _fe | PiC)

in which the Yoneda embedding /¢ preserves finite coproducts by Remark 15.1.3. Therefore,
the dual version of Proposition 9.8.7 implies that C;r has finite coproducts. It follows from the
last assertion of Proposition 15.1.2 and from Remark 15.1.3 that assertion (i) is a consequence of
assertion (iv). O

Proposition 15.1.6. Let u: C — D be a finite coproducts preserving functor between small cate-
gories with finite coproducts. Then the adjunction

uy: Fun(C, Grpd) 2 Fun(D?, Grpd): u*
restricts to an adjunction of the form
u: Pz(C) =2 Pz(D)Z u*.

Proof. Since the property for a functor to preserve finite products is compatible with composition of
functors, it is clear that u* sends Py (D) to Px(C). The fact that u, sends Px(C) to Py (D) follows
from the fact that u; o hc = hp o u and from the characterization of presheaves that preserve finite
products given by assertion (iv) of Lemma 15.1.5. O

Remark 15.1.7. The previous proposition is also a way to interpret localizations that are compatible
with finite coproducts. Given C a small category with finite coproducts and W «— Map([1],C) a
family of morphisms containing all identites and stable under binary coproducts, let us denote by

v:C — L(C)
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the localization of C by W. By virtue of Proposition 10.1.1 and Proposition 10.1.5, the category
L(C) has an initial object as well as binary coproducts and the functor y commutes with them. The
preceding proposition thus provides an adjunction of the form

yi: P2(0C) 2 Px(OL(C)): ¥*

with y* full faithful. The essential image of y* consists precisely of the functors that preserve finite
products and send maps in W to isomorphims. One ca identify L(C) as the full subcategory of
Ps(()C) with objects the terms of the image of the map

€ — P2(0C) x> yi(Home (-, x)).

Proposition 15.1.8. Let C be a small category with finite coproducts and D a category with small
colimits. The equivalence

Fun,(Fun(C®, Grpd), D) = Fun(C, D)

restricts to an equivalence from the category of small colimits preserving functors from Py (()C) to
D and the category of finite coproducts preserving functors from C to D.

The proof is totally similar to the proof of Theorem 13.3.12 and is left to the reader.

Proposition 15.1.9. Let D be a locally small category with small colimits. We assume that there is
a small family of objects E in D with the following properties.

(i) For any x: E, the functor
Homp (x,—): D — Grpd

commutes with small sifted colimits.

(ii) The family E generates D.

We let C be the smallest full subcategory of D containing the initial object as well as all the terms
of E closed under binary coproducts. Then C is small and the full embedding

i:C—D

extends to an equivalence
Ps(C)=D.

In particular, any objects of D canonically is a small sifted colimits of a functor with values in C.

The proof is entirely similar to the proof of Theorem 13.4.8 and is left as an exercise to the reader.

The preceding definition applies to D = Grpd with E the collection of terminal objects. We let
FinSet be the smallest full subcategory of Grpd containing the empty anima as well as the terminal
one and stable under binary coproducts, so that

Py (FinSet) = Grpd.
The objects of FinSet are called finite sets (they indeed are sets).
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15.2 Additive categories

Lemma 15.2.1 (the Eckmann-Hilton argument, le lemme de Godement). Let A be an anima together
with a term e: X as well as two maps

0:AXA—> A, (a,b)r—>aob and e:AXA—>A, (a,b)r—>aeb.
We asume that the following rules hold.

(i) For everyterm a: A, there are terms of the following types:

<

.a=eoda

<
QI Q™ QY Q™

.aoe=a

<

.a=ee®oq

<

.aee=4dad.

(ii) For every terms a,b,c,d: X, there is a term of type

Yabea: (@sb)o(ced)=(aoc)e(bod).

Then, for any terms a,b: A, there are terms

Kap:aeb=aob and Kk ,:aob=bea.

Proof. The term k, j is obtained as follows.

aeb=(aoe)e(eobh)
~(aee)o(cob)

=ao b .
Similarly, the sequence

aob=(eea)o(bee)
=(ecb)e(ace)

=beq
yields «/, ,,. ]
Example 15.2.2. Given an anima X and a term x: X, we can form
Q(X, x) := Homx(x, x) .
there is thus a composition law
cxox Q(X,x) X Q(X,x) = Q(X,x).

This operation defines a functor
Q: Grpd, — Grpd,
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that commutes with products. We define

2 2 . . Qex,x) o
o: Q°(X,x) X Q7 (X,x) = Q(Q(X,idy) X Q(X,id,)) —— Q°(X, x)

where Q%(X, x) := Q(Q(X, x),id,). There is also the composition law
0 1= Co(x,x)idy | QT (X,x) X Q*(X,x) - Q*(X,x).

One checks immediately that Lemma 15.2.1 applies to the anima A = Q2 (X, x) with these definitions
of o and e.

Definition 15.2.3. A category C is semiadditive if its has an initial object O as well as binary
coproducts with the following properties:

(1) The initial object O turns out to be a terminal object as well. In particular, for any object x of
C, there is amap p,: x — 0.

(i) For any objects x and y, the maps
pxUidy: xly - x0=x and idyUpy:xUy—>0y=y
exhibit x 11 y as a product of x and y in C.

Construction 15.2.4. Let C be a semiadditive category. For any objects x,y: C~, there is an
operation
Home (x,y) X Home (x,y) = Home(x,y), — (f,g)— f+g

defined by the following composition
Homg (¥, y) X Home (¥, y) = Homc (x 11 x, y) — Home (x, y)

with A: x — x I x the map defined by the pair (idyx, idy) using the description of x LI x as a product.

This construction is functorial in the sense that for any functor between semiadditive categories
f:C—>D

that preserves finite coproducts (hence finite products as well), we have a canonical commutative
square of the form

+

Homc (x, y) X Home (x, y) Homc (x, y)

l l

Homp (f(x), f(y)) X Homp (f(x), f(y)) —— Homp (f(x), f(¥))

We observe furthermore that Fun(/Z, C) is semiadditive for any category I whenever C is pre-additive.
This expresses how functorial is this construction in the variables x, y: C.

Example 15.2.5. The category RexCat is semiadditive. The initial object is the category [0] and
the coproduct is given by the cartesian product of the underlying categories.
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Construction 15.2.6 (2 x 2 matrices). In a semiadditive category C, given for objects x,y,z,w a
map
p:xly—-zOw

amounts to a pair of maps of typeu: x Iy — zand v: x I y — w (seeing z LI w as a product) and
seeing x LI y as a coproduct, u correspond to a pair of maps of the form

a:x—z and b:y—>z
whereas v corresponds to a pair of maps of the form
c:x—w and d:y—ow.
In other words, defining a map ¢ as above is equivalent to defining a 2 X 2-matrix:
a b
=(c )
The map ¢ is defined in formula by ¢(x,y) = (a(x) + b(y), c(x) + d(y)).

Definition 15.2.7. An additive category is a semiadditive category C with the property that, for any
object x of C, the matrix

idy, idy

(idx 0 )

(with 0: x — x the unique map factorizing through 0) defines an automorphism of x LI x.

Proposition 15.2.8. Any stable category is additive.

Proof. This means that, for any objects x and y in a stable category C, for any maps f,g: x — y
in C, one can reconstruct caonically the pair ( f, g) from the pair (f + g, f). For this, it suffices to
produce a map —g: x — y such that (f + g) + (—g) = f holds true. Since we have

HOH’IC (-x’ y) = Qz(HomC ()C, Zz(y))’ 0) s

Lemma 15.2.1 together with Example 15.2.2 tell us that one can see the operation (f, g) +— f+g as
the composition law in the groupoid Q(Hom¢ (x, £(y)), 0). Therefore, inverses for this composition
law exist and this proves the proposition. O

Corollary 15.2.9. Any full subcategory closed under finite (co)products of a stable category is
additive.

15.3 Waldhausen categories

In this chapter, we fix once and for all a universe of small categories Cat.

Definition 15.3.1. A pre-Waldhausen category is a small category A equipped with two subcate-
gories
wA—A and cA— A

with the following properties, where morphisms of A that belong to wA are called weak equivalences,
whereas those belonging to cA are called cofibrations.
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WO. The category A has an initial object *. Furthermore, for any object x of A, the map * — a is
a cofibration.

WI1. For any object x of A, the identity of a is both a weak equivalence and a cofibration.
W2. The family of cofibrations is stable under pushouts in A.

W3. The family of trivial cofibrations (i.e. of maps that are both weak equivalences and cofibrations)
is stable under pushouts.

W4 For any commutative cube in A of the form

Xg——————— X/,

Sl 7

with both maps iy and i; cofibrations and both the front face and the back face cocartesian, if
the three maps u, u” and v are weak equivalences, then so is v’.

A Waldhausen category is a pre-Waldhausen such that its initial object happens to be a terminal
object as well.

Pre-Waldhausen categories naturally form a subgroupoid of Fun(r, Cat)®. A morphism of pre-
Waldhausen categories is a morphism in Fun(~, Cat), or equivalently, a functor

f:A—>B

preserving weak equivalences as well as cofibrations, with the additional property that, for any
pushout square in A the form
il li’

v ’
y —Y)
with i (hence also i’) a cofibration, the associated commutative square

£ L e

f(i)l lf(i’)

o) L £

is a pushout square in B.

Pre-Waldhausen categories naturally form a category WaldCatP™, or rather a subcategory of Fun (™
, Cat).
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Lemma 15.3.2. Let A be a category equipped with a subcategory cA — A containing all identities
and corresponding to a family of morphisms stable under pushouts in A. Define a cA-cofibrant
square as a commutative square in A of the form

u ’
—_—

=

i

—

\4 ’
_—

- =

<

in which i (hence i’ as well) is a map in cA and such that the induced map y U, x" — y’' is a map
in cA as well. Then the family of ¢ A-cofibrant squares form a family of maps in Fun([1], A) that is
stable under composition as well as under pushouts.

Proof. Let us consider a composable pair of squares of the form

’

u ’ u ’”
X — X — X

R

’

v ’ v 77
y—"—y —
each of then being cA-cofibrant. In the induced commutative diagram

xl xl/

l l

yUyx" —— y U, x”

l l

yl yl H_x/ xN

the upper square is cocartesian and so is the outer square, so that the lower square is cocartesian as
well. In particular, the vertical map at the lowest right corner is in cA. This implies that the map
y U, x” — y” isin cA, since it is the composition of two maps in cA.

Let us consider a commutative cube of the form

Xo——— X

S

in which the back faces is cA-cofibrant and the two vertical faces on the left and right hand side are
cocartesian. We observe that the induced commutative square

yo Ly, xé — ni Ly, x’l

l l

Yo TV
is cocartesian. This implies right away that the front face is cA-cofibrant. O
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Construction 15.3.3. Given a pre-Waldhausen categories A and B, we write Wald(A, B) for the
full subcategory of Fun(A, B) whose objects are morphisms of pre-Waldhausen categories. In
fact Wald(A, B) is a Waldhausen category itself: one defines weak equivalences as the natural
tranformations between morphims of Waldhausen categories

a: f—g

such that a,: f(x) — g(x) is a weak equivalence for any object x: A=. Cofibrations are those
natural tranformations between morphims of Waldhausen categories

a: f—g

with the property that, for any cofibration i: x — y in A, the induced commutative square

flx) == g(x)

f(i)l lg(i)

) —= g(y)

induces a cofibration of type f(y) Uy(x) g(x) — g(y) (the stability of these cofibrations under
pushouts follows straight away from the preceding lemma).

A particular case of interest is A = [0] x [1] for some n: N. A morphism [0] x [1] — B literally is
a commutative triangle of the form

with u a cofibration. There is thus an equivalence from Wald([0] x [1], B) to the full subcategory
of Fun([1], B) whose objects are the cofibrations of B. More generally, given n: N, we define B!
as the full subcategory of Fun([n], B) whose objects are sequences of cofibrations of the form

xo_)..._)xn

in B, the assignment
(¥ =+ = xa) > (0> X0 = -+ > x,)

defines an equivalence
B™ = Wald([0] * [n], B) .

Example 15.3.4. Any pointed small category with finite colimits is a Waldhausen category in which
the weak equivalences are the isomorphisms and all morphisms are cofibrations. This observation
defines a full embedding of the form

RexCat, — WaldCat.

Particular cases of interest are stable categories.
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Example 15.3.5. If A is a Waldhausen category the so is Fun(7, A) for any small category I: we
define weak equivalences (cofibration, resp.) as those natural transformations u: F — G such that
u;: F; — G; is a weak equivalence (a cofibration, resp.) for all objects i: I=. We define w([, A)
as the full subcategory of Fun(/, A) whose objects are the functors sending all maps in I to weak
equivalences in A. We define weak equivalences and cofibrations in w(I, A) as those maps that
weka equivalences and cofibrations, respectively, in Fun(/, A). This turns w(/, A) into a Waldhausen
category.

Notation 15.3.6. For A: WaldCat and [n]: N we write

wn(A) :=w([n], A).

15.4 Additive functors

Definition 15.4.1. A short exact sequence in a Waldhausen category A is a pushout square of the

form
X
lv
r”

—_ X

’ u
—_—

=

* ¥

in which u is a cofibration. We denote by ExSeq(A) the full subcategory of Fun(O, A) whose objects
are short exact sequences. The assignment

defines an equivalence
ExSeq(A) = Wald([0] % [1],A).

Since Wald([0] % [1], A) is a Waldhausen category (as a particular case of Construction 15.3.3),
this turns ExSeq(A) into a Waldhausen category.

The proofs of the following lemma are obvious and they are only stated for the record.

Lemma 15.4.2. We denote by O the Waldhausen category with underlying category [0], Then O is
both an initial and a terminal object of WaldCat

Lemma 15.4.3. If A and B are Waldhausen categories, then the cartesian product of the underlying
small categories A X B is canonically endowed with the structure of a Waldhausen category through

w(AXB)=wAXwB and c¢(AXB)=cAXcB

The projections pry: AX B — A and pr,: A X B — B are morphisms of Waldhausen categories
and exhibit A X B as the cartesian product of A and B in WaldCat. Dually, the two functors

i1:A—>AXB, x (x,x) and i: B— AXB, y (%)

are morphisms of Waldhausen categories and exhibit A X B as the coproduct of A and B in WaldCat.
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In other words:

Proposition 15.4.4. The category WaldCat is semiadditive.

In particular, any full subcategory of WaldCat stable under finite coproducts is semiadditive as well.

Definition 15.4.5. An admissible class of Waldhausen categories is a family of Waldhausen cate-
gories stable under finite products as well as under the operators Wald([n], —) and w([n], —) for all
n: N. Given such a class C, we define WaldCatc as the full subcategory of WaldCat with objects
the terms of C.

Example 15.4.6. Stable categories form an admissible class. In this case, we simply have StabCat =
WaldCatc. Therefore, any family of stable categories closed under finite products and under the
operator Fun([n], —) is admissible. For instance, compact objects in StabPr-, for a small admissible
class.

Definition 15.4.7. Let C be an admissible class of Waldhausen categories and D a pointed category
with finite limits. A functor £ : WaldCatc — D is additive it satisfies the following properties.

(1) It preserves finite products.
(2) For any Waldhausen category A, the functor
A - w([l],A), xidy
induces an equivalence of type
E(A) = E(w([1],A)).
(3) For any Waldhausen category A the functor
(ker, coker) : ExSeq(A) > AX A

defined by the assignment

|

X
lv — (X/,XH)

*

induces an equivalence of type

E(ExSeq(A)) = E(A) x E(A) .

if it preserves finite products and if, for any Waldhausen category A the functor
(ker, coker) : ExSeq(A) » AX A

defined by the assignment

induces an equivalence of type

E(ExSeq(A)) = E(A) X E(A).
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Proposition 15.4.8. The property of being additive is preserved by small sifted colimits in the
category of functors from WaldCatc to Grpd,.

Proof. Since colimits in Fun(WaldCatc, Grpd, ) are computes pointwise and since the property of
being additive is expressed by the invertibility of functorially given maps between finite products
of evaluations, this follows right away from the fact that small sifted colimits commute with finite
products in Grpd, . O

Lemma 15.4.9. Let C be an admissible class of Waldhausen categories. For any finite products

preserving functor
F: WaldCatc — Grpd,,

if F is additive then the functor
A colim F(S,(A))
[n]: A°P

is additive as well.

Proof. This follows immediately from Proposition 15.4.8, once we have noticed that A°P if sifted, and
that the operators S, and w,,, commute with finite products as well as with the operator ExSeq. O

Proposition 15.4.10. Let F': WaldCatc — D be an additive functor. We consider two morphisms
p:A—> A and g:A— A"
in WaldCatc together with the following extra data.

(i) There are given mapsi: A’ — Aand j: A” — A such that i is a section of p and j a section

of q.

(ii) Each composition p o j and q o i vanishes (i.e. is isomorphic to the constant functor with
value the terminal object).

(iii) There is given a map
¢: A — ExSeq(A)

so that ¢(x) is an exact sequence of the form

i(p(x)) ———x

l l

s j(q(0))
forall x: A. Then p and q together induce an equivalence of type
F(A)=F(A")xF(A").
Proof. Since p and g commute with finite coproducts, condition (ii) ensures that the functor
u: A’ xA” = A, (x,y) - i(x) U j(y)

defines a section of the functor
(p,q): A—> A" xA".
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It suffices to check that the composition of u o (p, g) becomes the identity of F(A) after applying
F. We define a functor
¥ A — ExSeq(A)

by the rule bellow.
i(p(x)) —— i(p(x)) U j(gq(x))

Y (x) = l l

* ——— jq(v))

Since postcomposing with (ker, coker) turns ¢ and ¢ equal, We have an equality of type F(¢) =
F(y). Let p: ExSeq(A) — A the functor defined by the rule

Since p o p =ids and p oy = u o (p, q), this shows that F(p, g) is invertible. O
Corollary 15.4.11. We consider an additive functor of the form
F: WaldCatc: — D.

Let n: N and iy,: [n] < [n+ 1] the map defined by i,,(k) = k + 1. Then, for any Waldhausen
category A, the induced functor

ip: F(Sns1(A)) = F(S,(A))
is equivalent over F(S,(A)) to the projection
pri: F(Sn(A)) X F(S1(A)) — F(Sx(A)).

Proof. The case n = 0 is clear so that we may assume n > 0. If we identify S,,(A) with A"~ the
functor i;, simply restricts from [n] to [n — 1] in the following way: to each sequence of cofibrations

X| = X2 = = Xy
we form the sequence of cofibrations
X2/X1 = 0 X1 /X

where we have formed the pushout squares

X1 — Xk

I

* ——> Xk /X1
in A for all k > 1. There is also a functor from A" to A sending a sequence of shape
XL X2 7 > Xy
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to x;. The corollary will follow from the fact that the induced functor
Alnl 5 Aln=11 504

is sent to an equivalence through any additive functor F.

There is an obvious functor

Aln=11 5 4ln]
sending a sequence
yl —_—) s —> yn
to the sequence
0= yi = = ¥
and a functor
A — Al
sending a term z: A to the sequence
i i

One checks immediately that the assumptions of Proposition 15.4.10 are fulfilled and this implies
this corollary. O

Lemma 15.4.12. Let X be a simplicial anima. Then X is canonically isomorphic to the colimit of

the composition

Ao L pop X Grpd

where dec: A — A is the functor [n] — [0] % [n].
Proof. We form the following pullback square.

C—>A/X

Il

A dec A

The colimit we want to compute is 1, (C). Sending a pair ([n],x), with x: [n+ 1] — X, to xg
yields a functor
. C — Xy

(the evaluation at the first vertex of [n + 1]). We will prove that this turns C in to a contractible
category in context Xgy. There is indeed a section

s: Xo— C

of the functor n: sendings any term x: Xy to the pair ([0],idy) where id,: [1] — X is the
composition of x: [0] — X with the unique map [1] — [0]. There is a functorial map

rn: [n+2] — [n+1]
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induced by [1] — [0] and the presentations [n + 2] = [1] x [n] and [n + 1] = [0] % [n]. There is
similarly a map i,,: [n+ 1] — [rn+ 2] induced by the map 1: [0] — [1]. We associate to each pair
([n],x) in C the pair ([n + 1], x o ry,), which defines a functor

d:C—->C

over Xy. The embeddings i,, define a natural transformation idc — d and the embeddings [1] —
[1] % [n] a natural transformation from s to d, all of this in context Xj. This proves that C is weakly
contractible in context Xj. O

Proposition 15.4.13. Let C be an admissible class of Waldhausen categories. We consider a finite

products preserving functor
F: WaldCat¢c — Grpd, .

There is a canonical commutative square

F(A) —— =

l l

* —— colim F(S5,(A))
[n]: A%

Jfunctorially in A and F, that is cartesian whenever F is additive.

Proof. We observe that F(So(A)) is contractible for all A and thus, by virtue of Lemma 15.4.12
there is a canonical equivalence of the form

[%c])yg}p F(Snt1(A)) = *

The functorial embedding i,,: [n] < [n + 1] defined through the identification of [n + 1] with
[0] x [n] defines a functor
M Sn+1 (A) - Sn(A)

In

functorially in [n] and in A. We obtain a canonical commutative square of the form

F(A) ——— colim F(S,1(4)

l l

F(So(A)) —— [C‘])hg}pF(Sn(A))

where the vertical maps are induced by the functors i}, above and the horizontal maps are instances
of the canonical map

to — colim ¢,
[n]: AP

for any functor #: A°®? — Grpd,.

It suffices now to prove that the commutative square above is cartesian whenever F' is additive. By
virtue of Lemma 9.9 .4, it suffices to prove that, for any additive functor F': WaldCatc — Grpd,, and
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any map u: [m] — [n] in A, the functor F sends the commutative square of Waldhausen categories

Sn+l(A) _— Sm+1 (A)

;| J&
Sn(A) — S, (A)

to a pullback square. We conclude this proof by observing thanks to Corollary 15.4.11 that this
commutative square is equivalent to the commutative square

Sn(A) x S1(A) L5 5,(A) x $1(A)

| [

Sn(A) ———— Su(A)
which is obviously cartesian. O

Corollary 15.4.14. For any admissible class of Waldhausen categories, the category of additive
functors from WaldCatc to Grpd, is additive.

Proof. Since any object of Add(WaldCatc, Grpd,) if of the form Q?(F) by the preceding proposi-
tion, we can repeat the proof of Corollary 15.2.9. O

15.5 Construction of K-theory

Definition 15.5.1. A region is a finite poset R with pushouts.

If R is a region, we can define the length of a map x < y in R: this is the maximal n: N such that
there exists an embedding u: [n] — R with u(0) = x and u(n) = y. An elementary square in R is
a pushout square in R in which all maps are of length 1. We observe that any pushout square in R
in which all maps are of positive length can be uniquely presented as the composition of elementary
squares. An edge map in R is a map of length at least 2 that does not appear as the diagonal of an
elementary square. An edge object of R is an objet that is the source or the target of an edge map.

A morphism of regions is a functors (between regions) of the form f: R — S that preserves pushout
squares as well as edge objects.

A Waldhausen region is a region equipped with a family of maps closed under composition and
under pushouts, called cofibrations (in a pedantic way, we could say that [0] x R is a pre-Waldhauesen
category). A morphism of Waldhausen regions is a morphism of regions that preserves cofibrations.

Example 15.5.2. For any m, n: N the product [m] X [n] is a region with no edge object. On the other
hand, [0] % ([m] X [n]) is a region whose unique edge object is the initial object. The elementary
squares in [m] X [n] are those of the form

l l

(i+1,j)) — (G+1,j+1)

for all 0 < i,j < n. Unless stated otherwise, we will consider [m] X [n] as a Waldhausen region
with cofibrations those maps of the form (i, j) < (%, j).
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Example 15.5.3. For n: N, the category Fun([1], [#]) may be identified with the full subposet of
[n] X [n] whose objects are terms of the form (i, j) with i < j. This description turns Fun([1], [n])
into a region whose edge objects are the identities, i.e. the pairs of the form (i, i) for any i: [n]~.
The elementary squares in Fun([1], [n]) are those of the form

l l

(i+1,j) — (i+1,j+1)

for all 0 < i < j < n. Unless stated explicitly otherwise, we will consider Fun([1], [n]) as

Waldhausen region with cofibrations those maps of the form (i, j) < (k, j). This defines a functor
[n] — Fun([1], [n])
from A to the category of Waldhausen regions.

Definition 15.5.4. Let A be a Waldhausen category and R a Waldhausen region. We denote by
S(R, A) the full subcategory of Fun(R, A) whose objects are those functors of the formx: R — A
with the following properties.

(i) The functor x preserves cofibrations.
(i) The functor x preserves pushout squares.
(iii) The functor x sends edge objects to initial objects.
Remark 15.5.5. Any morphism of regions f: R — Q induces a right exact functor
7 8(0,A) — S(R, A)
obtained as the restriction of f*: Fun(Q, A) — Fun(R, A).

Construction 15.5.6. For any Waldhausen category A and any region R, the category S(R, A) has
a natural structure of Waldhausen category. More precisely, we have The canonical embedding
R — [0] % R induces an equivalence

S([0] % R, A) = S(R, A)

and S([0] * R, A) may be seen as a full subcategory of Wald([0] x R, A) whose objects ar the
functors sending edge objects to initial objects. We define weak equivalences and cofibrations in
S(R, A) as those maps that have these properties when seen in Wald([0] x R, A).

Definition 15.5.7. We define a functor
S: WaldCat — Fun(A°P, WaldCat)
assigning to each A: WaldCat and [n] : A the Waldhausen category
Sn(A) = S(Fun([1], [n]),A) .
We call S(A): Fun(A°P, WaldCat) Waldhausen’s S-construction associated to A.
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Lemma 15.5.8. Let A be a Waldhausen category and n: N. The fully faithful right exact functor
u: [n] < Fun([1], [n]) defined by u(i) = (0,1) induces an equivalence

u*: S,(A) = Wald([n], A) .
Proof. Tt suffices to check that
u*: Fun([1],S,(A))" — Fun([1], Wald([n], A))~

is an equivalence. Given any Waldhausen category B, we can equipped Fun([1], B) with a structure
of Waldhausen categories in which the weak equivalences and the cofibrations are defined termwise.
We then observe that

Fun([1], Wald([n], A)) = Wald([n], Fun([1],A)) and Fun([1],S,(A))) =S, (Fun([1],A)).
Therefore, we see that it suffices to prove that
u*: S, (A" - Wald([n],A)”

is an equivalence. This is done by induction on n. For n = 0, this is clear: both sides are contractible.
For n = 1, both sides are equivalent to A~ and u* is equivalent to the identity of A~. Givenn > 0
for which the statements is known to be true, we deduce the case of n + 1 as follows. Let R,, the full
subcategory of Fun([1], [n + 1]) whose objects are the pairs of the form (7, j) with j < nori =0.
The embedding

v: R, — Fun([1], [n+1])

induces an equivalence
v S(Fun([1], [n+1]),A)™ = S(R,, A)™

whose inverse is given by completing each diagram of the form

* X0,1 cee X0,n — X0,n+l
* .o X1.n
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(in which xp ;, — x0,,+1 is a cofibration) through pushouts (and a map to *).

* X0,1 T X0,n — X0,n+1
| :
* Xin — Xl,nsl

* > Xn,n+l

We see that there is a pullback square of the form

S(Rn,A) - Sn(A)
Wald([2],A) —— A

induced by the obvious embedding Fun([1], [#]) — R, and the map w: [2] — R, defined by
w(0) = (0,0), w(1) = (0,n) and w(2) = (0, n + 1). Since there is a pullback of the form

Wald([n + 1], A) —— Wald([n], A)
| - |
Wald([2],A) ——— A
the induction hypothesis implies that there is a canonical equivalence
S(R,,A) = Wald([n+1],A). O
Remark 15.5.9. We may see the assignment A — A~ as a functor of type
WaldCat — Grpd, .

Using the canonical equivalence of type [m] X Fun([1], [rn]) = Fun([1], [n]) X [m], we get a
canonical equivalence of type
Sm(Wm(A)) = wn(S,(A))
for all A: WaldCat. We will simply write
WimSn(A) == wn(Sn(A))
and denote
wS(A): A® x A®? — Grpd, .

We thus get a functor
wS: WaldCat — Fun(A°? x A°?, Grpd,) .

Recall that the universal left fibration Grpd, — Grpd commutes with colimits indexed by small
weakly contractible categories, in particular with small sifted colimits.
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Definition 15.5.10. Given a Waldhausen category A, we define the K-theory of A as the pointed
anima

K(A) = Q( colim colim men(A):) .
[m]: A°P [n]: A°P

15.6 The additivity theorem

Recall that C(iloipm: Fun(A°P, Grpd) — Grpd is called the geometric realization functor.

Lemma 15.6.1. Let

be a commutative triangle of simplicial animae. We assume that, in any groupoidal context, for any
map o : A" — S, the induced map of type

AnXSX—>AnXSY

induces an isomorphism in Grpd after geometric realization. Then the geometric realization of u is
an isomorphism.

Proof. Our assumptions mean that, for any small anima I" and any term n: N, for any map of the
formo: I' X A" — §, the induced map of type

o (u): TxA"xs X > (I'xA") xsY

induces an isomorphism in Grpd after geometric realization. But any simplicial anima canonically
is a colimit of simplicial animae of the form I" X A". Furthermore, for any morphism f: A — S in
Fun(A°P, Grpd), the pullback

f*: Fun(A°, Grpd),s — Fun(A°?, Grpd), 4
has a right adjoint: we can identify
Fun(A°®P, Grpd),s = Fun((A,s)°?, Grpd)
so that f* is the pullback functor along the functor
fiiAja — Ass.

In particular, the functor f* commutes with colimits. Therefore, the map u canonically is a colimit
of morphisms of the form o*(«) induced by pullbacks from maps o as above. Since the realization
functor commutes with colimits (this is a colimit functor itself by definition), the geometric realization
of u is the colimit of the geometric realization of each of the o*(u)’s. We conclude by the obvious
observation that colimits preserve isomorphism. O
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Remark 15.6.2. Let n: N and A a small category. Let 4: A! x A" — A" be the map induced by
the functor expressing the fact that n is a terminal object of [n].

The map 4 induces a functor
m: Ay Xa Ayin) = AjFun((11,[n1)
sending u: [n] — [m] and v: [m] — [1] to the unique natural transformation
Kyyv:U— U

where i: [m] — [n] is defined as the composition of (v, ) with h. Since u(i) < (i), this defines
Kuv-

The evaluation functor
ev: [1] X Fun([1], [m]) — [m]

is functorial in [m] hence so is its product with the identity of 1]

i1y xev: [1] x [1] X Fun([1], [m]) — [1] x [m] .
This defines a functor

cpmp s [1] X Fun([1], [m]) — Fun([1], [1] X [m])
functorially in [m]. With the identification

Fun([1] x Fun([1], [m]), A) = Fun(Fun([1], [m]), Fun([1], A))
this defines a functor
¢yt Fun(Fun([1], [1] x [m]), A) — Fun(Fun([1], [m]), Fun([1], A))

functorially in [m] and A. Assigning each u: [m] — Fun([1], [n]) to the corresponding map
[1] X [m] — [n] defines a functor

u*: Fun(Fun([1], [1]), A) — Fun(Fun([1], [1] x [m]), A)

functorially in u, seen as a term of A pyn([1],[n])- Composing with the functor  above, this means
that, for any functor
x: Fun([1],[n]) —» A

if, for any map w: [m] — [n] one writes
w*(x): Fun([1],[n]) —> A

for the composition of x with the functor induced by w by applying Fun([1], —), then for any maps
u: [m] — [n] and v: [m] — [1], one has a canonical map

Ky,v,x - u*(x) _— IZ*()C)

functorially in (u, v).
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Lemma 15.6.3. Let A be a Waldhausen category in which weak equivalences all are isomorphisms.
The functor
(ker, coker) : ExSeq(A) > AX A

induces a morphism of simplicial animae
S(ExSeq(A))™ — S(A)" x S(A)~
that yields an isomorphism after geometric realization.

Proof. We have a commutative triangle of the form

S(ExSeq(A))= S(A)* xS(A)*
S(m Pr1
S(A)=

and we will apply Lemma 15.6.1 to it. We consider a map
x: A" — §(A)

i.e. a functor x: Fun([1], [n]) — A satisying the conditions of Definition 15.5.4. We have to prove
that the induced map

A" Xs(a)= S(ExSeq(A))~ — A" Xg(4)= (S(A)” x S(A)7)

induces an isomorphism after geometric realization. We will consider first the case where n = 0. In
that case x simply is the initial object * in A. It suffices to check that the comparison map between
pullbacks above is an equivalence of simplicial animae, which can be checked objectswise. If we
evaluate at [ p], this is the same as evaluating at 0, up to replacing A by Wald([p + 1], A). Therefore,
it suffices to check that we have an equivalence when we evaluate at [0]. The left hand side is then
the collection of pushout squares of the form

¥ —m8m X

|

* x//

whereas the right hand side is the collection of pairs of objects of the form (x,x’"). It is clear that
assinging x”’ to each pushout square as above is an equivalence. Let us consider the general case.
Let us write xo: A° — S(A) for the restriction of x along {0} < A”. This induces a pullback square
of the form

A% Xg(a)~ S(ExSeq(A))™ —— A xg(a)= (S(A)™ X S(A)7)

zl lj
A" Xg(a)= S(ExSeq(A))® —— A" XS (A)= (S(A)= x S(A))

in which the upper horizontal map is an equivalence (by the preceding discussion). Therefore, it
suffices to check that the two vertical maps induce an isomorphism after geometric realization. But
the vertical map j on the right is equivalent to

S(A)™ = {0} x S(A)™ — A" x S(A)*.
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Since the geometric realization functor commutes with finite products (because A°P is sifted), it
suffices to check that any map of the form A — A" induces an isomorphism after geometric
realization. This follows from the fact that the geometric realization of A" is contractible (as is the
colimit of any representable presheaf on a small category).

What precedes tells us that
A X5y~ S(ExSeq(A))™ = S(A)™.
There is a canonical map
p: A" Xs(4)= S(ExSeq(A))™ — S(A)7)
obtained through the second projection
A" Xs(a)= S(ExSeq(A))~ — S(ExSeq(A))~
followed from the map
S(ExSeq(A))™ — S(A)™

induced by the functor
coker: ExSeq(A) — A.

It is immediate to see that the vertical map i on the left hand side of the square above is a section of
p. It suffices now to prove that the other composite i o p simplicially homotopic to the identity.

Let h: A x A" — A" be the map induced by the functor expressing the fact that n is a terminal
object of [n]. Keeping track of the notations of Remark 15.6.2, for any maps u: [m] — [nr] and
v: [m] — [1] to the unique natural transformation

Kyyv:U — U
produces a canonical map
. * — %
Ky,v,x- U (x) — " (x)

functorially in (u,v). A term of the category A/x for
X=Alx (A” Xs(4)- S(ExSeq(A)):)

literally is a tuple of the form (u, v, &) with (u, v) as above any £ a tern of the category of pushout
square in A of the form bellow.
u (x) —— b
ol
¥ ——— C

Such a term £ is thus canonically the back face of a term of the category of commutative cubes in A

of the form
uwx)——— b

Ky | ] /
i(x)—— b
‘ s _k -~

id,.
¥ @ —_— C <
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in which the back face, the front face, as well as the top face are pushout squares. We define

i(x) —— b

fe

* ——— C
and the rule
H(u,v,&) = (i, )
produces a well edfined functor over A hence a morphism of simplicial animae
H: A x (A” XS (4)- S(ExSeq(A))z) — A" Xs(4)- S(ExSeq(A))*
which is a homotopy between the identity and i o p. O

Lemma 15.6.4. The functor colim colim w,,S,(—)~: WaldCat — Grpd, is additive.
[m]: A% [n]: A°P

Proof. We observe that
wm(ExSeq(A)) = ExSeq(wn(A))

functorially in [m] and A. Therefore, it follows from Lemma 15.6.3, it suffices to prove that the
functor

®: A colim w,,(A)~
[m]: A°P

sends the functor
itA—->wi(A), x> idy

to an equivalence. Let us consider the functor
evp: wi(A) > A.

It suffices to check that i o evg becomes simplicially homotopic to the identity after applying the
functor
w(=)~: WaldCat — Fun(A°?, Grpd) .

The map min: [1] X [1] — [1] induces a functor
h: [1] X Fun([1],A) — Fun([1], A)
corresponding by transposition to the functor
evy: Fun([1],A) — Fun([1] x [1],A).
Taking the Rezk nerve yields a map
N(h): A' x N(Fun([1], A)) — N(Fun([1], A)).

We observe that there is a canonical embedding

w(A)™ — N(Fun([1], A))
so that the map N (&) restricts to a map

H: A' xw(A)™ > w(A)~

that is the homotopy we were looking for. O
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Theorem 15.6.5 (Waldhausen). The K-theory functor K : WaldCat — Grpd, is additive.

Proof. This follows from Lemma 15.6.4 since the loop functor commutes with finite prducts. O

Notation 15.6.6. Given an admissible class of Waldhausen categories C, and D a pointed category
with finite limits, we denote by
Funy (WaldCatc, D)

the full subcategory of Fun(WaldCatc, D) spanned by finite product preserving functors and we
write
Add(WaldCatc, D)

for the full subcategory of Fun(WaldCatc, D) spanned by additive functors.

Up to size issues one can enforce the additivity property for formal reasons, as explained in the next
proposition.

Proposition 15.6.7. If D is a pointed compactly generated category, then so is Add(WaldCatc, D)
for any small admissible class of Waldhausen categories C. More precisely, Add(WaldCatc, D) is
a left Bousfield localization of the compactly generated category Funy(WaldCatc, D) by a small
family of maps between compact objects. In particular, the full embedding

Add(WaldCat¢, D) — Funy(WaldCatc, D)

commutes with filtered colimits and has a left adjoint. Furthermore, in the case where D = Grpd,,
the full embedding
WaldCaty> < Funs (WaldCatc, Grpd,)

commutes small with sifted colimits.
Proof. The is a Yoneda embedding
h: WaldCatc(’:p — Funy (WaldCatc, Grpd,)

We define the family of maps S in Funy (WaldCatc, Grpd,) explicitly as follows:

(i) For any A: WaldCat™, the image of

A w([l],A), x idy
through 4 is in S;
(ii) for any A: WaldCat™, the image of
(ker, coker) : ExSeq(A) > AX A

through 4 isin S.

It follows right away from the Yoneda lemma applied to WaldCatzP that the S-local objects in the com-
pactly generated category Funy (WaldCatc, Grpd, ) precisely are the additive functors. The first part
of the proposition thus follows from Proposition 13.5.1 and Proposition 13.2.5. Proposition 15.4.8
ensures the last part to be true. O
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Remark 15.6.8. Given any category C with an initial object *, for any integer n: N, let us denote
by i: [n] — [n+ 1] the upper inclusion k +— k + 1. The functor

i*: Fun([n +1],C) — Fun([n],C)
has a right adjoint i, ad a left adjoint i, sending a sequence of the form
ay — - — dy

to
ida, .
ay—a —---—a, and *—>a; —---—a, respectively.

Both functors i, and i, are fully faithful. There is an obvious natural transformation iy — i,
corresponding to the inverse of i* i, = id. Let

«: Fun([n],C) — Fun([n], C)

be the functor sending

aO —_ s an
to
id id id
ao —_ aO —_ e — ao

with the obvious natural transformation « — id. Given any a: Fun([n], C), there is a canonical
(and functorial) pushout square of the form bellow.

hi*k(a) —— i1i*(a)

l l

i.i*k(a) —— a
Lemma 15.6.9. For each n: N, there is an equivalence
Wald(S, (C), D) = Wald(C, S, (D))
functorially in C and D.

Proof. We proceed by induction on n. The case n = 0 being obvious.

If we assume C and D to have finite colimits, we know that there is an explicit equivalence of the
form
Rex(Fun(P°P, C), D) = Rex(C,Fun(P, D))

for any finite poset P by Theorem 13.5.8, which is functorial in a way that is explained in Re-
mark 13.5.10. Given a general Waldhausen category C, with Yoneda embedding

h: C — Fun(C®, Grpd)

we can consider the left Bousfield localization of Fun(C°P, Grpd) be the family of maps S of the
form:

@) h(¥) =
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(i) h(y) Upx) h(z) — h(y L, z) for any cofibration x — y and any any map x — z;

There is a further left Bousfield localization that invert furthermore all maps of the form /A (u) for u
a weak equivalence of C.

We define weak equivalences of C’ := Lg Fun(C°P, Grpd) to be the map that become isomorphisms
after applying the left adjoint to the further left Bousfield localization alluded to above. Cofibrations
in C’ simply are defined to be all maps. The Yoneda embedding of C defined a fully faithful functor
that is also a morphism of Waldhausen categories C — C’.

The functor u*: D’ — C’ defined by F +— F o°° y has a left adjoint u, defined by applying the
left adjoint of u* at the level of ordinary presheaves and then apply the S-localization functor.
Since representable presheaves are S-local and since u; preserves representable presheaves, the
commutative square

C —— Fun(C°P, Grpd)

)

D —— Fun(D°P, Grpd)
restricts to a commutative square of the form bellow.

C —

|k

D —— D’
Using the isomorphism [n] = [n]°P, we have a canonical equivalence of the form:
Rex(Fun([n],C’),D’) = Rex(C’,Fun([n],D")) .
We want to show that this restricts to an equivalence
Wald(C"™!, D) = Wald(C,D™) .

This is the precise form of the induction we want to establish. This is easily seen to be implied by
the preceding remark together with Remark 13.5.10. O

Essentially the same argument proves the following.
Lemma 15.6.10. For each n: N, there is an equivalence
Wald(w, (C), D) = Wald(C,w, (D))
functorially in C and D.
Definition 15.6.11. Let C be a small admissible class of Waldhausen categories. We denote by
i: Add(WaldCatc, Grpd,) < Funy(WaldCatc, Grpd,)
the canonical embedding and by
a: Funy(WaldCatc, Grpd,) — Add(WaldCatc, Grpd,)

its left adjoint. A morphism of finite products preserving presheaves u: F — G is said to be an
additive equivalence if a(u): a(F) — a(G) is an isomorphism.
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Lemma 15.6.12. Let C be a small admissible class of Waldhausen categories. The subcategory of
additive equivalences has the following stability properties.

(i) Additive equivalences are stable under small sifted colimits: for any small sifted cate-
gory and any natural transformation u: F — G between I-indexed functors with values
in Funy(WaldCatc, Grpd,), if u;: F; — G; is an additive equivalence for all i: 17, then the
induced map

colim u; : colim F; — colim G;
il i1 i1

is an additive equivalence.
(ii) Additive equivalences are stable under finite products.
(iii) The assignment F +— F o S, preserves additive equivalences for all n: N.

(iv) The assignent F — F o w,, preserves additive equivalences for all n: N.

Proof. any morphism u#: F — G in Funy(WaldCatc, Grpd,) fist functorially in a commutative
square of the form
F —— ia(F)

Ml lia(u)

G —> ia(G)

in which the two horizontal maps are additive equivalences, being the unit the adjunction («, i) with
i fully faithful. Since u is an additive equivalence if and only if i@ (u) is an isomorphism, property
(i) follows from the fact that the functor i commutes with small sifted colimits (since i has this
property whereas & commutes with all colimits).

Similarly, in order to prove assertion (ii), it suffices to check that, for any functor
F: WaldCat¢c — Grpd,
that commutes with finite products and any n: N, the canonical map
F" > ia(F)"
is an additive equivalence. Equivalently, we have to see that for any additive functor
E: : WaldCatc — Grpd,
the map above induces an identification of type
Hom(ia(F)", E) = Hom(F",E) .

Since both assignments
Fr—F" and F wia(F)"

commute with small sifted colimits and since any such F is a small sifted colimit of corepresentable
functors, we may assume that there is a Waldhausen category A in the class C such that F =
Wald(A, —)=. Since the category WaldCatc is semi-additive, we then have

F" = Wald(A”, -) .
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Since E commutes with finite products then have by the Yoneda lemma:
Hom(F",E) = E(A") = E(A)".
But since the category Add(WaldCatc, Grpd, ) is semi-additive as well, we also have
Hom(ia(F)",E) = Hom(ia(F), E)" .

Since Hom(ia(F), E) = Hom(F, E), this proves property (ii).

The proof of assertion (iii) is similar. This is obvious for n < 1 so that we may assume n > 1.
Evaluating at each vertex of shape (0,7) for 1 < i < n, yields a natural transformation of the form

Sp(A) — A"
hence a functorial morphism of type
F(Sa(A)) — F(A"™!) = F(A)"™!

for any functor F that commutes with finite products. Since F + F"~! preserves additive equiva-
lences, it suffices to prove that the map

FoS, — F"!

is an additive equivalence for all F. Since this is a map between constructions that are compatible
with small sifted colimits, it suffices to prove this in the case where F = Wald(A, —)= for some
Waldhausen category A in the class C. By virtue of Lemma 15.6.9, there is then a canonical
equivalence of type

F oS, =Wald(S,(A),-)".

Therefore, for any additive functor E we have
Hom(F, E) = E(Sx(A)) = E(A)""!

by Corollary 15.4.11 (and an easy induction). We also have F"~! = Wald(A""!,-) by semi-
additivity of WaldCatc, hence Hom(F"~!, E) = E(A)"*~!. This implies that Hom(—, E) turns the
map from F o S, to F"~! to an equivalence and thus proves assertion (iii).

Finally, the natural map A — w,(A) induces a map
F— Fow,

and it suffices to prove that the latter is an additive equivalence. Since this is a map between functors
that preserve small sifted colimits and since and F is a small sifted colimits of corepresentable
functors, it suffices to prove this for F of the form Wald(A, —)~ for some A in the class C. By virtue
of Lemma 15.6.10, we then have

F = Wald(w,(A),A).

Therefore, for any additive functor E, the map A — w,(A) induces an equivalence
E(A) = E(wn(A))
which is equivalent to Hom(F o w,, E) — Hom(F, E). O
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Theorem 15.6.13. Let C be any admissible class of Waldhausen categories. Then the full embedding
Funy (WaldCat¢, Grpd,) — Add(WaldCatc, Grpd,)
has a left adjoint defined explicitely by assigning to each finite products preserving functor
F: WaldCat¢c — Grpd,

the functor defined by the rule

A Q( colim colim F(men(A)))
[m]: A% [n]: A°P

Proof. Given a finite products functor F': WaldCatc — Grpd,, we define, for A: WaldCatc,
PF(A) := colim colim F(w,,S,(A)).
[m]: A% [n]: Ao

We will establish first that PF is additive. For this, we observe that the formation of PF commutes
with the operaton of restriction to WaldCat¢- for any embedding C’ — C, with C’ an admissble
class of Waldhausen categories. Furthermore, a finite product preserving functor from WaldCatc to
Grpd, is additive if and only if its restriction to WaldCatc/ for any small C’ is additive. Therefore,
in order to prove that PF is additive, without any loss of generality, we may assume that C is small.
Since F' commutes with finite products, F is then a small sifted colimit of corepresentable functors
by Lemma 15.1.5. By virtue of the last assertion of Proposition 15.1.2, we see that the functor
F — PF commutes with sifted colimits (as a small sifted colimit of functors that preserves sifted
colimits). Therefore, we deduce from Proposition 15.4.8 that it suffices to prove that PF is additive
whenever F is corepresentable by a Waldhausen category B in the class C. But then, we observe
that
WS, WaldCat(B, A)™ = WaldCat(B, w,,S,(A))™ .

for all m, n and A functorially. In other words we then have

PF(A) = colim colim w,,S,WaldCat(B, A)~.
[m]: A% [n]: A°P

Using the fact that
WaldCat(B, ExSeq(A)) = ExSeq(WaldCat(B, A))

and w([1],Wald(B, A)) = Wald(B,w([1],A)),
we conclude from Lemma 15.6.4 that PF is additive.

To prove the second part, we also reduce to the case where C is small: we choose a larger universe
Cat’ containing Cat so that C is small. If Grpd’ is the full subcategory of groupoids in Grpd, we
know that the embedding

Grpd — Grpd’

commutes with small colimits and with small limits. This means that the induced full embedding

Fung (WaldCatc, Grpd,) < Fung(WaldCatc, Grpd,)

also commutes with small limits and with small colimits. In particular, it commutes with the loop
functor Q as well as with the operator P defined above. This means that it suffices to prove the
universal property of the construction Q P in the larger universe Cat’ for which C is small.
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From now on, we focus on the case where C is small and we keep track of the notations of
Definition 15.6.11.

Now, Proposition 15.4.13 tells us that the operator P comes equipped with a natural map of the form
cr: F — Q(PF)

that is invertible whenever F' is additive. Furthermore, since the category A°P is small and sifted,
Lemma 15.6.12 tells us that the operator P preserves additive equivalences. Let G = ia(F) be the
universal additive functor associated to F. The unit map n: F — G is then an additive equivalence
with additive codomain. We obtain a commutative square

F—"'1 G

wl lcc

oPF) 2, o(PG)

with Pn an additive equivalence between additive functors, hence an equivalence. Since c¢ is an
equivalence, this proves that ¢y is an additive equivalence with additive codomain, which implies
the theorem right away. O

Remark 15.6.14. In the case where the weak equivalences of the Waldhausen category A all are
isomorphisms, the simplicial object

[m] = wp(Sn(A))
is constant for all #» and thus have a simplification:
colim F(S,(A)) colim colim F(w,,S,(A))
[n]: AP [m]: A% [n]: A°P
Corollary 15.6.15. Let C be any admissible class of Waldhauen categories. Then the universal
additive functor associated to the functor
WaldCatc — Grpd,, A A™

is the additive functor
WaldCate — Grpd,, A+ K(A).

Corollary 15.6.16. Let C be any admissible class of Waldhauen categories and A a Waldhausen
category that belongs to C. Then the universal additive functor associated to the functor

WaldCatc — Grpd,, B +— Wald(A, B)™
is the additive functor

WaldCatc — Grpd,, B+ K(Wald(A, B)).
Examples of admissible classes of Waldhausen categories are the one of small stable categories as

well as the one of small pointed categories with finite colimits. We might in either cases above
restrict ourselves to the idempotent-complete categories.
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Remark 15.6.17. Let C be an admissible class of Waldhausen categories. We let W be the smallest
family of morphisms in WaldCatc stable under finite products containing any map of the form:

1. A — wi(A), defined by x  id,, for any A in C;

2. (ker, coker): ExSeq(A) — A X A for any A in C.

We observe that W contains all identities since the identity of A is a retract of the map from A to
w1(A) above. We denote by

v: WaldCate — Lagq(WaldCatc)

the localization of WaldCatc by W. We know that this localization has finite products and that
the functor y preserves them by Proposition 10.1.1 and Proposition 10.1.5. By virtue of Proposi-
tion 15.1.6, there is thus an adjunction

v1: Fung(WaldCatc, Grpd) & Funy(Lagq(WaldCatc), Grpd): y*
with y* fully faithful. The previous corollary means that, for any A and B in C, the map
Wald(A, -)™ — y* y(Wald(A, -)%)
evaluated at B literally is the canonical map
Wald(A, B)™ — K(Wald(A, B)) .
In other words we have a canonical identification
Homy, ,(waldcatc) (Y (A), y(B)) = K(Wald(A, B))

functorially in (A, B) seen in WaldCat» x WaldCatc.

‘We also have a canonical identification
Add(WaldCatc, Grpd,) = Funy (Lagq(WaldCatc), Grpd) .

In particular, if C is small, any additive functor £ : WaldCatc — Grpd, canonically is a small sifted
colimit of functors of the form K(Wald(A, —)) with A in C.

15.7 The localization theorem

Construction 15.7.1. Let f: A — B be a morphism of Waldhausen categories. Recall that
in: [n] — [n+ 1] is the upper embedding defined through i — i + 1. We form the pullback square
bellow.

Sn(f: A— B) — S, (B)

]
PnJ/ J/IZ

Su(4) —= 5, (B)

This construction clearly is functorial in [r]: A°P.
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Proposition 15.7.2 (Waldhausen). Let C be an admissible class of Waldhausen categories. We
consider a morphism f: A — B in WaldCatc. For any additive functor E: WaldCatc — Grpd,,
there is a canonical pullback square of the form bellow.

colim E(S,(f: A—>B)) —— 0

[n]: A°P J

colim E(S,(A)) ———— colim E(S,(B))
[n]: Acp [n]: Ao

In particular, there is a canonical fiber sequence of the form bellow.

E(A) EG) E(B)

| l

00— [cc])hgolpE(Sn(f: A — B))

Proof. The last assertion follows from the first by Proposition 15.4.13. The proof of this proposition
is in fact a variation on the proof of the latter. Since

colim E(S,+1(B)) =0,
[n]: A°P
by Lemma 9.9.4, it suffices to prove that, for each n: N, the induced commutative square

E(Sa(f: A= B)) — E(Sp1(B))

l l

E(Sn(A)) ——— E(Sa(B))

is a pullback square. Through the identifications S,(A) = A"~! for n > 0, one can identify
S.(f: A — B) as a category with terms the pairs (x,y) where x is a term in A"~! and y a
commutative diagram in B of the form

Y1 Y2 Yn
l l |
0 —— f(x1) f(xn-1)

in which all squares are pushout squares.

Letv: S, (B) — S,+1(B) be the full embedding defined by sending a sequence
X1 — > Xp

to the sequence
0—>x) > —>x,.

Since u is a section of 7, there is a canonical pullback square of the form bellow

Sn(A) —— Sa(B)

Su(f:A—> B) —— S,11(B)
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(in particular u is fully faithful and a secion of p,). There is also a full embedding
j:B— S,(f: A—> B)

defined by sending x to the pair consisting of the sequence of length n

idy idx
X —5 s S x
and of the commutative diagram
1) — f(x) J )
0 —— f(x) f )

in which all the vertical maps are identities. The functor j is a section of the functor 7 sending a
pair (x, y) to the object y;. There is an obvious functorial exact sequence of the form

J(m(x,y) ——— (x,y)

l l

0 ——— v(pa(x,y))
and therefore a direct application of Proposition 15.4.10 shows that the pair of functors
(Pns7): Su(f: A— B) = S,(A) X B

induces an equivalence
E(S,(f: A— B)) =E(S,(A)) X E(B).

It follows that the squares

Sn(f)xid

E(Sp(f: A— B)) —— E(Sp1(B)) E(S,(A)) X E(B) —— E(Sx(B)) X E(B)
| | §
E(Sn(A)) ———— E(Sx(B)) E(Sn(A) — L E(5,(B))
are equivalent, hence are both cartesian, which achieves this proof. O

Theorem 15.7.3 (Thomason-Trobaugh). Let B a small stable category and A a thick subcategory
of B. Then the pullback square

—_— B

/

—— B/A

S —

induces a fiber sequence
K(A) —— K(B)

l l

0 ——— K(B/A)

in Grpd,.
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Proof. We let C be the Waldhausen category defined by C = B as categories, with cofibrations being
all maps but with weak equivalences being the maps whose cofiber lies in A. We observe then that
the equivalence

Sns1(B) = B
induces an equivalence of the form
Sn(f: A— B)=w,(C).

Applying Proposition 15.7.2 to the addmissible class of Waldhausen categories given by small stable
categories, with £ = K, and taking into account Remark 15.6.14, we see that there is a canonical
fiber sequence of the form bellow.

K(A) —— K(B)

l l

00— K(O)

It suffices now to see that the morphism of Waldhausen categories C — B/ A induced by the functor
B — B/ A yields an equivalence of the form

K(C) =K(B/A).
We want to understand the map

colim cohm Wi (S,(C))™ — cohm cohm Iso,,,(S,,(B/A))
[m]: A% [n]: DA [n]: A

where Iso,, = Fun([n], (—)). The assignment
[m] = wim(5,(C))~
is the nerve of the category of weak equivalences w (S, (C)), whereas
[m] — Fun([m], S,(B/A)7)

is the nerve of the groupoid S, (B/A)=. Taking the colimit in the variable [m] amounts to consider
the map
e (W(Sn(C))) — Sn(B/A)™.

It suffices to check that the latter is an equivalence for all n. The case n = 0 is obvious (we are
comparing two terminal categories). For n > 0, identifying S,, with (-)!"~!] taking into account
Theorem 13.5.7 with P = [n — 1], this is a particular case of Proposition 13.1.14. O
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