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3.1. The definition of 2-categories

A 2-category € has objects X,Y,..., l-morphisms f,g: X =Y
(morphisms), and 2-morphisms 7 : f = g (morphisms between
morphisms). Here are some examples to bear in mind:

Example 3.1

(a) The 2-category Cat has objects categories ¢, %, .. .,
1-morphisms functors F, G : € — 2, and 2-morphisms natural
transformations 1 : F = G.

(b) The 2-category Top"® of topological spaces up to homotopy
has objects topological spaces X, Y, ..., 1-morphisms continuous
maps f,g : X — Y, and 2-morphisms isotopy classes [H] : f = g
of homotopies H from f to g. Thatis, H: X x [0,1] — Y'is
continuous with H(x,0) = f(x), H(x,1) = g(x), and

H,H": X x [0,1] — Y are isotopic if there exists continuous

I X x[0,1]> = Y with I(x,s,0) = H(x,s), I(s,x,1) = H'(x, s),
I(x,0,t) = f(x), I(x,1,t) = g(x).
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Definition
A (strict) 2-category € consists of a proper class of objects
Obj(¥), for all X, Y € Obj(%) a category Hom(X, Y), for all X
in Obj(%) an object idx in Hom(X, X) called the identity
1-morphism, and for all X, Y, Z in Obj(%) a functor
px y,z : Hom(X, Y) x Hom(Y, Z) — Hom(X, Z). These must
satisfy the identity property, that

pxx,y(idx, =) = px v,y (=, idy) = idgom(x,v) (3.1)
as functors Hom(X, Y) — Hom(X, Y), and the associativity
property, that

pw,y,z o (pw.x,y xid) = pw x,z o (id xpx,y,z) (3.2)
as functors Hom(W, X)xHom(X, Y)xHom(Y, Z) —Hom(W, X).
Objects f of Hom(X, Y) are called 1-morphisms, written
f: X = Y. For 1-morphisms f, g : X — Y, morphisms
n € Hompom(x,y)(f, g) are called 2-morphisms, written n : f = g.
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I'm explaining 2-categories partly to give you some intuition for
oo-categories at the end of the lecture and later.

There are three kinds of composition in a 2-category, satisfying
various associativity relations. If f : X - Y and g: Y — Z are
1-morphisms then px vy z(f, g) is the horizontal composition of
1-morphisms, written gof : X — Z. If f,g,h: X = Y are
1-morphisms and i : f = g, ( : g = h are 2-morphisms then
composition of 7, ¢ in Hom(X, Y) gives the vertical composition of
2-morphisms of n, , written ( ®n : f = h, as a diagram

f
SN f
x_ Wty x Y Y. (3.3)
~_"'

b~ h
h
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Andif f,f: X — Y and g,§ : Y — Z are 1-morphisms and
n:f="f, C:g= g are 2-morphisms then px.y,z(n,¢) is the
horizontal composition of 2-morphisms, written
Cxn:gof= gof, asa diagram

f g gof
XY Wz o~ X mzZ (3.4)
f g go

There are also two kinds of identity: identity 1-morphisms

idx : X — X and identity 2-morphisms ids : f = f.

A 2-morphism is a 2-isomorphism if it is invertible under vertical
composition. A 2-category is called a (2,1)-category if all
2-morphisms are 2-isomorphisms. They are arguably the nicest
kind of 2-category. For example, stacks in algebraic geometry form
a (2,1)-category.
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In a 2-category €, there are three notions of when objects X, Y in
¢ are ‘the same': equality X =Y, and isomorphism, that is we
have 1-morphisms f : X = Y, g: Y — X with go f =idx and
f o g =1idy, and equivalence, that is we have 1-morphisms
f:X—=>Y,g:Y — X and 2-isomorphisms 1 : g o f = idx and
¢ : fog = idy. Usually equivalence is the correct notion.
Commutative diagrams in 2-categories should in general only
commute up to (specified) 2-isomorphisms, rather than strictly. A
simple example of a commutative diagram in a 2-category € is

Y
f g
n
X _— l,% I z
which means that X, Y, Z are objects of &, f : X = Y/,

g:Y —Zand h: X — Z are 1-morphisms in €, and
n:gof = hisa 2-isomorphism.

)
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3.2. Fibre products in categories and 2-categories

Definition (Fibre products in ordinary categories, as in §2.3.)

Let € be a category, and g : X — Z, h: Y — Z be morphisms in
€. A fibre product (W, e, f) for g, h in € consists of an object W
and morphisms e: W — X, f: W — Y in € with goe=hof,
with the universal property that if ¢ : W/ — X, f': W/ — Y are
morphisms in € with go e’ = ho f’, then there is a unique
morphism b: W/ — W with ¢ = eo b and f' = f o b. We write
W=XXgzpYorW=XxzY. The commutative diagram

w Y

fe hy

X Z

is called a Cartesian square.

In general, fibre products may or may not exist. If a fibre product
exists, it is unique up to canonical isomorphism.
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The universal property may be summarized by the diagram
W’ — !

Some examples:

@ All fibre products exist in Schi.

@ All fibre products W = X Xz 7 Y exist in Top. We can take
W={(x,y)eXxY : g(x)=h(y)}, with the subspace topology.

@ Not all fibre products existin Man. If g: X —Z, h: Y > Z
are transverse then a fibre product W = X x4 7 Y exists in
Man with dim W = dim X + dim Y — dim Z.

@ Intersections of subschemes, or submanifolds, are examples of
fibre products. If C,D C S are K-subschemes of a K-scheme
S, then by the K-subscheme C N D, we actually mean the
fibre product C x;s; D in Schg, with j: C =S, j: D= S
the inclusions.
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Definition (Fibre products in 2-categories)

Let € be a strict 2-category and g : X — Z, h: Y — Z be
1-morphisms in €. A fibre product X xz Y in € is an object W,
1-morphisms e: W — X and f : W — Y and a 2-isomorphism
n:goe=-hof in % with the following universal property:
suppose € : W — X and f': W/ — Y are 1-morphisms and
n :goe = hof'isa 2-isomorphism in . Then there exists a
1-morphism b : W/ — W and 2-isomorphisms ¢ : eo b = €/,
A : fob= f" such that the following diagram commutes:
goeob=————=hofob
idg *C\u 77*1/db U idp *A
goe ——"——~ hofl
Furthermore, if B,CN, X are alternative choices of b, C, A\ then there
should exist a unique 2-isomorphism 6 : b = b with
{=C¢o(dex0) and X = A0 (idf *).
If a fibre product X x 7 Y exists, it is unique up to equivalence.
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The 2-commutative diagram

is called a 2-Cartesian square.
The universal property may be summarized by the diagram

The composition of 2-morphisms 7, {, A across the diagram is 7’.
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Example: classical and derived affine schemes

Let A(X1,---yXn)s -, fm(X1,...,%n) be polynomials over a field K,
and let f = (f1,...,fn) : A" — A™ be the associated morphism.
Write X = f~1(0) C A" for the zero locus of f, as a K-subscheme.
Then X is a fibre product * xg gm ¢ A" in Schg, in a Cartesian square

X * = SpecK
| f o}
A" A",

If some f; is zero, or if f; = f;, we can omit f; without changing X.
This is always true for fibre products in an ordinary category of
spaces. But for fibre products in the co-category dSchy of derived
schemes, X is changed by omitting f;. That is, for a derived zero
locus, setting f = 0 twice is different to setting f = 0 once. This
works because the universal property of fibre products in dSchg
involves 2- (and higher) morphisms, which can see the difference.
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3.3. More about 2-categories; co-categories
The homotopy category of a 2-category

Let € be a 2-category. The homotopy category of € is the ordinary
category Ho(€) whose objects X, Y, ... are the objects of €, and
whose morphisms [f] : X — Y are 2-isomorphism classes [f] of
1-morphisms f : X — Y. Objects X, Y in € are equivalent in € if
and only if they are isomorphic in Ho(€).

Given a fibre product X X, 7 5 Y in a 2-category €, one could also
consider the fibre product X X4 z 5 Y in the homotopy category
Ho(€). These can be different (if they both exist). The fibre
product in € is usually the ‘correct’ one to consider.
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The homotopy category Ho(€) is a truncation of €. Passing to the
homotopy category of a 2-category (or an co-category) forgets
information stored in the 2- (and higher) morphisms. Sometimes
you need this information, and should work with the higher category.
For example, derived categories D” coh(X) are the homotopy
categories Ho(ID® coh(X)) of an underlying stable co-category

D? coh(X). lssues such as ‘nonfunctoriality of the cone’ in

DP® coh(X) are a sign that the homotopy category Ho(ID? coh(X))

is not enough, and you need the oo-category D coh(X).
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Weak 2-categories

A weak 2-category, or bicategory, is like a strict 2-category, except
that the equations of functors (3.1), (3.2) are required to hold not
up to equality, but up to specified natural isomorphisms. That is, a
weak 2-category ¢ consists of data Obj(%’), Hom(X, Y), ux v, z,
idx as above, but in place of (3.1), a natural isomorphism

a:pw,y,zo (pwx,y X id) = pw x,z o (id xux v,z),
and in place of (3.2), natural isomorphisms

B uxx,y(idx, —)=id, v:puxy y(—,idy)=id,
satisfying some identities. That is, composition of 1-morphisms is
associative only up to specified 2-isomorphisms, so for 1-morphisms
e:W—=X,f: X—=Y,g:Y — Z we have a 2-isomorphism
gfe:(gof)oe=go(foe).
Similarly identities idx,idy work up to 2-isomorphism, so for each
f: X — Y we have 2-isomorphisms
Bf : foidy = f, ~v¢ :idy of = f.

2-categories ‘in nature’ are often weak 2-categories.
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The 3-category of 2-categories

The most basic example of a 2-category is the 2-category €at of
categories, with objects categories ¢, 2, 1-morphisms functors
F,G:%¢ — 2, and 2-morphisms natural transformations n: F = G.
Similarly, the family of all 2-categories 2-Cat is actually a 3-category.
e Objects of 2-€at are 2-categories €, D.

e 1-morphisms of 2-Cat are 2-functors F, G : € — . Here F

maps objects X € € to objects F(X) € ©, and 1-morphisms

f:X — Y in¢€to l-morphisms F(f): F(X)— F(Y) in D, and
2-morphisms 1 : f = g in € to 2-morphisms F(n) : F(f) = F(g) in .
e 2-morphisms of 2-Cat are 2-natural transformations

=,0: F = G. Here = maps objects X € € to 1-morphisms

=(X): F(X) = G(X) in ®, and 1-morphisms f : X — Y in € to
2-morphisms =(f) : F(f) = G(f) in D.

e 3-morphisms of 2-Cat are called modifications X : = = ©. Here

N maps objects X € € to 2-morphisms R(X) : =(X) = ©(X) in D.
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Thr rough idea is a 3-category is like a 2-category but with added
3-morphisms N : = = © between the 2-morphisms =, 0 : f = g.
The actual axioms and details are horribly complicated.

If €, are fixed 2-categories then Fun(<,®) is a 2-category, with
objects 2-functors F : € — ©, and 1-morphisms 2-natural
transformations of such F, and 2-morphisms modifications.

We can define equivalences of 2-categories: 2-functors F : € — ©
which are invertible up to 2-natural isomorphism. We consider
2-categories €,® to be ‘the same’ if they are equivalent.

All this also works for weak 2-categories. It is a useful fact that
every weak 2-category is equivalent to a strict 2-category.

Dominic Joyce, Oxford University Lecture 3: 2-categories



The definition of 2-categories
Fibre products in cat ies and 2-categories
More about 2-categories; co-categories

2-categories

Outlook on higher categories

The theories of ordinary categories, and 2-categories, are well
understood and well behaved. However, there is a problem with
n-categories for n > 3. For 2-categories we saw that:

@ There are theories of strict 2-categories and weak 2-categories.
@ 2-categories that arise ‘in nature’ are often weak 2-categories.

o Every weak 2-category is equivalent to a strict 2-category, so
the difference between strict and weak doesn’t really matter.

For n > 3, it turns out that there is an essentially unique definition
of strict n-category, with nice properties. However, being strict is
too restrictive, as it excludes many important examples. There are
many different, non-equivalent definitions of weak n-category.
Weak n-categories need not be equivalent to strict n-categories.
Working with enormous diagrams of k-morphisms for
k=1,2,...,n gets really long and confusing.
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First rough idea of oco-categories

It turns out that life is much nicer if you skip n-categories for

2 < n < oo and go straight to oco-categories; especially if you are
only interested in (oo, 1)-categories, that is, co-categories in which
the n-morphisms are all invertible (modulo n + 1-morphisms) for all
n > 2. We will only care about (oo, 1)-categories in this course.
There are several theories of (0o, 1)-categories, which are
essentially equivalent. We will discuss them in more detail later in
the course. For today, | would like to try and give the rough idea in
terms of categories enriched in topological spaces.
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Categories enriched in topological spaces

Our first model for an (oo, 1)-category is a category % such that
for all objects X, Y in &, the set Hom(X, Y') of morphisms

f: X — Y is given the structure of a topological space (generally
a nice topological space, e.g. Hausdorff, ..., and homotopy
equivalent to a CW complex), and for objects X, Y, Z the
composition px y 7z : Hom(X, Y) x Hom(Y, Z) — Hom(X, Z) is
a continuous map.

We care about the Hom spaces Hom(X, Y) only up to homotopy
equivalence. There is no need to require composition p1x y 7 to be
strictly associative: for objects W, X, Y, Z we need a homotopy

Mw.x.v,z : pw,v,z © (pwx,y xid) = pw x,z o (id Xux y,z)
between the two continuous maps
Hom(W, X) x Hom(X, Y) x Hom(Y, Z) — Hom(W, Z),
and then higher homotopies for 5,6,... objects.
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We can now define 1-morphisms, 2-morphisms, ... in ¢:

A 1-morphism f : X — Y is a point of Hom(X, Y).
If f,g: X — Y are l-morphisms, a 2-morphismn : f = g is a
continuous path 7 : [0,1] — Hom(X, Y) with n(0) = f and
n(1) = g. Note that 7 is invertible with n71(s) = n(1 — s).
If n,( : f = g are 2-morphisms, a 3-morphism X : = ( is a
continuous map X : [0, 1]?> — Hom(X, Y) such that for s, t € [0, 1]
NO0,t) =1, R(1,t)=g, N(s,0)=1n, N(s,1)=¢.
n-morphisms are continuous maps [0,1]"~! — Hom(X, Y)
with prescribed boundary conditions on 9([0, 1]"1).
If n:f =g, (:g= hare 2-morphisms, the vertical
composition ¢ @1 : £ = his (C ®@n)(s) = n(2s) if s € [0, 3]
and (C®n)(s) = ((2s — 1) if s € [3,1]. This is not associative,
but is associative up to homotopy, i.e. up to 3-isomorphism.
Other kinds of composition can be defined in a similar way.
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The homotopy category Ho(%') has the same objects as %, and
morphisms Homyo ) (X, Y) = mo(Homg (X, Y)), that is, the set
of connected components of Homg¢ (X, Y).

A lot of the theory of co-categories gets modelled on homotopy
theory of topological spaces. For example, the Whitehead Theorem
says that if X, Y are connected topological spaces homotopy
equivalent to CW complexes and f : X — Y is continous with
7n(f) s mn(X) = 7a(Y) an isomorphism for all n > 1 then f is a
homotopy equivalence. Because we only care about Hom(X, Y) up
to homotopy equivalence, the homotopy groups m,(Hom(X, Y);)
for each connected component Hom(X, Y); of Hom(X, Y) (which
basically parametrize (n + 1)-morphisms in € modulo

(n + 2)-morphisms) contain a lot of the important information.
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Introduction

Our next topic is classical stacks: Deligne-Mumford stacks
DMStag and Artin stacks Artgk, which are 2-categories of spaces
generalizing schemes Schi. There is also a differential-geometric
analogue: the 2-category of orbifolds Orb, which is to the category
of manifolds Man as DMStay is to Schy.

We may define DMStayk and Arty as full 2-subcategories of the
functor 2-category Fun(Algg, Groupoids). That is, a stack X is a
functor X : Algx — Groupoids satisfying a load of complicated
conditions. But (I think) this definition is difficult to get your head
round, and doesn’t give much geometric intuition.

| am going to talk about examples and properties of stacks for a
while before giving the formal definition, so that when | do give the
definition it may be a bit more motivated. Also | will discuss
orbifolds, for which more geometric definitions are available. Today
I will talk about global quotient stacks [U/T].
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4.1. Global quotient stacks

We will discuss stacks and orbifolds which are global quotients
X = [U/T]. Here:

o If X is a Deligne-Mumford stack over a field K (e.g. K= C)
then U is a K-scheme and T is a finite group acting on U.

o If X is an Artin stack over K then U is a K-scheme and I is
an algebraic K-group (basically a Lie group over K, e.g.
GL(n,K)) acting on U.

e If X is an orbifold then U is a smooth manifold and I is a
finite group acting smoothly on U.

Roughly, one should expect that a general (nice) stack or orbifold
X has an open cover {X; : i € I} with X; ~ [U;/T], so global
quotients are local models for general stacks. This is an
over-simplification in the Artin case, but holds for large classes of
interesting stacks, e.g. moduli stacks of coherent sheaves.
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1- and 2-morphisms of global quotients: first guess

Let [U/T],[V/A] be global quotients. How should we define
1-morphisms ¢, : [U/T] — [V /A] and 2-morphisms 71 : ¢ = 17
Clearly ¢ should induce a map of the orbit spaces U/ — V/A.
The natural guess is:

Definition 4.1 (Quotient 1- and 2-morphisms)

Suppose p : [ — A is an (algebraic) group morphism and

f: U — V is a morphism of schemes or manifolds which is
equivariant under p : I — A, that is, f(yu) = p(v)f(u) for all
v€Tl and ue U. Then [f/p] : [U/T] — [V/A] is a 1-morphism.
Suppose [f/p],[g/co] : [U/T] — [V/A] are 1-morphisms. A
2-morphism [9] : [f/p] = [g/c] is 6 € A such that g(u) =6 f(u)
for all u € U and o () = 6p(y)d~1 for all v € . Then

gy u) = 6F(yu) = dp(y)f(u) = dp(~)5 " 6 (u) = o(7)g(u).

We define 2-morphisms like this as if such § exists then the maps
of orbit spaces f/p,g/o : U/l — V /A are equal.
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It is easy to define the various kinds of compositions of 1- and
2-morphisms. For example, given 1-morphisms

[f/p] : [U/T] = [V/A], [g/o] : [V/A] — [W/K], we define
[g/a]o[f/p] =[gof/oop]:[U/T] = [W/K]. Vertical
composition of 2-morphisms is multiplication in the group A.
Then we get a strict 2-category of quotient stacks [W/T]. All
2-morphisms are 2-isomorphisms, so it is a (2,1)-category.

If A acts freely on V (basically, if [V/A] is a scheme/manifold
rather than a stack/orbifold) and U # () then the condition

g(u) = 0 f(u) determines § uniquely if it exists, so there is at most
one 2-morphism [d] : [f/p] = [g/c]. In this case, the 2-category
behaves like an ordinary category. We only get genuine stacky,
2-categorical behaviour (non-identity 2-morphisms

0 :[f/p] = [f/p]) if A does not act freely on V/, that is, if points
in V' have nontrivial stabilizer groups in A.

We consider K-schemes (and manifolds) U as examples of global
quotients by writing U = [U/{1}].
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1- and 2-morphisms of global quotients: the right answer

In fact Definition 4.1 is too restrictive: there are more general
notions of 1- and 2-morphisms of global quotients

Definition 4.2 (1-morphisms of global quotients)

Let [U/T],[W/A] be global quotients. A 1-morphism
(P,m, f): [U/T] = [W/A] is a triple (P, m, f) where
@ P is a scheme/manifold with an action of ' x A.
o m: P — U is a -equivariant, A-invariant smooth map
making P into a principal A-bundle over U.

o f: P— W is a smooth A-equivariant and l-invariant map.
If [g/c] : [U/T] — [W/A] is as in Definition 4.1 then we define
P = U x A, with T x A-action (7,6) : (u,d") = (yu,d8'c(y)™1),
and 7, f given by 7(u,d’) = u, f(u,d') = §’g(u). Then
(P,m, f): [U/T] = [W/A] is a 1-morphism as above. As principal
bundles are locally trivial, all 1-morphisms are locally of the naive
form in Definition 4.1.
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Definition (Continued.)

If (P,m,f),(Q,m, g):[U/T] = [V/A] are 1-morphisms, a
2-morphism v : (P, 7, f) = (Q,m, g) is an isomorphism ¢ : P — Q
which preserves [ x A-actions and projections 7 to U, and has
f=gou.
If [0] : [f,p] = [g, 0] is as in Definition 4.1 and (P, ,f),(Q,m,g)
are defined from [f, p], [g, 0] as above with P = Q = U x A, we
define v : (P, 7, f) = (Q, 7, g) by ¢(u,8") = (u,6'671). Then v is a
2-morphism as above.
It is easy to define the various kinds of compositions of 1- and
2-morphisms. If (P, x,f): [U/T] — [W/A]
(Q,m,g): [V/A] — [W/K] are 1-morphisms then composition of
1-morphisms is

(Q,m,g)o(P,m f)= ((P Xfva Q)/A,momp,go 7TQ).
Vertical composition of 2-morphisms is composition of
isomorphisms ¢. This gives a (2,1)-category of quotients [U/].
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Points and isotropy groups

If X is a K-scheme then (K-)points x of X are equivalent to
morphisms x : x = Spec K — X. Similarly, if X is a K-stack then
(K-)points [x] of X are 2-isomorphism classes [x] of 1-morphisms
x : % — X. For quotient stacks [U/I'], 2-isomorphism classes of
1-morphisms x : * = [x/{1}] — [U/T] correspond to l-orbits ul in
U, for u:+ — U. The set of points of X is a topological space,
which is the quotient topological space U/I for a quotient [U/I].
For stacks (and orbifolds) X, there is an extra piece of data
associated to each point [x] in X, the isotropy group (or orbifold
group) Iso([x]), the group of 2-morphisms 7 : x = x. This is a
finite group for Deligne-Mumford stacks and orbifolds, and an
algebraic K-group for Artin stacks. For a -orbit ul" we have
Iso(ul) = Stabr(u), the stabilizer group of w.

Conclusion: considered as geometric spaces, stacks and orbifolds
have an extra geometric structure not present in schemes and
manifolds, each point [x] has an isotropy group Iso([x]).
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4.2. Examples. Classifying stacks of principal bundles

To understand the job that isotropy groups do, consider the
quotient [x/T], which is a single point with isotropy group I'. Let U
be a K-scheme, considered as a trivial quotient stack [U/{1}]. Then
@ 1-morphisms f : U — [*/I] are equivalent to principal
I-bundles 7 : P — U.
@ 2-morphisms 7 : f = g of 1-morphisms f, g : U — [x/I] are
equivalent to isomorphisms ¢ : P — Q of principal I'-bundles
P,Q— U.

Thus [*/T] is the classifying stack for principal T-bundles, and is
sometimes written BI'. In the homotopy category Ho(Artk),
morphisms U — [+/I] are equivalent to isomorphism classes [P] of
principal I'-bundles P — U, but the homotopy category forgets
Aut(P), which is encoded in the 2-morphisms in Artg. For the
multiplicative group G,, 1-morphisms U — [x/Gp,] are equivalent
to line bundles L — U.
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Example: fibre products of global quotients

All fibre products of Deligne-Mumford and Artin stacks exist;
transverse fibre products of orbifolds exist. Consider a fibre product
of global quotient stacks with morphisms of the form Definition
4.1. We may write the 2-Cartesian square explicitly as

{(u,v,k)eUxXV X K:f(u)=k g(v)}
[ A V)2
/) g [g/o]l
[f/e]
[U/T] [W/K].

Here in the top left ' x A acts by

(7,6) : (u, v, k) = (yu,év, p(y)ka(8)~1). The 2-morphism 7 is
not of the form in Definition 4.1, and is induced by the morphism
(u,v, k) — k.
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As a simple example, we have a 2-Cartesian square

I *

| ) | (4.1)
The corresponding fibre product in Ho(Artk) is *, so fibre
products in Ho(Artk) and in Artg need not coincide.
Given a scheme morphism f : U — V and a point v € V, the fibre
of f over v is x x, v ¢ U. Equation (4.1) shows that the fibre of
« — [*/T]is T. In fact « — [x/T] is a principal bundle in stacks. If
m: P — U is a principal -bundle and fp : U — [%/T] is the
associated 1-morphism, we have a 2-Cartesian square

P *
I W
U [+/T].

Thus P — U is the pullback along fp of the tautological principal
~v-bundle x — [x/T].
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Smooth Artin stacks and dimension

There is a good notion of when an Artin stack X is smooth, and
smooth stacks have a dimension dim X in Z (locally constant on
each connected component). A quotient stack [U/I] is smooth if
and only if U is a smooth K-scheme, and then the dimension is
dim[U/T] = dim U — dimT. Note in particular that smooth Artin
stacks can have negative dimension, e.g. dim[*/ GL(n,K)] = —n?.
There is a good notion of when a stack 1-morphism f: X — Y is
smooth. To be smooth roughly means that the fibres x x, y r X

are smooth stacks for all points y in Y.

Every quotient stack [U/I'] has a natural surjective 1-morphism
U=[U/{1}] — [U/T] with U a scheme. lts fibres are G, which is

a smooth scheme, so U — [U/T] is smooth.

An important part of the definition of an Artin stack X is that

there exists a smooth surjective 1-morphism U — X (called an atlas)
with U a scheme. For quotients [U/T], U — [U/T] is an atlas.

Dominic Joyce, Oxford University Lecture 4: Global quotient stacks and orbifolds



Global quotient stacks
Examples

Global quotient stacks and orbifolds

Sheaves and stacks on topological spaces

Example (Weighted projective spaces)

Let n and ao, ..., a, be positive integers, with hcf(ag, ..., a,) = 1.
Define the weighted projective space CP}, , = (C"1\ {0})/C*,
where C* acts on C™1\ {0} by

XNi(z0,21,. .y 20) — (AN 20,..., A% z,).

Then CP7 . is a Deligne-Mumford stack, or compact complex
orbifold. Near [z, ..., z,] it is modelled on C"/Z, where k is the
highest common factor of those a; for i =0, ..., n with z; # 0.

Note that although we can write CP] " as a global quotient
[U/T] = [(C™1\ {0})/C*] in the world of Artin stacks, we
generally cannot do so as a Deligne-Mumford stack or orbifold,
which requires I to be finite. In general the best we can do is to
cover CP} by n+ 1 open substacks equivalent to [C"/Z].
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4.3. Sheaves and stacks on topological spaces

Sheaves are a central idea in algebraic geometry.
Definition 4.3

Let X be a topological space. A presheaf of sets £ on X consists
of a set £(U) for each open U C X, and a restriction map
puv : E(U) — E(V) for all open V C U C X, such that:
(i) £(0) = * is one point;
(i) puu = idg(y) for all open U C X; and
(iii) puw = pvw o pyv for all open W C V C U C X.
We call £ a sheaf if also whenever U C X is open and {V; :i € I}
is an open cover of U, then:

(iv) If s, t € E(U) with pyv.(s) = puv,(t) for all i € I, then s = t;
(v) If si € E(V;) for all i € I with py,(viav)(si) = pvi(vinvy(s) in
E(VinV;) forall i,j € I, then there exists s € £(U) with

puv;(s) = s; for all i € I. This s is unique by (iv).
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Definition (Continued.)

Let £, F be (pre)sheaves on X. A morphism ¢ : € — F consists of
a map ¢(U) : E(U) — F(U) for all open U C X, such that

puv o ¢(U) = (V) o pyy : E(U) — F(V) for all open

V C U C X. Then sheaves form a category.

If € is any category in which direct limits exist, such as the
categories of sets, rings, vector spaces, K-algebras, ..., then we
can define (pre)sheaves £ of objects in € on X in the obvious way,
and morphisms ¢ : £ — F by taking £(U) to be an object in &,
and pyy : E(U) — E(V), ¢(U) : E(U) — F(U) to be morphisms
in €, and £(() to be a terminal object in € (e.g. the zero ring).
Almost any class of functions on X, or sections of a bundle on X,
will form a sheaf on X. To be a sheaf means to be ‘local on X,
determined by its behaviour on any cover of small open sets.
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Example: non-locality of morphisms in Ho(Orb)

Example

Let X =S8* CR? and G = Z,. Then X = UU V for
U=58"{(1,0)}, V=8*\{(-1,0)}. There are two principal
Zs-bundles on St up to isomorphism, with monodromy 1 and —1
around S. But on U = R 22 V there are only one principal
Zp-bundle (the trivial bundle) up to isomorphism.

Therefore morphisms [f] : St — [*/Z5] in Ho(Orb) are not
determined by their restrictions [f]|y, [f]|v for the open cover

{U, V} of 81, so such [f] do not form a sheaf on S*.

Regarding X as a quotient [S1/{1}], this example also shows that
morphisms f : [U/T] — [V/A] in Orb or Ho(Orb) are not globally
determined by a smooth map ' : U — V and morphism

p:T = A as f : St = x p: {1} — Zy are unique, but f is not.

Dominic Joyce, Oxford University Lecture 4: Global quotient stacks and orbifolds



Global quotient stacks
Examples

Global quotient stacks and orbifolds Sheaves and stacks on topological spaces

Stacks on topological spaces

Definition 4.3 defined sheaves of sets £ on a topological space X.
There is a parallel notion of ‘sheaves of groupoids’ on X, which is
called a stack (or 2-sheaf) on X. As sets form a category Sets, but
groupoids form a 2-category Groupoids (in fact, a (2,1)-category),
stacks on X are a (2,1)-category generalization of sheaves.

The connection with stacks in algebraic geometry is that both are
examples of ‘stacks on a site’, where here we mean the site of open
sets in X, and in algebraic geometry we use the site of K-algebras
Algy (or Schi), regarded as a kind of generalized topological space.
As for sheaves, we define prestacks and stacks. Sheaves are
presheaves which satisfy a gluing property on open covers

{V; :i € I}, involving data on V; and conditions on double
overlaps V; N V;. For the 2-category generalization we need data
on Vi, V; NV, and conditions on triple overlaps V; N V; N V.
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Definition 4.4
Let X be a topological space. A prestack (or prestack in
groupoids, or 2-presheaf) € on X, consists of the data of a
groupoid £(S) for every open set S C X, and a functor
pst - E(S) — E(T) called the restriction map for every inclusion
T C S C X of open sets, and a natural isomorphism of functors
NsTU : PTU © PST = psu for all inclusions U C T C S C X of open
sets, satisfying the conditions that:
(i) pss =idg(s) : E(S) — E(S) for all open S C X, and
nssT = NstT = id,g, for all open T C S C X; and

(i) nsuv ® (idyyy *nsTU) = NsTV © (NTUV * idys, ) :
puv © pTy © psT = psy forallopen VCUC T C S C X.
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Definition (Continued)

A prestack € on X is called a stack (or stack in groupoids, or

2-sheaf) on X if whenever S C X is open and {T;:i €/} is an

open cover of S, then (iii)—=(v) hold, where:

(iii) If o, B : A— B are morphisms in £(S) and pst,(a)=psT1.(5) :
ps1,(A) = pst.(B) in E(T;) for all i € I, then oo = 3.

(iv) If A, B are objects of £(S) and «; : pst,(A) — psT.(B) are
morphisms in £(T;) for all i € | with

NsT(TinT;)(B) ° p1(TinTy) (i) © N5t (Tin T (A)
= 1s7(1:07)(B) © p1(TinT) (@) © msT (T (A)
in E(T; N T;) for all i,j € I, then there exists & : A — B in
E(S) (unique by (iii)) with pst,(c) = o for all i € /.
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Definition (Continued)

(v) If A € E(T;) for i € I and cvjj : p1(TinT)(AI) =
PT(TmT)(A ) are morphisms in £(T; N T;) for i, € I with

NT(TNT)(T;NT;NTk) (Ak)op(TﬁTk)(TnTﬁTk (ajk)OnT(TﬂTk)(Tr‘]TﬁTk (A) !

oNT(T.T)(TinT:nT) (A o p(Tn Ty (T Tin T (@) ONT (T Ty (Tin Tin T (Ai) ™ !

=MNT (TiNTE)(T; ﬂTﬁTk)(Ak)OP(T NT)(TiNT;NTy) (alk)o"?T(TﬁTk)(T anTk)(A:)

for all i, j, k € I, then there exist an object A in £(S) and
morphisms f; : Aj — pst,(A) for i € I such that for all i,j € /
we have

NsT(TinT;)(A) o p1(TinT)(Bi) = NsT(T:inT)(A) o p1(TinT (Bf) 0 v

If we wanted to define stacks or orbifolds as ‘topological space with
geometric structure’ (like defining schemes as topological spaces
with sheaves of rings) then the geometric structure needs to be
written in terms of stacks on your topological space.
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