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Introduction

The notion of stack grew out of attempts to parameterize geometric objects

varying in families. Such families are classically know as Moduli and their under-
standing is a central theme in Algebraic Geometry. The formalism of stacks was
introduced by A. Grothendieck and M. Artin as the natural context in which mod-
uli problems of objects with symmetries can be tackled. The usual spaces used in
geometry— Manifolds, Varieties, Schemes— are inadequate for the parametrization
of geometry objects that are self similar. Instead one needs a procedure that will
not only encode the way things vary in families but will also remembers the in-
trinsic symmetries of each object in the family.
As an example, let us consider two families of ellipses parametrized by a circle:
The left-hand family is trivial, all the ellipses in this one are positioned in exactly
the same way. The ellipses in the right-hand family are all the same but they are ro-
tated in their planes. Families of this kind are called isotrivial. The usual parameter
spaces do not capture the distinction between trivial and isotrivial families.

A moduli problem is about grouping mathematical objects into equivalence
classes. The equivalence relation may vary; for example we can classify triangles
up to similarity, or use the even finer classification, where triangles belong to the
same family if they are congruent. But a moduli problem also requires that the
classifying objects themselves have rich mathematical structure.

One of the first appearances of the stacks was the study of moduli problem of
curves. To solve moduli problem for curves we need to find a geometric object,
denoted the universal family, a smaller geometric object, called the moduli space, and
a “good” mapping from the universal family into the moduli space. The moduli
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6 INTRODUCTION

space is constructed such that every point in the space corresponds to a certain
class of curves, and vice versa, every class of curves is represented by a point in
the moduli space. The universal family contains all the curves and the map from
the universal family to the moduli space maps a curve into the point representing
the curve. The moduli space is the classifying space of all curves, and the existence
of a universal family makes sure that the classification remembers the structure of
the curves. Continuity of the map from the universal family into the moduli space
guarantees that curves which are almost similar will correspond to points in the
moduli space which are close.

Deligne and Mumford proved that the moduli problem of curves in ques-
tion gives rise to what is today called a Deligne-Mumford stack [DM69], and they
used this fact to prove irreducibility properties of certain moduli spaces of curves.
Later, M. Artin generalized Deligne-Mumford’s work by introducing Artin stacks
[MA74], which have ever since proved to be a vital tool in algebraic geometry, es-
pecially in the study of moduli problems, and also in the study of quotient spaces;
usually the stacks are used for the study of homological properties of quotient sin-
gularities in topology and geometry: any singular space which is locally obtained
as a quotient of a manifold by a finite group of symmetries can be “effectly” re-
placed by a special kind of a smooth stack called an Orbifold [Thur79]. Orbifolds are
stacks that look generically like spaces but have non-trivial groups of symmetries
attached to some special points. Every scheme is a Deligne-Mumford stack, and
every Deligne-Mumford stack is an Artin stack. The concept of stack is merely a
categorical concept. To do geometry we have to add some conditions, and then
we get the concept of algebraic stack.

Even if we can find a moduli space it is not at all obvious that there exists a uni-
versal family. Consider the following example: A rather coarse classification of
the real numbers is to split them into to classes, 0 and different from 0. The first
class contains one element (O), and the second contains the rest of the real num-
bers (# 0). The moduli space consists of two distinct points, and a candidate for
the universal family is the real numbers itself. But in this case the map from the
universal family into the moduli space fails to be continuous, since there are points
different from 0, but infinitesimal close to 0. The conclusion is that there is a mod-
uli space, but it is not possible to construct a universal family on top of it.

In a nutshell, stacks are a new breed of spaces for algebraic geometers to work
with, providing them with greater flexibility for performing constructions hitherto
impossible in the category of schemes, while being manageable enough to allow
the entire machinery of scheme theory to be applicable to them. The fact that the
Descent theory relates to quantum cohomology and mirror symmetry, modern
theoretical physics, geometric Langlands program and geometric representation
theory, modern homotopy theory, symplectic geometry, perverse sheaves and in-
tersection theory makes it a desirable subject to learn for many mathematicians
and theoretical physicicist. The broad range of each of these areas clearly indicates
that the field of stacks has gathered a huge momentum and is bound to become
one of the main tools for the working mathematician.
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CHAPTER 1

Preliminary notions

1.1. Category theory

A category C is defined by the following data:
1. A collection of objects denoted by Ob(C).
2. For any two objects A, B € Ob(C) there is a set denoted by Hom¢ (A, B)
and referred to as the set of morphisms from A to B.
3. For any three objects A, B and C there is a rule of composition for mor-
phisms, that is to say, a mapping

Hom¢(A,B) x Home(B,C) — Homg(A,C)
(f:8) —  gof
This data is to satisfy the following conditions:

i) For each object A in C there is a morphism idy € Hom¢ (A, A), referred
to as the identity morphism on A, such that for all f € Hom¢ (A, B) we
have f oidpy = f, and for all ¢ € Hom¢(C, A) we haveidp og = g.

ii) Composition of morphisms is associative, in the sense that whenever one
side in the below equality is defined, so is the other and equality holds:

(fog)oh=fol(goh)
A morphism f € Hom¢ (A, B) is an isomorphism of there exists a morphism
¢ € Hom¢ (B, A) such that go f = ida and fo g = idg
EXAMPLE 1.1. Let R be a ring and denoted Mod(R) the set of all R-modules

(to right). If Hom¢ (A, B) is Hompg (A, B), the set of all R-homomorphism from A
to B, then is easy to check that Mod(R) is a category.

EXAMPLE 1.2. Let Sg be the class of all short exact sequences of R-modules.
A morphism between two short exact sequences is a 3-tuple (f, g, h) such that the
following diagram commute:

0 A B C 0
ol
0 Al B’ C’ 0

Itis easy to see that the composition the 3-tuples (f, ¢, 1) and (f’, ¢, ") defined
(f' o f, g’ o g, oh) satisfies the axioms of a category.

If A and B are categories. A covariant functor between A and B is a function
F : A — B such that for each object A in the category A, FA is an object in the
category B, and each morphism & € Hom 4 (C, D), Fh € Homp(FC, FD) such that:

8



1.1. CATEGORY THEORY 9

i) F(ida) = idg(a)-
ii) F(goh) = FgoFh, forallh € Hom4(C,D) and g € Hom4(D, E).

Given a category C, the opposite category C°F is the category with the same ob-
jectas C but all morphisms reversed. In other words Homgor (A, B) := Hom¢ (B, A)
andif f: B— Cand g: A — Barein C’ then f o,, ¢ :=go f.

So, if A and B are categories, a contravariant functor F from A to B is a functor

AP — B.

EXAMPLE 1.3. Let Modg be the set of all R-modules (to right), let M be a R-
module. Consider the following morphisms:
Hy :Mod(R) — Mod(R)
N +— Homg(M,N)

Hpy (k) : Homg(M,N) — Homg(M,L)
f — hof

where h : N — L is a R—homomorphism. Then is easy to check that Hy is a
covariant functor from Mod(R) to Mod(R). Similarly, consider

Gm :Mod(R) — Mod(R)
N +~—— Homg(N, M)
Gum(h) : Homg(L,M) — Homg(N, M)
f — foh

then Gy is a contravariant functor of the category Mod(R) in itself.

Hm Gm
N—— HOI‘I‘IR(M, N) N—— HOIIIR(N, M)
h Hpm(h) h Gm(h)
L——— HomR(M, L) L—— HOIIIR(L, M)
Hm Gm

A category C' is a subcategory of C, if: Ob(C’) is in Ob(C), Home/ (A, B) C
Hom¢ (A, B) forany A, Bin C’, the composition in C’ is induced by the composition
in C and the identity morphisms in C’ are identity morphisms in C. A subcategory
C' of C is full if Hom/ (A, B) = Home (A, B) forall A, B € C'.

If F: A — Bis a functor, F is called fully faithful when for any two objects A
and A’ of A, the function

Hom 4(A, A') —s Homp(FA, FA")

defined by F is a bijection. F is called essentially surjective if every object of B is
isomorphic to the image of an object of A.

Let F,G : A — Bbe two functors. A natural transformation between F and G
is a family of morphisms 7 = {174} acob(4) With 74 € Homp(FA, GA) such that
for all morphisms f : A — A’ in A the following diagram commute
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A
FA— GA
Ef J JGf
1’] /

FA' — GA’

If, for every object A in A, the morphism 7,4 is an isomorphism in B, then 7 is
said to be a natural isomorphism (or sometimes natural equivalence or isomorphism of
functors). Two functors F and G are called naturally isomorphic or simply isomorphic
if there exists a natural isomorphism from F to G. The functor F is called an equiva-
lence when there exists a functor G : B — A, such that the composite GF : A — A
is isomorphic to id 4, and FG : B — B is isomorphic to idg.

PROPOSITION 1.4. ([KSHA], Proposition 1.3.13) A functor is a equivalence if and
only if it is both fully faithful and essentially surjective.

REMARK 1.5. Let A and B be categories, and let F,G,H : A — B be func-
tors. Let 7 = {7a}acop(4) and T = {Ta}acob(4) natural transformations 7 :
F — Gand 7 : G — H respectively. Then there is a composition T oy :=
{ta ona}acop(4)- Thus the set of functors, denoted by Hom(.A, B) is equipped
with the structure of a category, where the morphisms are natural transformations
between functors.

Let A and B be two categories. If F : A" — A is a functor, then there is an
induced functor
F* : Hom(A, B) — Hom(A', B)
defined at the level of objects by the natural rule F*® := ®o F : A’ — B, for
any functor ® : A — B. At the level of arrows F* is defined by the formula
(F*n) ar := fpar : OFA’ — YFA’, for any natural transformation 7 : ® — Y.
Analogously, for any functor F : B — B’ we get an induced functor

F. : Hom(A, B) — Hom(A, B')

An object T € Ob(C) is called a terminal object (or final object), if for all A €
Ob(C) there exists one and only one morphism f : A — T. An object I € Ob(C) is
called an initial object, if for all A € Ob(C) there exists one and only one morphism
it — A

For any category C and any object X of C we denote by (C/X) the comma cat-
egory, whose objects are arrows U — X in C, and whose arrows are commutative
diagrams

u——mm-yVv
NS
X

REMARK 1.6. For any comma category C/X, there exists always a forgetful
functor F : C/X — C such that for any arrow U — X, F(U — X) = U and for
any morphism f between U — X and V — X we have Ff = U — V such that the
following diagram commutes

u——V
N
X
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If T is a terminal object in C, then C/T and C are isomophic as categories.

In many applications, it is necessary to lift objects over some Y along a mor-
phism f : X — Y to objects over X. This is called a base change or a pullback. The
tool to accomplish it is the construction of fibre products. A commutative diagram

is called cartesian if it induces all other commutative diagrams with the same
lower-right corner; that is, for any other commutative diagram

8

u—o

4][}

S/ N

there is a unique morphism i : U — T’ such that g = p’ohand g = foh.

REMARK 1.7. Another way to say the previous is to say that T’ is the fiber
product of S" and T over S, and to write T" = S’ x5 T. One can also say that p’ is
the base change of p induced by the morphism f.

Whenever we have a fibered product X; Xy X, in a category, we denote by
pr1: X3 Xy Xo = Xj and pr; 1 X3 Xy Xo = X; the two projections. We will also a
similar notation for the product of more objects.

Let A, B and C be sets, and suppose that we are given a diagram

_

A—B—=C

We say that the diagram is an equalizer if f is injective, and maps A surjectively
onto the subset {b € B : g(b) = h(b)} C B. Equivalently, the diagram is an
equalizer if go f = ho f, and every function p : D — Bsuchthatgop = hop
factors uniquely through A.

B—=

s

D

Finally, we denote by (Set) the category of sets, by (Top) the category of
topological spaces, (Grp) the category of groups, and by (Sch/S) the category
of schemes over a fixed base scheme S.
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1.2. Algebraic Geometry

We will assume that the reader is acquainted with the language of sheaves
and schemes at the level Hartshorne’s book [Har77]. All rings and algebras will
be commutative. Let us remember some basic results:

PROPOSITION 1.8. ([Har77]-1I, Proposition 2.3) If ¢ : B — A is a homomor-
phism of rings, then ¢ induces a natural morphism of locally ringed spaces (f, f*) :
(Spec A, OSpecA) - (Spec B, OSpecB)'

PROPOSITION 1.9. ([Har77]-1I, Proposition 2.3) If A and B are rings, then any
morphism of locally ringed spaces (f, f*) : (Spec A, Ogpeca) — (Spec B, Ogpecs) is
induced by a homomorphism of rings ¢ : B — A

PROPOSITION 1.10. Let B be a ring and let (X, Ox ) be a scheme. Given a morphism
f : X — Spec B we have an associated map of sheaves f* : Ospecs — f+Ox. Taking
global sections we obtain we obtain an homomorphism ¢ : B — I'(X, Ox). Thus there is
a natural map

Homg,, (X, Spec(B)) — Homg;ue (B, T(X, Ox))
Such  is bijective.

PROOF. Let ¢ : B — I'(X, Ox) be a homomorphism of rings. For each p € X
there exists an affine neighborhood (U, Ox|;;) =~ (Spec A, Ogpec 4) for some ring

A, thus B -2 I'(X,0x) fux I'(U, Ox) ~ A induces a morphism of schemes

(fus f) = (U, Oxly) = (Spec A, Ospeca) — (Spec B, Ospec)
If (V, Oxly) is another affine neighborhood of p, then for any affine open
set (W, Ox|y) with W Cc UNYV, (fU'fgl)‘W = (fv,f‘ﬁ/)lw since the following

diagram commute

r(u/ OX)
PUV owu
¢
B—— T(X,0x) r'(W,0x)
Pvx /Pwv
I'(v,0x)

Thus the collection of morphisms {(fi, f&)}uc x are compatible with the inter-
sections, we defined (f, ff) : X — Spec B as (f,fﬁ)’u = (fu,flﬁl) with U an
affine neighborhood. Since for each affine open set (U, Ox/|;;) the homomorphism
(f, fH u is the associated homomorphism B LN I'(X,Ox) pux ru,ox) ~ A
then « is surjective. And the other hand, let f, ¢ € Homg, (X, Spec B) be such that
fépecB = ggpecB = ¢ : B = I'(X,Ox). For each affine open set (U, Ox|;) the
homomorphism induced by f and g

B — F(U,OX) ~A
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are the same, by proposition 1.9 f = g thus a is injective. [ )

PROPOSITION 1.11 (Glueing morphisms). Let X and Y be schemes, and let {U,};
be a open cover of X. Suppose morphisms f; : U; — Y such that the restriction of f; and
fj on U; N Uj are the same for any i,j, then there exists a unique morphism of schemes
f X = Ysuchthat f|,; = f;

PROOF. Let f : X — Y defined as: for any x € X, there exists i such that
x € U, then let f(x) = fi(x) (In this point f is trivially well defined). Now,
for any V C Y, since fi‘uimu,- = f]«]ui nu; are the same for any i,j, we have the
following commutative diagram

J ; M

which induces the following commutative diagram

iy

Oy (V) Ox(f1(V)nuy)

fiv g

ox(Fv)nuy) L ox(F (vynunwy)

Then for any element s € Oy (V) the set {flﬁv(s) € Ox(f~1(V)nU;)}; is a family
of sections that coincides on f~1 (V) N U; N U;. Hence there exists a unique element

f{i,(s) € Ox(f~Y(V)) and therefore we have a homomorphism f‘ﬁ/ :Oy(V) —
Ox(f~1(V)) such that the following diagram commute

#
Oy (V) v

Ox(f~1(V))

fiﬁv
Ox(fH (V)N = Ox(f (V)
Thus (f, f*) : X — Y is the desired morphism. [ )

Recall that an A-module M is flat if every short exact sequence of A-modules
0N —-N—=>N'=0

tensoring with M gives an exact sequence

0MAN - M4 N—-Mx,4N' —0
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Equivalent M ®4 — preserve injectivity or also Tor{!(M,N) = 0 for all A-
modules N.

A morphism of commutative rings f : A — B is flat if the induced A-module
structure on B makes a flat A-module. A morphism of schemes f : X — Y is flat if
for every x € X, the stalks Ox x is a flat Oy f(,)-module. A morphism of schemes
is faithfully flat if it is flat and surjective. A homomorphism of rings A — B is faith-
fully flat if the corresponding morphism of schemes Spec B — Spec A is faithfully
flat. With some additional finiteness conditions, a flat morphism behaves well
topologically. If B is an algebra over the ring A, we say that B is finitely presented if
it is the quotient of a polynomial ring A[x1, ..., x,] over A by a finitely generated
ideal of A[xq,...,xy]. Itis clear that if A is noetherian, every finitely generated
algebra is finitely presented.

PROPOSITION 1.12. ([EGAIV-1], Proposition 1.4.4) If B is finitely presented over
A, whenever we write B = A[xy, ..., xy|/ 1, Lisalways finitely generated in A[xy, ..., Xz)

A morphism of schemes f : X — Y is locally of finite presentation if for any
x € X there are affine neighborhoods U of x in X and V of f(x) in Y such that
f(U) c Vand O(U) is finitely presented over O(V).

PROPOSITION 1.13. ([EGAIV-1], Proposition 1.4.3)

i) Any local isomomorphism is locally of finite presentation.
ii) The composite of morphisms locally of finite presentation is locally of finite pre-
sentation.
iit) Given a cartesian diagram

X —X

|

Y —Y
if X — Y is locally of finite presentation, so is X' — Y'.

PROPOSITION 1.14. ([EGAIV-2], Proposition 2.1.2) Let f : X — Y be a morphism
of schemes. Then the following are equivalent:
i) fis flat.
ii) For any x € X, there are affine neighborhoods U of x and V of f(x) in Y such
that f(U) C V,and O(U) is flat over O(V).
iii) For any open affine subsets U in X and V in Y such that f(U) C V, O(U) is
flat over O(V).

PROPOSITION 1.15. ([EGAIV-2], Proposition 2.1.4)

i) The composite of flat morphisms is flat.
ii) Given a cartesian diagram

X —X

|

Y —— Y

if X = Yisflat,sois X' — Y.
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PROPOSITION 1.16. ([EGAIV-2], Proposition 2.4.6) A flat morphism that is locally
of finite presentation is open.

PROPOSITION 1.17. Let R be a ring, then Spec R is quasi-compact, i.e. every open
cover has a finite subcover.

PROOF. Is enough to see that if SpecR = |J, D(fx) then there exist finites
fayr -+ s fay such that SpecR = D(fy,)U...UD(fa,). We compute

SpecR = JD(fa)
= OSpecR —V(fa)
= CJSpeCR — V(L)
= ;pecR V(L)
= SpecR — ;(;Ia)

where I, = (fy). Thus V(Y Is) = 0. By “weak Nullstellesantz” Y. I =R

since 1 € R = Y, I, then there exist ia]. S Ia]. with j = ,n such that 1 =
n
ig, +...+1iy,, s0foreachr € Rwehaver =r.1= }, I,X]. and therefore 2 Ia]. =R.
=) =1
n
Hence V(L In;) = @ and
j=1
n
SpecR =SpecR — V() L))
=1
n
= SpecR — [ V(ly,)
j=1
n
U SpecR — V( f,x/)
U D(flxj)
=1
Thus Spec R is quasi-compact. [ )

A morphism of schemes X — Y is quasi-compact if the inverse image in X of a
quasi-compact open subset of Y is quasi-compact.

LEMMA 1.18. Let f : X — Y be a morphism of schemes. The following are equiva-
lent.

i) There is a cover of Y by open affines V; such that f~1(V;) is quasi-compact for
each i.
ii) For every open affine subset V. C Y, f~1(V') is quasi-compact.
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PROOF. Let V C Y be an open affine, and V; be an open covering by affines of
Y such that f~1(V;) is quasi-compact for all i. Let U, C X be a cover of f~1(V).
Since V is quasi-compact and V; cover to V, there is a finite set I such that [ J;c; V; =
Y. Now, because the Us cover f~1(V;), they must cover each f~1(V;) and as
f~1(V;) is quasi-compact, we can find a finite set ] such that Uy Uy = f~(V;).
Further

U U ua,i = Uf_l(vz)

iclac] iel
==f1Uw)
icl
=f71Y)
so, f~1(Y) is quasi-compact. The reciprocal is obvious. [ )

Hence, it is easy to prove the following.

PROPOSITION 1.19. ([EGAI], 6.6]) Let f : X — Y be a morphism of schemes. The
following are equivalent.
i) f is quasi-compact.
ii) The inverse image of an open affine subscheme of Y is quasi-compact.
iii) There exists a covering Y = J; V; by open affine subschemes, such that the
inverse image in X of each V; is quasi-compact.

In particular, a morphism from a quasi-compact scheme to an affine scheme is quasi-
compact.

PROPOSITION 1.20. ([EGAI], Proposition 6.6.4])

i) The composite of quasi-compact morphisms is quasi-compact.
ii) Given a cartesian diagram

X —— X
Y —Y
if X — Y is quasi-compact, so is X' — Y.

This propositions we will serve to define two important ”topologies”.



CHAPTER 2

Representable functors and Grothendieck topologies

2.1. Representable functors and the Yoneda Lemma
Let C be a category. For any object X in C there is a functor
hx : C°P — (Set)

which sends an object U of C to the set hxU = Home (U, X). If o : U’ — U is an
arrow in C, then hyxa : hxU — hxU' is defined to be composition with a.

u——hxu
4 Jhxtx
u’ hxu/

Clearly, ifa’ : U” — U’ is another morphism in C then hx (v oa’) = hxa' o hxa.
When C is the category of schemes over a fixed base scheme, hx is often called the
functor of points of X. From Grothendieck’s point of view, if X and Y are schemes,
then an element of hxU can be considered as an Y-valued point of X.

The functor of points induces the so-called Yoneda’s functor. An arrow f : X — Y
yields a function kiU : hxU — hyU for each object U of C, obtained by composi-
tion with f. Itis

h fU hxU —» hyu
§ — feog
This define a morphism hx — hy such that for all arrows a : U’ — U the following
diagram commutes

hel
u th — hyu
% hxo hya
hfll’
u’ hxU’ — hyU’

Sending each object X of C to hx, and each arrow f : X — Y of C to hy : hx — hy

defines a functor C ~2% Hom(C?, (Set)), the Yoneda’s functor.
PROPOSITION 2.1. (Weak version of Yoneda’s lemma) Let C be a category. Let X and
Y be objects of C. The function

Homc(X,Y) — Hom(hx,hy)

17



18 2. REPRESENTABLE FUNCTORS AND GROTHENDIECK TOPOLOGIES

is bijective. In other words, the functor C — Hom(CF, (Set)) is fully faithful.
PROOF. Let ¢ € Hom(hy, hy). Then there exists a morphism

¢x : hxX — hyX
Let f := ¢x(idx) : X — Y. Thus for each object U in C

hel(g) = fog = ¢x(idx)(g)
for all g € Hom¢ (U, X). But ¢x(idx)(g) = ¢u(g) since ¢ is a natural transforma-
tion

X X X e x
g hxg{ khyg
u et T U

Thus hy = ¢.

Conversely, for any morphism f : X — Y wehavehy : hx — hy inHom(C, (Set)).
Then h¢X : hxX — hyX and h¢X(idx) = foidx = f. Hence the assignment
f + hy is injective.

[ )

DEFINITION 2.2. A representable functor on the category C is a functor
F:C% — (Set)

which is isomorphic to a functor of the form hx for some object X of C. If this
happens, we say that F is represented by X.

REMARK 2.3. Given two isomorphisms F ~ hx and F ~ hy, we have that the
resulting isomorphism hyx ~ hy comes from a unique isomorphism X ~ Y in C,
because of the weak form of Yoneda’s lemma. Hence two objects representing the
same functor are canonically isomorphic.

PROPOSITION 2.4. (Strong version of Yoneda's lemma) Let F : C°P — (Set) be a
functor, then for all object X in C, Hom(hx, F) ~ FX.

PROOF. Given a natural transformation 7 : hx — F, one gets an element
¢ € FX, defined as the image of the identity map idx € hxX via the function
Tx : hxX — FX. This construction defines a function Hom(hy, F) — FX.
Conversely, given an element { € FX, one can define a morphism 7 : hx — F as
follows. Given an object U of C, an element of hxU is an arrow f : U — X this
arrow induces a function Ff : FX — FU. We define a function

Tu:hxu — FU
fo— Ff(g)

It is straightforward to check that the 7 is a natural transformation, in this way
we have defined functions
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Hom(hyx, F) — FX
and
FX — Hom(hy, F)

These two functions are inverse to each other. Let { € FX, then ¢ define
T : hx — F such that for each object U in C

T - hxU — FU
fo— Ff(g)
Applying the function Hom(hy, F) — FX to T we have

T(idx) = Fidx(¢) = idpx(5) = ¢

And the other hand, let T : hx — F € Hom(hy, F), then applying Hom(hx, F) —
FX to T we have { = tx(idx) € FX. Applying FX — Hom(hx, F) to  we have a
morphism ¢ : hx — F such that for each object U in C

Yy hxU — FU
f — Ff(¢) = Ff(txidx)

Since the following diagram commutes
™
hxX — FX

hx f ‘ Ff
u

hxU —— FU

then Ff(tx(idx)) = tu(f), thus ¢ = 7. Therefore Hom(hyx, F) — FX and
FX — Hom(hy, F) are inverse to each other. Hence, Hom (hy, F) ~ FX.

[ )

We can use Yoneda’s Lemma to give a very important characterization of rep-
resentable functors.

DEFINITION 2.5. Let F : C°? — (Set) be a functor. A universal object for F is a
pair (X, ¢) consisting of an object X of C, and an element ¢ € FX, with the property
that for each object U of C and each o € FU, there is a unique arrow f : U — X
such that Ff(¢) = 0.

X—FX 2
T
U—rFru o

Note that the pair (X, {) is an universal object if the morphism hx — F defined
by ¢ is a isomorphism. Since every natural transformation hx — F is defined by
some object ¢ € FX, we get the following proposition.

PROPOSITION 2.6. A functor F : C°P — (Set) is representable if and only if it has a
universal object
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Also, if F has a universal object (X, ¢), then F is represented by X. Yoneda’s
lemma ensures that the natural functor (Yoneda’s functor) C — Hom(C?, (Set))
which sends an object X to the functor hy is an equivalence of C with the category
of representable functors.

EXAMPLES 2.7. Representable and non-representable functors.

i)

iii)

Consider the functor

P: (Set)’? — (Set)
S — DP(S)
where P(S) is the set of subsets of S. If f : S — T is a function, then
Pf: P(T) — P(S) is defined by Pf(t) = f 't forall T C T.
Given a subset o C S, there is a unique function x, : S — {0,1} such that
X' ({1}) = o, namely the characteristic function, defined by

(s) = 1 ifseco
Xoks) = 0 ifs¢o.

Hence the pair ({0,1},{1}) is a universal object, and the functor P is
represented by {0,1}.

Consider the category (Top) of all topological spaces, with the arrows
being given by continuous functions. Consider the functor

F: (Top)’? — (Set)
S —  F(S)

where F(S) is the set of all open subspaces of S. Endow {0,1} with the
coarsest topology in which the subset {1} C {0,1} is open; the open
subsets in this topology are @, {1} and {0,1}. Note that a function S —
{0,1} is continuous if and only if f~1({1}) is open in S. Thus reasoning
as before one sees that the pair ({0,1},{1}) is a universal object for this
functor. The space {0, 1} is called the Sierpinsky space.
Consider the category (Grp) of all groups, and consider the functor

Sgr: (Grp)°P — (Set)

that associates with each group G the set of all its subgroups. If f : G —
H is a group homomorphism, we take Sgrf : SgrH — SgrG to be the
function associating with each subgroup of H its inverse image in G.
This is not representable: there does not exist a group I, together with a
subgroup I'y C I, with the property that for all groups G with a subgroup
G1 C G, there is a unique homomorphism f : G — T such that f~!T; =
Gy; for example, if we take the subgroup {0} C Z, there should be a
unique homomorphism f : Z — T such that f~!T; = {0}. But given one
such f , then the homomorphism

zZ — T
n +— f(2n)

also has this property, and is different, so this contradicts uniqueness.
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iv) Recall the Proposition 1.10. Let S = SpecR. Consider the affine line Ag =
Spec R[x]. We have a functor

O : (Sch/S)°P — (Set)

that sends each S-scheme U to the ring of global sections O(U). If f : U —
V is a morphism of schemes, the corresponding function O(V) — O(U) is that
induced by f*: Oy — f.Oy. Thenis clear that x € O(A}), and given a scheme U
over S, and an element f € O(U), there is a unique morphism U — A! such that
the pullback of x to U is precisely f. This means that the functor O is represented
by A}, and the pair (AL, x) is a universal object.

2.2. Sheaves in Grothendieck topologies

2.2.1. Grothendieck topologies. When algebraic geometers work over the com-
plex numbers, they get two topologies to work with, namely, the classical topol-
ogy, which has the sort of open sets analysts and differential geometers use all
the time, and the Zariski topology, which has the property that every open set is
dense. It is beloved by algebraists for the simple reason that it captures a lot of the
algebraic information. For instance, dimension can be defined by using irreducible
subsets in the Zariski topology, which just correspond to irreducible polynomials.
There is a very strong algebra-geometry dictionary for this topology.

Unfortunately, when algebraic geometers decide to work in positive character-
istic, say in the algebraic closure of Z/pZ for some prime number p, there is only
the Zariski topology. So we need some way to generalize the notion of topology
so that all varieties have small open sets.

We are in position to see that a presheaf on a topological spaces X can be con-

sidered as a functor. A presheaf of sets on X is a functor X,; — (Set), where X
is the category in which the objects are the open subsets of X, and the arrows are
given by inclusions; and this is a sheaf when it satisfies appropriate gluing condi-
tions.
There is a very general notion of sheaf in a Grothendieck topology. In a Groth-
endieck topology the “open sets” of a spaces are maps into this space; instead of
intersections we have to look at fibered products, while unions play no role. The
axioms do not describe the “open sets”, but the coverings of a space.

DEFINITION 2.8. Let C be a category. A Grothendieck topology on C is the as-
signment to each object U of C a collection of sets of arrows {U; — U}, called
coverings of U, such that the following conditions are satisfied:

i) If V. — U is an isomorphism, then the set {V — U} is a covering.

ii) If {U; — U} is a covering and V — U is any arrow, then the fibered
products {U; x; V} exist, , and the collections of projections
{U; xy V — V}isa covering (of V).

iii) If {U; — U} is a covering, and for each index i we have a covering
{Vij — U;} (here j varies on a set depending on i), the collection of com-
posites {Vi; — U; — U} is a covering of U.

A category with a Grothendieck topology is called a site.

REMARK 2.9. If {U; — U} and {V; — U} are two coverings of the same object,
then {U; xy Vi — U} is also a covering (from ii) and iii)).
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DEFINITION 2.10. A set {U; — U} of functions, or morphisms of schemes, is
called jointly surjective when the set-theoric union of their images equals U.

EXAMPLE 2.11 (The site of a topological space). Let X be a topological space.
Then we get a Grothendieck topology on X,; (defined above) by associating with
each open subset U C X a covering given by the set of all open injections of the
open subsets in an open covering in the usual sense:

{U; — U} is a covering if and only if U = | J U;
i
In this case, if Uy — U and Uy — U are arrows, the fibered product U; xy; Uy
is the intersection Uy N Us.

EXAMPLE 2.12 (The small Zariski site). The small Zariski site of a scheme
X is the full subcategory of Sch/X of objects U — X that are open immersions
equipped with a Grothendieck topology by defining a cover {U; — X} to be a
jointly surjective set of open embeddings, this gives something that can be thought
of as the standard Zariski topology. Here, an open embedding is a morphism
V — X that gives an isomorphism of V with a open subvariety of X and not
simply as the embedding of an open subvariety.

EXAMPLE 2.13 (The big Zariski site). The big Zariski site of a scheme X is
the category Sch/X equipped with a Grothendieck topology by defining a cover
{U; — U} to be a jointly surjective set of open embeddings.

EXAMPLE 2.14. Let C be asite, S be an object of C. We define the comma topology
on the comma category (C/S) as the topology in which a covering of an object
U — S of (C/S) is a collection of arrows {U; — S} with

.

N S
S

u

such that the collection {f; : U; — U} is a covering in C. In other words, the
coverings of U — S are simply the coverings of U.

2.2.2. Sheaves. The classical condition that F be a sheaf can easily be general-
ized to any site.

DEFINITION 2.15. Let C be a site, F : C°? — (Set) a functor.

i) F is separated if, given a covering {U; — U} and two sections 2 and b in
FU whose pullbacks to each FU; coincide, it follows that a = b.

ii) F is a sheaf if the following condition is satisfied: Suppose that we are
given a covering {U; — U} in C, and a set of elements a; € FU,. Let
pr; : Ui xg U; — U and pr, : U; xy U; — Uj the first and second
projection respectively, and assume that prja; = pr3a; € F(U; xy U;) for
all i and j. Then there is a unique section a € FU whose pullback to FU;
is a; for all i.

iii) If F and G are sheaves on a site C, a morphism of sheaves F — G is a
natural transformation of functors.
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REMARK 2.16. A sheaf on a site is clearly separated.
One can also define sheaves of groups, rings, and so on, as usual: a functor from
C°? to the category of groups, or rings, is a sheaf if its composite with the forgetful
functor to the category of sets is a sheaf.
A equivalent way to say that F is a sheaf is the following: Take a functor F : C° —
(Set) and a covering {U; — U} in C. There is a diagram

Pr]
FU — [ Fu; ? [TFW xuu;) (%)
i %) ij

where the function FU — [7]; FU; is induced by the restrictions FU — FUj,
while

Pri : [ [FU; — [ [F(Ui xy Uj)
i 1]
sends an element (a;) € []; FU; to the element Pry(a;) € [T;; F(Ui xuy Uj)
whose component in F(U; xy; Uj) is the pullback prja; of a; along the first projec-
tion U; xy U; — U;. Analogously we define

Pry : [ [FU; — [ [F(U;i xu Uj)
i ij

Then F is a sheaf if and only if the diagram (%) is an equalizer for all coverings
{U; — U} in C. To see this, suppose that F is a sheaf. Then, clearly the function
FU — TI,; FU; is injective because F is separated. Let (a;) € [T; FU; such that
Pri(aj) = Pr5(aj), then pria; = prya; in F(U; Xy Uj). Since F is a sheaf there exists
a unique section a € FU whose the pullback to FUj is a; for all i, hence the function
FU — TT; FU, is surjective onto the subset {(a;) € [T; FU; : Prj(aj) = Pry(aj)} .
Recyprocally, if the diagram (¥) is an equalizer, suppose that for any covering
{U; — U} in C and any set of elements a; € FU;, pria; = pria; in F(U; xy Uj)
for all i and j. Since FU — [[; FU; is surjective onto the subset {(a;) € ], FU; :
Pri(aj) = Prj(a;)} and injective, there exists a unique a € FU whose pullback to
FU; is a; for all i. Thus F is a sheaf.

REMARK 2.17. There is always a bit of confusion as to whether it is necessary
to say something about the set of sections of a sheaf on a topological spaces over
the empty set @. The definition right. The existence of an empty function from @
to @ is required to make the category (Set) a category (each object needs to have
an “identity morphism”). The existence of a unique empty function from @ into
each set A means that the empty set is an initial object in the category (Set). Now,
since

[[1xi= {g 1 — |JX;:foralli,g(i) € Xl}
i€l i€l

if I is empty, the only such g is the empty function which is the unique subset
of @ x @ that is a function @ — @, thus

[1=1{0-2}={2}

@
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Now, for any index set I we can consider the covering of U = @ by sets U; = @
for i € I. This gives us that

Pr}
Fu L [TFu;, — T[Fun))
i Pr; i
is an equalizer. For I = @ we have
f Pr}
FU—T \f T
Pr;

where T is a terminal object and the two arrows on the right are id7. The equalizer
condition says that for any object D in (Set) and morphism p : D — T, ifidrop =
idt o p then there exists a unique morphism g : D — FU such that f o g = p. There
exists always a unique morphism from D to T and the equality of the two paths
is always given. On the other hand, any morphism D — FU make commutes the
diagram

idr

FU———T——

idr
o

Therefore FU is an object such that for any D there exists a unique morphism
D — FU. In other words, F@ is a terminal object.

Thus in the definition of presheaf of groups or rings is not necessary the condition
that F® = 0, because in this case 0 is a terminal object. (compare the definition of
presheaf in [Har77]).

q

D

2.2.3. Sieves. Let U be an object of a subcategory C. A sieve on U is a subfuctor
of hyy : C°P — (Set).
Given an object U in a category C and a set of arrows U = {U; — U} in C, we
define a subfunctor hy; of hy;, by taking hy(T) to be the set of arrows {T — U}
with the property that for some i there is a factorization T — U; — U, i.e. hy is
the sieve associated with the covering U.
Now, let i = {U; — U} be a set of arrows, F : C°? — (Set) a functor. We define
FU to be the set of elements of [ |; FU; whose images in [T F (U; xy Uj) are equal.
Then the restrictions FU — FU; induce a function FU — FU; by definition, a sheaf
is a functor F such that FU — FU is a bijection for all coverings & = {U; — U}.

PROPOSITION 2.18. There is a canonical bijection R : Hom(hy, F) ~ FU such
that the diagram

Hom(hy, F) —— FU

|

Hom(hy,, F) R FU

(%)
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in which the top row is the Yoneda isomorphism, the left hand column is the restriction
function induced by the embedding of hy, in hy and the right hand column is induced by
the restriction functions FU — FU;, commutes.

PROOF. Take a natural transformation ¢ : iy — F. Note that for each i, the
arrow U; — U is an object of hy U;, thus we get an element

R := (¢u,(U; — U)) € [TFU;
i
Since ¢ is a natural transformation and the following diagram commutes

T
U; qu]'L» LI]

p1q

U;

u

the pullbacks pri¢y, (U; — U) and pri¢u,(U; — U) to F(U; xy U;) both coincide
with 4)uixuuj(lli xu U — U) (is obvious that any arrow U; X Ui — Uis an
object of iy, (U; x 1 Uj) ), hence R¢ is an element of FU/. This defines a function

R :Hom(hy, F) — FU

Since the following diagram commutes

u
huu L FU

¢Ui h

hyU; — FU;

the commutativity of the diagram () is clear. Let us see that R is injective.
Take two natural transformations ¢, ¢ : hyy — F such that R¢p = R¢p. Consider an

element T — U of some hy; T; by definition, this factors as T i> U; — U for some
arrow f : T — U;. By definition of a natural transformation

(PU,‘
U; hyU; — FU;
f} hu f f
¢
T hyyT —— FT

we have ¢p7(T — U) = f*oy, (U; — U) = f*¢y, (U; — U) = (T — U). Hence
P=1.

Now let us show that R is surjective. Take an element (¢;) € FU; we need to
define a natural transformation iy — F. If T — U is an element of hy; T, choose

a factorization T i> U; — U. This define an element f*¢; of FT. This element is

independent of the factorization: two factorizations T i> U —Uand T KN uj —
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U give an arrow T — U; Xy Uj, whose composites with pry : U; xyy U; — U; and
pry : Ui xy Uj — U; are equal to f and g respectively. Since pri¢; = pri¢j, we see
that f*¢; = ¢*¢;. This defines a function iy T — FT for each T. Since a*¢7(T —

U) =2 fr &= gs(S ST LU - U) =5 % T = U := hya(T — U), then the
following diagram commutes

T
T L.
a] hwx‘ ha*
S
S ns -5 ps

Hence, this defines a natural transformation ¢ : iy — F. Since R¢ = (¢py, (U; —
u)) and U; id%ui U; — U, then idj; &; = ¢;, and therefore Rp = (;). 'y
COROLLARY 2.19. A functor F : C°P — (Set) is a sheaf if and only if for any
covering U = {U; — U} in C, the induced function
FU ~ Hom(hy, F) — Hom(hy,, F)
is bijective. Furthermore, F is separated if and only if this function is always injective.
This characterization can be sharpened with the following concept.

DEFINITION 2.20. Let 7 be a Grothendieck topology on a category C. A sieve
S C hy on an object U of C is said to belong to T if there exists a covering U of U
such that hi;; C S. If C is a site, we will talk about the sieves of C to mean the sieves
belonging to the topology of C.

PROPOSITION 2.21. A functor F : C°P — (Set) is a sheaf in a topology T if and

only if for any sieve S belonging to T the induced function
FU ~ Hom(hy, F) — Hom(S, F)
is bijective.

PROOF. The fact that this condition implies that F is a sheaf is a consequence
of Corollary 2.19. Reciprocally, let F be a sheaf, S C hy; a sieve belonging to 7, and
choose a covering U of U with hy; C S. By Corollary 2.19, the natural composite

Hom(hy, F) — Hom(S, F) — Hom(hy, F)
is a bijection. We claim that, if F is separated, the restriction function
Hom(S,F) — Hom(hy, F)
is injective. To see this, let us take two natural transformations ¢, ¢ : S — F with
the same image in Hom(hy, F), and element T — U. Let = {U; — U}, and
consider the fibered products T x; U; with their projections p; : T xy U; — T.
Since T xy U; — U is in Iy (T xy U;) we have
pi¢pr(T = U) = ¢r(T xu U;) = $r(T xu Ui) = p;pr(T = U)
Since {p; : T xy U; — T} is a covering and F is a separated presheaf, then we

conclude that ¢7(T — U) = ¢r(T — U) in FT. Hence ¢ = ¢, as desired. We then
conclude that Hom(hy;, F) — Hom(S, F) is bijective. A
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REMARK 2.22. Suppose that/ = {U; — U} and V = {V; — U} are coverings.
Then we know that!f x; V := {U; x V; — U} isa covering. Asanarrow T — U
factors through U; xy; V; if and only if factors through U; and through V;, we have
the following proposition.

PROPOSITION 2.23.
(D) IfU = {U; — U} and V = {V; — U} are coverings, then

hys,v = hy Nhy C hy

(2) If S1 and S are sieves on U belonging to T, the intersection S N Sy C hyy also
belongs to T

2.2.4. Equivalence of Grothendieck topologies. Sometimes two different topolo-
gies on the same category define the same sheaf.

DEFINITION 2.24. Let C be a category, {U; — U}ic; a set of arrows. A refine-
ment {V; — U} ey is a set of arrows such that for each index j € ] there is some
index i € I such that V; — U factors through U; — U

This relation between sets of arrows is most easily expressed in terms of sieves.
The following fact is immediate.

PROPOSITION 2.25. Let there be given two sets of arrows U = {U; — U} and
V ={V; = U}. ThenV is a refinement of U if and only if hy C hy

REMARK 2.26. A refinement of a refinement is obviously a refinement. Also,
any covering is a refinement of itself. Thus, the relation of being a refinement is a
pre-order on the set of coverings of an object U.

DEFINITION 2.27. Let C be a category, 7 and 7' two topologies on C. We
say that 7T is subordinate to 7', and write 7 < T, if every covering in 7 has a
refinement that is a covering in 7". If 7 < 7" and 7' < T, we say that 7 and 7"’
are equivalent, and write T = 7.

REMARK 2.28. Being a refinement is a relation between sets of arrows into
U that is transitive and reflexive. Therefore being subordinate is a transitive and
reflexive relation between topologies on C, and being equivalent is an equivalence
relation.

This relation between topologies is naturally expressed in terms of sieves. The
following proposition conveys this and is clear from Proposition 2.25.

PROPOSITION 2.29. Let T and T’ be topologies on a category C. Then T < T if
and only if every sieve belonging to T also belongs to T'. In particular, two topologies are
equivalent if and only if they have the same sieves.

The following proposition follows from Proposition 2.21 and 2.29.

PROPOSITION 2.30. Let T and T’ be two Grothendieck topologies on the same cate-
gory C. If T is subordinate to T, then every sheaf in T is also a sheaf in T In particular,
two equivalent topologies have the same sheaves.

Let us define two Grothendieck topologies on the same category:
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EXAMPLE 2.31. Let (Top) be the category of topological spaces. If U is a topo-
logical space, then a covering of U will be a jointly surjective collection of open
embeddings U; — U, where “open embedding” means open continuous injective
map V — U. This topology is called the global classical topology.

EXAMPLE 2.32. Let (Top) be the category of topological spaces. If U is a topo-
logical space, then a covering of U will be a jointly surjective collection of local
homeomorphisms U; — U. This topology is called the global étale topology for topo-
logical spaces. This two topologies are equivalents.

Now, we can give conditions on representable functors to know when it is a
sheaf.

PROPOSITION 2.33. A representable functor (Top)°? — (Set) is a sheaf in the
global classical topology.

PROOF. Since (Top)°? — (Set) is representable, the claim is amounts to saying
that, given two topological spaces U and X, an open covering {U; — U}, and
continuous functions f; : U; — X, with the property that the restriction of f; and f;
to U; N'Uj coincide for all i and j, there exists a unique continuous function U — X
whose restriction U; — X is f;. But this is obvious (it boils down to the fact that,
for a function, the property of being continuous is local on the domain). [

The following proposition is immediate from Proposition 1.11 (Glueing mor-
phisms).

PROPOSITION 2.34. A representable functor (Sch/S)°P — (Set) is a sheaf in the
Zariski topology.

On the other hand the following is highly nontrivial: a scheme is a topological
space, together with a sheaf of rings in the Zariski topology. A priori, there does
not seem to be a reason why we should be able to glue morphisms of schemes in
a finer topology than the Zariski topology.

2.2.5. The fpqc topology. It is sometimes useful to consider coverings that
are not locally finitely presented. One can define a topology on (Sch/S) simply by
taking all collections of morphisms {U; — U} such that the resulting morphism
LI; U; — U is faithfully flat. Unfortunately, this topology is not well behaved. One
needs some finiteness condition in order to get a reasonable topology.

PROPOSITION 2.35. ([Vis05], Proposition 2.33) Let f : X — Y be a surjective
morphism of schemes. Then the following properties are equivalents

i) Every queasi-compact open subset of Y is the image of a quasi-compact open

subset of X.

ii) There exists a covering {V;} of Y by open affine subschemes, such that each V; is
the image of a quasi-compact open subset of X.

iii) Given a point x € X, there exists an open neighborhood U of x in X, such that
the image fU is open in Y, and the restriction U — fU of f is quasi-compact.

iv) Given a point x € X, there exists a quasi-compact open neighborhood U of x in
X, such that the image fU is open and affine in Y.

The definition of the fpqc topology that follows, suggested by Steve Kleiman,
gives the correct sheaf theory.
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DEFINITION 2.36. An fpqc morphism of schemes is a faithfully flat morphism that
satisfies the equivalent conditions of Proposition 2.35.

The abbreviation fpqc stands for “fidelement plat et quasi-compact”.

REMARK 2.37. Paul Goerss [Goe] has a different (but equivalent) definition.
He defines an fpqc cover of an affine scheme U to be a finite collection {U; — U}
of at morphisms with [[; U; — U surjective, and in general an fpqc cover of a
scheme X to be a finite collection of morphisms {V; — X} such that for every
open affine U C X the pullback {V; xx U — U} is an fpqc cover of U.

DEFINITION 2.38. The fpqc topology on the category (Sch/S) is the topology
in which the coverings {U; — U} are collections of morphisms, such that the
induced morphism [ [; U; — U is fpqc.

The fact that this is indeed a topology it follows that the following proposition

PROPOSITION 2.39. ([Vis05], Proposition 2.35)

i) The composite of fpqc morphisms is fpqc.

ii) If f + X — Y is a morphism of schemes, and there is an open covering V; of Y,
such that the restriction f~1V; — V; is fpqc, then f is fpqc.

iii) An open faithfully flat morphism is fpqc.

iv) A faithfully flat morphism that is locally of finite presentation is fpqc.

v) A morphism obtained by base change from an fpqc morphism is fpqc.

vi) If f + X — Y is an fpqc morphism, a subset of Y is open in Y if and only if its
inverse image is open in X.

DEFINITION 2.40. The fppf topology on Sch/S is defined as follows: the cov-
erings of X — S are collections U; — X of flat maps locally of finite presentation
over S such that ] [; U; — X is surjective as a map of sets.

REMARK 2.41. Note that by (iv) above, fppf covers are fpqc covers and as an
fppf cover is a Zariski cover if each X; — X is an open immersion, it follows that
the fpqc topology is finer than all of these..

THEOREM 2.42 (Grothendieck). ([Vis05], Theorem 2.55) A representable functor
on (Sch/S) is a sheaf in the fpqc topology.

In other words, if we have a fpqc cover {U; — U} of a scheme U and mor-
phisms U; — X that glue on the fibered products, then there is a unique morphism
U — X that the pullback to each of these.



CHAPTER 3

Fibered Categories

The notion of category generalizes the notion of a set. A set can be thought of

as a category in which every arrow is an identity. Furthermore functors between
sets are simply functions. In the same way, the fibered categories are generalizations
of functors.
Following to A. Vistoli, fix a category C. Let F be a category over C, that is, a
category F equipped with a functor pr : 7 — C. An arrow going from an object
¢ of F to an object U of C will be of type ”¢ — U”, and will mean that pr¢ = U.
Furthermore the commutativity of the diagram

<3

.
.,

S — ™

will mean that pr¢ = f.

DEFINITION 3.1. Let F be a category over C. An arrow ¢ : { — 1 of F is
cartesian if for any arrow ¥ : ¢ — 7 in F and any arrow h : prg — pry in C with
pr¢ oh = prip, there exists a unique arrow 0 : ¢ — ¢ with prf =hand ¢po 6 = ¢
as in the commutative diagram

c ¥

¢

PF¢ h\{\l\ l

PFS —— prFi

If { — 5 is a cartesian arrow of F mapping to an arrow U — V of C, we also say
that ¢ is a pullback of # to U.

REMARK 3.2. Given two pullbacks ¢ : { — nand ¢ : { — 7 of  to U, the
unique arrow 8 : { — ¢ that fits into the diagram

30
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¥

~
~

)

9 U
<l
u 14
is an isomorphism; the inverse is the arrow { — ¢ obtained by exchanging ¢
and ( in the diagram above.
In conclusion, a pullback is unique, up to a unique isomorphism.

|

PROPOSITION 3.3.

i) If F is a category over C, the composite of cartesian arrows in F is cartesian.

ii) If — n, 1 — C arearrows in F and 1 — ( is cartesian, then { — n is
cartesian if and only if the composite ¢ —  is cartesian.

iit) An arrow in F whose image in C is an isomorphism is cartesian if and only if it
is an isomorphism.

iv) Let pg : G — Cand F : F — G be functors, ¢ : ¢ — 1 an arrow in F. If ¢ is
cartesian over its image F¢ : FGC — Fny in G and F¢ is cartesian over its image
pgF¢ : pgFC — pgFn in C, then ¢ is cartesian over its image pgF¢ in C.

PROOF. i) Suppose that we have the following diagram

C- ?

~

9\‘\)
:L 5?77 m 4

v h\fl\l\ J

pré — prn — prC

where the squares commute and ¢ — #, # — { are cartesian arrows in 7. We need
to find an arrow 6 : ¢ — ¢ in F such that the diagram above commutes, pr8 = h
and (Y o¢) o6 = ¢. Since 7 — ( is cartesian, there exists a unique arrow ¢ : ¢ — 7
in F suchthat p o @ = @, pr® = pr¢ o h, and the following diagram commutes

PP " p i —— pxC

Now, since { — 7 is cartesian, there exists a unique arrow 6 : ¢ — ¢ such that
po8 =10, pro = h, and the following diagram commutes
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pre h\ﬂ\ l

Pré —— pFY

Since (po¢p)ob =1o(pol) =1od =g, sobisas desired.

ii) Following the above notation. Suppose that { — ( is cartesian, and let us see
that { — # is cartesian. Let ¢ : ¢ — #, h : pr¢ — pr¢ be arrows such that
pr¢oh = pr0. Since ¢ — ( is cartesian and taken the arrow o ¢ : ¢ — (, there
exists a unique 0 : ¢ — ¢ such that prf = hand (Y o ¢) 06 = 1P 0 9, as 6 is unique,
¢ o 6 = 0. Reciprocally is the literal 7).

iii) Suppose that ¢ : ¢ — 1 is cartesian in F and its image in C is an isomorphism.
By definition, there exists a unique 6 : 7 — ¢ such that ¢ 0 6 = idy, prf) = h and
the following diagram commutes

id,

17 \\\
l ¢ “6\\\\\3n

¢

Pfﬂi:Tﬁj\\\\x ]

Pré —— pF1

where 1 is the inverse morphism of the image in C of ¢. Since § o ¢ = 6 oid; o
¢ = (0o¢)o(0o¢) we conclude that § o ¢ ~ ids. Thus ¢ is an isomorphism.
Reciprocally is straightforward.

iv) Let ¢ : { — nand h : pgF{ — pgF¢ be arrows in F and C like in the
following diagram

7 - %
0 >y
l C— 1
FC -
PR
Pfg 4>F4, PFI

PgFe — 55

Since F¢ is cartesian over its image in C, there exists a unique ¢ : F{ — F¢ such
that pg® = hand Fp o ¢ = Fy. Again, as ¢ : { — 7 is cartesian over its image
in G, there exists a unique 6 : { — ¢ such that F6 = ¢ and ¢ o § = . Note that
pgF0 = h. Hence ¢ is cartesian over its image pgF¢ in C. [ )
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DEFINITION 3.4. A fibered category over C is a category F over C, such that
given an arrow f : U — V in C and an object 7 of F mapping to V, there is a
cartesian arrow ¢ : { — 57 with pr¢ = f.

DEFINITION 3.5. If F and § are fibered categories over C, then a morphism of
fibered categories F : F — G is a functor such that:
(i) F is base-preserving, thatis, pgo F = pr.
(ii) F sends cartesian arrows to cartesian arrows.

The following proposition it follows from Proposition 3.3.

PROPOSITION 3.6. Given two functors F — G and G — C. If F is fibered over G
and G is fibered over C, then F is fibered over C.

DEFINITION 3.7. Let F be a fibered category over C. Given an object U of C,
the fiber F (U) of F over U is the subcategory of F whose objects are the objects ¢
of F with pr¢ = U, and whose arrows are arrows ¢ in F with pr¢ = idy.

REMARK 3.8. By definition, if F : 7 — § is a morphism of fibered categories
over C and U is an obeject of C, the functor F sends F(U) to G(U), so we have a
restriction functor Fy; : F(U) — G(U).

We could give the same definition of a fiber for any functor pr : 7 — C, with-
out assuming that F is fibered over C. However, we would end up with a useless
notion. For example, it may very well happen that we have two objects U and V
of C which are isomorphic, but such that F(U) is empty while F (V) is not. This
kind of pathology does not arise for fibered categories:

Let F be a category fibered over C, and f : U — V an arrow in C. For each
object 17 over V, we choose a pullback ¢, : f*i7 — 7 of 17 to U. We define a functor
f*: F(V) — F(U) by sending each object # of F(V) to f*y, and each arrow
B :n — n' of F(V) to the unique arrow f*B : f*n — f*’ in F(U) making the
following diagram commute

Bogy

[

N
S uUu—m—Vv
DEFINITION 3.9. A cleavage of a fibered category F — C consist of a class K of

cartesian arrows in F such that for each arrow f : U — V in C and each object 7
in F (V) there exists a unique arrow in K with target # mapping to f in C.

By the axiom of choice, every fibered category has a cleavage.
Given a fibered category F — C with a cleavage, we associate with each object
U of C a category F(U), and to each arrow f : U — V a functor f* : F(V) —
F(U), constructed as above. It is very tempting to believe that in this way we have
defined a functor from C to the category of categories; however, this is not quite
correct. First of all, pullbacks id; : F(U) — F(U) are not necessarily identities.
Of course we could just choose all pullbacks along identities to be identities on
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the fiber categories: this would certainly work, but it is not very natural, as there
are often natural defined pullbacks where this does not happen (Example 3.11 (i)).
What happens in general is that, when U is an object of C and ¢ an object of F(U),
we have the pullback €;(¢) : id{;¢ — ¢ is an isomorphism, because of Proposition
3.3 (iii), and this defines an isomorphism of functors ey : id{; ~ id ().

A serious problem is the following: Suppose that we have two arrows f : U —
Vand g:V — WinC, and an object { of 7 over W. Then f*¢* is a pullback of {
to U; however, pullbacks are not unique, so there is no reason why f*¢*¢ should
coincide with (gf)*C. However, there is a canonical isomorphism f*¢*¢ ~ (gf)*C
in F(U), because both are pullbacks, and this gives an isomorphism f*¢* ~ (gf)*
of functors F(W) — F(U).

So, after choosing a cleavage a fibered category almost gives a functor from C to
the category of categories, but not quite. The point is that the category of cate-
gories is not just a category, but what is known as a 2-category; that is, its arrows
are functors, but two functors between the same two categories in turn form a
category, the arrows being natural transformations of functors. Thus there are 1-
arrows (functors) between objects (categories), but there are also 2-arrows (natural
transformations) between 1-arrows.

For resolve the above problem there is a concept called pseudo-functor, or, in a more
modern terminology, a lax 2-functor.

DEFINITION 3.10. A pseudo-functor ® on C consist of the following data.

(i) For each object U of C a category ®U.
(if) For each arrow f: U — VinC, a functor f* : @V — ®U.
(iii) For each object U of C an isomorphism ¢ : id{; ~ idgy of functors
U — DU. ;

(iv) For each pair of arrows U = V 4 Wan isomorphism
arg: frg = (gf)" 1 OW — DU
of functors W — PU.

These data are required to satisfy the following conditions.

a) If f: U — Visan arrow in C and 7 is an object of @V, we have
tidy,f (1) = eu(f*n) idyf'n — fy
and
agia, (1) = frev(n) : fridyy — f*y

b) Whenever we have arrows U L v E W2 Tandan object  of ®(T),
the diagram

a5 o (1°0)
[ —— (8f)°h°C
fragu(Q) aern(0)

oGS
Fhg) T — 0 (hgfyg

commutes.
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We can see that if we star with a pseudo-functor, we construct the associated

fibered category with a cleavage, and then we take the associated pseudo-functor,
this is isomorphic to the original pseudo-functor. Conversely, if we start from
a fibered category with a cleavage, construct the associated pseudo-functor, and
then take the associated fibered category with a cleavage, we get something iso-
morphic to the original fibered category with a cleavage ([Vis05], pp. 44-48). So re-
ally giving a pseudo-functor is the same as giving a fibered category with a cleav-
age.
On the other hand, since cartesian pullbacks are unique up to a unique isomor-
phism (Remark 3.2), also cleavages are unique up to a unique isomorphism. This
means that, in a sense that one could make precise, the theory of fibered categories
is equivalent to the theory of pseudo-functors.

EXAMPLE 3.11. Assume that C has fibered produts. Let ArrC be the category
of arrows in C; its objects are the arrows in C, while an arrow from f : X — U to
g :Y — Visacommutative diagram

X ——Y
f Mg
u——v

The functor pac : ArrC — C sends each arrow S — U to its codomain U, and
each commutative diagram to its bottom row. Let us see that ArrC is a fibered

category over C. Suppose that we have a arrow U i> Vin C and an objecty — V
of ArrC such that pa,¢(7 — V) = V. To find an arrow ¢ from ¢ — Uton — V,
for some ¢ in C; it is equivalent to find a commutative diagram

C——1
u L 14
Since C has fibered products, with ¢ = U Xy # and the natural projections we

have the above diagram. To check that ¢ is cartesian is the same to find a unique 6
such that pa;rcf = h and the following diagram commutes

for any h and . But the above diagram say that the following diagrams commute
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g

§——1 §——1
A
ULV W——V

Joining the diagrams and by the definition of fiber product there exist a unique
@ : { — ¢ such that the following diagram commutes
4 o

N
N

P
¢
hot J
u——
f
Thus we have a unique ¢ : { — ¢ such that

9

N

W—U

E—

|

commutes. Thus we have 6 as desired. Therefore ArrC is a fibered category
over C.

EXAMPLE 3.12. Let C be a site, 7 its topology. We will refer to a sheaf in the
category (C/X), endowed with the comma topology (Example 2.14) as a sheaf
on X, and denote the category of sheaves on X by ShX. If f : X — Y is an
arrow in C, there is a corresponding restriction functor f* : ShY — ShX, defined
as follows. If F is a sheaf on Y and U — X is an object of (C/X), we define
f*F(U — X) := F(U — Y), where U — Y is the composite of U — X with
f. fU — Xand V — X are objects of (C/X) and ¢ : U — V is an arrow
in (C/X), then ¢ is also an arrow from U — Y to V — Y, hence it induces a
function f* : f*F(U — X) = F(U - Y) — F(V = Y) = f*F(V — X). This
gives f*F the structure of a functor (C/X)°? — (Set). Let us check that f*F is
a sheaf on X. Let {(U; — X) — (U — X)} be a covering in (C/X) and take
a; € f*F(U; — X). Suppose that pria; = pria; in f*F(U; xy U; — X). Since F
is a sheaf on Y there exists a unique section a € f*F(U — X) whose pullback to
f*F(U; — X) is a;; so f*F is a sheaf. On the other hand, if ¢ : F — G is a natural
transformation of sheaves on (C/Y), there is an induced natural transformation
f*¢: f*F — f*G of sheaves on (C/X), defined in the obvious way. This defines a
functor f* : ShY — ShX. Itis immediate to check that,if f : X - Yand g: Y — Z
are arrows in C, we have an equality of functors (¢f)* = f*¢* : ShZ — ShX
and that idy : ShX — ShX is the identity. This means that we have defined a
functor from C to the category of categories, sending an object X into the category
of sheaves on (C/X).
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3.1. Equivalence of fibered categories

3.1.1. Natural transformations of functors. The fact that fibered categories
are categories, and not functors, has strong implications, and does cause difficul-
ties. As usual, the main problem is that functors between categories can be isomor-
phic without being equal; in other words, functors between two fixed categories
form a category, the arrows being given by natural transformations.

DEFINITION 3.13. Let F and G be two categories fibered over C and F,G :
F — G two morphisms. A base-preserving natural transformation « : F — Gis a
natural transformation such that for any object ¢ of F, the arrow az : F§ — G¢&
isin G(U), where U := pr¢ = pg(F¢) = pg(GE). An isomorphism of F with G
is a base-preserving natural transformation F — G which is an isomorphism of
functors.

It is immediate to check that the inverse of a base-preserving isomorphism is
also base-preserving. Hence, there is a category whose objects are the morphism
from F to G, and the arrows are base-preserving natural transformations; we de-
note it by Home (F,G).

3.1.2. Equivalences.

DEFINITION 3.14. Let F and G be two fibered categories over C. An equiv-
alence, of F with G is a morphism F : F — @, such that there exists another
morphism G : G — F, together with isomorphisms of G o F with idr and of Fo G
with idg. We call G simply an inverse to F.

For give a criterion when a morphism of fibered categories is an equivalence
we need to prove the following lemma.

LEMMA 3.15. Let F : F — G be a morphism of fibered categories such that every
restriction Fy : F(U) — G(U) is fully faithful. Then the functor F is fully faithful.

PROOF. Let¢’, i’ be two objects of F and let ¢ : & — 7 in G with ¢ := F¢’ and
n = Fy'. Call U — V the image of ¢ in C. Since pg o F = pr then pry’ = V;
let 7 — 1 be a pullback of 1’ to U and call #7; to Fyj. Then the image 73 — 7 is
cartesian, thus the arrow ¢ — 7 factors uniquely as { — #; — 7, where the arrow

¢—nisG(U)

g\ ¢
TNy

E

u

SHy

u

)

|

|

Since § — 1 is in G(U), this lifts uniquely to an arrow {’ — 7} in F(U). Hence
we have a unique arrow ' — #; — #' such that F(' — #; — #') = ¢, because
every arrow &' — 1’ factor uniquely through 7. [ )

PROPOSITION 3.16. Let F : F — G be a morphism of fibered categories. Then F
is an equivalence if and only if the restriction Fy : F(U) — G(U) is an equivalence of
categories for any object U of C.
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PROOF. Suppose that G : G — F is an inverse to F; the two isomorphisms

FoG =~ idg and GoF =~ idr restrict to isomorphisms Fi; o Gy =~ idg(y) and
GyoFy ~ idf(u), so Gy is an inverse to Fj.
Conversely, we assume that F; : F(U) — G(U) is an equivalence of categories for
any object U of C, and construct an inverse G : G — F. Since Fy; : F(U) — G(U)
is an equivalence there exists Gy : G(U) — F(U) with Fy o Gy =~ idgy) and
Gu o Fy =~ idg(y). Let & be an object of G and U = pg¢ an object in C, then
¢ e g()andag : & ~ F(GE)in G(U). Let¢ : ¢ — 1 is an arrow in G, by
the above lemma there is a unique arrow G¢ : G — Gy such that the following
diagram commutes

&g
Gu¢ F(G) ————¢
Go F(G¢) ¢
&y

Gurn F(Gn)

These operations define a functor G : G — F and is clear that sending each object
¢ to the isomorphism ag : & ~ F(G¢) we define an isomorphism of functors idg ~
FoG:G — G. Now, let ¢’ in F and U = pz{’; then apx : F§' ~ F(G(FZ')) in
G(U). Since Fy is fully faithful there is a unique isomorphism Bz : ¢’ ~ G(F¢’)
in F(U) such that FBz = apw; once again, is clear that this operations define an
isomorphism of functors §: Go F ~ idg.

)

3.2. The functors of arrows of a fibered category

Let us define a functor of arrows. Suppose that F — C is a fibered category;
if U is an object in C and ¢, 7 are objects of F(U), we denote by Homy; (&, #) the
set of arrows from ¢ to # in F(U). Let ¢ and # be two objects of F over the same
object Sof C. Let uy : U; — S and up : Up — S be arrows in C; these are objects of
the comma category (C/S). Suppose that §; — ¢ and ; — 7 are pullbacks along
u; : Uy — Sfori = 1,2. For each arrow f : U; — Uy in (C/S), by definition of
pullback there are two arrows, each unique, as : §1 — ¢z and B¢ : 111 — 12, such
that the two diagrams

&f

G—— & and n———71n
NS NS
4 U
commute. By proposition 3.3 (ii) the arrows a ¢ and S are cartesian; we define

a pullback function

f* : Homy, (&, 72) — Homyy, (&1,71)

in which f*¢ is the unique arrow f*¢ : {3 — 7 in F(U; ) making the diagram
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f'e

G1—— M

)

G —— 12

commute. Given a third arrow g : U, — Uz in (C/S) with pullbacks {3 — &
and 73 — 17, we have arrows a¢ : {» — {3 and B¢ : 172 — 773. Thus is clear that

Déglexgole3§l — {3 and ,BngﬁgO,Bf”?l — 13
and this implies that

(8f)" = f*¢" : Homy, (&3, 113) — Homyy, (&1,771)

Now, is time for the definition of the functor of arrows of a fibered category.
Let us choose a cleavage for F and define a functor

Homg(g, 1) : (C/8) — (Set)
by sending each object  : U — S into the set Homy;(u*¢, u*y) of arrows in the
category F(U). Anarrow f : Uy — Uy fromuy : U3 — Stoup : Up — Syieldsa
function
f* Homug, (u58, upn) — Homyy, (418, u17)
and this defines the effect of Homg (&, #) on arrows.

Note that the functor Homg (¢, #7) is independent of the choice of a cleavage, in
the sense that cleavage give a canonically isomorphism functors: Suppose that we
have chosen for each U — S and for each object 77 in F(S) another pullback uVy —
17, then there is a canonical isomorphism u*y ~ u"y in F(U) for each arrow u :
U — S, analogously we have u*¢ ~ u"¢. This gives a bijective correspondence

Homyy (u*¢, u*n) ~ Homy (u’g, u'1)

yielding an isomorphism of the functors of arrows defined by the two pull-
backs.



CHAPTER 4

Descent theory and Stacks

Following A. Vistoli, we start with the archetypal example of descent.

4.1. continuous maps and topological spaces

Take (Cont) to be the category of continuous maps, that is, the category of
arrows in (Top), as in Example 3.11; this category is fibered over (Top) via the
functor p(cons) : (Cont) — (Top) sending each continuous map to its codomain.
Now, suppose that f : X — U and g : Y — U are two objects of (Cont) mapping
to the same object U in (Top); we want to construct a continuous map ¢ : X — Y
over U, that is, an arrow in (Cont)(U) = (Top/U). Suppose that we are given
an open covering {U;} of U, and continuous maps ¢; : f'U; — ¢~ 'U; over Uj;
assume furthermore that the restriction of ¢; and ¢; to f~H(U; N U;) — ¢~ (U; N
U;) coincide. Then there is a unique continuous map ¢ : X — Y over U whose
restriction to each f~!U; coincides with ¢;. This can be written as follows. The
category (Cont) is fibered over (Top), and if f : V — U is a continuous map,
X — U an object of (Cont)(U) = (Top/U), then a pullback of X — U to V is
given by the projection V x; X — V. The functor f* : (Cont)(U) — (Cont)(V)
sends each object X — U to V xy X — V, and each arrow in (Top/U), given
by continuous function ¢ : X — Y over U, to the continuous function f*¢ =
idv Xufi VxuX—=VxyY.

vXux\wprz

VXuYHY

|

V——Uu
f

where pr; : Vxy X — Vand pr, : V xy X — X are the usual projections.
Suppose that we are given two topological spaces X and Y with continuous maps
X — Sand Y — S. Consider the functor

Homg(X,Y) : (Top/S)°P — (Set)
from the category of topological spaces over S, defined in Section lalala. This sends
each arrow U — S to the set of continuous maps Homy; (U xs X, U x5 Y) over U.

The action on arrows is obtained as follows: given a continuous function f : V —
U over S, we send each continuous function ¢ : U xg X — U X Y to the function

f*(l)ZidVX54):VX5X=VXu(UX5X)—)VXu(UXSY)ZVXSY.

40
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Then the fact that continuous functions can be constructed locally and then glued
together can be expressed by saying that the functor

Homg(X,Y) : (Top/S)°P — (Set)
is a sheaf in the classical topology of (Top).
We do not only can we construct continuous functions locally: we can also do this
for spaces, although this is more complicated.

PROPOSITION 4.1. Suppose that we are given a topological space U with an open
covering {U;}; for each triple of indices i,j and k choose fibered products Uj; := U; N U;
and Uy := U; N U; N Uy. Assume that for each i we have a continuous map u; : X; — U,
and that for each pair of indices i and j we have a homeomorphism ¢;; : u]fl Ujj ~ u;lui‘

over U,

ij, satisfying the cocycle condition

- - -1
ik = Pij o i+ e Ui —> Uj Wije — u; Uiy
Then there exists a continuous map u : X — U, together with isomorphisms ¢; : u~'U; ~
Xi, such that ¢;; = ¢; o qu—l : uj_lllij — u‘lllij — ul._llli]-for all iand j.

PROOF. Consider the disjoint union V of the U; (take the union of the U; X
{i}); the fibered product V xy; V is the disjoint union of the U;;. The disjoint union
Y of the Xj, maps to V; consider the subset R C Y x Y consisting of pairs (x;, x]-) S
Xi X X; C Y x Y such that x; = ¢j;x;. R is an equivalence relation in Y: Notice that
the cocycle condition ¢;; = ¢;; o ¢;; implies that ¢;; is the identity on Xj, and this
shows that the equivalence relation is reflexive. The fact that ¢; = ¢;j o ¢j;, and
therefore ¢;; = b;j 1, prove that it is symmetric; and transitivity follows directly
from the general cocycle condition. We define X to be the quotient Y/R. If two
points of Y are equivalent, then their images in U coincide; so there is an induced
continuous map u : X — U. The restriction to X; C Y of the projection ¥ — X
gives a continuous map ¢; : Xi — u~'U;, which is a homeomorphism. One also
sees that ¢;; = ¢; o <p]f1, and this completes the proof. [ )

The fact that we can glue continuous maps and topological spaces says that
(Cont) is a stack over (Top).

In the following section we will see a more complicated example of stack

4.2. Gluing sheaves and topological spaces
Before we prove the main result we need the following lemma.

LEMMA 4.2. Let F, G be sheaves of abelian groups on X. For any open set U C X,
the set Hom(F|;, G|y;) of morphisms of the restricted sheaves has a natural structure
of abelian group and the presheaf U — Hom( F|;, G|,;) is a sheaf. It is called the sheaf
Hom and is denoted by Homx (F, G).

PROOF. For two morphism ¢, € Hom(F|;, G|;), we define ¢ + ¢ to be the
map such that for every openset V. .C U

(p+9)v: (Flg)V)
S
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Since ¢ and ¢ are morphisms of sheaves, for W C V C Uand s € F|; (V) we
have

(@ +PIw(slw) = ew(slw) + Pw(sly)
= gv(s)lw + ¢v(s)lw
= @v(s) +9o(s)|w
= (p+9)v(s)ly

This means that the following diagram commute

Fla) g w)

| |
(¢ +¥)w

Fly ) LW G )

Hence ¢ + ¢ : F|; — G| is amorphism of sheaves. For each ¢y € Hom(F|;;, G|;;)
we define —¢ : F|; — G| as (—¢)(V) := —¢y for all V C U. The morphism 0
is such that Oy is the zero map for all V' C U. Therefore Hom( F|;;, G|;;) together
with the restrictions as follow. If  : F|; — G|, U' C U,

Yur s Flg U) — Gly (U)
s — Pu(s)
then for every openset V. .C U
pvu(y) :==yv: Fly (U'NV) — Gy (U'NV)
s — Yu(s)|uwny

Becames a presheaf.

Let U C X be an open set and {U;}; a covering of U. Let ¢; € Hom(]-'|u]_  Gly,)

such that ‘Pi|uvmuj = @j|,; o let us build ¢ € Hom(F|;, G|;;) such that ¢f;; =
1 i ] 1

gi. Let V. C U, s € Fly (V) and t; := ¢;v(s|yny,) € Gly (VN U;), then

tilunu, = 9iv(slvay,) .
t ]

= @ini O (slynuav)

= @i N ui(sly,aunv)

= poslyow)],

- tf’umuj

The above equalities are obtained from the commutativity of
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Qv

Fly (UinV) Gly (UinV)

iujNo

Now, since {U; N V'}; is an open cover of V and G|y, is a sheaf there exists a unique
t € Gly (V) such that t[y, =t = ¢;v(s|yny,). Let py(s) :=t. Then ¢[; = ¢
Now, for opensets W C V C Uand s € F|; (V), then

v (S)lwlway, = Hwlwny,

= twny,

= tlyny, ’Wﬂu-
1

= t‘WﬂU,v

= 9i0(slyeu)| oy

— peCluna], )
1

= ¢iw(slway,)
= ‘PW(S|W)|wmul-

The last equality is by definition and by ¢|; = ¢; and the others by the commu-
tativity of the following diagram

Fly (V)
¢iv
]:|V(Vﬂui) Q|V(Vﬁui)
%
}—|W(Wﬂui) ¢ g’WﬂU,' (wWnu;)

Since {W N U;} is an open cover for W and G|, is a sheaf then ¢y (s)|,y = ew(s|w),
therefore ¢ € Hom(F|;, G|;) and ¢y, = ¢; as desired. In conclusion Hom(F, G
is a sheaf. 'y

PROPOSITION 4.3. Let X be a topological space , let {U;} be an open cover of X and
suppose we are given for each i a sheaf of abelian groups F; on U;, and for each i,j an
isomorphism @i : ]:i|uimuj — 'Fj|lliﬂll]- such that

(1) for each i, ¢;; is the identity.
(2) foreachi,j, k, ¢xi = @xjo @ji on U; N U; N Uy
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Then there exist a unique sheaf of abelian groups (up to isomorphism) F on X, together
with isomorphism 1; : ]:|Ui — Fj such that for each i, j, Y; = @j; o p;on U; N Uj.

PROOF. Let U C X be an open set and define

FU) = {(Si)i € H]:i(Uﬂ Ui) = @ji(silununu;) = Sf|umu,mu]- onUNU;N Uj}
1

If V C U the morphisms F;(U N U;) s Fi(V N U;) induce restriction maps

(si)i — (0'(s0))i := (sily)i

pvu:F(U) — F(V)
i
S
We check that py; is well defined. If (w;); = (Si|v)i eI Fi(VNnu;), then

wf|vmuimuj = Sf‘vmu]-

Vﬂu,'ﬂuj'

= Sj ‘ Vmu,ﬂuj

= S]"umuimuj

vau;Nu;,

and as ¢;; is an isomorphism

w; = 5;
]‘V NU; ]|UﬂU‘QU'
ﬂllmllj it 1L VAN

= (Pji( Si|UﬂUiﬂU/) vnu;Ny;

and since the following diagram commute

Funt)

FUNU;N Uj) — FH(Vnu;n U]‘)

J(Pji l(sz‘

]-"]-(Uﬁul-ﬂuj) —_ .F]'(Vﬂuiﬂu]‘)

we have

wj‘vmu,nuj - ¢fi(si|U“Uiﬂuf)‘vmuimuj

)

vAu;NU;

= @ji 5i|umuimuj
= ¢ji(wilyrunu;)

this implies (w;); € F(V), hence pyy; is well defined. Is clear pyy; = pwy ©
pvy for all opensets W C V C U and py;(@D) = 0, therefore F is a presheaf.
Let us now show that F is a sheaf. Let {V, }4 be a covering of U, let s, = (s;,); €

F (Vi) (where s;, € F;(V, N Uj)) such that 50¢|Vamvﬁ = Sﬁ’v vy this implies
P Ve (S2) = P(v,vy)vy (sp), hence for each i, siuly oy, = Sjaly,av,ou

Since {V, N Uj; }, is an open cover for U N U; and F; is a sheaf there exists a unique
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si € Fi(UNU;) such that sl . = siq. Lets = (si), thus sl = (sily,qy,)i =
(Sin)i = Sa- Let us see thats € F(U). Itis obvious that s € [T; 7;(U N U;). Now,

s = s
]|unu mu 1V, NU;NU;
Tvanunu; A

]|Vaﬂu

Vanl;NU;

szx

= @ji(s

Vaﬂu,ﬂllj

ﬂul‘ﬂU')

S

)

’“'VWU ‘v NU;NU;

= @ji 51|V,,mu mu)

(si,
i
(
(

= Pji SZ‘umumu ‘Vmumu)

- (Pﬁ(si‘ua“uimuf)‘Vmu,nuj.

Since Fjis a sheaf and {V, N U; N Uj}a is an open cover for U N U; N uj, then
Si|LImuimu]- = (Pji(si|umuimuj)/ therefore s € F(U). In conclusion, F is a sheaf.

Now, let us fix 7, let V' C U; be an open set. Define the isomorphism ¢; : F|[; — F;
as follows. Noticing that (F ;) (V) = F(V), let

v (Flg)(V) — F(V)
s=(si)i — s

be the natural projection. If t € (F|;)(V) = F(V) is such that g;0(t) = ¢;o(s),
that is to say, t; = s;, then

Si|vnu,~mu]- = ti’vmuimuj = ﬁoij(tf’\mu,nuj)

Since ¢;; is an isomorphism, we have for all j, which in

s]"vmu,nu]- = t]"vnumuj
turn implies s = ¢, as F; is a sheaf. Therefore, ;v is injective. Let us check that ;v
is also surjective. To this end, let s; € F;(V). Notice that ((Pji(si|vmuj))j e F(V).
Indeed, q’ji(si|Vmuj) € Fi(VNUj) because V C U; and ¢j; is an isomorphism.
Next, by the commutativity of the diagram

Fi(V)

E(VQU]‘) Fi(vn U]‘ﬂuk)

J(Pji J(Pji

‘F]'(Vﬂu]‘) ‘F}(VQUjﬁuk)
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we have

<Pki(5i|vmuk) VAL =

ki (@i Si|vmu/‘VﬂUﬂUk))
]

= i ‘Pji(5i|vmuj)‘vmujmuk)
Here, the third equality is obtained from condition (2). Finally, from condition (1),
we have that ¢;v {((pﬁ(si \ Vmu]->) j] = s5; and therefore ;v is surjective.
In conclusion, §;v is an isomorphism for each V C U; and is clear that the follow-
ing diagram commute for all open sets W C V C U;

Fv) M )

% ol

7o) Y Fow)

Therefore, 1; is an isomorphism. Let us now check the gluing condition. For each
s = (si); € F(U), we have Si‘umuimuj = ‘Pji(5i|umumuj)' It follows immediately
that lP] = @ji ° P; onU; N LI]

Finally, let us show the uniqueness of F. Suppose that there is another sheaf G
on X such that there are isomorphisms ¢; : G lu, — Fi satisfying tﬁj = @jioP;on
U; NU;. This gives a isomorphism F|,; — Gl via @;1 o 1, by the above claim
Hom(F,G) is a sheaf and as {U;}; is a covering of U there is a unique morphism
6 : 7 — G such that 6|, = 175;1 o ¢;. Analogously we have a unique morphism

6 : G — F such that g‘u = 1[)171 o ¢y, since (60 6) u is the identity map, so 6 o 6

is the identity. Similarly 0o G‘U_ is the identity. This implies that /7 and G are

isomorphic, so F is unique up isomophisms.

[ )

The above result says that the category of sheaves of abelian groups is a stack
for the open immersion topology on (Top).

As we shall now see, we can generalize the above procedure to any fibered
category.

4.3. The category of descent data

Let C be a site. We have seen that a fibered category over C should be thought
of as a functor from C to the category of categories, that is, as a presheaf of cate-
gories over C. A stack is, morally, a sheaf of categories over C.

Let F be a category fibered over C and fix a cleavage. Given a covering {U; — U},
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we set Ujj := U; xy Uj for each pair of indices i and j, and U := U; Xy U; Xy Uy
for each triple of indices 7, j and k.

DEFINITION 4.4. Let i/ = {U; — U} be a covering in C. An object with de-
scent data ({G;}{¢i;}) on U, is a collection of objects §; € F(U;), together with
isomorphisms ¢;; : pr;¢; =~ pri¢; in F(U; xy Uj), such that the following cocycle
condition is satisfied. For any triple of indices 7, j and k, we have the equality

Prisdic = Prindij © PrasPik : Prade — pridi

where the pr,, and pr, are the projections on the a’ and b" factor, or the a" factor
respectively. The isomorphisms ¢;; are called transition isomorphisms of the object
with descent data.

An arrow between objects with descent data

{ai} - (Gt Adiih) — ik {if})

is a collection of arrows &; : §; — #; in F(U), with the property that for each pair
of indices i, j the diagram

L. b
pr3¢j ——— praYj;

bij Pij

pridi

prigi ——— prin;
commutes.

REMARK 4.5. For each object ¢ of F(U) we can construct an object with de-
scent data on a covering {c; : U; — U} as follows. The objects are the pullbacks
0/ ¢; the isomorphisms ¢;; : prﬁaj*g ~ prjo;¢ are the isomorphisms that come
from the fact that both ¢;; : préaj*(',‘ and ¢;; : prjo;¢ are pullbacks of ¢ to Uj;. If
we identify ¢;; : pr’ﬁtfj*é' with ¢;; : prio;¢, as is commonly done, then the ¢;; are
identities. Given an arrow « : { — 7 in F(U), we get arrows o/« : 0;°¢ — 071,
yielding an arrow from the object with descent associated with ¢ to the one asso-
ciated with 5. This defines a functor F(U) — F({U; — U}). It is important to
notice that these constructions do not depend on the choice of a cleavage, in the
following sense: Given a different cleavage, for each covering {U; — U} there is a
canonical isomorphism of the resulting categories F ({U; — U}); and the functors
F(U) — F({U; — U}) commute with these equivalences.

Here is a definition of the category of descent data that does not depend on choos-
ing of a cleavage. Let {U; — U} be a covering. We define an object with descent
data to be a triple of sets

({Gitier {Gij}ijer ACijk}ijker)

where each ¢ is an object of F (U, ), plus, for each triple of indices i,j and k, a
commutative diagram
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Gijk — Gk

< |
Gij T’ Gj
Gk — Ck
e
Gi

in which every arrow is cartesian, and such that when applying pr every ar-
row maps to the appropriate projection in the following diagram.

Uijx Ui
v \ e
Uj —|— Uk
S e
U; u

These form the objects of a category Fes.({U; — U}). An arrow

{pitier - ({Gih A& G }) — {mik Amiik Ami})

consists of set of arrows with ¢; : &; — #; in F(U;), such that for every pair of
indices 7 and j we have

pri¢i = prog; : Gij — 1ij-
There are others equivalence definitions of objects with descent data, even
without the choice of a cleavage. The tool necessary for to see such equivalences
is a version 2-categorical of the Yoneda lemma ([Vis05] pp.62 and pp.73-74).

4.4. Stack

DEFINITION 4.6. Let 7 — C be a fibered category on a site C.
(i) F is a prestack over C if for each covering {U; — U} in C, the functor

FU) — F{u; — u})

is fully faithful.
(i) F is a stack over C if for each covering {U; — U} in C, the functor

FU) — FH{U; — u})
is an equivalence of categories.

Concretely, for F to be a prestack means the following. Let U be an object of
C, ¢ and 5 objects of F(U), {U; — U} a covering, §; and #; pullbacks of ¢ and 7 to
U;, ¢ij and 77;; pullbacks of ¢ and 7 to U;;. Suppose that there are arrows «; : ¢; — 7;
in F(Ui), such that pria; = prya; : §;j — 1;; for all i and j. Then there is a unique
arrow « : { — 17 in F(U), whose pullback to ¢; — #; is «; for all i.
This condition can be restated using the functor of arrows, and the comma topol-
ogy on the category (C/S).
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PROPOSITION 4.7. ([Vis05], Proposition 4.7) Let F be a fibered category over a site
C. Then F is a prestack if and only if for any object S of C and any two objects ¢ and 1 in
F(S), the functor Homg (&, n) : (C/S)°P — (Set) is a sheaf in the comma topology.

DEFINITION 4.8. An object with descent data ({{;}, {¢;;}) in F({U; — U}) is
effective if it is isomorphic to the image of an object of F(U).

So, F is a stack if and only if it is a prestack and all objects with descent data
in F are effective.
Stacks are the correct generalization of sheaves, and give the right notion of “sheaf
of categories”. We should of course prove the following statement.

PROPOSITION 4.9. ([Vis05], Proposition 4.9) Let C be a site, F : C°? — (Set) a
functor.

(i) F is a prestack if and only if it is a separated functor.
(ii) F is a stack if and only if it is a sheaf.

EXAMPLE 4.10. Let C be a site. We can see that the functor in the Example 3.12
(ii) is equivalent to a functor (Sh/C) — C, whose fiber over X is ShX , this functor
is a stack. To see this, let F and G be two sheaves on an object X of C. To show
that (Sh/C) is a prestack we need to show that Homy (F, G) : (C/X)°" — (Set) is
a sheaf. For each arrow U — X, let us denote by F;; and Gy the restrictions of F
and G to U. Let {U; — U} be a covering, ¢; : Fy, — Gy, a morphism of sheaves
on (C/U;), such that the restrictions of ¢; and ¢; to (C/Uj;) coincide. Denote by
¢ij : Fu, — Guy this restriction. If T — U is an arrow, set T; = U; xy T, and
consider the covering {T; — T}. Each T; — U factors through U;, so ¢; defines a
function ¢; : FT; — GT;, and analogously ¢;; defines functions ¢;; : FT;; — GTj;.
There is commutative diagram of sets with rows that are equalizers

FT —— [ FT; —= [ 1;; FTj

‘I—L‘ ¢i {Hi]’ bij

There is a unique function ¢7 : FT — GT that one can insert in the diagram
while keeping it commutative. This proves uniqueness. Also, it is easy to check
that the collection of the ¢ defines a natural transformation ¢; : Fi; — Gy, whose
restriction Fy;, — Gy, is ¢;. Now let us show that every object with descent data
({F:}, {¢ij}) is effective. Notice first that F; is a sheaf on (C/U;), and ¢;; is an iso-
morphism of sheaves on (C/Uj;) between the restrictions (F)u, ~ (F)u,. For
each object T — U of (C/U), set T; = U; xy T as before, and define FT to be
the subset of []; F;T; consisting of objects (s;) € [; FT;, with the property that Pij
carries the restriction (s]-)Ti], to (si)Tz.j. In other words, FT is the equalizer of two
functions [1; F;T; — T1;; FiTij, where the first sends (s;) to the collections of re-
strictions ((si)Ti],), and the second sends it to (¢ij(5j)Tij)- For any arrow T — T
in (C/U), the product of the restriction functions []; F;T; — []; F;T] carries FT to
FT’; this gives F the structure of a functor (C/U)° — (Set). Clearly F is a sheaf.
Now we have to show that the image of F into (Sh/C)({U; — U}) is isomorphic
to ({F;}, {¢ij})- For each index k let us construct an isomorphism of the restriction
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Fyj, with Fy as sheaves on (C/U). Let T — U be an object of (C/Uy), s an ele-
ment of i, T. Each T; maps into Uy, so we produce an element (¢ (s7,)) € IT; FT;;
the cocycle condition ensures that this is an element of FT. This defines a natu-
ral transformation Fy — Fyj,. In the other direction, let T — Uj be an object of
(C/Ug), (s;) an element of FT C [T; F;T;. Factor each T; — U; through the projec-
tion Uy; — U;. Then ¢y;(si) is an element of F; T;, and the cocycle condition implies
that the restrictions of ¢;(s;) and ¢;(s;) to FT;; coincide. Hence there a unique
element of F; T that restricts to ¢;(s;) € FT; for each i. This construction defines
a function FT — FT for each T, which is easily seen to give a natural transfor-
mation F;, — F. It is easy to check that these two natural transformations are
inverse to each other, so they define an isomorphism of sheaves F;, ~ F, and that
this collection of isomorphisms constitutes an isomorphism in (Sk/S)({U; — U})
between the object associated with F and the given object ({F;}, {¢;;}), which is
therefore effective.

4.5. Moduli spaces

Moduli spaces are geometric spaces which parametrise something - each point

represents one of the objects being parametrised, such as the solution of a particu-
lar equation, or a geometric structure on some other object.
Suppose that we have a category C of algebraic objects that we want to parametrize
(elliptic curves, vector spaces,...). Let F be a category. A moduli functor is a func-
tor F : F°P — (Set) which sends an object X (for example a scheme, topological
spaces, variety,...) to the set of families of objects of C parametrized by X modulo
an equivalence relation, such as isomorphism classes ( a collection of mathematical
objects isomorphic to each other). A morphism f : X — Y of spaces is send to the
set map induced by pulling back families via f. A fine moduli space is an object M
of F representing the moduli functor. If F be a representable functor, the object
of FM corresponding to the element idy; of Hom (M, M), to say 7w : U — M, is
called the universal family. Thus for each S in F, every family over S is the pullback
of the universal family of a unique map.

Here a trivial example.

EXAMPLE 4.11. To describe a circle in R> we need the center (xg, o) and the
radius . Therefore, the moduli space of circles M¢ in R? is

Mc = {(x0,0,7) € R®:7 > 0}
Note that Mc is an open set of R3. Set
Uc = {(x,y,x0,y0,7) €R>: (x — x0)* + (y — y0)* = >, > 0}

There is a map 71 : Uc — Mc defined by 7(x,y, X0, yo,7) = (xo,Y0,7). Thus, for
example, for the point (1,2,3), we have

m1(1,2,3) = {(x,y) e R*: (x —1)* + (y — 2)* = 9}
Hence Uc contains all the circles in IR? and is the universal family of Mc.

A surprising number of stacky phenomena can be seen in such simple cases.
Michael Artin, is famously reputed to have said that one need only understand
the stack of triangles to understand stacks.
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4.5.1. Triangles. Let us construct the moduli space of plane triangles, which
we denote by T. The objects in this case are triangles up to isometry. We set the
category (MetricSpace) of locally compact metric spaces with the morphism being
the maps f : (S,d) — (S';d’) such thatd(x,y) < d'(f(x), f(y)). Let us try first the
case of ordered triangles. We set a family of ordered triangles as being a proper
morphism of metric spaces ¢ : X — S, such that ¢~!(s) is isometric to a plane
triangle, together with a triple of sections «, 8,y that marks the vertices of the
triangle in X; also, the morphism are required to be compatible with the sections.
Asaset, T consists of triples (a, b, ¢) of side lengths, satisfying (strictly) the triangle
inequalities, up to reordering. As a space, T is a quotient of a subset of Euclidean
space. Indeed, consider the open cone in R3

T={(a,b,c) R} :a+b>c,a+tc>b, b+c>a}

Then we have a map T — T, and T inherits a topology from T, the quotient
topology. Note that T is a fine moduli space for the ordered triangles (since an
object M of an category is a fine moduli space if and only if there exists a universal
family over M) if we consider as a universal family the map 7 : U — T, with
U C T x R? which we associate to each point (a,b,c) in T the triangle with sides
a,b,c in R2. Indeed, given any family ¢ : X — S, consider the map f : S — T
given by

where d stands for the metric in X. Then the family ¢ : X — S is the pullback of
the universal family via f, and any other map that makes the diagram commute
necessarily agrees with f in every point of S.

REMARK 4.12. Let & be the category of schemes. An object X in & determines
a category ¥, whose objects are pairs (S, f), where Sisan objectinGand f : S — X
is a morphism. A morphism from (S', f’) to (S, f) in ¥ is given by a morphism
g: S — Ssuchthat f o g = f'. The functor T — & takes an object (S, f) to S, and
takes a morphism from (S', ') to (S, f) to the underlying morphism from S’ to
S. By Yoneda lemma this category X determines X up to canonical isomorphism.
This category will be denoted by X.

In the categorical language the moduli problem of triangles is as follow: we
take S to be the category of topological spaces, and define a category T whose
objects are families of triangles X — S. A morphism in ¥ from one family X’ — &’
to another family X — S is given by a pair of (continuous) maps X’ — X and
S’ — S such that the following diagram commutes

X —— X

|

§——S

so, that the induced maps on the fibers are isometries. The functor from ¥ to
S takes an object X — S to S, and takes a morphism from X’ — S’ to X — S to
the underlying morphism from S’ to S. Say that T is a fine moduli space in the
language of stacks, means that there is an isomorphism of stacks (equivalence) be-
tween T and T.
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If we consider now the case of unordered triangles, however, the situations is more
complicated. The symmetric group Sz acts (on the right) on T by permuting the
coordinates, and the quotient space T = T/S; is the candidate for a moduli space
of triangles. Its points, at least, do correspond to triangles up to isometry. The
group S3 also acts on U , compatibly with its projection to T. Thus we can con-
struct Y = U /S3, with an induced map Y — T. This would be a first guess.

Any family of trianglesX — S will determine a map from S to T, but the family
may not be isomorphic (uniquely) to the pullback of Y — T. In classical language,
then, this moduli space T is a coarse, but not a fine moduli space, for €. For ex-
ample, when S is the circle S! and X — S is a family of equilateral triangles that
rotates the triangle by 120° in one revolution around the circle, then this is not a
constant family even though the corresponding map from S to T is constant. For
an isosceles triangle (taking S to be a point), say with sides of lengths 1,2, and 2,
corresponding to a point ¢ in T, there are three points (1,2,2), (2,1,2),and (2,2,1)
in T lying over t; the action of the group includes flips over the altitude, and the
fiber of Y over ¢ is the quotient of the triangle by this flip [BPR14]. For an equi-
lateral triangle, there is only one point of T over the point ¢ in T, and the fiber of
Y over t is the quotient of the triangle by the action of Ss; In fact, Y — T fails to
satisfy the definition of family of triangles [BPR14]. The problems with Y — T
arise from triangles with nontrivial automorphisms.

It is easy to show that if Y° — T° be the restriction of Y — T to the locus T° of
triangles with sides of distinct lengths (equilateral triangles). Then Y° — T° is a
fiber bundle and gives a universal family, that is T° is a fine moduli space for such
triangles [BPR14].

DEFINITION 4.13. Let & = (Top) be the category of the topological spaces and
let G be a topological group. A G-torsor, or principal G-bundle, is a continuous map
E — S, with a continuous action of G on E, which we take to be a right action; one
requires that it be locally trivial, in the sense that S has an open covering { U, } such
that the restriction E|ua is isomorphic to the trivial bundle U, x G — U,. One has
a category, which we denote by BG, whose objects are the G-torsors E — S. A
morphism from E’ — S’ to E — S is given by a pair of maps E' — Eand §’ — S
with the map E’ — E being equivariant (commuting with the action of G) and the
induced diagram

El——E

|

S ——T

being cartesian. The functor from BG to & takes an object E — S of BG to
the object S of &, and a morphism from E’ — S’ to E — S to the underlying map
S" — S.If G acts on the right on a space X, one defines a category, denoted [X/G],
whose objects are G-torsors E — S, together with an equivariant map from E to X.
A morphism from E' — S, E/ — X to E — S, E — X is given by a pair of maps
E'E and S" — S giving a map of torsors as above, but, in addition, the composite
E' — E — X is required to be equal to the given map from E’ to X.
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Note that [X/{1}], where {1} denotes the group with one element is the same
as X.

Now, given any family X — S of unordered triangles, let S be the space of
pairs (s, ordering of the edges of Xs). Here X, denoted the fiber. Then S — Sis a
6-sheeted covering space. If X — S is the pullback of the given family X — S by
the covering map S — S, we have the following commutative diagram

S——T
S—T
and themap S — T " commutes with the action of S3. This is exactly the data for an

object of the stack [T/S3], the stack ¥ is isomorphic (equivalence of categories) to
the quotient stack [T/S3].

4.5.2. Elliptic curves. Recall that an elliptic curve is a Riemann surface of
genus 1 together with a choice of origin for the group structure. Thus an elliptic
curve can be expressed as a two-sheeted cover of the Riemann sphere branched at

8(12 3

theset {0,1,00,A} with A € C— {0, 1}. Consider the j-invariant j(A) = W
Thus the map from C — {0,1} to C given by A — j(A) is a surjective map that is
generically a 6:1 covering. Moreover, two elliptic curves are isomorphic if and only
if they have the same j-invariant, so the isomorphism class of an elliptic curve is
determined by a single complex number [Sil09]. Thus we can think that C is the
fine moduli space, but C lacks an important additional property and cannot be
considered the true moduli space of elliptic curves:
A family of elliptic curves over a base space B is a fibration ) : X — B with a sec-
tion O : B — X such that for every b € B the fiber x ~1(b) is an elliptic curve with
origin O(b). Given a family of elliptic curves x : X — B, define a classifying map
jg: B — Cby b — j(x'(b)). Because C is the coarse moduli space, jp(b) = jp(b')
if and only if the fibers xy ~!(b) and x~!(?’) are isomorphic elliptic curves. Since
every elliptic curve has an involution [Sil09], there are nontrivial families of el-
liptic curves x : X — B such that x'(b) ~ Eg for all b € B, where Ej is a fixed
elliptic curve (such a family is called isotrivial) The classifying map jp : B — C is
the constant map b +— j(Ep). This contradicts the existence of a universal family,
because the classifying map B — C associated to the trivial family Eg x B — B
is also constant. Thus we defined the stack of elliptic curves M. Its objects are
families of elliptic curves, and a morphism from X’ — B’ to X — B is a cartesian
diagram

X —X
B ——B

The subcategory of M corresponding to families over a fixed base B is called the
fiber over B. That the diagram to be commutative says that the fibers of M are
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groupoids, that is, categories where all morphisms are isomorphisms.

Let C be the category whose objects are families of elliptic curves with a (nowhere
zero) section and morphisms defined as for M. Forgetting the section defines a
functor C — M. For any family of elliptic curves X — B, the pullback of C via the
corresponding map B — M is X. Thus, M is the moduli space of elliptic curves
and C — M is the universal family ( to see [Dan00]).
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