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Abstract

This thesis is divided in two equal parts. We start the first part by studying the
Kato-spectrum of a commutative monoid M, denoted by KSpec(M). We show that
the functor M — KSpec(M) is representable and discuss a few consequences of this
fact. In particular, when M is additionally finitely generated, we give an efficient
way of calculating it explicitly.

We then move on to study the cohomology theory of monoid schemes in general
and apply it to vector- and particularly, line bundles. The isomorphism class of the
latter is the Picard group. We show that under some assumptions on our monoid
scheme X, if k is an integral domain (resp. PID), then the induced map

Pic(X') - Pic(X%)

from X to its realisation is a monomorphism (resp. isomorphism).

We then focus on the Pic functor and show that it respects finite products. Fi-
nally, we generalise several important constructions and notions such as cancellative
monoids, smoothness and Cartier divisors, and prove important results for them.

The main results of the second part can be summed up in fewer words. We prove
that for good topological spaces X the assignment U + II; (U) is the terminal object
of the 2-category of costacks. Here U is an open subset of X and II; (U) denotes the
fundamental groupoid of U. This result translates to the étale fundamental groupoid
as well, though the proof there is completely different and involves studying and
generalising Galois categories.
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Introduction

This thesis is made up of two independent parts. Outside of Section [5.2] which gives
a brief connection, there will be basically no intersection and dependence between
these parts. The first part, consisting of Chapters [2] and [3] focuses on the study of
commutative monoids and monoid schemes. In the second part, we move toward the
so called 2-categories and give a new characterisation of the fundamental groupoid,
both in the classical (topological), as well as the étale (algebraic) case. It should
be noted that while the main statement in both cases will be identical, the proofs

given, are vastly different.

Introduction to ‘The (Geometry of Monoids’

The formal study of monoids and related objects (for example semigroups) goes
back over a hundred years. But as the term ‘semigroup’ already suggests, these
were considered to be generalisations of groups and as such they were studied from
much the same perspective.

It was mainly the paper by Kato [26] in 1994 that led to a new perspective
on commutative monoids, as it demonstrated the link between toric varieties and
monoid schemes. In 2008 Deitmar built on this result and showed that the realisation
of irreducible, connected, integral (cancellative in our terminology) monoid schemes
of finite type over the complex numbers were (complex) toric varieties [14, Theorem
4.1]. These two papers alone give validity to the study of monoid schemes, as they
can be thought of as a generalisation of the classical field of toric varieties without
a fixed base field.

There are however many other areas that use monoid schemes. These include
tropical geometry [37], logarithmic geometry [1][27] and the geometry over [y, both
the version of Connes [10][11] and of Deitmar [13].
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The fundamental idea of monoid schemes is to treat monoids as if they were
rings, but disregard addition everywhere. For example, an ideal I of a monoid M
would simply be a subset, satisfyingae I, me M =amel.

The first chapter of this thesis focuses on the set of prime ideals of a commutative
monoid M. This set, which is denoted by KSpec(M), after K. Kato, is endowed
with a natural topology, called the Zariski topology, which is defined in much the
same way as for rings. Unlike for ring however, here, the union of prime ideals is
again a prime ideal. This induces a monoid structure on the Kato-spectrum. One
of the main results we prove in the second chapter, claims that for any commutative

monoid M, one has a natural isomorphism of topological monoids
KSpec(M) 2 Hom(M,I), (1)

where Hom is taken in the category of commutative monoids and I = {0,1} is the
monoid with the obvious multiplication. For the topology involved in this isomor-
phism see Section . From isomorphism one easily deduces the ‘reduction
isomorphism’

KSpec(M) = KSpec(M*'), (2)

where M# is the monoid obtained by quotiening out M with the congruence gen-
erated by m? ~ m. That is to say, it is the canonical semilattice associated to
M.
Another result says that for any commutative monoid M there is an injective,
order preserving map
an : M*'— KSpec(M),

which is an isomorphism, provided M is finitely generated. In particular, these
results give an effective way of computing KSpec(M) for an arbitrary, finitely gen-
erated, commutative monoid M. Note that M$ is considered as a poset where v < u
if and only if uv = v, u,v € M.

Lastly, we focus on localisation and show that every localisation of M is iso-
morphic to a localisation by a single element. We further show that two elements
will define the same localisation if and only if they map to the same element with
the canonical map M — M*'. This result was previously already obtained in [12]
Lemmas 1.1 and 1.3].
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Having obtained these results, we then move on to study monoid schemes in
the next chapter. Let X denote a monoid scheme. We will show that the category
of sheaves on the underlying topological space of X is equivalent to the category
of functors on its underlying poset. Part ii) of Proposition shows that for
separated monoid schemes, we can use the simpler Cech cohomology to calculate
the (Grothendieck) cohomology. These two results greatly simplify the calculation
of sheaf cohomologies of monoid schemes.

In [I3 Propositin 4.3], Deitmar showed that the Picard group (also called the
group of line bundles) Pic(IP;) of the projective line (in the monoid world) is Z,
which agrees with the Picard group of the complex projective line P;(C). This
raises the natural question whether this result generalises and whether we can use
the cohomology of monoid schemes to calculate the cohomology of their realisations.
In Section [3.2] we show that the vector bundles over a monoid scheme (being defined
as locally free M-sets) can be calculated using cohomology, exactly as in the classical
case. We then proceed to prove that over any separable noetherian monoid scheme
X, every vector bundle is a coproduct of line bundles.

This already clearly shows that getting a strong relation between the vector bun-
dles over a monoid scheme and its realisation is unlikely. For line bundles however,
the situation is much more interesting and hopeful. Indeed, as we will show in

Section Corollary [3.3.3] under some assumptions on X, there is an isomorphism
Pic(X) — Pic(Xy),

when k is a PID. This result shows the importance of Pic(X) for a separated monoid
scheme X and the rest of the chapter is devoted to studying it in more detail.
We first prove that the functor Pic is additive in the monoid world. In other

words, the canonical map
Pic(X) @ Pic(Y') 2 Pic(X xY)

is an isomorphism.

In Section |3.5] we move on to study the Picard group in more detail. For this
we restrict our class of monoid schemes even more. We introduce the notion of
s-cancellative monoids and monoid schemes as well as s-regular elements. These

generalise the notions of cancellative monoids and regular elements respectively.
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This is important because as we will show, it is the biggest class of monoid schemes
where the maps induced by localisations are injective on the invertible elements.
This allows us to embed the sheaf (X,0%) in a (in general) bigger constant sheaf
than the sheaf of meromorphic functions. We show that for s-cancellative monoid

schemes, there is an isomorphism
Pic(X) z sCI(X),

where s-Cl is the analogue of CaCl, the classes of Cartier divisors, in our setting.
Lastly we generalise the notion of smooth monoid schemes with s-smooth monoid

schemes and show that for such schemes, the higher cohomologies vanish. We then

give a few examples of s-smooth monoids which are not smooth, as well as a small

conjecture.

Introduction to ‘Stacks, Costacks and the Funda-

mental Groupoid’

The second part of this thesis focuses on the theory of 2-categories. Its foundations
can be traced back to Grothendieck and his school, more precisely, the gluing of
the categories of schemes, also known as the descent data. While this theory was
not formally known as 2-categories back then, it carried much of the essence. The
main idea here is that a 2-category is essentially a category enriched in categories
and as such two objects can now be either equal, isomorphic or equivalent. Every
categorical construction has a natural, 2-categorical analogue. For example, stacks
are the analogue of sheaves.

In this thesis we will focus on the dual notion of stacks, namely costacks. We
will show that while slightly overlooked, they are an important class of 2-functors.
They will allow us to give an axiomatic description of the fundamental groupoid,
both in the classical, as well as the algebraic case.

More precisely, we will show that the assignment U ~ II;(U) defines the 2-
terminal costack over X. Here X can be a topological space with U c X an open
subset, or the site of étale coverings over a noetherian scheme, with U an object in
the said site.
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While it might seem like an artificial property for a (strict) 2-functor § to be

a costack, it is in essence only saying that § satisfies (a slightly reformulated ver-

sion) of the Seifert-van Kampen theorem. Hence Theorems |5.1.4] and [8.0.9| can be

reinterpreted as saying that the Seifert-van Kampen theorem is in fact the defining
property of the fundamental groupoid.

We give separate proofs for the topological and algebraic case, both of which are
of intrinsic interest.

The proof for the topological case gives an effective way to calculate the fun-
damental groupoid explicitly, whenever we are given a so called discrete covering
(Definition . In Section we give a big class of such spaces and demonstrate
its application.

The algebraic case mainly involves the study of Galois categories from a 2-
categorical viewpoint and generalising them to the finitely connected case. We
then proceed to prove that the 2-category of finitely connected, profinite groupoids
(see Definition is 2-equivalent to the 2-category of finitely connected Galois
categories.

Though we do not touch on this subject in this thesis, it is likely that this proof
can be modified to prove that the Nori-fundamental groupoid scheme (adequately
defined) will be the terminal costack with values in the 2-category of groupoid
schemes. To do this, we would have to replace the Galois categories with Tannakian

categories.



Chapter 1

Preliminaries from Category

Theory and Homological Algebra

In this chapter we will give some basic results regarding sheaf cohomology and areas
related to that. Everything here is of course well known and is only stated to
fix notation and for the convenience of the reader. In more detail, we will start by
defining what a Grothendieck topology, also called a site, is and give a few examples.
This will be used in our discussion of the étale fundamental groupoid.

We will then define the Cech cohomology of a presheaf and the Grothendieck
cohomology of a sheaf, for which we will state an array of important results in
Theorem [[.4.1] Finally we mention a few words about non-abelian cohomology,

until restricting ourselves to the cohomology theory of topological spaces.

1.1 Grothendieck Topology

Following [2], a Grothendieck topology T, which is also called a site, consists of a
small category Cat T and a set Cov T of families of morphisms {U; i U}ier in

Cat T called coverings, satisfying the following:
i) If ¢ is an isomorphism then {¢} € Cov T;

ii) If {U; » U}ier € Cov T and {Vi; = U;}jes, € Cov T then the family

{Vz‘j g U}ie[,jeJi € Cov T;
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iii) If {U; > U}iey € Cov T and V' — U € Cat T is arbitrary then U; xy V' exists
and {U; xg V =V} € Cov T.

By abuse of notation we will call T a Grothendieck topology.
Definition 1.1.1. Let {U; —» U}y and {Vs - U}ss be two coverings of U. A

morphism of coverings

{Uz g U}ie] g {Vs - U}SES

is given by a map € : I — S, and for every i € I a morphism f; : U; = V@, such that
the diagram

i
Ve

\U

commutes. This is also called a refinement of {U; - U }ic;.

Ui

REMARK 1: In more modern literature this is known as a Grothendieck pre-topology.
Since however a pre-topology defines a topology in a unique way, we can use this

significantly simpler definition for the purposes of this thesis.

ExaMPLE 1: Let X be a topological space. One can associate to it the following
Grothendieck topology. Define Off(X) to be the category corresponding to the
poset of open subsets of X. That is, objects of Off(X) are open subsets of X, while
Homgjx)(V,U) has one element if V c U and is empty otherwise. This category,

with the usual coverings, is a Grothendieck topology.

ExAMPLE 2: Let X be a noetherian scheme. We define the faithfully flat topology
FF(X) as follows:

e CatFF(X) is the category of faithfully flat schemes of finite presentation over
X.

e CovFF(X) are finite surjective families of maps.
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ExaMpPLE 3: Let X be a noetherian scheme. We define the fpgc topology Fpqc(X)
by declaring:

e CatFpqc(X) to be the category of schemes over X which are faithfully flat, of

finite presentation and quasi-compact.

e CovFpqc(X) to be finite surjective families of maps.

ExXAMPLE 4: Let X be a noetherian scheme and define FEC(X') as follows:

e CatFEC(X) is the category of étale schemes over X. Note that by our defini-

tion, see Section [8| this includes finiteness.
e CovFEC(X) are finite surjective families of maps.

It is well known (see [2, Example (0.7)]) that for any scheme Z over X the functor
Homsch/x (=, Z) is a sheaf in the faithfully flat topology, where Sch/X denotes the

category of schemes over X.

Let T be a Grothendieck topology. A presheaf of sets is a contravariant functor
from T to the category of sets. A presheaf F' is called a sheaf if for any covering
{U; - U} € Cov T, the diagram

FU)-1FWW) 3 [[FU*xuU;)

iel ij

is exact. Recall that exactness means the following: If both parallel arrows map an
element (a;) € [T;e; F'(U;) to the same element in [];; F'(U; x¢ U;), then there exists a
unique element a € F'(U) such that a — (a;) via the first map. An other way of saying
that is that F'(U) is the kernel, or limit, of the diagram F'(U;) = [1,; F'(Us xu U;).
One can also talk about sheaves with values in groups, rings etc.

For a sheaf I and an object U of Cat T elements of the set F'(U) are sometimes
called sections of F' over U. In the case of a topological space X with U = X, we

will simply say section or global section of F'.
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1.2 Cech Cohomology

Let T be a Grothendieck topology. For a given covering {U; - U };c; one constructs
iterated fibre products U;, xy U;, xy -+ xy U;,. Then for any presheaf of abelian

groups F' one can form a cochain complex (see [2, Section 3])

[1F@) = [[FUixu Uj) > [[F(Ui xv Uj xu Up) = -~

i ij ijk
The n-th cohomology of this cochain complex is denoted by H*({U; - U}, F') and
is called the n-th Cech cohomology of the covering {U; - U} with coefficients in F.

From the morphism of coverings of a site one obtains a cochain map

[, F(Vs) —= T F' (Vs xu Vi) —=TLiju F' (Vs xu Vi xu Vi) —— -

f*l lf* lf*

HiF(Ui) —>Hij F(Ui XU Uj) - szk F(Ui XU Uj XU Uk) -

It is well known that any two morphisms {U; = U };c; = {Vis = U }4cs yield homotopic
chain maps [2], Proposition 3.4] and hence the induced homomorphism in cohomology
H"({Vs; > U},F) - H*({U; - U}, F) is independent from our choice of morphism
of coverings.

For a given object U let us consider the following poset: Elements are coverings
{U; > U}ics. One says that {U; — U} > {V, » U} if there is a morphism of coverings
{U; > U} - {V, > U}. It follows that the assignment

{Ui - U}ie] = Hn({Ui - U},F)

gives rise to a functor on that poset. We let H"(U, F') be the colimit of this functor.
That is, we define:

H"(U, F) = colimyy,.in H"({U; = U}, F).

These groups are known as the Cech cohomology of U with coefficients in a presheaf
F.

Observe that the category P of presheaves on T with values in the category of
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abelian groups is an abelian category. A sequence of presheaves
0->F - F->F->0
is short exact if and only if for any object U, the sequence of abelian groups
0-F(U)~ F(U)~ F(U) >0
is exact. If this is the case, one has a long exact sequence of abelian groups

O_>HO(U7F1)_>HO(U7F)_>[:[O(UaF?)%HI(U7FI)%HI(U7F)_)H1(U7F2)_)“'

1.3 Sheafification

For any abelian presheaf F, the group H({U; = U}es, F) coincides with the set of
all collections (a;)ier, a; € F'(U;), such that the image of a; under the map F(U;) —
F(U; xy U;) agrees with the image of a; under the map F(U;) - F(U; xy Uj).

We observe that this definition makes sense even for presheaves with values in
sets. Since the ordered set of all coverings is filtered [2, Remark on p.25] the same
is true for HO(U, F).

A presheaf F' is called separated if for any {U; - U} € Cov T the natural map
F(U) - I1; F(U;) is injective.

It is clear that a presheaf is a sheaf if and only if for any {U; — U} € Cov T the
natural map F — HO({U; = U}, F) is an isomorphism.

For a presheaf (of sets) F', one defines a presheaf F* by

F*(U)=H(U,F).
We have the following result (see [2, Lemma 1.4]):

Proposition 1.3.1. i) For any presheaf F, the presheaf F* is separated.

it) For any separated presheaf F', the presheaf F'* is a sheaf. Further, the natural

map F — F* is injective.

10
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It follows that for any presheaf F, the presheaf F = (F*)* is a sheaf. This is
called the sheafification of F. The natural morphism ¢: F' - F'* yields a morphism
i : F > F, which has the following universal property: For any sheaf G and any

morphism of presheaves f : F' - G there is a unique morphism g : F - @G such that
f=gi.

1.4 Sheaf Cohomology

Denote by S the category of sheaves on a site T with values in abelian groups. There
is an inclusion functor ¢: S — P. It is well known that both categories are abelian
categories. The kernel of a morphism of sheaves can be computed in the category

of presheaves. Hence for any exact sequence of sheaves
0> F—-F—>F
one has an exact sequence
0> F(U) = FU) - (V).
However, if f: F} - F is a morphism of sheaves, then the presheaf
U ~ Coker(F1(U) = F(U))

is not a sheaf in general. The sheafification of this presheaf is the cokernel of f in
the category S.

The sheafification gives rise to a functor ": P — S, which is exact (see [2, Theorem
2.14]).

A sheaf [ is called injective if the functor Homg(—,1) : S - Abis exact. It is well
known [2] that for any sheaf F' there is an injective sheaf I and a monomorphism
0 - F - I. It follows that any F' € S has an injective resolution, that is an exact
sequence of sheaves

O->F->Iy—»>1 >

such that all I, n > 0 are injective sheaves. For any object U one can consider the

11
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cochain complex

0= Io(U) > L(U) > -

The n-th cohomology of this complex is denoted by H™(U, F') and is called the n-th
Grothendieck cohomology or cohomology of U with coefficients in a sheaf F. We
have the following well-known facts ([2], [19, Section I1.5.4],[44]):

Theorem 1.4.1. i) For all n >0, we have a functor H*(U,-) : § - Ab, given
by the assignment F— H"(U,F).

it) If I is an injective sheaf, then H™(U,I) =0, for n>0.

iii) For any sheaf F' one has
F(U)=H(U,F).

iv) For any short exact sequence of sheaves
O0-F—->F—->F->0
one has a long exact sequence of abelian groups

O_)HO(U7F1)_)HO(U7F)_>HO(U7F2)_>H1(U7Fl)_>H1(U7F)_>H1(U7F2)_>""

v) For any sheaf F' and any {U; — U}y € Cov T there is a spectral sequence

E¥ = HP({U; - U }ier; HU(F)) = HP*(U, F).

Here H4 is the presheaf given by V — H4(V, F). Further, we have the five-term

exact sequence:

O—>E210—>H1(U,F) —>E’81 —>E220—>H2(U,F).

12
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vi) For any sheaf F there are natural homomorphisms
g HY(U,F) > H(U,F),n > 0.

The homomorphisms n° and n' are isomorphisms, while n? is a monomor-

phism.

1.5 Non-abelian Cohomology

Following [25], we can also talk about non-abelian cohomology. Assume G is a
presheaf on T with values in the category of groups. In this case one can still define
the cohomology with coefficients in G, but only in dimensions 0 and 1. In fact
we already defined the 0-th cohomology. Recall that H°({U; - U}, G) consists of
families (g;) such that g; € G(U;) and for any 7 and j both elements g; and g; have
the same image in G(U; xy U;). One observes that this set is in fact a group. It
follows that HO(U,G) is also a group.

To define the first cohomology H'({U; - U}, G), one needs to consider families
of the form (g;;), where g;; € G(U; xy U;), 4,7 € I. Such a family is called a 1-cocycle
provided for any i, 7, k € I the following equation

ik = 9ij 9k

holds in the group G(U; xy U; xy Uy). By putting i = j = k one obtains that g;; = 1,
and hence from k = ¢ we get g;; = gi‘jl. Denote the collection of all 1-cocycles by
ZY({U; - U},G). Two 1-cocycles (g;;) and (fi;) are called cohomologous provided
that there are elements h; € G(U;) such that the equation

fij = higz’jh;‘l
holds in the group G(U; xy U;). One checks that this is an equivalence relation and
the set of equivalence classes is denoted by H'({U; = U}, G) (see [25, Section 5.1]).

The first non-abelian cohomology has in general no group structure, though it still

has a special element, which is the class of the trivial family g;; = 1 for all 7 and j.
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1.5 Non-abelian Cohomology

As in the abelian case one passes to colimits with respect to all coverings to obtain
the group H'(U,G). In the case where G is a sheaf of groups we write H'(U,G) for
HY(U,G). By (vi) of Theorem [1.4.1}, this is consistent with the abelian case. Let

1—>G11>G—>G2—>1

be a short exact sequence of sheaves of groups. Thus for any object U the map
i(U) : G1(U) - G(U) is injective. Moreover the subgroup Im(i(U)) is a normal
subgroup of G(U) and Gy is the sheafification of the presheaf U +~ Coker(i(U)).

In this generality the group Go(U) acts on the set H*(U, G1), as follows from [25],
p.75]. Take z € Go(U) and take a covering {U; — U };c; such that there are elements
g; € G(U;) with the following property: the image of g; in Go(Uj;) is the same as the
image of x in Go(U;). Such a covering exists because G — G5 is an epimorphism
of sheaves. Next, take an element y € H'(U,G1), without loss of generality we can
assume that y is represented by a l-cocycle (y;;) € Z*({U; - U},G4). Then one
defines = » y to be the class in H!(U, G1) represented by the 1-cocycle

It can be checked that this action is well defined. We have the following result [25),
Proposition 5.3.1]:

Proposition 1.5.1. Let
1G>G —Gy—1

be a short exact sequence of sheaves of groups. Then one has an evact sequence of

pointed sets
1> G (U) > GU) > Go(U) > HYU,Gy) > HYU,G) — HY(U, Gy).

Moreover the first two non-trivial homomorphisms are group homomorphisms and
for elements y,z € HY(U,G1), one has i1(y) =i2(y) if and only if z = x ~y for some
element x € Go(U).

From this we immediately obtain the following:

14



1.6 The Case of Topological Spaces

Proposition 1.5.2. Assume
156365 G6,-1

is a split short exact sequence of sheaves of groups. We have a short exact sequence

of pointed sets
1 - HYU,G1)eywy = H'(U,G) - H'(U,G) — 1

Here HY(U,G1)a,w) s the orbit space of H'(U,Gy) under the action of the group
Go(U).

1.6 The Case of Topological Spaces

In the case of topological spaces, one can check exactness of a sequence of sheaves
‘pointwise’. For this we need to introduce the notion of a stalk of a sheaf over a
point.

Let X be a topological space. For a presheaf F' and a point x € X one defines
the stalk F, of F over x by

F, := colim,.y F(U).

The sequence of sheaves
F/ N F N F//

is exact in the category S, if and only if the sequence of abelian groups

F, - F,—> F/
is exact for all x € X. Elements of F'(X) are known as global sections of F'.

There is a big class of sheaves for which the higher cohomology vanishes: A sheaf
F on a topological space X is called flasque provided for any open subset U c X,
the restriction map F'(X) - F(U) is an epimorphism. We have the following well-
known result [19, Theorem 4.4.3]:

15



1.7 Constant Sheaves

Lemma 1.6.1. If a sheaf of abelian groups F' is flasque, then H™(U,F) =0 for all
n >0 and any open subset U.
We also need a vanishing result due to Grothendieck [19, Theorem 4.15.2]. Recall

that a topological space X is called noetherian (Zariski space in the terminology of

[24]) provided for any closed subsets
Y’l .} Y’2 D...

there exist a natural number n such that Y,, =Y, for all m >n. For such spaces,
one writes dim(X) < n, if any strictly descending sequence of irreducible subsets
contains at most n + 1 members. Here, a closed subset A is called irreducible, if
for closed subsets B and C the equality A = Bu C implies A = B or A = C. The

following result is well known [24, Theorem 3.6.5].

Theorem 1.6.2. If X is a noetherian space such that dim(X) < n, then for any
sheaf F' one has H'(X,F') =0 provided i > n.

1.7 Constant Sheaves

Let A be an abelian group. Denote by P4 the presheaf given by P4(U) = A for all
objects U € T, where for any morphism V' — U, the induced map

A=Py(V) > Pa(U) = A

is the identity. The sheafification P, of P, is known as the constant sheaf associated
to the abelian group A. A constant sheaf considered as a presheaf is in general not
constant.

In this section we mainly restrict ourselves to topological spaces. In this case,

for any constant sheaf P, and an open set U, one has:
P4(U) = {locally constant functions U - A}.
If U = {U; c U};es is an open covering of X, then the nerve NU of the covering

U is a simplicial complex, whose vertices are elements of I. A finite subset J of [

forms a simplex of the nerve, provided N;e; U; # @. We have the following result:

16



1.7 Constant Sheaves

Lemma 1.7.1. Let A be an abelian group and U = {U; c U}y any covering of
non-empty open sets such that the intersections NU; are empty or connected. One

has an isomorphism

H*({U; » U}, Py) = H*(NU, A)

where the cohomology on the right hand side is the cohomology of simplicial com-

plezxes.

Proof. Since pA(V) = A if V is a non-empty, connected open subset and p,q(@) =0,

it follows that we have the following:

[1Pa(Ui) == T1 Pa(Uij) == T1 Pa(Uij)) -~
I | I
A A M A--

(NU)o (NU)1 (NU)2

Thus the cochain complexes C*({U; - U}, P4) and C*(NU, A) are the same and

hence so are their cohomologies. Q.ED

We also need the following well-known result due to Grothendieck (see for ex-
ample [35, Theorem 1.1} or [19]).

Theorem 1.7.2. If X is irreducible and F' is a constant sheaf, then H(X,A) =0
for all i > 0.
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Part 1

The (Geometry of Monoids
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Chapter 2

The Kato-Spectrum

In the last years there has been considerable interest in the theory of monoid schemes
[10], [0, [13],[14],[26]. Tt is believed that these objects play a central role in the theory
of schemes over ‘the field with one element’. See also [30] for more about geometry
over the field with one element. As such, the prime ideal spectrum of commutative
monoids, as well as localisations, are of importance.

The aim of this chapter is to prove several useful results, about the spectrum of
commutative monoids as well as about localisations. Thereby, we essentially define
affine monoid schemes. This chapter is organised as follows:

In the first section we will give a brief overview of what a monoid is. In Section
2.2 we will discuss posets and in particular semilattices. Our interest in them is, as
we will show in the following section, that the set of prime ideals of a monoid form
a natural semilattice.

In Subsection [2.3.1 we will give several ways of explicitly calculating the spectrum
of a commutative monoid, especially when it is finitely generated. Lastly we will

discuss localisation.

2.1 Introduction

A set M is said to be a semigroup if we are given a binary, associative operation
x: MxM — M. Of course instead of writing x(a,b) we will write ab. If additionally
we have a distinguished element 1,;, such that 1,;m = mly = m, then we say

that M is a monoid. We immediately see that a monoid is essentially a group
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2.1 Introduction

without necessarily having inverses. It is further said to be commutative, if ab = ba.
Throughout this thesis, we will only work with commutative monoids.

Let M and N be two monoids. We say that a map f: M — N is a monoid homo-
morphism (henceforth referred to as a homomorphism unless there is ambiguity) if
f(1a) =1x and f(ab) = f(a)f(b). For simplicity, we will use 1 instead of 1, from
now on. It is obvious that if M and N are monoids, then the set of homomorphisms
Hom(M, N) has a natural monoid structure where fg(a) = f(a)g(a).

The free commutative monoid with one generator is denoted by N and is iso-
morphic to (z) := {1, 2,22, 2", -}, with the obvious operation. An important fact
is that every monoid is a quotient of a free monoid, with possibly infinitely many
generators. Hence, every monoid can be written as (xq,--, z,,---) /K, where K is a
congruence relation. That is, an equivalence relation respecting the monoid struc-
ture. It is clear that for every relation R there exists a unique associated congruence
relation K, which is the smallest congruence relation containing R. A typical way
of defining monoids is in terms of generators and relations.

If M and N are commutative monoids, their tensor product M ® N is defined to
be the commutative monoid generated by the elements m ® n with m € M,n € N,

modulo the relations:
e (mimy)®n=(m;®n)(my®n)
e m® (niny) =(men;)(mens)
e I®en=me®1l=11.

Note that the last relation does not follow from the first two, as it does in the case

of abelian groups. We immediately see that the exponential property
Hom(M ® N,S) 2 Hom(M,Hom(N, S))

holds, where M, N and S are commutative monoids.

Most of the categorical definitions, like limits and colimits, that exist in abelian
groups, also exist for monoids and are constructed in the same way. The connection
of monoids with groups is of course long known. But it has been observed relatively
recently that they also have many similarities with commutative rings. For exam-
ple, one can consider the analogue of prime ideals for monoids as well, and define

KSpec(M), the Kato-Spectrum of M, with its own Zariski topology and structure
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2.2 Posets, Semilattices and Lattices

sheaf. Using this, we can also define gluing and extend the category of monoids to
monoid schemes. This has much intrinsic interest but one of the main uses of it is

the fact that we can generalise toric varieties using monoid schemes.

2.2 Posets, Semilattices and Lattices

The results of this section are well known. See for example [20]. The notations we
use however, do not follow it.

As already mentioned, abelian groups form a full subcategory of monoids. Now
we will discuss the ‘opposite’ of groups, i.e. a full subcategory where for every
element m € M, m? =m. It is the opposite in the sense that if we were to invert an
element m of M, we would get m = 1. In other words M,, ¥ M /m, where M, is the
localisation of M (see Subsection with respect to m and M /m is the quotient
of M by m ~ 1. In particular, M&" = My, = 1, where M7 is the Grothendieck group
of M. That is, the localisation of M with respect to all of M. As we will see, this
category, called the category of semilattices, is very important to do ‘geometry’ over

monoids.

Definition 2.2.1. Let P be a partially ordered set, or poset for short. We call an
element a v b the join of a and b if a,b < av b and for every element m € M such
that a,b < m, we have av b < m. A poset P is said to be a join semilattice if for

every pair of elements (a,b) the join a v b exists.

Dually we define the meet aAb of a and b to be an element satisfying a,b > aAb,
and for every element m € M such that a > m,b>m, anb>m. Hence we can define

a meet semilattice as well.

Definition 2.2.2. Let S and S’ be two join semilattices. A map f:S - S5’, is a
morphism of join semilattices if f(avb) = f(a)v f(b).

Similarly we can define the morphisms of meet semilattices as well. It is obvious
that these two categories are equivalent, and the equivalence is given by reversing

the ordering. A semilattice (meet or join) is called bounded if additionally we have

a unit. In other words an element 1 such that 1Aa=a (or 0va =a) for all a e M.
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2.2 Posets, Semilattices and Lattices

If the semilattice is a join semilattice, then the identity is called the least element.
In the case of meet semilattices, it is referred to as the greatest element.

From now on, whenever we use the term semilattice, we mean bounded. Fur-
thermore unless we specifically care about the orientation of the ordering, we will
simply say semilattice instead of join or meet semilattice and use the notations of a
join semilattice.

It is immediately obvious that the category of semilattice is equivalent to the
category of idempotent monoids, i.e. where m? =m for every m € M. The operation
of the monoid is induced by the join (or meet) of the semilattice. Conversely, the

ordering is given by x <y if zy = y. We have a functor
sl : Monoids — Semilattices (2.1)

given by M — M [a? ~ a which is the left adjoint of the inclusion functor. Explicitly,
this relation is given as follows: [20, Theorem 1.2 of Chapter III]. We have a ~ b

provided there exist natural numbers m,n > 1 and elements u,v € M, such that

a™ =ub and b" = va.
We denote the image of M under sl by M*! and the class of an element a € M in
M*! by [a].

Lemma 2.2.3. 1. The relation ~ is a congruence relation on M.

2. If X 1s a join semi-lattice and f : M — X is a monoid homomorphism, then

f can be uniquely decomposed as:
M —— M

N

X.

REMARK 2: Let M be a monoid. It is obvious that the ordering on M*! is induced

by the monoid structure on M. In other words [a] < [b] <> [b] = [ab].

Corollary 2.2.4. Let f: M — N be a monoid homomorphism. Then the induced

map f.: Ms' — N5t respects ordering.
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2.3 Prime Ideals of Commutative Monoids

Definition 2.2.5. A poset L is said to be a lattice if it is both a join and a meet

semilattice.
Lemma 2.2.6. If L is a finite join semi-lattice, then L is a lattice.

Proof. First, we show that L possesses a greatest element. In fact, if L = {zy,---,z,},

then x1 v---vz, is the greatest element. Now for any a,b € L we consider the subset

Qap:={xr €Lz <a, and x < b}.

It is clear that the least element belongs to ()4, S0 it is non-empty. It is also clear
that @), is a join subsemilattice of L. Thus, ), has the greatest element a Ab and

we are done. Q.£D

Let f: L - L' be a morphism of finite join semilattices. Then, as we have seen,

L and L' are lattices. However, in general, f is not a morphism of lattices.

Definition 2.2.7. Let P be a poset. Define a topology on P by declaring U c P to
be open if x e U,y < x implies y € U. This is called a poset topological space and we

denote it by Xp.

Note that we can also defined a topology on a poset P by declaring U to be open
if x € U,y > x implies y € U. However, the categories obtained, are clearly equivalent.
For more on poset topologies, see Subsection |3.1.1]

2.3 Prime Ideals of Commutative Monoids

In this section we will focus on the set of prime ideals of a commutative monoid M.
This set, together with its natural topology, is denoted by KSpec(M) after K.Kato,
who introduced it in [26]. It plays the same role in the theory of monoid schemes, as
the classical set of prime ideals Spec(R), of a commutative ring R, does in the theory
of (ring) schemes. We will first show that KSpec(M') has an additional structure
compared to its classical counterpart. Namely, the union of (prime) ideals is again a

(prime) ideal. We will prove several important results for KSpec(M'), most notably

Theorems [2.3.5] and [2.3.10]
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2.3 Prime Ideals of Commutative Monoids

Having given an effective way of calculating KSpec(AM) for finitely generated
monoids, we will move on to localisations. We will show in Theorem that for
a finitely generated monoid, every localisation can be assumed to be a localisation by
the multiplicative subset generated by an element, or equivalently, the localisation
at a prime ideal. This result first appears in [I12 Lemmas 1.1 and 1.3]. After this,
we will prove that if we have two elements f and g, with f 2 ¢ under the image

sl: M — M#!, they will define the same localisation.

Definition 2.3.1. A subset a ¢ M of a monoid M is called an ideal, provided for
any a € a and x € M one has ax € a. For an element a € M, we let (a) be the

principal ideal aM .

Definition 2.3.2. An ideal p is called prime, provided p # M and the complement

of p in M is a submonoid.

Thus, an ideal p is prime, if and only if 1 ¢ p, and if xy € p, either z € p or y € p.
We let KSpec(M) be the set of all prime ideals of M. It is equipped with a topology,

where the sets

D(a) = {p e KSpec(M)|a { p}

are the base of open sets. Here a is an arbitrary element of M, see [13], p.92],[26],[30].
Observe that if f: M; - M, is a homomorphism of monoids, for any prime ideal
p € KSpec(Ms), the pre-image f~'(p) is a prime ideal of M;. Hence, any monoid

homomorphism f: M; — M, gives rise to a continuous map
f7!: KSpec(Ms;) - KSpec(My);  p = f71(p).

Unlike in the case of rings, we have the following easy, but important facts.
Lemma 2.3.3. Let M be a commutative monoid, then:

1. The union of ideals is an ideal.
2. The union of prime ideals is a prime ideal.
3. The empty set @ is a prime ideal.

4. The maximal ideal m = U q=M~ M*, satisfies mup =m for all p,
qeKSpec(M)
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2.3 Prime Ideals of Commutative Monoids

5. If a is an ideal, the set of prime ideals contained in a has a greatest element,

denoted my,.
6. KSpec(M) forms a lattice.

Proof. 1. Let a and b be ideals. Take u € aub and m € M. Since u € au b,

without loss of generality u € a, hence mu e acaub. So aub is again an ideal.

2. Assume p and q are prime ideals. To see that their union is again prime,
consider zy € pu q,x ¢ puq. Without loss of generality xy € p. Since x ¢

pugq =z ¢p. Hence we have zy e p,x ¢ p = y € p c puq, proving the assertion.
3,4. Obvious.
5. It is easily seen that mq = U p, p € KSpec(M) does the trick.
pca

6. This is a result of the above statements, with the two operations being

pvagrpug, pAg= Myag.

Q.ED

It should be pointed out that for a monoid homomorphism f : M; - M, the
induced map

7' : KSpec(Ms) - KSpec(M;)

is only a homomorphism of join semilattices (i.e. the operation induced by union),
even when both M; and M, are finitely generated. Hence we will still refer to the

associated lattice of a monoid as semilattice, to avoid confusion.
Lemma 2.3.4. KSpec(M) is a topological monoid.

Proof. Take a principal open subset D(f) of KSpec(M) and consider its preimage
via the operation map U : KSpec(M) x KSpec(M) — KSpec(M). Clearly

v (D(f)) = (D(f), D(f))

which is open in the product topology. Q.£D
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2.3 Prime Ideals of Commutative Monoids

ExaMPLE 5: Here we give a small example of how the Kato-spectrum of a commu-

tative monoid looks like, with its lattice structure.

(7,y)

(ﬂf)/ \(y)
\@/

KSpec(Z)  KSpec(N) KSpec(N?).

(x)
!
%

%)

2.3.1 Reduction Theorem

Recall that for any monoid M there is a semilattice M*! and the quotient homomor-
phism f: M — M3 = M/ ~ (see lemma [2.2.3)), universal among all homomorphism
into semilattices. Denote by I the topological monoid with the two elements {0, 1}

and obvious multiplication. The open sets are {@, 1,1}.
Theorem 2.3.5. Let M be a commutative monoid. Then:

1. The canonical homomorphism f: M — M5! yields the isomorphism of topolog-

1cal monoids

f7t: KSpec(M*') = KSpec(M).
2. There is an isomorphism of topological monoids
Hom(M,I) = KSpec(M).

The topology on the LHS s induced by the product topology on T[] L.
meM

3. There is an isomorphism of topological monoids
Melx M,

where the topology in M* is induced by the ordering (see Definition m
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2.3 Prime Ideals of Commutative Monoids

Proof. 1. Surjectivity of f implies that the induced morphism KSpec(M*!) —
KSpec(M) is injective. To see that it is also surjective, take a prime ideal p of

M. Since f is surjective, f(p) = q is an ideal of M*!.

Our first claim is that 1 ¢ q. For this, assume 1 € q. Hence, there exists a € p
such that f(a) = 1. That is, 1 ~ a where ~ is the congruence given in lemma
2.2.3 We get that a must be invertible, which contradicts the condition that

p is prime.

To see that q is a prime ideal of M, suppose ¢(z)q(y) € q. Hence, there exists
an element a € p, such that zy ~ a. So (zy)" = au for some n > 1. It follows
that x™y™ € p. Since p is prime, we see that x € p or y € p. This means that
q(x) or q(y) belongs to q, implying that q is a prime ideal. It remains to show
that

p=r"(a)=f"(f(p))

Take an element = € f~1(f(p)). There is an element b € p such that f(z) = f(b).
Thus x ~ b i.e. 2™ = bv € p, which implies that x € p. So we have proven that

po f1(f(p)). Since p c f~1(f(p)) is obvious, the result follows.

For every a e M, f(D(a)) = D(f(a)), f~! is continuous. Conversely,

fHD(al) = U D),

f(b)e[a]

and the result follows. Indeed as we will show in [2.3.15] we don’t need to take

the union over all such b. It suffices to just take any one.

2. Since [ is a monoid we can talk about KSpec(Il). It is obvious that the only two
prime ideals of T are {@,0}. Since the preimage of a prime ideal is prime, we
have a homomorphism u : Hom(M,T) — KSpec(M), given by u(f) = f~1(0).
On the other hand, we have the map v : KSpec(M) - Hom(M, 1), given by

’

TEP
v(p) = f, where f,(x) = . Since M \ p is a submonoid of M, this
L, xép
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2.3 Prime Ideals of Commutative Monoids

map is a monoid homomorphism as well. It is straight forward to see that

they are inverse to each other.

By the definition of the product topology, subsets of the form
P(a)={f: M >T|f(a) =1}, acM

form a prebase of the topology on [],,.a, . Here f is a map of sets. Hence, a

pre-base of the induced topology on Hom(M, 1) is given by the subsets

U(a) ={f eHom(M,I)|f(a) =1}.

As U(a) nU(b) = U(ab), these subsets form a basis. Since u(U(a)) = D(a),

the result follows.

3. Let S be a semilattice. We have
Hom(M ®1,S) = Hom(M,Hom(I, S)) 2 Hom(M, S) = Hom(M?®, S).

The first isomorphism comes from the fact that the tensor product is the
adjoint of the Hom-functor. For the second isomorphism we use the fact that
I is the free object with one generator in the category of semilattices. Now

Yoneda’s lemma gives us the desired result.

Q.£D
Corollary 2.3.6. Let f: M — N be a morphism of monoids.
o If f is surjective, then the associated map f~' : KSpec(N) — KSpec(M) is
imjective.
o If f is surjective, then the associated map [t : M5\ — N5t is surjective.

Proof. This follows from Theorem [2.3.5, part 2 and 3 respectively, and the fact that

Hom(—,I) maps epimorphisms to monomorphisms and - @1 is right exact. Q.£.D
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2.3 Prime Ideals of Commutative Monoids

Corollary 2.3.7. Let I be a small category and M : I - {comutative monoids} a

functor. Then we have a natural isomorphism of topological monoids:
KSpec(colim M;) = lim KSpec(M;).

In particular,

KSpec(M x N) = KSpec(M) x KSpec(N).

Proof. This follows straight from part 2 of Theorem and the fact that Hom(-, A)
sends colimits to limits. The second assertion is due to the fact that for commutative

monoids, finite products and coproducts agree. Q.£D
We also obtain the following fact, which sharpens Lemma 4.2 in [14].

Corollary 2.3.8. Let B be a submonoid of A and assume for any element a € A

there exist a natural number n such that a™ € B. Then
KSpec(A) - KSpec(B)

15 a bijection.

Proof. Tt suffice to show that Bs! - As! is an isomorphism. Take any element a € A.
Since a ~ a™ for all n we see that the map in question is surjective. Now take two
elements by, by in B and assume b; ~ by in A. Then there are u,v € A such that
VY = uby and b = vb;. Take r such that u; =" € B and v; = v" € B. Then b = u, b}

and b5, = v1b]. Thus b; ~ by in B and we are done. Q.ED

Lemma 2.3.9. Let M be a finitely generated monoid. Denote by L(M,p) ={q|lq c p}
the sublattice of KSpec(M) consisting of sub prime ideals of p. Then principal open

sets are in a one-to-one correspondence with open sets of the form L(M,p).

Proof. First observe that since there is an isomorphism of topological monoids

KSpec(M) — KSpec(M*!), it suffices to prove this assertion when M is a finitely
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2.3 Prime Ideals of Commutative Monoids

generated lattice. That is, when M is a finite lattice. One side of this correspon-
dence is straight forward. If D(f) is a principal open set, L(M,ps) does the trick.
Here where py = U p. The other side requires the finiteness condition.

Let p be a pﬁ%(é)ideal of M and consider M \ p. By the definition of prime

ideals, this is a submonoid of M, and as such, a finite lattice. Take its maximal

element my = [ m;. We define
mi¢p

L(M,p) — D(m,) c KSpec(M).
Clearly L(M,p) c D(m,). For the other side, take q € D(m,). Then

my = Hmi¢q©mi¢q
mgép

for every i. Hence, for every element m; € M \ p, we have
mie MNq=>M~qo M p<qcp<qeL(M,p).

Q.ED

Theorem 2.3.10. Let M be a finitely generated monoid. There exists a (non-

functorial) isomorphism of topological monoids
g+ KSpec(M) = M,

where the topology in M* is induced by the ordering.

Proof. First recall the classical result [20, Chapter 111, Lemma 1.1] that D(f) = D(g)
if and only if there are n,m € N and x,y € M such that f* = gy and fx = g™. This
is the same as the congruence given on page in order to obtain M#!. Hence,
there is a one-to-one correspondence between principal open sets and elements of
Mst. We have already shown in Lemma , that prime ideals themselves are in a

one-to-one relation with principal open sets. This implies the result. The topology is
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2.3 Prime Ideals of Commutative Monoids

respected since it’s induced by the ordering in both sides, and all the isomorphisms

given above, respect ordering. Q.£D

REMARK 3: For an alternative proof see [38, Corollary 3.9]. There we also construct
the above map more explicitly, and show that it is given as follows : To a prime
ideal of M, we associate the maximal element of M*' whose intersection with p is
empty. Conversely, to an element [ f] of M$ we associate the biggest prime ideal p

not containing [ f]. That is, the union of all prime ideals not containing [ f].

As we have shown in Lemma [2.3.3] the Kato-spectrum of a monoid is a lattice
and as such again a monoid. We can iterate the functor KSpec and we denote by
KSpec?(M) the 2-fold composite of this functor. We have the following result:

Corollary 2.3.11. Let M be a finitely generated monoid. There is a (non-functorial)
1somorphism

KSpec*(M) = KSpec(M).

Proof. This follows straight from the above theorem and the fact that the functor
sl : Monoids — Semilattices (given in formula on page is stable under iteration.
Q.£D

Corollary 2.3.12. Let M be a finitely generated monoid with n generators. The
number of elements of KSpec(M) is bounded by 2".

Proof. As shown, KSpec(M) is isomorphic to M, which is itself a quotient of M.
Thus, it has at most n generators. Since m? = m in M9, every element is just a

distinct combination of generators, and so their number is bounded by 2. Q.£.D

EXAMPLE 6: Let M = (a,b,c,d) [{ab=0b, cd =d, bc=ad} be a commutative monoid.
By Theorem [2.3.10| we have know that M#*! is M, modulo the relation m2 = m.
Hence M = {[1],[a],[b],[c],[d],[ac],[ad]}. The only nontrivial operation here

is that [ac][ad] = [ad]. The semilattice structure is given below, with the arrows
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2.3 Prime Ideals of Commutative Monoids

indicating the ordering.

Mo KSpec(M)
[ad] (a,b,c,d)
/1IN /N

b] d] (a,b,d) (b,c,d)

NN

] (a) (b,d) (o)

\[1]/ \i/

Here ar(ad) = @,ar(b) = (¢), etc. We also see an obvious, but important fact.
While KSpec(M) is just M* with the inverted ordering, they are very different in
terms of generators and relations. We have M* = (a,b,c,d) [{ab=b,cd = d,bc = ad}

and KSpec(M) = (x,y, z) [{xz = xzyz}, in the category of semilattices.

2.3.2 Localisation of Monoids

It is an obvious fact that we have the inclusion functor
Monoids — Abelian Groups.

This functor has both left and right adjoints. The right adjoint maps a monoid
to its invertible elements, which is clearly an abelian group. The left adjoint is
constructed via localisation. Let M be a monoid and N c¢ M a submonoid. We
define the localisation of M by N, denoted My as follows: Elements of My are
equivalence classes of pairs (m,n), m € M, n € N, where (m,n) ~ (m/,n') if and
only if there exists an element r € N such that rmn’ = rm/n. In the case when
N =M, My is a group, called the Grothendieck Group of M. It is universal in the

following sense: We have a homomorphism ¢ : M — MS", such that for any other
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2.3 Prime Ideals of Commutative Monoids

homomorphism f: M — G, where G is an abelian group, we have a homomorphism
h:MC" - G with f =hog. An other way of saying that, is the functor

G'r : Monoids — Abelian Groups

is the left adjoint of the forgetful functor.

An important case is the localisation with an element f € M. For this, take
an element f € M, and consider the submonoid (f) c¢ M generated by f. The
localisation of M by the submonoid (f), is denoted by My rather then Myy.

Proposition 2.3.13. Let f e M. Then My = M.

Proof. First recall that [f] = [g] if there exists n,m € N,u,v € M such that f* = gu
and g™ = fv. We clearly have (f) c [f] and hence we can define the natural map
My — My given by (r, f*) = (r, f*), re M, ke N.

Injectivity: Say (7, f*) =ar,, (', f¥). This is to say there exists g € [f] such that

grf¥ = gr' k. But since g € [f], [g] = [f] and so we have gu = f*. From this we get:

qurf¥ = qur'f*

Py fn’l“fk’ — fnT"fk
hnd (ra fk) ~ My (T,7 fk,)

Surjectivity: Take a general element (r,g) € M. Since rug = rf", we immediately

see that (ru, f*) ~u,, (r,9), where (ru, f*) is clearly in the image. Q.ED

Corollary 2.3.14. Let f,g € M, such that they define the same class in M*, i.e.
[f]=1g].- Then M= M,.

Proof. This follows straight from Proposition [2.3.13|since My = My = M, = M,.
Q.£D

Lemma 2.3.15. Let M be a monoid and N ¢ M be a multiplicative subset, such
that N c [f], for some fe M. Then My = M;.
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2.3 Prime Ideals of Commutative Monoids

Proof. By Corollary [2.3.14 we can assume that f € N and as such (f) ¢ N c [f].

Hence we have the following canonical homomorphisms
My~ My — My,

By Proposition [2.3.13] we know that the composition is an isomorphism. This
immediately implies that My — My is injective. To show surjectivity, it suffices to
show that My — M) is injective as well. So let (r,s) ~ar,, (17,8"),7 € M,s € N.
That is to say, we have an element g € [ f] such that grs’ = gr’s. Multiplying both
sides by u yields f*rs’ = f*r's and since (f) c N, we have (r,s) ~ur, (17,s"). Q.E.D

Lemma 2.3.16. For a subset S of M, we denote by (S) the associated multiplicative
subset. Let S7 and Sy be subsets of M. Then

(Mis1))(52) & Mis,08,)-

Proof. The proof of this is straightforward. We will just mention that the map is
given by ((r,s1),82) = (r,5182). Q.£D

Just like in the classical case, we can also localise at a prime ideal. For this, take
the complement M \p of p. It is clearly a submonoid and so we can localise M with

respect to it.
Lemma 2.3.17. Let M be a monoid and assume [f] < [g]. Then My = Msurq)-

Proof. We have

Mip10101 = Mitprofany & (Mi))1g) & Mg = Mgg) = M)

q]

Q.ED

We note that the following theorem is already in [I12] as Lemmas 1.1 and 1.3.
Theorem 2.3.18. Let M be a finitely generated monoid.

i) For every multiplicative subset N ¢ M, there exists an element fy, such that

MfN ~ My.
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2.3 Prime Ideals of Commutative Monoids

ii) For every prime ideal p c M, we have an isomorphism M, = M, ). Here

Qg s the isomorphism defined in Theorem. [2.5.1(}

Proof. i) Since [1] < [f] for all f € M, by Lemma , we can assume that N is
a submonoid. We have the composition ® : N ¢ M LMl Since M is finite,
so is the sublattice ®(N) c M*. Denote the preimage of the elements of ®(NV)
under sl by [ f;] and the preimage of its maximal element by [ fy] = [fix---x f,].
Further let N; = N n[f;]. Clearly N c U[f:;] and so N =UN;. We have

My = Myn, = (My,)n)-on, = (M) g)-p, 2 My

Here the second equality is coming from Lemma [2.3.16| and the third from

Lemma 2.3.15]

ii) This essentially follows from Remark 3| on page and Proposition ,
since localising with respect to the submonoid M \ p is canonically isomorphic
to localisation by the maximal element of (M), whose intersection with p is
empty.

Q.£D
Note that the second statement also holds the other way. Namely, that for every

element [f] of M*! (and hence for every element of M), we can find a prime ideal
py such that Mg = M, . This is due to Theorem [2.3.10}
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Chapter 3

Cohomology of monoid schemes

The aim of this chapter is to study the cohomology theory of monoid schemes in
general and apply it to vector- and line bundles. We will prove that any vector
bundle over any separated monoid scheme is a coproduct of line bundles. This
fact generalises the main result of [5, Theorem 2.6], where they proved this for the
special case when X =P, It should be said that our methods are different from the
ones used in the above. We use cohomological machinery, which could have other
applications beyond monoid schemes.

This result shows that vector bundles, being H( X, O% ), are not very interesting
in the case when ¢ > 2. In this case when 7 = 1 however, things are very different. As
in the classical case, H!(X, O%) forms an abelian group under the tensor product. It
is called the Picard group and is denoted by Pic(X). We investigate the relationship
between line bundles over a monoid scheme X and line bundles over its geometric
realisation k[X ], where k is a commutative ring. We prove that if k is an integral
domain (resp. principal ideal domain) and X is a cancellative and torsion free
(resp. seminormal and torsion-free) monoid scheme, then the induced map Pic(X) —
Pic(k[X]) is a monomorphism (resp. isomorphism).

The assignment X — Pic(X) gives rise to a contravariant functor from the cate-
gory of monoid schemes to the category of abelian groups. We will prove that Pic

respects finite products, in other words the natural map
Pic(X) @ Pic(Y) = Pic(X xY),

is an isomorphism for separated monoid schemes X and Y.

36



Next we will introduce the notion of s-cancellative monoids. They are monoids
for which the equality ax = ay implies that (zy)"z = (zy)"y for some natural number
n. By taking n = 0, we see that every cancellative monoid is s-cancellative. A monoid
scheme is s-cancellative if it is obtained by gluing s-cancellative monoids. This class
is important since it is the biggest class of monoids where the subgroup of invertible
elements M* of M map injectively in its group of fractions, denoted by MS". As
we will see in Section , this will enable us to embed O% in a constant sheaf.
We develop the theory of s-divisors and we prove that for an s-cancellative monoid
scheme X, the group Pic(X) can be described in terms of s-divisors. For cancellative
monoid schemes, s-divisors agree with the Cartier divisors.

Lastly, we introduce a class of monoid schemes, called s-smooth monoid schemes,
which includes the class of all smooth monoid schemes, and we will prove that for
them H*(X,0%) =0 for all i > 2.

This chapter is organised as follows: In the first section we will discuss posets
and the topological spaces that they define. These are important, as the underlying
topological spaces of monoid schemes of finite type (see Definition are merely
finite posets, and then proceed to clarify the relationship between sheaf cohomology
and poset cohomology.

In Section|3.2] using a cohomological argument, we will prove that over separated
monoid schemes, any vector bundle is a coproduct of line bundles. This already
implies that vector bundles are less interesting for monoid schemes and as such we
focus our attention on line bundles. Section [3.3| considers the relationship between
line bundles over monoid schemes and its realisations, and shows that in many cases,
we actually have an isomorphism.

Recall that the isomorphism classes of line bundles forms an abelian group, which
is isomorphic to the Picard group. We show in the next section that the functor Pic
is additive in the monoid world.

In Section |3.5] we translate the classical theory of Cartier divisors for monoid
schemes and we show that for cancellative monoid schemes line bundles, up to
isomorphisms, can be described using Cartier divisors. Afterwards we generalise
these results and prove that for s-cancellative monoid schemes line bundles can be
classified using s-divisors.

In the last two sections we define and study s-smooth monoids and monoid
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3.1 Basic Facts about Monoid Schemes

schemes and we will prove that the cohomology H*(X,O%) vanishes for them. Fi-

nally we give several examples of s-smooth monoids which are not smooth.

3.1 Basic Facts about Monoid Schemes

In this section we will define monoid schemes and show that instead of working
with sheaves over a topological space, we can work with functors from a poset, see
Lemma [3.1.7, This greatly simplifies the cohomology of monoid schemes. Indeed
from this we will obtain, amongst other things, that the Grothendieck cohomology

is equivalent to the significantly simpler Cech cohomology.

3.1.1 Monoid Schemes and the Poset Topology

The results of this subsection, other then Lemma/(3.1.7] are well known with citations
given below.

Let M be a commutative monoid. As we have shown in Section [2.3], there is a
functorial way of assigning a topological space KSpec(M') to M. But more is true.
Recalling the results obtained in [13, Section 2.1] [I2 p.4], one can also define a
sheaf of monoids on KSpec(M). Just like in classical algebraic geometry, we assign
the localisations My to the principal open subsets D(f) c KSpec(M) and extend

this in the natural way. It is called an affine scheme.

Definition 3.1.1. A monoid scheme is a pair (X,0x), where X is a topological
space, and Ox s a sheaf of monoids on X that is locally affine. In other words, it

is locally isomorphic to (KSpec(M), Okspec(rr)) for a monoid M.

For simplicity, when there is no ambiguity, we will write X instead of (X,Ox).
If (X,0x) and (Y,0Oy) are two monoid schemes, then f : X — Y is a morphism
of monoid schemes, if it is a morphism of sheaves that is additionally local. In
other words, for every point x € X, the induced morphism Oy fy - Ox, maps
non-invertible elements of Oy f(,, to non-invertible elements of Ox . We have the
bijection

Hom(M, N) 2 Hompmschm (KSpec(V), KSpec(M)),

where KSpec(M) denotes the affine scheme (i.e. the space together with the struc-
ture sheaf) of M.
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3.1 Basic Facts about Monoid Schemes

Theorem 3.1.2. Products exist in the category of monoid schemes. Furthermore:

i) The underlying topological space of the product, is the product of the underlying

topological spaces;
ZZ) F(X X Y, OXXy) = F(X, OX) X F(K Oy)
Here (X,0x) and (Y,Oy) are monoid schemes, and I is the global section functor.

Proof. The first assertion, that products exist, is shown in [I3, p.10]. Part i) is
shown in [12, Proposition 3.1].
To see assertion ii) we cover X and Y with affine open subsets X = UU, and

Y =UVj. By Part i) we have X xY = U U, x Ug. Hence I'(X x Y, Ox.y) =
a,B

OXxy(X X Y) = ker[l‘é(’)XXy(Ua X Uﬁ) — BH’ 5 Oxxy(Ua X U@) N (Uo/ X Uﬁ/)].

The fact that the global sections commute with products in the affine case is checked

in [I3] p.11]. Hence the above is equivalent to:

ker[ITBOX(Ua) X Oy(Uﬁ) — BH, 5/0X(Ua N U(;) X O)((Uﬁ N Ué)] =

ker[[TOx(Uy) —= H,OX(Ua nU!)] x ker[I;I Ox(Up) :;51_[51 Ox(UsnUp)] =

Ox(X) x Oy (Y) 2 T(X x Ox) x [(YOy).

This proves the assertion. Q.£D

The aim of this subsection is to show that monoid schemes can be described in

a simpler way.

Definition 3.1.3. A Tj space is a topological space, satisfying the following condi-
tion: for any two distinct points x,y € X, there is an open set U, such that, either
xeUandy¢U oryeU and x ¢ U. A Ty-topological space is called a PB-topological

space, provided any intersection of open sets is again open.
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3.1 Basic Facts about Monoid Schemes

Recall the topology defined on a poset in Definition [2.2.7, The link between

PB-topological spaces and poset topological spaces is well known, see [40] and [34].

We state and prove the following facts (which are discussed in the above citation),

for the convenience of the reader:

Proposition 3.1.4. 1) Let P be a poset and Xp its associated topological space.

2)

3)

For any element © € Xp, the smallest open subset of Xp containing x is
L(P,x) = {z'|x" < x}. Further, the open subsets of the type L(P,x) form a
basis of the topology.

Let Xp and Xq be the two topological spaces associated to P and () respectively.

Then we have a bijection

C(Xp, XQ) = MHom(P, Q),

where MHom denotes the set of monotonic maps from P to @), and C denotes

the set of continuous maps from Xp to Xgq.

The category of P-topological spaces with continues maps is equivalent to the

category of posets with monotonic maps.

Proof. 1) This follows straight from the definition.

2)

Let f: Xp - X¢ be a continuous map and let x <y e Xp. Take

L(Q, f(y)) c Xq.

Unless f(x) < f(y), in other words f(x) € L(Q, f(y)), = is not an element of

FHLP, f(y)) = L(Py).

But then we get a contradiction, since x < y.

Now let f: P - ) be a monotonic map and U c X open. Take y e f~1(U)

and = < y. Since f is monotonic, f(z) < f(y). Hence f(z) € U implies that
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3.1 Basic Facts about Monoid Schemes

f(x) is also an element of U, which implies that x € f~1(U).

3) Take two distinct points z,y € Xp. Without loss of generality, assume either
x <y, or they are not comparable. Either way, for the open subset L(P,x),

we have x € L(P,z) but y ¢ L(P,z). Hence X, is a Tj space.

Take a collection of open subsets {U;} and let U =N U;. Pick y e U and = < y.
Since y is in the intersection, for every i, we have y € U;. This implies that

xelU;, soxelU. Hence U is again open and so Xp is a ‘P-topological space.

To see the reverse, take a B-topological space X, and construct a poset Px
as follows: Elements of Px are points of X, and we say x < y if and only if
U, = (NUi|lz € U;) c U, = (NUjly € U;). Tt is straightforward to see that this
defines a poset and that these two constructions are inverse to each other.

Q.ED

Using this proposition, we will identify posets equipped with the ordering topol-
ogy given above, with P-topological spaces. It is a well known fact that a sheaf §
over a topological space X is uniquely defined by its values on the bases of open sets.
Hence, using part 1 of the above Proposition, to define a sheaf on a $B-topological
space, it is sufficient to define it only on the open subsets of the form U,. That is, it
suffices to only define it on the stalks of the underlying poset P. If x <y = U, c U,

which yields a homomorphism §, - §,.

Lemma 3.1.5. Let Xp be a B-topological space and § a sheaf of sets on Xp. Then
the map § — §» gives rise to an equivalence between the category of sheaves on X,
and the category of contravariant functors on the poset P.

To see this result, it suffices to say that the corresponding sheaf § on Xp is
defined by F(U) = limcy Sz

Definition 3.1.6. A monoid scheme X 1is called of finite type, provided there is a
finite open cover by affine schemes U; = KSpec(M;), such that all M;’s are finitely

generated monoids.
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Lemma 3.1.7. Let (X,0Ox) be a monoid scheme of finite type. The underlying
topological space X, is a finite P-topological space and equivalent to Xp, where P
satisfies the property that for all x € P, L(P,x) is a finite lattice. We say that such

a poset is locally a finite lattice.

Proof. Since openness of a subset is a local condition, it suffices to consider the case

when X is affine. But this follows straight from the results of the previous chapter.

Q.ED

Thus monoids schemes can and will be described using pairs (X, Ox), where X
is a poset that is locally a finite lattice, and Ox is a contravariant functor defined
on it.

As we said in the introduction, a (commutative) monoid is a set M with an
operation x, such that x is commutative and associative. Additionally, we have a
unique element 1 such that 1 x m = 1. There is however a slightly different theory
developed in [I1][10][12], which is based on pointed monoids. Recall that a pointed
monoid is a monoid with distinguished element 0. In this theory, all homomorphisms
and all ideals are pointed. If M is a usual monoid, we let M, denote the pointed
monoid obtained from M by adding a new element 0.

Observe that the space of prime ideals of M and the space of pointed prime
ideals of M, are essentially the same. Since the functor M ~ M, is compatible with
localisation, it has a unique extension to monoid schemes (X, 0y;) = (X, Oyr).
The resulting functor from the category of monoid schemes in the sense of [I3] to
the category of monoid schemes in the sense of [11][10][12], is faithful and preserves
finite products. Because of this, the concepts and results from [12] can be applied
to monoid schemes in the sense of [13]. For instance, we can talk about separated
monoid schemes [12, Definition 3.3|, which are formally defined using the product
as for classical schemes.

We have the following fact, as proven in [12, Corollary 3.8].

Lemma 3.1.8. If X is a separated monoid scheme, the intersection of two affine

open subsets is again affine.

It should be noted that from here on onwards, monoids and monoid schemes
are again assumed to be unpointed. Furthermore, the above lemma states the only

property about separated monoid schemes that we will care about in this thesis.
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3.1.2 Cohomology of Posets

Recall that if X is a topological space and F' is a presheaf of groups on X, then for
any open cover U = (U; = X )iy, U; U; = X, the zeroth cohomology group H(U, F)
and the first cohomology pointed set H'(U, F') are defined. If F' has values in
abelian groups, then there are well defined cohomology groups H™(U, F'), n > 0, and
these groups are abelian. If F is a sheaf, we also have the sheaf (or Grothendieck)
cohomology H"(X,F) defined. It is well known that

HY(X,F) = colimyH'(U,F) = H(X,F), i=0,1,

where the colimit is taken with respect to all open covers.
Proposition 3.1.9. Let X be a monoid scheme and F a sheaf of groups.

i) If X is affine, then
H'(X,F)=0.

Moreover, if F is a sheaf of abelian groups, then H/(X,F) =0 for all i > 1.

i1) Let X be a separated monoid scheme and 4 an affine cover of X. If F is a
sheaf of abelian groups, then H*(X,F) = H*(4, F').

Proof. i) Let M be a monoid and denote X = KSpec(M). Let m be the subset
of non-invertible elements of M. If m € D(f) for an element f € M, then f
is invertible, and thus D(f) = X. Hence, the only open subset of X which

contains m, is X itself. Thus, for any sheaf F' one has
F(X)=Fy.

Since F' ~ F, is an exact functor in the category of sheaves, we see that
the global section functor is an exact functor. This already proves the result
for abelian sheaves, because H*(X,-), being derived functors of an exact
functor, vanish in positive dimensions. If F'is not necessary abelian, the proof

is essentially the same: Any open cover of X must contain X as a member.
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A cover consisting of a single element X is cofinal among all covers. The
cosimplicial object corresponding to this cover is constant, and so the result

follows.

ii) Since X is separated, the intersection of any two open, affine, monoid sub-
schemes is again affine (see Lemma [3.1.8). Hence, ii) is a formal consequence

of i) and Leray’s theorem (see for example [19, Corollary of Theorem I11.5.4.1]).

In more detail, let 4 = {U;}s;c; be a covering of X, where every U; is the affine
scheme associated to the monoid M;. Using the spectral sequence associated
to said covering (Theorem [1.4.1] v)), we know that H?(8(,H9(F)) abuts to
Hr*(X, F). Here H? denotes the presheaf given by V — H4(V,F). From i)

F(Uz)7 q= 0
of this proposition, we know that H1(U;, F') = .
0, q>1
Hr(U, F), ¢q=0
So EY = , and hence the second page of the Leray-Serre
0, q>0
spectral sequence looks as follows:
0 0 0 0 0

HOWLF)  HY(WF)  H2F)  H3(M,F)  HAWF)

As this is clearly already the stable page, the result follows.
Q.£D

Recall that for a monoid scheme X of finite type, Px is finite. It follows that
if X is additionally separated, then L(X,z)n L(X,y) is either an empty set or
again of the type L(X,z), where z = x Ay. Thus, if X is a connected separated
monoid scheme of finite type, then X is a meet semi-lattice with smallest element.

In particular, the nerve of such a poset is contractible.

Lemma 3.1.10. Let X be a separated monoid scheme of finite type.
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i) For any constant sheaf G with values in groups, one has
HY(X,G) =0.

If G is also abelian, then H"(X,G) =0 for alln > 1.

it) Assume X is connected and my, ..., my are mazimal elements of X. For any
sheaf F on X the cohomology H*(X,F') can be computed using the cochain

complex

k
Hle g H Fmi/\mj - H FmiAm]-/\mk o le/\m/\mk g O .
i=1 i ijk

In particular, H"(X,F) = 0, for all n > k, where n is the minimal natural

number such that X has an open cover by n affine monoid schemes.

Proof. i) We can assume that X is connected. In this case the nerve of the poset
X is contractible, as stated just above the lemma, and hence by Lemma [1.7.1

the result follows.

ii) This follows from part ii) of the Lemma [3.1.9 applied to the open covering
(Ui)k,, where U; = L(X, m;). In fact, since mj, A---Am;, is the greatest element

in Uijl NN Uijk’ one has F(Uijl n--N Ul]k) = ijl/\.../\m].k.
Q.£D

Let us recall that for a point z € X, the height of = is the supremum of natural

numbers k, for which there is a sequence xy < --- <z = z.

Definition 3.1.11. Let X be a monoid scheme of finite type. The Krull dimension
dim(X) of X is defined as

dim(X) = sup,.xht(x).
Similarly to the last assertion of Lemma [3.1.10] we have H(X, F') = 0, for all

k > dim(X). This is a consequence of the well-known result of Grothendieck on
noetherian spaces (Theorem [1.6.2]).
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Corollary 3.1.12. Assume X is a non-affine monoid scheme of finite type. Then
there exists a sheaf F' of abelian groups such that H'(X, F') is non-trivial.

Proof. 1t immediately follows from the assumptions that X has at least 2 maximal
elements. Call them p and ¢. Then by Proposition for any abelian group G,
there is a sheaf I’ for which

0, ifx#pnag
F, = *

G, ifx=png.

It follows that H'(X, F') = G. 0.£D

3.2 Vector Bundles over Monoid Schemes

The main result of this section claims that any vector bundle over any separated
monoid scheme is a coproduct of line bundles. We start by recalling the notion of
a vector bundle over a monoid scheme [5, Definition 2.4, Remark 2.5], [14]. Then
we use a cohomological description of isomorphism classes of n-dimensional vector

bundles to prove the main result.

Definition 3.2.1. Let M be a monoid and A a left M -set (also called M-act). Then
A is free of rank n, if it is isomorphic to an M-set of the form A= M x X. Here X
is a set of cardinality n and M acts on A by n(m,x) = (nm,x), x € X and m,n e M.

The disjoint union [] of the underlying sets induces the coproduct in the category

of M-sets. If S and T are left M-sets, the tensor product S®,,7T is an M-set defined
to be the quotient of S xT" by the equivalence relation generated by

(ms,t) ~ (s,mt) =2m(s,t),
where s € S, t € T'and m € M. One easily sees that if S and T are free of rank m and
n respectively, STIT and S®),T are free of rank n+m and nm respectively. Hence,

a free M-set of rank n is isomorphic to the coproduct of n-copies of free modules of

rank 1. Because of this we can write MU" for a free M-set of rank n.
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3.2 Vector Bundles over Monoid Schemes

Denote by GL(n, M) the group of automorphisms of MU". Then we have the

following result, as shown in [13, p.15]:

Proposition 3.2.2. The group GL(n,M) is isomorphic to the group of all n xn

matrices (with the obvious multiplication) such that:
e there is exactly one non-zero entry in each row and column;
e cvery entry is an invertible element of M.

Proposition 3.2.3. The automorphism group GL(n, M) of MU"™ is isomorphic to
the semidirect product (M*)" x ¥,,, where ¥, is the symmetric group and M* is the
subgroup of invertible elements. The action of ¥, on (M*)" is given by permuting

the factors.

Proof. A free M-set is MU" = M x S, where S = {1,---,n}, with the action given
by m(m',s) = (mm’,s’). Hence f: M xS - M xS is an M-isomorphism if f
is a bijection and (m(m/,s)) = mf(m’,s). We have f(1,s) = (x(s),¢(s)), where
z(s) € M and ¢(s) € S. Since they only depend on s, we actually have 2 functions
x:S—> M and p: S — S. By definition, we have (m,s) =m(1,s), and so

f(m,s) =mf(1,s) =m(x(s),¢(s)) = (ma(s), ¢ (s)).

As f is a bijection, there exists g: M x S — M x S such that go f =1d. We will fix

notations and say that g(m,s) = (my(s), ¢(s)). Hence we have:

(1,s) =1d(1,5) = go f(1,5) = g(x(s), p(s)) = (2(s)y(p(s)), o(0(s)))  (3.1)
(1,s) =1d(1,5) = fog(l,s) = f(y(s),0(s)) = (y(s)x(d(s)), p(d(s)))  (3.2)

The first component of implies z(s)y(¢(s)) = 1, so z(S) ¢ M*. To see that
@€, ie that p: 5 —> S is a bijection, take the second components of 3.1 and [3.2]
This shows that w o ¢ = ¢ o ¢ =ld. These two equations also show that we have a
semidirect product (M*)" xX,,. Q.£D
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3.2 Vector Bundles over Monoid Schemes

By the above proposition, we have a split short exact sequence of groups
1> (M*)" 2 GL(n, M) - 3, — 1. (3.3)
The coproduct induces an obvious homomorphism of groups
c=cpn:GL(k,M)xGL(n,M) - GL(k +n,M),
which fits in the following commutative diagram with exact rows:

1— (M*)Fx (M*)" —GL(k,M)x GL(n,M) —= %) x 3, —=1

1 ——= (M*)k GL(k+n, M) Sen 1.

Here C,((xh'”?mk)a(yla"'>yn)) = ('xh'”?xkayl:'”?yn)a and for o1 € Zk702 € E?M the

permutation ¢(oq,09) € 3y, is given by:

o1(1) 1<i<k,
oo(i—-k) k<i<k+n.

(o1, 02)(4) Z{

Definition 3.2.4. A vector bundle of rank n on a monoid scheme X is a sheaf V
of sets on X, together with an action of Ox, such that locally, V is isomorphic to
(’))L{In. We let Vect,(X) be the category of vector bundles of rank n on X. The set
of their isomorphism classes of rank n on X is denoted by Vect,(X). In the special

case when the rank is one, we use the term line bundle and write Pic(X).

For a given monoid scheme X, we denote the group of automorphism of X" by
GL(n,X). Since a monoid homomorphism maps invertible elements to invertible
elements, the description of GL(n, M), as given in Proposition m, gives rise to a
functor. We have the following result (see [I3, p.16, Proposition 5.2]):

Proposition 3.2.5. The functor GL(n, M) is representable as a monoid scheme.

This immediately implies that the construction given in Proposition [3.2.2] ex-

tends to a sheaf, and it is straightforward to see that it agrees with GL(n, X).
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3.2 Vector Bundles over Monoid Schemes

The coproduct and tensor product of M-sets yield corresponding operations on
vector bundles:

[]: Vect,,(X) x Vect,,(X) - Vect,,,,,, (X)

and

®0, : Vect,,(X) x Vect,,(X) - Vect,,,(X).
Proposition 3.2.6. The tensor product yields an abelian group structure on Pic(X).

Proof. The fact that it is a semigroup is trivial. The identity is clearly Oy, mak-
ing it a monoid. To see that it is a group, we need to give an inverse for a
line bundle £. Just like in the classical case, Homp, (£,Ox) does the trick since

£ ®Homp, (£,0x) 2 Ox. The isomorphism is given by x ® f ~ f(z). Q.ED

Proposition 3.2.7. There is a natural bijection
Vect,(X) =2 H'(X,GL(n,0x))
and isomorphism of groups
Pic(X) = H'(X,0%).
Moreover one has a commutative diagram

Vect,(X) x Vect,, (X) Vectyin(X)

HY(X,GL(k,Ox)) x H'(X,GL(n,0x)) — H'(X,GL(k +n,Ox)).

Proof. This is standard. Assume we are given an open cover U = (U; & X);y,
U; U; = X and a 1-cocycle (f;; € GL(X,Ox)). As in the classical case, the associated
vector bundle is obtained from the trivial vector bundles on U;, by gluing on U; N U;

via f;;. One easily checks that this construction yields a bijection. Q.£D

Corollary 3.2.8. Any vector bundle over an affine monoid scheme is trivial.
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3.2 Vector Bundles over Monoid Schemes

For line bundles this fact first appears in [15, Lemma 5.2].

Proof. This follows from the fact that cohomology vanishes for affine monoid schemes.

See Proposition [3.1.9 Q.ED

Theorem 3.2.9. Let X be a connected, separated monoid scheme of finite type.
Then any vector bundle of rank n is a coproduct of n copies of line bundles. More-

over, this decomposition is unique up to permuting summands.

Proof. The coproduct induces the natural map
Pic(X)™ - Vect, (X). (3.4)

Since the operation induced by the coproduct is commutative, this factors through
the orbit space Pic(X)§, — Vect,(X). We need to show that this map is a bijection.
By the commutativity of the diagram in Proposition [3.2.7, we see that the map in

(3.4)) is the same (up to isomorphism) as the map
HY(X, (0%)") 2 HY(X,GL(n,0x)).

Here i, is the sheaf homomorphism, which fits in the following split short exact

sequence:

0 (O%)" 2 GL(n,Ox) - 5, — 0.

The last term ¥,,, is considered as a constant sheaf. Apply Proposition to get

the short exact sequence of pointed sets
0 (H'(X,0%) > H'(X,GL(k,Ox)) » H'(X,5,) > 1.
By Lemma [3.1.10| i), the last term vanishes. Hence i,, yields the isomorphism

(Pic(X))%, = (H'(X,0%));, = H'(X,GL(k,0x)) 2 Vect,(X),
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3.3 Comparison between Line Bundles over a Monoid Scheme and its
Realisation

and the result follows. Q.ED

For the special case when X =P (in the monoid world), this theorem was first

proven in [5, Theorem 2.6], by completely different means.

3.3 Comparison between Line Bundles over a Monoid

Scheme and its Realisation

Fix a commutative ring k. If M is a monoid, we can define the monoid ring k[ M ], by
considering the free module kM| of rank #|M| over k. We define the multiplication
on the basis according to the monoid structure. As described in [12, Section 5], or
[13], we can extend this construction to monoid schemes, and as such, we have a
functorial way of assigning a k-scheme k[ X] to a monoid scheme X. We call k[ X]
the realisation of X over k.

If S is a free M-set, then k[S] is a free k[ M J-module. After gluing, one obtains
a functor Vect,(X) — Vect,(k[X]). This induces a homomorphism Pic(X) —
Pic(k[X]), or more generally a map Vect, (X) - Vect, (k[ X]), n > 0.

For example, if k is a field, X = P!, then by the classical result of Grothendieck
[23, Theorem 2.1] any vector bundle over P} is a direct sum of line bundles. By
Theorem and the computation of Pic(P') made in [I3, Proposition 4.3], it
follows that

Vect,, (P') - Vect, (P})

is a bijection for all n > 1. We will see soon that this fact is a particular case of a
more general result. See Corollary below.

Let X be a separated monoid scheme. To analyse the natural homomorphism
Pic(X) — Pic(k[X]) we will use the low-dimensional exact cohomological sequence
associated to a spectral sequence of a cover, see Theorem v). In our case it
takes the following form. Let U = (U; = X); be an open cover of a separated
monoid scheme X, using affine monoid schemes U; = KSpec(M;), where M, are
monoids. By our assumption on X and Lemma we have that for any 7,7 we
have U;; = U;nU; = KSpec(M;;) for some monoid M;;. Then the cochain complex of
the covering U, of k[ X] and the sheaf of invertible elements of k[Ox ] = Okx] looks

as follows:

[T > TTRM ) > -

iel
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3.3 Comparison between Line Bundles over a Monoid Scheme and its
Realisation

The p dimensional cohomology of this cochain complex is denoted by Ego. We also

have

E3' = Ker(H Pic(k[M;]) — H Pic(k:[Mij])) :

iel

Then we have an exact sequence (Theorem [1.4.1] v)):
0 - E;° - Pic(k[X]) » EY* — E2°. (3.5)

Recall that a monoid is torsion-free if and only if ™ = ™ for some n > 0 implies
x =y. We will say that a monoid scheme X is torsion-free provided for any affine
open monoid subscheme KSpec(M), the monoid M is torsion-free. One easily sees

that X is torsion-free if and only if Ox, is torsion-free for any = € X.

Proposition 3.3.1. Assume k is an integral domain and X is a torsion-free can-

cellative monoid scheme. Then E3° = Pic(X) and hence the natural map
Pic(X) - Pic(k[X])

s a monomorphism.

Proof. By Theorem 11.1 in [I§], if £ is an integral domain and M is a torsion-free
cancellative monoid, one has (k[M])* = k* x M*. Thus, in this case, the cochain
complex computing F;°-terms is a direct sum of two subcomplexes, corresponding

to the ring and monoid factors. Hence
E;% = H* (U, Ox*)® H*(U, k"),

where k* is considered as a constant sheaf on X. The homology of the second
summand vanishes in positive dimensions and hence the result follows. Q.£D

A finitely generated cancellative monoid M is called seminormal if for any z €
M9 with 22, 23 € M, it follows that x € M. Here M9" is the group of fractions of M.

A monoid scheme X is seminormal provided for any affine open monoid subscheme

KSpec(M), the monoid M is seminormal.
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3.4 Additivity of the Functor Pic

Proposition 3.3.2. Assume k is a PID and X is a seminormal monoid scheme.

Then the natural map

Pic(X) — Pic(k[X])
1S an epimorphism.

Proof. 1t is well known that if M is seminormal, then Pic(k[M]) = 0 (see [T, Theorem
8.4]. It follows that ES' = 0. Hence the result follows from the exact sequence (3.5

and Proposition (3.3.1]). Q.£D

Corollary 3.3.3. Assume k is a PID, and X is a seminormal and torsion-free

monotd scheme. Then the natural map
Pic(X) - Pic(k[X])

1 an 1somorphism.

For X =P, this result was first proven by direct computation in [I3, Proposition
4.3] (if n =1) and it follows trivially from [5, Theorem 2.6] (if n > 2).

3.4 Additivity of the Functor Pic

We now continue to study the Picard functor in more detail. In this section we
will prove that the natural map Pic(X) @ Pic(Y") = Pic(X x Y) is an isomorphism
provided X and Y are separated monoid schemes.

Let T be a contravariant functor defined on the category of separated monoid
schemes, with values in the category of abelian groups. We will say that the functor
T is additive for the pair (X,Y"), if the natural morphism T'(X)@T(Y) - T (X xY)
is an isomorphism. Moreover, T is called additive, if it is additive for all pairs

(X,Y), where X and Y are separated monoid schemes. For instance, the functor
X Ox(X) = H'(X,0%)

is additive, as shown in Theorem [3.1.2]
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3.4 Additivity of the Functor Pic

Lemma 3.4.1. Let X, Y be separated monoid schemes and U,V c X open, such that
X=UuV and W =UnV. Assume the functors X » H(X,0%), i e {n—1,n} are
additive for the pairs (U,Y),(V,Y) and (W,Y). Then X » H"(X,0%) will also be
additive for the pair (X,Y).

Proof. The proof follows from the Mayer-Vietoris sequences for the coverings X =
UuV and Y =Y uY, and using the five-lemma to compare their direct sum with

the Mayer-Vietoris sequence of the covering X xY = (U xY)u (V xY). In more

detail, since X = U uV, we get the Mayer-Vietoris sequence:

> H'"Y(X) > H"(U)e H" (V) - H" (W) -
- H"(X) » H"(U)® H"(V) » H"(W) - ---.

Here we denote H"(A,O%) by H"(A) for simplicity. Likewise, by looking at Y as
the union with itself, i.e. Y =Y uY we get

oo H YY) > H YY) @ HY(Y) » HY(Y)

- H"(Y)->H" (YY) H"(Y) > H"(Y) >
Putting these two together yields:

s H" (X))o HY(Y) » H" (U)o H" (V) e H" (V) @ H" (V) -
> H™'(W)e H"(Y) > H(X) ® H"(Y) >
> H"(U)® H'(V)® H"(Y)® H"(Y) > H"(W) ® H"(Y) > --.

From the assumption now, we have the following;:

s H™Y(X) e H™NY) > H"Y (U x V)@ H" N (V xY) > H" Y (W x V) > 56
S HYX) @ H'(Y) > H'(U xY) @ H'(V xY) > H'(W xY) >
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3.5 Divisors and Line Bundles

The Mayer-Vietoris sequence for X x Y gives us:

RN anl(X ><Y) N anl(UX Y) @anl(vx Y) N anl(WX Y) N ( )
3.7
> HY(X xY) > HY(UxY)® H'(VxY) > H (W xY) > .

Now comparing (3.6 and (3.7) and using the five-lemma, we get the desired result.
Q.ED

Theorem 3.4.2. Let X and Y be separated monoid schemes with finite affine cov-
erings. For all i > 0, one has H(X xY,0%.y) 2 H(X,0%) @ H(Y,05). In
particular

Pic(X xY') 2 Pic(X) @ Pic(Y).

Proof. First recall that for ¢ = 0, this result holds by Theorem [3.1.2] Let i > 1. We
will prove this by induction on the number of affine coverings of X and Y. The
base step holds since the cohomologies vanish for affine monoid schemes, as shown
in Corollary [3.2.8, Now assume additivity holds for all pairs with n and m or less
affine coverings. We will then prove that it also holds for n+1 and m affine coverings.
By symmetry, it will hold for n and m + 1 as well, and hence for any pair of finite
affine coverings.

Let X be a monoid scheme with n + 1 and Y with m affine covers. Then X
can be written as X = X’ uU, where U is affine and X’ can be covered by n affine
components. Since X'NU can be covered by n affine components, by our assumption
of separability, the condition of the above Lemma is satisfied. Hence additivity has
been proven for X and Y, which implies the theorem. Q.E£D

For the special case Y = KSpec(N), this was first proven in [I5] by completely

different means, for the functor Pic.

3.5 Divisors and Line Bundles

We start by defining an analogue of the Cartier divisors for monoid schemes. To

do so, we will closely follow the classical construction of the Cartier divisors for the

25



3.5 Divisors and Line Bundles

usual schemes (see for example [, p. 434-444]).

Definition 3.5.1. Let M be a monoid, we call an element m € M regular, provided

for every elements x,y such that mx = my, we have x =vy.

Denote by R(M) the submonoid of all regular elements of M and by Mg
the localisation of M with respect to R(M). The canonical map M — Mg is
injective.

It is clear that U = Ox(U)r () is a presheaf of monoids. The sheaf associated
to it is denoted by M x and referred to as the meromorphic functions on X. The
same argument as for the classical case shows that the presheaf U —» Ox(U)g () is
separated and hence by Proposition is a subpresheaf of its sheafification M.
Hence Ox — M is injective. Consider now the short exact sequence of sheaves of

abelian groups:
1 - 0% > My > M5 /0% - 1. (3.8)

As in the classical case, the global sections of the sheaf M3 /O% are called the
Cartier divisors. A Cartier divisor is called principal, provided it corresponds to
the image of an element of M* (X).

The quotient of the group of Cartier divisors by the principal divisors is denoted
by CaCl(X).

Recall that a monoid is called cancellative if for every x,y,z € M, xz = yz implies
that x = y. A separated monoid scheme X is called cancellative if for any affine open
monoid subscheme KSpec(M), the monoid M is cancellative. One easily sees that

X is cancellative if and only if Ox , is cancellative for any x € X.

Proposition 3.5.2. One has a monomorphism CaCl(X) — Pic(X), which is an

isomorphism if X is cancellative.

Proof. Take the short exact sequence in (3.8)). We apply iv) from Theorem to

get the exact sequence
M5 (X) - M5 ]O%(X) - Pic(X) - HI(X,M;().

Since Mx is a constant sheaf, so is M and hence its first cohomology is zero. The

result now follows from the definition of CaCl(X). Q.£D
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3.5 Divisors and Line Bundles

This very proof shows us that we actually don’t need for Ox to map injectively
to Mx. We only need for O% to map injectively to M. The rest of this section
will be devoted to generalising the notions of cancellative monoids, regular elements

and the Cartier divisors.

Definition 3.5.3. A monoid M is called s-cancellative provided for any elements
a,z,y with ax = ay we have (zry)"x = (xy)™y for some n € N.

It is clear that any cancellative monoid is s-cancellative. Our next aim is to give
several equivalent conditions for a monoid to be s-cancellative, but first a notation.

For an element ¢ € M we set

pe= U »

cfpeKSpec(M)

Since the union of prime ideals in a monoid is a prime ideal, we see that p. is the

maximal prime ideal which does not contain c.

Lemma 3.5.4. For elements b,c of a monoid M, one has b ¢ p. if and only if there

s a natural number n and t € M, such that

" = bt.

Proof. Clearly b ¢ p. if and only if any prime ideal which contains b contains ¢ as

well. Thus the result follows from [20, Lemma III.1.1]. Q.ED

Theorem 3.5.5. Let M be a finitely generated monoid. Then the following condi-

tions are equivalent:

1. M is s-cancellative.

2. For any elements x,y,a with xa =ya and any prime ideal p such that x,y ¢ p,

there exists an element b ¢ p such that xb = yb.

3. For any prime ideals q c p, the induced map on invertible elements

(M'pyF - (]\/[qyP

1S 1njective.
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3.5 Divisors and Line Bundles

4. For any elements x,y,a with xa = ya there exists an element b ¢ p,, such that
xb = yb.
Proof. 1) = 2). It suffices to take b = (zy)".

2) = 3). Without loss of generality we may assume that q = @. In this case M is
a group, which is obtained by localising M with respect to all of M. This group is
denoted by G. Take an element

geKer((Mp)uG), zeM, yip.

Thus there exists an element a € M such that xa = ya. By assumption this implies

that zb = yb, where b ¢ p and therefore 5 = 1in M.

3) = 4). By assumption the map (M,)* - G is injective for any prime ideal p,
where G is the same as in the previous case. Suppose a,x,y € M are such elements

that xa = ya. Since z,y ¢ p,,, we have
T *
z=—€(M,, ) .
y ( p y)

The condition za = ya implies that the image of z in G is 1. Hence z = 1 by

assumption. Therefore xb = yb for some b ¢ p,.

4) = 1). Assume za = ya. Then by assumption zb = yb, where b ¢ p,,. By Lemma
there is a natural number n and an element ¢ € M such that (zy)™ = bt. So

(zy)"x = btx = bty = (xy)"y.

Q.ED

Definition 3.5.6. A monoid scheme X is called s-cancellative provided for any

q < p the induced map (’);(p - (’);(q 1S 1njective.

By Theorem an affine monoid scheme KSpec(M) is s-cancellative if and

only if M is s-cancellative.
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3.5 Divisors and Line Bundles

Proposition 3.5.7. If X and Y are s-cancellative monoid schemes, then X xY is

again s-cancellative.

Proof. The proof of this is actually trivial. Since the stalks respect the product, i.e.
on the point (p,q) we have M, x M,, where M, and M, are the monoids standing on
the stalks p € X and q € Y respectively, it is clear that if every morphism M, - M,
and My - My coming from inclusions p’ ¢ p € X and ¢’ c q € ¥ are injections,
then the morphism M, x My — M, x Mg is an injection as well. With the above
statement, the proposition is proven. Q.£D

Next we will generalise the notion of regular elements. We call an element a € M

s-reqular, provided for some elements a,u, v with a™u = a™v for any m € N, we have

u(uv)™ = v(uv)™ for some n € N. Denote the set of s-regular elements by S(M).

Lemma 3.5.8. For any element f € M the localisation homomorphism M — My
sends s-reqular elements to s-reqular elements. In particular, if M is a finitely
generated monoid, then the same is also true for the localisation homomorphism

M — M,, for any prime ideal p.

Proof. Let a € S(M) be an s-regular element of M. Assume we have

in My. Ifu' = fi and v’ = &, u,v € M, then we can rewrite

=47

Hence there exists a natural number k € N such that f*a™uf/ = ffa™v f? in M. Since

a is semi-regular, there exists a natural number m € N such that
(f2k+j+iuv)mfkufj — (f2k+j+iuv)mfk’l}fi.

We obtain
fk(2m+1)(uv)mufm(i+j)fj - fk(2m+1)(ufl})m'l)fm(i+j)fi.
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3.5 Divisors and Line Bundles

Hence
(w)™u  (uv)™v

fm(iJrj)fi - fm(z'+j)fj'

Or, equivalently (u'v’)™u’ = (u/v')™v’. Thus a is semi-regular in M. To see the

second part, observe that if M is finitely generated, then X = KSpec(M) is a finite

To-space. Hence any point p € KSpec(M) has a smallest open neighbourhood, say
D(f). Then
My = Oxp = Ox(D(f)) = My

and the result follows. Q.ED

Proposition 3.5.9. The collection of all s-reqular elements S(M) c M is a multi-

plicative subset containing 1, and the localisation map M* — (Msy)* is injective.

Proof. Let a,be S(M). Assume that (ab)™u = (ab)™v for some m € N and u,v e M.
Since a € S(M), we have a™(b™u) = a™(b™v) imply that

(b ub™ )™ (b )

(" ub™ )™ (™)

bm(2n+1) (uv)”u — bm(2n+1) (UU)”'U.

Since b € S(M), we have

((uwv) u(uv) )" (uv) u ((uwv) u(uv) )" (uwv)™v
(u(2n+1)n’un)(U(2n+1)n’vn)u — (u(2n+1)n'un) (U(2n+1)n’vn)v

(uv)(2n+1)n'+nu

(uv)(2n+1)n'+nv

Hence ab € S(M). To see that localising with the s-regular elements of a monoid

induces an injection on the invertible elements, we only have to prove that 7 = =~
in Mgy if and only if m = m’ in M*. But this is easy to see, since T = mT' is

equivalent to saying that there exists an element a € S(M) such that ma = m’a.
Since a is s-regular, we have (mm’)»m = (mm')"m’. But since m,m’ € M*, it

implies that mm/ € M*, hence m = m/, as required. Q.£D
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3.6 Vanishing of Hi(X,0%), i>2

It follows that one can take the localisation Ms(s). Moreover, the assignment

p = (M,)su,) gives rise to a contravariant functor on the poset of KSpec(M).

The associated sheaf is denoted by sMx and is called the sheaf of s-meromorphic

functions on X. Even though Ox — sMx is no longer injective in general, we still

have that O3 — sM¥ is injective. Hence we get the short exact sequence of abelian
groups:

1-> 0% - sMy » sM5 /0% — 1. (3.9)

We call the sections of the sheaves sM?% /0% and sM% the s-divisors and the
principal s-divisors respectively. The quotient of the group of the s-divisors by the
principal s-divisors is denoted by sCI(X). If M is s-cancellative any element in M
is s-regular since for every elements a,u,v with a™u = a™v we have (uv)"™u = (uv)™v
as a™ = be M. Hence sMY is the constant sheaf G, where G is the Grothendieck
group of M. Clearly this is also true for any s-cancellative monoid scheme X. By
Theorem the sheaf O% is a subsheaf of sM?%. For cancellative schemes one
has sM* = M%.

Hence by applying the long cohomological exact sequence to the short exact
sequence we obtain the following fact.

Proposition 3.5.10. One has a monomorphism sCl(X) — Pic(X), which is an

isomorphism if X is s-cancellative.

REMARK 4: Note that neither in the definition of s-regular elements, nor in the

Propositions 3.5.8[ and [3.5.9| did we use the fact that we were working with monoids

and not with rings. Indeed this generalisation as well as that of the Cartier divisors

holds for rings as well.

3.6 Vanishing of H'(X,0%), i >2

A monoid scheme of finite type is called smooth, provided there exist an open cover-
ing with affine monoid schemes of the type KSpec(M ), where M = N"xZs. It is well
known that H*(X,0%), ¢ > 2 vanishes for smooth (ring)-schemes. The aim of this
section is to prove that the analogue holds for monoid schemes. Actually, we will

prove a more general result, see Theorem below. We will generalise smoothness
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3.6 Vanishing of Hi(X,0%), i>2

by introducing the notion of s-smoothness and we prove that the vanishing result is

true for s-smooth monoid schemes.

3.6.1 S-Flasque Sheaves and Functors

A sheaf F of abelian groups on a topological space X is called s-flasque provided
for any open subset U the restriction map F'(X) - F(U) has a section. By Lemma
in our circumstance sheaves can be replaced by functors. So we will work with
functors instead of sheaves.

Let P be a poset. Recall that a subset X c P is called open, provided for any
x € X and y < z, it follows that y € X. Let F' be a contravariant functor on P with
values in the category of abelian groups. F'is called s-flasque, provided for all open

subsets X c Y the induced map
I'(Y,F)=limF, > limF, =I'(X,F)
yeY zeX

is a split epimorphism. It is obvious that such functors correspond exactly to the
s-flasque sheaves under the equivalence constructed in Lemma, [3.1.5]

Let A¢ = (A%).ep be a collection of abelian groups indexed by a poset P. A
functor generated by the collection A¢ is the contravariant functor A on P defined
by

A =114,

y<z

and for <y, the map A, - A, is the natural projection.

Lemma 3.6.1. Let X be a *P-topological space and P the poset associated to X as
in Proposition[3.1.4, part 3. A contravariant functor F defined on P is s-flasque, if
and only if F' is isomorphic to a functor generated by a collection of abelian groups

A€ = (Ai)xeP'

Proof. Assume I is a functor generated by a collection A¢. Then for any open
subset U c X, one has

lim F, = ZEIJA” (3.10)

and hence F' is s-flasque.
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3.6 Vanishing of Hi(X,0%), i>2

The converse will be proven by induction on the Krull dimension dim(X) of
X. The case dim(X) = 0 being trivial. Assume F' is s-flasque. Let us define the
collection A¢ by

AS = ker(F, B, l;gcl F,).

We claim there is an isomorphism 6 : F — A¢. To construct 6, we choose at once

sections s, of the maps f, : F, - lim F, for all z € X. Next, we define
y<x
0,:F,— A,

by induction on the hight of x. If the hight of x is zero, then x is a minimal element
of X, thus in this case F, = A¢ = A,, and we can take 6§, to be the identity map.
Assume 0, is defined for all y, for which ht(y) < ht(z) and let YV = {y € Xy < z}.
The Krull dimension of Y is strictly smaller than the Krull dimension of X. Thus by
the induction assumption, the functor F' restricted on Y is isomorphic to a functor

generated by a collection of abelian groups (A¢),<., and hence by the isomorphism

(3.10) one has an isomorphism:

lim , - [] A¢.

y<z y<z

Using s,, we now can define 6, as the composite of isomorphisms

anAixlimFyaAixHFy:HFy.
y<x

y<z y<x

Q.ED

This result has the following immediate consequence.

Proposition 3.6.2. Let F' be a sheaf on a P-topological space X. Then F 1is s-
flasque if and only if F' is locally s-flasque.

Recall that if P and @) are posets, then P x ) is a poset, with (p1,¢1) < (p2,¢2)
if and only if p; < ps and ¢ < ¢o.
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3.6 Vanishing of Hi(X,0%), i>2

Lemma 3.6.3. Let P (resp. Q) be a poset with the least element denoted by e (resp.
f). Let A (resp. B) be a contravariant functor defined on P (resp. on Q). Define
A x B to be a contravariant functor defined on P x Q) by

(Ax B)(M) = Apx By.

If A and B are s-flasque, then A x B is also s-flasque.

Proof. By assumption A is generated by (A%).cp and B is generated by (B¢)yeq-
Define

A;x By x=ey=f

Ae r+ey=f
Clowy =1

B r=ey*f

0 r+ey+f.

One sees that

(Ax B)(pq) = (HAE) X (HB;) - H Cry

z<p y<q (z,y)<(p,q9)

and the result follows. Q.£D

3.6.2 S-Smooth Monoid Schemes

All monoids in this subsection are assumed to be of finite type.

Definition 3.6.4. An s-cancellative monoid scheme is called s-smooth provided
the sheaf sM% [O% is s-flasque. An s-cancellative monoid M is s-smooth provided

X = KSpec(M) is s-smooth.
Proposition 3.6.5. i) For a monoid scheme to be s-smooth is a local property.
it) If X and'Y are s-smooth monoid schemes, then X xY is also s-smooth.

ii1) Any smooth monoid scheme is s-smooth.

Proof. 1) This is a direct consequence of Theorems [3.6.2 and [3.5.7]
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3.6 Vanishing of Hi(X,0%), i>2

ii) According to [12] X x Y locally looks like KSpec(M; x Ms) for monoids M;
and Ms. So by (i) we need to consider only the affine case. In this case the

statement follows from Lemma [3.6.3]

iii) By previous results, we only need to show that Z and N are s-smooth monoids.
Both are trivial to prove.

Q.ED

Proposition 3.6.6. If X is an s-smooth monoid scheme, then for all i > 2 one has
H(X,0%)=0.

Proof. By the same argument as in the proof of Proposition [3.5.2} the sheaf sM%
is constant, provided X is s-cancellative. Thus for separated and s-cancellative

monoid schemes one has
HI(X,0%) = H™ (X, s My 0%), i>2.

If additionally X is s-smooth, the last group vanishes, because any s-flasque sheaf

is flasque and hence has zero cohomology in all positive dimensions, as mentioned

in Lemma [L.6.1] Q.£D

As a corollary we obtain that H*(X, 0% ) =0, for all ¢ > 2, provided X is smooth.
This finishes the classical analogue and while the proof might have been longer, it
is also more general. Now we give examples of monoids, which are s-smooth, but

not smooth.

EXAMPLE 7: Let
— { i i —
M = <al7...7an’617...’em>/a1...an = al...an.ell...e ”’ e’ =e
Then M is s-smooth.

EXAMPLE 8: Another example of an s-smooth monoid is M = (u, a,b) /u? = ab = u3.
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3.6 Vanishing of Hi(X,0%), i>2

Conjecture. While these examples are distinct from each other, neither are can-

cellative. Indeed I have a suspicion that if M is a finitely generated, cancellative

monoid and M% [|O% is flasque, then M |M~* = Nr.

Since we are not giving proofs, the next example, which is a special case of Ex[T]

is written out in detail to convince the reader.

EXAMPLE 9: Let S = (a,b,e) Jab=abe, e*=e. Then S is s-smooth.

Proof. First observe that e? = e is not going to affect the associated semilattice S*
of S. Hence the Kato-spectrum of this monoid is going to be dual to the monoid
M given in Example @ on page That is KSpec(S) and M* will have the same
ordering. This immediately tells us how the semilattice KSpec(S) is going to look,

including the fact that it has 7 elements. In more detail, we have

X =KSpec(5) = {2, (a), (b), (a,b), (a,e),(b,e),(a,b,e)}.

Hence O3% and sM?% /O% look as follows, in the category of abelian groups (in other

words (a) denotes Z, rather then N, etc.):

I\ RN

VAN .\
N/ .

Since every morphism is the canonical morphism, i.e. a ~ a, it is straightforward to

see that sM% /O% is indeed s-flasque. It is also clear that M is not smooth. Q.£.D
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Lemma 3.6.7. Let M be a finitely generated s-cancellative monoid and X = KSpec(M).
Then

where X |X* denotes the Spectrum of M [M*.
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Part 11

Stacks, Costacks And The
Fundamental Groupoid
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Chapter 4

2-Mathematics

The roots of ‘2-mathematics’ go back to Grothendieck and possibly even earlier.
However, it was only relatively recently that it started to gain popularity in main-
stream mathematics. Today however, 2-categories, or more generally n- or even
oo-categories are seen everywhere in algebraic topology, algebraic geometry and of
course category theory.

Purely from its definition, a (strict) 2-category is just a category enriched in
categories, i.e. where for every two objects A and B, Hom(A, B) is a category.
As such, the categorical philosophy here is that we generalise sets to categories.
Furthermore, just as we were generally interested in objects up to isomorphisms in
category theory, here we are interested in objects up to equivalences. This already
introduces notions like 2-limits and 2-colimits in a natural way.

The topological philosophy however, is slightly different. Here the analogue of
a set, which can be seen as a topological space (up to homotopy) with only 7, is
not a category, but a groupoid. Formally, a groupoid is just a category where every
morphism is an isomorphism. But they can be thought of as a topological space (up
to homotopy) that only has m and 7.

This viewpoint enables for a more conceptual approach to many aspects of topol-
ogy. One of its many uses, is the fact that it enables us to get rid of the basepoint

when dealing with the fundamental group. We will build on this advantage and show

in Theorems[5.1.2/and [8.0.7 that the fundamental groupoid has a universal property.

More precisely, we will given an axiomatic definition using costacks, the dual no-

tion of stacks. To do so however, we need to be familiar with 2-limits and 2-colimits.
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4.1 Introduction to 2-Category Theory

In the first section, we will first give some basic definitions and results on 2-
categories, including groupoids. In Section we will talk about the various types
of limits that arise in 2-categories and compare them with each other. We will
also give explicit constructions for these definitions, except for the general case of
a 2-colimit. As we will prove in Subsection [4.2.5 we can reduce the 2-colimit of
a diagram, to the colimit, by ‘deforming’ our categories. This result has many
calculatory uses as we will show in Section

After this, we will talk a little about the 2-mathematical analogue of sheaves,
namely stacks. Instead of defining them using the descent data however, we will use
the more categorical approach and define them using 2-limits. This will give us a
direct way of defining their dual notion, the less well-known costacks. While we do
not know if costackification exists, in Subsection we give a simplification for

checking whether a 2-functor § is a costack or not.

4.1 Introduction to 2-Category Theory

4.1.1 Definition and Basic Results on 2-Categories

This subsection, as well as follows the second chapter (Lecture) of [36] very

closely, even on notations.
Definition 4.1.1. A strict 2-category € consists of the following:
1. A class of objects, denoted by obj(<);

2. A family of categories Home(X,Y'), indezed by obj(€) x obj(€);
objects of Home(X,Y') are called morphisms of €, or sometimes 1-cells,

morphisms of Home(X,Y') are called 2-morphisms of €, or 2-cells;

3. A family of functors

[z, - Home(X,Y) x Home(Y, Z) - Home (X, Z)
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4.1 Introduction to 2-Category Theory

indexed by obj(€) x obj(€) x obj(&), called composition functors, such that the

following diagram

Idx
Home(X,Y) x Homg (Y, Z) x Home(Z,T) AT Home(X,Y) x Home(Y, T)
HX’Y’ZXIdl l/’I’X,Y,T
Home (X, Z) x Home(Z,T) T Home (X, T)

is commutative for all 4-tuples (X,Y, Z,T) of objects of €;

4. For each object X of €, there is an object ix of Homg (X, X) such that the

following diagrams

’LXxld

1 x Home(X,Y) Home (X, X) x Home(X,Y)

Home(X,Y

and

Home (Y, X) x 1 dix Home(Y, X) x Home (X, X)
Home (Y, X)

commute. Here 1 denotes the category with one object and only the identity

morphism.

Whenever one of our arrows are invertible, we add the prefix iso. For example,
an invertible morphism (i.e. object of Homg(X,Y'))is called an isomorphism, an

invertible 2-morphism a 2-isomorphism, and so on.

Definition 4.1.2. A morphism F: A - B in a 2-category is called an equivalence,

iof we are given the following:
e A morphism G: B - A;

o Two 2-isomorphisms f:FoG —Ildg and g: Go F - |d4.
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4.1 Introduction to 2-Category Theory

Note that there exists a more general version of this, where composition need
not be associative, but only associative up to a 2-isomorphism which satisfies a
coherence condition. But since we will only deal with strict 2-categories, we will
not define the more general version. Indeed we will usually try to define the least

general cases that we need.

Definition 4.1.3. Let € and ® be two 2-categories. We say §:€ - D is a (covari-
ant) 2-functor if

o § takes objects to objects, morphisms to morphisms and 2-morphisms to 2-

morphisms.

e For all chains A B2 C in ¢, we have a 2-isomorphism T ; : jui. = (ji)«,
where i, denotes §(i), such that for all triple compositions A LBLok D,
the diagram

(kji)e —Z k, (ji).

ﬂnyk]‘ ﬂk*ﬂ',j

(k) ain 2= k40

commutes. This is called the coherent compatibility condition.

e On 2-morphisms we require that § respects the composition.

If the above 2-functor is invertible, that is, if we have & : ® — € with §o & =Id
and & o § = Id, then § is called a 2-isomorphism. In this case, we say that € and ©

are 2-isomorphic.

REMARK 5: It should be pointed out, that we use the term 2-isomorphism for two
different concepts. However, since there can be no ambiguity from the context, we

will keep this terminology for simplicity.

Definition 4.1.4. A 2-functor §: € - ® is said to be strict, if for all i,5 € I, the

isomorphism T; ; 15 the identity.

Definition 4.1.5. Let §: € - D and & : € - D be two 2-functors. A natural

transformation ¢ : § = & of 2-functors is the following data:
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4.1 Introduction to 2-Category Theory

o A morphism ¢y : F(U) - &(U) for each U € obj(€),

o A 2-isomorphism «; :i.Qy = oy, for each i:V - U, i.e.

FOV) 2 6(V)

zj /i lz

§(U) ——=6()

such that for each composition W ER) 7R U, the diagram

(i7)«Ow v (i7)«
% o . m
Z’*jx— ¢W : i*gbvj* = ¢U’i*j*

commutes.

An invertible natural transformation is called a natural isomorphism.

Definition 4.1.6. Let ¢, : § = & be two natural transformations of two 2-

functors. A natural 2-transformation p : ¢ — ¥, also known as a fibred trans-

formation or modification, consists of 2-morphisms
pw : ou = Yu,

for each U € obj(€), such that for everyi:V — U, the diagram

i*¢V é QbUi*

i*ﬂvﬂ HHU“
i*wV T} ¢U7;x-

commutes.

Following the notations, if u is invertible, we will call it a natural 2-isomorphism.
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4.1 Introduction to 2-Category Theory

Definition 4.1.7. Let € and © be two 2-categories and § : € - D a 2-functor
between them. We say that § is a 2-equivalence, if there exists a 2-functor & : ® — €,
and two natural tsomorphisms ¢ : Fo® = 1Id, p : B oF = Id. If that is the case, €

and ® are said to be 2-equivalent.

We have the following well-known (see for example in [29, Prop. 1.5.13]) result.

Proposition 4.1.8. The 2-functor § : A - B is a 2-equivalence of 2-categories if
and only if the following two conditions hold:

o For every A, A’ € obj(A) we have an equivalence of categories

Hom 4(A, A") - Homg(F(A),§(A"));

o For every object B € B, there exists an object B' € B, such that B’ is equivalent

to B and B’ is in the image of §.

When § satisfies the first condition, we say that § is full and faithful. When it

satisfies the second, we call § essentially surjective.

4.1.2 Groupoids

Definition 4.1.9. Let & be a category. We say that & is a groupoid, if every

morphism in & is an isomorphism.

Note that we can look at a group as a groupoid by defining its objects to be a
single object, and its endomorphisms to be the elements of the group. Composition
is given by the group law. As such, groupoids generalise groups in a very natural
way. Indeed, one can think of a group as a connected groupoid, due to the following

simple, and well-known lemma.

Lemma 4.1.10. Let & be a groupoid such that for every pair of objects x,y € &,
there exists a morphism ¢ :x —y. Then & is equivalent to a groupoid coming from

a group.

74



4.1 Introduction to 2-Category Theory

A groupoid satisfying the condition of the lemma is called a connected groupoid.
A connected groupoid such that Aut(z) is trivial, is called a trivial or simply con-
nected groupoid. It is equivalent to the groupoid with one object and only the
identity morphism, and is denoted by 1.

But in general, a groupoid is not connected. The set of connected components of
a groupoid is denoted by 7y(®). Likewise, Aut(z) is sometimes written as m(®, z).
We say that a groupoid is discrete, if for every object x of our groupoid, Aut(z)
only has the identity.

Proposition 4.1.11. Let & be a connected groupoid and let x € &. We have an

equivalence of categories
Homgq (&, Sets) = Aut(x)-Sets

where Aut(z)-Sets denotes the category of Aut(z)-Sets.

Proof. We know that equipping a set S with a G-set structure is equivalent to saying
that we have a map G — Aut(S). Since & is connected, we can assume that it only
has one object x. Take F € Homgy (®,Sets) and let F(x) = S, where S is a set.
Since a morphism in the 2-category of categories is a functor, F induces a map
Aut(z) - Aut(S), hence defines an Aut(x)-set. It can be easily checked that natural
transformations between two such functors F and G are equivalent to equivariant

maps. Q.£D

If we changed Sets with FSets, the category of finite sets, this result would still
hold. This result enables us to generalise group actions to groupoid actions, which

we will use in chapter [f]

Definition 4.1.12. Let & be a groupoid. We say that & is a finitely connected,
profinite groupoid, if it is equivalent to the 2-coproduct, in the 2-category of groupoids
(see Subsection , of finitely many, connected groupoids coming from profinite

groups.

Note that this is not the best way to define a profinite groupoid in the general

case, as it does not deal with the topology on its connected components. One should
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4.2 2-Limits and 2-Colimits

define it as simply the filtered 2-limit (see Subsection [4.2.2)) of finite groupoids
endowed with the profinite topology. But for the purposes of this thesis however,

this simpler definition is adequate.

4.2 2-Limits and 2-Colimits

Just like the limit and colimit of a functor are of fundamental importance in category
theory, so too are the 2-limit and 2-colimit of a 2-functor in 2-category theory. If
the 2-functor is strict however, we can also talk about its limit and colimit.

Analogous to how a set S can be seen as a category &, whose objects are the
elements of S and the only morphisms are identities, a category can be ‘lifted’ to a
2-category. Here the objects and morphisms remain the same and the 2-morphisms
are just taken to be the identities. Hence, we can talk about 2-functors between
categories and 2-categories.

The aim of this section is to give the definitions and constructions of the various
limits of 2-categories. Note that, just like in the last subsection, we will not define
the most general cases, but only up to the generality we will actually need. Most
notably, this means that the source of our functors will be categories, rather then
2-categories.

We will give the definitions, as well as constructions, of the limit/2-limit and
the colimit of 2-functors. However, we will not give the general construction for the
2-colimit. The reason is that it is not an easy construction, and as we will show in
Subsection [4.2.5] we will not actually need to for the purposes of this thesis.

We will now fix the notations, that will be used throughout this section. Let
$ : I — Cat be a covariant 2-functor from the category I to the 2-category €at of
categories. For an element ¢ € I, let §; be the value of § at i. For a morphism
Y:i— 7, let ¢, : § — §; be the induced functor. For any chain ¢ ij % k, one has

the natural transformation fu, : V.0, = ()., satisfying the coherent condition.

4.2.1 Limits of Categories

Definition 4.2.1. Let §: 1 — €at be a strict 2-functor. The limit of § is a category

lim§;, together with a collection of morphisms f; : lim§; — §;, such that . o f; = f;.
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4.2 2-Limits and 2-Colimits

This data has to satisfy the following property:

e For any category & with g; : & — §; satisfying V. o g; = g;, there is a unique
morphism g: ® — lim§;, such that for all i, the diagram

t0)
>
|i2m Si 7, Si

commutes.

o Ifg.h:® > Iign S are two functors, then for any collection of natural trans-

formations

a;: fiog=fioh

for which . (o) = a;, there exists a unique natural transformation o: g = h,

such that o; = fia

Proposition 4.2.2. Limits exist, and objects of the category Ii;n S are families
(z;), where x; is an object of the category §;, such that all maps 1) : i - j, one
has V. (x;) = x;. A morphism (x;) = (yi) is a family (f;), where f; : x; - y; is a
morphism of §;, such that for any 1 i — j, one has ¥.(f;) = f;.

This is well known. See for example [I7, p.5]. To define limits for other 2-
categories, such as the 2-category of groupoids, one only needs to consider the

uniqueness condition in said 2-category. Alternatively, one can define limits as

follows:

Definition 4.2.3. Let §: I - A be a strict covariant 2-functor in a general 2-

category A. The limit of § is the following:

o An object lim§; in A, together with morphisms f; : im§; - §;, satisfying
fiou=Fj;
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o [or all objects A€ A, the functor
HOmA(A, Ilm SZ) - llm HomA(Aagi)

given by k:x — (xo f;), where x € Hom4(A,limF;), is an isomorphism.

It is straightforward to see that when A is the 2-category of categories, these two

definitions coincide.

4.2.2 2-Limits of Categories

Definition 4.2.4. The 2-limit of §: [ - €at is a category 2-im3§;, together with a

family of functors (f; : 2-im$; = §i)icobj(ry and natural transformations

(Cy 2 Vw0 fi = f)peHom; (i)

satisfying the coherent condition for any composable maps 1 ﬂ]‘ % kin I. In other

words, C,Cytip = Cuy- These data must satisfy the following properties:

e For any category & with g;: & - §; and compatible ny : Y, o g; = g;, we have
a functor a:® — 2-Ii2m $i and a natural isomorphism a; : g; = f; oa, such that
the diagram

W, 0 gi ===y

Va0 ficaz==fioa

commutes.

o [f there is given a category & and two functors a,b: ® — 2-im§;, then for any

collection of natural transformations

al-:fl-oa:fio@
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4.2 2-Limits and 2-Colimits

for which the diagram

w*ofioa%%ofiob

Cwoaﬂ ﬂCwOb

commutes, there exists a unique natural transformation o : a = b, such that
o = [
Proposition 4.2.5. 2-Limits exist and:

e Objects of the category 2-lim§; are collections (x;,&y), where x; is an object of
Si, while &y 2 . (x;) = x5 for o2 i — j is an isomorphism of the category §;,

satisfying the 1-cocycle condition. That is, for any 1 LN j 5k, the diagram:

v (0 (3)) — 0, ()

l/*’”l[),u fy

(V) (3) e,

commutes

e Morphisms from (z;,&p) to (yi,ny) are collections of morphisms (fi: x; = i),

such that for any 1 :i — j, the following is a commutative diagram:

V(i) 7

uYi) —— ;-

This result is well known and is a particular case of a far more general construc-
tion given in [42]. Comparing this construction to the one given for limits shows us

immediately that the following holds:
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Lemma 4.2.6. Let §: 1 — €at be a strict 2-functor. Then the functor
v:limgF - 2-1im§,

given by
’7(17%) = (xi’ ld)v

is full and faithful.
REMARK 6: Let f: A - B and g : B - C be two morphisms in the 2-limit of

§: I - Cat. Then composition is defined componentwise. To see that consider the

following commutative diagram:

V. (Ai) %—>Aj

w*(fi)j ij

V. (B;) 6¢—>Bj

w*(gz‘)j Lgﬁ

V.(Cy) W—>Cj'

Since 1, the induced functor of 1 : 7 - j, is by definition a functor, we have that
Vo (fi):(9:) = i (fig;). Hence (f;g;) defines a morphism in the 2-limit of §, which
we denote by fg.

REMARK 7: Let (z;,&y) and (v;,vy) be objects in the 2-limit of § : I - €at. From
Proposition 4.2.5| we immediately see that we have the following exact sequence of

sets:

Hom2_|i£ngi(a, b) — I Homg, (a;, b)) —= TI “Homg, (e (ai), b;).

Pii—j

The alternative definition of 2-limits is as follows:

Definition 4.2.7. Let §: 1 — A be a covariant 2-functor in a general 2-category A.
The 2-limit of § is the following data:
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4.2 2-Limits and 2-Colimits

o An object 2-im§; with morphisms f; : 2-im§; - §; and 2-morphisms

Gyt fioe = f;, satisfying the coherent condition, meaning C,Cy by = Cuu;

o Additionally we require that for all objects A € A, the functor
Hom 4(A,2 - 1im§;) — 2 - limHom 4(A, ;)

gwen by k: x > (xo fi,x°Cs), where x € Hom4(A,2-1im3F;), is an equivalence

of categories .

It can be shown that this definition agrees with the above definition in the
case when A is the 2-category of categories. We have the following fact which is

straightforward to check:

Proposition 4.2.8. The assignment
£ : {2-Functors over / with values in categories} - Cat

defined in the following way:
i) {F:1 - C€at} —» 2-limF on objects;

i) {p:§F > &} > {¢ :2-imF - 2-lim &} given by

= (25,8) = (p(2:), 9(£)), {fz =y} =(fi) » (o(fi)

on morphisms, and

i) {X @ = ¢} = {N ¢ = ¢} given by N(¢'(x)) = Mp(x:),0(§)) on 2-

morphisms,

defines a 2-functor.
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4.2 2-Limits and 2-Colimits

4.2.3 Colimits of Categories

Definition 4.2.9. Let § : I — Cat be a strict 2-functor. The colimit of § is a
category colim§;, together with morphisms f; : §; — colim§; such that f; = f; o ..
This data must satisfy the following property:

e For any other category & with g; : §; — & satisfying g; = gj o V., we have a

unique morphism g :colim§; - &, such that for all i, the diagram

Si

commutes.

o Ifg,h:colimF; - & are two functors, then for any collection of natural trans-

formations
a;:go fi=hof;

for which . (o) = a;, there exists a unique natural transformation o: g = h,
such that o; = af;

Alternatively we can define the colimit as follows:

Definition 4.2.10. Let §: 1 — A be a strict 2-functor and A a general 2-category.
Then the colimit of § is:

e An object colim§; of A, together with a collection of functors

fi: i — colim;
such that f; = fjo..

o Additionally, one requires that for any object G of A, the canonical functor

¢ :Hom4(colim§;, G) — lim Hom 4(J:, G),

82



4.2 2-Limits and 2-Colimits

given by c(x) = (xof;), is an isomorphism of categories. Here, x : colim§; - G
is is a morphism in A,

It is well known that colimits exist in the 2-categories of groupoids and categories
[17, p. 36].

4.2.3.1 Construction in the General Case

The construction of the colimit of a diagram of small categories, is quite a bit harder
then the limit. First we will need to define what a graph is, then take the colimit
of graphs, make a free category out of that obtained graph and finally quotient the
obtained category in such a way, that compositions are respected. The following

construction is of course well known. See for example [17, p.4].

Definition 4.2.11. Let A° and Al be sets and let

d° ;
Al == q0 i g1
dl
be a diagram. We say that it is a graph if d° o7 =d' oi =Ids1, and denote it with

A* for short.

Elements of Ag are called objects, while elements of A; are called arrows. For an
arrow f e Ay, d°(f) and d'(f) are called the domain and range of f. For an object

a € Ay, the arrow i(a) is called the identity arrow of a.

Definition 4.2.12. Let A* and B* be graphs. A morphism of graphs f*: A* - B*
is defined to be a pair of maps f°: A® - BY and f': A' - B, such that

o dio f0=flod fori=0,1 and

o ioflzfooz',

Hence we can talk about the category of graphs, which we denote by Graphs.
There is an obvious forgetful functor U : €at - Graphs, which assigns to a small
category C' the sets C° C' of objects and arrows. The forgetful functor has a left
adjoint functor F': Graphs — €at given by assigning to a graph A* the free category
generated by A*.
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4.2 2-Limits and 2-Colimits

Objects of F/(A*) are the elements of A°. For two objects a,b € A°, a morphism
is defined to be a sequence (f1,---, f¥) where f1,--- fke Al dO(f*) = a,d'(f') =b',
and d'(f") = d°(f™*1),0 < i < k. Moreover, if k > 1, then fie Al Ni(A%),i=1,-- k.
Composition of (f1,---, f*) and (g',+,¢g") is defined in the obvious way if k,n > 2.
If k=1and f'=i(a) or n =1 and g' =i(b), then the composition is (g*,---,g") or
(fY, -, f*) respectively.

Let & : I — Graphs be a functor. For any ¢ € I, one has a graph &, with set of

objects B? and set of arrows &!. In this way, one obtains two functors
& &L ] > Sets

and natural transformations

0 .
@1 —>d @0_@>Q51
— .
d

Now passing to the colimits, we obtain a diagram of sets

colim &1 Z:;? colim % —— colim &! ,
which is a graph, and it is the colimit in the category Graphs. Assume §: [ — Cat is
a functor. To take the colimit of §§, we first take the colimit of & := Uo® : I — Graphs
and obtain
& —tre0 .
2

Denote the graph by B. We can form a free category F'(B). For any i, we have a
morphism of graphs «; : U(F;) - F(B). The colimit of §: I — Cat is the quotient
of F(B) by the minimal congruence on F'(B) under which a;(g) o ca;(f) ~ ai(go f),

for all 7 € I and all composable morphisms a EN b cin 5.

4.2.3.2 The Filtered Case

Let I be a filtered category and let § : [ — €at a strict 2-functor. For any i € Obj (1),
any object A € Obj(F;) defines an object [A] in colimF;. For B € Obj(F;), one has
[A] = [B] if and only if there are morphisms i = k Z J, such that a,(A) = B.(B)
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4.2 2-Limits and 2-Colimits

in §x. Any morphism f: A — A’ of the category §; defines the morphism

[f]:[A] = [A"].

For a morphism ¢ : B — B’ of the category F}, one has [ f] =[g], if and only if there

are morphism i = k £ J, such that

a.(A) = B.(B), . (A') = B (B'), . (f) = B:(9)-

If f: A—- A’is a morphism in §; and ¢g: B - B’ is a morphism in F} such that
[A’] = [B'], then the composite [g] o [f]:[A] - [B’] is defined as follows: Choose
morphisms i — k ﬁj such that «,(A’) = 5.(B). Then

(9] o [f]:=[Bsg o f].

4.2.4 2-Colimits of Categories

Definition 4.2.13. Let § : I — €at be a 2-functor. The 2-colimit of § s the
following:

o A category 2-colim3§;, together with a family of functors
;8 > 2-colimg;

and natural transformations Ay : ;. = oy, satisfying the following condition:

For any 1 LA j 5k, the following diagram

Ay

akoﬂw,uw W/\w

Vs S s
*

commutes.
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4.2 2-Limits and 2-Colimits

e For any category C', the canonical functor
Kt Homgg (2 — colim §;, C') = 2 — lim Homgg (i, C)

is an equivalence of categories. Here k is given by k(x) = (x © @i, Xi © Ap).

It is well known that the 2-colimit exists and is unique up to an equivalence of
categories, see, [8, pp. 192-193]. The analogous statement for groupoids holds as
well [22] Exposé VI, Section 6].

4.2.4.1 The Filtered Case

Let I be a filtered category and § : I - Cat a 2-functor in the 2-category of small
categories. The set of objects of the category 2-colim§ is the disjoint union of the
objects of §;. Thus, any object A € §; is also an object of 2-colim§. Take A € §;
and B € §;. Any diagram of the form

1 —>k<—j
and any morphism «,(A) LR B.(B) in §j determines a morphism A — B in the
category 2-colim§. This morphism will be denoted by [«, 3, h]. If we take an other
morphism [o/, 8, h'] with i = k' <B—j and h' € Homg, (o, (A), 5.(B)), then

[, 8,h] = [/, 5, W]

if and only if there exists a diagram k L 1< k', such that vya =y'a’, B =" and

that the following is a commutative diagram:

(). (A) Yoo (A) — 22—, 8.(B) (78).(B)

g i

(va').(A) 720l (A) ——r—=10U(B) (V') «(B).
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4.2 2-Limits and 2-Colimits

It follows from the definition, that if [«, 8,h] : A - B is a morphism in 2-colim§,

then for every morphism v : k — [, one has

[a, B,h] = [ve, vB,v.(h)].

To define the composition in 2-colim§, let [«,5,h] : A > B and [v,d,9] : B > C
be morphism in 2-colim§, where h : a,(A) - B.(A) and g : v.(B) - 4.(C) are
morphism in §, and §,, respectively. Here, i — k £ J and j Lom <1 are diagrams
in I. Since [ is directed, there are morphisms k " & m such that 1B =Cvy. Then

one puts

[’77579] °© [Oé7ﬁ7 h] = [/LO[,,U/B = C’% C*g ° :u*h]

Proposition 4.2.14. Let I be a filtered category and § : I — Cat be a 2-functor.
Take A€ §; and a:i — j, a morphism in I. Then, A and a,(A) are isomorphic in

the 2-colimit of §.

Proof. The diagram i = j ﬁj in 7, induces the map [«,1d;,1dq, (4)] : A = . (A).
Its inverse is given by [Id;, o, Ida, ()] : e (A) = A, which is coming from the diagram
[y Q.ED

By the very definition of morphisms in the 2-colimit, we have the following result:
Proposition 4.2.15. Let §: 1 — Cat be a filtered 2-colimit. Take a € §; and b€ §;

and denote by I, ; := {i Sk, L k}. Then we have a bijection

Homy._colim3, (a, b) = colim Homg, (a.(a), B«(b)).

We have the following straight forward to check fact:

Proposition 4.2.16. The assignment
£ : {2-Functors over I with values in categories} - Cat

defined in the following way:

i) {§F:1 - €at} — 2-colimF on objects;
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4.2 2-Limits and 2-Colimits

i) {¢:§ > &} > {¢:2-colimF - 2-colim&} given by
$=$i'—>g0(l‘i), [@,ﬁ,fl’z_>y]]'_>[(P(a),90(ﬁ),ﬁp(f)]

on morphisms, and

i) {X: @ = ¢} = {N ¢ = ¢} given by N(¢'(x)) = N (' (2:)) = Mep(x)) on

2-morphisms,

defines a 2-functor.

4.2.5 Comparison of the Colimit and the 2-Colimit

Proposition 4.2.17. Let I be a filtered poset and § : I - €at a strict 2-functor.

We have an equivalence of categories
0 :2-colimg§; — colim§;.
1 (2

Proof. We will start by describing the functor §. Recall that objects of the 2-colimit
are the disjoint union of the objects of the §;-s (Section . Since the objects
of the colimit of § are a quotient of the disjoint union of obj(g;) (Section [4.2.3.2),
we clearly have ¢ defined on objects. We also immediately see that ¢§ is essentially
surjective (indeed it is surjective).

To define ¢ on morphisms, take A € §;, B € §; and
e HomQ_COymgi(a, b) = Ckce)IIIT Homg, (a.(A), B.(B))
(for the result and notation see Proposition [4.2.15)). Pick a representative
Sk 2 or i (A) > . (B)

of ¢. Since every morphism in every §; defines a morphism in the colimit, clearly

so does . It is straightforward to see that this map is well defined.
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4.2 2-Limits and 2-Colimits

To show that ¢ is full and faithful, assume d(¢) = 6(¢) in Homcoimg, (6(A4),0(B)).
There exists k € I; ; such that 6(¢)r = 0(¢),. This is the exact same condition as
for the equality in the 2-colimit. Lastly, to prove surjectivity between the Hom-sets,

take f: A — B in the colimit of §. Since f is in the colimit, choose a representative

fr of f in some . Clearly [Id, Id, fi.] € Hom,_coiimg, (A, B) maps to f. Q.ED

Lemma 4.2.18 (Deformation Lemma). Let

A—">B

i2l %\ ljl

C—29
J2

be a 2-diagram of groupoids, that is, X\ : j1i1 = jolo 1S a natural isomorphism. If
the functor iy is injective on objects, there exist a functor j; : B - ® and a natural
transformation K : j; = j1, for which the diagram

i1
—_—

=~

12

B
P

J2

G~

commutes and X\ coincides with Koy : j1i; = J1i1 = Jaia.

Proof. Define jj on objects by

(b),  if b¢ Im(iy
P (b) ¢ Im(ir)
jain(a), if b=ii(a).

To define j; on morphisms, we proceed as follows. Let 3:b; - by be a morphism in

B. To define
J1(8) = 1(b1) = 71 (b2),

we have to consider five different cases.

89



4.2 2-Limits and 2-Colimits

Case 1. by =i1(ay) and by ¢ Im(iy). One defines j1(5) to be the composite:

. o AHar) L . 1(8) . .
J1(b1) = jaia(ar) = juir(ar) = ja(br) === ji(ba) = jf (ba).
Case 2. by =i1(ay), by = i1(az), but 5 ¢ Im(iy). One defines j;(5) to be the

composite:

3 - Alar) . (B) - Maz) ,
1(b1) = jaia(ar) === jrir(ar) = 1 (b)) = 1 (ba) = juir(az) ——> jaia(az) = j(ba).

Case 3. 3 € Im(j1). We choose « : a; — ap in A such that 5 =i;(«). One defines
J1(B) by

J2iz(a)

J1(b1) = jaia(ar) = jaia(az) = ji(ba).

To check that this is independent of the choice of o, consider o' : a; - ay with the
property i1(a’) = 5. Since A is a natural transformation, we have a commutative
diagram

i1 (a) —— iz a)

jlil(a>l=ljm(a’) jQiQ(Q)l ljgiz(a’)

Jrn(a’) — Jez (@)
Since the left vertical arrows are equal and the horizontal ones are isomorphisms, it
follows from the commutativity, that the right vertical arrows are also equal. Hence,
J1(B) is well-defined in this case.

Case 4. by ¢ Im(41) and by =41(az). One defines j{(3) to be the composite

. . i1(B) . .. Aaz) . . .
71(b1) = 1(br) 255 51 (be) = ris(as) == jais(as) = ja(by).

Case 5. by ¢ Im(iy) and by ¢ Im(iy). One defines ji(3) as

.y . i1(8) . .
(b)) = g1 (br) 25 i (by) = 71 (ba).
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4.2 2-Limits and 2-Colimits

Checking case by case shows that j{ is really a functor, with j{i; = jois. Define s by

|dj1 b)>s if b¢ Im il
w(b) = | O ¢ Im(iy)
AMa), if b=1i1(a).

One easily sees that j| and x satisfy the assertions of the Lemma. Q.£D

Theorem 4.2.19. Let

C

be a diagram of groupoids, where iy is injective on objects. Then the colimit and the

2-colimit are equivalent.

Proof. Consider the diagram

where P is the pushout and W is the 2-pushout (weak pushout) of C 245 B

Let E be any groupoid and consider:

Hom(A, F) ~ Hom(B, E)

T

Hom(C, E) <— Hom(P, E)

RN

Hom(W, E).

Since Hom(—, F') maps pushouts and 2-pushouts to pullbacks and 2-pullbacks, we
have that Hom( P, E') and Hom (W, E') are the pullback and 2-pullback of the diagram
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Hom(A, E) bl Hom(B, E) A Hom( P, F) respectively. Using Lemma [4.2.6, we know

that a* is full and faithful. To see that it’s an equivalence of categories, we only
need to show that it’s essentially surjective.

Since as mentioned Hom(W, E) is the 2-pullback, taking an object there is the
same as taking objects in Hom(B, E') and Hom(C, F), and an equivalence between

these objects in Hom( A, E'). That is to say we, have a 2-commutative diagram:

21

-

12

N
o

|

From this, we immediately see that the Deformation Lemma (4.2.18]) shows essential
surjectivity of a*. This in turn, using the Yoneda lemma for 2-categories [32, Lemma
2.3], shows that a: W — P is an equivalence of categories, completing the proof.

Q.ED

4.3 Stacks and Costacks

In this section we will talk about the 2-categorical analogues of sheaves and its dual
notion cosheaves, which are called stacks and costacks respectively. We will define
these using the 2-limit and 2-colimit constructed in the previous section.

As we will show, a costack is a very important construction. Indeed, saying that
a 2-functor is a costack, is equivalent to saying that it satisfies a slightly reformulated
version of the Seifert-van Kampen theorem for every covering. Lastly, we will give a
simplified method for checking whether a 2-functor § is a costack, by showing that
it suffices to check whether § satisfies the costack condition for every covering with
only 2 objects.

Stacks and costacks will play a major role in this thesis, as it is our aim to prove
that costacks enable us to axiomatise the fundamental groupoid. We will use stacks
to prove this result in the algebraic case, as we will work with Galois categories,

which form a stack over the site of étale coverings.
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4.3.1 Stacks

As already mentioned, this subsection follows [36] closely, even on notation. Let X
be a site and § : X°? - Cat a 2-functor, where €at is the 2-category of categories.
This is called a fibred category over X. If § is a strict 2-functor, we would call
it a strict fibred category. It should be noted to avoid any confusion, that this is
often called a prestack (which we call something else). We will however stick to
this terminology. If we have two (strict) fibred categories over X, then a morphism

between them is called a (strict) fibred functor. The following important fact holds:

Lemma 4.3.1. Let § be a fibred category over X and A, B be objects in F(U). The
assignment V. = Homg)(i*(A),i*(B)), for any morphism i : V — U, defines a
presheaf on X|y. It is denoted by Homgz(A, B).

Definition 4.3.2 (Prestack). If the presheaf Homgz(A, B) is in addition a sheaf, we

say that § s a prestack.

It is clear that every prestack is a fibred category. Hence, we have the inclusion
2-functor
A {Prestacks over X} — { Fibred Categories over X}

given in the obvious way. This 2-functor has a left adjoint, called prestackification,
which is given by sheafifying the functors Homz(A, B) for all A and B. More pre-
cisely, to a contravariant 2-functor §: X — €at, we assign §: X — €at. The objects
of the category F(U) are the same as that of §, and for every pair of objects (A, B),
we define Homg ;) (A, B) to be the section of the sheafification of Homg(A, B), seen
as a contravariant functor.

Let X be a site and § : X°? - Cat a 2-functor. Let U be an object in X and

U ={U; > U} a covering of U. Then we can consider the following diagram:
N3(U:) —= M SWUy) = T S(Ui),
iel i,jel i,5,kel

where U;; := U; xpy U; and U, := U; xp Uj xy Uy, We denote its 2-limit by 2-lim (4L, §)
and if the above 2-functor is additionally strict, its limit by lim (4, §). Note that the
last part 1 §(Uijx) does not factor in the limit, if it is defined, only the 2-limit.
Also noteZ JtJflEEit the 2-limit in this case is usually called the descent data and the
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following notation Des(4, §) is often used. But since we will work with 2-limits and

2-colimits throughout this thesis, we will keep using the above notation.

Definition 4.3.3 (Sheaf of categories). A strict fibred category § over a site X is
called a sheaf, if for all objects U of X and for all coverings U of U, the functor

S(U) - im(L, F') is an isomorphism of categories.

Definition 4.3.4 (Stack). A fibred category § over X is called a stack, if for all
objects U of X and for all coverings L of U, the functor F(U) — 2-lim(L, ) is an

equivalence of categories.

Let X be a site. From Remark [7|on page |80| we immediately see that every stack

over X is also a prestack over X, i.e. we have an inclusion 2-functor:

B : {Stacks over X} — { Prestacks over X }.

Proposition 4.3.5. [Stackification] The 2-functor B has a left adjoint, called stack-

ification. If § is a prestack, its associated stack is defined by

F(U) = 2- colimg (2- lim (L, §)).

For the proof of the above proposition, see [36, Theorem 2.1]. Just like for

sheaves, the associated stack of a 2-functor can also be defined by its uniqueness

property.

Definition 4.3.6 (Uniqueness Property). Let § be a fibred category over a site X.
Then § is the associated stack of § if we are given a natural transformation § = kS

of 2-functors, such that for every stack & over X, the induced functor
Homs:(§,®) = Homey(F, 8),

is an equivalence of categories. Here St denotes the 2-category of stacks and Fb the

2-category of fibred categories.
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Hence, by simply composing 4 and B and their adjoints, we can associate a stack
to every fibred category over X. But there exists another, direct, way of stackifying

a 2-functor, as shown in [41, Theorem 3.8]:
Proposition 4.3.7 (Direct Stackification). Let §: X — €at be a 2-functor and de-
fine F'(U) = 2-colimy(2-lim(4L, F)). Clearly we can iterate this construction. Then,

T = F"(U) = 2-colimgy(2-lim(LL, §"))

15 the associated stack of §.

4.3.2 Costacks

4.3.2.1 Cosheaves

Before we define the dual notion of a stack, we will mention what it means for a

functor to be a cosheaf.

Definition 4.3.8. Let X be a site and G : X - A be a functor with values in a
category A. We say that G is a cosheaf if for any covering i = {U; - U} of any
object U € X, the diagram

bo a

is exact, where 1 is the terminal object of A. In other words, G(U) is the coequaliser
of by, by. That is to say, G is a cosheaf if and only if for any object S of A the presheaf
F defined by F(U) =Homs(G(U),S) is a sheaf of sets [§].

Definition 4.3.9. Let G: X - A be a functor from a site X to a category A. We
say that G:X - A is the associated cosheaf of G, if:

e We are given a natural transformation € : G = G

o [or any cosheaf G' : X — A and any natural transformation ¢ : G' = G, there
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is a unique natural transformation ¢ : G’ = G, such that the diagram

G == G

(Y

commutes.

4.3.2.2 Costacks

Let X be asite and § : X — €at a 2-functor, where €at is the 2-category of categories.
Dually to Subsection [4.3.1], we call this a cofibred category over X. Take an object
in U € X with a covering il = {U; - U}. Consider the following diagram:

N3U:) == N §(Uy) = N FUi),
iel i,5€l i,5,kel

where U;; = U; xy U; and Uy, = U; xpy Uj xg U, We denote its 2-colimit by 2-

colim(,F). If §F is additionally strict, we can also talk about its colimit, which is

denoted by colim(4, §). Note that the last part [1 §(Uij,) does not factor in the
i,J,kel

colimit, only the 2-colimit.

Definition 4.3.10 (Cosheaf). A strict cofibred category § over X is called a cosheaf,
provided, for every object U of X and every covering 4 of U, the induced functor

S(U) < colim(4, §), is an isomorphism of categories.

Definition 4.3.11 (Costack). A cofibred category § over X is called a costack, if
for every object U of X and every covering 3k of U, the functor F(U) < 2-colim(4, F)

is an equivalence of categories.

Due to the fact that Hom(—, A) is left exact, we immediately obtain the following

lemma:

Lemma 4.3.12. Let § be a cofibred category over X. Then § is a costack, if and

only if for every category C, the assignment U —» Home(F(U),C) is a stack.
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It should be noted that since Hom(-, A) is not (in general) right exact, the
duality between stacks and costacks breaks down here. Namely, it would not be
sufficient to check that U —» Homgq(F(U),—) is a costack for § to be a stack.

Definition 4.3.13 (Uniqueness Property). Let § be a cofibred category over a site
X. Then § is the associated costack of § if we are given a natural transformation

F= @, such that for every costack & over X, the induced functor

HomCofb(®7 8') = HomCOSt(®7 §)7

is an equivalence of categories. Here Cofb denotes the 2-category of cofibred cate-

gories and Cost the 2-category of costacks.
Note that if our 2-functor § took values in groupoids, it would suffice to check

it only for costacks with values in groupoids. Unfortunately, unlike for stacks, it is

not known whether every cofibred category has an associated costack.

4.3.2.3 From 2-Pushouts to Costacks

We will restrict ourself to topological spaces in this subsection, rather then work
with general sites. Although this result should hold for sites as well, there are some
additional difficulties, and since we will only need it for spaces, we will lower the

generality.

Definition 4.3.14. Let n > 2 be an integer. We will say that a strict 2-functor

S : Off(X) — Cat has the property sh(n) (resp. st(n)), if for any open subset U of

X and any open cover Uy,---, U, of U, the canonical functor
S(U) — I, §(U;) =—=TI1,; §(Uy)]
is an isomorphism of categories, (resp.

S(U) —2-1im[[1; F(U;) == 1, ; S (Usi;) == T1 S(Uij]

Z7j7k
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4.3 Stacks and Costacks

is an equivalence of categories). That is to say, § satisfies the sheaf (resp. stack)

condition for all coverings having n-members.

In an analogous way we can define cosh(n) and cost(n).

Theorem 4.3.15. Let X be a topological space and § : OFf(X) — Grpd a covariant

2-functor that commutates with filtered colimits.

o Assume § is a strict 2-functor. Then § is a cosheaf if and only if § has the

property cosh(2).

e § is a costack if and only if § has the property cost(2).

To prove this, we first need to prove the following lemma.:

Lemma 4.3.16. If § satisfies the condition sh(2) (resp. st(2)), then § satisfies the

condition sh(n) (resp. st(n)) for any n > 2.
Proof. We consider only the case n = 3, since the only difference between this and
the general case is the notation. By definition, the objects of

2-1im[I1; S(U;) == 1T1,; §(Us;) == I1 §(Us;r)]

Z7j7k

are

((91792793)7 12,03, 0423)

where g; is an object of F(U;), i =1,2,3 and a1s : g1]uy, = 92lvrs, @13 1 91luys = 93lvss,
and o3 : galvys = 93luys are morphisms in F(Uiz), §(Uis) and §(Usz) respectively.
One also requires that these data satisfy the 1-cocycle condition. The morphisms
are (hy: g1 = gy, ha: g2 =~ g4, hs : g3 = g4), such that restricted on the intersections,
the obvious diagrams commute.

We set V' = Uy uU,. Since § satisfies the condition st(2), we can assume that

the objects of F(U) = F(V uUs;) are the same as those of the category

2 im[F(V) x §(Us) == F(V 0 Uy)].
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4.3 Stacks and Costacks

Hence, we can assume that they are of the form

((.%)793)77 : gv|VmU3 - g3|VmU3)a

where g, is an object of §F(V'). Since V = U; uU; and § satisfies the condition st(2),

we may assume that the objects of (V') have the form

Gv = ((91792)75 : 91|U12 - 92|U12)'

Thus, the objects of F(U) = §F(V uUs), can be written as

((91792a93)7 d: 91|U12 e 92|U12a’71 : gl|U13 - g3|U13772 : 92|U23 - g3|U23)7

such that

gl|U123 —>g3|U123
5|U123l lm
92|U123 _>g3|U123
commutes. Since the last condition is exactly the 1-cocycle condition, we can see

that the categories §(U) and

2-1im[T1; §(U)) == 11,; (Ui xv Uy) == 1 (Ui xu U; xu Uy)]

1,5,k

have essentially the same objects.

The morphisms of F(U) = F(V uUs) are (pv : gv = gi,, ¢us : g3 = g5), such that
the obvious diagram commutes. Those of F(V') are (Ay, : g1 = 9], A, * 92 = 95),
such that again, the obvious diagram commutes. Hence, plugging one into the other,

we get: (v 1 gu,uts = 90,00, PUs * 93 = g5). That is, the morphisms of F(U) are

(Quy 291 = 91,00, : 92 = Gby Uy = G3 — G5),

such that on the pairwise intersections, the restrictions agree. This shows that §(U)
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4.3 Stacks and Costacks

is equivalent to
2-im[IT; $(U;) —= 11, (Ui xp U;) == HkS(Ul xy U xp Uy)] -
17-]7

Hence st(3) holds.
The fact that sh(2) implies sh(3) is a special case of the above proof, by simply
taking the «;-s to be identities. Q.£D

Proof of Thm[{.3.15 The ‘only if’ part is obvious. Assume § satisfies the condition
cosh(2). This is equivalent to saying that the functor §g, defined by

$g(U) = Homeroa(F(U), G),

satisfying the property sh(2) for every groupoid G (see Lemma. [4.3.12)). From
Lemma , we know that §g satisfies sh(n) for every n € N and every groupoid
G. Hence, by using Lemma again, we know that § has the property cosh(n).

Let U be an open set and {U;}i; be a cover of U. Denote by f(I) the set of
finite subsets of I. Then f([7) is a filtered system. For a fixed A € f(I), we denote
Uy = U; U, i € \. By assumption, § satisfies the cosheaf condition for any finite

covering. We have

3(U) = S(co/l\im Uy) = co!\im S(Uy) = col\im(colim[‘LI/\S(Uij) —= 1I5U)]) =

i,j€ (1PN

coIim[coLim 11 3(U;;) :;m/l\im L& (U;)]s =colim[ [1 §(U;;) —= LU F(U;)]
1€ i, g€l

7,J€EA i,j€ iel
as desired. Here the second equality is true by the assumption that § commutes

with filtered colimits. Recall that by Proposition we have

SWU) = coLim S(Uy) = 2- co!\im S(Uy).
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4.3 Stacks and Costacks

Thus, we can repeat the above computation, replacing col\im with 2- co/l\im and

coIim['I_IIS(UZ-j) — LAI’S(UZ)]

i,J€

with
2-colim[ I §(Uiyx)== U §(U;;) —= U FU)].
irj kX ijel iel
In this way we, prove the analogous statement for costacks. Q.£D

Theorem 4.3.17. Let X be a topological space and § : Off(X) — Grpd a cosheaf

satisfying the following properties:

e For every inclusion U c V', the induced functor F(U) - F(V') is injective on

objects;
e § commutes with filtered colimits.

Then § is a costack.

Proof. Since § is a cosheaf, it clearly satisfies the condition cosh(2). Using Theorem

4.2.19, we know that § satisfies cost(2) as well. Hence the second statement of
Theorem now implies the desired result. Q.ED
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4.4 Examples of Stacks

4.4.1 Modules and Algebras

Let R be a commutative ring with unit and R — S a faithfully flat R-algebra.
By abuse of notations, we denote P g Q by P ® (). For any homomorphism of
R-modules

VP8 ® P> Q @ ®Qu,

we denote by
Vi P®®FP 1985S9P®®PFP,>Q;®®Q; 19850Q,;®®Q,, (4.1)

the homomorphism obtained by tensoring with Idg in the i-th position. Let M, be
an R-module and M = My ® S. The canonical automorphism g: S@ M - M ® S
given by g(s1®1r®s2) = x ® 81 ® S5 satisfies the the 1-cocycle condition, i.e. g2 = g3g1,
where the g; are defined as in [£.1 More explicitly, the diagram

SeSeM & MeS®S

g1 g3

SeM®S

commutes. Such an S®S automorphism g is called a descent datum for the S-module
M. The collection of all such pairs (M, g) with morphisms f : (M, g) - (N, h) being
the obvious commutative squares, is the descent datum of the covering R — S in the
faithfully flat topology. As we already remarked in our discussion with stacks, we

prefer to work in terms of 2-limits. Hence, we observe that we have the diagram
0—=R——=95—=S®@rS==S5S®rp5®rS

associated to R - S. Acting on this with the functor M, where M denotes the

assignment R — {Modules over R}, gives us the diagram:

0—= M(R) —= M(S) == M(S) & M(S) === M(S) & M(S) & M(S)
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4.4 Examples of Stacks

whose 2-limit we denote by 2-lim(S/R, M). This is the descent data we mentioned

above and hence, we have defined the functor

£s: M(R) - 2-lim(S/R,M)}

on objects. On morphisms, we send f: My - M/ to f®1: My®r S - M) ®rS.

Proposition 4.4.1. The functor £s constructed above is an equivalence of cate-
gories.
For the proof of this, see |28, chapter 3. (p.106) Prop. (1.1.1)]. But indeed

more is true. Denote by M(Y') the category of quasi-coherent sheaves on Y. The
following holds:

Proposition 4.4.2. Let f: Z - Y be a faithfully flat morphism of schemes and let
L7: M(Y) = 2-lim(Z]Y, M) be a functor, extending £ in the obvious way. Then,
£ 1s an equivalence of categories.

For the proof see [21, p.154, Corollary 1.3]. Let X be a scheme and FFy the

site of faithfully flat schemes over X. We say that a 2-functor § : FFx — €at is
additive, if for every VY’ e FFx, F(YLIY") =F(Y) xF(Y").

Lemma 4.4.3. Let X be a quasi-compact scheme and § : FFx — Cat be additive.
Then § is a stack, if the functor £z : F(Y) - 2-lim(Z/Y,§) is an equivalence
of categories for every covering Z — Y in FFx. Here £y denotes the canonical

inclusion map into the 2-limit.

Proof. Let Y - X be an object in FFx and {Z; - Y} a covering of Y. Since every
Z; =Y is flat, the coproduct [ Z; - Y is flat, and since the collection is a covering,
it is furthermore faithful. Hence, Z :=[[ Z; € FF x and so we can use the condition

of the proposition to say that

0—=3FY)—3F(2) —=F(I xy 2)==F (I xy Z xy Z)
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is 2-exact. By the assumption that § is additive, we know that
§(Z xy 2) 2 [[3(Zi;) and F(Z xy Z xy Z) 2 [[F(Zijn),

where the Z;;-s and the Z;;,-s are the ‘intersections’ of the Z;-s, i.e. Z; xy Z;. We

have the following 2-exact sequence:
0—=3FY)—TI138(Z) =—==115(Zi;) =115 Zi;x)-

This proves the assertion. Q.£D

Proposition 4.4.4. Let X be a quasi-coherent scheme. The assignment Y — My
forms a stack in the faithfully flat topology over X.

Proof. By Proposition[d.4.2)and Lemma[4.4.3) we immediately see that the only thing
to prove is that M is an additive functor. In other words, that it takes coproducts
to products. By the fact, that a module over a scheme is a sheaf of modules on its
underlying space, it is clear that we only need to check it for the basis of open sets,

which are affine. So we only need to check that for a ring R,
MR(Sl X Sg) = MR(Sl) X MR(SQ)

To see this take an S; x S5 module M, and consider M; = e; M and My := eo M as
modules over S; and S5 respectively. Here, e; and ey are the obvious idempotents
of S x Ss. In essence we only need to check that M 2 e; M x es M.

Define the map M — ey M x esM by m — (eym,eam) and the inverse maps by
(m1,my) = mq +my. Clearly, m — (e;m,eam) — eym + eam is the identity, since
exm +eam — (1,1)m = 0. The other side follows from the fact that e; My =0 = es M7,
where M is a module on S; and M’ on S;. On homomorphisms, we define it by
sending f € Hom(M, N) to (e1 f,eaf) and (f1, f2) € Hom(M; x My, N1 x N3) to fix fo.

Q.£D
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It is clear that this result also extends to the case of finite modules by essentially

just repeating the proof.

Proposition 4.4.5. Let X be a quasi-coherent scheme. The assignment Y — Ay

forms a stack in the fpgc topology over X, where Ay denotes the category of affine

schemes over'Y .

The proof of this is given in [43, Theorem 4.33]. We also mention that the above

is true for quasi-affine schemes as well.
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Chapter 5

The Topological Fundamental
Groupoid

In this chapter, we will prove one of the main theorem of this thesis. We will
show that the topological fundamental groupoid can be defined by the Seifert-van
Kampen theorem. More precisely, we will show that for a topological space X, the
assignment U ~— I1;(U) defines the 2-terminal costack over X.

The methods we use to prove this result however have also independent uses.
In Section we will give several examples of such applications, including giving
a simple way to calculate the fundamental group of real, smooth, toric varieties

explicitly, in terms of generators and relations.

5.1 The Seifert-van Kampen Theorem

Our aim in this section is to establish a 2-dimensional analogue of the following
easy, but important fact. Recall that for an open subset U c X, the set of connected

components is denoted by 7o (U).

Lemma 5.1.1. Let X be a locally connected topological space. The assignment
U mo(U) is a cosheaf, which is a terminal object in the category of cosheaves on
X. Alternatively, it is the cosheafification of the functor pt given by pt(U) = x where

* denotes the singleton.
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5.1 The Seifert-van Kampen Theorem

Proof. The proof is done by the universal property of the associated cosheaf. For
this, we first need to construct a map « from G to pt for, every cosheaf G defined on
X. Then, we need to check that it is unique. To define G(U) — pt(U), consider the
cover {U;} of U by its connected components. Since the intersection of connected
components is either itself or empty, and 7y of a connected space is the singleton, it

is clear that we have unique maps

b
L, G(U;nU;) _>—b> L G(U) —= G(U) — 1

T

b Y
i mo(Us nUj) —bo> 11 mo(U;) — mo(U) — 1.
1

It follows from the exactness of the above sequences that there is a unique map

G(U) > mo(U). 0ED

Now we turn to costacks with values in groupoids. Recall that a groupoid G is
simply connected, provided for any two objects a and b of G, there is exactly one
morphism a — b.

Recall that an object t of a 2-category A is 2-terminal, provided that for any
object = of A the category Hom 4(z,t) is a simply connected groupoid, which is to
say that Hom 4(x,t) is equivalent to the groupoid 1, with one object and one arrow.

For a topological space X, we let I1;(X) be the fundamental groupoid of X, see
[6]. Recall that the objects of II;(X) are the points of X, while morphisms are the
homotopy classes of paths. It follows immediately that for every element z € I1;(X)
we have Aut(z) = m(X,z). Furthermore, if we denote by my(II;(X)) the set of
connected components of the fundamental groupoid, then m(I1; (X)) = mo(X). We

have the following result:

Theorem 5.1.2 (Seifert-Van Kampen). Let X be a topological space. The strict
2-functor given by Iy : U — I1;(U) defines simultaneously a cosheaf and a costack

with values in the 2-category of small groupoids.

Proof. In [0, p. 226, Statement 6.7.2] R.Brown demonstrated that for V' = Uy u Uy
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5.1 The Seifert-van Kampen Theorem

and W = Uy n Us, the pushout of the diagram

I, (Uh)

|

is I1;(U). This essentially says that the strict 2-functor II; satisfies cosh(2). Since
IT; commutes with filtered colimits, we can use Theorem to deduce that II;
is a cosheaf.
Since for any inclusion W < Uj, the the functor II; (W) — II;(U;) is injective on
objects, Theorem gives us the desired result. Q.£D
It should be noted that [33, Theorem II.7] essentially showed the cosheaf condi-

tion, but only for coverings with connected open sets.

This already demonstrates the importance of costacks, but indeed more is true.

Definition 5.1.3. Let X be a topological space and U c X an open subset. We
call a covering 4 = {U;}ier of U discrete (of order 3), if every I11(U;), 111 (U;;) and
I, (Uiji) are discrete groupoids. Recall that we called a groupoid discrete, if for any

two objects x,y we had at most one morphism between them.

Call a topological space X good, if any open subset U of X possesses a discrete

covering. We can now state the main theorem of this section.

Theorem 5.1.4. Let X be a good topological space. Consider the constant, strict
2-functor P : U — 1, where 1 is the trivial groupoid. Then P has an associated
costack, which is the fundamental groupoid, i.e. P(U) = I, (U). Thus the costack

given by U — 111 (U) is a 2-terminal object in the 2-category of all costacks on X .

Proof. By Theorem [5.1.2] the 2-functor IT; : U + II;(U) is a costack. To prove that
it is the costackification of P, we will use the universal property. It is clear that
for any 2-functor @ : Off(X) — Grpd we have a canonical 2-morphism q : Q - P
of 2-functors. So we only have to prove that given a costack @ : Off(X) — Grpd,
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there exists an essentially unique 2-morphism « : @) - II; such that q = p o o, where
p : Il - P is the canonical 2-functor.
To define a(U), cover U by a discrete covering (of order 3). We can do this by

the assumption on X. Since () is a costack

Z]J_IkQ(UZ nU;nU,) == ZLJI QU nU;) —= ];I QUU;) —QU)——1
is 2-exact. Likewise for II;. Note that on the empty set @) is empty, just like II;.
For the U;-s and their non-empty intersections U; n U; and U; n U; n Uy, 11, is a
trivial groupoid, since they are simply connected. It follows that there is essentially
a unique functor from Q(U;), Q(U;nU;) and Q(U; nU; nUy) to 11, (U;), I, (U;nU;)
and II; (1; n U; n Uy), respectively.

Hence, by 2-exactness, we get a map, which is unique up to a unique natural
transformation «(U) : Q(U) — II;(U) satisfying the compatibility condition. It is
also clear that q =p o« since q is unique.

Q.£D

5.2 Examples

In this section, we will use the obtained results to calculate the fundamental group
of some real geometric objects. (By real we mean a subset of R"*). Throughout this

part, we will use the following notations for discrete groupoids:
e Denote the groupoid with one object and one morphism by e;
e Denote the groupoid with 2 objects and no non-identity morphisms by e .

e Denote the groupoid with 2 objects x,y and one non-identity isomorphism
(03

a:x -y fromxtoyby ¢ e;andsoon.

Let X be a topological space and $ = {U;};; a covering of X. Assume that [ is
a finite set and for all ¢, I1;(U;) is a finitely connected, discrete groupoid. The

advantage of 2-colimits is that the groupoids involved can be changed by equivalent
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ones. Hence, using Theorem [5.1.2] we can assume that all functors in the diagram

associated to a covering

I 1L (Uije) = U 1L (Uyy, ) —= L 1L(U;)

ij.k 2

are injective on objects. Using Theorems 4.2.19 and 4.3.15, we know that the 2-

colimit of the above diagram is equivalent to its colimit. That is, the colimit of the
following sub diagram:
2,J 1

EXAMPLE 10 (The Sphere): Let us cover S by U; and Us, where both are open subsets
of S1, with a single point removed (of course different). Let V' be the intersection of
U, and Us. Then we have II1(U;) =11 (Us) = e and I, (V) = e e . Hence the

diagram of groupoids, associated to the covering, is

[ ] [ ]
\/ |
This is equivalent to
a B
° —= ° ° = °

From the construction of the colimit given in Subsection 4.2.3.1] we know that

a—l

the colimit of the above diagram is the free category of the graph ¢ e modulo
B

671
the composition quotient. Since we are only interested in the colimit up to an

equivalence of categories, we can use any of the arrows to equate the two objects.

We choose a and see that the fundamental groupoid of S! is connected, and the
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automorphism group is isomprhic to

(a,a‘l,ﬁ,ﬁ‘l)/[a =l,aoa™t=1,808"1=1].

This is clearly Z.

Compare this computation with the computation in [0, pp. 233-234] which uses
the more complicated groupoid I1; X A, where A is an additional set.

Since the construction of the colimit was described for categories, we also had to
write the inverses for every morphism and then quotient out the fact that coa™ = 1.

But from now on, since we are restricting ourselves to groupoids, we will omit them
(6%

from our notation. Hence for example, the above graph would become e :j o
B

5.2.1 The Fundamental Group of Real Smooth Toric Vari-

eties

The above method makes it essentially straight forward to calculate the fundamental
groupoid of an object X, if we are given a discrete covering. Note that while most
real geometric objects admit a discrete covering, writing it down explicitly can be
tricky. However, there are situations when we can do it, as we will discuss in this
subsection.

For a monoid scheme X, we denote by R[X], the realisation of X over the real
numbers. Here we look at R[X] as a real geometric object, rather then a scheme.
For simplicity, we will restrict ourselves to the case when X is noetherian, smooth
and connected.

Recall that a monoid scheme is smooth if it is coverable by affine monoid schemes
of the form KSpec(Nri x Z#%). The assumption that X is connected implies that

r; + s; = m, where m is a constant integer. The localisation homomorphism
N x 75 — N'i-1 x Z,Si+1

corresponds to removing the hyperplane z; = 0 (where z; was inverted) in its reali-
sation.
An affine covering {A;} of X induces a covering of its realisation, which we call

an affine covering in this subsection. Clearly IT;(R[N" x Z%]) is equivalent to a
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discrete groupoid with 2% elements and the localisation homomorphisms
I (R[N" x Z%]) — T (R[N x Z*+1])

are surjective on objects.

By adding isomorphic objects, we can replace a functor between groupoids by
an equivalent one, which is injective on objects. It follows that the groupoids
I (Ry,), M1 (Ry,;) and II;(Ry,, ) can be assumed to have 2™ = 2"*si objects, and
every functor in our affine covering to be bijective on objects. The colimit and
2-colimit of this diagram will now be equivalent.

These objects of the discrete groupoid IT; (R[Z™]), correspond to subsets of R™

of the form
{z1>0,29> 0,2, >0}, {z1 >0,29 > 0,2, <0}, -+, {21 < 0,29 <0, -2, <0}

Two such objects, p and ¢, are connected in IT;(R[N" x Zs]), if there exists a
generator ', such that x; has the same sign in both p and ¢, and is not invertible
in N7 x Zsi,

The gluing automorphism will induce an automorphism of these objects, allowing
us to draw a diagram of discrete groupoids. In this way, we can calculate the
fundamental groupoid of a smooth toric variety over the reals numbers.

We will now give a few demonstrations of this approach. The examples are taken

from [16l, pp.6].

EXAMPLE 11 (The real projective plane): Lemmas|3.1.5{and [3.1.7 enable us to describe

a monoid scheme using a functor from a locally lattice poset. The diagram below,

with the obvious maps, represents P2

(a,a='b) (ab=1,b71)
T l
(a a‘l,b) (a,b,b71) (a,a™tb, b7t
R

Its realisation is the real projective plane. We observe that this is covered by three

copies of N2, Ay = (a,b), Ay = (a,a™'b) and Az = (ab~',b7!). On its own, every one
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of the affine components will look as follows:

ay B1 jol!
— A
hd - <0 hd
ay c1 Tearby
° e e ° ° e e _o
bica
° o e °

Here the dotted arrows indicate the morphisms between the groupoids. These func-
tors are bijective between objects (by the argument given above) and map a; to ag,

a1b1 to aq o B etc. The gluing isomorphisms induce the following bijections:

[ ) [ ] [ ] [ ] [ ) [ ) [ [
A - Ay = ‘ ‘ >< and A; - A; = ‘ >'<

ay B81 71 Qs B2
—\ —_
° . 'Y ° ° e @ °
: : N,
° o ‘e ° ° o e °
- — ~ -9 -
ai 1 asba  baco

Here the triple intersection is omitted, as it does not factor in the colimit. Hence,

the fundamental groupoid of P?(R) is the free groupoid associated to the graph

Qs [
Ao AT T
° . ° °
T— s T

a3 3

module the relations induced by the arrows in the second line of the above diagram:

_ . _ -1. _ .
a; = 0 = Q; asby = a1 f1 = 33 aszbscs = agfs = as;

01='W1=72_1; 52022'5171=5§17§1§ 5335272_1=5§1-
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Finally, since we are only interested in the groupoid up to equivalence, we can use
any of the connecting arrows between two objects to equate them. We choose o, 54

and 7y, and set them to 1, to get the connected groupoid, (i.e. group)

<a27a37ﬁ27ﬂ3772a,73> /[aQ = 17751 = 1,043751 = 17/6{;1’7?:1 = 1aa262 = a3a527£1 = ﬂ?:l]
This can be easily seen to be the cyclic group with 2 elements.

This method, which is quite a bit simpler than it looks, works for every finite,

discrete covering in exactly the same way.

ExAMPLE 12: Another example, (also from [16]) is the following: Consider the scheme

covered by four affine components,
Al = <.§L’,’y> 7A2 = <Z17,y_1> 7A3 = (x_la xny—1> 7A4 = (‘T_la xny>

all being isomorphic to N2. The patching data is given by

(z,y) —— (271, 2"y)

| |

<$7 y_l) - (ZL’ Jx—ny—1>

with the obvious morphisms. Assume n > 1 and n is odd. The induced diagram of

groupoids looks as follow:

PEEN — —_ —_
[ ] [ ] [ ] [ ] [ ] [ [ ] [ ] [ ] o ® 73 @ e > ® Y4 @
< i o
[ J [ J [ ) [ ] [ J [ ) o [ J [ J . [ ] [ J [ J [ ) [ ] [ J
— N ~ == - —~— %% - — ~
ai C1 agbs  baco aszbs  bscs a4 ¢4

Hence the fundamental groupoid is the free groupoid associated to the graph:

a3 B3 73
[ ) [ ) [} [}

o By 4
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5.2 Examples

modulo the congruence generated by the second row of the above diagram, i.e.

. _ -1. _ -1. _
ap = oy = ag; asby = a1 B = 0445474 ; asbg = s = 06353’73 ;g = (3 =7y
1 =71 =72 baca = i = Ba; bscs = Boy2 = Fs; Cy =3 = Va-

As in the previous example, we impose a1 = 1, 81 = 1 and ~; = 1 to equate our objects
and get the abelian group Z2.
In the case when n is even (including 0), we get the abelian group Z? as well,

thought the diagram will look a bit different.
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Chapter 6

Galois Categories

Our aim for the rest of this thesis is to give an axiomatisation of the étale fundamen-
tal groupoid of a finitely connected, noetherian scheme X, in exactly the same way
as we did for the topological one. While most parts of the proof given in Chapter
would easily translate to this setting, the restriction we had on topological spaces
would be too rigid for the algebraic case. More precisely, there are very few schemes
that admit a discrete covering, as required in the previous proof.

As such, we will have to try and costackify the association U ~ pt, where pt is
the trivial groupoid. Unfortunately we don’t know anything about costackification,
so instead, we will compose our 2-functor with Homgq(—, FSets) and work with
stackification. The exact nature of this approach will be discussed in the proof of
Theorem[3.0.9] but one of the main technical difficulties lies in showing the following:

Assume we have a contravariant 2-functor given by U ~ (&, FSets), with the
functors Hom(&, FSets) - Hom(®y, FSets) being induced by the functors between
the groupoids &y - &;;. We want to show that its associated stack is again of this

type. There is however a difficulty. While we know that
Hom(2-lim G;, A) = 2- colimHom(G;, A),

we have no such formula for Hom(2-colim G;, A), even when the 2-colimit is filtered.

This is why we will use the so called Galois categories. We will show that the
classical result by Grothendieck generalises to finitely connected, profinite groupoids.
In other words, that &-FSets, being Homeq (&, FSets) (see page [124))), is equivalent
to a slightly reformulated Galois category, as given in Definition [6.1.1 As we will
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6.1 Finitely Connected Galois Categories

show in Chapter [7} individually, every one of the axioms is preserved by both the
2-limit as well as the filtered 2-colimit. This will show that the stackification of the
2-functor U ~ Hom(Gy,FSets) is again of the form U — (&, FSets), even though
we do not know what & is in terms of the original groupoids &-s.
Unfortunately, reducing the equivalence between finitely connected Galois cat-
egories and &-FSets, where & is a finitely connected, profinite groupoid, to the
connected case is not as easy as one might expect. The main part of this chapter

will be devoted to doing just that.

In the first section, we will show that the analogue of Grothendieck’s classical re-
sult holds, and that a finitely connected Galois category is equivalent to the category
of &-FSets, where & is a finitely connected, profinite groupoid and FSets denotes
the category of finite sets.

In the next section, we will talk about the whole 2-category of such Galois cate-
gories, which includes the morphisms and 2-morphisms. We will sharpen the result
above, by proving that there is a 2-equivalence between the 2-category of finitely
connected categories and the 2-category of finitely connected, profinite groupoids.
While there are many generalisations of Galois categories, some of which are no
doubt more general than ours, this reformulation of the classical theorem seems to
be new.

Indeed, it will follow that an even more general formulation is true, namely

Corollary

6.1 Finitely Connected Galois Categories

In order to give the main definition, recall that a morphism u : A - B of a category
C is an epimorphism (resp. monomorphism), if for any object X, the induce map
Home(B,X) - Home(A,X) (resp. Home(X,A) — Home(X, B)) is injective.

Moreover, an epimorphism w is called a strict epimorphism if the pull-back

Axg A2~ A
po Lu
A—" - B
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6.1 Finitely Connected Galois Categories

exists and B is the coequaliser of the diagram
P1 u
AxpA—= A——B.
P2

It should be noted that the following definition of a Galois category differs from

the standard definition of a Galois category (see for example [9]).

Definition 6.1.1. A (finitely-connected) Galois category is a category C together with

a set of covariant functors {F;: C - FSets}jes, satisfying the following axioms:
1. Finite limits exist in C.
2. Finite colimits exist in C.

3. Any morphism u : Y — X in C factors as Y > X' 2 X, where u' is a
strict eptmorphism and u" s a monomorphism and there is an isomorphism
v: X'[IX" - X such that u" = viq, where 11 : X' - X' [[ X" is the standard

nclusion.
4. Bvery F; is right exact, i.e. F; respects finite colimits.
5. Every F; is left exact, i.e. F; respects finite limits.

6. Let {u:Y — X} be a morphism in C. Then there exists a finite subset I c J
such that u is an isomorphism if and only if F;(u) is an isomorphism for all
vel.

If I can be chosen to be a one element set, then C is called connected. This
is equivalent to the standard definition of a Galois category. However, from now
on, Galois category will refer to Definition [6.1.1, For more on connected Galois
categories, see [9]. Several facts (Lemma 2.6 i), ii); Proposition 3.1; Proposition 3.2
(1), (3) i), iii)) proven in [9] have immediate generalisation in our situation. To state

these statements, recall that an object X is called connected, if X # 0 and for any
decomposition X =Y [[ Z one has X =0 or Y =0. Here 0 denotes the initial object.

Proposition 6.1.2. Let C be a finitely connected Galois category. Then the following
properties hold:
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6.1 Finitely Connected Galois Categories

i) A morphism w is a monomorphism (resp. strong epimorphism), if and only if
for all i € I, the map F;(u) is injective (resp. surjective). A morphism is an

isomorphism, if and only if it is a monomorphism and a strong epimorphism.

i1) An object X is initial (resp. terminal), provided for alli € I, the set F;(X) = @
(resp. F(X) =x). Here = denotes the singleton.

i11) Any object X has a unique decomposition X = Uy []-+- 1 Uy, where the U;-s are

connected.

i) If U and V' are connected, any morphism U -V is a strong epimorphism. In

particular, any endomorphism U — U is an automorphism.

v) If U is connected, then for any objects Ay---Ap, the natural map

ﬁ Hom(U, A;) — Hom(U, ﬁ Ap)

i=1 i=1
18 a biyjection.
The proof is the same as for the connected case. (see [9]).

Lemma 6.1.3. Let C be a finitely-connected Galois category and t = e [1---[{eq be
a decomposition of the terminal object as a coproduct of connected objects. Then for

each 1 <i<d one has (after re-indexing) F;(e;) = x and Fi(e;) =@, j#1i, 1 <i,j<d.

Proof. Let 1 <7 <d. Since 0 — e; is not an isomorphism, there exist at least one F
such that F(e;) # @. After reindexing we can assume that F = F;. Since F;(t) = *

and F; respects coproducts we see that

Filer) [ [T Fi(ea) = =

So, all terms except F;(e;) are empty sets and the result follows. Q.£D

Now we are in a position to prove the following result.
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6.1 Finitely Connected Galois Categories

Lemma 6.1.4 (Main Lemma). Let C be a finitely-connected Galois category and

t=61U---Hed

the decomposition of the terminal object t as a coproduct of connected objects. Then

there is an equivalence of categories
Cx2Cyx-xCy
where C; , 1 <i<d is the following full subcategory of C'
Ci={XeC|F;(X)=2,j#i,1<j<d}.

Furthermore the pair (C;,F;) is a connected Galois category and for any element

ke J the functor Fy is isomorphic to exactly one of the functors Fi,---, Fy.

Proof. We proceed by induction on d. Assume d = 1. Thus ¢ is connected. In this
case C; = C. Take any of F; and call it F. First we show that F reflects isomorphisms,
meaning that if v is a morphism, such that F(v) is an isomorphism, then v is an
isomorphism. If U is connected, then U — t is a strict epimorphism thanks to
Proposition iv). It follows that F(U) - F(t) = * is a strict epimorphism.
Thus F(U) # @. Since any object is a coproduct of connected ones and F respect
coproducts, it follows that if A is not an initial object, then F(A) # @. Assume
u: A — B is a monomorphism, such that F(u) is an isomorphism, then B =~ A[]C.
Hence F(C) = @ so, C =0 and u is an isomorphism.

Now let v: A - B be a general morphism, such that F(v) is an isomorphism.
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6.1 Finitely Connected Galois Categories

Consider the following commutative diagram

NAxgA—=4

,£

Here ¢ is the diagonal map and hence a monomorphism. Apply F to this diagram

“—~ B

and use the fact that F preserves pullbacks and F(v) is an isomorphism. We obtain
that F(9) is an isomorphism. Thus 0 is an isomorphism. It follows that v is a
monomorphism (thanks to [9, Lemma 2.4]) and hence an isomorphism. Thus, F
reflects isomorphisms and (C,F) is a connected Galois category. By [0, Theorem
2.8] any other F; is isomorphic to F. This proves the lemma for d = 1.

Assume now that d > 1. Thanks to Lemma we have F;(e;) = @ for all j # i
and F;(e;) = *, 1 <1i,j <d. One easily sees that for each 1 <i < d the subcategory C;
is closed under finite limits and colimits.

Assume X = H§=1 U; is a decomposition as a coproduct of connected objects.

Claim 1: We have X € C; if and only if Uy,---, Uy € C;. In fact if Uy, -, Uy € C;,
then for any j #4, 1 <j <d one has F;(Uy) =--- = F;(Ux) = @. Thus,

Fi(X) = F(U) [~ LT F(Uy) = &.
Hence X € C;. Conversely, if X € C;, then
2 = F;(X) = F(U) - [ F ().

Thus F;(Uy) =--- = F;(Uy) =@ and Uy, ---Uy €C;.
Claim 2: The object e; is a terminal object in the category C;. So, we have to

prove that the set Hom(X,e;) is a singleton provided X € C;. By the first claim it is
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6.1 Finitely Connected Galois Categories

enough to assume that X is connected. According to Proposition \9)
« = Hom(X,t) = Hom(X,e1) [ [ - [ [ Hom(X, eq)

So the set Hom(X,e;) has at most one element. To show that it has exactly one
element, we need to show that Hom(X, e;) = @ for j # 4. Assume there is a morphism
X — ej. Since both objects are connected, this map must be a strict epimorphism.
This implies that @ = F;(X) — F;(e;) = * is surjective and hence a contradiction.
Thus, our second claim is proven. It follows from the case d = 1, that the pair (C;, F;)
is a connected Galois category.

Claim 3: Our third claim is that if ¢ # 7, then for any objects 0 # X € C; and
Y €C; one has Hom(X,Y") = @. In fact, since e; is terminal in C; there exist a unique
morphism Y — e;. Thus it suffice to show that Hom(X, e;) = @, but this was shown

in the proof of claim 2.

Define the functor
E:Cx-xCy—C
by
€(X1,"',Xd) =X, H"'HXd-

We will show that the functor ¢ is an equivalence of categories. Take an object X € C

and consider the pull-back

S

X; —

|

e

- S—

_

<

Claim 4: We want to show that X; € C;. Take any j # ¢ and consider the image of



6.1 Finitely Connected Galois Categories

the above diagram under §;. We obtain a diagram of sets:

Fi(Xi) —=F;(X)
% Fi(t).

Since the functor F; respects pullbacks, it follows that F;(X;) = &, and thus X; € C;.
Moreover, the natural morphism X;[[---[[] Xy — X is an isomorphism, because
every J; takes it to an isomorphism. It follows that the functor ¢ is essentially

surjective. It remains to show that the functor ¢ is full and faithful. Take objects

X, Y;eC;,i=1,---,d. We have:
d d d
Hom(]_[ X, HY;) = H Hom(X;,Y; ]_[ HYd).
=1 il i=1
It remains to show that for any object Z € C;, one has
Hom(Z,Yi []--]]Y4) =Hom(Z.Y;)

If Z is connected, this follows from Proposition v) and claim 3. For the general
case, we decompose Z = Z1 [1--- 11 Zs.
We have

Hom(Z,¥; [T~ L1¥a) = Hom(L1 Z;,vi 1T~ LT¥a)
ﬁHom(Zj,Yl [T-11Y2)

H Hom(Z;,Y;)
J

Hom(H Z;,Y:)
=Hom(Z,Y;)

Hence ¢ is an equivalence of categories. Q.£D
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6.2 The 2-category of Galois Categories

Recall that we showed in Proposition [4.1.11] that for a connected groupoid &,

we have an equivalence of categories
Homeu(®, FSets) = Aut(x)- FSets.

Hence, we can now generalise group actions to groupoid actions, and for a groupoid
&, we write B-FSets or Homg, (&, FSets). It should be emphasised that we use two
different notations for the exact same category. The second notation will mainly be
used in calculations. If however, & is a profinite groupoid, then we only consider the
continuous actions. For simplicity though, we will still refer to it as Homgq (&, FSet)
or B-FSets.

Corollary 6.1.5. Let {F; : C - FSets};; be a finitely connected Galois Category.

Then it is equivalent to &-FSets, where & is a finitely connected profinite groupoid.

Proof. As proven in the Lemma [6.1.4]

{Fi:C > FSets}i; = {F;: [ Cir > FSets}jes,

jled

such that J is a finite set and F;(Cy) = @ for k # j. This shows that our Galois
category is equivalent to [];.;(F; : C; - FSets). Again by the above lemma, we
know that for each j € J, the functor F; : C; - FSets is a connected Galois category.
Using lemma we know that its equivalent to &-FSets where & is a connected,

profinite groupoid. The result now follows from the fact that

H Homgq (8, FSets) = Homw(u &, FSets).

jedJ jeJ

Q.ED

6.2 The 2-category of Galois Categories

Definition 6.2.1. Let {F; : C - FSets},; and {G; : D — FSets};e; be two Galois

categories. A morphism of Galois categories consists of a map f:J — I, a functor
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6.2 The 2-category of Galois Categories

¢ : C — D preserving finite limits and finite colimits, and a collection of natural

isomorphisms \;,j € J, as given in the following commutative diagram:

D 2
“—
kkj L/f(j)

FSets.

We will refer to it as {(p,A;) : Frjy = Gjtjes-

To define composition, we need to define the composition of the \;’s. Say we have

£ D C

FSets
Define A4 0 Ao () = Mg o (0(2)) © Mg o(2). In more detail we have

Ak, () A,g(p(2))

Mg © Ao () 1 F (1) —— G(p(2)) ———= E(¢ o p(x))

It is easily verified that the above construction is strictly associative.

Definition 6.2.2. A 2-morphism between {(p, A ) : Friy = G;} and

{(d,Njg) : Frjy = Gj} is a collection of natural transformations

such that additionally the following diagram

F(a) 222G (p(x))

Am lc(x)

G(¢(x))

commutes for all 7 and all x.
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6.2 The 2-category of Galois Categories

This shows that we can talk about the (strict) 2-category of Galois categories.
We will denote it by GCat.

Lemma 6.2.3. Let {F; : Cyx---xC,, - FSets};c; be a finitely connected Galois category
and G : D - FSets a connected Galois category.

Let A:Cy x--xC, - D be a functor between the Galois categories preserving
finite limits and finite colimits. Then there exists an i € I and A; : C; > D, such that

A factors through A,;.

Proof. Take t € C. Asin Lemmal6.1.4] ¢ = [[;.; €;, where every e; is connected. Since
D is connected, its terminal object is connected. Since A respects finite limits and
colimits there exists i € I such that A(e;) = » and A(e;) = & for all j #i. Recall the

equivalence C ~ Cy x---xC,, as constructed in Lemma [6.1.4] For every X € C, we have

X 217 X; where X; is the pullback of the diagram:

X

|

Gi—>t = Hz’e[ €;.

A respects pullbacks, and so for all j # 7, we know that A(X}) is the pullback of

A(X)

l

Ale;) — A(t).

Since Y — @ implies that Y is the empty set, we get that A(X;) =@. So
ACX) = TTACG) = ACX).
j

Hence A factors through the projection C; x -+ x C,, — C;. Q.£D

Corollary 6.2.4. Let &; be a finitely connected, profinite groupoid and $ be a
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6.2 The 2-category of Galois Categories

connected, profinite groupoid. Then we have an equivalence of categories:

HomGCEt(Homgat(H ®,, FSets), Homgq ($), FSets)) =

iel

~ U Homgcar (Homea (B, FSets), Homg, (5, FSets)).

iel

Proof. This follows from the Lemmas|6.2.3|and [6.1.5] and the fact that by definition,

functors in GCat respect finite limits and finite colimits. Q.ED

Theorem 6.2.5. The 2-category of finitely connected Galois categories is contravari-

antly 2-equivalent to the 2-category of profinite, finitely connected, groupoids.

Proof. This equivalence is given by associating to a profinite groupoid &, the Galois
category Homgq (8, Sets). On functors and natural transformations, the 2-functor
is defined in the obvious way by composition. Using Proposition we only need
to show that it’s essentially surjective and full and faithful. Both of course in the
2-mathematical sense. Essential surjectivity is proven in Corollary [6.1.5

Full and Faithful: Let & and $) be profinite and finitely connected groupoids. We

have & 2 [[;;; &; and $) = [1,.;$;, where the &;-s and §);-s are profinite groupoids

with one object. Hence

112

Homea(®,9) = Homew([ ] &, []9))

jed jeJ
H Homeq (&, Hf)j)

iel jeJ

H LI Homgat(ﬁi,f)j).

iel jeJ

IR

IR

The last equivalence comes from the fact that the ®;-s and $);-s have a single object
and so any functor &, can only go to a single §);. From [2I], Corolarry 6.2. p.111] we
get that Homea(®;, ;) = Homgear(Homeq (55, FSets), Homeq (®;, FSets)). On the
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6.2 The 2-category of Galois Categories

other hand, we have:

Homgcat (Homeq (5, FSets), Homeq (&, FSets))

Homgcat(Homeat ([ [ $;, FSets), Homea (] | :, FSets))
jed iel

HomGCat(Homgat(H ﬁj, FSets), H Homgat(Q‘S, FSets))
JedJ iel

H HomGCat(Homgat(H $);,FSets), Homgq (®, FSets)).

iel jed

112

112

112

Using Corollary we get the desired result. Q.£.D

Corollary 6.2.6. Let E: & - $ be a functor between finitely connected, profinite
groupoids and F : Homgq ($), FSets) — Homeq (&, FSets) the induced functor. Then

F is an equivalence if and only if E is an equivalence.

Proof. From Theorem we know that

Homew (&, 9) = HomCat(®- FSets, - FSets).

This equivalence clearly holds when restricted to Autgq, being the category of equiv-

alences. Q0.ED

Unfortunately, due to our definition, we can not take general 2-limits with values
in GCat. So we can not talk about stacks with values in the 2-category of Galois
categories for a general site. However, it follows from Proposition [7.1.10 that if
we only consider sites where every covering can be replaced by a finite one, we can

avoid that problem.

Definition 6.2.7. We call a site finitely coverable, if for every covering {U; = U }cr,

there exists a refinement {V; — U};e;, such that J is a finite set.

Let X be a finitely coverable site. We will call a 2-functor § : X? - GCat
a fibered Galois category over X. If X was a prestack, we would refer to it as a
Galois prestack. Similarly, we use the term Galois Stack. A natural transformation
between two 2-functors §,® : X — GCat, that respects the structure, will be called

a Galois transformation.
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6.2 The 2-category of Galois Categories

Let X be a site and § : X — Grpd a covariant 2-functor. We denote by §g
the contravariant 2-functor given by U ~ Homgy(F(U),Sets). Take two covariant
2-functors &,§ : X — Grpd and F': € = § a natural transformation between them.
It is clear that Fs:§g = €4 is a Galois transformation. But indeed Theorem [6.2.5

shows that the reverse is also true. Hence, we have the following:

Corollary 6.2.8. Let X be a site. The 2-category of fibered Galois categories over X

is contravariantly equivalent to the 2-category of cofibered profinite groupoids over X .
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Chapter 7

Properties Preserved under

Stackification

In Chapter 4| we defined the notion of a stack (Definition and showed that for
every fibered category § over X, we had an associated stack 5 (Proposition .
In this chapter, we will talk a little about some of the structures preserved under
this construction. To do so, we will use the direct stackification given in Proposition
4.3.7, which showed that we only have to check that a given property is preserved
by both 2-limits and filtered 2-colimits.

Our main interest in them is to study how Galois categories behave under stack-
ification. However, since there is much intersection, we will mention a little about

abelian categories as well, although we will not use these results.

7.1 Properties Preserved under 2-Limits

7.1.1 General Properties

Let §: X - €at be a 2-functor and f: A—> B, g: B - C and h: A - C' morphisms
in 2- hm Si. It follows straight from Remark ﬁ on page . that if the projects of h
and f o g agree for every i, then fog = h. From this, we immediately see that a
diagram ® in the 2-limit of § commutes, if and only if its projections commute for

every 1.
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7.1 Properties Preserved under 2-Limits

Theorem 7.1.1 (Limits and Colimits). Let I be a small category, A: 1 - €at a
2-functor and denote by L := 2-lim;.; A;.

i) Assume limits exist in every category A; and the functors A; - A; preserve
limits. Then limits exist in L and the canonical functors L — A; respect limits

as well.

ii) Assume colimits exist in every category A; and the functors A; - A; preserve
colimits. Then colimits exist in L and the canonical functors L — A; respect

colimits as well.

Proof of Thm. |7.1.1. Let C' be a small category and A : C' > L a functor. Consider
the composite functor C' A L L A; and denote its limit by FP;. Here f; is the
canonical projection. First, we aim to show that the P; define an object in L. To

this end, consider the diagram

C A I fi A;

N lw*

A;.

Since P; is the limit of f; 0 A: C - A;, we have maps p;. : P, - (f;i o A)(c). Hence,

we have

e (pie) s 0 (P) = 0 ((f 0 A)(€)) = e (fi(A())) =5 Fi(A(c)),

where (y is the natural isomorphism from the diagram. By the universality of P;,

this defines a map py, : Y. (P;) - P;.
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7.1 Properties Preserved under 2-Limits

To see that the collection (P;,B) is compatible, consider the following diagram:

I/*(pw)

v (V. (F))

W

v.(F))

v (V. (fi(A(e)))) ———— e v (f;(A(c)))
(v)(P) ‘ s Py
(V) +pic \ Dke
()« (fi(A(e))) —_— Fir(A(e)).

Here p;., pjc and py. are the natural projections of P;, P; and P, onto f;(A(c)), f;(A(c))
and fi(A(c)) respectively, and a., is the compatible isomorphism. It exists since
fi(A(c)) and f;(A(c)) are the natural projections of the objects of L. First look at

the 'top’ square of our cube:

V. (P,) i (P;) (1)

¢* yPic Pje

. (fi(A())) fi(A(e))-

Qe

We know that it commutes by the construction of the morphism p,, (which was the
‘gluing’ of the oy ’s) and composing with v,, which is a functor, maps commutative
diagrams to commutative diagrams. Likewise the ’bottom’ square will commute
since p(,y) s the gluing of the ay(y)’s. The ’left’ square commutes since 1, is a
natural isomorphism. The 'right’ square will commute since p, is the gluing of the

Q. The ’front’ square:

Vs Qeqpy

v (. (fi(A(0)))) ———— v (f;(A(c)))

Hap,v lacu

() (fi(A(€))) —2—— F(A(e))

commutes since f;(A(c)), fj(A(c)) and fr(A(c)) are objects of the 2-limit. Hence
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7.1 Properties Preserved under 2-Limits

the following diagram:

Vs (pw)

v (< (P)) v (P)

Hapy,v PrOPkc

() (P) Z22D f (A(e))

will commute. Since this is true for all ¢ € C', the ’back’ square commutes as well.
This shows that the (P, py) define an object in the 2-limit L.

To see that P is indeed the limit of A: C — L, we need to show that we have
compatible maps P - A(c) and that P is universal with respect to this property.
We know that P = (P, py : P, — P;) and that

A(e) = (fi(A(e)), acy = fi(A(c)) = f;(A(c)).

Hence, we define the map
pe: P~ A(c) = (pic - P — fi(A(c))-

The fact that they are compatible and define a morphism in L is saying that Square
(1) commutes, which we already know. The fact that it is compatible is straight
forward. To see that P is universal, let () € L be an other object with compatible
maps ¢.: Q - A(c). Since Qe L, Q = (Q;,qy : Q; ~ @Q;), and so for every i € I, we
can define compatible a; : @Q; > P;. To see that the (a;) define a morphism in L,

consider the following diagram:

0.(Q) pe(0) V. (P,)
¥ (gic)
9 V. (fi(A(e))) Py
Q; S A P,
fi(A(c)).

The top and bottom triangle commute since P; and P; are limits in 4; and A,
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7.1 Properties Preserved under 2-Limits

respectively, and v, is a functor. The left and right squares will commute since
(Qi,qy * Qi — Qj) and (P;,py : P - P;) define objects in the limit L (see dia-
gram (1)). Hence the whole diagram commutes, which implies that the (a;) are
compatible.

Since for all 7 € I, the composition triangle commutes in A; after composing with
fi, we have q. = p. o a. This proves the assertion for the limit of A:C — L.

Since we didn’t use the construction of the limit at any point, just the univer-
sality, it is clear that the exact same proof, with the obvious adjustments (i.e. we

will not have arrows p;.: (f; o A)(¢) = P; for example, and the induced arrows will

be py : P; = ¢,(F;)), will also hold for the colimit. Q.£D

Proposition 7.1.2. Let I be a category, §,® : [ — Cat be two 2-functors and
v : 5 = & a natural transformation. Let ¢’ denote the induced functor between the

2-limits 2-im§ and 2-lim & of § and & respectively.
i) If for every i, p(i) preserves limits, then so will ¢'.
i) If for every i, o(i) preserves colimits, then so will ¢'.

Proof. Since ¢’ is defined componentwise and every component respects limits (col-

imits), it is clear that it will respect limits (colimits) as well. 0.£D

REMARK 8: We can see from the proofs of Theorem and Proposition [7.1.2] that

their analogues would hold for finite limits and colimits as well.

Proposition 7.1.3. Let §: 1 — Cat be a 2-functor and v :a - b be a morphism in

i) If for all i, u; : a; - b; is a monomorphism, then u is a monomorphism.
i) If for all i, u; : a; > b; is an epimorphism, then u is an epimorphism.

iii) If for all i, w; : a; — b; is a strict epimorphism, then w is a strict epimorphism.
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7.1 Properties Preserved under 2-Limits

i) If for all i, u; : a; - b; is an isomorphism, then u is an isomorphism.

Proof. i) Recal that u:a — b is a monomorphism if for all maps v,v’: ¢ - a,

v u
c—=a—=b

!

v

vu = v'u = v =v'. It is clear that vu = v'u implies v;u; = vju;, and since by
assumption the u;’s were monomorphisms, we have v; = v/ for every 4, implying

that v = v’ as desired.
ii) The proof is identical to the above one.

iii) From Theorem we know that a x; a exists, since its a limit of a finite
diagram. Further, we know that for all ¢, a; x;, a; is the pullback of the
projected diagrams onto the §;-s. By assumption, the for every 7, b; is the

colimit of the diagram

p1
@ Xp; G ——= Q-

Hence, by the same theorem, we know that b is the colimit of the diagram

p1
aXpa — a,
p2

proving the assertion.

iv) Follows from i) and iii).

Q.ED

7.1.2 Abelian Categories

Let I be a category and § : [ — Cat a 2-functor. We say that § takes values in

abelian categories if:

e For all 2 € I, §; is an abelian category;

e For all morphisms j — 4, the induced functors §; - §, preserve the structure,

1.e. are exact.

135



7.1 Properties Preserved under 2-Limits

The aim of this subsection is to sprove that 2-lim§ is again an abelian category,
(2

which we will do piecewise.

7.1.2.1 Additive Categories

Let § : I - €at be a 2-functor with values in pre-additive categories. By that
we mean that for all ¢ € I, §; is a pre-additive category, and for every morphism

Y 11— 7, the induced functor 9, : §; — §; is additive. That is to say, the map

Hom(a;, b;) — Hom (v, (a;), . (b;))

is a group homomorphism. We want to show that 2-lim§ will be a pre-additive

category as well.

Proposition 7.1.4. Let a,b € 2-lim§. Then Hom(a,b) is an abelian group and the

composition map o : Hom(a,b) x Hom(b, ¢) - Hom(a, ) is bilinear.
Proof. This follows straight from the formula given in Remark [7] on page 80} Q.£.D
Proposition 7.1.5. The projection functors p; : 2-lim§ — §; are additive.

Proof. The proof of this follows from the very definition of the group structure in

the hom-sets of 2-lim §;. Q.ED

This shows that 2-lim § is a pre-additive category. Let us now assume that §
(2
took values in additive categories. Theorem then implies the 2-limit is additive.

REMARK 9: Let A and B be additive categories and T : A - B a functor. The

following are equivalent:

e T is additive, that is for all a,a’ € A, Hom4(a,a’) - Homg(T'(a),T(a’)) is a

homomorphism.
e T respects finite direct summands, T'(a) ® T'(a/) = T(a @ a').

See [31, p.77].

136



7.1 Properties Preserved under 2-Limits

Proposition 7.1.6. Let §,& : I - AdCat be two 2-functors with values in the 2-
category of additive categories and additive functors, and ¢ : § - & be a morphism of

2-functors. By the uniqueness of the 2-limit, we get a functor ¢’ : 2-lim§ — 2-lim &.
i) If for every i, ¢(1) is additive, then ¢' is additive as well.
i) If for every i, ¢(i) maps finite biproducts to finite biproducts, then so does ¢'.

Proof. The first assertion follows straight from Proposition point (ii), and
Remark |§| shows that the second statement is equivalent to the first. Q.£D

7.1.2.2 Preabelian Categories

Next we want to show that the 2-limit of a preabelian category is preabelian. Recall
that a pre-abelian category is an additive category that has all kernels and cokernels.
Assume that § : I — AdCat satisfies all the previous conditions. We already know
that additivity is preserved under the 2-limit and hence, we have a zero morphism

in 2-lim §;.

Proposition 7.1.7. Assume that for all i € I, §; has kernels/cokernels, and for
all morphism v : i — j, the induced functor . : §; - §; maps kernels/cokernels to
kernels/cokernels. Then 2-im§ has kernels/cokernels and the projection functors

p; : 2-ilm§F — §; map kernels/cokernels to kernels/cokernels.

Proof. This follows from the fact that for a morphism f: A - B,
f
Ker(f) = lim( A_O>B )

and
/
Coker(f) = colim( A_O> B),

and Theorem [7.2.1] Q0..D

Proposition 7.1.8. Let §: 1 - Ab and & : I — Ab be two 2-functors and ¢ : § = &

a natural transformation. Assume that for alli, ¢(i) : § - & maps kernels/cokernels
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to kernels/cokernels. Then the induced map ' : 2-im§; — 2-im§; maps ker-

nels/cokernels to kernels/cokernels as well.

Proof. As we have already mentioned in the previous proposition, the kernel and

cokernel are both limits/colimits of some diagram. Hence, this result follows from

Proposition [7.1.2]
Q.ED

7.1.2.3 Abelian Categories

Lastly we want to show that the 2-limit preserves abelian categories.

Proposition 7.1.9. Let §: I - Ab be a 2-functor with values in abelian categories.
Then 2-im§; is abelian as well and the projection maps 2-lim§; — §; respect the

structure.

Proof. Using the results from the previous sections, we already know that the 2-limit
is preabelian and the canonical projections are structure preserving. Hence, using
[3, Theorem 2.3.2 (p.100)], we know that 2‘“2“ §; is an abelian category if for every
morphism

N A—> B

with kernel (Ker), k) and cokernel (Coker), y), the morphism
1 : Cokerk — Kery

is an isomorphism. But since by assumption, for every i the projection v; of this

morphism in §; is an isomorphism, so is . Q.£D

7.1.3 Galois Categories

Proposition 7.1.10. Let I be a finite category and § : I - GCat a 2-functor from

I to the 2-category of Galois categories, given by i — {F;; : C; > FSets}jes,. The 2-
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7.2 Properties Preserved under Filtered 2-Colimits

limit of § is again a Galois category and all the canonical projections 2-lim§; — §;

preserve the Galois structure, i.e. are exact.

Proof. We claim that {F;; : C - FSets},ij € J; is the 2-limit, where C' the 2-limit
of the C;-s and by abuse of notations F;; is the composition C — C; — FSets. In

order to prove this, we have to check that the axioms are respected by the 2-limit:

1,4. Follows from Theorem i) (see Remark [g).
2,5. Follows from Theorem ii) (see Remark [g)).

3. Let u:Y - X be a morphism in C. We know that for all ¢, it’s canonical
projection factors as Y; —u—’> X/ u—"> X; in C;. By [9, p. 174, Lemma 2.3], we
know that the X/-s and X/'-s define objects X’ and X" in the 2-limit (indeed
the &,-s are the identities) and wu/-s and u-s define morphisms v’ and «” in
the 2-limit. Since for all 4, u; = u} o v}, we have u = v’ ou”. Finally, Theorem

ii) implies that X = X’ [] X’ and "Proposition i) and iii) implies the

rest.

6. By assumption, there exists a finite subset K; c J; for every ¢, such that the
{Fik}iker, reflect isomorphisms in C;. Proposition iv) shows that the

union of the Kj;-s (which is finite since I is finite) does the trick.

Q.ED

7.2 Properties Preserved under Filtered 2-Colimits

7.2.1 General Properties

Theorem 7.2.1 (2-colimits preserve finite limits and colimits). Let I be a filtered

category and § : I - €at a 2-functor.

e Assume finite limits exist in every category §; and the maps §; - §; preserve
finite limits. Then finite limits exist in 2-colim,; §; and the canonical maps

$i = 2-colimye; §; respect finite limits as well.

139



7.2 Properties Preserved under Filtered 2-Colimits

o Assume finite colimits exist in every category §; and the maps §; — §; preserve
finite colimits. Then finite colimits exist in 2-colim;; §; and the canonical maps

§i = 2-colim;; §; respect finite colimits as well.

Proof. Let C' be a finite category and A : C' — 2-colim;;§; a functor. By the
definition of the 2-colimit for filtered systems, every A, can be thought to be in
one of the §;’s. Since C' is finite and [ is filtered, Proposition shows that
we can find a single §;, such that the whole diagram A : C' - 2-colim;¢; §; can be
represented in it. We then take the colimit of A in any such §;. This gives us an
element in L which we denote it by P. Note that it does not depend on our choice
of §;. To show that it is indeed the colimit in 2-colim;c; §;, consider an other object
Q@ € 2-colim;; §;, such that we have compatible maps ) - A, for all ¢ € C'. Again
by the definition of the 2-colimit, () is in one of the §;’s and we can again find a
category §, such that the diagram A : C' — 2-colim;; §;, P, @, as well as all the
morphisms, are inside it and hence we will have a map ) — P. Uniqueness follows

trivially as well. The proof for the colimit is analogous to the above one. Q.E£D

Proposition 7.2.2. Let I be a category, §,® : [ — Cat be two 2-functors and
@ : § = & a natural transformation between them. Let ¢’ denote the induced functor

between the 2-colimits Lz, Ls of § and & respectively.
o If for every i, (i) preserves finite limits, then so will ¢'.
o If for every i, (i) preserves finite colimits, then so will ¢'.

Proof. Consider the following diagram:

8. 3 3, O] &,
S l

2- CO“mie] SZ 7 2- coIimid 61

Here the square commutes. For the triangle on the left, we know that the limit (col-

imit) of A:C - 2-colim;e;§; is isomorphic to the limit (colimit) of the composition
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C - §; — 2-colim;; §;. Since we have already shown that &; — 2-colim;.; &; respects

limits (colimits), as does by assumptions ¢(i), clearly so does the composite

SDI = Sz ﬂ 051 - 2- colimid le

Q.ED

Proposition 7.2.3. Let §: I — €at be a 2-functor, L; : §; — 2-colim §; the canonical

functor and u; : a; > b; a morphism in §;.

)

ii)

iii)

iv)

If u; is a monomorphism and for all oc: i — j the induced functor o : §; = §;

respects monomorphisms, then L;(u;) is a monomorphism.

If u; is an epimorphism and for all o :i — j the induced functor o, : §; — §;

respects epimorphisms, then L;(u;) is an epimorphism.

If u; is a strict epimorphism and for all o : i — j the induced functor o, : §; —

§; respects strict epimorphisms, then L;(u;) is a strict epimorphism.

If w; is an isomorphism and for all oc: i — j the induced functor o, : §; - §;

respects isomorphisms, then L;(u;) is an isomorphism.

Proof. 1) Recall that L;(u;) is a monomorphism if for all maps v,v" : ¢ - a; in

2-colim;e; i,

v U;
_ 7
c—=a;—=b;
7
v

vu; = v'u; = v =v'. Since v : ¢ = a; € 2-colim;c; §;, there exists j € I, such that
v is coming from v; : ¢; > a.(a;). Similarly there exists a j’ for v’. Since I is
filtered, we can find k € I such that we have maps oy : ¢ =k, o : j = k and

ajri 3" — k. Hence, the whole diagram

Vi Up
Cp ——= A, — by
v
k

can be represented in §, where by abuse of notation we write a; instead

of air«(cvs(a;)) etc. While in general vyu, does not have to equal vjuy, we
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can find &" € I, such that vpu, = v, u; in §. Since all the o, respected
monomorphisms, uy : ap — by is a monomorphism and so vy = vy,. This

implies that v = v’, proving the assertion.
ii) This is done in exactly the same way.

iii) From by Theorem we know that a x;, a exists, since its a limit of a finite
diagram. Further we know, that for all 7, a;x;,a; is the pullback of the projected
diagrams onto the §;-s. By assumption, the for every i, b; is the colimit of the

diagram

p1
5 Xp; Qi ——= -

By the same theorem, we know that b is the colimit of the diagram

p1
a xba_; a.

p2
This proves the assertion.

iv) Follows from i) and iii).

Q.ED

7.2.2 Abelian Categories

Let I be a category and § : [ - Cat a 2-functor. We want to prove that 2-colim§ is

again an abelian category. Again we will prove this piecewise.

7.2.2.1 Additive Categories

Let §: I — €at be a 2-functor with values in pre-additive categories. We want to

show that 2-colim§ will be a pre-additive category as well.

Proposition 7.2.4. Let a,b € 2-colim§. Then Hom(a,b) is an abelian group and

the composition map o : Hom(a,b) x Hom(b, ¢) - Hom(a, c) is bilinear.

Proof. Since the filtered colimit of abelian groups, considered as sets, is again an

abelian group, the first assertion follows from Proposition [4.2.15 Bilinearity of the
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composition follows from the fact that composition commutes with filtered colimits

and the fact that I, ;, as defined in the same proposition, is a filtered category. Q.. D
Proposition 7.2.5. The canonical functors L; : §; - 2-colim§ are additive.

Proof. The proof of this follows directly from the definition of the group structure
in the Hom-sets of 2-colim §;. Q.ED
This shows that 2-colim§ of pre-additive categories is a pre-additive category.

Let us now assume that § took values in additive categories. We then immediately
see from [7.2.1] that the 2-colimit will as well.

Proposition 7.2.6. Let §,® : I - AdCat be two 2-functors with values in the
2-category of additive categories and ¢ : § = & be a natural transformation of
2-functors. By the uniqueness of the 2-colimit, we get a functor ¢’ : 2-colim§ — 2-

colim®.
(2

i) If for every i, ¢(i) is additive, then ¢' is be additive as well.
i) If for every i, ¢(i) maps finite biproducts to finite biproducts, then so does ¢'.
Proof. i) This follows straight from proposition [4.2.16 point (ii).

ii) See (i) Remark [9]
Q.£D

7.2.2.2 Preabelian Categories

Next we want to show that the 2-colimit of a preabelian category is preabelian. We
already know that additivity is preserved under the 2-colimit and hence we have a

zero morphism in 2-colim ;.
7

Proposition 7.2.7. Assume for all i € I, §; has kernels/cokernels, and for all
morphism 1 11 — j, .+ §; = §; maps kernels/cokernels to kernels/cokernels. Then
2-colim§ has kernels/cokernels and the canonical maps &; : §; — 2-colim§ map

kernels/cokernels to kernels/cokernels.
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/
Proof. This follows from the fact that for a morphism f: A — B, Ker(f) =lim( A - B)

f
and Coker(f) = colim( A_O> B ) and Theorem [7.1.1] Q.ED

Proposition 7.2.8. Say we have §: I - Cat and & : I - Cat and a natural transfor-
mation ¢ : § = & between them, that maps kernels/cokernels to kernels/cokernels.
Then the induced functor ¢' : 2-colimF; — 2-colim §; maps kernels/cokernels to ker-

nels/cokernels as well.

Proof. Takeamap f: X - Y in 2—co|iim S and let K be its kernel. By the definition
of the 2-colimit we know that we can choose a representative f; : X; - Y; € §; with
kernel K.

Kernels exist in 2—coLim &, by Proposition [7.2.7/and so ¢(f) : ¢'(X) - ¢'(Y') has

a kernel, which we denote by Ker(¢(f)). This means that we only have to show
that Ker(¢(f)) is isomorphic to ¢(K ). But since they agree on the restrictions by
Proposition [7.2.8] by the uniqueness property of the 2-colimit, they are isomorphic.

The same argument works for cokernels as well. Q.£D

7.2.2.3 Abelian Categories

Proposition 7.2.9. Let I be a filtered system and § : I — Ab a 2-functor with
values in abelian categories. Then 2-colim§; is an abelian category and the projection

functors §; - 2-colim§; respect the structure.

Proof. Using the results from the previous sections, we already know that the 2-
colimit is preabelian and the canonical projections are structure preserving. Hence,
using [3, Theorem 2.3.2 (p.100)], we know that 2-co!iim §i is an abelian category if
for every morphism

A A— B,

with kernel (Ker), k) and cokernel (Coker), ), the morphism

1 : Cokerk — Kery
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is an isomorphism. By the definition of the 2-colimit for filtered systems, we can

assume that the whole diagram

Kerh 2= A A B — Coker

N 7

Cokerr ——~ Kery

is in some §;. By assumption, v is an isomorphism in §; and thus by Proposition

4.2.14}, it is an isomorphism in the 2-colimit. Q.ED

7.3 Properties Preserved under Stackification

As mentioned at the beginning of this chapter, if a property is preserved by both
2-limits and filtered 2-colimits, it is preserved by stackification. This section will
basically be a summing up of the results obtained in the previous two sections, for

the convenience of the reader.

Theorem 7.3.1. Let X be a site and § : X - € a 2-functor from X to the 2-category
€. The associated stack §: X — € exists if € is any of the following:

i) The 2-category of (finite) complete categories;
it) The 2-category of (finite) cocomplete categories;
i11) The 2-category of (finite) bicomplete categories;
iv) The 2-category of pre-additive categories;

v) The 2-category of additive categories;

vi) The 2-category of pre-abelian categories;
vii) The 2-category of abelian categories.

Proof. This follows from Proposition 4.3.7| and:

i) Theorems i) and i) (see Remark [§] p[134));
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ii) Theorems ii) and ii) (see Remark 8 p[134));

iii) The above two statements;

iv) Propositions (7.1.4} [7.1.5 [7.2.4] and [7.2.5}

v) Statement iii) and iv);

vi) Propositions [7.1.7| and [7.2.7

vii) Propositions [7.1.9|and [7.2.9]

Q.ED

Lemma 7.3.2. Let X be a site, §: X — Cat a 2-functor and & : X — Cat a stack.
Let ¢ : § = & be a natural transformation. Denote by F' the associated stack of
§ and let 2[1 : § = & be the associated natural transformation. Then the following
results hold:

i) If v respects (finite) limits, so does V;
i) If 1 respects (finite) colimits, so does V:
i) If 1 is additive, then so is 0.
Proof. This follows from Proposition and:
i) Propositions i) and i) (see Remark [§ p[134);
ii) Propositions ii) and i) (see Remark [8) p[134));

iii) Propositions [7.1.6| and [7.2.6]

Q.ED

Recall that using Proposition [7.1.10] we can talk about stacks with values in
Galois categories (called Galois stacks). As such, using the universal definition, we
still have the notion of an associated Galois stack, even if we don’t prove that it

always exists. We then have the following:
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Corollary 7.3.3. Let §: X —» GCat be a 2-functor, & : X — GCat a Galois stack
and ¥ : § = & a Galois transformation. If § has the associated Galois stack 3, then

@/A) :§ = & is a Galois transformation as well.

Proof. This follows from i) and ii) of the above lemma and iii) of Theorem [7.3.1]
Q.ED
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Chapter 8

The Etale Fundamental Groupoid

In this chapter we will prove our final main result of this thesis. The original problem,
posed by my supervisor, was to prove a version of the van-Kampen theorem for the
étale fundamental groupoid. The version we prove is that for any covering ¥ —» X
of a noetherian scheme X, the association Y ~ II;(Y") is a costack, rather then a
cosheaf, as initially expected.

But more is true. The étale fundamental groupoid is indeed defined by the
Seifert-van Kampen theorem, in complete analogy to the topological case, however,
the proof is vastly different.

To prove that it’s the 2-terminal costack over any noetherian scheme X is equiv-
alent to saying that it is the associated costack of the constant, covariant 2-functor
taking the trivial groupoid as its value. Unfortunately we don’t know much about
costackification, so instead we will compose it with the functor Hom(—, FSets), and
hence get a Galois category.

Since by the definition of a costack, after composing with Hom(—, FSets), we will
get a stack, we can use stackification to prove this theorem. This is also our main
reason for studying properties preserved under 2-limits and filtered 2-colimits in the

above chapter.

We follow [35] on the notations. Let k& be a field. A polynomial f € k[x] is
separable if f(x) is irreducible over k£ and has no multiple roots. A field extension
k — L is separable if the minimal polynomial my(a) of every element a € L over k is

separable over k.
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A homomorphism A — B is called finite, if B is finitely generated as an A-
module. Now let A and B be local rings and f : A - B a local homomorphisms. We
say that f is unramified if A/ma — B/f(ma)B is a finite, separable field extension.
Let Y be a scheme such that it can be covered by affine subschemes V; = Spec(4;),
where the A; are noetherian. Let f: X — Y be a morphism of schemes, and assume
further that for all 4, f~1(V;) can be covered by finitely many affine subschemes
U, = Spec(B;), where the Bj-s are noetherian as well.

We say that f: X — Y is of finite type if the Bj-s are finitely generated A,-
algebras for every i. Note that in this case we require them to be finitely generated
as algebras, not as modules, as we did in the case of finite homomorphisms.

A morphism ¢ : Y — X of schemes is unramified if it is of finite type and if

Ox 4(y) = Oy,y are unramified for all y e Y.

A morphism A — B of rings is called flat, if the functor M - B ®4 M from
A-modules to B-modules is exact. A morphism of schemes is flat, if the local
homomorphisms Ox ,,) = Oy, are flat for every y e Y.

Let X,Y be schemes and f: X — Y a morphism between them. We say that
f is étale if it is flat and unramified. In this case, we also say that X is étale over
Y. If additionally f is surjective on the underlying topological spaces of Xs and Y,
then f is said to be an étale covering. See also Example [4 on page [§

Let X be a noetherian scheme. Denote by FEC(X) the site of finite étale cov-
erings of X. It is a well-known result that the category of finite étale coverings is a

Galois category.

Lemma 8.0.1. Let X and Y be quasi-compact, noetherian schemes. We have
FEC(XIIY) = FEC(X) x FEC(Y'), where FEC(X) denotes the category of finite

etale coverings over X.

Proof. From the proof of Proposition |4.4.4] we know that this is true for the under-
lining modules. Further, we know that it suffices to check it only in the affine case.
Let R and S be commutative rings and denote by Alg(R) the category of algebras
over R.

As Algebras: Take an algebra A € Alg(RxS). Since it’s also a module over Rx S, we
define modules e; A and e; A over R and S respectively. It is clear that the ring struc-

ture on A induces a ring structure on e; A by saying that (1,0)a x (1,0)b = (1,0)ab.
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Similarly for e;A. For the reverse, take A; and A, in Alg(R) and Alg(S) re-
spectively. By defining (ay,a2)(b1,by) = (a1b1,a2bs) we get a ring structure on
Aj x Ay. This argument trivially extends to morphisms as well. Hence we have
Alg(R x S) = Alg(R) x Alg(S).

Unramifiedness: Recall that if A~ A x Ag, then we have

Spec(A) = Spec(Ag) | [ Spec(As), (8.1)

given by pg — (pr, As) and ps — (Ag,ps). Let f: Rx S - A be an R x S-algebra
and take p € Spec(A). We know that there are fr : R - Ag, fs: S - Ag with
A2 Apx Ag and f = fr x fg. Without loss of generality, we can assume that
p=(pgr,As). We have

) = f (pr, As) = (fr (pR), 5" (As)).

pr is prime, so is its pre-image and f~1(p) = (fz'(pr), As). This implies that

(Rx8) 1) 2 (R % S)f1(pp),45-

Since (1,As) ¢ Rx S~ (fz'(pr), As), we get (R x S)s1(p) 2 Ry Similarly
A, = (AR)p,- Hence f: Rx S — A being unramified is without loss of generality

equivalent to

TR+ Bpony = (Ar)pr

being unramified.

Flatness: Recall that we have
(Mg x Ms) ®rxs (Nr x Ns) 2 (Mg ®r Ng) x (Ms ®s Ns).

Assume now that Mz and Mg are flat over R and S respectively. Take any module

N over R x S. By Proposition [£.4.4] we know that N = N x Ng were Np is an
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R-module and Ng is an S-module. By the above formula and our assumption, we
get that N is flat over R x S. Same for the other side. This implies the result.
Surjectivity: Let f: A— R xS be a be a ring homomorphisms that is surjective on

the set of prime ideals. Formula [8.1| implies that its equivalent to

fr'u fs': Spec(R) [ | Spec(S) - Spec(Ar) [ [ Spec(As)

being surjective. This now implies the result. Q.£D

Given a geometric point 5 : Spec(w) — X of X, we denote the underlying set

associated to the scheme Y5 :=Y xx Spec(w) by X2¢. Thus, we obtain the functor
§5: FEC(X) — FSets,

given by
F(Y) =Y +5°°%,

We have the following well-known result:

Theorem 8.0.2. Let X be a finitely connected, noetherian scheme. The category
FEC(X) of finite etale coverings of X, together with all the functors

{%’g FEC(X) - FSets}ieI
induced by every geometric point S; : Spec(w;) - X,1 € I, is a (finitely connected)
Galois category.

Theorem 8.0.3. Let X be a finitely connected, noetherian scheme and denote by
FEC(X) the site of finite étale coverings of X. The 2-functor x& : FEC(X) - GCat,
given by

Y » {§5: FEC(Y') — FSets}es,

1s a stack.

Proof. Recall first that for finitely coverable sites, we could talk about stacks with
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values in Galois categories (Definition |6.2.7)). Since for a noetherian scheme X the
site of finite étale coverings FEC(X) satisfies said finiteness condition, the proof

follows from [21], p.187, Proposition 4.1], and Lemmas [8.0.1| and {4.4.3] Q0.£D

Definition 8.0.4. Let {F; : C — FSets};c; be a finitely connected Galois category.
We define its fundamental groupoid I1;(C) as follows:

e Objects of I1,(C) are the functors {F;:C - FSets}je;;

o For F; and F; we define Homgnet(Fi, Fj) = 150pnct (Fi, F;) where 1sopaee denotes

the set of natural isomorphisms.

Definition 8.0.5. Let X be a finitely connected site. Define the étale fundamental
groupoid II; (X) of X to be the fundamental groupoid of the Galois category zEc(X),
being {§s : FEC(X) — FSets}ics.

Equivalently, Theorem [8.0.3| can be stated as follows:

Theorem 8.0.6. The 2-functor & : FEC(X) — GCat given by Y  II;(Y')-FSets,
where 111 (Y') denotes the étale fundamental groupoid of Y, is a stack.

Proof. In the case of connected schemes this result is a classical result by Grothendieck.

We use our proof of the generalised case, when X need not be connected, given in

Theorem to obtain this result. 0..D

Theorem 8.0.7 (Seifert-van Kampen Theorem). Let X be a finitely connected,
noetherian scheme. The assignment Y ~ I11(Y") defines a costack on the site of

finite étale coverings of X.

Proof. For any covering Z € Cov(Y'), we have the 2-functor 2-colim(Z,11;) - I1,(Z),
where 2-colim(Z,11;) denotes the 2-colimit of

Hl(ZXXY):Hl(ZXXYXXY):EHl(ZXXYXXYXXY).

Hence we get the associated functor I, (Z)-FSets — 2-colim(Z, I1; )-FSets, where we
denoted by &-FSets the functor category Homgq(®, FSets). Since Homgg (-, FSets)
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is left exact, we have
2-colim(Z, 1 )- FSets = 2-1im((Z, I1; )- FSets),
where 2-lim((Z,I1;)-FSets) denotes the 2-limit of
II,(Z xx Y)-FSets == 111 (Z xx Y xx Y)-FSets =11 (Z xx Y xx Y xx Y')-FSets.

By Theorem8.0.6], the functor IT; (Z)- FSets — 2-lim((Z, I1; )-FSets) is an equivalence
of categories. Hence from Corollary [6.2.6] 2-colim(Z,11;) — I1,(Z) is an equivalence

of categories as well. This proves the assertion. Q.£D

Definition 8.0.8. Let € be a 2-category. We say that ¥ is the 2-terminal object of

&, if for any other object C € €, Homeo(C, %) is equivalent to the 1-point category.

Theorem 8.0.9. Let X be a finitely connected, noetherian scheme. The assignment
U~ 11 (U), U e X is the 2-terminal costack of groupoids over the site of étale

coverings of X.

To prove this theorem, we first need a few other results.

Lemma 8.0.10. Consider the constant covariant 2-functor s : U ~ FSets. Its
associated prestack is given by s : U — CS(U), where CS(U) denotes the category

of constant sheaves of finite sets on U.

Proof. Recall our discussion about prestacks in Subsection We know that the
objects remain the same, but the morphisms are replaced by the sections of the
sheafification of the presheaves Homy (a,b). We claim that this is equivalent to the
category of constant sheaves on U. The fact that the objects of these two categories
are equivalent is clear. To see that the Hom-sets are isomorphic, first observe that

the sheafification of Homy (a,b) is Hom(mo(u), Hom(a,b)), which is isomorphic to
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(b2)™ W) = pamo (W) Denote by @ the constant sheaf with value a. Then

HomSheaf (6, E) HomPresheaf (aa l_))

= HomPresheaf(ayg)-
Since b is given by U + Hom(mo(U),b), we have
Hompresheaf(a,g) = Hom(a, Hom(U,b)).

This is isomorphic to (b™(U))a = pro(V)a proving the assertion. Q.ED

Corollary 8.0.11. Consider the constant covariant 2-functor s : U ~ FSets. Its
associated stack s is given by $§(U) = LCS(U), where LCS(U) denotes the category
of locally constant sheaves of finite sets on U.

Let A be a covariant 2-functor. Recall that we denoted by Ag the contravariant
2-functor given by U — Hom(A(U), FSets).

Proof of Thm. [8.0.9. We have already shown that the 2-functor U — I1;(U) forms
a costack. Hence, to prove this theorem, we only have to show that for every costack
C' of groupoids, we have an essentially unique map C' = 1II;.

Denote by P the constant, covariant assignment U +— pt, where pt is seen as a
groupoid. It is clear that we have a natural transformation C' = P, and as such,
a Galois transformation Ps = Cs. As shown in Corollary [8.0.11] the stackification
of Ps exists and is U » LCS(U), where LC'S(U) denotes the category of locally
constant sheaves on U. In the case of noetherian schemes, LC'S(U) is equivalent
to the Galois category II;(U)-FSets. Since C was a costack, Cs is a Galois stack
and hence, Ps = Cg factors through II;5. Using Corollary [7.3.3] we know that the
obtained natural transformation II;5 = Cg is a Galois transformation.

By the uniqueness of the associated stack (see Definition and Corollary

respectively, we have the following equivalences of categories:

HomGa|(PS,CS) = HomGa|(H15, Cg) = Hom@,t(C, Hl)
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Here Homg, denotes the category of Galois transformations (i.e. of natural transfor-
mations respecting finite limits and colimits). Uniqueness and existence now comes
from the fact that we have precisely one exact natural transformation Ps = Cs. The
last claim is true because Ps is equivalent to FSets and hence a functor respecting
finite colimits is defined by its value on the singleton %, which has to map to the

terminal object of Clg. Q.£D
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