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1.1 Introduction

So, before we go real, let’s answer the question, “why stacks”?

To answer this question, we back up and look ad moduli spaces first. Frequently,
when studying geometric objects (such as enumerating genus g curves, Abelian vari-
eties, vector bundles, etc), it helps to look at the “space of all such objects”.

When that space exists, it is called a moduli space.

Why is this helpful?

How many plane conics (i.e. a degree 2 curve in P?) go through 5 general points?

We can prove there exists a unique conic. To do this, we consider the moduli
space of conics in P2. A degree 2 curve C C P? (with coordinate x,y,z) corre-
spond bijectively to C = V(ax?+ by? + cz? + dxy + exz + f yz). Observe if we
take (a, b,c,d,e, f) and scale it by A # 0 in field k, then we see we still get the
same conic C. In particular, this is the only relation we need to mod out, i.e. two
conics C, C’ are the same iff their coefficients differ by a scalar.




Thus moduli space of plane conics are given by {(a, b,c,d, e, f)}/k*, which is
exactly P; with coordinates (a, b,c,d, e, f).

Now, for a fixed point p = (X, : Yo : 2,) in P?, a conic C := V(f) with f =
ax?+by?+cz*>+dxy+exz+fyz contains p iff f(x,, ¥o,2,) = 0. To translate this
condition to a condition on a, b,c,d,e, f, we see this becomes linear constraint
ona,b,c,d,e,f,ie H,:= {C € P’ : p € C} is a hyperplane.

Thus, choosing 5 general points py, ..., ps, we see {C € P°> : p,...,ps € C} =
H, N...NH,_. But since the points p; are general, we have H, N...NH,_is exactly
one point, i.e. there is a unique conic that does the job.

The above toy example shows it is helpful to consider moduli spaces. This is all
good and sound, but we have a problem.

Moduli spaces rarely exists, or, they are rarely schemes. They are typically stacks!

Thus, in order to use moduli spaces, we are forced to consider stacks. Well, there
are ways to get around this, but we lose information along the way (e.g. GIT).

So, why aren’t moduli spaces schemes?

Let M be the moduli space of vector bundles, i.e. a map X — M is equivalent
to giving vector bundle & on X. Suppose it is a scheme. Then, lets consider two
o
maps P! — M, the first one given by P* — M and the second one given by
o(1)

P! —5 M.

Then, since P! = U; U U, with U; = A!, we get

Uy

J/S \ﬁ(‘l)wl

o(1)

e Y
where 0(1)|y, = O|y,. On the other hand, we also have

U,

l/g \ﬁ(‘l)|u2

Pt 2
where O(1)|y, = 0 as well. However, if f|; = gly, and f|y, = gly,, and if M

were a scheme, then f = g, i.e. in our case we get & = ¢/(1) on P!, which is a
contradiction.

So, the intuition for stacks.

With a moduli space (e.g. plane conic), a map X — M corresponds to some
geometric object on X. If M is a scheme, then Homg,(X, M) is a set. For stack M,
the set Hom(X, M) will be a category. For example, in the case of vector bundles,
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Hom(X, M) just become the category of vector bundles (over X). In this case, if two
maps f, g agree on open cover, they might not be the same map, hence the problem
occured in the above example is throw out of the window.

To define stacks, there are two main points:

1. Pure category theory (which is roughly analogous to a sheaf, and we call this
“categorical stacks”). The main input here is what’s called a fibered category.

2. Geometry (which is roughly extra constraints on the “categorical stacks”). This
additional geometry makes them algebraic stacks.

1.2 A Little Bit Category Theory

Recall a presheaf on a topological space X is a choice of sets .#(U) for all U C X

open, and a choice of restriction maps p‘L/’ : F(U) - #(V) whenever V C U, with a

compatibility condition: if W CV C U then py,p) = p,.

We want to reformulate this definition. Another way to saying this is: consider the
category Op(X) whose objects are open subsets U C X, and arrows are inclusions, i.e.
V —» U iff V C U. Then a presheaf .7 is a functor Op(X)°?? — (Sets).

If C is any category, a presheaf on C is defined by
Pre(C) := C := Fun(C°™, (Sets))

where Fun(C, B) is the collection of functors.

Let C be a category. Then

C — Pre(C)
X — hy := Hom(—,X)

is an embedding, i.e. if hy = hy, then X =Y, and
Hom(X,Y) = Homg(hy, hy) = {natural trans hy — hy}

In fact, we have Hom(hy, %) = % (X) if # € Fun(C°?, (Sets)).

Before we give a sketch proof, we note this is useful because it allows us to put
C and C objects into a same diagram. For example, rather than writing hy, — .Z, we
can write X — .%. This is handy, say, given f € .Z(X) € (Sets) with .Z € C, we
know that this corresponds to some arrow hy — .%, and hence we can write X(f),

instead of hy(f). This is good because, say we have Y Lx , then let f € .7 (X), we



get F*(f) € #(Y). Then we can write a diagram

y L3 x

N
F

In practice, we might want .# be to a moduli space. Then Yoneda says that X — .% is
the same as .7 (X).

Now lets give a sketch proof.

Proof. Notice if .%#(X) = Hom(hy,.#), then in particular, Hom(hy,hy) = hy(X) =
Hom.(X,Y). Thus we just need to show .#(X) = Hom(hy,.#). It suffices to show
how to go back and forth. Suppose we are given hy L7 , we get

n(X) : hy(X) = Hom(X, X) — 7 (X)
In particular we get Id € Hom(X,X) and it correspond to
(n(X))(1d) € #(X)

Viz, given h, — .%, we get an element of .% (X). Conversely, given an element g €
F(X), we getamap 1 : hy — .% defined by, forall Y € C, n(Y) : hy(Y) — Z#(Y), that
f € hy(Y) is mapped to . (f )(g), where we note f : Y — X implies #(f): #(X) —
Z(Y). Next, one need to check 1 : hy — .# is a natural transformation, and it is
inverse of the first map.

. . . . f
Let’s see why this is a natural transformation. To show that, we pick A — B be any
arrow in C. Then we get

i:B—>X | > iof

Hom(B,X) —— Hom(A,X)

! |

F(B) — F(4)

F(0)(g) | > F(iof)(g)

where the square commutes because .%(f)o .#(i) = % (io f) as .% : C°?? — (Sets) is
a functor. We left as an exercise for readers to check they are inverse of each other.

¥

We say a presheaf .7 € C is representable (i.e. a “moduli space”) if .# = h, for
some X €C.



Using Yoneda’s lemma, we can give a characterization of representable presheaves
using universal objects.

Let .Z € C. A universal object for .% is a pair (X, &) consisting of an object X € C,
and an element £ € .%(X), so that for all U € C and o € .%#(U), there is a unique
arrow f : U — X such that Ff(§) =o.

A presheaf .7 is representable if and only if it has a universal object.

Proof. The pair (X, &) is universal object if the morphism h, — .% defined by & is an
isomorphism. Conversely, every natural transformation is defined by some & € .7 (X).
This concludes the proof.

=1

In particular, it is not hard to see if .# has universal object (X, &), then it is represented
by X.

Consider the functor & : (Set)°®® — (Set) that sends S to the power set of S. If
f : S — T is a function, then P(f) is defined by P(f)(7) := f~(7) C S for all
T C T. We show this is representable.

Given a subset 0 C S, there is a unique function y, : S — {0,1} such
that x;l({l}) = 0, i.e. the characteristic function of T. This shows the pair
({0,1},{1}) is a universal object, and thus & is represented by {0, 1}.

The above example can be extended to .% : (Top)°*® — (Set) which sends topolog-
ical space S to the collection of its open sets. This functor .# is represented by the
topological space {0, 1}, endowed with discrete topology.

Let C := (HausTop) be the category of all Hausdorff topological spaces, and let
F 1 C°P? — (Set) be the functor that sends S to the collection of all its open sets.
We claim this .% is not representable, unlike the case for (Top)°?? — (Set).

To show this, let us assume (X,&) is a universal object. Let S be any set,
endowed with discrete topology. Then by definition there is a unique continuous
function f : S — X with f~1(£) = S, i.e. a unique function S — &. This means
& can only have one element. Analogously, there is a unique function S — X\&,
so X \& also has a unique element. This shows X must be a Hausdorff space with




two elements, so it must have the discrete topology. Thus & is closed in X. Hence,
if S is any topological space with a closed subset o that is not open, then there
will be no continuous function f : S — X with f 1(£) = o.

Take (Grp) be the category of groups, then . € (G/i'F) that associates each group
G the set of all subgroups H is not representable. To see this, suppose we have
universal object (T', I} ). Now take subgroup {0} C Z, then there must be a unique
homomorphism f : Z — T so f 'T}; = {0}. But given one such f, the homomor-
phism Z — T defined by n — f(2n) also has this property and different from f.
This contradicts uniqueness in the definition of universal objects.

Let (Hot) be the category of CW complexes, with arrows being given by homotopy
classes of continuous functions. If n is a fixed natural number, then the functor
H" : (Hot)°®® — (Set) that sends CW complex S to the nth cohomology group
H"(S,Z) is representable. This is highly non-trivial, and the space that represents
H" is known as the Eilenberg-MacLane Space, usually denoted by K(Z, n).

We also have those usual examples coming from algebraic geometry, which we will
not elaborate.

The most basic example is ™ : (Sch/S)°P? — (Set) defined by sending S-scheme
U to I'(U, Oy)" = Oy(U)". This is represented by AZ. On the other hand, the functor
O™ that sends S-scheme U to ¢ (U)* is represented by A;\{O}. Finally, the functor that
sends U to the set of line bundles .# together with n + 1 sections s;, mod out by the
appropriate equivalence, is represented by P".

1.3 Sites

Now we have a more general definition of presheaves, what about sheaves in this kind
of generality?

To do this, let’s look at vanilla definition of sheaves. We say presheaf .# on a
topological space X is a sheaf if, whenever U C X is open, and U = | J, U; is an open
cover, if we have f; € .%(U;) such that fiIUimUj = fle[»ﬁUj for all i, j, then there exists
unique f € F(U) so fly. = f;.

This is nicely summarized by saying
Je P1
FU) == [1,.7W) == I1,; #WnU)

is an equalizer diagram. Here p(f) = (fly) € [ [; #(U)), and p,(f;) = (fily,nu,) and
p2(fi) = (fleiﬂUj)'



Before we recall the definition of equalizer, we give an instance of the map p;
and p,. Say U = U; UU, and f; € #(U;). Then we get [ [, ; #(U; NU;) is the
same as
F(U,NU)x F(U,NU,) x F(U,NU,) x.F(U,NU,)
Thus,
p1(f)) = (fl|U1r1U1:f1|U1r1U2’f2|U20U1>f2|UzﬂU2)

p2(fi) = (fl|U10U1Jf2|U1r1U2’f1|U2ﬂU1:f2|UzﬂU2)
Therefore, asking p;(f;) = p,(f;) is the same as asking f; [y, v, = f2lu,nu,-

h /
Now, recall A ——3 B —= C is an equalizer if gf = hf and for all 4' > B
g

such that gf’ = hf’ there exists unique a : A* — A such that fa = f’. In other word,
we have the following diagrams

A/

\\ f/
AN

H!a\x h
A— B:g;C

In other word, in the sheaf axiom equalizer, if we get (f;) € .%(U;) such that
p1(fi) = py(f;), then there exists unique f € .%#(U) such that f maps to (f;). In-
deed, to see we get unique f if (f;) satisfies p;(f;) = p,(f;), we just take A’ in the
above diagram to be [ [..#(U;) and f’ be the identity. Then by uniqueness of equal-
izer diagram, we must have an element f € .%#(U) that does the trick.

Then, Grothendieck’s insigh is that, to define sheaves, we don’t need the full strength
of topology (we don’t need unions!). We just need intersections and a notion of when
a collection forms a cover (e.g. U; CU and U = Ul. U).

By doing this, we get what’s called Grothendieck topology, which works for any
category. Next time we will define Grothendieck topologies and define sheaves.

Above we talked a lot about motivations. Recall if C is a category, then Pre(C) = C
denotes the presheaves on C, i.e. they are just functors F : C°?? — (Sets).

This is a lot of abstraction, and the presheaves we grow up with are when C =
Op(X), the category of open sets in X. In particular, we sort of need a topology to
define presheaves, but this is false, and Grothendieck realized we only need some
weaker notion of abstract coverings.

Recall, .7 is a sheaf on a topological space X if whenever U = | J, U;, we have an
equalizer

FWU) — [, ZU) :; l_[i,j‘gz(Uime)

In sets, this is actually pretty concrete, i.e. in the category (Sets), we have
f
A B C
R
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is an equalizer iff A= {b € B : f(b) = g(b)}.

So, back to the Grothendieck’s insight into topology. In particular, he observed we
don’t need the full union axiom for topologies, while intersection is still needed.

Let C be a category. A Grothendieck topology on C is: for every X € C, a particular
subset Cov(X) C PowerSet({Y — X : Y € C}), which are called the covering of
X. This Cov(X) must satisfy:

1. if V5 X, then {V = X} € Cov(X)

2. if {X; = X},; € Cov(X) and Y — X, then the fiber product Y x, X; exists
inC, and {Y x4y X; » Y}, € Cov(Y).

3. if {X; = X}, € Cov(X) and {V;; — X}, € Cov(X,), then

{Vij = X}ict jes, € Cov(X)

We note, the three conditions correspond to the traditional topological spaces:

1. the first condition means X is a covering of X itself
2. the second condition means the pullback of covering is a covering
3. the third condition means we can refine coverings

We will see this example below in more details.

A category C with a choice of Grothendieck topology is called a site.

Let X be a topological space, consider the category Op(X). Then, we define
{U; = U}, € Cov(U)

if and only if | J,., U; = U. Recall in Op(X) we have U; — U iff U; € U. This

iel ~1

makes Op(X) an site.
Let’s check the three axioms:

1. In our case, V = U if and only if V. = U (we have double inclusions). This
is indeed true, because U = JU.

2. This is a little bit more intersting, but if we actually think about what fibered
products are in Op(X), we would realize it is just intersections. Indeed,
suppose we have

1%

i

U——>X

then the fibered product is indeed U NV as the arrows above are all inclu-
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sions. Hence, we see this means, if we have U = Ui U; and V C U, then
from basic topology we see

{UixyV—>V}g={U;nV SV}

is indeed a cover of V.
3. In our case, this is just U = | J, U; and U; = | J
the third axiom is satisfied.

|V, then U = Ui,]. V;;. Hence

If X is a scheme, then Op(X) with the above Grothendieck topology is called a
small Zariski site of X.

Of course there is also a big Zariski site. First, let (Sch) be the category of schemes,
and (Sch/X) be the category of X-schemes.

Let C = (Sch/X), then we consider the Grothendieck topology obtained by define
{Y; > Y} € Cov(Y — X)

if and only if Y; < Y is an open immersion, and | J, ¥; = Y. This is what’s called
big Zariski sites. We can think of this as, consider all small Zariski sites of Y
where Y € (Sch/X), then sandwich all those small Zariski sites together, we get
the big Zariski site of X.

In general, we can localizing a site. If C is a site, and X € C, consider Cy be the
category with objects Y — X and morphisms being

Y/

L

Then we define the localization on Cy to be,

Y —> Y
\l € Cov(Y - X)
X

if and only if {Y; = Y},.; € Cov(Y) in C.

In particular, we have big Zariski site of X localized at Y — X is the big Zariski
site of Y.

To make sure we don’t lose track, we note the main motivation for this whole
business of Grothendieck topology is to get new cohomology theories (e.g. étale co-
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homology). This is because sheaf cohomology has its problems, e.g. if X is a complex
manifold (smooth projective C scheme), you would like a cohomology theory H*(X)
that recovers topological cohomology. The reason why Grothendieck want to do this
is because he wants to prove the Weil conjectures.

A presheaf .% on a site C is a sheaf, if for all {U; — U},.; € Cov(U), the sequence

FU) — [N ZW) == [, ZW; x4 U))

is an equalizer (sometimes we say this is “exact sequence”).

If you don’t like equalizers, the above can be reformulated concretely. This above
definition says, if for all f; € .#(U;) such that the image of f; in .7 (U; x, U;) equal
image of f; in 7 (U; x; U;) for all i, j, then there exists unique f € .%(U) such that f;
is equal the image of f in .7 (U;) for all i.

A presheaf .7 on a site C is called separated if for all {U; — U},,; € Cov(U),
Z(U) = | [.-Z(U,) is an injection.

If C is a site, then sh(C) := (Sheaves on C) — Pre(C) (by definition this is a full
subcategory) has a left adjoint.

If you are not swimming in the language of category, this can be translated concretely.
The above statement says, for all .%# € Pre(C), there exists .% — .#* with % € sh(C)
such that V¥ € sh(C), we have diagram

F — Y9
PN

E

g‘a
We call .#“ the shedafification of .7 .

Let’s first recall the definition of adjoint and see why being left adjoint means the
above.

Let C,,C, be two categories, F : C; = C, and G : C, — C;. Then we say G is the
right adjoint of F and F is the left adjoint of G, if there exists isomorphism of
functors ~

¢ : Homy, (F(-),—) > Hom, (—, G(-)
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Now, by saying sh(C) has a left adjoint, we mean there exists g : Pre(C) — (She(C))
such that we have isomorphism between homs. Here we write (She(C)) in short for
(Sheaves(C)). Now, given .%, we already have g(.%) =: .Z° for free by definition. To
get an arrow .% — %%, we just note Hom(.%,sh(.#¢)) = Hom(#%,.#%) and so we

d
can pullback the identity .7 % 29 to an arrow F — F. Next, for any . Lae
Hom(.%#,%), we see Hom(.%#,sh(¥¢)) = Hom(.# ?,%) and thus we get an arrow unique
fe: 7% — 4. Next, to see those arrows we just got commute, note we get diagram

gl g
al A

But now pullback the Id : #* — % arrow we get the canonical arrow .% — .7 and
the whole diagram still commutes (we also need to pullback the upright f¢ arrow to
F — 9.

In Hartshorne, the idea is that .%*(U) is going to be a subset of l_[peu 7, such that
consists of “compatible germs”. However, in sites, we cannot do this at all, because
we don’t even have a topology, i.e. for us U € C, it does not have points, so our proof
is going to be complicated.

Proof. We will only give sketch. So, we have
sh(C) C (Separated presheaves) C Pre(C)

and it suffices to show we have each inclusion has a left adjoint. We will only do the
left adjoint between separated presheaf and presheaf.

Suppose .# € Pre(C) is a presheaf. We want left adjoint .% — .%°. We define
F(U):=F#U)] ~

where a,b € .%#(U) we say a ~ b if there exists {U; — U},.; € Cov(U) such that a, b
map to same thing in .Z(U) — [ [, Z(U)).

Why is .#° a presheaf? If V — U and a,b € .#(U) such that a ~ b, then there
exists a covering {U; — U} € Cov(U) such that in .%(U) — ]_[l. Z(U;) we have a, b
maps to the same image. Then by axiom 2, we know {U; x; V — V} € Cov(V) is a
covering of V. Then we have a commutative diagram

FU) —— [.ZW)

l l

FW) —> [, ZU; x, V)

since a, b maps to the same image in the above vertical arrow, it maps to the same
image in [ [, .#(U; x, V). However, since the diagram is commutative, this means
p(a) and p(b) must map to the same image in the bottom vertical arrow.

13



Hence we see p(a) ~ p(b) and so

FU) — F°(U)

|
1 Kl
~

F(V) — F(V)

which shows .7#* is a presheaf. Also, it is clearly separated (by the definition of our
equivalent relation). Next it remains to show this is an adjoint, i.e.

F — Y
\ E!T
egzs
To that end, just note for each V — U, we get diagram

FZ(U) =5 9(U)

| |

FV) 25 9(V)

we just define the map .%°(U) — ¥4(U) to be [a] — g, (a). To see this is well-defined,
we just note by the above exact same argument, we get [a] = [b] then g;(a) = g, (b)
and hence this map .%°(U) — ¢4(U) is well-defined. The functoriality is easy to check.

Next, if .7 is separated, we want a sheafification .#“. What we want is that we get
the right equalizer. Thus, what we have to have is . “(U) must be identified as the
elements of [ [, .Z*(U;) that gets identified in the product l_[i’j Z(U; xy Uj). But this
depends on the covering, hence we define an equivalent relation on all covering.

In particular, we define
FYU) := set of all pairs {({U; = U},¢;,{a;}ic;)} module ~

This time, we say
({U; = UL {a;})) ~({V; = U}, {b;})

iff ailUiXUVj = bleixUVj for all i, j.
Thus, we get #(U) — #9(U) is given by
a— ({U="U},{a})

Then, we leave it as an exercise to check .7 is a sheaf and the map is left adjoint.

¥

All of this works for sheaves/presheaves valued in groups, modules, rings, etc.
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1.4 Etale Maps

Let’s stop talk about categories and do some geometry (of étale morphisms).

So, the idea is that étale morphisms are “covering spaces” (from algebraic topol-
ogy). There are tons of characterizations of étale morphisms, and we will talk about
five of them.

Before we give formal definitions, let’s see one instance where étale maps pops
up. Recall from classical topology theory, for a “nice” topological space X, we get the
following correspondence

{finite covering f : X — Y} « {finite (X, x)-sets}

But then when we move to the realm of schemes, things become disastrous. That is,
we have the following example.

Consider g(U,V) = V3 +2V? —15V —4U and C = {(u,v) € C?: g(u,v) = 0}

endowed with classical Euclidean topology. Then we see projection f : C — C

via f (u,v) = u is almost a finite cover. That is, #f () is always equal 3 if u ¢
100 q Q. g Q Q

{—57,9}, as oen can compute the discriminant of quadratic polynomial g(u, V).

Therefore, f : C — C\{—22,9} is a finite covering of topological spaces and the

27
degree is 3.

Now turn this into schemes, we define

1
" (27U +100)(U —9)

A=C[U ], B=AV]/gAlV]

and so we get f : SpecB — SpecA. This is not a trivial covering at all! Indeed,
take a look at the generic point £ € SpecA, we see its local ring is Frac(A) = C(U)
and the fiber of f over & is Spec(Frac(B)). However, Frac(B)/ Frac(A) is a degree
three field extension, i.e. locally around & our map f : SpecB — SpecA can never
be trivial and hence can never be a covering space.

What is the fix here? We change our topology from Zariski topology to étale
topology, and we consider finite étale maps. In this case, f : SpecB — SpecA
would turn out to be a covering, as desired.

In particular, we have a beautiful analogy to the topological fundamental
group, i.e. finite étale coverings of X correspond bijectively to finite n‘lét(X ,X)-
sets. Here n‘it(X ,Xx) is a profinite group, hence it has a topology on it, and we
requrie the n‘lét(X , X )-action on the sets to be continuous.

Thus, we see from topological analogy, it is necessary for us to step out from the
world of Zariski topology and consider finer structures. Now let’s jump into formal
definitions.
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A morphism f : Y — X is quasi-finite if it is of finite type and for all x € X, the
fiber Y, :=Y x4 Speck(x) is a finite set.

A morphism f : X — Y is locally quasi-finite if for all y € Y, there exists open
neighbourhood y € U such that f(U) €V and f|, : U — V is quasi-finite (equiv-
alently, f |, : U — X is quasi-finite).

Consider ]_[::1 SpecK — SpecK is locally quasi-finite but not quasi-finite. This
is because if we take the inverse image of the point in SpecK, you get infinitely
many elements in the fiber, but locally this is finite.

A morphism f : Y — X is étale if f is smooth and locally quasi-finite (i.e. étale is
smooth plus relative dimension 0).

Let’s consider the key example that we will use through out the course.

Let K be a field, then Y — SpecK is étale iff Y = [ [, SpecL; where L;/K is finite
separable extension of fields.

1. Compostion of étale morphisms are étale, i.e. f : Z —-Y,g:Y — X are both
étale, then g o f is étale.
2. If f 1Y — X is étale, then the base change is étale, i.e. if we have

YxyZ —> Z
y —L 3 x
then Y xy Z — Z is étale.
3. If
Z

ét

—

N

16



then Z — Y is étale.

We consider the small étale site of X to be the following category: objects being
Y — X with arrows being etale, and morphisms are etale triangles

Y-/ ét ]
N

ét

M 4—

Then, the Grothendieck topology would be, {Y; 5 Y} € Cov(Y 5x ) iff
[ [y

is surjective.

If .7 is a sheaf on the small étale site of SpecK, K a field. Then, suppose L/K is
Galois extension with Galois group G. Then

Z(SpecK) = .F(Spec L = SpecK)®

which is the G-invariant of .7 (SpecL). Here that .%(SpecL 5 SpecK)¢ is just
functors on the objects.

Suppose f : A' — Al is given by x — x?. We claim this is not étale. This is
clearly quasi-finite, thus we need to show it is not smooth. Consider the pullback
F, where Speck — A! is the point 0,

Fy — Al

(R

Speck — Al

Let’s compute what the fibered product is: geometrically we are just looking at
the map Speck[x, y]/(x — y?) — Speck[x] and Speck — A! correspond to the
point (x), and so we are looking for the pushout for the following diagram

? &—— k[x,y1/(x—y?)

I =

k[x]/(x) W k[x]



But then we see we have a formula for this kind of situation, i.e. the pushout is
precisely

k[x, y1/(x = ¥*) @y klx1/(x)

But recall in general, for ring R, ideal I and R-module M, we get R/I ®; M =,
M /IM as modules. Thus we get

k[x, y1/(x = ¥®) ®xpeg kLx1/(x) = (k[x, ¥ 1/(x — y*) /() 2 k[y1/(y?)
Now convince yourself this is also a map of k[ x ]-algebras.

Thus we get
Fo = Speck[x]/(x?)

But then F; is the dual number and hence it is not a field, which implies we get
a map F, — Speck that’s not étale. Hence the original map f : A' — A! is not
étale.

The problem of our map f is that it is ramified at the origin, i.e. we are
sandwich the parabola to a single line, and hence the origin is squeezed twice:

Put it in the other perspective, we see dd—x[xz] = 2x and hence it vanishes at 0. In
other word, the module of differential
o _ k[x]dx  k[x]dx . k[x]
AVALT d(x2)  2xdx | x

Viz, this is a k[x]-module supported at 0, i.e. if we specialize x to be non-zero,
the module is 0, but if x — 0, the module is non-zero.

The above example actually give an different way to define what étale maps are.

If f : Y — X is locally of finite presentation, then f is unramified if Q. 0.

Y/x —

18



Let f be locally of finite presentation. Then f : Y — X is étale if and only if f is

smooth and unramified iff f is smooth and Q; x =0

Note almost all maps in this course will be locally of finite presentation. Hence we
will just drop this assumption.

The map f : Y — X is étale iff f locally of finite presentation and for all y € Y,
there exists open neighbourhood y € U and f(y) € V, such that f(U) € V and
fly : U — Vis “standard étale”, i.e. V = SpecR and U = Spec(R[x]/f), for some
g, where f € R[x] and %f is a unit in (R[x]/f),.

We say f is formally smooth, if

SpecA/l — Y

E| //\(
[ =

SpecA —— X

for all A and I, where I C A is an ideal with I> = 0. We say f is formally étale if
it is formally smooth and the dotted arrow is unique, i.e. we have 3!.

The way to think about this is that, we would have (where A = k[x]/(x?) and
I=(x))
Speck —— Y

[ |

Speck[x]/(x?) — X

and hence the dotted arrow is just choosing a tangent vector at y, i.e. formal smooth-
ness is every y € Y can be extended to a tangent vector at y.

The following characterization is the usual definition of étale.

Let f : Y — X, then f is étale (resp. smooth) iff it is formally étale (resp. formally
smooth) and locally of finite presentation.

Let f : Y — X, then f is étale iff f is flat and unramified.

Recall we defined the small étale site of X to be as follows. The objects are Y 5
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X, and morphisms are étale triangles. THen the coverings are, {Y; — Y}, €
Cov(Y — X) where [ [V; » Y.

Based on this, we can define the big étale site of X, where now C = (Sch)/X,
and the coverings are given by

{Y; > Y} € Cov(Y - X)

ifY,~>Y and [[Y; > Y.

Let .% be a sheaf on small étale site of SpecK, K a field. Let L/K be (finite)
Galois field extension with group G. Then, suppose we are given the singleton
{Spec L — SpecK}, then this is in Cov(SpecK).

Now we know G acts on L over K, thus for all g € G, we get

i

%

Thus we obtain a map
SpecL L} Spec L

>~

SpecK

This is a self map of Spec L — SpecK in the étale site. So since .% is a presheaf,
we get .7 (L) 5, Z(L). Thus G acts on .Z (L).

The fact .% is a sheaf implies
F(K) — F(L) —= F(L&xL)

is exact. To know what’s going on, we compute L ®, L. But first, note L/K is
separable, we get L = K(a) for some a € L. The minimal polynomial of a is
exactly f(x)= ]—[geG(x —g(a)) € K[x]. Hence we see

Loy L=L® K(a)
= L &g K(x)/f (x)
= L{x]/f (x)
>~ (B L(x)/(x —g(a))

g€eG

~PL

gei

It turns out, the two maps from L to L ® L = P, L are given by,  — (),

and 5 — (g(f8))geq-
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Then, since .% is a sheaf, we get
F(K)={y € #(L) : under the two maps y has same image}

But y € .7(L) has the same image under the two maps iff (y),cc = (8(¥))geq-
Hence

FEK)={re F(L):Vg,g*(r)=r}=F(L)°

1.5 Fppf Sites

A topos is a category C equivalent to the category of sheaves on a site.

A morphism of topoi f : T — T’ is a triple f := (f*, f,, ¢ ), where
fo:T'>T
f*:T—>T
and these are an adjoint pair with f* equal the left adjoint of f,, and
¢ : Homy(f*(—),—) = Homy,(—, £.(-))

is a choice of isomorphism that’s natural in the two dashes such that f* com-
mutes with finite limits (note by definition of adjoint we have the two sets being
isomorphic, and we just make a particular choice of ¢).

We will not give a full definition of what is the meaning of finite limit, but f*

commutes with finite limits is equivalent to saying that,

fAF I x .. xF)=f"F x..xf*F,

and if ¥ — ¥ = J is equalizer, then [*F — f*Y = f* .

The full definition of finite limit is just limits over finite diagrams (hence we don’t

take infinite diagrams).

For example, if we have the following diagram (the diagram is the ones with the
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Then we say B is the limit if there exists unique dotted arrows making the above
diagram commutes, and if C also has dotted arrows, then C factors through B.

So why is that we only need to check products and equalizer?

Well, because we have another way to construct B: We isolate the source and
target (so we isolate all objects that has arrows going out, and all objects that receives
arrows), and make product between those, i.e. we have

A; XAz XA, :; Ay X Ag

then the limit B is just the equalizer of the above diagram, i.e.

B=Eq( Ay XAy x Ay T3 Ay X As )

A continuous map of sites f : C — C’ is a functor such that for all X € C, for all
{X; = X}, € Cov(X) we have {f (X;) = f(X)};; € Cov(f (X)), and f commutes
with finite fiber product, if they exists.

Suppose f : X — Y be a map between topological spaces. Then we get continuous
map of sites ! : Op(Y) — Op(X). Indeed, U € Y maps to f *(U) and hence it
is continuous.

From what follows, we will show f : C — C’ is continuous then there exists f, :
T — T’. Once we get a map f, : T — T’, we automatically get f* for free by the
following proposition. However, we will not prove this result.

If f : C" — Cis continuous map of sites, then f, : T" — T has left adjoint f*: T — T'.
If C’ has finite limit and f commutes with finite limits, then f* commutes with finite
limits, i.e. (f*,f,)yields T — T a map of topoi.
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If f : X — Y is a map of schemes. Then we get a map from the small étale site of
Y to the small étale site of X given by

(Z5Y) > (Zxx Y 5X)

This is a continuous map of sites by properties of fibered product/pullback.

As a result (by the theorem below), we get a map of topoi X,, — Y,,.

The above example is not a single case. We can also use pullback to define con-
tinuous maps from small Zariski site on X to the small étale site of X, by the map
UCX— U CX. In particular, we get a map of topoi X,, — X,

From above we stated a proposition about how continuous maps induce map be-

tween topoi.

Let’s now define pushforward on topoi. Given f : " — C continuous map of sites.
We get
fo:T—>T

on topoi by
(fP)X) = F(f(X)

We note unlike pushforward of sheaves on schemes, where we define f,.7(U) :=
Z(f~1(U)), we used f(X’). This is because f itself in our context should be thought
as an “inverse” (think of the topological space example).

So why is f,.# a sheaf?
If {X! — X'} is a cover of X', then we want to check the following sequence is exact
(fPIX) — [ T X)) =5 ], fF (X xx X))
However, by definition, the above sequence is the same as
FEE) — [Ta 2 &) == [, ZF X xx X))
but f commutes with finite fiber product, and hence

F(f X xx X)) =F(f (X)) %00 f (X))

However, now we see the whole sequence is exact because {f(X;) — f(X")} is a cov-
ering of f(X’).

If f : C" - C is continuous map of sites. Then f, : T — T’ has a left adjoint
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f*: T — T. Moreover, if C' has finite limits and f commutes with finite limits,
then f* commutes with finite limits. In particular, (f*, f,) is a map of topoi T — T'.

We will not prove this, but will mention how to construct f*.

We just need to construct a left adjoint of f,. Note f, also gives a map Pre(C) —
Pre(C’), thus if we can construct a adjoint of f, : Pre(C) — Pre(C’), because if f,;_is the
left adjoint then take f* be the sheafification (f;;,)* (We composed two left adjoints,
so the whole thing is left adjoint).

The construction of f* is also similar to what we do in baby algebraic geometry.

In particular, we take
* gr — Vit (TT
(f* 7)) —h%ﬂf(U)

where the colimit is taken over a diagram with objects (U’, p) where p : U — f(U’)

If X" € C’, then we get representable functor hy, € Pre(C’). Thus we get h§, € T’
is a sheaf in the topos. Thus we see f*(h$,) = h ) if f : C’ — C is a continuous
map of sites.

a
f&

Let’s prove this, as this is just unravel definitions. Note

HomT(f*(h;l(/): ﬁ) = HomT’(ha f*ﬁ) = HomPre(C’)(hX’:f*g)

X/J

where on the first equality we used f, and f* are adjoints, and the second equality
is because sheafification is adjoint. Next, by Yoneda, we get

Homyp(on(hy, £, 7) = (£ F)X)
However, (f,.7)(X’') = .#(f (X’)) and Yoneda again we get
ZF(f (X)) = Hompec)(hfxry, F)
Now use the same trick, we observe
Homp,e(c)(hfx, #) = HomT(h;(X,), F)

and hence we get h;(x,) = f*(h$,).

This is about enough category for today, but before geometry, we need to define
one more site, the fppf site.

We say A — B is of finite presentation if B is a finitely generated A-algebra and

A"—>A"—>B—>0
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I is exact with n, m finite, i.e. the kernel is finitely generated.

We also have another formulation. Note if we assume B is f.g. A-algebra, then
we get surjection 7 : A[x,...,X,] > B. Then we say A — B is of finite presentation if
ker(7)is f.g. ideal of A[ x4, ..., X, ]. In other word, we should think of finite presentation
as being finitely generated A-algebra with finitely many relations (i.e. B is f.g. A-
algebra means finite many generators, and B is of finite presentation means B has
finite number of relations on the finite number of generators).

We can generalize this to schemes.

We say f : X — Y is locally of finite presentation if for all y € Y, there exists
open neighbourhood U = SpecA C Y of y and f~!(U) has an open affine cover
|JV; = | SpecB; such that A — B; is of finite presentation.

f : X =Y is faithfully flat if f is flat and surjective.

f X =Y is fppf if f is faithfully flat and locally of finite presentation.

If X is a scheme, the fppf site has category (Sch/X) and coverings
{Y; > Y} €Cov(Y)

iff each Y; — Y is flat and locally of finite presentation, and together we have
L%~y
i

surjection
The fppf sites play a very very important role in algebraic geometry. One reason is
that we have what’s called faithfully flat descent.

The idea is that, let P be a property of morphisms of schemes. Then we get com-
mutative diagram

Y —> Y
lf’ \Lf
,  fopf,
X —>»X
Then, frequently, f has P iff f’ has P. This is what’s called faithfully flat descent.

We are familiar with the fact that if X = (_J U; is open covering, then f : Y — X has
property P iff f |, has property P for all i. This is in fact an example of faithfully
flat descent (in the Zariski topology).

25



We note Zariski cover is a subset of étale cover and étale cover is a subset of fppf
cover. Hence because faithfully flat descent on fppf covers, then it holds for étale
and Zariski as well.

We get maps on topoi:

Xfppf _)Xét _)XZar

1.6 Faithfully Flat Descent

We will want to work up our way to faithfully flat descent, and the first thing we do
is give tons of characterizations.

A module M is:

1. flat if —®; M is exact functor.
2. faithfully flat if 0 > N’ - N - N” —» O is exact iff 0 > N' @, M —
N®,M — N"®; M — 0 is exact.

The following are equivalent:

1. M is flat and we have injection Homgz(N,N’) — Hom(N ® M,N’® M) for all
N,N’.

M is flat and for all N’, we have injection N’ — Hom(M,N’' ® M) by y —
(y = yom).

M is faithfully flat.

N’ — N is injection iff N'® M — N ® M is injection.

M is flat and N ® M = 0 then N = 0.

M is flat and for all maximal ideal m € R, M /mM # 0.

M is flat and for all prime ideal p € R, M /pM # 0.

o

Nk W

Proof (1)< (2): If F » N, then F® M -» N ® M. Thus we get

O N

Hom(N,N"), —— Hom(N ® M,N’® M)

! !

Prn

Hom(F,N') —— Hom(F ® M,N’'® M)
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where we have injections because F ® M - N ® M is surjection. We always can take
F = R’ to be a free module, thus ¢y y. is injection iff ¢y, is injection’, i.e. (1) is
equivalent to checking (1) when N =R/ is free.

However, ¢y v, : Hom(R',N’) » Hom(R' ® M,R' ® N’) is just

¢ =] [Hom(®R,N) = [ [Hom(M,R' @ N")

iel i€l

But if we think what is this map doing, we can assume |I| = 1 as all factors are pre-
served in products. Thus we have

N’ 5 Hom(R,N’) —» Hom(M, M ® N”)
and this is exactly the map
y=0=y)=(m—-mey)
This concludes (1) holds iff (2) holds.

Let’s go from (2) to (4). If M is flat, then N — N’ implies N ® M — M ® N’. So,
we have to show the converse, i.e. if N >N and N® M — N'® M then N — N’.

We see

N 2% Hom(M,N ® M)

i

b
N’ 22 Hom(M, N’ ® M)

but the right vertical arrow is injective since N @ M — N’ ® M and Hom(M,—) is
left-exact. This forces N — N’ to be injective as the diagram commutes.

(4) — (5): Suppose N® M = 0, then tensor the map N — 0 by M, we get NQ M =
0 — 0 is injective. Thus N — 0 is injective and hence N = 0 as desired.

(5)=(7): Let N =R/p # 0 if p is prime. Thus N® M # 0 where N®@ M = M /pM.
(7) = (6): Maximal ideals are prime.

(5) < (3): If N®M = 0, then consider the sequence (0 — N — 0) and tensor with
M we get exact sequence 0 — 0 — 0, hence the original sequence 0 - N — 0 must
be exact, hence N = 0 as desired.

(5) = (3): We have N’ > N LA N” and exact sequence
NeMSNeM LN oM

Let H be the cohomology
o ker(3)
Im(a)

!Well, to see why this is true, clearly if the bottom arrow is injective then the top arrow must be.
On the other hand, assume top arrow is injective. Now pick any x,y : R — N’, which is the same as
(x;), (y;) € (N")!, but then we see we get (x;/K),(y;/K) € Hom(N,N’). Now use injectivity on the top
to conclude the bottom is injective.
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We want H = 0. However, since M is flat, we have

ker 8’
HeM = =0
Ima’

and hence H = 0 as desired.

It remains to show (6) = (2). We do this by contradiction. Suppose there exists N
with N - Hom(M,N ® M) by y — (m — y ® m) is not injective, i.e. 3x € N such that
x ® m =0 for all m € M. We will produce a maximal ideal with the quotient equal 0.

Let L € N be the submodule generated by x, i.e. L =Rx. Then we let I =ker(R —
L) where the map R — L is given by 1 — x. Thus we see L = R/I. We will show we
can replace N by L.

Note L — N, and since M is flat, we see L& M — N ® M. We see x ® m = 0 when

x is viewed as element of N. Hence x ® m = 0 when x is viewed as element of L. But

x generates L, hence L& M = 0. Thuswesee0=LQM =R/I®M =M /IM. Ifm 21
is the maximal ideal, then M /mM = 0, which is a contradiction.

3=

SpecB LN SpecA is faithfully flat iff B is a faithfully flat A-module.

Proof. By definition, f is flat iff B is flat A-module. So, f is flat and surjective iff B is
flat and if we do base change at closed point SpecA/p — SpecA, we get non-empty
the fibered product is non-empty, i.e. we have

#@ —— SpecB

| |

SpecA/m ——» SpecA

But this is condition (6) and we are done.

If f : X - Y is flat and locally of finite presentation, then f is open, i.e. f(U) is
open if U is open.

Proof. We are going to prove this, but we need to import a block box theorem, i.e. the
Chevalley’s theorem.
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If f : X — Y is locally of finite presentation, then f(U) is constructible if U is
constructible. In particular, f (U) is constructible if U is open.

All we need from Chevalley’s theorem is that f (U) is constructible when U is open.

We also need another fact from topology:

Let E C Y be a constructible set and E is stable under generalization, i.e. y € {y’}
and y € E then y’ € E. Then E is open.

As a corollary of the above facts, we see if f : X — Y locally of finite presentation
and U C X open and f (U) is stable under generalization, then f (U) is open. Now let’s
prove the theorem.

Let U C X be open, we just need to show f(U) is stable under generalization. We
can reduce this to the local case and assume f : SpecB — SpecA. We have y € f(U)
and y € {y’}. Thus, say f(x) = y. We want to find x’ specialize to x such that

fx)=y"

Thus, we have

x< ......... x/
[
y——Yy

where the dotted arrows are what we wanted. In particular, this means we get q in B
that’s lies above p that correspond to y, and we get p’ C p that correspond to y’. We
want q 2 q’ such that q’ lies over p’. This is known as “going down”.

In other word, after localizing, we get

B,

ﬂaq\ ¢

A, 45— VA,
and we want a prime of B, lying over p’A,. This is the same as

SpecB,

s

SpecA,

and we want p’ € Im(g), i.e. we want g to be surjective.

However, g is flat and SpecA, has only one closed point and g surjects on that
closed point. Thus, by the equivalence of (6) and (7) of the proposition we proved,
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g is surjective on all points. To see this, note f : SpecB, — SpecA, is surjective on
closed points, we see we get the following diagram

g '(p) — SpecB,

l l

SpecA,/pA, —> SpecA,

where we know the fiber of the point SpecA, /pA, is not empty, i.e. the ring B, ®,, K(p)
is not the zero ring. But B, ® 4, Ap /pA, = B,/pB,, which tells us we get (6) to hold, and
hence we actually get surjection on all points.

¥

If f: X =Y isfppf,and U CY is open and quasi-compact (e.g. affine). Then there
exists open cover f1(U) = Uj V; with V; are quasi-compact and f(V;) = U.

Proof. It is enough to show every x € f~!(U) has open quasi-compact neighbourhood
V with f(V) =U.

Choose affine neighbourhood W’ of x with W/ C f~1(U). Choose affine cover
W, =f7'(U). We see f is open means f (W;) are open. Since f is surjective, we see
U = f(f~'(U)). Thus U = | f(W,;). However, since U is quasi-compact, so we can
assume the index set is finite. Let V := W' U J.., W;, we see this is a finite union of
affine, so in particular it is quasi-compact.

=

i€l

We say a property P of morphisms of schemes is local on the base (target) for
the fppf (et, Zar, etc.) topology, if for all Cartesian diagrams

X — X
I o

fppf

f
S —»S

if f has P then f has P.

The following properties are local on the base for the fppf topology: surjective, lo-
cally of finite type, locally of finite presentation, of finite type, of finite presentation,
universally closed, universally open, separated, proper, unramified, smooth, étale,
flat, affine, isomorphism, open immersion, closed immersion, finite, locally quasi-
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finite, quasi-finite, quasi-compact, quasi-separated, universally injective,universally
homeomorphism, and the list goes on.
Proof. The whole proof is on Stacks Project, Tag 02YJ.
We will only prove some of these.

Universally Closed: we need to prove that in the following diagram

X, — X

ot

that X, — T is closed for all base change. To do this, we consider the following cube

of Cartesian:

/
X

\
4

g/ X/ gl
> T

Xr

> X
T’ \f/ ‘/f
S’ > S

In the above, all squares are Cartesian. Thus f’ is universally closed implies g’ is
closed. Hence, we get

X, =% X,
bl
y
and we want to show g’ is closed. In particular, 7 is fppf implies 7 is open.

Thus, 7 surjective and open, we see if W C T, then W is closed iff m~}(W) is
closed. Thus take Z C X, closed, we want g(Z) to be closed. It is enough to show
n(g(2)) is closed. Take

Z' =YY 2)={(t'2) :z€ Z,n(t') = g(2)}
We see Z’ is closed and
g'(Z")={t': 3z € Z with 7(t") = g(2)}

but we see this is just
g'(Z)=n"(g(2))

Thus we see g’(Z’) is closed because g’ is a closed map. This concludes our proof.

Separated: Recall f : X — S is separated means Ay/s : X — X Xy X is closed
immersion. But A is always immersion, thus we just need to show Ay s is closed.
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Consider Cartesian diagram

I |

T — S

We get another diagram
X; —— X

\LAXT /T le /s

! !

T —— S

Since separated maps base change to be separated, saying Ay s is closed is the same
as saying Ay s being universally closed.

Thus, we get
X — X

\LAX’ /s! l/Ax /s

X/ XS/X/ H XS XX

L

o L) S
but the bottom arrow is fppf, and hence we see Ay, is universally closed implies
Ay/s is universally closed.

Locally of Finite type: we can reduce to the affine case

SpecB’ —— SpecB

i

; fppf
SpecA” —— SpecA

where we have B’ is f.g. A-algebra (and the diagram is Cartesian). Let y;,...,y/ € B’
be generators. We see B’ = A'®, B and hence y/ = Z]. alfj ® x;;. Let C C B be the
A-algebra generated by the Xx;;.

By flatness of A — A’, we see
C @A —>B®,A =B
Thus we see C ®, A’ = B’. By faithful flatness, we see this forces C = B.
Quasi-compact: easy.
Proper: We have
X — X

f
s Py
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with f’ proper. However, recall proper is the same as universally closed, separated,
locally of finite type and quasi-compact. Thus we are done.
¥

1.7 Fppf Topology

Next, we will show if X is a scheme, then hy is sheaf for the fppf topology.

We expand the definitions to see what this means. We see we need to work with
fppf cover {Z; — Z},;, where Z; — Z flat locally of finite presentation and [ [ Z;, — Z
surjective. Then we need to show hy : (Sch/Spec Z)?;’lff — (Sets) is a functor, which

says it is presheaf. We also need to show exact sequence
hy(Z2) — [1;hx(Z2) == T1,;hx(Z x; Z))

Then, we claim hy is a sheaf for fppf topology (i.e. we get the above exact sequence)
is the same as to show

Zij:Zi XZZj H Zi

| l

Z, —— Z

we have unique dashed arrow from Z to X.

To see those two are the same, we expand what it means to have
hy(Z) =Eq( [ ] hx(Z)) :; l_[i,j hy(Z; %7 Z;) )

Note hy(Z) = Hom(Z,X), hy(Z;) = Hom(Z;,X), and hy(Z;;) = Hom(Z,;;,X).
Since products commutes with what we are doing, we just need to check on a
pair of indices i, j. Thus, we get Z; — Z and Z; — Z by assumption (from the cov-
ering), and Z;; — Z; and Z;; — Z;. Then the two arrows [ [, hy(Z,) = l_[l.j hx(Z;;)
correspond to the composition Z;; — Z; — X and Z;; — Z; — X. Now we want
to say that every such pair of arrows come from a unique arrow in hy(Z), i.e. we
want unique Z — X so the above diagram commutes, as desired.

A special case of this is that, Z = | JZ; open cover and f : Z — X is equivalent to
fi 1 Z; = X such thatfilzij :f]-IZi]_.

Let’s recap.
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The big theorem we are working towards at this point is that, if X is a scheme, then
hy is a sheaf for the fppf site on all schemes, i.e. the fppf site on SpecZ. In particular,
if X — Y then hy is a sheaf on the fppf site on (Sch/Y).

In the above, we talked about what it means for h, be a sheaf for fppf topology.

Let L /K be a Galois field extension with Galois group G. Then Spec L — SpecK
is étale and hence fppf. We showed for any sheaf .7, we see .#(K) = .Z(L)".
In particular, taking .# = hy, we see a morphism SpecK — X is the same as a
G-invariant morphism SpecL — X.

Since Zariski and étale covers are examples of fppf covers, the big theorem also
says hy is a sheaf for the (big) étale and Zariski topologies. We will start prove the
theorem.

If A— B is faithful flat and M is A-module, then
M—13 Me,B &; M®,B®,B
A - A D Oy

is exact. Here the maps are givenby f :m— m®landp;, : m®b— m®b®1
andp,:m®b—m®1Q®b.

Proof. Exactness is equivalent to exactness of 0 — M EN MeB 2 M ®B®B. Thus

it is enough to show (since A — B is faithfully flat, the old sequence is exact iff we
tensor with B) that

":=f®ld P
M&,B- L% MeoB®B —X M®B®B®B
Py

where
py(meb®b)=me®b®1®b’

p,(m®b®b)=melebeb’

and f'(m®b) = f(m)®Id(b) = m®1® b. The point of doing this is that now we get
a section, i.e. we have

M®B ¢<—— M®B®B <—— M®B®B®B

where
T(mebeb’'®b”")=mebeb'b”

y(m®b®b')=m® bb’

In particular, we get Tp; = Idyepep and Tp, = f’y. Indeed,

pi(meb®b)=1(Mm®b®1®D)=mebe1'=mebe b’
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Tp,(me®b®b)=1(M®18®b®D)=me1®bb’

where we note
f'y(m®b®b')=f'(m®bb’)=m®1®bb’

One can also check yf’ = Id. Hence, we indeed get a section which implies f’ is
injective as desired (which proves exactness on the left).

Next, we check exactness on the middle. Suppose @ € M ® B ® B, then we have
pi(a) = p,(a). In particular, we get

tpy(@) = 1py(a@) = f'(y(a)) = a

This concludes the exactness on the middle as well.

¥

If U,V,X are affine schemes. If V - U is fppf cover, then we get exact sequence

hx(U) — hx(V) —= hy(V x4 V)

Proof. Say U = SpecA,V = SpecB and X = SpecR. Then take M = A in previous
proposition, we get

A—— B —=X B®,B
is exact. In particular, ¢ is injective. We want that, when we take Hom(R,—) to the

above sequence, we get exact sequence, i.e. we want to show the following sequence
is exact

Hom(R,A) — Hom(R,B) —= Hom(R,B ®,B)

Exact on the left: Suppose we have R % A — B with ta = tf and ¢ injective.

However, this implies a = f3 as ¢ is injective, as desired.

Exact on the middle: Say f : R — B such thatforallv €R, f(r)®1=1® f(r). By
previous proposition, we know
f(r)eAcCB

Hence f factors through A, which proves our claim.

¥

Let .7 : (Sch)? — (Sets) be a big Zariski sheaf. Then .% is a sheaf for fppf topology

35



iff for all V - U fppf, we get exact sequence

FU) — F(V) —= F(V x, V)

Proof. Clearly if .7 is sheaf for fppf topology, then we get the desired exact sequence.
We just need to show the converse.

Let {U; — U} € Cov(U) be fppf cover. Let V =] [ U;. Then we get a sequence
FU) — 1_[1' F(U;) :; l_[i,j F(U; xy Uj)
However, we can complete the above diagram to

FU) — l_[igz(Ui) :; l_[ijg(Ui xy Uj)
FU) —— F(V) /= F(V xy V)

The vertical maps are isomorphisms because U; form open (Zariski) cover of V, and
U,nU; = () in V. Thus, if we assume the top row is exact, then we can indeed conclude
the bottom row is exact, which implies .% is sheaf for fppf topology, as desired.

=

Let .7 : (Sch) — (Sets) be a presheaf. Assume .% is a sheaf for the big Zariski
topology. Then .% is fppf sheaf iff for all V.- U fppf, V, U affine, we have

FU) — F(V) —= F(V x, V)

is exact.

Proof. By previous lemma, it is enough to check sheaf axioms on V - U not necessarily
affine but singleton covers.

Exactness on the left: We need to show .7 (U) injects into .# (V). Let U = | U
be open affine cover and f : V - U be fppf. Then f~}(U;) = UJ. V;; be an open affine
cover. Hence V = Uij V;;. We get the following diagram

FU) — F(V)

) !

l_[iy(Ui) — l_[i,jy(vij)

Note the vertical arrows are injective since .% is a Zariski sheaf. Thus, to prove the
exactness on the left, it is enough to show the bottom arrow is injective. Since f is flat
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locally of finite presentation, we see f is open. Thus f(V;;) are open in U;. Also, f is
surjective as its fppf, we see

U =fUw) = Jrmy
J

where the each f(V;;) are open. Since U, is affine, it is quasi-compact, we see we can
.. L .
take finite subcover U; = J,_, f (V, j.)- In particular, we see the map

1
]_[Vifk »U
k=1

is fppf because
Vi; € —(U) E) U;

Eo L

fppf

V———U

where the inclusion V;; € f7'(U;) is flat. Thus we see since ]_[2:1 V.. and U; are both

Lk
affine, so by assumption, we get
1 c
y(Ui) — nk:1 9(‘4;’,() — n]y(‘/l])

which shows exactness on the left.

Exactness on the middle: Suppose V - U is fppf with V, U not necessarily affine.
We will do step by step.

Step 1: we show we may assume U affine. Let U = | J U, be affine open cover. Let
V. = f~Y(U,). Then we get

Z(U) y F(V) /= F(VxyV)
[ L i

l_[igZ(Ui) —_— l_[ly(‘/l) E— nlﬁ(‘/l ><Ul- ‘/l)

It 4

[1.,7W;nU) —— [, Z(VinV))

We get a, b injective since .% is big Zariski sheaf, the c is injective since V; N'V; -
U; N U; is fppf and we apply exactness on the left shown above. A diagram chase
shows exactness in the middle as desired (if we can show the U affine case), i.e. we
want .7 (V) = .%(V x V) to be exact.

The diagram chase is roughly as follows: start with the top middle bullet o,, we
want to ask if there exists o, in .% (U) that maps to e;:

0, F(U) —— &, € F(V) —= o, =0, F(V x, V)
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There is not much we can do at this point, thus we send e, to the bottom via b and
get

., € Z(U) SN o, e Z(V) :; o, =0, c.7(Vx,V)

i

®p
We want to show e, comes from [ [ . (U;). Thus we get

0, F(U) —— &, € F(V) =X o, =0, € F(V x, V)

P N

o ——— % C 0y, = 83,

However, note the middle row is exact by assumption, we indeed get

0, € F(U) —> &, € F(V) —= o, =0, F(V x, V)

ik ! |

\
o, ————— 9, X ®p = ®3p

Viz, we have e, comes from e, and it remains to show e, comes from the injection
? arrow from .%(U). To that end, we note the left vertical line is exact, hence to
show e, lives in the image of .7 (U), we just need to show e, has the same image in
]_L., ;-Z(U;NU;j). To show that, we map e, forward via the two different maps, and
get e, and e, i.e. we get

0,€ F(U) —— &, € F(V) =X o, =0, € F(V x, V)

[ [ |

6% —————— % 5 ®p = ®3p

I

.a21 .a3 >

where at the bottom, we must have e, and e ; map to the same element because the
middle column Z(V) - [ [, (V) = ]_[i’j F(V;NV,) is exact and the image of e,
and e,; must equal the image of ;. Hence, this forces o,, = o, which forces e, to
come from e, and hence shows e, indeed comes from e, as desired.

After this point, we assume U is affine.

Step 2: we show we can assume V is quasi-compact. We showed last time there
exists V = UVJ open cover by quasi-compacts such that V; » U fppf. Consider the
restriction map (for each j)

x € Eq(F (V) —= Z(V x, V)

L !

e EQFV) == FV; %y V)

Our goal is to show x comes from .%(U), where we assume that this x comes from
Z#(U) when V is quasi-compact.
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Hence, assume quasi-compact case. Since V; » U is fppf, we get the following
sequence

FU) — FV) == F(; %y V)

is exact. Thus there exists unique y; € .#(U) mapping to x;. We claim y; is indepen-
dent of j. Indeed, consider the diagram

VoV —

'

i
<)

where we used fppf maps V; — U and V; — U to get the fibered product. Now we
apply .# to the whole diagram. First, we get the following injections

F(VixyV;) «— F(V))

F(U)
Now let’s chase elements:
F(VixyV;) <— x; € 7(V;)

) J

x; € F(V) $—— xe Z(V)

N

F(U)

Yit=Xi

However, since x maps to x; and x;, we know x; and x; must map to the same thing
in Z#(V; x; V;). However, V; x; V; —» V; — U is fppf cover, thus the two arrows
F(U) = F(V; x4 V;) are injective. Thus, we must have y; = y;, hence we can denote
this as y = y; = y;. Moreover we have y — x. This is exactly what we wanted, and
hence this finishes step 2.

After this step, we assume U is affine awnd V is quasi-compact.

Step 3: finish the proof. We may assume V - U fppf with V quasi-compact and U
affine. Let V = U V; be a finite affine cover. In particular, since the union is finite, we
see | [ V; is affine and hence [ [V; - U is fppf.

Thus we get
FU) —— F(V) —/——= F(Vxy V)

F ! [

Z) — Z(,v) == ZAL,V; <o 11, v)
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The vertical arrows are injective since [ | V; > V is fppf cover. The bottom row is exact
because [ | ;V; > U is fppf and both of them are affine and we are assuming the affine
case holds. Hence the top row is exact. This concludes the proof.

¥

If X is affine, then hy is fppf sheaf.

Proof. We proved sheaf axiom for V - U where V, U are affine and the arrow is fppf.
Also, it is easy to check hy is big Zariski sheaf. Hence hy is fppf sheaf.
=

At this point, we proved a big lemma says if .% is sheaf for big Zariski topology, then
7 is sheaf for fppf topology iff for affine singleton covers we get the exact sequence.

The next step is to show we can move from affine X to any X.

Let X be a scheme, then hy is a fppf sheaf:

Proof. LetX = J, X; be open affine cover. Let V - U be fppf with U, V affine. We just
need to show

FU) — F(V) == F(Vx, V)
is exact (where of course .7 = hy).

Exact on the left: pick f, g € hy(U) with f, g maps to the same element in .7 (V).
That is, say we have

v—t»U#;X

such that ft = gt. We want f = g. Set-theoretically, we know f = g as t is surjection.
Thus we just need to show this equality is scheme-theoretically. Since X = | JX; and
f = g as set maps, we see f1(X;) = g~ }(X,) as sets. Thus let’s define U, := f~1(X;) =
g 1(X;). Now take the diagram and restrict to U; with V. := t~1(U,), we get

thi flUi
Vi Ui ? Xi

In particular, we get f [y, o t], = gly, o t]y,. However, hy is a sheaf as X; is affine, thus
we see f|; = gly, scheme-theoretically. However, this holds for all U; and hence we
see f = g scheme-theoretically globally.
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Exact on the middle: say we have

P1 ¢

Vx,V ; Vv — U

u b2 f 3

=

4
X
with fp; = fp,. We want to show the dash arrow exists, i.e. we want to show there
exists h. Let |T| be the underlying topological space of any scheme T. Then we see

we get the same diagram for topological spaces

|p1l It
IV %y V| ?; V| — |U|
P2 If1

3

i
X1
However, in this case, |h| exists because of the following claim.

Claim:
pal It]
|VxUV|%:§|V|——+|w
P2
is a coequalizer of topological spaces.

Suppose this claim holds, then h exists topologically , and so we can talk about
subschemes U; := h™}(X;) C U, V; := f1(X;) C V. Then, we get

fppf

Vi 77 U
N

A N\ o

X.

1

where the existence of h; is by affine case. Moreover, we see h; |UlﬂUj = h; |U,.nt because
we can cover X;NX; by affine open and h; restrict to open affine agrees with h; restricts
to open affine by the uniqueness statement in the affine case. Since h; IUint =h jIUimUj,
the h;’s glue to amap h : U — X scheme-theoretically. Thus, if we can prove the above
claim, we are done. We are going to prove it in small steps.

Next, we claim that for fppft : V -» U,:

1. there exists natural surjection |V X, XV | - |[V] Xy [V|
2. RC |U| open iff [t|"'(R) C |V]| is open.

p1] e : S :

3. |V x,V]| :; |V| —— |U| is coequalizer in category of topological spaces.
P2

(1): Take x,x’ € |V| with the same image x € |U|. Then we see we get

Speck(x)

Speck(x’) — V

L

Speck(x) — U
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What we do next is to take fibered products of the two residue fields over Speck(x)
and we get

Spec K(x) Xgpeew) SPECK(X) ——> V X, V

Here the arrow above is the dashed arrow (by universal property) in the following

Spec k(x) Xspecx(z) SPECK(Xx") ——> Speck(x) —— V

~
~
~
~
~
~
~
~

Speck(x") Vx,V :

i

%

In particular, we see
SPecK(x) X specce SPECK(x’) = Spec(k(x) Byce) K(x"))

and we just choose any point of Spec(x(x) ®,x) k(x")) and its image inside V x; V
would be a point that correspond to (x, x") in |V|x;|V|. This yields a point of [V x;; V|
mapping to (x,x’) € [V| xy [V].

(2): R C|U| is open then since t is continuous we get |t|~}(R) is open. Conversely,
t is fppf implies it is surjective, thus R = t(t ' (R)) and hence its open as t~!(R) is open
and t is open map.

(3): we need to show the diagram is a coequalizer diagram. In this part, we will
drop the bars, and just move to the category of topological spaces. What we want is
that for any W topological space, we want

p1
Vx, V ?V —— U
! :31h
&

w

If h exists, then it is unique as t is surjective, i.e. u € |U|, then choose v € |V| such
that t(v) = u, then h(u) = f(v).

Thus we just need to show if v,v’ € |V| and t(v) = t(v'), then f(v) = f(V).
However, since v,v’" € |V| with t(v) = t(v), this means (v,v’) € [V| x; [V|. Earlier,
we showed there is surjection

q:|VxyV[>|V| | \4

Let v’ € |V x; V| so q(v"') = (v,v’). Then, we see we know f p; = f p, by assumption,

thus we see fp;(v"") = f p,(v") but by definition f p,;(v"") = f(v) and fp,(v"') = f (v')
(this is universal property of fibered product on cat of top spaces etc and the fact our
map |V x V| — |V| x |V| is natural).

At this point, we have defined h as set map, and we need to show h is continuous.
Thus take W/ € W be open, then we see h™}(W’) C U is open iff t Th™}(W’) is open
in |V| by part (2). However,

t_lh_l(W/) — f—l(W/)
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where f is continuous, hence h is continuous as desired.
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Before we start the math, let’s talk about intuition’. In the introduction section of
chapter 1, we mentioned that one of the reason to consider stacks is because we want
to study moduli problems.

So, let’s go through the mental process of defining moduli spaces:

1. We want to study a class of objects modulo some equivalence conditions.
* For example, consider the class of triangles A, modulo the relation A; ~,
A, if they are similar triangles. This gives a “moduli set” (A, ~;). Another
moduli set would be (A, ~,) where ~, is actual equality.
2. But we also want to add additional structure to our “moduli sets”, so they the
moduli set themselves have geometry, i.e. we get moduli spaces.
e For example, the moduli space of plane conics is P>, and it has very rich
geometry
3. However, the million dollar question is that, what additional structure is appro-
priate? This is because we already see it cannot be a scheme structure, as the
moduli space of vector bundles cannot be a scheme.

In our approach of defining moduli spaces using stacks, given moduli set (S, ~),
we enrich S to be a category S, and change ~ to collection of isomorphisms between

!The following is from Alper’s book stacks and modulis
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objects of S. This is precisely the definition of groupoids:

A category S is a groupoid if every morphism is an isomorphism.

We call this a moduli groupoid if it classifies some objects that we care about. We
already seen a lot of examples of such moduli groupoids.

Let G be a group acts on set X, then the moduli groupoid of orbits [X/G] is the
category with objects being x € X and Mor(x,x)={g€ G : x’' = gx}.

For example, let’s consider [A!/(Z/2)] where g - x = gx is scalar multiplica-
tion. In this case we see if x # 0 then Mor(x, x) = {1}, and Mor(0,0) = Z/2Z.
In other word, [A!/(Z/2)] is basically A!, except at the origin, where we have
non-trivial automorphism group.

Another instance of moduli groupoid of orbits is P" = [(A""\0)/G,, ].

But now let’s mix the cocktail even further and add the ingredients we cooked in
chapter 1:

1. Recall our endgame for moduli spaces is to define a theory so that our moduli
spaces are geometric spaces themselves, i.e. the best case is we get a scheme,
like the moduli space of plane conics.

2. But what is a geometric space, well, from chapter one we know it is just a rep-
resentable functor.

3. Thus, our definition is getting more complicated. A moduli functor is just a
functor F : C — (Sets) where C is some category. For now we just stick with
C = (Sch), but clearly we can have (Sch),, and all that.

4. But our problem is that the Mor(x, x”) in our case might not be just sets! We want
more structures, we need to enrich it (again) to groupoids. That is, we need a
functor F : C — (Grpoids) where (Grpoids) is the “category” of groupoids.

This leads to the notion of fibered category, which we are going to define next. We
remark that the definition we give will first look rather weird, this is because in the
actual definition we packed all the images (they are groupoids) F(C) into a massive
category, and call it the fibered category.

2.1 Fibered Caregory

From last chapter, we talked about descents. Then, descents plus fibered category
gives categorical stacks, then plus geometry then we get algebraic stacks. In particular,
categorical stacks are special kind of fibered categories which satisfy descent.
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Frequently, given a diagram
Z
X —Y

we say take the fibered product and we get

Xxy 2 —> Z

I el

X ——Y

(where we use O to indicate Cartesian diagram) However, X x, Z is only defined up
to (canonical) isomorphism.

Thus, any two objects W;, W, that claim to be the fibered product are isomorphic
up to unique isomorphism. Usually it is good enough to make a choice between W;
and W, and the choice does not make a difference.

However, since stacks are about automorphisms, we need to keep track of the
choices we made, which is bad. Thus, we can speak of when

W — 72

s

X — Y

is “a” Cartesian diagram, rather than saying W is “the” fibered product.

Let C be a category, then a category over C is a category F and a functor p : F —
C.

A morphism ¢ : U — V in F is Cartesian if for the following diagram

Uu—YV

l = 1

p(U) — p(V)

and for all ¢ : W — V and factorization p(W) SELEN p(U) M} p(V) , there

exists unique A : W — U with

l I

p(W) — p(U) — p(V)
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I such that ¢ A =) and p(1) = h.

The point of this is that, with this, the diagram

U—V

11

p(U) — p(V)

looks like a pullback (and it indeed satisfies the universal property of pullbacks), i.e.
we are mimicing the definition of pullback here.

Let F be category over C and ¢ : U — V be Cartesian, then we say U is a pullback
of V along p(¢).

U’ % v and U % v are both pullbacks along the same thing p(¢) = p(¢’), then
we have

l 1]

p(U) —= p(U) — p(V)
and hence p(A) = Id which implies A is an isomorphism (with ¢’ o A = ¢).

Now given p : F — C, for any U € C, let F(U) be a category defined as follows:

the objects are X € F such that p(X) = U and morphisms are X 4, Y such that
p(¢) =1dy.

The idea above is that we are supposed to think of F as a map from C to categories,
where we input U and output a “category” F(U). In other word, this is the notion we
want in the introduction, i.e. we get a functor F : C — (Grpoids).

Let p : F — C be a category over C, then we say F is a fibered category if
“pullbacks exist”, i.e. given diagram

v

!

U-—svy =p(v)
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then there exists Cartesian arrow ¢ : u — v such that p(¢) = h, i.e.

e

h

-

ST <=
a
<<— <

is a pullback.

Let C = (Sch) be the category of schemes, and let M, be the category of genus g

curves. In other words, objects of M, are C 5, S where 7 is smooth and geometric
fibers of 7 are genus g curves(recall geometric fiber means X x Spec(m)). The
morphisms are diagrams

¢’ —C

[P

S ——S

Then, our p : M, — (Sch) is going to be (C 5 $) — S. Since pullback exists
because they exists in (Sch), we see M, is a fibered category. Indeed, just take
the fibered product in (Sch), say

wn{&— 0O

S —

then we get
CxgS'=:C' —> C
I L
5§ e §
where since 7t is smooth, then 7" is smooth, and 7" has the same geometric fibers
as .

Thus, we just constructed the moduli space of genus g curves.

If C is any category, X € C, then consider C/X as the category with objects Y — X

and morphisms
Y — Y
X

Thenp :C/X — CwithY — Y gives C/X the structure of a fibered category. This
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is because every arrow in C/X is Cartesian. Indeed, take an arrow ¢ : Y — Y in

C/X,andlety : Y’ — Y be any arrow in C/X with a factorization Y” L 2, Y,
then we see we indeed have dashed arrow in the following diagram

Y

Yy -y Y 23y

b b b

Y// h>y/ ¢>Y

That is, we just take the dashed arrow be h, which is indeed unique and it exists.

Let’s consider the category (QCoh) over (Sch). Here objects of (QCoh) are pairs
(S,.#) where .Z is quasi-coherent sheaf on S, and morphisms between (S’, ') —
(S, 7)are givenby f : S’ >Sande:.¥ — f*7.

Let G be a group, considered as a category with one objects, and set of arrows
is G itself. A group homomorphism G — H then can be considered as a functor.
Then, an arrow in G is always Cartesian, and hence G is fibered over H if and
only if G — H is surjective.

Consider the forgetful functor p : (Top) — (Set) that associates topological space
X to the underlying set p(X). This makes (Top) a fibered category over (Set).
Suppose we have a topological space Y, a set U and a function f : U — p(Y).
Denote by X the set U with the initial topology, i.e. open sets are inverse images of
the open subsets of Y. If T is a topological space, a function T — X is continuous
iff T - X — Y is continuous. This shows f : X — Y is Cartesian arrow over the
given arrow f : U — p(Y).

The fiber of (Top) over a set U is the partially ordered set of possible topologies
on U, make into a category in the usual way.

In the above examples, as in Remark 2.1.3, we see (QCoh)(S) is exactly the cat-
egory of quasi-coherent sheaves on S, and M,(S) is exactly the category of genus g

curveson S.

Indeed, (Qcoh)(S) is by definition the category with objects being (X,.%#) € (Qcoh)

such that p(X, .#) = S and morphisms being f : (X,.#) — (Y, %) such that p(f ) = Idg.
Well, p(f, e) = Idg means we need to have f : X — Y is the identity, i.e. X =Y =S
and € is just a morphism between quasi-coherent sheaves on S.

Similarly M,(S) is category of genus g curves because the projection forces any

object to be live over S.

49



If pr: F — Candpg:G — C be two fibered categories, then a morphism of
fibered categories is a functor g : F — G such that

Yl

and g sends Cartesian arrows to Cartesian arrows.

We note, for all U € C, we get g, : F(U) — G(U). Indeed, since F(U),G(U) are
categories, g, is a functor between categories. It is just the same as g, i.e. gy(x) =
g(x). We can check this is indeed a functor. Let x; — x, € F(U),y; — ¥, € G(U) be
two arrows, we need to show we get a diagram

¢

I, I

Yi —=> Y2

However, note we get the following diagram

x1—>x2

gU gU
PF y1 —> yz DPg

U—3u

where the two triples of vertical arrows (i.e. (gy,pg,pr)) commutes, and the outer
square and inner square both commutes, which forces the upper square to commute
as desired.

We defined F(U) for any functor p : 7 — G, without the assumption F is fibered
over C. However, if we do not assume F is fibered over C, then this notion of
F(U) is not very useful. For example, it may 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 will not happen in fibered categories, precisely because in this case we
get functor g, : F(U) — G(U), as defined above.

If g, g’ : F — G are two morphisms of fibered categories, then a base-preserving
natural transformation a : g — g’ is a natural transformation of functors such
that for all U € F, the map ay : g(U) — g'(U) satisfies pg(ay) = Id, ), L.e. if
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we have the following diagram

U o) —23 o)

T T
Pg Pg
~ ~

pr(U) W pr(U)

Pr

then we must have p;(a;) = Id. In other word, we want a; to be a morphism in

G(px(U)).

1d ) :
The reason why we draw the extra p ~(U) — p(U) is because from this we see we
simply want an arrow between the two arrows a; and Id, .

We note this gives Hom.(F, G) the category with objects being morphisms of fibered
category g : F — G and morphisms being base-preserving natural transformations.

Now, suppose we have g’ : F — G, then we get g, : F(U) — G(U) for all U € C.
This is kind of looks like a map of presheaves.

At this point, we defined a fibered category, which is a functor p : 7 — C such
that pullbacks exist, i.e. for all z and for all z — y, there exists unique z — x so the
following commutes

!

p(z) —— p(x) — p(y)

The morphisms of fibered categories are given by functors such that g sends Cartesian
arrows to Cartesian arrows.

Then, for p : F — C fibered category, for all U € C, we let F(U) be the category
with objects being x € F such that p(x) = U, and morphisms being ¢ : x — y such

that p(¢) =1dy.

Thus, say g : F — G be maps of fibered categories over C, then we get g, :
F(U) — G(U) for all U € C.We mentioned this means fibered categories look like
presheaves but instead of F(U) being sets, we have F(U) is category. In particular,
we can recover the moduli space of sheaves” on S just like how we defined the fibered
category (QCoh) — (Sch). In light of this, the thing we are going to define next, i.e.
categorical stacks, are just axiomitizations of the two sheaf axioms, i.e. we want gluing
and restriction axioms on our fibered categories (and this in turn is just descent).

Consider M, , — (Sch) be the fibered category of genus g curves with n marked
points. In this category, objects of M, , are C 5, S with 7 smooth and on geo-

2That is, consider (Sh) — (Sch) with objects being (.%,S) and p(.#,S) = S, where .Z is any sheaf
on S. This is a fibered category and (Sh)(S) is indeed the category of sheaves on S

51



metric fibers of S, C is genus g curves. Next, we need to explain what marked
points are. Those are given by sections of p, say p; : S — C, which are distinct
points on the geometric fibers. Then the morphisms are diagrams

¢ —~1sc
Pl pnz\ l l/jpl""’p"
s —>s
such that nf = gn’ and fp; = p;g. Then, the projection p : M, , — (Sch) is
given by (C 58)—s.
One should check that pullbacks exist.

In particular, M, ; is the moduli space of genus 1 curves with one marked
point, i.e. they are exactly elliptic curves.

Next, note we have the fibered category (QCoh) — (Sch) and we get F; :
M, , = (QCoh) map of fibered category, for 1 <i < n. The map is given by

i

Fi(C = 8):=(S,p;0 )

where we take the pullback of relative differential via p;. We also need to define
what F; does on morphisms. Well, suppose we have morphism

¢ 3¢

- Pﬁz\l \L/jpl,...,pn
s &g

1

We need a map between (p{)*QC,/S,

— g*PiQ ;. Well, we do have a canoni-

cal morphism (and in fact its isomorphism), as we will show next. First, note
g*pjﬂé/s is equal to (plf)*f*Qé/S
() f *Qé 5= (plf)*Qé, /s~ Hence we get the desired canonical (iso)morphism as

desired.

as the diagram commutes, and we also have

Suppose g : F — G is a map of fibered category. Then g is fully faithful as a map of
categories (not fibered category) if and only if YU € C, g, : F(U) — G(U) is fully
faithful.

This result should remind you of: if 7 — G is a map of presheaves then it is injective
if and only if for all U, F(U) — G(U) is injective.

Proof. Recall fully faithful means we have a bijection between Hom sets (full means
surjection between hom sets and faithful means injection between hom sets). Thus,
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let x,y € F, we get

Homx(x,y) —— Homg(g(x),g(y))
&) ipg
Hom.(p+(x), p+(¥))

Then g is fully faithful if and only if for all h : p z(x) — p(y) in Hom.(p (), p (¥)),
g induces a bijection

¢ ~ Y
{x = y:pr(¢)=h}—{g(x)— g(y): pg(¥) = h}
This is sort of like we show bijection on each of the fibers.

Thus, we fix h downstairs

y

i

pr(x) # pr(y)
and let y’ be a fibered product/pullback

y —y

oo ]
pr(x) L) pr(¥)

Then we see for all x — y, we get unique arrow x — y’, i.e. we get

pr(x) — pr(y)
so, we have a bijection
¢ ¢, /
{x =y :pr(¢)=h}={x—y :ps(¢’) =1d}
This is because when we actually using definition of pullback, what we get is a diagram

\Z
x ===y - y

0
l ! l
pr(x) —7> pr(x) ——= p=(¥)

Now, since g(h) is Cartesian arrow as h is Cartesian (by def of morphism of fibered
cat), we see we get

g(y') — g(y)

‘oo

pr(x) L) pr(y)
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We also have the g(x) floating around, and we get

g(x) .

g(y)

L oa

pr(x) — pr(¥)

Hence we get bijection

{g(x) — g(¥) lying over h} = {g(x) — g(y") lying over Id}

with the similar reasoning as above. Hence,

{x — y lying over h} 5 {g(x) — g(y) lying over h}

is a bijection if and only if g, () : F(p£(x)) = G(px(x)) is fully faithful. This con-
cludes the proof.

¥

We say g : F — G a map of fibered categories is an equivalence if there exists
h : G — F map of fibered categories and exists a base preserving isomorphism
a:gOh;Idg and f :hog;IdF.

For a map of fibered categories g : F — G, g is equivalence iff YU € C, gy is an
equivalence (in category theory sense) iff YU € C, g is fully faithful and essentially
surjective.

Proof. We already showed g is fully faithful if and only if all g, are. Thus we just
need to show the claims about essentially surjective (recall essentially surjective for
g : F — G means each object y € G is isomorphic to an object of the form g(x) where
x € F).

(=) : if g is equivalence, then we want g, to be essentially surjective. Given
y € G(U), we have gh(y) — y and h is a morphism of fibered cats®, so h(y) € F(U).

(«<): now assume g, is essentially surjective for all U. We need to construct an
equivalence of fibered categories h : G — F. Given y € G(U), since g is equivalence,

3from time to time we will write cat to mean category
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we know there exists h(y) € F(U) such that a, : y = gy(h(y)). Given any y 4, y’
in G(U), there exists unique h(¢) : h(y) — h(y’) in F(U) such that

¢
y— Y

o o

2o (h(y)) % g (h(y))

because g is fully faithful.

This gives functor h : G — F and also a : Idg = g oh. We need h sends Cartesian

. ¢ . .
arrows to Cartesian arrows. If y — y’ is Cartesian in G, then we get

h(y) —— h(y")

! !

pr(h(y)) — pr(h(y")

and suppose we are given arbitrary w with the following diagram

w h(y) — h(y")

| | |

pr(w) —— pr(h(y)) — pr(h(y"))

where we want to show there exists unique arrow w — h(y). Since g is fully faithful,
there exists dotted arrow w — h(y) if and only if it holds after we apply g. Thus we
want to show there exists unique dotted arrow in the following:

/\

g(w) Ty gh(y) ———— gh(y")

l ! !

pr(gw)) — px(gh(y)) — pr(gh(y"))

However, note we can complete the diagram with

yL)y/

«J/a y N\La y!

gh(y) — gh(y’)
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In other word, we get

Y \ii
g(w) oy gh(y) — gh(y")

l l !

pr(gw)) — pr(gh(y)) — pr(gh(y"))

but y — y’ is Cartesian, hence we indeed have the dotted arrow as desired.

Lastly, we need 3 : Id » S hog. If x € F, we want x /% h(g(x)). By full faithful-

ness of g, we just need to show y(x) — g(h(g(x))). But we do have an isomorphism,
@,(y)- Then, we left as an exercise that f3, is a natural transformation.

¥

Now we have seen fibered categories are analogous to presheaves (over (Sets)),
we ask a natural question: what is analogue of sheaf? The answer is stacks.

But to be able to talk about this, recall in the ordinary case, we need Yoneda lemma.
But our categories are 2-categories, so we really need to ask, is there a type of Yoneda
lemma in this case? Well, there is, and its called 2-Yoneda lemma.

Before we do this, let’s recall if X € C, we have fibered category maps C/X — C
with morphism (Y — X) — Y. The analogy is that, C/X should correspond to hy.

_a

For any fibered category F — C, and all X € C, we have a category Hom.(C/X, F)
with morphisms being base-preserving natural transformations. Then, we have a
equivalence of categories
¢ :Hom,(C/X,F) — F(X)
dy
g~ g(X =5 X)

Proof. We need to construct 1 : F(X) — Hom,(C/X, F) that maps x € F(X) to a
fibered category (1, : C/X — F).

First, we define 7, on objects: an object in C/X is a map Y 4, X. In particular, we
have diagram

X F
L]
Y — X C
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Well, the natural thing to do is just take a pullback ¢*x, i.e. we make a choice and
get the following diagram

p*x — x

| ol
Y L> X
and define 1,(¢) := ¢*x € F(Y).

Next, we define 1, on morphisms. Suppose we are given morphism

in C. We want to know what 7,(§) is. Well, we get the following diagram

(¢")x ’\

P*x — x
=
Y’ > Y > X

but then we get a dotted arrow between (¢’)*x to ¢*x as the squares are Cartesian.
Hence we have

.qb*x—)x

|l ol
Y’ »Y — X

This unique dotted arrow gives the desired map on morphisms (i.e. 1,(&) : (¢')'x —

¢*x).

Now we know 71 as a functor F — C, why is 17 a morphism of fibered categories.
We have to check two things: the first thing is that it respect fibers. However, we

checked that already, i.e. (Y 2 X) — something in F(Y).

The second thing we need to show is that 1 takes Cartesian arrows to Cartesian.
First, in C/X all arrows are Cartesian, so we need 7, (any arrow) = Cartesian. How-
ever, note by basic category theory, since the inner square and outer squares are both
Cartesian, the dotted arrow must also be Cartesian.

So, we now know 7 on objects. What about morphisms?

Given f : x’ — x in F(X), we want 1, : ,, — 7,, i.e. we need 7, to be base-
preserving natural trans.
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Given ¢ : Y — X in C/X, we need n¢(¢) : n,.(¢) = ¢*x" = n,(¢) = ¢*x. Lets
draw out the diagrams

(@)X’ > x'

but then we get a unique dotted arrow

((P)*x/. s x'

this is our definition of n;(¢). We still need to show this is base-preserving, i.e. it lives
over the identity. Indeed, note f : x’ — x lives over the identity (as f is a morphism
in F(X)), we see the pullback, i.e. the dotted arrow, also lives over identity. Hence
7y is base-preserving natural transformation as desired.

We have now defined 1. Next we need to show this is an equivalence.
First, we show {1 = Id. Note we have

n(x) = Z(n,) = n.(X =5 X)

but note
n,(Id,) : C/X — F(X)

is given by the following square

(Idy)'x — x

| =]

Idy

X — X

but (Idy )*x = x and hence {n(x) = x as desired.

Next, we show 1 = Id. We see we get

n¢(f : C/X = F) =n(f (1dx)) = nsaa,

where we see
T]f(ldx) . C/X — .F

and by definition we get the following diagram

f(1dy)

!

vy — v x
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and taking pullback we get

¢*(f(Idx)) = nfaay () —> f(Idy)

! o |

% d s X

and we want to show nf(ldx)(qb) = ¢*(f(Idy)) = f (¢ ) because then nfadx)(cﬁ) =f(9),
ie. n¢(f)=f.

To show this, it is enough to show the arrow f(¢) — f(Idy) is Cartesian because
if we have Cartesian diagrams
f(¢)

O
¢*(f (1dx)) f(ldy)

Loe |

Y —— X
then since 2 pullbacks are canonically isomorphic we get the desired isomorphism.

Now, why is the arrow f(¢) — f(Idy) Cartesian? We always have unique canon-
ical map ¢ — Idy, as recall morphism of morpihsmes in our case is just try to fill the

following diagram:
Y X
& \LI d
X

but there is only a unique way to do this, which is

y 25 x

Nl

This gives an arrow ¢ — Idy which is automatically Cartesian. Thus f(¢) — f(Idy)
is Cartesian because f preserves Cartesian arrows. This concludes the proof.
=

For X,Y €C, we have

Hom.(C/X,C/Y) — Hom/(X,Y)
f = f(ldy)

is an equivalence of categories.
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Note in the above, Hom,(X,Y) is a set viewed as a category with objects equal set
elements, and morphisms being only identity maps.

Proof. Well, apply 2-Yoneda lemma to F =C/Y, we get

Hom,(C/X,C/Y) = (C/Y)(X)
where the objects are X 2, Y and morphisms are

x Yy x
N
Y

living over Idy, i.e. ¢ = Idy. Thus, the only morphism we have in (C/Y)(X) are
identity maps, i.e. (C/Y)(X) is exactly the category Hom,(X,Y).
4

Thus, we will introduce some notations: we will frequently write X — F in place
of F(X) if F is fibered category. This is justified by 2-Yoneda because C/X — F
is the same as F(X). So it is just a convenience to write X in place of C/X. The
corollary shows Hom,(C/X,C/Y)=Hom/(X,Y), so X — Y in place of C/X — C/Y is
unambiguous.

2.2 Category Fibered In Groupoids

A caregory fibered in sets over C is a fibered category F — C such that for all
UeC, F(U) is a set, i.e. only maps are identity.

We note in category theory, a set means a category where the only maps are identity
(this is definition).

Note for such F, we have a well-defined pullback map. Indeed, we get diagram

N

O
—

<
<< x

Then we get y’ — y lying over Id,;, i.e. y’ — y is morphism in F(U). But F(U) is a
set, so it must be identity by definition, i.e. y’' = y.
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So, given U ER vV, we get f*: F(V) — F(U) compatible with composition, i.e. F
naturally yields a presheaf F» where F-(U) := F(U).

The next task is to show categories fibered in sets are the same as presheaves.

If F — C is a category fibered in sets and G — C is any fibered category, then
Hom.(G, F) is a set.

We note again that in higher category theory, sets are, by definition, categories with
only identity morphism.

Proof. For f,g : G — F morphisms of fibered category, and a : f — g morphism, we
want to show a =1Id. For all x € G(X), a, : f(x) — g(x) is in F(X), so a, = Id. Also,
given ¢ : y — x, we get diagram

FO) L2 £

o e

g(y) @), g(x)

and hence f(¢) = g(¢). Hence f = g and a is 1d;.

Categories fibered in sets over C is a (locally small) category, i.e. Hom,(G,F) is a
set.

Given a presheaf F : C°P? — (Sets), let F := F be the following category: objects
are (U,u) with U € C, u € F(U), morphisms (U’,u’) - (U,u)are g : U' - U inC
such that g* : F(U) —» F(U) sou—u'.

This is a fibered category because: we just let p : ¥ — C be (U, x) — U, and
we need to show pullback exists. Suppose we have

gfx — x

bl

U s vyu

we claim this is a pullback, i.e. all maps are Cartesian.
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To check this, we have the following diagram
U// f > U/ g > U

~_

h

In this diagram, we get x — U, g*x — U’ and suppose we are given h*x,

Why this map exists? By definition, h*x — x means (gf)*x = f*g*x =
f*(g*x) as we are working with presheaf. Hence we indeed get the desired arrow
h*x — g*x.

We should also check F(U) is a set, so that 7 — C is fibered in sets.

The objects of F(U) are (U, x) with x € F(U). The morphisms are (U,y) —
(U, x) lying over identity Id,, i.e.

Yy —> X

(.

1dy

Uu—1U

but y =1d;,(x) and hence y = x. Thus morphisms in F(U) are identity, i.e. F(U)
is a set.
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There is an equivalence of categories between

presheaves on categories fibered
> .
C in sets over C

given by
F— Fp
Fre—F

We defined the maps already, so one should check these are quasi-inverse maps

Throughout the course, we will identify F with F .

A category is a groupoid if all morphisms are isomorphisms.

If G is a group, then the category with one object and morphisms being G is

a groupoids (i.e. if object is e, then we get an arrow e £, o for each g € G).
Thus groups are examples of groupoids. In general a finite groupoid can have
a lot of dots, and all the arrows are isomorphism, i.e. those can be viewed as
generalizations of groups.

Now let’s see some examples of groupoids.

* Let X be a topological space (not necessarily path-connected). Consider
the category IT,(X) with Obj(IT,) = X, and Hom(x, y) the homotopy equiv-
alence classes of continuous paths from x to y. The composition is given
by follow the path. In particular, one checks Hom(x,x) = m,(X, x), the
fundamental group of X at x.

* Let G be a group acting on a set X, then we can define the action groupoid
as follows:

— The objects are the elements of X.
— For any two elements x, y in X, the morphisms from x to y is equal
{geG:gx=y}.
— Composition of morphisms is just the multiplication.
In this case, Hom(x, x) is exactly the isotropy group of x.

A category fibered in groupoids is a fibered category F — C such that all F(U)
are groupoids.

Before we start investigate this type of category, let’s give a little bit motivation.
Recall one of the end game for us is to define and study moduli spaces. In particular,
moduli spaces are roughly “objects”/“isomorphisms”. The notion of category fibered
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in groupoid is then motivated from the need of a more sophisticated definition of
quotients.

Indeed, let’s start with a set X and equivalence relation R € X x X. Then this
information can be recorded via the diagram

pP1
R<&EA—X
25

where p,,p, are the projections from R to X, and A : X — R is the diagonal map
A(x) = (x,x). This diagram defines a groupoid [X /R]:

* The objects of this category [X /R] are elements of X

* The morphisms of [X/R] are the elements of R

* The “source” and “target” maps Mor([X/R]) — ODbj([X/R]) are given by the
projections py, Py

* The “identity” map Obj([X /R]) — Mor([X /R]) is given by the diagonal s

* Composition of morphisms is well-defined as relation is transitive

* All morphisms are invertible since the relation is symmetric

Unlike the set quotient X /R, the groupoid [X /R] remembers how elements are iden-
tified (i.e. in X /R we can only tell when [x] = [y ], while in [X/R] we can also tell
how [x]=[yD].

This can be extended to define [X /G ] where G is a group acting on X. This is given

by the diagram

N

GxX &<s5s— X

action
where the “source” map is the second projection p,, the “target” map is the action
map (g,x) — gx, and the “identity” is x — (e, x). In this case, X/G only contains
information of whether x, y lies in the same orbit, while the groupoid [X /G] contains
one isomorphism x = y for every g € G such that g - x = y. This suggests instead of
just sets, we should allow moduli spaces to have groupoids of points.

If F, F' are categories fibered in groupoids over C, then the category Hom,(F, F")
is a groupoid.

Proof. Let f,g : F —» F' with & : f — g. We need to show & is isomorphism, i.e.
forall x € F, we need to show &, : f(x) = g(x). Let X = pr(x), then since & is
base-preserving natural trans, then & lies over Idy, i.e. £, € F/(X) = groupoid, i.e.

&, is isomorphism.
24

We note in the proof, we only need F’ being fibered in groupoids. Also, by the
same argument, one can show that if 7 — C is category fibered in groupoids, then all
arrows are Cartesian.
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Next we consider a nice example of categories fibered in groupoids.

A groupoid in C is (X,,X,s, t,€,i,m) such that X,,X; € C and

iC;X1 :i;Xo
T~

and we get Cartesian square
X

S

P
X1 Xsx,,t X1 — X4

boo |

X1+>X0

We note in the above, we used the notation X; x; x ,X;, which is just the fibered

product, but we put emphasis on the two maps s and t that defines the fibered
product.

So, here is the intuition: Here:

: source

: target

: identity

. 1: inverse

. m: multiplication/composition

T:'(T)""C"

1
2.
3.
4
5

Here is how you supposed to think of this set of data.

X, is supposed to be like objects in a category, X, is supposed to be arrows in
the category. Then what’s going on with s and t in

X, :i;XO

is that, s takes an arrow and sends it to the source, while t takes an arrow and
sends it to the target.

€ : X, — X, takes objects to the identity arrow (so if x € X, is our “object”,
then e(x) should be thought as Id, € Hom(x, x)).

i: X, — X, takes an arrow to its inverse (this supposed to exists because its a
groupoid).

m: X, X;x X1 — X is like an arrow (a, 8) such that the source of a is equal
the target of . In other word, (a, #) under m is supposed to be “a o f3”.
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The above is the intuition, and let’s give the actual axioms about groupoids in

C.
Axioms:
1. soe=Id=toe
2. toi=sandsoi=t.
3. som=sop,
4. tom=top,
5. (Associativity): the following two maps (we dropped the s,X,, t in all the

fibered products here)
mxId,
Xy x Xy xX; —=2 Xy xX; —/ X,
Id xm
are equal.

6. (Identity):

5, Xo,1d X0

X, x
X

X1 X x0,6 X1 — X,

X0 X1dx,,t X1
This says a oId = a and Idca = a.
7. (Inverse): we get diagrams

ixId
X, — X1 X x,0 X1

Ll

X()%Xl

Id xi

X, — X, Xs,Xo,tXl

N
Xo — X4

i

This says that a !oa =1Id and a o o™ =1Id.

In the above we listed the axioms of groupoids in C. The definition seems com-
plicated, but the idea is not bad. Basically, X, should be objects, X; be morphisms, s
takes morpihsms to its source, and t to the target, € sends objects to identity map, i
to inverse arrow, and m is composition of arrows.

Next we are going to show we can get from groupoids in C to categories fibered in
groupoids over C.

Given U € C, let {X,(U)/X,(U)} be a category defined as follows: objects are
Xo(U) = Hom,(U, X,), and morphisms for u — u’ is an element a € X;(U) such that
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s(a) =u and t(a) = u’ (here u,u’ : U — X,, a : U = X; and hence s(a) =soa is
an arrow U — X, i.e. it make sense to ask s(a) = u and so on). This is a category,
where composition of arrows are given by apply m, i.e. say we have 7 : u” — u’ and
& :u’ — u, where u” — u is given by m(&, n).

Next, we define a fibered category F = {X,/X;} over C as follows: objects are
(U,u), where U € C and u € {X,(U)/X,(U)} (recall objects of this category is just
X,(U)). To get the morphisms, note given f : V — U, we get the arrow (which is a
functor)

X)X, (U} 5 KoV /X, (V)

is well-defined (i.e. f : V — U induces f* : X,(U) — X,(V) and f* : X,(U) — X,(V)
and hence f*: {X,(U)/X,(U)} — {X,(V)/X,(V)}). Then, morphisms (V,v) — (U,u)
will be given by pairs f : V — U and a : v — f*u an isomorphism in {X,(V)/X,(V)}.

Then the projection p : 7 — C is going to be p(U,u) = U.
It remains to check p : 7 — C is a category fibered in groupoids.

The fiber F(U) is the category defined by: objects are, by definition, just X,(U)
(as it is the same as the objects of {X,(U)/X;(U)}). The morphism for (U,v) — (U, u)

is given by U ER U and a : v — f*u. However, since f must live over the identity,
f =1d and hence f*u = u. In other word, morphisms are just X,(U), i.e. F(U) =
{X,(U)/X,(U)} is a groupoid, as desired.

Aside, if F 5 Cis category fibered in groupoids, for X € C we can define p/X :
F/X — C/X, which is a category fibered in groupoids where F /X behaves like objects
of F over X. This notion is hardly been used, so if we need it in the future we will
define it, but for now its just aside.

The next notion is rather important.

Given F 5 Ca category fibered in groupoids, x, x” € F(X). We define a preasheaf
Isom(x,x’) : (C/X)°P? — (Sets)
as follows.
letf:Y —>XinC,
Isom(x, x")(f) := Isomyryy(f “x, f *x") = Hom zy)(f *x, f*x)

because F(Y) is a groupoid (hence all arrows are isomorphisms). This depends
on choices of pullbacks but we just fix one for all f.

Why is Isom(x, x") a presheaf?
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Say we have have our arrows Y LN X,and Z £, Y. Then we get

(gf)x’ g frx frx! x!
T
(gf)x g frx frx X

where (gf)* and g*f* are two choices of pullback. However, note all pullbacks are
isomorphic, we see that we get

(gf)*x/ Z g*f*x/ f*X/ o
N
(gf)'x —— &' f"x frx X

In particular, this means that 3 is canonical isomorphism and hence we get (canonical)
arrow

Isom(x, x")(f) = Hom(f*x, f*x") — Isom(x, x")(gf) = Hom((gf)*x,(gf)*x")
a—y (g a)p

which concludes Isom(x, x") is a presheaf (as it is compatible with composition of
arrows).

Next, we define fibered products of groupoids. So, unlike normal fibered products
in 1-category, now we are working with 2-categories, hence we also need to consider
arrows between arrows.

We will start with a diagram of groupoids

1

[

Gy —= G
We are going to define G, x; G, so that we get the following diagram:
Gy %Gy — G,
ipl = \Lf
G, % g
where ¥ is arrow between arrows.

Next, we will define some arbitrary category G, x5 G,, then we talk about universal
properties that will convince us this is what fibered products should be for groupoids.

For groupoids G,,G,,G with f : G > G and g : G, — G, let G; X5 G, be the
following category:.

The objects are (x, y,o) where x € G,y € G, and f(x) — g(¥).
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The morphisms for (x’, y’,c’) to (x,y,c) will be a pair (a: x’ = x,b: y' —
y) so that we get diagram

) =5 f(x)

~O./ ~ | o

gy SIUN g(y)

Next, we need to define p; and p,. They are given by p,(x,y,0) = x and
p2(xny7o-) =Y, and Z(X,y,O') =0.

To add a few words on X, we note X : f op; — g op,, hence by definition this
means we want that, inside G, x G,, for any (x’,y’,0’) — (x,y,0), we get the
following commutative square

fopl(x/)y/’o-/) — fopl(X,y,O')

b £

gop,(x',y',0") —— gop,(x,y,0)

But if you expand the definition of p;, 3, this becomes exactly the square in defi-
nition of morphisms in G; x §,. Hence ¥ is indeed natural trans as desired.

Now we talk about the universal property of fiber product. We continue all the
notations as in the definition, then for all diagrams

,H\
B G
A
G, —> ¢

where H is a groupoid with H 5 G, H LN G, and isomorphism (which is natural
transformation) y : f oa — g o 3, we get unique (h, A, A,) with diagram

where the two arrows A,, A, are natural trans between arrows a (f3, respectively) and
the composing arrows of h and p; (h and p,, respectively), so that the diagram

foa X% fopion

I [

(A2),
gop =23 gop,oh
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commutes. Note here X o h is the same as ¥ o Id, where Id,, : h — h is the identity
natural trans.

Well, why is this object exists? To answer this, we want to construct the unique
h :H — G xgG,. This will be the most “obvious” thing to do, which is z —
(a(2), B(2),v(2)). We left the details of how h acts on morphisms, as it should be
natural.

Now we want to make sure we get the natural transformations A, A,. That is, we
want a natural trans A, : @ — p; o h. This is the same as, for arbitrary z we want to
get A,(2) : a(z) — p;(h(z)) = a(z). Well, there is only one natural thing to do, which
is take A,(2) to be identity between a(z) and a(z). We do the same for A,.

Next we need to check commutativity of the following diagram

foa X% fopion

N\L}’ N\LEOh
g(Ay)
gof —> gop,oh

where v is given by definition:

H —— G,
ﬁi [/lf
gz—g>g

A1(2))

Now for any z, we get
fla@) 2 f(a(z))
J/Y(z) \L‘Z(h(Z))
2(B() X g(B(2))

but then in particular X(h(z)) = 2(a(z), f(z), y(2)) = y(z) by definition. Hence it is
indeed commutative.

Let G be a group acting on a set U via 0 : G x U — U. Then we can define a
groupoid [U/G] with objects being all elements x € U and Hom(x,x’) = {g €
G : x"=gx}. Let p : U — [U/G] be the projection map, then we have Cartesian
diagrams

(o,p2)

GxU —2=3U GxU ———= UxU
lpz lp and \L \LPXP
U —2— [U/G] [U/G] —== [U/G] x [U/G]

To see the first diagram is Cartesian, observe that, for any groupoids the
fibered product is defined by (x,y, o) with x € G;,y € G, and o : f(x) = g(¥),
where the notations are from the above definition. For us, this means we re-
quire x,y € U together with an isomorphism [x] = [y] € [U/G]. However,
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[x]=[y] € [U/G]if and only if x = gy for some g € G. This shows the triple
(x,y,0) in the definition of fibered product of groupoids can be identified by a
pair (x, g), where the identification is given by (x,g) — (x, gx, g), and hence
the two projections are precisely o and p,. That is, the first diagram is indeed
Cartesian.

For the second diagram, take [x] € [U/G] and (y,z) € U x U, we must also
have an isomorphism ([x],[x]) = ([y¥],[2]), i.e. we need x = g,y and x = g,2
for some g, g, € G. This is the same as (g,"'g;, y), where we can identify [x] €
[U/G]by G x U — [U/G], and (y,2) under the map (o, p,).

This concludes the definition of fibered products of groupoids, and we are heading
to define fibered products of categories fibered in groupoids.

For this, let ; — C be categories fibered in groupoids. Then we want to have a
diagram
FixgFy — F

! i

Fy ——— F

so that for all # — F; and H — F, we get unique arrow H — F; x »F, with additional
arrows between the arrows.

We want G = F; x » F, to have the property that

Hom¢(H, F) = Hom(H, 1) Xgome 31,7 Home (H, F>)

However, on the RHS, they are just fibered products of groupoids, and by 2-Yoneda
lemma, this determines G if the RHS exists.

Let F,,F, — C. Then the fibered product G = F; X, J, exists.

Explicitly, the fiebred product is described as follows. Suppose we have

Fi

[

F, —— F

a diagram of categories fibered in groupoids over C, with projections pz,, p, and p.
Then, we define F; x » F, as the category of triples (x, y, v), with x € F;, y € F, such
that pr (x) = pz,(y) =: S, and vy : f(x) = g(y) is an isomorphism in the category
F(S). A morphism (x;,y;,71) = (X, ¥s,7,) is given by (h,a : x; — X5, b 1 y; — ¥,)
where h : pr,(x;) = p£,(y1) = P£(¥2) = P (x,) is a morphism in C, and a, b are
morphisms over h (i.e. pz (a) =h = px, (b)), such that

FO) 2 £x,)

bl

g(b)

g(y1)) —> g(rs)
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Then, let p,, p, be the two projections (x ¥,y) — x and (x,y,y) — y. Then we
can define natural transformation a : f o p; — g o p, by Ay py - () 5 g(y).

In particular, to give an arrow 7 — F; X » F, is the same as to give q; : 7 — F,
q, : T — F,, and natural transformation 7 : f oq; — goq,, that makes the appropriate
diagram commutes (figure out what this diagram should be).

Let p : F — C be a category fibered in groupoids, x,x’ € F(X) with X € C. Then
there is a Cartesian diagram

Isom(x,x’) —— X

I o e

Proof. An element of the fibered product X x r, . F is a triple (hy, hy,y) where h; :
Y — X € C/X (recall Example 2.2.3), h, € F, so that py(h,;) = pr(h,). However,
px(h;) =Y and hence we must have pr(h,) =Y, i.e. h, € F(Y). Next, we require
an isomorphism v : (x,x")(h;) — A(h,) in the category F(Y) x F(Y). Now note
(x,x")(hy) is simply (h}x,h;x"), while A(h,) = (h,,h,). Hence, we just get isomor-
phism y : (hix,h;x") = (hy, h,). However, isomorphisms in the category F(Y) x F(Y)
means hix = h, and hjx’ = h, in F(Y), i.e. y is the same as an isomorphism
hix = hix’in F(Y). In other word, we have identified X x », .= 7 with h; : Y — X in
C, together with an isomorphism hjx — hjx’, i.e. this is indeed just Isom(x, x")(h,),
and hence we are done.

¥+
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1k

AREMNEF s, THIEA—RE . FEE
BRI, AP FRIERE -
RotebpEH, RWEFHREN. WETL
FERIREL? BERAE H S -

skt T

3.1 (Cat) Stack

This concludes the topic about fibered products, and we are back to descents. After
this, we will define what stacks are.

The idea of descents should be that, they are like sheaf axiom for fibered categories.

Let X be a scheme and C be the category Op(X). Then consider F = (Vect) — C
where F(U) be the category of vector bundles on U. Then, if U = | J; U;, a vector
bundle on U is not equivalent to & on U; with double intersections isomorphic
(i.e. 0y : SiIUij > SjIUij). Indeed, just recall the example in the introduction of
chapter 1.

In this case, the naive sheaf axioms fit into the picture, i.e. we get
FU)— l_[F(Ui) = l_[]:(Uij)
i ij

and this diagram is not exact.
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We are missing the “cocycle” condition (to make the above diagram exact/e-
qualizer). This means that, on U = U; N U; N Uy, we get diagram

—ij> gle,

ijk

Tik
O-jk

A

ijk

Eily,

ijk

In other word, the right “exact” diagram we need will be something like

FU) — [, 7)) == T1,; F0) =3 [T, FU0)

Therefore, we want to formalize this triple arrow thing in fibered categories.

Let p : F — C be a fibered category. Given f : X — Y in C, let F(X ERN Y) be the
category defined as follows (this is called category of descent data). The object should
be (E, o) with E € F(X) and

XxyXx, X =3 Xxy X =X —5 v

where the triple arrows are p,,,pi3, P23 and the double arrows are p,,p,, and o :
piE — p;E is an isomorphism in (X Xy X) such that we get the following commuta-
tive diagram

- P1o0
PsPiE — Di,piE ——> Di,D3E

lp’;ga l= (Eq. 3.1.1)

PisP3E > PooP3E £ PiPiE
where = means canonical isomorphism. This is called the cocycle condition.

Here is just a brife recall of what all the above notations (i.e. p;E, p;;, etc) means.

First, recall that p!E are defined as the pullback of the following diagram

piE — E

[

Xx, X 425 X

Similarly, p;.kk p;E* are defined as the pullback of the following diagram

PP E ——— piE

! |

X Xy X Xy X i} X xy X
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Second, we note p;; are projections come from the universal property of (fibered)
products. In other word, note we would define X; xX, XX, as the unique object
satisfies the following diagram

X, xXg < X1 Xy Xy Xy X3
|
X, 4 : X, x X,
|
|
\I/
X3 é ________________ X2 XXS
gl /
Y £ Xy

Finally, a word on the isomorphisms pjp;E. Continue with the above diagram
(where now we let X; = X, = X; = X), we get the following

piE < P13P1E = plopiE
|
E < l piE
|
\I/ ~
X, X X5 4 P13 X Xy Xy Xy Xq
a —
P1 | P12
v : ~- L
Xl < p1 T Xl XXZ
|
~- ~
X3 < __________________ Xz XX3
N k// N /
< X

where the two pullbacks along p,5 and p;, must be the same object living over
X; x X, x X3 , hence the canonical isomorphisms between p},p;E = p},p;E. The
others are similar.

We are finally going to define what a cat stack is:




It is a cat that stacks on your computer such that no matter how you pull them back
they are still cat stacks on your computer!

In the above, let p : F — C be a fibered category (not necessarily fibered in

groupoids). Given X EN Y in C, we defined a category F(X EN Y) be the category
of descent data.

The point is that, we get F(Y) 5 F(X ERN Y) by
F = (f*F’ O-can)

This is because, p;f*F and p;f*F are pullbacks of F along g : X Xy X — Y. For
example, we get p;f*“F by the following diagram (where g is equal both fp; and fp,
at the same time)

pif*F f*F > F

U
X Xy X—Pl—)X—f Y

g=fp1=fp2

<

Therefore we get a canonical map o, : p;f*F = pof*F.

In this case, we say f is an effective descent morphism if € is equivalence of cate-
gories. In this case we also say F satisfies descent for f.

Before we say explain what this means, we recall the morphisms of F(X £ Y)is
the following. From (E’,o’) to (E, o), a morphism is a : E’ — E in F(X) such that we
get the following commuting diagram

*E/ } p

lo’ .k

pia
p;E/ — PsE

More generally, we can define F({X; N Y}ier) as ({E;bier, {045} ;) such that E; €
F(X;) and o; : p/E; — pjE; is an isomorphism, where

D
Xij ::Xi XYXj HJ X]

boo b

Xi%Y

We also need the cocycle condition 0 j 0 0;; = T

Normally, we do not need to think about this more general case because of the
following lemma.
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Assume coproducts exist in C and coproducts commute with fiber products when
they exists. Assume for all sets of objects {X;};c; in C the natural map F(] [X;) —
[ [ F(X;) is an equivalence. Then if {X; — Y} are morphisms in C and Q =[ [, X,
then F(Y) —» F({X; — Y}) is equivalence (of categories) if and only if F(Y) —
F(Q — Y) is equivalence (of categories).

Note this is coproduct, not co-fiber product. Co-fiber product may not exists in schemes.
On the other hand, coproducts exists in schemes, as they are just disjoint union of
schemes.

Thus, the point is that, we can always think F({X; — Y}) as F(] [ X; — Y), which
means we back to the first case.

Before we mentioned informally what stacks are. This time we write down the
formal definition.

A stack on a site C is a category fibered in groupoids p : F — C, such that
descent data is effective for covering maps, i.e. if {X; — Y}, € Cov(Y), then
F(Y) S F ({X; — Y}) is an equivalence between categories.

In short, stacks are just category fibered in groupoids where descent holds.

This is what we really call categorical stack, as we haven’t done any actual ge-
ometry yet. Fibered categories are analogous to presheaves (they are presheaves
when fibered in sets). So stacks are presheaves where sheaf axiom holds.

What this means is that, for example, take fppf topology on schemes and
choose any sheaf F. Then we say F is “geometric” if 7 = h, for some scheme X.
Those F are of course example of stacks.

Hence, in general, we want “representable stacks” (the technical term is alge-
braic stacks, or Artin stack) instead of arbitrary stacks.

Alternatively, we can define stacks as follows. Suppose p : F — C be category
fibered in groupoids, then it is a stack if, for all covers {Y; — Y}, we have:

1. (Morphism Glue): For objects E,E’ € F(Y) and morphisms o; : E|y — E’ such
that ailyi]_ = ojlyl_]_, there is unique o : E — E’ so o, = 0.

2. (Objects Glue): For objects E; over Y; and isomorphisms o;; : El-IYij — Ejlyl_]_,
if we have ojly, © oyjly, = oily, on Yy, then there exists E over Y and
isomorphisms 0; : E|s. — E; s0 00 0yls, = 0l on Sy;.

In the above, for any finite index set J = {jy, ..., i} € I we define Y; :=Y; xy...xy Y, .

We can also describe the above condition as simply the exactness of the following
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sequence

FO) — L7 == [, 7)) =3 1 F W)

The equivalence of those conditions are left as an exercise (hint: equivalence of
categories if and only if fully faithful and essentially surjective, and then the object
glues tells us the map is essentially surjective, while the first condition says fully faith-
ful).

Our next goal is to get a feeling about cat stacks, and then we try to find what
would be a nice notion for algebraic stacks.

Well, I lied. Here is the punch line for what algebraic stacks are.

The idea for algebraic stacks is that, if F is a stack over schemes. To import/in-
volve geometry, we require that there exists X and arrow X = hy — F, so that
hy - F is a “smooth cover”. This makes no sense, as we don’t know what smooth
covers are.

Thus, what should smooth cover X - F be? Well, it should have the property
that, for any scheme T, if we take fibered product

XxyT — X

oo |

T —— F

then the arrow X x - T — T is a smooth cover. Well, this helps a little bit, as now
our base becomes a scheme T. But, what is X x - T? We don’t know, hence we
just insists that it should be nice, i.e. it should be a scheme by definition (this is
actually not the full definition, i.e. the actual def is X x » T should be algebraic
space).

In other word, algebraic stacks are stacks over scheme that we get a smooth
cover X - F, where smooth cover means when we pullback along scheme T we
always get X x » T be a scheme and X x - T - T is a smooth cover of schemes.

Next, we consider an example of effective descent morphism.

If f : X =Y admits a sections : Y — X, i.e. fs=1dy, then descent data is effective

for f.

Note this holds for any category.

Proof We have F(Y) — F(X LN Y) by F — (f*F,0,,)- Thus we define n : F(X —
Y)— F(Y) by
(E,0)—s'E
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where we recall E € F(X) and o : pjE — p>E. Let’s check this is what we wanted.
Indeed, we see ne(F) =n(f*F,0.,) =s"f*F = (fs)'F =F.

Now we need to go the other way, i.e. we start with (E, o). We get the diagram

X>< X—)X

ey

X%Y

Then, we get

X — 5y
This commutes because f oId = f and fsf = f. Hence the dotted arrow h in the
above exists.

By o : piE = p,>E, we get diagram

piE 4)};0 h*piE
E f*s*E =en(E,o)

Here h*p; = (p,h)* = (sf)* = f*s* hence h*p;E = f*s*E and similarly h*piE = E =
Id"E. ThlS gives an arrow E — f*s*E which we denote by p ). Next, we need to
show this map is compatible with o, i.e. we want the following diagram

p”{E —7 ng

\Lpip(g,a) ip’ﬁp(ao)

pif*S*E ﬂ) p;f*S*E

But then by the above we see! PPy = pi(ld,sf)* o which is equal (p;,sfp;)*c
where we recall fp, = fp, and thus p;(Id,sf )*c = (Idop;,sf p;)*c. But then we see
the cocycle condition says (p;,sf p;) 0 = (p,,sf py) o o (p1,py) 0, i.e.

PTP(E,O) = P;P(E,a) °0

Alternatively, this argument above is the same as pullback the cocycle diagram Eq.
3.1.1 using (Idyyx,Sf Pq)-

Hence, we see this construction yields an isomorphism (E, o) — en(E, o) as de-

sired.
 »4

1To see this, just recall h = (Id,sf) and P(,0) is defined by h*o
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This is a silly example, but it is actually very useful, as we can frequently reduce
to the case where we have sections.

Now we consider descent for sheaves. Let C be a site where finite limits exist.

Then take f : X — Y in C, we get 5/7( (L) CF/T/ maps between their topoi (here
i

we use 57;( to denote topos). Here we get (f*F)(W - X)=F(W —» X i, Y). So,
f*g* = (gf)* are equivalent.

Let p : (Sh) — C be the following category. The objects are (X, E) where X € C

and E € (/37)? The morphisms from (X, E) to (Y, F) are given by X £ Y plus E — f*F.
The projection is p(X, E) = X. We note this is a fibered category that’s not fibered in
groupoids.

If f : X =Y is a covering in C, then f is effective descent morphism for (Sh).

Proof. Consider (Sh)(X — Y). This has objects (E, o) where E € 57;( and o : pJE =
p3E in C/(X xy X) that satisfies cocycle condition. For

P1
XX —3X —3 ¥

g
we want to construct an inverse functor 7 : (Sh)(X — Y) — (Sh)(Y).

In this case, we get diagram

8.0 .
g.0,E ——— &.piE

FooL

f*(adjunctionﬂ\ T

This is not a commutative diagram, thus we want to take equalizer. That is, we want
p1 L :
to take Eq(f.E — piE) =: n((E, o)) as our definition. Here we abused notations.
o~ 1p;

In particular, we write p} to mean the arrow f.E — f,(p,),p;E given by apply f, to
the adjunction map E — (p,),p;E then take the reverse arrow of the arrow g,pjE —
f.(p1).piE. Similarly p; is the arrow f,E — g,p;E obtained from the above diagram.
Also, that o~ p} is also abuse of notations, as what we really meant is (g,0~")p} as in
the above diagram.

Then, we claim Id — n o €. Indeed, if F € (Sh)(Y), then €(F) = (f*F, 0.,,)- Then

121
ne(F) =n(f*F,0.,) = Eq(f.f*F — g.p;f"F). Now note p;f*F = g*F and hence
TcanP2

we just want to show that F is an equalizer of the arrow f,f*F = g,g*F, then it will

80



conclude ne(F) = F, where we note there is a natural map F — f,f*F, i.e. we want
to show F — f f*F = g,g"F is an equalizer diagram.

To do this, we prove it on Z-valued points, i.e. we take arbitrary Z — Y, and we
show it holds when we apply F to Z. Let

Z ———Y

coveringT O Tf
X, — X
Mmoo 1

X; X, X, —> X %Xy X

Then, we see we get

F(Z) — F(X,)=f.f*F(Z>Y) —= F(X; x;X;) =8.8"F(Z > Y)
That is exactly by def of sheaf an equalizer. Hence we see 1) o € = Id by Yoneda.

Next, we let (E, o) be given and set F := n(E,c). Then F — f_E by construction
and so we get f*F — f*f,E — E, i.e. we get canonical map p(E,c) : (f*F,0.,) =
en((E,o)) — (E, o). We want to show p(E, o) is isomorphism.

To show p(E, o) is isomorphism, it is okay to do that locally on Y (left as exercise).
To say do this locally, we mean that if

X’ L} X
| ol
v <% v
then g* on topoi is exact, so g* o equalizer = equalizer o g*. In other word, we get

commutative diagram

(Sh) (X' - Y") W (Sh)(X —Y)

I !

(Sh)(¥") ——— (Sh)(¥)

Then (g")*p(E,c) = p((g')*E,(g')*c). In particular, we see p’ (this is the image of
p(E,o) in (Sh)(X’ — Y’) in the above diagram) is isomorphism implies p(E, o) is
isomorphism (this claim is left as exercise).

Now here is the trick: since we can take any cover g, we choose g = f. Now we
get

Xx, X —> X

Ve

and s’ is a section via the diagonal map, i.e. x — (x,x) € X X, X. Hence by the last
theorem, we are done.
o
¥
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As a corollary of the theorem we proved above, we get

Let X,Y,S be schemes with diagram:

Y /=Y —> Y
AN f/

X' —=X'|— X

g

S”:::js’ﬁw

~

S/ XS S/

where X' =X x¢ 8", X" =X x4 8", and similarly for Y',Y". THe f': X" — Y’ over
S’ is such that pif’ = p;f’. Then there exists unique f : X — Y over S so that

gf=r

Proof. We showed a big theorem: hy,hy are fppf sheaves. Thus f’ yields hy, — hy..
In particular, p;f’ = p;f’ means this extends to (hX, Oean) — (hy/, Oeay) in (Sh)(S” -

S). By big theorem last time, we see (Sh)(S) — (Sh)(S” - S) and hence this arrow
(hy:, O can) = (hy/, O,pn) correspond to an arrow hy — hy,. Now Yoneda lemma tells us
we have the desired arrow f : X — Y.

3+

Next, we talk about variant of descent for sheaves. Let &' be a sheaf of rings on a
site C. For all X € C, let Oy € C/X be deflned by 0x(Y — X) := O(Y). Then for all
f:X —>Y, we get amap (C/X Ox) — (C/Y Oy) map of “ringed topoi”, i.e. map of
topoi plus 0y — f,0x

We will show this is almost a stack.

For X € C, let Mody, be the category of &y -modules in é7)2 . Thenforall f : Y — X,
we get f*: Mody — Mody by (f*"M)(Z - Y):=M(Z -Y — X).

Now we define fibered category MOD L, ¢ as follows: it has object (E,X) where
X €C, E € Mody. The morphisms are (F,Y) — (E,X)isf :Y > X inCande:F —
f*E in Mod,.

Forall f : Y — X covers in C, Mody = MOD(Y — X).

Now we have defined modules, the next topic is of course quasi-coherent sheaves.

82



Let S be a scheme, C = ((Sch)/S),, be the fppf site associated with (Sch)/S.

Now & be the presheaf of rings on C defined as: (T — S) :=T'(0;) = Hom,(T, Aé).
This is just the global sections, i.e. it is the sheaf represented by AL};. In other word,
0 = hy; and hence we see this is a fppf sheaf as h alls fppf sheaf.

Next, we want to figure out what’s a reasonable notion of quasi-coherent for fppf
topology.

For any scheme S, let (Qcoh)(S) be the category of quasi-coherent s-modules in
Zariski topology, i.e. for Sy, .

Given .# € (Qcoh)(S) we get .%,,,, a presheaf of &-modules on C = ((Sch)/S )z,
defined as follows

Foio(T L5 8) = (F-2)(T)

Note this depends on choice of pullback.

Fbig 1s an fppf sheaf.

Proof. Recall from awhile ago, to prove .7,,, is an fppf sheaf, we just need to check:

1. VT — S, Fy,lr,,, is a sheaf, and
2. sheaf condition on fppf arrow SpecB - SpecA.

To see (1), we see it is enough to show 7|, is sheaf for small Zariski site.
However, we see this is clearly a sheaf, because

Fhiglt,,, =7 €(Qeoh)(T)
by definition. So it is indeed a sheaf.

For (2), let f : SpecA— S and f*.# be M an A-module. We need to check
<gsbig(f\) =M —> <gsbig(B) = MB ﬁ ngbig(B ®AB) = MB®AB

We showed this when showing schemes are fppf sheaves.
=1

So, .7 € (Qcoh)(S) yields .7, € ((Sch)/S)g,,. Conversely, given 7 € ((Sch)/S )¢,
sheaf of &-mods, and T £ S, we get 7 € (Qcoh)(T) defined by

(U S T)=2(U)

By construction, .% € (Qcoh)(S) is given by (Fy,;,)s = #.
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Let % € (Qcoh)(S), ¥ a fppf sheaf of ©-mods. Then
Homﬁ(gbig:g) — Homﬁs(g, )

givenby a — als, .

Proof. Exercise: it is enough to check Zariski local on S, so we can assume S is affine.
Then we get
Fp =0, > F:=0,—>F -0

where I,J are index sets. Then the functor f* is right exact, so %, i, = F1 4ie —
Fpig — 0. As aresult, we get

0 —— Hom(ybig,g) — Hom(ﬁl’big,g) — Hom(ﬁz’big,g) — 0

! l l

0 —— Hom(%#,¥%) — Hom(%#,,%) — Hom(.%,,¥;) —— O

So, we can assume % = ﬁé. Therefore, we may assume .% = 0k, i.e. |I[| = 1. Now,
observe elements in Hom,(,%) means that we have compatible maps ¢ : O(T —
S)— 9(T — S). In particular, this means for any f with diagram

T L35
X\L
S
we get f : (T — S) — (S — S). Thus we get diagram

o(5) 2 4(s)

bl

o(T) -2 9(T)

so ¢ is determined by ¢¢. Thus the map Hom,(0,¥) SN Hom,, (O5,%;) is isomor-
phism and hence ¢ iff £ € 4(S) then ¢ (1) = f*E.
=

A big quasi-coherent sheaf on S of 0-mods is .7 on S, such that:

1. VT - S, Fr .= F|, €(Qcoh)(T)
2. VT LR S, ¥ — [*Fg is an isomorphism.
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THere is an equivalent of categories

(Qcoh)(Sz,,) = (Qcoh)(Sg,y)
9 = ’gbig
Y — 9

We get fibered category (Qcoh) — C.

If we have fppf f : Y - X then (Qcoh)(X) = (Qeoh)(Y — X).

Proof. We only show the local case and the full proof can be found in the book.

Martin reduces to the case where f : Y — X is qegs (quasi-compact, quasi-separated).
In this case, pushforward of quasi-coherent sheaf is quasi-coherent, i.e. f(qcoh) =
gcoh.

Then, we note
(Sh)(Y 5 x) % (Sh)(X)

(#,0) — Equalizer of f'S

Since f,(qcoh) = qcoh, and equalizer of qcoh is qcoh, we see 1) sends (Qcoh)(Y — X)
to (Qcoh)(X).
¥

In what follows, let’s do some examples. In particular, let’s start with what we
already know, but in this new language.

First, let’s do descents for closed subschemes.

Suppose we have fppf cover

p
XxYX?:;XﬁY

Then the set of closed W C Y is equivalent to the set of closed Z C X such that
piZ = p3Z given by the map W — f~1(W).

Proof. We note closed W C Y is the same as quasi-coherent sheaf of ideals .#,, C 0.
Because f, p;, p, are flat, pullback of ideal is an ideal. The result follows from descent
of quasi-coherent sheaves applied to ideal sheaves.
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In a similar manner, we have descents for open embeddings.

Indeed, let (Op) be the category whose objects are pairs (X,U C X) where X is a
scheme and U an open subscheme of X. A morphism (X’,U’) — (X, U) is a morphism
of schemes f : X’ — X such that U’ C f~1(U).

Then we get a functor
p:(0p) = (Sch), p(X,U)=X

This makes (Op) into a fibered category over schemes.

Any fppf covering f : S’ — S is a effective descent for (Op).

Proof. As usual, let S” := S’ x4 S’, we need to show if U’ € S" with p;'(U") = p, ' (U’)
then U’ = f~1(U) for some unique open subscheme U C S.

Well, the uniqueness is clear as S” — S is surjective. It remains to show existence.
But observe since f : S’ — S is fppf in particular it is a open map. Hence U := f(U")
is open in S, and it remains to show f~1(U) C U’, as U’ C f~}(U) is trivial. Pick
x € f7Y(U) that is not in U’, then we can find y € U’ such that f(x) = f(y) as
U= f(U’) and f(x) € U. But such pair (x, y) defines a point in S” that lies in pz_l(U)
but not in pl_l(U ) (as x ¢ U’). This is a contradiction and so U’ = f~1(U) as desired.

¥

In a very similar manner, we get descent for affine maps.

Let (Aff) — (Sch) be the fibered category with objects (X’ 5 x ,X) with g affine
map.

If we have fppf cover S’ - S, then (Aff)s — (Af)(S’ — S).

Proof. Say X — S is affine, this is the same as X = Spec.«Z where .o/ is qcoh sheaf of
Us-algebra. Then we have descent for quasi-coherent sheaves, and we want to make
sure it is still O-algebra.

That is, how do we know if &#” = f*.«7 and /" a 0, -algebra, then &7 is O-algebra?

Being an algebra means we have m : &/ x &/ — o/ with commutativity diagrams.
But this is a map and hence m’ : &/’ x &/’ — &/’ descents to get m and diagrams can
be checked locally.
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Of course why stop here when we can go quasi-affine? Recall we say f : X — Y is
quasi-affine if there exists factorization

x <Ly
Xt

where j quasi-compact open imbedding and g affine. Equivalently, we say f is quasi-
affine if the inverse image of every affine open of Y is quasi-affine in X, where a
quasi-affine scheme means it is quasi-compact and isomorphic to an open subscheme
of an affine scheme, i.e. X is quasi-affine scheme iff the canonical morphism X —
Spec(T'(X, Oy)) is quasi-compact open immersion.

<<=

Now let (QAff) be the category with objects being quasi-affine f : X — Y and
morphisms are commutative squares and p : (QAff) — (Sch) be the functor sending
f:X—>YtoY.

Any fppf cover S — S is an effective descent for (QAff).

Proof. Any quasi-affine f : X — Y admits X L 7 5 v where j is open imbedding and
g is affine. In particular, if we let .o/ be the quasi-coherent sheaf of algebras f, 0y, then
Z is just Specy (/) and j is the canonical map. Observe this construction commutes
with flat base change on Y.

The key for this proof is just combine descents for open embedding and affine
morphisms.

Now consider the functor

€ : (QAff)(S) — (QAff)(S" — S)

Since schemes are fppf sheaves, this functor is fully faithful. Indeed, suppose we have
X; — S fori =1,2. Then for any T — S, giving a T-morphism (X;); — (X,) is the
same as giving an element in hy ((X;)r) where hy, is the functor represents X,. In
particular, we get exact sequence

Homg(X;,X,) —— Homg ((X;)s/, (X5)s/) :; Homg, ((X7)s, (X3)s)

where S” = S’ x¢ S’. Next exchange the role of X; and X, we get fully faithful of the
functor as desired.

It remaisn to show essentially surjective. That is, given any (f' : X’ — S’,0) €
(QAff)(S” — S) we need to find a quasi-affine X — S € (QAff)(S) that maps to this
pair.
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. .. j g . .
Well, given f’: X’ — S’ we get factorization X’ — Z’ = §’, and since this factor-
ization commutes with flat base change, o induces a unique isomorphism

g pIZ —>p

such that the diagram of S”-schemes
X/ o } p*X/

Lo

*Z/ o } p*Z/

commutes. Also, since o satisfies cocycle condition, & satisfies cocycle condition. Thus
by descent for affine morphisms we showed above, (Z’, &) is induced by affine Z — S.
Now note X’ defines an object of (Op)(Z’ — Z), and thus it is the pullback of a unique
open subset X < Z. This open embedding is quasi-compact as it is pullback to Z’ is
quasi-compact. This object X — Z — S is what we are looking for, and we are done.

¥

Now recall M, — (Sch),,, the fibered category of families of smooth curves of
genus g, i.e. C — S € M,(S) iff C — S is smooth and proper scheme morphism of
finite presentation, such that every geometric fiber is connected curve of genus g

If g = 2 then ./, is a stack over (Sch)g.

Proof. To prove this, we will use the alternative description of stacks means object and
morphisms glue.

To show morphisms glue, we want to show that, for C — S and D — S of genus g
and commutative diagrams

/‘fz}'f‘

Cs, > Cs, c-2%D
} = l : l/
Si; y S, S

of solid arrows, we have unique arrow f make the diagram commute. However, this
follows from fppf and hence étale descent.

Next we show objects glue. This is the same as to show, given diagram

/\

Hcls C]

\i
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for all i,j with 7; : C; — S; smooth curves of genus g, and a;; isomorphisms sat-

isfying cocycle condition, we need to show there exists C make the above diagram
commutative, and we have isomorphism ¢, : C|s. — C; so a;; o ‘;bilcsij =¢ ileij‘

®3
c/s
®3
c/s

gives closed immersion C — P(F) over S.

We use the following fact: for 7 : C — S, w?5. is relatively very ample, where w is

the relative sheaf of differentials, and F := 7 w

®3
c/s

is a vector bundle of rank 5(g —1).
In particular, w

Thus, set E; = (7;),(w¢,/s), we get closed immersion C; — P(E;) over S;. The iso-
morphisms a;; induce isomorphisms f3;; : E;| s; > E i S, satisfying the cocycle condition
Bix © Bij = Bi on S;;. Descent for quasi-coherent sheaves implies there is a quasi-
coherent sheave E on S and isomorphisms ; : E|g — E; such that f;; o ¥;[s = ¥, .
By descent we see E is a vector bundle.

Since the preimage of C; € P(E;) and C; € P(E;) inside P(E;;) are equal, it follows
from descent for closed subschemes that there is C — S and isomorphisms ¢; so
a;; © Pile, = ¢jlc, - We see C — S is smooth and proper as those properties are

ij ij

étale-local on the target, and the fiber of C — S are connected genus g curves as the
fibers of C; — S; are.
=1

3.2 G-Bundles

In this section, we are going to start with G-bundles/torsors.

Before we actually introduce the object, let’s talk a little bit about motivation of
where it is been used. In particular, one of the most important examples of stacks
are quotient stacks [X/G], which is obtained from action of smooth algebraic group
G on scheme X. The geometry of [X/G] is, as you would imagine, just G-equivariant
geometry of X.

However, to define [X/G], we note the functor (Sch) — (Sets) given by S —
X(S)/G(S) is not a sheaf, even the action is free. Thus, in order to define [X/G], we
need some other functors/a better notion of orbits.

For simplicity, let G and X be both over C. For x € X(C), there is a G-morphism
o, : G — X given by g — g - x. Two points x, x" of X are in the same G-orbit if and
only if there is a G-morphism ¢ : G — G such that c =0, 0 ¢.

This can be done more generally, i.e. given a T-point f : T — X, we can consider

GxT — X

i

T

where GXT — X isgiven by (g,t) — g-f(t),and GXT — T is just projection. Observe
G x T — X is a G-morphism. If we define our fibered category as those T — X objects,
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then it will not be an algebraic stack in the end, as it will not glue. To fix the problem,
we need to replace the family T — X by what’s called principle G-bundles, and we
will focus on those objects in this section.

Thus, let X be a scheme and C = ((Sch)/X)¢,,¢. We are going to start with a group
scheme over X, say G, which is flat and locally of finite presentation over X.

A (principle) G-bundle is a scheme 7 : P — X over X, where 7 is fppf, with an G-
action p : GXP — P, such that the map Gx, P — Px, P givenby (g,p) — (gp, p),
is isomorphism, where gp = p(g,p).

This G x4 P — P x, P condition is equivalent to saying if Y — X and P(Y) # 0,
then the group action of G(Y) acts on P(Y) is simple and transitive, i.e. G(Y') acts on
P(Y) has no stabilizers and for all p,p’ € P(Y) there exists g € G(Y) so gp = p/, i.e.
for all p, p’ € P(Y) there exists unique g € G(Y) so p’ = gp.

So, before we give examples, we talk about the idea of G-bundle. In particular, we
can think of P as a group without a choice of identity. Here, if we give two elements,
we only care about the difference, not which particular g we are working with(so it
is similar to the idea of potential functions in physics, i.e. we only care about diff of
potentials, not the initial value).

Consider C 2 S! — S! given by z — 2. Here is a picture:

Then there is a Z/2Z = S'[ [S! action: we swap the 2 strands, i.e. z — —z.
Locally, P is S* [ [ S' = Z/2 but not globally.

A map of G-bundles P — P’ is a map of S-schemes f : P — P’ such that

GxP —25p

\le xf l/f

Gxp —2s p
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Let C be a site and u a sheaf of groups. A u-torsor is a sheaf & with yx & — &
such that:

1. for all X € C, there exists {X; — X} € Cov(X) such that Z(X;) # 0 for all i.
2. we have u x # = % x & where the map is given by (g,p) — (gp, p).

A u-torsor & is trivial if & = u as u-torsor.
If w is representable on C = ((Sch)/X )y, by a group scheme G, then

{Principle G-bundle} N {u-torsor}
P —h,

is fully faithful. And if G — X is affine then € is equivalence.

Proof. Yoneda says P — hj, is fully faithful. Why h,, is u-torsor? In other word, in def
of torsor, (2) holds by definition, but why we have (1)?

Consider
P

!

Yy — X

We want fppf cover Y’ - Y such that P(Y’) # (. However, note we have

peP(Y’)

Y=p, =3P

&fppf O ifppf

Y ——— X
Hence we are done.

Now assume G — X is affine and & /X is u-torsor, we want &2 = h, where P is a
G-bundle.

Note by assumption, we can find fppf cover {X; - X} such that Z(X;) # 0. But
then Z|y = uy. since u(X;) acts on Z(X;) simple and transitive where uy = hg,_ x.,
i.e. & is locally representable.

Since & is a sheaf over X, #|y_have canonical descent data. On the other hand,
P|x. = GxxX, is scheme affine over X;. So, this yields descent data for the G xX;. But
result we showed above says descent data is effective for affine morphisms. Therefore,
we get a scheme P — X that also defines a sheaf h, which must agree with &7 because
they are sheaves with same descent data.
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Last thing we need to check is that why P — X is a G-bundle.

We need to check there exists action G x P — P such that the graph of the action
G x4 P =P X P is isomorphism.

Why G x, P — P exists? Well, we have G x P — P by Yoneda because we have
ux P — P action such that u x & — P x 2 so by Yoneda we get G Xy P — P with

G x P s xP.

¥
B

If G — X is smooth, then P — X is also smooth. This is by fppf descent, i.e. we
get

GxyP —3 PxyP —3 P

| o =
smooth fopf

P—X

and hence the arrow P — X is smooth as well (smooth can be verified over an
fppf covering where P is trivial). Note here smooth does nothing and it can be
changed to basically any property (that descent).

Let X be a scheme and n an integer invertible on X (i.e. n is invertible in 0y (X)).
Let u, be the group scheme with u,(S) = {f € 0% : f" = 1}. In this example we
describe the category of u,-torsors (Tors), on the étale site of X.

Let X, be the category of pairs (L,o) where L is an line bundle on X and
o : L®" — O a trivialization of the nth power of L. Note that this L can be both
considered as a sheaf in Zariski or étale topology. A morphism (L,o) — (L', 0”)
is an isomorphism p : L — L’ with p®" oo’ = 0.

Now we define a functor
F:%, — (Tors),

as follows. For (L,X) let &, ) be the sheaf on the étale site of X associating to
any U — X the set of trivializations A : 0 — L|; such that the composition

oy, 255 1o, 2 o,

is the identity map. There is an action of u,(U) on &, ,,(U) defined by ¢ € u,(U)
sends A to ¢ - A. This action is simply transitive on &, y,) and so &, y is a -
torsor.

We remark that it is essential we work with étale topology here. In general
we get trivialization 7 : 0y — L on Zariski topology, which imply the composite
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map Oy — L®" — Oy is just multiplication by f € &}. But then to find nth root
of f, we need to pass to étale cover.

On the other hand, we can define G : (Tors), — X, in the following way.
Let & be u,,-torsor, let L ;, be the line bundle corresponding to the &%-torsor T,
where for étale cover U — X, T,(U — X) is the set of morphisms of sheaves
of sets #|,; — O, which commutes with the action of u,, where u, acts on 07,
by multiplication. Now if &7 is trivial and p € Z(U) a section, then we get
trivialization of T, from the unique map &|;, — &} sending p to 1. If p’ is
another trivialization obtained by u,-action on p, then the trivialization of T,
differ by a u,-action, i.e. we get canonical trivialization o, of L%, and the
association & — (L 5, 0 5 ) defines our functor G.

We will not show F, G are quasi-inverse of each other.

Let X be a scheme, .% be a sheaf on X, and u = Aut(.% ). Then there is an equivalence
of categories

{u—torsors on X} > { sheaves locally }

isomorphic to .7

given by map
P — H, :=Hom (L, F)

D =1Isom(F, H) — H

where Hom,, means u-equivariant maps.

Proof. We first show &, is u-torsor. We deinfe a map u x &, — &, by u(Y) x
Py(Y)—= Z,(Y)by (f,A) — f oA, ie. we geta diagram

7, —L 7,

S al~
for Nu l

Ay

Why is this simple and transitive? If &2 ,,(Y) # 0, then for A, € £ ,,(Y) we get
Fy —> A
Fy
i.e. A’ =po A for a unique p.
Why 7, is a sheaf? Given

i fppf,
Y'=Y'x,Y’ ;Y’—»Y
Y P2 f
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Then for ¢’ € & ,(Y') with ¢’ : %y, — I, u-equivariant map such that p;¢’ = pi¢’,
since sheaves satisfy descent so we get a unique ¢ : .%, — J%, such that f*¢ = ¢’.

Why ¢ is u-equivariant? Viz, we want commutative diagram

ux Fy —— Fy

\lew \L¢

ux Ay — Hy

However, diagram commutes fppf locally over Y’, hence it commutes over Y.

Why .77, = .7 locally?

Locally we get u-equivariant isomorphism & = u. So we claim ¢, is locally
isomorphic to Hom,,(u, .#). Well, suppose we have u % #. Then we see a({) =
a(f-1) = - a(1) and hence Hom,,(u,.#) = .7 given by a — a(1). This concludes
the proof.

Y

If 7 is an Ox-module, and u = Aut,, (%), then u-torsor are equivalent to Oy-
modules 77 which are locally isomorphic to .# as y-modules.

Take .# = Oy as Ox-modules. Then we are shown that line bundles are iso-
morphic to u-torsors, where u = Aut,, (Ox) = Oy, where 0} is representable by
G,, = SpecZ[x,x"']. Hence, we see the line bundles are the same as G,,-bundles.

Clearly we don’t have to restrict to &y. In other word, we can take .7 = 07,
then u = GL,(0Y), which is representable by scheme GL, = SpecZ[x;;, xl._j1 1<
i,j < n]. We can also define this as M,, := SpecZ[x;;,1 < i,j < n] and then

deg(x;;) is a polynomial and we look at GL, := M, \V(det), which is affine. In
this case, we just get rank n vector bundles are equivalent to GL,,-bundles.

We can also talk about Brauer-Sever varieties, which are locally isomorphic to
P". Those are PGL,,-torsors, and it is related to Azumaya algebras and the Brauer
groups, where the Brauer groups are deeply related to class field theory in number
theory.
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4.1 Algebraic Space

Recall that stack is a category fibered in groupoids where descent holds for all covering
maps.

If F — C is a stack, then for all X € C and x,y € F(X), we have Isom(x, y) is a
sheaf on C/X.

Proof. IfY’ ER Y is a covering, then consider
Y =Y x, V27 Ly
P1

inC/X, i.e. we also have an arrow Y — X by default. Then we get x, y € X and hence
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we get a bunch of pullbacks

P1
E— L vy 8y x
1)

pifrgix frg'x g'x X
pio | | P35 \Ld)
pif gty f gy gy y

Note here the double arrows of pullback is actually a square
pif 8" x —> pyf 87X

ipw lp;wp

pif ey —a P38y

Suppose p;¢ = p;¢. We want ¢ to descent to g*x = g"y. By definition, ¢
defines an isomorphism (f*g*x, 0e) — (F*8*Y, Ouan) in F(Y' — Y). However, we
know F(Y) — F(Y' — Y) as F is a stack, thus we are done as desired.

&

>
I

Let
Fi

!

FZHI':;

be maps of stacks over C. Let F := F; Xz JF, be the fibered product of category
fibered in groupoids. Then F is a stack.

Proof. By definition, (F; Xz, F5)(X) = F1(X) X ,x) F2(X). Similarly, an easy check
shows
F{X; = X}) = F,({X; = X}) X 5 x,-xp Fo (X = X})

Each F;(X) = F:({X; = X}) and hence F is a stack.

¥

Just like for sheaves we have sheafification, for stacks we have “stackification”.

96



Let F be category fibered in groupoids over C. Then there exists stack F°/C and
F — F* such that for all stacks H/C, we have HOM.(F*¢, H) S HOM_,(F,H).

Next, we are going to define algebraic spaces, but first, we give some ideas.

Idea: what is a scheme? A scheme is affine schemes glued in Zariski topology.
Then algebraic space is affine schemes glued in étale topology.

Of course, now we are just begging for the question of what if fppf topology. It
turns out, it is not so easy to answer this question. The answer is that a theorem of
Artin, where he showed they are the same as algebraic spaces.

Let S be a scheme, C = ((Sch)/S),.

A morphism of sheaves 7 — H is representable by schemes if for all T — H with
T = h; scheme, the fibered product (as cat fibered in sets) F x4, T is a scheme.

So, when we say F — H is representable by schemes, we mean for all T we get
the following diagram
f
H

F x4 T €(Sch) —>
| o
T ——

Let P be a property of morphisms of schemes. If for all diagrams
X — X
l/f O \Lf
/ g %
we have:

1. f has P implies f’ has P, then we say P is stable under base change.
2. if g is a Zar (ét, sm, fppf) covering, then f has P iff f’ has P, then we say
P is local on the base for the Zar (ét, sm, fppf) topology.

Finally, we say P is local on the source for the Zar (ét, sm, fppf) topology, if

97



for all diagrams
X X=X
S
Y
with 7 a Zar (ét, sm, fppf) covering, f has P iff g has P.

If F EN ‘H is representable by schemes and P is a property which is stable under
base change and local on the base, then we say f has P iff for all T — H with T
schemes, F x,, T — T has P.

We remark that if 7 = hy and H = hy then 7 — H has P iff X — Y has P because
we can consider the identity Y — H map and pull it back using this.

Let F be a presheaf on (Sch)/S. Then A : F — F X4 F is representable by schemes
if and only if T — F is representable by schemes for all schemes T.

Proof. Consider

Dy —

Then we get

Here H is (x,t,t") with (x,x) = A(x) = (f(t),f'(t)). So, H=ET'x,T. A
representable by schemes, so # is scheme, so T’ x » T is scheme, as desired.
¥

An algebraic space over S is a sheaf F for the big étale topology on (Sch)/S such
that:

1. A: F — F x4 F is representable by scheme.
2. there exists S-scheme U and étale covering 7w : U - F

We note (2) makes sense because (1) implies 7 is representable by schemes and
étale surjections are property that are stable under base change and local on the base.
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Schemes are algebraic spaces because we see (1) is true as F = hy is a scheme,
and for (2) we choose m = Idy. This is because hy is sheaf for fppf topology, so
also it is also sheaf for étale topology.

A morphism X — ) of stacks is representable if for all diagrams with Y algebraic
space

< —
l=]
02—

we get X is an algebraic space.

A morphism of stacks X — 9) is representable iff for all diagrams with Y a scheme

~ 44—
=]
Q4

we get X is algebraic space.

Proof. If Y is algebraic space then we know X is a stack, which proves the forward
direction. We show the converse. Hence, suppose we are given Y — ) where Y is a
scheme, we want to show 3 is an algebraic space, where the stack 3 is defined by

33— X

l o]

Y — 9

(1): we want to show 3 is a sheaf. Since 3 is a stack, so we just need to show 3 is
fibered in sets. Now consider this diagram

T s T

x’l\Ly’ O x\LLy
3 » > X
lo]o]

Y =Y — 9

where we know Y’ is a scheme, Y an algebraic space, and T a scheme. We have
x ? y in 3(T) and we want ¢ to be the identity map. However, 3’ is algebraic space
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by hypothesis, T’ is a scheme by the fact of Y being algebraic space plus Lemma 4.1.7.
We get g*¢ : x’ — y’ and 3’ is algebraic space, and in particular 3’ is a sheaf (and so
its fibered in sets), so g*¢ = Id. Therefore g is étale covering and 3 is a stack, and
g*¢ =1d, hence ¢ = Id by descent.

(2): we want to show 3 has étale covering by scheme. We get sch - 3’ - 3 where
3’ is algebraic space and all arrows are étale, hence we are done.

(3): It remains to show Aj is representable by schemes. We do a diagram again:

37 ) 7

A3T\L [} \LA3

A3rXp3r —> 3Xy3 O

(SN

-

T > Y

B/

~

where T is a scheme. This gives

3 XA,Bxy3,g e 3T XA;BTXTBT;S Ir=w

where W is a scheme since 3, is an algebraic space. This concludes the proof.
=1

So in the above, we proved various reduction techniques for verifying whether a
space is algebraic space. Next, we are going to give a different characterizations of
algebraic spaces.

Fix a base scheme S. An étale equivalence relation on S-scheme X is a monomor-
phism of schemes R — X x¢ X such that:

1. For every S-scheme T the T-points R(T) € X(T) x X(T) is an equivalence
relation on X (T).
2. The two maps s, t : R — X induced by the two projections are étale.

Note since R is an equivalence relation, we get an inclusion X < R induced by the
diagonal Ay : X — X x¢ X.

Given an étale equivalence R <= X x4 X, consider the presheaf
((Sch)/S)°?? — (Sets), T — X(T)/R(T)

We use X /R to denote the associated sheaf with respect to the étale topology on
((Sch)/S)°PP.
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1. X /R is an algebraic space.

2. If Y is an algebraic space over S, X — Y an étale surjection with X a scheme,
then R := X xy X — X x4 X is an étale equivalence. Moreover, X /R — Y is
an isomorphism.

Proof. Pretty complicated. We refer to Proposition 5.2.5 of Olsson’s book.
J
=1

Now let’s talk about some examples of algebraic spaces. In the next section we
will define algebraic stacks, and one of the most important class of algebraic stacks is
quotient stacks. Let’s first see consider a baby example of this (i.e. quotient algebraic
spaces).

Let X be a scheme, G a discrete group acting on X. Write p : G xX — X the action,
and assume this action is free, i.e. j : GxX — X xX given by (g, x) — (x, p(g,x))
is a monomorphism. Then, let X /G be the étale sheaf associated to the presheaf
defined by T — X(T)/G. Then X /G is the quotient of X by the étale equivalence
and thus it is an algebraic space.

We will spend a great deal of time in the next section to construct quotient stacks
(and not invoke Proposition 4.1.13), but for now, let’s see examples of X /G such that it
is not a scheme. In other word, a scheme quotient by a group is not always a scheme!

Let k be a field and consider U = Speck[s, t]/(st) obtained by gluing two copies
of the affine line along the origin. Let U’ € U be the open subset obtained by
deleting the origin and set

R:=U[ [U’

Consider the two maps 7, , : R — U defined by the following. Both 7; restricts
to identity on U, but on U’ we define 7, to be the natural inclusion and 7, the
map switches the two components.

Then
T, X7y :R>UXU

is an étale equivalence and let F = U/R be the resulting algebraic space. We
claim F is not a scheme. Indeed, the map

s+t:U— Al

is universal in the category of ringed spaces for maps from U which factor through
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F (i.e. R= U — A'is a coequalizer diagram). However, the induced map F — A!
in the category of algebraic spaces is not an isomorphism, as the map s + t is not
étale.

Let k be a field of characteristic 0 and Z acts on A, by the translation action.
This is a free action and the quotient X := A'/Z is an algebraic space that’s not
scheme.

Well, suppose its a scheme for contradiction. Then X has a surjective étale
covering by A}( and thus X is smooth and connected, and for any affine open U C X
the sections 0y (U) are included into the Z-invariants of the rational function field
K(x), where n € Z acts by x — x+n. The Z-invariants in k(x) are just the constant
functions since a non-constant Z-invariant f € k(x) would have infinitely many
zeros and poles. Thus the coordinate ring of any non-empty open subset of X is
k implying X = Speck. But this contradicts the fact A, — X is étale, and thus X
does not contain any non-empty open subspaces which is a scheme.

Here are some random remarks:

1. One can show that every quasi-separated algebraic space has a dense open
subspace which is a scheme. For a proof, see, e.g. Stack Project tag 06NN.

2. Let X be quasi-compact, quasi-separated algebraic space. If the functor

I'(X,—) is eaxct on the category of quasi-coherent sheaves, then X is an

affine scheme.

If X is a Noetherian algebraic space such that X,4 is a scheme, then so is X.

4. A quasi-separated group algebraic space G locally of finite type over field k
is a scheme.

e

4.2 Algebraic Stacks

We are now ready to define algebraic stacks.

Let P be property of morphisms which is local on the source for the étale topology,
local on the target for the sm topology, and stable under base change. Let f : X —
92) be a representable map of stacks over S. We say f has P if for all schemes T
and diagram

%TH‘%

o

—>2)
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I we have g has property P, where we know X is algebraic space.

Recall that, if g : X — T where T is scheme and X is algebraic space, then we say
g has P if there exists étale covering X with

> et g
X =X —>T

such that g has P.

P could be étale, smooth, relative dim d, affine, finite, closed, immersion, open
immersion, surjection, and so on. We note this list is smaller than the list for fppf
descent as we require local on the source.

A stack X/S is an algebraic/Artin stack if:

1. Ay : X — X x4 X is representable,
2. There exists scheme U so that U — X

We note A, is representable implies for all algebraic spaces X, the maps X — X
are representable. So, U — X being smooth surjection is well-defined.

A morphism of stacks over S, say X — 9), is defined as an element of Homg(X, 2)),
i.e. they are morphisms of fibered categories over S.

Let X be stack over S. Then A, is representable iff for all S-schemes U,V, u € X(U)

and v € X(V) with
Pu

UxV —
14%

N

we have Isom(pyu, py,v) is an algebraic space. This is also equivalent to: for all
u,v € X(U), Isom(u, v) is an algebraic space.

<<—Qa

Proof. Equivalence of last 2 conditions: for all u,v € X(U),

Isom(u,u) —— Isom(p;u,p;v)

Los ]

U—2>  SUxU

so we see Isom(p;;u, pj;v) is algebraic space imply Isom(u, v) is algebraic space. Con-
versely, Isom(pju, p;,v) is the special case with U'=U x V, u’ = pju, v/ = pyv.
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Next, consider diagram

So, (T) gives

where & : f(u) = g(v). Then n,f = 7, implies T LU xs V and hence h*pju =
() % g*v = h*pyv. Thus we see & € Isom(pj;u, pyv)(T) which concludes the

proof.
24

The next goal is to define one of the most important example of stacks, namely
quotient stacks.

Consider Z/27Z acts on A2, i.e. Z/2Z O A? via (x,y) — (—x,—y). In particular,
we see A?/(Z/27Z) = Speck[x, y]*/*” where the ring k[x, y1*/?* = {f(x,y) :
f(x,y) = f(=x,—y)} = k[x?,xy, y?] is the ring of invariant of the Z/2Z ac-
tion. We also note k[x?2, xy, y?] = k[a, b,c]/(ac — b?) which is given by A? —
A%/(Z/27Z). Thus we get A> — A?/(Z/27Z) is sort of like the x y-plane map to the
cone defined by ac — b?. But this is bad, because V(ac — b?) is singular.

That’s why we want stakcs, where we replace the origin by the point Z/27Z, i.e.
we get a “quotient stack” [A%/(Z/2Z)] =: X, and we get the following diagram
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/:

Z |27

Here the map 7 is whats called a coarse space map, and it is proper. In particular,
7t is isomorphism over X*™. This is sort of like blow-up, but we didn’t introduce
any divisors, hence it is not a blow-up. This 7 is a “stacky resolution”, and it is
an example of Vistoli’s canonical stacks.

In particular, we get a diagram

S

X

minimal res
can stack

where X is the minimal resolution of X, and X is the canonical stack we discussed
above, and X is any surface with mild singularity.

St

In physics, we get McKay correspondence that comparing X and X. We see a
lot of interesting math about comparing the two, and it also relates to deriving
categories.

Before we jump to definition, we give one or two words about the idea. Say we
have group scheme G O X over S. Then we get X — [X/G] and what we want is to
have the arrow X — [X/G] to be a G-torsor.

We don’t realy know what X — [X/G] is G-torsor means, thus we want to pullback
and get

G-equiy

GOP — GOX

G—torsor\L O \LG-torsor

T —— [X/G]

This is going to be our definition.
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Continue the above set-up, for any scheme T the category [X/G](T) is defined
as follows. The objects are

The morphisms (T, P/, ©’) — (T, B, i) is given by a pair (f, f’), where f : T/ — T
is S-morphism of schemes, f’ : P’ — f*P is an isomorphism of G, -torsors on
((Sch)/T’) such that the induced diagram

b
p’ % f*p

)

X xg T’

commutes.

We let X = [X/G]. Why is X a stack? We know G-torsors are sheaves, so we
have descent for sheaves. Then descent as sheaf with G-action we see the G-action
G x P — P is map of sheaves, so those descent as well. We see G O P is torsor if

G x P = P x P given by (g,p) — (p, gp) and we can check this isomorphism locally.
Why is A, representable? Let (P, 7t;), (P,, m,) be over T. Let
I =TIsom((Py, 7t1), (Py, 703))
We want to show I is algebraic space.

First, we claim (its an exercise!) that if 7/ — W where W is scheme and F a sheaf,
then we can check F is algebraic space étale locally on W.

Thus, to check I is algebraic space, we can make étale base change on T so that
(P;, mt;) are trivial torsors. Thus now we have

B=F —— B,=
Xiﬂ:g
X

where £ € I. However, note if we have £(1) = g, then for any h we get £(h) = &(h-1) =
h-&£(1) = hg and hence & is right multiplication by g. Thus we see m,(1) = 7,(g).
Thus we see I has a very simple description:

I — G,

| o L

Xr % Xp Xr Xp
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In particular, since G;,X;,X; x; X are all schemes, hence I is a scheme, as desired.

Why is X has smooth cover by scheme?

We see we get X s—fn» [X/G] =X where q is defined by the diagram

U:=GxX 0

\LG-tors

X

Why is g a smooth surjection? Well, we get

I :=Isom((U,0),(P 1)) —>

X
l S lq(u,o)
X

T (Bm) N

where G = U — P is given by 1 — p. So, we get map I — P given by (U ER P)— f(1).
The point is that we get
P —X
sm [] q
kgl

T — X

and since P — T is smooth, g is smooth surjection as desired. Thus, we showed, every
torsor is the pullback of the torsor X — [X/G]!

Let G be S-smooth group scheme, and G O S be the trivial action. Then we define
classifying stack of G to be BG :=[S/G]. Hence we get

G-equiv

P——S

[

T — BG

However, note the action is trivial, thus G-equivariant P — S is just any arrow
P — S. Hence we see (BG)(T) is just G-torsors on T.

Let G = G,, = GL,, then BG,, is just line bundles, and B GL,, is vector bundles.

We say X is quotient stack if X = [X/G] for some X, G.
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In the above, we talked about quotient stacks X = [X/G] where G is a group
scheme over S and G O X with X a S-scheme.

We also showed that X — [X/G] is universal, in the sense that if we have T —
[X /G] then we get the following diagram

G-equiv

P—X

G-tors\L | S m\LG—tors

T — [X/G]

We also talked about examples. In particular, P" = [A"*1\0/G,,] and more gener-
ally, if G O X is a free action, i.e. all stablizers are trivial, then [X/G] is an algebraic
space that is exactly X /G. For example, if X = SpecA then [X/G] = X /G = Spec(A°).

If X,9), 3 are Artin stacks with

w8

then X x5 9) is an Artin stack.

Let X be an algebraic stack and let x : SpecR — X be an R-valued point, then we
define G, = Autyg)(x) = Aut(x) = Isomy(x, x) as the fiber product

G, 1= Autyg,(x) — SpecR

[

A

X —— XxX

We see this is representable by an algebraic space over SpecR (by Lemma 4.2.5), and
as a matter of fact, it is a group algebraic space. In fact, one can show if the diagonal
of X is quasi-separated (not defined yet, but you can guess what it means), then G, is
a group scheme locally of finite type.

If X,X" — 9 and z € (X xy X')(SpecR), then G, = G, X¢, G,/, where x,x’, y are
the images of x” in X, X" and 2), respectively.

By Proposition 2.2.15, we see G, can be identified with the Cartesian product

G, — SpecR

Lo |
X — XxgX

and hence it is reasonable to define a stack that packs all the stablizer information
using this diagram. This leads to the following definition.
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For X, we define the inertia stack I, = I X to be the pullback

iD\LA

X -2 ¥x¥

Suppose we have h € X(T) with T a scheme, then IX(h) = Isom(h,h). If a : h — k' is
a morphism over T — T’, then the natural pullback functor a* : Auty.(h’) — Aut,(h)
is defined as follows: for 8 € Auty.(a’), the image a*(f) is the unique dotted arrow
making the diagram
=1
poa

il

commute. If a : h — h is an isomorphism over the identity, then a*f =a " offoa

Let G — S be a group scheme acting on S-scheme U, and X = [U/G] be the
quotient stack. Then there is a Cartesian diagram

Sy ——> U

[ o]

2 ——> 2

where S, is the stabilizer group scheme, i.e. the fibered product of the action
map G x U — U x U and the diagonal U — U x U.

The inertia class of the classifying stack BG,, is Izg = G, x BG,,. Similarly, if
we let G, acts on G,, x A! via the trivial action times the scaling action, and we
let V(x(t —1)) be the G,,-invariant closed subscheme, then Ij,1,c 1 = [V (x(t —

1D)/Gp].

More generally, let G be a finite group acting on scheme U, and X = [U/G]. Then
the inertia stack I, is isomorphic to

| [tug/cen

geiG

where U8 = {x € U : gx = x} and C(g) = {s € G : gs = sg} the centralizer of
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G. Alternatively, this is the fiber product of the diagonal U — U x U and the map
U — U x U defined by x — (x, gx).

4.3 Properties of Algebraic Stacks

The next topic is properties for stacks and morphisms.

Let P be a property that is local for smooth topology. Then we say X has P if there
exists smooth cover X - X with X scheme, such that X has P.

P could be locally Noetherian, regular, of finite type over S, of finite presentation
over S.

If P is local for smooth topology, and X has P, and for Y a scheme we have Y Dx
then Y has P.

Proof. Consider

ZL>X

Lo [
Y — X

where we assume X has P But X has P implies Z has P and hence Y has P as desired.

¥

The proof shows that if Y — X is a morphism, then smooth locallyon Y, Y — X
factors through X — X.

If f : X — 2 is morphism of Artin stacks, then a chart for f is a diagram

g

XSy 33—y
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where X,Y are algebraic spaces. If P is property of morphism of schemes stable
under base change, local on source and target for smooth topology, then we say
f :X— 92 has P if g has P. In this case we also say that this chart g has P.

P could be smooth, locally of finite presentation, surjective, etc.

If we are given quotient stack [X /G] over S, and

x—my x Lo

8

Then X/S is smooth iff X /S is smooth. For example, we see [A?/(Z/2)] is smooth
because A? is smooth. On the other hand, A%/(Z/2) is singular as its equal
Speck[x, y1%/2.

The morphism f : X — %) has P iff every chart has P.

Proof. We start with a chart

e
—

R W
Q4

Then we get another chart

X

~
~

\

> 3
X’ ‘ > 3 > Y’
Iz
X 2

\
/4

\

Now we want that: X — Y has P iff X’ — Y’ has P.
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Now take pullbacks of the squares of the two sides, we get

> 3 Y”
A
> 3 > Y
ERE
X’ >Y’
A%
X > )

and we also get natural arrows from 3" — Y”. Viz we get

X//

X// 3// Y//

/

> Y

X s

\
/4
D e
> 3
Thus it is good enough to show X — Y has P iff X" — Y” has P, i.e. it is good enough
to handle the case when Y’ — ) factors as Y’ - Y - 9).

“i

X/

me———

First, consider the case X’ =X x; 3’ and we get diagram

/

X = 5 —3 vy
o lol
X—53 vy
{ ol
X9

where g’ is pullback of g under Y’ - Y. We see P is smooth local on the target so g
has P iff g’ has P.

Now, we just need to compare two charts with the same Y. To see this, we note
we have the following diagram

X// ; X/

i/U

X—9
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and we see g’ has P iff g’n’ = gm has P iff g has P. This concludes the proof.
=

Next, we consider separatedness.

Consider the diagram
F 8 o

T2 53

of stacks with g representable. Then h is representable iff f is representable.

Proof. 1f f isrepresentable, h is representable by definition. If h is representable, given
z5 2) we want Z Xy X is an algebraic space. Thus we get the following diagram

XX
i ul
N <«—Y
; ’\l
Z4— 7

where the bottom square is also Cartesian. We note X, Y are algebraic spaces because
h, g are representable, respectively. Then, note we get a section 3 : Z — Y defined by
a and hence we obtain the diagram

R

&3

1T ]
Ny

N

Now we see X Xy ,Z = X Xy 5 Z is an algebraic space as X, Y, Z are all algebraic spaces.

¥

Let X,9) be Artin stacks over S and f : X — 9), then Ay y is representable.
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Proof. We have the following diagram (magic square)

Azys
repable
X XxyX —55 Xxg X
x/2
\ l ’ \Lfo
repable

QJWQJXSQJ

Then Ay, representable implies g is representable. Hence Ay representable implies,
by the proposition above, that Ay is representable as desired.

¥

We say f : X — ) is separated if Ay /q) is proper.

For stacks, A keeps track of Isom or Aut which is a group so that is is rarely a closed
immersion. Hence this notion of separatedness is different from the scheme version,
where we require A to be closed immersion. But in the scheme case this is in fact the
same.

For X,Y schemes, Ay y is always an immersion, so they are separated and of finite
type. Thus Ay, is proper iff Ay, universally closed but base changes of immersion
is immersion and hence A is universally closed iff its closed.

Thus, X — Y separated in the usual definition (Ay,y closed) iff its separated as
stacks.

In general, conditions on the diagonal translates to conditions on the Isom sheaves,
since the base change of X — X x X by a morphism (a,b) : S —» X x X from a
scheme S is identified with the sheaf Isom(a, b), which is an algebraic space.
In particular, we see X has affine diagonal if and only if every algebraic space
Isomys(a, b) is a scheme affine over S.

Let X = [X/G], then we see we get

XXX —> X xX

[

Ax
X — XxX
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where X x, X is the Aut of universal torsor. Hence we see
X
X

where G x X = X x, X because we has a section X — X x, X. Thus, we see the
above diagram’s arrows are given by

X*xy X=EGxX —>

o

O
X —»

(g,X) I > gX

GxX — X
L o=
X —» X
So, we see

(8, x) ——> (x,gx)

GXXL)XXX

Loe

X —— XxX

where T is the graph of the action. Therefore, we see X is separated iff I is proper.
By definition of G O X is called proper if I is proper.

If X is separated and G is proper (e.g. G is finite) then

GxgX —> X xX —3 X

/ PN Lo l“”
G O

X —S

pr% /
S

and hence T is proper, i.e. if X is separated, G proper (e.g. finite), then [X/G] is
separated.

If A is Abelian variety, then BA is separated.

Next, we talk about the topological space |X| associated with algebraic stack X.

This is defined by the set | X| consisting of field-valued morphisms x : SpecK — X,
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and two points x : SpecK — X and x’ : SpecK’ — X are the same if there is a
common field extension K” of both fields, i.e. K”/K and K”/K’ at the same time,
and X|gpecxr = X'|speckr in the category X(K”). The topology on |X| is given by the
condition U C |X]| is open if and only if U = || for some open substack  C X.

The topological space of the quotient stack |[A}/G,,]| with the standard scaling
action consists of two points with representatives x, : Speck LAl [A'/G,,]

and x; : Speck S Al [A'/G,,]. In particular, the inclusion of the generic point
Speck(x) —» A - [A!/G,,] is equivalent to x;.

While the stablizer group Gs depends on the choice of representatives x : Speck —
X, its dimension, denoted by dimG,, is independent of this choice. Similarly, the
properties of being smooth, unramified, affine, fintie and reduced are also independent
of this choice. Next, we recover dimension and tangent spaces of algebraic stacks.

For dimension, we begin recall dim for a scheme, then algebraic spaces, and then
algebraic stacks. If X is a scheme, then dim(X) is the Krull dimension of the topological
space underlying X. Then, dim,(X) is the minimum of the dimension of open subsets
U containing X. If X is locally Noetherian, dim,(X) coincides with the sup of the
dimensions at x of the irreducible components of X passing through x.

If X is an algebraic space and x € |X|, then
dim, (X) = dim, U

where U is any étale presentation U - X, and u € U is any point lying over x. In
particular,
dimX = sup dim, (X)

x€|X|

In general, the dimension of the algebraic space X at a point x may not coincide
with the dimension of the underlying space |X| at x. For example, take X = A}/Z,
then X has dimension 1 at each of its points, but |X| has indiscrete topology, and hence
of Krull dimension 0.

However, if X is, for example, quasi-separated, then the dimension of X at x equal
the dimension of |X| at x.

Next, to define the dimension of an algebraic stack, we need the notion of relative
dimension, at a point in the source, of a morphism whose source is an algebraic space,
and whose target is algebraic stacks. We need this complication because points of an
algebraic stack are not describable as morphisms from the spectrum of a field, but only
as equivalence classes of such.
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Let f : T — X is a locally of finite type morphism from an algebraic space to an
algebraic stack, and if t € |T| is a point with image x € |X|, then we define the
relative dimension of f at t, denoted dim,(T,) = dim, ,(T,), as follows: choose
a morphism Speck — X that represents x, and choose a point t’ € |T x, Speck]|
mapping to t under the projection to |T|, then

dim,(T,) = dim, (T x, Speck)

Note in the above definition, since T is an algebraic space, X an algebraic stack, the
fiber product T x . Speck is an algebraic space, and thus the dimension of a point make
sense, by taking an étale presentation.

Next, to define dimension of a locally Noetherian algebraic stacks, we recall the
following lemma.

If f : U — X is a smooth morphism of locally Noetherian algebraic spaces, and
u € |U| with image x € |X|, then

dim,(U) = dim,(X) + dim; , (U, )

where dim; ,(U,.) is from Definition 4.3.18.

The proof can be found in Stack project, OAFI.

Let X be locally Noetherian algebraic stacks, and x € |X|, then we define dim,.(X)
as follows. Let f : U — X be a smooth morphism from a scheme to X containing
x in its image, u be any point of |U| mapping to x, and define

dim, (X) = dim,(U) — dim; , (U, )

In particular, dim X = sup, | dim,(X).

This definition is justified by the formula of the above lemma, and we can use this to
verify dim,(X) is well-defined, independent of the choices used to compute it.

If U is a scheme of pure dimension with an action of an affine algebraic group G
over field k, then
dim[U/G] =dimU —dim G

Next, the definition of tangent space is defined similarly to the one for schemes.
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If X is an algebraic stack and x : Speck — X, we define the Zariski tangent space
T, as the set of diagrams

Speck

L 3

Speck[e] — X

mod out the equivalence relation (7, a) ~ (7', a’) if there is an isomorphism f :
7 — 7’ in X(k[e]) compatible with @ and o', i.e. @’ = Bgpeck © .

Note in the above, the arrow a means we require @ : x — T|;.

If X is an algebraic stack with affine diagonal and x € X(k), then Ty, is naturally
a k-vector space.

We note Ty , is naturally a representation of the group G,, which given set-theoretically
by g-(7,a)=(7,g0a)for g €G, and (7,a) € Ty,.

Consider a smooth connected and projective curve [C ] € M, (k) defined over k of
genus g > 2. Then Ty, c1=H 1(cC, T;) by deformation theory. Since deg T, < O,
H°(C, T.) = 0 and Riemann-Roch implies

dim Ty, () = dimH'(C, Tg) = —x(Tc) = —(deg Tg + (1 — g)) = 3g — 3

To conclude this section, we introduce the notion of residual gerbes, which is the
stack version of residue fields.

Recall that attached to every point x € X a scheme, we get residue field x(x) and
a monomorphism Speck(x) — X with image x. To define similar notion for stacks,
we note the existence of non-trivial stablizers prevents field-valued points from being
monomorphism.

Let X be an algebraic stack and x € |X| a point. We say the residual gerbe at x
exists if there is a reduced Noetherian algebraic stack &, and a monomorphism
&, — X such that |&, | is a point mapping to x. If it exists, we call &, the residual
gerbe at x.

In later chapter we will see the residual gerbe is unique if it exists, and show &, is
indeed a gerbe over a field k(x), the residual field of x.
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Showing the existence of residual gerbes fairly straightforward in the case of a
finite type point (i.e. meaning the point x € |X| has a representative Speck — X
locally of finite type). However, more generally, this residual gerbes exist for any
point of a quasi-separated algebraic stack.

If X is a Noetherian scheme, then x € Xi is of finite type iff x € X is locally closed.
More generally, Speck — X is of finite type if and only if the image x € X is locally
closed and x(x)/k is a finite extension.

An example of a finite type point of a scheme that is not closed is the generic
point of a DVR.

Let X be an algebraic stack, then x € |X] is of finite type if and only if there is a
scheme U, a closed point u € U, and a smooth morphism (U, u) — (X, x).

If X is Noetherian, x € X a finite type point, then the residual gerbe &, exists and
is a regular algebraic stack, and the morphism &, — X is locally closed immersion.
In addition, if X is of finite type over a field k and x € X(k) has an affine smooth
stablizer, then &, = BG,.

Proof. We only prove the first statement. After replacing X with {x}, we can assume X
is reduced and x € |X| is dense. Let Speck — X be a finitely presented representative
of x. By generic flatness, Speck — X is flat and thus its image, which is x € |X|, is open.
The corresponding open substack &, C X is the residual gerbe. Since Speck — &, is
fppf and the property of being regular descends under fppf topology, &, is regular.

¥

4.4 Deligne-Mumford Stacks

Last time we talked about separatedness. In particular, if X is separated over S, G
proper over S, then [X /G] is separated over S.

The next topic is to work towards the first big theorem in stacks.

If X/S is Artin stack, then we say it is Deligne-Mumford (DM) if there exists
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scheme X with X —et» X .

In general, its not easy to check when a stack is DM. To check this, we recall the

notion of formally étale/smooth. That is, we say X ERN Y is formally étale/smooth if
for all diagrams

SpecA/l — X

L

SpecA —— Y
with I? = 0 in A, there exists unique arrow/exists arrow from SpecA to X.

So, étale means exists unique arrow, smooth means exists arrow, and now we
define formally unramified, means unique/at most one arrow.

We say X EN Y is formally unramified if for all diagrams

SpecA/I X
| =

SpecA —— Y

with > =0 then a = f3.

If X is Artin stack over S, then X is DM iff Ay s is formally unramified.

We first state some corollaries, before we prove this.

If X is Artin stack over S, then X is algebraic space over S iff for all x € X(U), Aut(x)
is trivial, i.e. algebraic spaces are Artin stacks with no stablizers.

Proof. First, if X is algebraic space, then X is sheaf, i.e. fibered in sets, so no automor-
phisms.

Conversely, if

Isom(x,y) —— U

e e

X —2 s XA x X

If Isom(x,y) = 0, then it is a scheme and Isom(x,y) — U is formally unramified.
If Isom(x, y) # @, then it is an Aut(x)-torsor. That is, if we have two isomorphisms
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P
X :a; y then a, 8 are related by unique automorphism 37! o a. By assumption,

Aut(x) — U is the trivial group scheme, i.e. U % U. soitis affine group scheme, and
so Isom(x, y) is a scheme. Also, Isom(x, y) — U is a monomorphism, so it is formally
unramified. Therefore A is formally unramified and representable by schemes. Now
by the big theorem above, we see there exists a étale cover.

Lastly, X is a sheaf because the automorphisms are trivial and hence X is algebraic

space as desired.
24

Suppose A is locally of finite presentation. Then the theorem says X is DM iff
for all k = k and Speck 5 x, the automorphism group Aut(x) — Speck is a finite
group.

Why is this? We know A, is formally unramified iff Isom(x,y) — U is for-
mally unramified for all x, y € X(U). However, since Ay is locally of finite pre-

sentation, Isom(x, y) — U is locally of finite presentation. Hence, we can check
formally unramified for Isom(x,y) — U on geometric points, i.e. for all k = k

with Speck £ U we can check Isom(f*x, f*y) — Speck formally unramified.

If Isom(f*x, f*y) = @ there is nothing to do, else (i.e. its non-empty) it is
isomorphic to Aut(x). But then Aut(x) — Speck is locally of finite presentation,
so its formally unramified if and only if étale if and only if Aut(x) is finite if and
only if Aut(x) is a group.

From the above remark, we see BG,, is not DM as G, is not finite. More generally,
BG is not DM if G is a positive dimension group scheme.

Along time ago we talked about moduli space of genus g curves M,, where M, (T)

. T . . . . .
are given by C — T with 7 smooth proper and on geometric fibers it is genus g
curve.

When Deligne and Mumford defined DM stacks, they showed that for g > 2,
M, is DM and defined a compactification M ,. We will go through the idea of how
to show M, is DM for g > 2.

We start with a curve C of genus g > 2 over a ACF k = k. We want Aut(C) —
Speck to be formally unramified (i.e. we want Aut(C) is finite group). So we
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want to show for all diagrams

SpecA X

L 2
B

SpecA' —— Y

with A=A’/I, we have a = 3. Now, we consider the diagram

C,——>C, ——> C

l = L= |

SpecA ——> SpecA’ ——> Speck

where we get two arrows from C,, to itself (a, ) and one arrow from C, to itself
(y), where a, 3 both reduce to be y over A. Now by deformation theory, “a — 3”
is a class in HO(TCA /), where T, , is tangent bundle. However, the degree of
tangent bundles are given by 2—2g. Hence we see for g > 2, the degree become
negative, i.e. HO(TCA/A) =0 and hence a = 3, as desired.

What about g =0,1?

If g = 0, then M, is just P over ACF k = k, and over T it is not. It is a
Brauer-Severi variety. These are Aut(PP!)-torsors and so M, = B(PGL,). We know
dimPGL, = 3 > 0, so M, is Artin, not DM. In particular, the dimension of M, is
dimension of a point subtract dimension of PGL,, i.e. dim M, = —3.

Next, we consider M, 5, the moduli space of genus 0 curves with 3 marked
points. Let C be a curve with g = 0 and three marked points, then its isomorphic
to P! with three additional points. Thus M, ; =points.

In terms of deformation theory, we get a— f3 lives in H°(T(—3 pts)), where
T(—3 pts) is twisted down by three points, thus the degree is 2—2g —3 < 0.

Similarly, M, is Artin, but M, ; is genus 1 curves with one marked point, which
is just the moduli space of elliptic curves. In particular, dim M, ; = 1, which is
exactly the j-invariant of elliptic curves. We get a map M, ; — Al which sends
elliptic curve E to isomorphism class of E (i.e. sends it to the j-invariant).

We give a rough picture of what this looks like:
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generically we have Z/2-stablizers since E has automorphisms equal multiply by
—1. However, for j = 0 and j = 1728, we have more automorphisms: Z/4 and
Z/6.

In particular, by using the Weierstrass form y? = x>+ax +b for elliptic curves,
we can show that if we invert the primes 2 and 3, then we have an isomorphism

My, %z Z[1/6] = [(A*\V(A))/G,]

where the action is given by t - (a,b) = (t*a, t®b), and A is the discriminant
4a® + 27b2.

We don’t have time for the proof of the big theorme, but we go through the idea
first.

If X — Y is a map of schemes, its smooth iff we can find Zariski cover U - X with

dt

R

X

n
> Ay

™~

Y

where n = dimX —dimY and F comes from the following: Q)l( Jy 18 locally free, we
look locally on U where U}( /YlU is free. We choose basis dfi, ..., d f,, which yields map

to A coming from (fy, ..., f,,).

For us, we have smooth X - X, we would like to have something like “Q}( /x”' We
1

look étale locally where Q, .

is free to get
et
X
Formally unramified will allow us to “slice” A} — X to get W € A, with étale arrow
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Before we end, we talk about how to define 0 /x
We don’t realy know what to do, hence the first thing is to descent. Thus, consider
the following diagram

z:; —% X

l2goe g
Y ==X X —» X

We have Q x = Q!, and we get canonical isomorphism p*Q x = =0, iy = =g Q, x-

Thus it satisfies the cocycle condition. Thus by descent of coherent sheaves, we get

Qy , such that 7*Q; . = Q) where Y/X is via the map ©": ¥ — X.

~ 0l

Moreover, QX /% 1 locally free sheaf on X because 7*Q} ¥/x 1S

X /%

In addition, we get QX ;s Q! .. To show this, use descent:

X/x°
* 1 _ 1 _ —x0Ol
RV ? QY/s ? Qy/x Q,=m

Thus we get Q)l( — Q) /x-

We note that, for Artin stacks, this is usually not surjective. But it is surjective for
DM stacks.

X is DM iff Ay/s is formally unramified.

Recall that in the above, for smooth X - X we defined Q)l( » coherent locally free.
We also mentioned the idea of the proof, which is to look at where Qy 4 is free, then
we get

X’ A;
let giet
X l» e

Then using Ay is formally unramified, we will “slice” g until it becomes relative dim
0, i.e. étale.

Now we start the proof.

Proof. We start with the easy direction. Assume X is DM. Choose étale cover X —» X.
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Consider the following diagram

X XX —2% X XX

X —2 % XXX

The goal is to show b is formally unramified. Let X x¢ X — X be the projection, then
we get the following diagram

mob

X x X =25 X

[

X —L % x

However, note 1 o b is étale, hence b is unramified, and hence A is unramified as
desired.

Conversely, suppose A is formally unramified. Let k = k be a ACE y € X(k).
Choose p : X ™ x with X affine, such that

@ #X, —> Speck
Il s}
X ——— %

However, since k is ACE, we get a section x”:

XySSpeck
L= b
XT>%

Let k, be the residue field of image of x’ in S and let k;;* be the separable closure of
kO-

Our goal is to show étale locally on S and X, we will find W C X closed such that
W = X with W, # 0. Then we are done as ]_[y W, - X is étale.

Now we get the diagram
Z -5 X
o O p
X 4= x

which is the same as the following diagram

7 T ¥ x
[ = |
X -2 xxX



X/x
is usually not surjective, but we will show it is the case for DM stacks. To show it is

surjective, by descent, it is enough to show surjective after applying t*. We see A is
formally unramified implies (7, 7t’) is formally unramified, and hence

' ol _ x0l . 1 1 .
Now let Q,=0Q, x=T 2y .- Last time we also constructed Q, /s Q This

(m, ﬁ/)*ﬂstx/s = ﬂ:*ﬂ)l(/g @ (ﬂ/)*ﬂx/s > Qs

This gives
x0)1 *0O1 ol
Ty s — T QX/Sea(n’) Qs

!

1
¢ QZ/S Y

!

1 _ 1
Qrc’ — n*ﬂx/ae

Since we have that 0 map, it gives us that ©*¢ is surjective, and hence ¢ is surjective.

We have
d
ﬁX} ; Q}l(/s

N

where we call the arrow Oy — Q. d as well. Locally, d : Oy — Q¢ has image
1

generates, so the same is true for d : Ox = Q, ..

1

X/ 1S free and

Since Q)l( Iz is locally free, so we need to look étale locally where Q2

there exists fi, ..., f, € I'(0}) such that dfj, ..., df, is a basis for Q;l(/%h]-

Shrinking X, we may assume U = X. Let f; € I'(0) that df; generates Q! /x> SO

X
(GRS
we get F L x 2l Xs Ag. Then,

X — Xxg A=Al
sml/
ES

and dim,(X) = dim,,(A’,) because

/% 1S free for rank r.

F is smooth map, representable and relative dim 0 in neighbourhood of x’, so it is

étale in neighbourhood of x’. Shrink to assume F is étale. Then F : X, S A7. Then
. o . . c

F,is etse:}l)e implies t.he image is opelsle})Letf € k[ty,...,t,]suchthat @ # D(f) C F (X)).

Over k-, there exists ay, ...,a, € k," such that f(a,,...,a,) #0.

In particular, we see

(a,...,a,) € Akf)ep
closed point Q AIZO
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Now, we import a fact, which is that, we can take an étale neighbourhood S” — S of
x’ such that there exists closed E with E C A}, and diagram

E —% AT, — Al <> Speck®
S ——> S8« Speck,

x/

then there exists unique arrow Speck — S’ with Q € E, i.e. we get the following
diagram

E —=3% A, —> AL <2 Speck!®

Therefore, we see
W ———% X x5 A,

closed

efl o FxId\L

xxsE ﬁ xXS/Ag,

Therefore, W, # @ by construction and hence

W3 Exe X —5 x

I =

L S’

Now W — X is our desired map.

If G is a finite group, then X = [X/G] DM.

Proof We just need Aut groups are finite over k = k. Over k = k, G-torsors are trivial,

SO our point is
G—equiv,

G — X

!

Speck
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and Aut group is

G —25X

i

Speck
So y(1) = g. Then y(h) =hoy(1) = hg and hence we get

11— a(1)

| 5

r(1) —— y(1)- a(1)
In other word, Aut is stablizer of a(1). Hence we get

Aut ——> Speck

L=

G——X

g —— g-a(l)

and so Aut is finite as desired.
3

At the start of the course, we talked about 5 general points determine conic. We
did this through geometry on moduli space. In particular, moduli space of singular
conics is exactly P° (if we drop singular, then this is not true!).

Even if we only interested in smooth curves, i.e. M,. To do intersection theory, we

need a compactification M,. So, we need a notion of properness. To do this, we need
quasi-coherent sheaves on X.

It is impossible to write down a general g > 24 curve.

This uses intersection theory on ﬁg. Note here we are asking for general g > 24
curve. To see what this means, we consider the example of elliptic curve. For that, we
know the short form for elliptic curve is given by y? = x*+ax + b. Thus it is the same
as a dominant rational map A2, --» My, i.e. A, \(discriminant = 0) — M ;. They
showed M, is of general type.

There is also another similar problem, where we look at <7, the moduli space
of dim g abelian varities. Then we know @Z . is of general type, @75 is , and <7 is
unknown.

Finally, let us record a theorem about coverings of DM stacks.
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Let X be a DM stack separated and of finite type over a Noetherian scheme S. Then
there is a finite, generically étale, and surjective morphism Z — X from a scheme Z.

Proof. A proof can be found in Angelo Vistoli’s “Intersection theory on algebraic stacks
and on their moduli spaces” in 1989. It is Proposition 2.6.

Y

4.5 Quasi-coherent Sheaves

Now we jump to quasi-coherent/coherent sheaves on stack.

We define Lisse-étale site Lis-et(X) on X as follows (the topos is denoted by X, .)-
The site Lis-et(X) has objects T S—;) X with T being scheme, and morphisms

T LT
fl)
e
X
The coverings are given by family of diagrams of the form

g, =

el

X
such that we have étale surjection [ [ T; - T.

Then, we define 0y € X, as O(T 5 X) :=T(07).

Now let C be the following category. The objects are: for all (T,t) € Lis-et(X) a
choice of étale sheaf of sets F(; ) € Ty and for all (f,f): (T’,t") = (T, t) a choice

Pr.f)
_1 B
f ‘ET,t) 2 'FT/,t’

such that:

1. if f : T' — T is étale then p(; ;) is isomorphism.
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2. For diagram
(1, ¢7) B (7 ¢y
\ J/(f,f")
(T, 1)
we have

—1p-1 £Pep)
g f ‘F(T,t) g -7:(T/,f/)

Can\L j/.ﬂ(g,gb)

—1
(fg) ]:(T,t) p—“,fb)o(g,gb) ‘F(T”,t”)

A morphism between ({Fn} {0 = ({Gant {Aym}) in C is a collection of
morphisms y ) : Fr.r) = G(r.r) 50 the following diagram commutes

f71 Y (1)

T oy — f'Gun

\Lp(f,f”) l}(fﬂ)

Y(r’,t")

f’(T',tl) > g(T/’t/)

We have C — Xy, given by ({Fn} {posH}) maps to the sheaf F given by
F(T = %) = Firo(T).

This is a presheaf where transition maps of 7 come from p; .
It is a sheaf because étale covers in Lis-et(X) are already coverings in T,.
Conversely, X — C given by F maps to the object F(r) := Flg,.

Therefore, we get C = X, -

Let A be a sheaf of rings on Lis-et(X). Let F be a sheaf of A-module. Then:

1. We say F is Cartesian if for all (T’,t") — (T, t), we get
f*Fan = f_l-F(T,t) ®f-1ny Merrey = Fanen

2. We say F is quasi-coherent if it is Cartesian &’y-module and for all (T, t),
we have F; ) € (Qcoh)(Ty,) is quasi-coherent.

3. We say .F is coherent if X is locally Noetherian (note this implies for anyu
(T, t) € Lis-et(X) we get T locally Noetherian), F is quasi-coherent and for
all (T, t), we have F; ) € (Coh)(T,).

We defined the Lis-et site. We also gave an alternative description, namely if F €
X iser 1S a sheaf of O5-modules, then forall ¢t : T 7 x we let Foae = Flr,-
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Given any

we have a module-theoretic pullback f*Fr,y 1= f 7" Fz.y ®s ¢, Or . In particular we
get natural map f*Fry = Fg .

We also defined Cartesian F, which is that, if for all T’ — T we get f*F =
Fer - We say F is quasi-coherent if F is Cartesian and all {7,y are quasi-coherent.
If X is locally Noetherian, then F is coherent if all 7, are coherent.

This is a lot of data to keep track of, but as you would expect, to check this, we
only need to do it on an open cover.

Let X - X be smooth covering and F Cartesian. Then F is quasi-coherent iff Fx .
is quasi-coherent. If X is locally Noetherian, then F is coherent iff Fx ,, is coherent.

Proof. For all Y SN X, take pullback

N
S

—

P
sm|m [] sm|x
y

—

I-<
p

We see m*Fy ) = Fz,n) because F is Cartesian. But F; , ) = p*F(x ) Where Fx .
is quasi-coherent, hence F(; ,) is quasi-coherent. Therefore Fy ) is by descent quasi-
coherent.

The argument for coherent is similar.
@
¥

If X is DM, then we have an étale site Et(X) defined as follows (it always exists,
but in general we don’t have a good theory).

The objects are T % X, and morphisms are
@

T s T

gl

X

The coverings are just étale coverings.

You can define Cartesian, quasi-coherent, and coherent in the same way as X,
for X,.
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From now on, if we are talking about X, we always assume X is DM.

In particular, the notion of (quasi)-coherent on X, agrees with X .. In particular,
we get the restriction map r : Et(¥) — Lis-et(X) given by (T ig) — (T ER X). Thus
we get r, : (Qeoh)(Xyjse) — (Qeoh)(Xe,).

r, is an equivalence. It is also equivalence for coherent sheaves if X is locally Noethe-
rian.

Proof Start with F € (Qecoh)(X,), we will extend to M € (Qcoh)(X,...,) in a unique
way.

To do this, we choose a smooth cover X < X. Suppose we are given Y I x, we
want to define M ly,.- Well, we pullback the arrow Y I %, namely

sm

Z — X
f

a [] iet

Yy /5 %

By descent, it is enough to define M € Z, with descent data. Because we want M to
be Cartesian, so we need M, = f* My = f* M. We get a diagram

Z/ g } X/

T T P1| | P2

ZT>X

4o

Yy — X
Since M is Cartesian, so p; My = p; My. We want M to be Cartesian, so
”TMZ =g piMy = g pa My = TC;MZ

Thus M, has descent data and it descends to My, as desired.

The next topic is differentials on stacks.

We have shown how to define QL . if we have smooth cover X - X.

X/%X

If X is DM, you can even define Q; € (Coh)(X,). Well, to do this, consider

™
[
X —XxxX?Z;X—n»%
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~y

We then descend £ to get Q). Here m,m, are étale, so miQ; = Qf, = m;Q) are
canonical isomorphisms, thus we indeed have descent data. Therefore, we get Q;
such that Q) = Q.

For Artin stack, this does not work because all you get 7, : X’ 4 X and you have
a map

0 —> mQy —> O —> Oy — 0

1
where Q, /X
*

. . 1 1
no isomorphism 18, — Q5.

# 0 unless it is étale. Therefore we cannot descend Q}l{ because we have

There are some remediations.

For exmaple, there is something called pseudo-differentials, but in that theory, we
get Q) /x 7 0, which is weird.

Another solution is the cotangent complex L,. This is a 2-term complex such that

Ly = [0y — Q}(/x], where 7 : X » X. If X = [X/G], then we can say more. In

particular, in this case we get P = Oy ® g* where g* is the dual of the Lie algebra

of G,ie. g = Qé’e where e € G is the identity point.

We have seen (in the proofs above) that to define
F €(Qcoh)(Xy,)

it is good enough to define M € (Qcoh)(X) plus descent data where 7 : X - X
is étale covering.

Let’s look at X = [X/G]. In this case, we know X x, X = G x X, and hence

Xx:XEGxX — X —Z% %
p

where o is the action, and p is the projection, i.e. (g,x) — gx and (g,x) — x.
We want M quasi-coherent on X and 0*M = p* M plus the cocycle condition.
But that last part (i.e. 0*M = p* M and cocycle condition) is just saying we have
G acts on M. Therefore, (Qcoh)(Xy,) is just quasi-coherent sheaves on X4 with
G-linearization, i.e. G-action.

For example, if X = BG, and we take Speck - X, then (Qcoh)(BG) is isomorphic
to vector space plus G-action, which is G representations.

If G O X acts freely, i.e. X/G is algebraic space (e.g. if X = SpecA then X /G =
Spec(A%)). Then (Qcoh)(X/G) = (Qcoh)(X) plus G-linearization
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Suppose X = SpecL where L/K is Galois with Galois group G. Then [X/G] =
X /G = SpecK. Therefore, we see K-vector spaces is the same thing as L-vector
spaces with G-action.

In general, given F € (Qcoh)([X/G]), it corresponds to M € (Qcoh)(X) with
G-action. If X is affine, then the cohomology H'(F) is equal the group cohomol-
ogy H'(G,T'(M)). If X is not affine, there is a spectral sequence relating H'(F) with
HP(G,HY(M)).

In general, if f : X — 9 is quasi-compact and quasi-separated, then f,F quasi-
coherent if F is quasi-coherent. In particular, we get f, F(Y S ) = F(Y Xy X ).
There is a left adjoint f*, but we are not going to define it.

We say f : X — ) is affine if it is representable and affine.

Given &/ a sheaf of 0y-algebra, we can define Spec(«/) — X as follows: the T-
points are given as follows:

Spec .o/

!

T — X

is a choice p : t*o/ — O morphism of & -algebras. By construction, we see we get

Spec(t*a/) —> Spec .o/

PR

T ———— X
So 7 is an affine map of schemes, and so p is representable and affine.

Moreover, Spec </ is a stack because O -algebra satisfy descent. Hence Spec ./ is
an Artin stack.

Like for schemes, we have the bijective correspondence

{ affine

maps to %} > {Oy-algebras}

given by &/ — (Spec.«/ — X) and () LN X) - f.0.

The next topic is closed substacks.

We say 3 — X is closed /Jopen immersion if it is representable and it is closed /open
immersion.
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Given X £ Y with Y a scheme, the image of f is given by: choose X Sx LN Y,
then Im(f) := Im(f o 7).

We say f is closed if for all 3 € X closed substacks, Im(3 € X — Y) is closed.

We say g : X — 9) is universally closed if for all Y — %) with Y scheme and
diagram

\Lg Y O g

Y —— 9

we have gy is closed.

We say f : X — 9) is proper if f is separated, of finite type, and universally closed.

Let A be Abelian variety, then BA — Speck is proper (it is separated because A is
proper).

If G is finite group, then BG — Speck is proper.

4.6 Valuative Criteria

Let f : X — Q) be finite type map of locally Noetherian Artin stacks.

1. Then f is separated iff for all DVR R with K = Frac(R) and diagram
SpecK X
y |
l 7
X~
SpecR —— 9)

we have x = y.
2. Then f is proper iff f is separated and for all DVR R with K = Frac(R), there
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exists finite extension K’ /K and normalization of R in K’ such that we have
the dashed arrow in the following diagram

;3
SpecK’" ——» SpecK _$ X
== I

P S f
\L _--3 \t 4

—

SpecR’ — 7 SpecR — 9

So, how do you think about this? To get some intuition, lets take 2) to be Speck.
Then f : X — Speck is a moduli space, and the theorem says, f is proper if and only
if, if we are given x € X(K), e.g. a curve over K, then we can extend it to X(R), e.g. a
curve over R, if we allow for finite extensions of K.

Let’s consider an exmaple where the “weak form” of valuative criteria does not
hold, i.e. if we don’t allow finite extension.

We know BG is proper if G is finite. Let’s take B(Z/2) with chark = 0. Then
we have

SpecK —— B(Z/2)

withR = k[[t]] and K = Frac(R) = k((t)). Then we have a Z/2-torsor Spec k((+/t)) —
SpecK with the action being +/t — —+/t.

Then, we can’t extend this to a Z/2-torsor over R. We will not give a proof,
but let’s check the obvious choice does not work. The obvious choice would be
extend to Speck[[+/t]] — Speck[[t]], where we still have Z/2-action extends to

Vi Vi

However, we have a problem: this is not a torsor because it is ramified over t =
0. We see k[[vt]] = k[[t]][x]/(x?—t) and hence if t = 0 we get k[[t]][x]/x?
which is not reduced and so Speck[[+/t]] — Speck[[t]] is not etale. Thus it is
not a torsor.

However, if we take finite extension K’ = k((+/t)) over K (this is degree 2
extension), then the torsor over K’ is trivial, i.e. Z/2 x SpecK’ — SpecK’, in
other word, we get

Z]2 x SpecR’ <—— 7Z/2 x SpecK’ ——> SpecK’

Lo L =

SpecR" ¢——— SpecK’ ——— SpecK

and now it extends.

Deligne Mumford introduced a compactification Mg,n of Mg ,, i.e. M, S Mg’n

dense open substack and Mg,n is proper. We have Mg,n is like M, , but the geo-
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metric fibers are “stable curves”, i.e. nodel curves which look like:

where each line is a curve, and intersections are nodes, and dots are marked
points with the property that every genus 1 component has > 1 special points
and every genus O component has > 3 special points, where we say a point is
special if it is a node or a marked point.

This ensures automorphism group is finite. As a result, Mg’n is DM.

Next, how do we show Mg’n is proper? We use valuative criteria, but a stronger
version of it. That is,

SpecK —— M, ,

| T

SpecR ——~» M, ,

where we can get the dashed arrow after finite extension. Viz, we start with genus
g curves and n marked points over K, we want to extend to stable curve over R,
after finite extension.

Let’s consider the basic case: consider MM, i.e. we have elliptic curves over
Q. A theorem of Tate says it is impossible to extend to an elliptic curve over Z,
we always have a node (i.e. semi-stable reduction) or worth (e.g. cusp, which is
called additive reduction).

Tate’s algorithm tells you how to make a finite extension so that you end up
with semi-stable reduction.

In general, extending from K-points of M, , to R-points of Mg,n is called semi-
stable reduction theorem.

David Smyth in 2010 constructed “alternative compactification” of M, ,. It is a
different stack where you replace the g = 1 constrain with cusps.

So, why we even care about this?

_This arises naturally when you run minimal model program (MMP) on coarse space
of M, ,.
g,n
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This should be enough motivation, and let’s give a sketch proof of the theorem.
Proof. For separatedness: Suppose we have

SpecK X
X |
l /
x'
SpecR —— %)

then note we can base change to X := X x4 R and get

X ——— X,

l o qux,

SpecK ——> SpecR

But then this means we get

Isom(xy,x,) —> SpecK SpecR <—— Isom(x, x")
| |
Los ;o= ]
SpecK g —> Xk > Xp < SpecR

l 0 xmx/

SpecK ——> SpecR

where x; = x; means we have K-points of Isom(x, x"). This extending to R-point just
means Isom(x, x") is proper for all x, x’. Equivalent to A, is proper but by definition
this means X is separated.

Now we prove the valuative criteria for properness: If f is proper, then it satisfies
the valuative criteria. Again, pulling back to SpecR, we have

SpecK

[

| X — X

Loe

SpecK ——» SpecR

where SpecK 5 Xy is a point and X; — SpecK is proper and hence x is a closed
immersion. Therefore, we can take 3 to be the closure of x in X; and we get

SpecK —— 3

I s

Id %K % xR

Loe

SpecK —— SpecR
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but since we have no extra irreducible components of 3 over closed point of SpecR
because 3 is the closure of x, we see the arrow 3 — SpecR is flat, i.e.

SpecKk ——— 3
I L
d| Xx ——> Xy |flat
L=
SpecK ——> SpecR

Now choose a smooth cover Z - 3 and we note

flat,m l/

SpecR

and hence
VA

3 //\(\L
//

SpecR” ——> SpecR
with K’/K finite extension.

Conversely, assume valuative criteria holds. Then consider

Xy — X
lg O lf
Y =% 9
by descend, we just need to show g is proper, so we may as well assume 2) =Y.

Now note by Chow’s lemma, which says there eixsts proper morphism p : P - X,
because X is separated. Thus we get
P pr(;per

h

I veaitex!

and it is enough to show h is proper.

However, note p,h are representable, so proper iff we have valuative criteria, i.e.
we have valuative criteria for f,p and hence we have valuative criteria for h (to see
this, note we get

Speck —— P

ﬂl
/ p
/
/
P ¢

// //7 \L
e f
/ //

SpecR —— Y
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where the SpecR — X arrow is due to val crit for f and the SpecR — P arrow is due
to val crit for p) and hence h is proper.
¥

4.7 Coarse Moduli Space & Local Structure
For DM Stacks

The next topic is coarse moduli space, and in the process of proving this, we will need
to study the local structure of DM stacks.

Let X be Artin stack, X be algebraic space. Then © : X — X is coarse (moduli)
space if:
1. for all X — Y with Y algebraic space, we get
X —X
\GRE
-
Y

2. 7 induces a bijection between X(k)/iso — X (k) for all k = k.

k . .
Let G be a group scheme over k. Then BG — Speck with 7 the structure map is
a coarse space map. To see this, note we have

Speck
I
BG
| i
27
v L

where we recall BG = [Speck/G]. On the other hand, if Q = Q is ACE then
BG(€)/iso only has one point, namely the trivial torsor, thus we only have one
map Spec{) — Speck.
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If G is a finite group with G O SpecA, then the invariant map X = [SpecA/G] —
SpecAC is coarse space map.

The coarse space of M, ; is A', where the coarse space map is sending E to its
j-invariant, i.e. E — j(E).

Let’s consider a non-example. Say we have G,, O A' with A - x = Ax. Then
[A'/G,,] has 2 points. It has a G,,-stablizer 0 and a trivial stablizer 7). In particu-
lar, 0 € 1. We note X has no coarse space as if m : X — X is a map into algebraic
space, then 7(n) and m(0) are both k-points, i.e. they have the same residue
field. But then we also have 7(0) € 7(n), it just doesn’t happen.

In what follows, we will work towards prove the Keel-Mori theorem, which states
roughly that corase moduli space exists for DM stacks. To do this, we will first need
to study the local structure of DM stacks, which tells us we have étale neighbourhood
[SpecA;/G] — X, then show SpecAl.G glues in étale topology to a coarse moduli space.

To begin with, we note quotient stacks forms a very rich source of DM stacks. In
particular, we will see every DM stack is étale locally isomorphic to a quotient of the
form [SpecA/G].

If G is a finite group acting on an algebraic space U, a G-invariant morphism
U — X is a geometric quotient if:

1. for every algebraically closed field k, the map U — X induces a bijection
U(k)/G = X(k), and

2. U — X is universal for G-invariant maps to algebraic spaces, i.e. every
G-invariant map U — Y to an algebraic space factors uniquely through
U—X.

If G is fintie group acting on SpecA, then SpecA — SpecA€ is a geometric quotient, as
we will see later (this is a standard fact for schemes, but our definition is for algebraic
spaces, so it is more complicated).

Assume char(k) # 2, then let G = Z/2 acts on A! via —1-x = —x. Then k[x]¢ =
k[x?], and the geometric quotient is the map A! = Speck[x] — Speck[x*] = Al
given by sending x to x2. On the other hand, as we already seen, let G = Z/27Z
acts on A% by —1(x, y) = (—x,—y), then we get k[x, y]¢ = k[x?, xy, y*].
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If G is finite group acting on affine scheme SpecA, then SpecA — SpecA® is a
geometric quotient. If Ais f.g. over Noetherian ring R, then A® is also f.g. over R.

Proof. We will only give an incomplete proof, in particular we only give sketch to the
surjectivity part at the end.

Consider commutative diagram

U = SpecA

l\

=[U/G] —— X = SpecA®

Since 7t is integral and dominant, it is surjective. To see 7t is injective on G-orbits of
geometric points, let k be ACF and x, x" € U(k) with 7(x) = 7(x’). The base change
U xy Speck = Spec(A® ¢ k) inherts a G-action and the G-orbits Gx, Gx’ C U x, A® are
closed subschemes. If Gx # Gx’, then the orbits are disjoint and there is a function
f € A®yk with f|;, =0and f|g. =1. Then f = [1,cc fg € (A®4: k) is G-invariant
function with f(x) =0 # f(x’) = 1. This implies 7(x) # #(x’), a contradiction.

The map 7t : U — X is universal for G-invariant maps to algebraic spaces if and
only if 7 : X — X is universal for maps to algebraic spaces. In other words, we need
to show if Y is algebraic space, then the natural map

Mor(X,Y) — Mor(X,Y) (Eq. 4.7.1)

is bijective. We note this is immediate when Y is affine as I'(X, 0y) = I'(X, Oy ) and the
case when y is a scheme can be reduced to this case without much effort (if g : X = Y
is a map, an affine covering Y; of Y induces open covering X; = X \n(¥\g (¥;)) of X,
and g restricts to 7 *(X;) — Y; which factors uniquely through X,).

Now it remains to handle the case Y is algebraic space.

For injectivity, let h;,h, : X — Y be two maps such that h, omr =h,omn. Let E = X
be the equalizer of h; and h,, i.e. the pullback of the diagonal Y — Y x Y along
(hy,hy) : X — Y x Y. The equalizer is a monomorphism and locally of finite type.
By construction 7 : X — X factors through E — X and since 7 is universally closed
and schematically dominant (i.e. 0y — m, 0y is injective), so is E — X. As every
universally closed and locally of finite type monomorphism is a closed immersion, we
conclude E — X is an isomorphism.

It remains to check surjectivity. We can show it suffices to check étale locally. Then,
we can show after replacing X with étale cover V. — X and X with base change X x, V
there is a section s : X — X' := X x,, Y', where Y’ — Y is an étale presentation, in the
commutative diagram




The surjectivity follows from this claim: since X, Y" are affine, the equality I'(X, 0 ) =
(X, 0,) implies X — X’ £, Y/ factors through 7t : X — X via a morphism X — Y’. The
composition X — Y’ — Y yields the dotted arrow above, and hence we get surjectivity.

The proof of this claim is to reduce to the case of strict Henselian local rings via
argument of limits, and we will not prove it.
O
¥

If G is a finite group acting freely on affine scheme U = SpecA, then the algebraic
space quotient U /G is isomorphic to SpecA°C.

Now we will show a DM stack X near a point x is étale locally the quotient stack
[SpecA/G,] of an affine scheme by stablizer group scheme. Conceptually, this tells
us that just as schemes are obtained by gluing affine schemes in Zariski topology, DM
stacks are obtained by gluing quotient stacks in étale topology. Note we also have
algebraic spaces, which are obtained by gluing affine schemes in étale topology, so the
level of complexity goes from schems to algebraic spaces to DM stacks, and then Artin
stacks.

Let x be a point of DM stack X, then we define the geometric stablizer of x to be
the stablizer group G for any geometric point Speck — X with image x.

Let X be a separated DM stack and x € X a point with geometric stablizer G,.. Then
there is an affine étale morphism

f : ([SpecA/G, ], w) — (X, x)

where w € [SpecA/G, ] such that f induces an isomorphism of geometric stablizer
groups at w.

Proof. Choose a field-valued point Speck — X representing x. Let (U,u) — (X, x) be
an étale representable morphism from an affine scheme, and let d be the degree over
x, i.e. the cardinality of Speck x, U. Since X is separated, U — X is affine. Define
the affine scheme (U/%X)? = U x, U... x; U where the product takes d times. For a
scheme S, a morphism S — (U/X)¢ correspond to a morphism S — X and d sections
S15.y8q Of Ug :=U xS — S.

Let (U/ %)g be the quasi-affine subscheme of (U/%)? which is the complement of
all pairwise diagonals, i.e. a map S — (U/ %)g corresponds to S — X and n sections
81,84 : S = Ug which are disjoint (meaning the intersection of s;,s; is empty for
i # j). There is an action of S; on (U/X)¢ by permuting the sections and (U %)g is
S;-equivariant. By the correspondence between principal S;-bundles and finite étale
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covers of degree d, an object of the quotient stack [(U/ 36)3 /S;] over a scheme S cor-
responds to a diagram

Z — Ug > U
l =
S — X
where Z — Us is a closed subscheme and Z — S is finite étale of degree d. Let

w e [(U/%)S/Sd](k) be the point corresponding to Z = Speck x, U. There is an
induced representable morphism [(U/ %)g /S4] — X and a commutative diagram

(U/x); — (U/x)"

l |

[(U/%)3/S4] u
\ l
X

Set W =(U/ %)g. The morphism [W/S;] — X is étale and representable, and induces
an isomorphism of stablizer groups at w.

By quotienting out by G, € S,;, the morphism [W/G,] — X which is also étale
and representable, and induces an isomorphism of stablizer groups at w. Let W C W
be an affine open subscheme containing w, we may replace W with the G, -invariant
affine open subscheme [ ) e, 8" w'.

It remains to show [W/G,] — X is affine. Since X is separated, its diagonal is
affine and the morphism W — X from the affine scheme W is affine. The fibered
product

[W/G ]xx W —— W

(-
is affine over [W /G, ] and thus isomorphic to a quotient stack [SpecB/G,]. On the
other hand, since [W /G, ] — X is representable, the quotient stack [SpecB/G, ] is an

algebraic space and the action of G, on SpecB is free. By Corollary 4.7.8.1, we see
[SpecB/G,] is isomorphic to Spec B%. By étale descent, we see [W /G, ] — X is affine.

¥

Let G be a finite group acting on affine scheme SpecA. If A° — B is flat ring homo-
morphism, then G acts on the affine scheme Spec(B ® ,c A) and B = (B ® 4 A)°.

Let 7 : X — X be a coarse moduli space such that for every étale morphism X' — X
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from an affine scheme, the base change X xy X’ — X’ is a coarse moduli space. Then
the natural map Oy — m,0% is an isomorphism.

Proof. As 7 is universal for maps to algebraic spaces, we have Mor(X, A') — Mor(X,A')
is bijective, i.e. in other words, I'(X, Oy) = I'(X, 0). For every étale map X’ — X, the
base ¢ hange X’ = X xy X’ — X' is also a coarse moduli space, and thus I'(X’, Oy,) =
['(X', Oy/). This shows Oy — 1,0 is an isomorphism.

Y

The next lemma says a given map is coarse moduli space can be checked étale
locally.

Let m : X — X be a morphism to an algebraic space. Suppose there is an étale
covering {X; — X} such that X xx X; — X, is a coarse moduli space for all i. Then
m : X — X is a coarse moduli space.

Proof. The first condition follows from the fact that algebraic spaces are sheaves in
the étale topology. The second condition is a condition on geometric fibers (i.e. fibers
over field-valued points), thus can be checked étale locally.

=

If G is a finite group acting on affine scheme SpecA, then 1 : [SpecA/G] — SpecA°
is a coarse moduli space. Moreover,

1. the base change of m along a flat morphism X’ — SpecAS of algebraic spaces
is a coarse moduli space

2. the natural map X — 1, 0% is an isomorphism

3. if Ais fg. over Noetherian ring R, then A is fg. over R and T is proper
universal homeomorphism.

Proof. We already seen 7 : [SpecA/G] — SpecA€ is coarse moduli space by Theorem
4.7.13.

To see (1), by Lemma 4.7.12 it suffices to consider flat morphism Y’ — Y from an
affine scheme. But in this case, the base change X %, Y’ is isomorphic to a quotient
stack [SpecB/G] and Lemma 4.7.10 implies Y’ = SpecB°. It follows X x, Y/ —» Y’ is
coarse moduli space.

Part (2) follows directly from (1) by Lemma 4.7.11.
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For (3), we skip the commutative algebra statement. Since 7 is bijective and uni-
versally closed, its set-theoretic inverse is continuous, and thus 7 is a homeomorphism.
The base change of 7 along a morphism SpecB — SpecA¢ factors as

[Spec(B ®,: A)/G] — Spec(B ®,c A)¢ — SpecB

where the first map is a homeomorphism by the above argument and the second is a
homeomorphism is left as an exercise. This shows 7t is universal homeomorphism.

¥
B

Let G be a finite group and f : SpecA — SpecB be a G-equivariant morphism of
affine schemes of finite type over Noetherian R. Let x € SpecA be a closed point.
Assume f is étale at x and the induced map G, — Gy, of stablizer group scheme is
bijective. Then there exists open affine neighbourhood W C SpecA® of the image of
x such that W — SpecA® — SpecB€ is étale and 1, (W) = W Xge.3s [SpecB/G],
where 1, : [SpecA/G] — SpecA°S.

In other words, after replacing SpecA® with ana ffine neighbourhood W of 7,(x)
and SpecA with 7, ' (W), it can be arranged that the diagram

[SpecA/G] L} [SpecB/G]
lnA lnB (Eq. 4.7.2)
SpecA® ——— SpecB¢

is Cartesian, where both horizontal maps are étale.

We also remark that the condition that G, — Gy, is bijective can be checked on

field-valued point Speck — SpecA representing x, e.g. the inclusion of the residual
field.

In the proof of Keel-Mori Theorem, the above proposition will be applied in the
following form:

Let G be a finite group and f : SpecA — SpecB be a G-equivariant morphism of
affine schemes of finite type over a Noetherian ring R. Assume for every closed point
x € SpecA, f is étale at x and the induced map G, — Gy, is bijective. Then
SpecA® — SpecB€ is étale and Eq. 4.7.2 is Cartesian.

Proof of Proposition 4.7.14. Set y = f(x). We first claim the question is étale local
around 7y(y) € SpecBC. Indeed, if Y/ — Y = SpecBC is an affine étale neigh-
bourhood of m,(y), we let X', X’,9) denote the base changes of X = SpecA®, X :=
[SpecA/G] and 9) := [SpecB/G]. By Lemma 4.7.10, we know 2)’ = [SpecB’/G] with
Y’ = SpecB’“ and similarly for X’ and X’. If the result holds after this base change,
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there is an open neighbourhood W’ C X’ containing a preimage of 7,(x) such that
W’ — X’ — Y’ is étale and such that the preimage of W’ in X’ is isomorphic to
W’ xy, ). Taking W as the image of W’ under X’ — SpecA® and applying étale
descent yields the desired claim.

We now claim this allows us to assume B¢ is strictly Henselian. To see this, let
Ys? = Spec ﬁ}s,hﬂB(y) and X", X" and 2" be the base changes of X, ¥ and 2) along

Y — Y. Suppose U" — X*! is an open affine subscheme of the unique point in
X" over x and the closed point of Y*" such that U™ — Y*" is étale with n},(U™") &

U™ xyw PP, Then Y = lim, Y, is the limit of affine étale neighbourhood Y, — Y
and we set X,, X,, and 2), to be the base changes of X, X and g) along Y; — Y. By
standard limit argument, we see the morphism U® — X descends to U, — X, for
some 7). Setting U, = U, Xx, X2 for A > 1), it follows for A > 0, we have U, — X, is an

open immersion and the composition U, — X; — Y, is étale and ﬂg(U 2) = Uy Xy, D

Finally, as B — B is finite (Part (3) of Theorem 4.7.13), B = B; X ... X B, is
a product of strictly Henselian local rings. As in the proof of Theorem 4.7.13, we
may replace [SpecB/G] with [SpecB;/G, ] and [SpecA/G] with [f~1(SpecB,;)/G] to
assume G fixes x and y while acting trivially on the residue field x(x) = x(y). Thus
SpecA — SpecB has a unique section s : Spec B — SpecA taking y to x. The section
s is necessarily G-invariant (as in the proof of Theorem 4.7.13). Thus s descends to
section of SpecA® — SpecB¢ which gives our desired open and closed subscheme

W C SpecA°®.
¥

Here is a conceptual reason why we should expect this induced map of quotients
to be étale. For simplicity, assume R = k is algebraically closed field. Let A and
B be completions of the local rings at x and f(x). The stablizers G, and Grio
act on SpecA and Spec B respectively, and the map Speg{i — Spec B is equivariant
with respect to the map G, — Gf(x) The completion A¢ of A® at the image of x

is isomorphic to A% and similarly B¢ = B%. Since f is étale at x, B— A is an
isomorphism and since G, — Gy, is bijective, the induced map B¢ — AC is an
isomorphism, which shows SpecA® — SpecBY is étale at the image of x.

Now we are ready to prove the Keel-Mori Theorem.

Let X be a DM stack separated and of finite type over a Noetherian algebraic space
S. Then there exists a coarse moduli space © : X — X with Oy = 1,0 such that:

1. X is separated and of finite type over S,
2. 1 is proper universal homeomorphism, and
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3. forevery flat morphism X’ — X of algebraic spaces, the base change X x, X' —
X' is a coarse moduli space.

There are other setting where this theorem holds, e.g. S be locally Noetherian,
and X/S have finite diagonal, or IX — X is finite.

Proof. We first handle the case when S = SpecR is affine. The question is Zariski-local
on X: if {X;} is a Zariski open covering of X with coarse moduli spaces X; — X;, then
since coarse moduli spaces are unique, the X;’s glue to form an algebraic space X and
a map X — X, which is a coarse moduli space by Lemma 4.7.12. It thus suffices to
show every closed point x € |X| has an open neighbourhood which admits a coarse
moduli space.

By the Local Structure Theorem 4.7.9, there is affine étale morphism
f 1 (W =[SpecA/G,],w) — (X, x)
such that f induces an isomorphism of geometric stablizer groups at w.

We claim that since X is separated, the locus 4 consisting of points z € |2J|, such
that f induces an isomorphism of geometric stablizer groups at 2, is open. To es-
tablish this, we will analyze the natural morphism 120 — IX x, 20 of relative group
schemes over 20 as the fiber of this morphism over z € 23(k) is precisely the morphism
G, — Gy, of stablizers. We now exploit the Cartesian diagram (the proof is left as an
exercise)

19— 1X x, 20

l = |

QHH QBX}:QB

Since 20 — X is representable, étale, and separated, the diagonal 20 — 20 x, 20
is an open and closed immersion and thus so is ¥. Since IX — X is finite, so is
Dyt IX x4 00 — 0. Thus p,(|IX x, W|\|I|) € |2 is closed and its complement,
which is identified with the locus {1, is open.

Let gy : 2 — W = Spec A% be the coarse moduli space (Theorem 4.7.13). Choose
an affine open subscheme X; € W containing my;(w). Then X; = ngnl (X,) is isomor-
phic to a quotient stack [SpecA;/G,] such that X; = SpecAf*. This provides an affine
étale morphism

g : (X; =[SpecA,/G,],w) — (X, x)

which induces a bijection on all geometric stablizer groups.

We now show the open substack X, = im(f) admits a coarse moduli space. De-
fine X, = X; x4 X; and X; = X; x; X; x4 X;. Since g is affine, each X, is of the
form [SpecA;/G,] and there is a coarse moduli space 7; : X; — X; = SpecAl.G". By
universality of coarse moduli spaces, there is a diagram

X = X, X, —— X, =1im(f)

| | | ! (Eq. 4.7.3)

N

~A-

Yy~
S
s




where the natural squares commute. Since g induces bijection of geometric stablizer
groups at all points, the same is true for each projection X, — X; and X; — X,.
Corollary 4.7.14.1 implies that each map X, — X; and X; — X, is étale, and the
natural square of solid arrows in Eq. 4.7.3 are Cartesian.

The universality of coarse moduli spaces induces an étale groupoid structure X, :; X .

To check this is an étale equivalence relation, it suffices to check X, — X; x X, is injec-
tive on geometric points but this follows from the observation that | X,| — |X;| x |X;] is
injective on closed points. Therefore there is an algebraic space quotient X, := X, /X,
and a map X; — X,. By étale descent along X; — X,, there is a map 7, : X, — X,
making the right square in Eq. 4.7.3 commute.

To argue 7 : X, — X, is a coarse moduli space, we will use the commutative cube

x, S X,

X, > Xo

where the top, left and bottom faces are Cartesian. It follows from étale descent along
X, — X, that the right face is also Cartesian and since being a coarse moduli space
is étale local on X, (Lemma 4.7.12), we conclude X, — X, is coarse moduli space.
Except for the separatedness, the additional properties in the statement are étale-local
on X, so they follows from the analogous properties in Theorem 4.7.13. As X, — X,
is proper, the separatedness of X, is equivalent to separatedness of X,,.

Finally,the case when when S is a Noetherian algebraic space can be reduced to
the affine case by imitating the above argument to étale locally construct the coarse

moduli space of X.
24

Let X be DM stack of finite type and separated over Noetherian algebraic space S,
and 7t : X — X its coarse moduli space. For every closed point x € |X| with geometric
stablizer group G,, there is a Cartesian diagram

[SpecA/G,] — X

L e |

SpecA® —— X
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I such that SpecA% — X is an étale neighbourhood of m(x) € |X]|.

Consider the moduli stack M, ; of elliptic curves over a field k with char(k) #
2,3. The Weierstrass form y? = x(x — 1)(x — A) gives an isomorphism M, ; =
[(A'\{0,1})/S;] where the S;-orbit of A is

1 1 A aA-—1
A,=,1-2
{ 7217 ’1_191_}’) A }

The coarse moduli space is given by j-invariant

H28(7L2—7L+1)3

., 1
jiM;— A, A W20 1)

Indeed

To conclude this section, we mention a generalization of the local structure theo-
rem for DM stacks to algebraic stacks.

Let X be an algebraic stack of finite type over an AFC k with affine diagonal. For
every point x € X(k) with linearly reductive stablizer G,, there is an affine étale
morphism

f: ([SpecA/G, ], w) — (X, x)

which induces an isomorphism of stablizer groups at w.

4.8 Good Moduli Space

We note KM (Keel-Mori) theorem only handles DM stacks in char 0. What about Artin
stacks?

Typically, Artin stacks don’t have corase space, e.g. [A'/G,,]. Heuristically, this is
because Artin stacks are rarely separated (and if we have corase space, it implies its
proper and hence separated).

Jarod Alper in 2009 or 2010 introduced a notion of corase space for Artin stacks:
they are called good moduli spaces (gms). We will talk about the idea.

We say amap f : X — 9) is cohomologically affine if f, : (Qcoh)(X) — (Qcoh)(Y))
is exact.
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If f : X = Q) is a representable map, then its cohomologically affine if and only if it
is affine.

We say f : X — Q) is Stein if f, 0 = Oy,.

. KM theorem says if X has finite diagonal, then coarse map is Stein.

2. If X is normal (e.g. smooth) scheme and U € X open with codim(X\U) > 2
then the inclusion map i : U — X is Stein.

3. If f : X = Y is proper with connected fibers, e.g. any projective variety

X — Speck, then f is Stein.

—

If f:X — Y with X,Y schemes, and f is affine and Stein, then f is an isomor-
phism. More generally, this is true if f : X — Q) is representable.

Let  : X — X with X algebraic space. Then we say 7 is good moduli space if ©t
is cohomologically affine and Stein.

Let G be an affine algebraic group over k. Then a coarse space map 7 : BG —
Speck is Stein. Hence it is gms iff it is cohomologically affine. In particular, note
7, : (Qcoh)(BG) — (Qcoh)(Speck) correspond to a map from k-vector spaces
with G-action to k-vector spaces, i.e. 7, is given by G O V — V. By definition,
7 is cohomologically affine iff taking G-invariants is exact.

These are called linearly reductive groups.

Let G be finite group, then G is linearly reductive iff chark } |G|. Recall when
we prove every representation of G can be decompose into irreducible, we did
something like 0 - V' — V — V” — 0 and we need to find a G-equivariant
splitting. To do this, you need to divide by |G| (hence we want chark ¢ |G|).

The following groups are all linearly reductive: SL,, GL,, Sp,,, SO,,, tori. A non-
example would be G, = A' considered as a group under addition. To see this,
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consider G, — GL, via the map

._)1x
X710 1

this correspond to a sequence 0 — k — k®* — k — 0 but the map is not diago-
nalizable and hence it does not split, i.e. G, is not linearly reductive.

Let G be linearly reductive group scheme and let G acts on SpecA. Then [SpecA/G] —
SpecA® is gms map. For example, [A'/G,,] — Speck[x]®" = Speck is a gms.
Thus, we see the notion of gms is sort of containing the notion of corase space,
but that’s not always the case.

We also note, this example shows that if we have gms © : X — X, the points
of X(k) up to isomorphism are not in bijection with X (k).

Consider the corase map BG, — Speck. However, this is not gms.

1. gms are universal maps to algebraic spaces if the base is locally Noetherian.

2. gms commutes with arbitrary base change.

3. let m: X — X be gms, then for all x : Speck — X with k = k, there exists
unique closed point in X above x.

There is now a version of KM theorem for gms, i.e. for Artin stacks. This is a result
by Alper, Halpern-Leistner, Heinloth in 2019.

If X has finite diagonal and X is DM, then the corase space 7 : X — X is a good
moduli space if and only if all stablizer groups are prime to characteristic.

Let S be locally Noetherian, X/S be DM with finite diagonal. Let © : X — X be
coarse space. Let x : Speck — X with k = k. Since T is coarse, there exists a unique
lift x € X(k). Let G be the automorphism group, which is finite because Ay/s is
finite.

Then, there exists etale neighbourhood U N X, such that the pullback is given
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[V/Gi] — X

|l =]

et

U—X
with V — U finite and Gz O V.

Proof. We give a sketch proof.

It is enough to prove this where U is the “etale stalk of X”. The etale stalk is
Spec ﬁ;hx where sh stands for strict Henselization (it is sort of like a completion/ex-
tension that makes Hensel’s lemma holds).

Then, there exists etale V - X such that the sequence V — X — X is quasi-finite
in neighbourhood of x. Now take pullback, we get

V. — s v
Loe
B o
L -]

Spec Oy — X

Now we import a black box statement without proof: Vi — Spec ﬁ;hj_( is quasi-finite,
so Ve =W, [ [W, where W, — Spec %" is finite and W, — Spec &5 misses X.

Let V' be one connected component of W;. Then we have V' C V5 - X5 where we
note V' - X5 is etale cover because it hits closed point. Thus we get the following
sequence

finite
et
3=V % V' i Vi —— X3 > Spec Oy

et
and it becomes

finite

et

et
AN
Gy x V/ } v/ > X > Speck
By deformation theory, there exists a deformation of G; x V — V! over V', therefore,
3 2V’ x Gy — V' (this is called invariance of the etale site).

et
3=V % V ? V' ——> Xz — Spec Oy

However, note we have G; x V' = V’ where one arrow is the projection, and the
second arrow is o. What is o?

The groupoid structure on X5 turns ¢ into a group action map, i.e. X5z =[V’'/Gs]
¥
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Recall we had example [A?/Z/2] which looks like a cone

We know 7t is proper, coarse space map. If we consider the pullback

C
——> X = smooth

1o |

Xsm % X
So 1 is birational, proper map from a smooth stack. So 7 is a “stacky resolution”.

Now, let’s ask what can we say about X by looking at X. Hodge theory says
that over C, we have decompostion aobut H*(Y) with Y projective over C, i.e.
H"(Y) breaks up into finer invariants isomorphic to € HYQP, ). This is

- p+q=n Y/C
called Hodge decomposition.

Mirror symmetry is about: we start with Calabi-Yau Y, and we can show there
exists a mirrow Y* where the dim H1(Q}.) are dim H1(2}) up to a “flip”.

Now, in our example, we have a variety X with X lying above. It turns out,
we can develop a version of Hodge theory of X and it gives the Hodge theory of
X (this is the work of Steenbrink, where he called those things V-manifolds).

Question: is there a smooth DM stack X N Speck[x,y,z]/(xy —2z?) in char
(GESH
2?

The answer is no. However, there exists a smooth Artin stack X with finite A
with X as coarse space.

It is given by [A?/u,] where u, is 2nd roots of unity, where in char(2) it is
different from Z/2, i.e. #{u,(F,[x]/x*)} # 2. In particular, this is a singular
group scheme and it is linearly reductive.
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4.9 Canonical And Root Stacks

In this section we consider two constructions, called canonical stacks and root stacks.

If G is a finite group with chark t |G| and if G O A] is a linear representation, then
there is a characterization of when A7/G is smooth.

Let Z/2 acts on Ai via (x,y) — (x,—y). Then
A2/(Z/2) = Speck[x, y]*/* = Speck[x, y*] = A?
This is smooth.
On the other hand, let Z/2 acts on Ai via (x,y)— (—x,—y). Then we get
A}/(Z/2) = Speck[x? xy, y*] = Speck[a, b,c]/(ac — b*)
This is singular.

Let’s compare this two examples. In example 1, the fixed locus of the action
is y = 0, a hyperplane. In example 2, the fixed locus is x = y = 0.

We say 1 # g € G is a pseudo-reflection if its fixed locus is a hyperplane, i.e. if g
has all but one eigenvalue 1.

Note reflection means all but one eigenvalue equal 1 and the last eigenvalue equal
—1. Then pseudo-reflection relaxs the last condition, i.e. we allow the last eigenvalue
to be some root of unity.

Let G be a finite group, G O A} with chark { |G|. Then A7/G = A} iff A7/G is
smooth iff the subgroup H C G generated by pseudo-reflections is all of G.

What this means is if X = A7/G for some finite group G with chark ¢ |G|, then
there exists a minimal way to write X in this form.

For example, Ai = Ai /(Z/2) as in the first example. But there was a more minimal
way to write A? as a quotient by a finite group, namely A? = A2 /trivial group.

A variety X /k has quotient singularity if there exists a etale cover {X; 5x } such
that X; = V;/G; with V; smooth over k and G; finite.
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In the above we proved if X is smooth DM, then its coarse space X has quotient
singularity since we showed

[V/G]=X — X

| o [

) d ;t» X
with V smooth and G finite.

Conversely, in Vistoli’s thesis, he showed the following

For all X with quotient singularity prime to the characteristic, there exists a canonical

smooth DM stack X with coarse space X. Furthermore, X 5 X is an isomorphism
over X°*™ the smooth locus of X.

Vistoli proves this by looking locally where X; = V;/G; and G has no pseudo-
reflections. Then he lets X; = [V;/G;] and proves the X, glues.

This is called the canonical stack of X, we denote it by X",
Next, we consider the root stacks.

Let X be a scheme, a techinical problem one often encounters in algebraic geometry
concerns taking roots of divisors. Specifically, given an integer n and an effective
Cartier divisor D C X, it is sometimes of interest to find another effective Cartier
divisor E such that nE = D. This is of course not possible in general, and the best we
can hope foris to find f : Y — X so f*D makes sense on Y and such that there is E on
Y so nE = f*D. The root stack construction is an attempt at finding a universal such
(Y,E).

Let X be a scheme. A generalized effective Cartier divisor on X is a pair (L, p)
where L is a line bundle and p : L — Oy is a morphism of Ox-modules. An
isomorphism between two generalized effective divisors (L, p) and (L, p’) is an
isomorphism o : L’ — L with commutative diagram

L’ 7 S L
p/
N, S
Ox

Let D C X be an effective Cartier divisor, then the ideal sheaf .7, together with
the inclusion j, : %, — Oy is a generalized effective Cartier divisor on X. Note
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if D,D’ C X are two effective Cartier divisors, then (%, j,) and (%, j,/) are
isomorphic if and only if D = D’, in which case the isomorphism is unique.

If (L,p) and (L', p’) are two generalized effective Cartier divisors, then we can
form the product (L, p)-(L’,p)=(L®L’,p ® p’), where we write p ® p’ for the map

Thus, we can define (L®", p®") as the n-fold product of (L, p) itself.

Now let Div*(X) denote the isomorphism classes of generalized effective Cartier
divisors, and with the product above, we obtain a commutative monoid with unit.

The main advantage of working with generalized effective Cartier divisors is that
they pullback easily. Namely, if g : Y — X is a morphism of schemes and (L, p) €
Div*(X), then g*L with the map g*p : g*L — g*Ox = Oy is a generalized effective
Cartier divisor on Y.

Now consider the fibered category © over the category of schemes, whose ob-
jects are pairs (T,(L,p)), where T is a scheme and (L,p) € Div'(T). A morphism
(T’,(L',p")) = (T,(L, p)) is a pair (g, g’) consisting of a morphism g : T’ — T and an
isomorphism g’ : (L', p") — (g*L, g*p).

Note that since invertible sheaves and morphisms between them satisfy effective
descent, the fibered category © is a stack.

The stack ® is isomorphic to the quotient stack [A'/G,,] of A! by standard multi-
plication action of G,,. In particular, ®© is an algebraic stack.

Proof. Consider the fibered category {A!/G,,} whose objects are pairs (T, f ) where T
a scheme and f € I'(T, 0;). The morphisms from (T’, f’) to (T, f) is given by (g, u),
where g : T — T and u : I(T’, 07,) is a unit such that f'=u - g'(f)e (T, 0;). We
have a morphism of fibered categories

{A'/G,} > D
sending (T, ) to (T, (%, f)) and a morphism (g, u) to the morphism
(T/: (ﬁT’r f/)) = (T: (ﬁT: f))

given by g and multiplication by u on &,. Note this morphism is fully faithful and
every object of © is locally in the image. Thus this morphism of fibered categories
induces an isomorphism [A!/G,]— D.

¥
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The morphisms A' — A'! and G,, —» G,, given by t — t" define a morphism of
stacks
p,:[AY/G,]—[A'/G,]

Under the identification of Proposition 4.9.9, this morphism p,, correspond to the mor-
phism of stacks

Do
(T, (L, p)) = (T,(L®", p®"))

Now fix a generalized Cartier divisor (L, p) and an integer n > 1. Let X,, = /X /L
be the fibered category over the category of schemes, whose objects are triples (f :
T —X,(M,A),0), where f : T — X is an X-scheme, (M, 1) is a generalized effective
divisor on T, and

o: (M®,A) > (f*L,f*p)

is an isomorphism of generalized effective Cartier divisors on T. A morphism
T -»X,M,A),0 )= (f: T —X,(M,A),0)

is a pair (h,h’) where h : T’ — T is an X-morphism, and A’ : (M’, 1)) — (h*M,h*1) is
an isomorphism of generalized effective Cartier divisors on T’ such that the diagram

(hb)®n

M/®n > h*M®n

A\/L R

commutes.

This fibered category X, = +/X/L over (Sch/X) is called the nth root stack
associated to (L, p).

Note the projection 7, : X, — (Sch/X) is given by sending (f : T — X,(M, p),0) to
f:T—-X.

1. The fibered category X, is an algebraic stack with finite diagonal.
2. If L = Oy and p is given by an element f € T'(X, Oy), then X, is isomorphic
to the quotient stack
Specy (Ox[T1/(T" —f))

by the action of u,, givenby & - T =&T.

3. The map 7, is an isomorphism over the open subset U C X where p is an
isomorphism.

4. If nis invertible in X, then X, is a DM stack.
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We see that root stacks are a way of putting stacky structure in codimension 1
although it only adds Abelian stablizers.

It turns out that every smooth DM stack with trivial generic stablizer can be built
out of these two operations: canonical stacks and root stacks.

If X is a smooth separated DM stack with trivial generic stablizer and if X is coarse

space of X. Then X is a canonical stack over a root stack over the canonical stack of
X.

More specifically, if  : X — X has ramification divisor D =D; UD,...UD, € X

and T is ramified to order e; along D,, then R = (4/Xn/D)“" where /X /D
means take the e;th root stack along D;.

4.10 Torsors and Gerbes
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