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Chapter 0

Introduction

A moduli problem can often be translated to the problem of constructing a certain type
of quotient. In his book [DK94|] David Mumford uses ideas from classical invariant
theory to construct these quotients. In particular Mumford shows that for the action of a
reductive group on a scheme X we can construct quotients for the locus of (semi-)stable
points X*) ¢ X. Moreover, Mumford provides a numerical criterion for identifying
these (semi-)stable points.

In the paper [Alp13]] Jarod Alper introduces the notion of a good moduli space which
generalizes ideas from geometric invariant theory to the setting of algebraic stacks. One
of the main objectives of this text is to introduce the notion of a good moduli space and
discuss its properties.

In the first chapter we will start by giving some background on moduli spaces and
invariant theory, then we introduce some of the main results in geometric invariant theory.
In the second chapter we will introduce the notion of an algebraic stack and develop
the theory necessary for the chapters that follow. In chapter three we will introduce the
notion of a good moduli space, state some of its properties and work out an example. In
particular we will show that there is a correspondence between good moduli for certain
quotient stacks and good quotients. Chapter four will revolve around a recent existence
criterion for good moduli spaces given by Jarod Alper, Daniel Halpern-Leistner and
Jochen Heinloth in the article [AHH23|]. In this article, Alper, Halpern-Leistner and
Heinloth show that the existence of a good moduli space for an algebraic stack depends
on the algebraic stack satisfying a pair of valuative criteria. We start the chapter off by
discussing so called filterations and a result on these filtrations given by Daniel Halpern-
Leistner in his paper [Hal22], this result will prove to be a useful in the rest of the text.
Then we introduce the valuative criteria and we conclude the chapter by discussing the
main ideas used in proving the existence result and give an outline of its proof. For our
last chapter we return to geometric invariant theory, namely we discuss a generalization



to algebraic stacks of Mumfords numerical criterion for determining the (semi-)stability
of points, given by Jochen Heinloth in his article [He1l8|]. Notably, we will show that for
a quotient stack, the stability of its points corresponds to the classical notion of stability.

Acknowledgements: I would like to express my gratitude to Carel Faber for his su-
pervision of this project and providing me with feedback on previous versions of this
document. I was allowed to choose my own subject and completely free to steer in any
direction that I found interesting. This has made the writing of this thesis extremely
enjoyable and undoubtedly the most valuable learning experience in my mathematics
education. Also, following Professor Faber’s excellent course on invariant theory played
a large role in my choosing of the subject for this project. I am also grateful to Martijn
Kool for acting as second reader. Lastly I want to thank my family for their support
throughout my studies.



Chapter 1

Moduli spaces and GIT

Throughout this chapter the word scheme will mean an algebraic scheme over a field
k =k, i.e., a finite type scheme over an algebraically closed field &, and point will mean
closed point, or equivalently k-point, i.e., read mSpec instead of Spec whenever this is
convenient. An algebraic group will be a finite type group scheme. The main references
for this chapter are [Hos16] and [DK94] but there are many others which are cited
throughout the text and included in the bibliography.

1.1 Moduli spaces

In the first section of this chapter we will introduce some of the basic notions in moduli
theory and explain the connection between moduli spaces and quotients.

1.1.1 Moduli problems

In this first subsection we want to introduce some basic concepts in moduli theory. To
give a moduli problem classifying algebro-geometric objects of our choice we need to
give a notion of families of such objects over a scheme and a notion of equivalence of
such families. These notions have to be tailored to the moduli problem at hand, we do
however have the following general requirements.

1. The equivalence classes of families over the ground field correspond to the equiva-
lence classes of the objects of interest;

2. There is a notion of pullback, i.e., for every morphism of schemes ¢ : S — S there
is a map sending the class of a family over S, [ F/S] to the class of a family over
S, [(¢*F)/S’]; we require this map to be a functor.



Definition 1.1.1. A moduli problem is a presheaf M : Sch®” /k — Set, defined by:
1. S+ M(S) := {Families over S}/~g;
2. (¢:8 > 8) > M(p) : M(S) > M(S), M(@)[F/S]=[(¢"F)/S'].

Definition 1.1.2. We say that a scheme M is a fine moduli space for a moduli problem
M if it represents the moduli problem. If such a fine moduli space exists the family over
M corresponding to the identity morphism id}, is called the universal family.

A fine moduli space as a solution for our moduli problem is the ideal scenario, this
however is often too much to ask for. One possible obstruction to the existence of
such a solution is that the moduli problem simply has no family over some scheme
which parametrizes all the objects, if this is the case we say that our moduli problem is
unbounded.

Another example of an obstruction to the existence of a fine moduli space is the existence
of a non trivial family which is fiberwise trivial, what this means is explained in the
following lemma.

Lemma 1.1.3. Let M : Sch®? [k — Set be a moduli problem and S a variety with
structure map « : S — Spec(k) and a family F € M(S). Assume

1. F is non-trivial, i.e., M is not equal to n* F for some F € M(k); and

2. F is fiberwise trivial, i.e., Fy ~ Fy forall s,s" € S.

Then M does not admit a fine moduli space.

Proof. We argue by contradiction, let M € Sch/C and suppose that n: M — M is a
natural isomorphism and denote the universal family by ¢/. Then since F is fiberwise
trivial and 7 is an isomorphism there exists a unique point m € M (k) such that for all
s € S(k), n(s*F) =m. Since S is a variety and therefore reduced the map n(F) : S - M
has the following factorization

S n(F) M

L
T
Spec(k)
where 7 : § — Spec(k) denotes the structure morphism. This follows from the fact that

n(F) is constant and equal to m so that we can apply the basic result which says that if
f: X — Y is a morphism of schemes, X is reduced and f(X) Cc Z CY where Z CY is



a closed subscheme then f factors through Z, see [Stacks, Tag 0356]. Now we get the
following identifications

[F1=[(F) Ul =[(mem) U] = [x"(m"U)],
this contradicts J being non-trivial. O

As noted and illustrated by the above obstructions, (interesting) moduli problems are
often not represented in the category of schemes. In order to deal with this unfortunate
reality two possible strategies are

1. Instead of requiring our moduli problem to be equivalent to a scheme, ask for some
weaker form of equivalence;

2. Ask for representability in a larger category.

This first chapter revolves around the first strategy, we will now clarify what we mean by
“weaker form of equivalence”.

Definition 1.1.4. We say that a scheme M is a coarse moduli space for a moduli problem
M if there exists a natural transformation n : M — M such that

1. for every algebraically closed field k the families over Spec(k), M(k) are in
bijection with the k—points in M (Spec(k));

2. for any scheme M’ and natural transformation ¢ : M — M’ there exists a unique
morphism of schemes f : M — M’ filling in the commutative diagram

A family F'/M such that for every point m € M the fiber F,, is in the class of M
corresponding to the point m is called a tautological family.

1.1.2 Moduli spaces and quotients

In this subsection we will introduce different notions for quotients of schemes and
show that the question of constructing a coarse moduli space for some moduli problem
can under some conditions be translated to a question about the construction of such
quotients.
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Definition 1.1.5. Let G be an algebraic group acting on a scheme X. We say that a
morphism of schemes f : X — Y is a categorical quotient if

1. fis G-invariant;
2. for any G-invariant morphism g : X — Z there exists a unique morphism 4 :Y — Z

filling in the commutative diagram

7
!

X

I
273

Y

If the preimage of each k-point in Y is a single orbit then f is called an orbit space.
A stronger notion of quotient is the so called good quotient introduced by Seshadri.

Definition 1.1.6. [Ses72, Def. 1.5, 1.6] Let G be an algebraic group acting on a scheme
X. We say that a morphism of schemes ¢ : X — Y is a good quotient if

1. ¢ is a surjective, affine G-invariant morphism.
2. 9.(Ox)¢ = Oy.

3. For any pair of closed, disjoint G-invariant subsets Xi,X,> C X we have that
@(X1) Ne(X2) =0.

If ¢ is a good quotient and for all x,x, € X

fx1)=f(x2) &= G-x1=G-x;

we say that ¢ is a geometric quotient.

We often use the term good quotient for the codomain of a good quotient as in the above
definition.

Remark. It is not too difficult to prove that given the surjectivity of ¢ the third condition
in the definition of a good quotient is equivalent to requiring that ¢ is closed on invariant
subsets and that the images of disjoint invariant subsets are disjoint. The only part
of the argument that requires a little work is showing that condition 3 implies that ¢
is closed on G-invariant closed subsets. The argument for this part goes as follows:
assume that W C X is a G-invariant closed subset such that ¢(W) C Y is not closed. Then
@(W) \ ¢(W) contains a closed point y and by surjectivity of ¢, the closed G-invariant
subset ¢~ !(x) is non-empty, this however is in contradiction with our assumed condition




3 since W and ¢! (x) are G-invariant, closed and disjoint but the closures of their images
are not as they both contain x.

Another important observation is that the definition of good and geometric quotients
is local in the sense that if ¢ is a good (resp. geometric quotient) then for any open
subset U C Y the restriction ¢|,-1(y) : ¢ ' (U) — U is as well and if ¢ is G-invariant,
{Ui}ier is an open cover for Y and the restrictions ¢|,-1(y,) ¢~ (U;) — U; are good
(resp. geometric) quotients then ¢ is one as well.

Proposition 1.1.7. [Hos16, Prop. 3.30] If ¢ : X — Y is a good quotient for the action of
an algebraic group on a scheme X then it is a categorical quotient.

Lemma 1.1.8. Let G be an affine algebraic group acting on a scheme X and ¢ : X —Y
a good quotient. Then for every x1,x2 € X

px))=¢(x) = G-x1NG-x3 #0.

Proof. If G -x; NG -x, # 0 then since ¢ is G-invariant it is constant on orbits and
therefore by continuity also on orbit closures, it follows that ¢(x1) = ¢(x2). On the other
hand if G -x; NG - x; = () then by the third property in the definition of a good quotient
the images of these sets must be disjoint so that the opposite claim holds as well. O

Motivated by the above lemma, for a good quotient ¢ : X — Y we can introduce an
equivalence relation on the set of k-points of X so that the equivalence classes of X (k)
under this relation are in bijective correspondence with the k-points of our good quotient,
this relation between geometric points is called S-equivalence. To make this more precise
the S-equivalence relation denoted ~g is defined by

Xy ~sx3 & G-x1NG-x3 # 0 forxy,xy € X(k).

It is easily verified using the previous lemma that for a good quotient this defines an
equivalence relation on the k-points in the domain and that the induced map on equiva-
lence classes of points is well-defined and a bijection. After reading the second section
in this chapter also see [Ses77, Prop. 9] and [SS10, Cor. 3.4.6.].

Before we give the relation between quotients and coarse moduli, we first need to define
a certain type of family for a moduli problem.

Definition 1.1.9. Let M denote a moduli problem. We say that a family F'/S has the
local universal property if for any other family F’ over a scheme S’ and for any point
s’ € §’ there exists a neighborhood U of s’ in §” and a morphism ¢ : U — § such that
[F'lu]l = [¢*F] e M(U).



Proposition 1.1.10. [Hos16, Prop 3.35],[New78,, Prop. 2.13] Let M denote a moduli
problem and F|S a family with the local universal property. Suppose that G is an
algebraic group acting on S such that two points p1,p € S lie in the same G—orbit if
and only if the fibers F,, and F,, are equivalent. Then

1. any coarse moduli space induces a categorical quotient;

2. a categorical quotient is a coarse moduli space if and only if it is an orbit space.

Proof. To prove this we start by showing that for a scheme M there is a bijective corre-
spondence between natural transformations n : M — M and G—invariant morphisms
¢ : S — M. We define this correspondence as follows: given a natural transformation n
then ng([F]) € M(S) defines a G—invariant morphism since for any two points s,s” € S
which lie in the same G —orbit, by naturality of r7, we have

ns([FD)(s) =i ([Fs]) = me ([F]) =ns([FD(s").

On the other hand given a G—invariant morphism ¢ : S — M and a family H/S’ by the
local universal property there exists an open cover {U;} of S’ and morphisms ¢; : U; — S
such that [H|y,] = [¢] F] for every i. For points in the intersection u € U; N U, we have
that

[Foi] = [(@; F)ul = [Hu] = [(@;F)u] = [Fy )]

and therefore that ¢;(u) and ¢ (u) lie in the same G—orbit. Now since f is G—invariant
it follows that f o ¢; and f o ¢; agree on the intersections U; N U; and therefore can be
glued to form a morphism 775 ([H]) : §” — M. The natural transformation associated to
these morphisms defines an inverse.

Now for the first item if we are given a coarse moduli space  : M — M, then ns([F]) :
S — M is G—invariant and by the second defining property for coarse moduli spaces,
given another G —invariant morphism ¢ ([F]) : § — M’ associated to a natural transfor-
mation i : M — M’ there exists a unique morphism f : M — M’ such that n ([ F]) =
fons([F]), thus ns([F]) is a categorical quotient.

For the second statement we claim that a categorical quotient s([F]) is an orbit space if
and only if it is a bijection on k-points.

Namely, suppose that ng([F]) is an orbit space, then for all m € M (k) there exists a
unique orbit G - s C S(k) such that ng([F])(G - s) = m. It follows that for all m € M (k)
and § € S(k)
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N ([§'F])=m < §€G-s.

Now since for any pair 51,52 € G - s we have that [s]F] = [s5F] we can conclude that
for all m € M (k) there exists a unique family [s*F]| € M (k) such that n; ([s*F]) = x.

For the opposite implication suppose that 75 : M (k) — M (k) is a bijection then for all
m € M (k) there exists a unique family [H] € M (k) such that n; ([H/k]) = m. Now let
st,82 € ns([F]) 7' (m) then

m=ns([F])(s1) =ni([s1F]) =i ([s3F]) = ns([F]) (s2).

It follows that [s]F] = [H] = [s5F] and therefore that 51 and s, lie in the same G-
orbit. O

The above result gives us a straightforward way to construct moduli spaces and allows
us to take a moduli problem and translate it to a question about quotients. To sum up
these first two sections, given a class of algebro-geometric objects, e.g., curves, abelian
varieties etc., we can attempt to answer the question of classification by applying the
following steps:

1. Formulate the moduli problem, i.e., give a well-defined notion of families of
objects, pullbacks of families and equivalence of families.

2. Restrict the problem to a solvable subclass of objects.

3. Find a scheme S which has a family over it satisfying the local universal property
and a group action on § satisfying the requirements of the proposition.

4. Construct a geometric quotient of S.

In the next section of the first chapter of this text we will shift our attention to constructing
quotients.
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1.2 Geometric Invariant Theory

As explained in the previous chapter one strategy for constructing moduli spaces is
to convert it to a question about quotients. This latter object is where one of the key
concepts in this paper comes into play, namely David Mumford’s geometric invariant
theory. Simply put geometric invariant theory tells us that for the action of a certain type
of group good and geometric quotients exist as well as gives us a method for constructing
these quotients.

The "invariant theory” in GIT comes from the fact that on affine patches quotients are the
spectra of invariants of the coordinate ring of the affine patches and the study of invariant
rings is what the classical subject, invariant theory is about. In the upcoming section
we will introduce the reader to the types of groups that are used for constructing GIT
quotients and give some important results concerning invariant rings under the action of
these groups.

After having introduced these basics about groups and invariants, we will give the main
results in GIT starting with the affine case for constructing quotients, which essentially
form the building blocks for the more general cases.

1.2.1 The Invariant Theory of Reductive Groups

In this section we will introduce a class of groups whose actions are suitable for con-
structing quotients, we will give an important, perhaps the most important result, in
classical invariant theory which says that under a suitable action of such a group the
algebra of invariants for a finitely generated algebra over a field is finitely generated.

Definition 1.2.1. Let G be an affine algebraic group over an algebraically closed field k.
We say that

* G is linearly reductive if the functor Rep(G) — Vecty, V — V¢ taking a G-
representation to its G-invariants is exact.

* G is reductive if G is smooth and every smooth, connected, unipotent, normal,
algebraic subgroup of G is trivial.

* G is geometrically reductive if for every finite dimensional linear representation
G — GL,(V) and every non-zero invariant v € V¢ there exists a non-constant
G-invariant homogeneous polynomial f € O(V)(:= Sym*(V)) such that f(v) # 0.

Remark. These definitions can be adapted to more general settings, in the third chapter
we will see one such generalization for the notion of linear reductivity.
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Linearly reductive groups can be characterized in many equivalent ways, we will now
list some of these characterizations.

Proposition 1.2.2. [Hos16, Prop. 4.14.],|Alp24, App. B.1.34.] Let G be an affine
algebraic group over an algebraically closed field. Then the following are equivalent:

1. G is linearly reductive.

2. Every finite dimensional linear representation decomposes as a direct sum of
irreducible representations.

3. The functor Rep’®(G) — Vecty, V — VY taking a finite dimensional G-representation
to its G-invariants is (right-)exact.

4. Given a finite dimensional linear representation G — GL(V), for any G-invariant
subspace V' C 'V there is a subrepresentation V" C 'V such that V=V &V".

5. For any finite dimensional linear representation G — GL(V) and every 0 £ v € VC,
there exists a G-invariant linear form f 1V — k such that f(v) # 0.

Moreover, for a smooth affine algebraic group over an algebraically closed field the
different notions of reductivity are connected in the following way, in char. p > 0 we
have the implications

linearly reductive = reductive <= geometrically reductive

and in char. O the three notions are equivalent. See [DK94, App. A] for a short history of
these results and a proof of the second equivalence, note that for Mumford an algebraic
group is by definition smooth. Some examples are the following.

Example 1.2.3. 1. The algebraic groups (G,,)" are linearly reductive for every n.
2. Any finite group of order not divisible by the characteristic of k is linearly reductive.

3. For n > 1 GL,, PGL,,SL,, and SP,, are reductive but not linearly reductive in
characteristic p > 0.

4. The additive group G, is not reductive.

Remark. In fact, Nagata showed in his 1961 paper on the complete reducibility of
rational representations of a matrix group [Nag61, Thm. 2], that in characteristic p > 0
linearly reductive smooth algebraic groups are precisely the groups for which the identity
component Gy is a torus and the quotient G/G| is of finite order not divisible by p.
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We will now state the result about finite generation of invariant algebras.

Theorem 1.2.4. Let G be a linearly reductive group acting rationally on a finitely
generated k-algebra A. Then AC is finitely generated.

Remark. It has been known for a long time that this result is also true in the case of a
reductive group in positive characteristic, see [DK94, Thm. A.1.1]. In the 1964 paper
titled Invariants of a group in an affine ring [Nag64] Nagata showed that this result holds
in the semi-reductive case, semi-reductive is the terminology used by Nagata for what
we call geometrically reductive, and therefore by the statement above in the reductive
case. Then in the 1979 article on Hilbert’s theorem on invariants [Pop79] Popov goes on
to show that reductivity is in fact equivalent to the finite generation of invariant algebras.

We will not give a rigorous proof of this theorem, instead we will discuss some of the
ideas used. The main ingredient in the proof of the theorem is the following notion.

Definition 1.2.5. For the action of a group on a k-algebra A, a Reynolds operator is a
G-invariant linear map R4 : A — A% which is a projection, i.e., the restriction of this
map to the invariant algebra is the identity.

One of the properties of linearly reductive groups is that if such a group is acting on an
affine variety then there exists a unique Reynolds operator for the action on the coordinate
ring [DK15, Thm. 2.2.5], the following is a concrete example in the case of the action of
a one-dimensional torus, i.e., the multiplicative group.

Example 1.2.6. [DK15, Example 2.2.4] Consider the action of G,, on an affine algebraic
group Spec(A). There is a coaction p* : A — A[y,y~!], f+— X, fiy' and the map Ry :
A — A%, f  fy defines a Reynolds operator.

We will now discuss the general structure of the argument. First we reduce to the case
of a linear action of a polynomial algebra. Since the action of the algebra is assumed to
be rational there exists a G-invariant vector subspace V of A containing a set of algebra
generators for A. Thus there is a surjection k[V] =~ k[x1,...,x,] — A and by exactness
of taking invariants for linearly reductive groups the map k[V]¢ — AC is surjective as
well so that it is sufficient to prove the finite generation of k[V]°.

Now let / denote the ideal in k[V] generated by all homogeneous invariants of positive
degree (> 0), then by Hilbert’s basis theorem this ideal is finitely generated, thus we
can write I = (fi,..., f,) with fi,..., f. € k[V]¢. Then the theorem follows from the
claim that k[V]€ is generated by the f; as a k-algebra. Proving the claim is done by an
induction argument on the degree and use of the Reynolds operator, see [DK 15, Thm.
2.2.10] for details.

14



Moreover if fi,..., f, € k[V] is any set of homogeneous generators for the ideal / then
RA(f1),...,Ra(f;) form a set of generators for the invariant algebra, see [DK15, Prop.
4.1.1]. We will use this statement later in the construction of an algorithm for computing
invariant rings.

1.2.2 Affine GIT quotient

In this subsection we will prove that the action of a reductive group on an affine scheme
has a good quotient. In preparation of the proof we will state two results.

Lemma 1.2.7. [Hos16, Lemma 4.29] Let G be a reductive group acting on an affine
scheme X. If Wi and W, are disjoint G-invariant closed subsets of X, then there is an
invariant function f € Ox(X)© which separates these sets, i.e.,

fW1) =0and f(W>) = 1.

Lemma 1.2.8. [New78, Lemma 3.4.2] Let G be a reductive group acting rationally on a
finitely generated k-algebra R.If fi,..., fu € (X, fiR) NRC, then f € >y fiRC for
some positive integer r.

In addition to there being a good quotient for the action of a reductive group on an affine
scheme, there also is a subset of so called stable points of the scheme for which there is a
geometric quotient.

Definition 1.2.9. Let G be a reductive group acting on an affine scheme X. We say that
a point x € X (k) is stable if its G-orbit is closed in X and dimG -x = dimG.

We will now give the main result for this subsection.

Theorem 1.2.10. Let G/ k be a reductive group acting (rationally) on an affine algebraic
scheme X [k, over an algebraically closed field k. Consider the map ¢ : X — X/ /G :=
Spec Ox(X)C induced by the inclusion ¢* : Ox(X)¢ — Ox(X). Then

1. X /]G is an affine scheme of finite type over k.
2. @ is a good quotient.

3. X c X is an open G—invariant subset and X* |G := ¢(X?*) is an open subset of
X//G such that ¢~ (o(X*)) = X°.

4. The restriction ¢|xs — X*/G is a geometric quotient.

15



Proof. Since G is a reductive group it follows from our earlier discussion that Ox (X)¢
is a finitely generated k-algebra and therefore that X//G is an affine scheme of finite
type over k.

To prove the second item we will show that ¢ satisfies the defining properties of a good
quotient. Since ¢ is induced by the inclusion map it is G-invariant and affine, and since
we are working with a finite type affine scheme over an algebraically closed field, by
Chevalley’s theorem it is sufficient to show surjectivity on k-points.

Let m, be the maximal ideal in Ox(X)? corresponding to a point y € X//G (k). By
Hilbert’s basis theorem the algebra Ox (X )G 1s noetherian, thus we can choose a finite
number of generators fi,..., f, for my.

Since G is reductive it follows from [New78, Lemma 3.4.2] that

D FOx(X) # Ox(X),
1

namely the lemma tells us that if f € (37, iOx(X))N Ox(X)9, then f" € m,, for some
positive integer r, but since m, is a maximal ideal there exists some element in its
complement such that all powers of this element are also in the complement. Now by the
lemma this is an invariant element that is not contained in the ideal }."_, f;Ox(X).

We see that the ideal (f1,..., f;) € Ox(X) does not generate the ring itself and therefore
must be contained in some maximal ideal m, € Ox(X) associated to a point x € X (k).
In particular the f; are contained in the maximal ideal associated to the point x, therefore

filx) =0fori=1,...,n; it follows that m, C ¢(m,) and hence that f(x) =y.

Next we want to show that the map Oy /g — (¢+Ox)C is an isomorphism. Note that it
suffices to show this on the basis of distinguished open subsets

{(X/[G)s: f € Oxy6(X/]G) = Ox(X)°}.

Using that localization by G-invariant functions commutes with taking G-invariants, this
is Exercise 5.12 in [M F69], we obtain the sequence of isomorphisms

Ox6((X/]G) ) = (Ox(X)%) s = (Ox(X) )¢ = Ox(Xp)® = Ox (¢~ ((X[/G)))°.
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It follows that the map go?]f is a surjection for every f € Ox(X)?, and therefore an
isomorphism.

Lastly we want to show that for a pair of disjoint G-invariant closed subsets V1,V, C X the
closures of the images ¢(V}) and ¢(V>) are disjoint. By [Hos16, Lemma 4.29] there ex-
ists a G—invariant global section f € Ox(X)? such that f(V;) =0 and f(V>) # 0. Since
Ox(X)¢ =0y /16 (X//G), f defines a regular function on X/ /G which separates the sub-

spaces ¢(V1),¢(V2) € X//G. Now it follows from basic topology that (V) Ng(V,) =0

Restricting our attention to the stable subset we first want to show that X* € X is an open
G —invariant subset. Since we are working with a finite type scheme over an algebraically
closed field the set of closed points is a dense subset, therefore it is sufficient to show
that for every point x € X* (k) there is an open neighborhood of x in X which lies in X*.
By semicontinuity of the dimension of stabilizers [Hos16, Prop.3.21] we have that the
set V:={x € X : dimG, > 0} is a closed subset of X. Let x € X* then as before there
exists a G—invariant function f € Oy (X)¢ separating the G—invariant closed subsets
V and G - x, such that f(V) =0 and f(G -x) # 0. It follows that x is contained in the
distinguished open subset X ;. Now we want to show that X, C X°, i.e., that its points
have closed orbits and zero dimensional stabilizers. By construction Xy NV = 0, thus we
only have to check that orbits are closed. We argue by contradiction. Let y € X¢(k) be a
point with non-closed orbit and z € G-y\G-y. Then by G-invariance of f, we have that
z€ Xy C X\ V. However since by [Hos16, Prop. 3.15], G -y\G -y is the union or orbits
of strictly lower dimension we must have that dimG - z < dim G -y, this is contradictory
because

dimG -z =dim(G) —dim(G;) =dim(G) =dim(G - y).

Consequently X* is an open subset of X which can be covered by subsets of the form
Xy. Again using the fact that localization by G—invariant functions commutes with
taking invariants we have that ¢(Xy) = (X//G)y is open in X//G and therefore that
¢©(X*) C X//G is open and that Xy = w‘l((X//G)f).

To conclude we want to show that ¢|ys — X /G is a geometric quotient, i.e., that the
preimage of every point is a single orbit. Note that by our earlier discussion the restriction
@ :=¢|xs — X/G is a good quotient and that the action of G on X* is closed. To conclude
we again argue by contradiction, let V1, V> be two distinct closed orbits in the preimage
of some point y € X /G, then since ¢ is a good quotient their images must be disjoint.
We conclude that ¢ is a geometric quotient. O
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1.2.3 Some examples and an algorithm for computing invariants

In this section we want to give some examples of affine GIT-quotients, there are simple
cases in which calculating invariant rings is an easy task, but as the variety or scheme with
which we are working becomes more complex the task of computing its corresponding
invariant ring becomes exponentially more difficult. We are in luck however, since there
are mathematicians who have adopted the computational aspect of invariant theory as the
subject of their research, we will discuss one of the many results in this area of study and
apply it to one of our examples. Throughout this section we work over the field k :=C.

We start off this section by computing two simple examples which can easily be done by
hand.

Example 1.2.11. For our first example consider the action of the multiplicative group
G, on the affine line A! given by the usual multiplication. Let us first determine its
invariant ring, take a function f(x) =} c;ix' € k[x] then g € G,, acts on f by

(8- N =f(g7x) = ) xeig™x',
i=0
then it is clear that the only invariant polynomials are those of degree 0 so that O 1 (A!)Gm ~
k. It follows that there is a good quotient Al 5 k.

Furthermore, one easily observes that there are precisely two G,,-orbits: the origin and
the punctured affine line, as depicted in Figure 1.1.

Figure 1.1: G,,-orbits of A!

The origin is the only point with a closed orbit, it is not stable however, since its stabilizer
is positive-dimensional, therefore the stable locus is empty.

Example 1.2.12. For our next example consider the action of the multiplicative group
G, on the affine plane A? given on points by g - (x,y) = (gx,g~'y). A function in the
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coordinate ring is of the form f(x) :=3; ; ¢; ;x'y/ € k[x,y], an element g € G,, acts on
J by
(8- )X = F(&7 (x,y) = Y crjgxly,

i=0

thus the polynomial invariants are those of the form ¥, c;(xy)’ so that 0,2 (A?)%m ~
k[xy]. It follows that there is a good quotient AZ — A

In this case there are four types of orbits the punctured axes, the conics and the origin, as

depicted in Figure 1.2.

Figure 1.2: G,,-orbits of A”

Note that the closed orbits are the conics and the origin, the conics are the closed
subvarieties given by equations of the form xy —c where c € k \ 0. Again, the origin clearly
does not have a zero-dimensional stabilizer, the conics however do have zero-dimensional
stabilizers therefore the stable locus is given by the open subset (A?)* = (Az)xy and its
image under the quotient map is isomorphic to A' \ {0}, thus there is a geometric quotient
(A2),y — A1\ {0).

We will now give Derksen’s algorithm for computing invariants for linearly reductive
groups [Der99]]. Recall from our discussion of the proof for the finite generation of
invariant algebras that finding generators for the algebra of invariants can be done by
finding a set of generators for the ideal /5, generated by all the homogeneous invariants
of (strictly) positive degree and applying the Reynolds operator to the generators, note
that if these generators are already invariants then application of the Reynolds operator is
not necessary.

Suppose that V is an n-dimensional rational representation for a linearly reductive
algebraic group G with coordinate ring k[xy,...,xs|/Ig where I :=(gy,...,g,) then
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the linear action of an element g € G on the space k" given by the coordinates v =
Vi,...,v, € Vis defined

g-v:=(a;j(g)isij<n (V)
where a;; € Og(G). Next consider the closed subset I" of G XV x V with coordinate ring

n
Or(l) =k[x,v,w]/Ir, Ir:=(g1,....8Wi— Zaijvij)lsiSn
j=1
where v =vy,...,v, and take B to be the closure of the projection of ' € G XV xV
onto VX V. Then B is given by the ideal Iz = It N k[v,w], this intersection can be
calculated by using Grobner bases, namely if S 1s a Grobner basis for It with respect
to a monomial ordering on k[x,v,w]| such that the x; are larger than any monomial
invy,..., vy, Wi,...,w,, then SN k[v,w] is a Grobner basis for /z. Now suppose that
{f1,..., fi} C k[V,W]i<i<n is a Grobner basis for Ig then {f1(v,0),..., f;(v,0)} gener-
ates I (see [Der99, Cor. 3.2]), thus {Ri[v;(f1(V,0)),..., Ry (fi(v,0))} are invariant
generators for /5. For a more complete treatment see [Der99] and [DK15, Chapt. 4], the
later reference also contains material on Grobner bases.

This algorithm is implemented in the computer algebra system SINGULAR [Dec+24;
Bay24], we will use this in our next example.

Example 1.2.13. Consider the action of G,,, with Og, (G,,) = k[s,¢]/(st —1), on the
variety X := V(x3x4 —x1X2X3 +xfx§) c A* induced by the action given by the diagonal
matrix diag(sz,t3, s,1). Then SINGULAR computes that the ideal /) for the action on

A% is generated by the monomials {x3x4,x1xi,x1x2x3,x%xzx4,x2xg,x3x2} and since these

12
monomials are invariants there is no need to apply the Reynolds operator.

In order to compute the invariant ring for our variety X we recall that taking invariants
by linearly reductive groups is exact, applying this fact to the exact sequence

0—-1— k[)C1,)C2,)C3,X4] i k[xl,XQ,X3,X4]/I -0

gives us the exact sequence

0 — I%" — k[x1,x2,x3,24] %" — (k[x1,x2,x3,x4] /)" — 0
where [ is the ideal defining X and 1% = I N k[x]®». It follows that

Ox (X)%m = (k[x1,x2,x3,x4] /)™ = k[x1,x2,x3,%x4] O /1.
Now since I is G,,-invariant we conclude by [Hos16, Lemma 4.24] that Ox (X)%» ~

k [x3x4,x1xi,xlxzx&x%mxz;,xzxg,xfx%] /1.
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1.2.4 Linearizations and the projective GIT quotients

Given the action of a reductive group G on some projective space X the strategy for
producing a quotient is the following, for a choice of very ample line bundle £ we
can identify our projective space with the projective scheme associated to the algebra
R(X,L) = @n>0 HO(X,E”), i.e., obtained by the Kodaira embedding. And we want
there to be an induced action of G on the algebra, this brings us to the notion of lineariza-
tion which we will discuss in this section.

Once we have made this identification and produced an action on the algebra there is a
natural mapping i : R(X,L£)¢ — R(X, L), this however does not necessarily induce a
morphism of schemes but rather a rational mapping, see [Stacks, Tag 01RS],

Proj(R(X, L)) --> Proj(R(X, £)%).

We recall that by definition Proj(S) for some graded ring S is the set of homogeneous
prime ideals of S which do not contain all of S, := @ 4>054- However, if we take an
element of Proj(R(X, L)) associated to a maximal ideal m € R(X, L) then the point
i~'(m) € R(X,L£)® might contain R(X, L)Y, which is inconsistent with the definition
we just gave, see [GW20, Rem. 13.7] or [Stacks, Tag 01MX].

To solve this we remove the points for which this is the case so that we are left with the
points for which there is some section of R(X)Y which does not evaluate to zero on the
point. These desirable points are called semi-stable and the restriction to the locus of
semi-stable points results in a representative of the rational map which is a good quotient.

We can further restrict to the so called stable locus which corresponds to the semi-stable
points with the additional requirement that the points have zero-dimensional stabilizers
and the open subsets defined by the non vanishing-locus of G-invariant sections have
closed actions. The restriction of the rational map to the stable locus mapping onto its
image gives a geometric quotient.

Now the quotient for the semi-stable locus which is the restriction of the rational map
we saw above is essentially given by a collection of affine quotients patched together,
by definition of semi-stability we can cover the semi-stable locus by the non-vanishing
loci of invariant sections, which are affine and whose images are the spectra of invariant
rings. In summary we have

XS C > XSS C > X
|
|
\1,

i~1(X%) —— Proj(R(X,L)%)
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In the next section we will make the informal discussion above more precise, in particular
we will give a proof for the existence of a general (quasi projective) GIT quotient and
also generalize and make more precise the notion of (semi-)stability. We will dedicate
the remainder of this section to formalizing the notion of linearization.

Definition 1.2.14. Let G/k be an algebraic group over a field £ with multiplication
m:GXxXG — G and an action p : G XX — X on a k—scheme X /k. A G—linearization
is given by an invertible sheaf £ on X together with an isomorphism @ : p*£L — pJ L,
where p; : G X X — X is the projection, satisfying the cocycle condition given by the
following commuting diagram:

. id ) .
(0o (idg x0)) L2 (s 6 (idg xp))* L

\
/

(po(mxidx))*L (pops)L
(mxidx)*®

P53 @
(p2o(mXxidy))*"L === (p2opn)*L

where po3 : G XG X X — G X X is the projection onto the last two factors.

Remark. The above definition also has a geometric interpretation, namely a linearization
is also given by a geometric line bundle  : L — X together with an isomorphism of line
bundles

Y :psL—p'L

with p, and p as in the definition, such that the composition

5=GxLS LB L

where p; is the projection (G X X) X, x » L — L, is a group action of G on L. In particu-
lar one gets linear isomorphisms on the fibers g, : Ly — Lg..

One can check that under the equivalence of the categories of invertible sheaves and
geometric line bundles this definition corresponds to the definition for invertible sheaves,
see [DK94, Chapt. 1.3]. Furthermore the set of G-linearizations on a scheme X modulo
G-equivariant isomorphims of line bundles forms an abelian group which is denoted
Pic® (X) and a G-equivariant morphism of schemes f : X — Y induces a homomorphism

22



f*:PicY (Y) — Pic® (X).

Example 1.2.15. Consider the trivial action of an affine algebraic group G on Spec(k)
and let £ be the trivial line bundle over Spec(k). Note that for Spec(k) there is no
other choice of action or line bundle. Then interpreting £ geometrically it is the trivial
line bundle 7 : A! — Spec(k) and Pic® (Spec(k)) =~ Hom(G,G,,). More concretely a
character @ : G — G,, induces an action G x A' — Al (g,x) — a(g) -x.

1.2.5 General GIT quotient
We begin this section by giving a precise definition of (semi-)stability.

Definition 1.2.16. Let G be a reductive group acting on a quasi-projective scheme X and
L € Pic% (X). Then we say that

1. x € X(k) is semi-stable with respect to L if there exists an invariant section
o € L"(X)C for some n > 0 such that o(x) # 0 and X,, is affine.

2. x € X(k) is stable with respect to £ if dimG, =0 and there exists an invariant
section o € £"(X) for some n > 0 such that o (x) # 0, X, is affine and the action
of G on X, is closed, i.e., all the G-orbits are closed.

We denote the stable and semi-stable locus of X with respect to £ respectively by X7,
and X ZS, we will often omit the linearization from the notation.

Remark. Our notion of stability is called proper stability in Mumford’s text on geomet-
ric invariant theory, in Mumford’s text for a point to be stable it does not have to have
zero-dimensional stabilizers.

Also note that when X is projective and L is an ample linearization, then requiring that
the X, are affine is redundant.

Let us now state and prove one of the main results in GIT.

Theorem 1.2.17. [DK94, Thm. 1.10] Let G / k be a linearly reductive group acting on a
quasi-projective scheme X |k with respect to a linearization L. Then

1. There exists a good quotient ¢ : X** — X//1G.
2. X* and X |1 G are quasi-projective.

3. There exists an open subset (X//1.G)* € X//1G suchthat §: X* =o' ((X//L.G)*) —
(X//LG)* is a geometric quotient.
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Proof. We construct our quotient by gluing affine quotients. By definition of semi-
stability with respect to L, for every x € X there exists a section

o € H'(X, L®)S, for some r; > 0

such that x € X, = {x € X : o(x) # 0} is affine. Hence by quasi-compactness of X we
can cover X by a finite number of affines X, ... X, .

Let m = [];r; and m; = [1,,7;, then "', ..., 03" € L™ and note that X, C X_m:. De-

note the o' by y; and consider the affine covering X,,,...,X,,,. Then by Theorem
1.2.10}, there exist good quotients ¢, : X,,, — X,,,//1G for the action induced by G.

Now for every 1 <i,j < n consider the fractions y;; := ’;—f which induce G—invariant
global sections of X,,; and therefore by construction global sections of X, //; G, which
we will also denote by p;;. Now consider the sets (X//1G);j :=={y € X,,,//1.G : pij (y) #
0}. We clearly have

o7 (X[ /1G)ij) = X, N Xy, = 07 (X/]1G) o)
the elements such that the sections y; and u; are non-zero are precisely the elements in

the intersection.

Since good quotients are local the restrictions ¢;; : X, N X, — (X//.G);; are good
quotients. And since good quotients are in particular categorical quotients there exist
unique isomorphisms ;; filling in the diagrams

(X//LG)ij
X/Ji N X,u i ij
Pji
(X//LG)ji
It follows from the uniqueness of these isomorphisms that they must satisfy the conditions
Vi = l//i_l.l and the cocyle condition. We conclude that ({X,,//G},{(X//G)ij},{¥i;})

defines a gluing data which forms a scheme X//G, moreover since good quotients are
local the morphism ¢ determined by the ¢; is a good quotient.
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It follows immediately from [New7/8, Lemma 3.20] that L defines an ample line bundle
on X** and therefore that X*® is quasi-projective.

Next we want to show that (X//G) is quasi-projective, we do this by constructing an am-
ple line bundle. First note that by construction the sections y;;|(x//c),; form a 1-cocycle
and therefore a line bundle on X//G. Namely, the u;;|(x;/c),; are units, il (x//6),; = 1,
tijlxrs6y, = (Wil xryey,) " and pyi- i - g = 1on (X//G) ;i 0 (X /Gy N (X ] /G)ic.
We denote this line bundle by £ and claim that it is ample. We use the condition [Stacks),
Tag 01PS]] for ampleness.

Since the sections {;;}i=1,...,, for some fixed j define sections on the open cover
{Xy;//1LG}i=t,...n satisfying p;, j = pi,jpMiyi, they induce a global section s; on L. For
every x € X** there exists an j such that x € X ;j and by construction x € X ;j if and only
if o(x) € (X//LG); = X,,;/ /.G which is affine. It follows that £ is ample and therefore
that X//1G is quasi-projective.

For the last item we can choose sections f € H°(X, L)% for some r > 0 such that the
action of G on Xy is closed and X* ¢ Uy Xy. Let (X//.G)c :=Us(X//LG)¢. Then
we have X, = ¢~'((X//.G).) and we can construct a geometric quotient @, : X. —
(X//1LG). by gluing the geometric quotients ¢ : Xy — (X//1G) . Then by semiconti-
nuity the subset of X* C X, consisting of points which have zero-dimensional stabilizer
is open. We define X /.G := ¢(X*) C (X//LG). and claim that it is an open subset.

Since @ is a geometric quotient and X* C X is a G-invariant subset, ' (X/.G) = X* and
(X//LG)c\X/LG = p(X.\ X*). Now since X, \ X* C X, is closed and @, is a geometric
quotient it follows that (X//.G). \ X/.G C (X//.G). is closed and therefore that
X/1G c(X//.G). € X//LG is open. By locality of geometric quotients we conclude
that that the restriction ¢ := @.| : X* — X/ G is a geometric quotient. O

Remark. Recall from the discussion in the previous section that for the projective case
with a very ample linearization there is a morphism of the form

X** — Proj((H H(X, £)%).
n>0
Then one can easily show that this defines a good quotient and that Proj (&

is projective by using the locality of good quotients and the fact that (P
is a finitely generated k-algebra; see [Hos16, Thm. 5.3].

n>0 HO(X’ En)G)
HO(X, £n)G

n>0
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1.2.6 Hilbert-Mumford Criterion

As has become clear in previous sections being able to determine (semi-)stable points is
an important step in the construction of quotients. In this section we state and prove the
Hilbert-Mumford criterion for stability, which is a numerical criterion for the stability
of points. For its formulation and proof we will mostly be following Mumford’s book
[DK94, Chapt. 2.1].

Definition 1.2.18. Let G be an algebraic group. A 1-parameter subgroup of G, often
abbreviated to 1-PS, is a homomorphism 4 : G, — G.

Consider an algebraic group G with a 1-PS A and an action p on a projective scheme X.
Then for every x € X (k) there is a map p(—,x) o4 : G,, = X and since X is proper, by
the valuative criterion for properness this uniquely extends to a map f; ; : A — X filling
in the following diagram

Gpn — X

]

Al —— Spec(k)
Now since the point lirr(l) p(=,x)oA(g) := fr.2(0) is fixed under the induced G,,-action,
g—)

ie., p(A(g), fxr1(0)) = fr.1(0) for all g € G,,, we have that f; 1(0) corresponds to a
G,,-equivariant morphism Spec(k) — X and hence for any G-linearization (£,¥) €
Pic® (X), its fiber £ f.a(0) determines a Gy,-linearization on Spec(k) induced by the
linear isomorphism (g 7, )" Lg-fo10) = L1 (0) = L, 1(0) discussed in Remark
[1.2.4] (here we take the inverse in order to stay consistent with Mumfords sign convention
in what follows). By Example this linearization corresponds to a character of G,,;;
let d denote the integer corresponding to this character. With this we make the following
definition.

Definition 1.2.19. Let G be an algebraic group with an action p on a finite type scheme
X proper over k. Then the Hilbert-Mumford weight for a triple x € X(k), 1: G,, = G
and £ € Pic% (X) is denoted u” (x, 1) and is equal to —d where d is the integer obtained
in the previous paragraph.

We are now in the position to state the Hilbert-Mumford criterion.

Theorem 1.2.20. [DK94, Thm. 2.1] Let G be a reductive group acting on a projective
scheme X [k and L € Pic® (X) an ample linearization. Then for x € X (k) we have that

xeX;) = ,ul:(x,/l) > 0 for all A € Hom(G,,,G),
xeX, & w(x,2) > 0 for all 2 € Hom(G,,,G).
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Remark. Since %" (x,1) = nu”(x, 1), by the functorial properties of u [DK94] p. 491,
and £ is ample there exists some positive integer n such that £" is very ample, thus we
may assume without loss of generality that £ is very ample and therefore induces a G-
equivariant embedding i : X — P"~!. With this assumption we have that £ ~ i*Opa-1 (1),
so that

,uﬁ(x,/l) — #i*opn_1(l)(x,/l) — ,uo]pn—l(l)(l‘(x)’/l).

. s(s) | —1,s(s)

Now since Xi*OPn_l(l) =i ((P" )OPn—l(l)

Chapt. 1.5], it is sufficient to prove the Hilbert-Mumford criterion for X = P"*~! and
L = Opn-1(1).

by the functorial properties given in [DK94,

Set X =P" ! and £ = Opa-1(1). Consider the natural projection from the complement of
the origin in the affine cone of P*~!,i.e., p : A"\ {0} — P""!, then a point in the affine
cone ¥ € A" (k) is said to lie over a point x € P"~1(k) if & # 0 and p(¥) = x. We also note
that the action of G on P"~! naturally induces a linear action which we will denote by
p on the affine cone. The action of G on P(H?(P"~!, Op.-1(1))) with a G-linearization
of Opn-1(1) corresponds to a co-module structure on H°(P"*~!, Opa-1(1))) given by the
composition

#
HOX.L) 5 HYGx X, p7L) D HO (G x X, piL) ~ HY(G,0g) ® H'(X, L)

where the last map is given by the Kiinneth formula, equivalently if for a section o €
HO(X, L) its image is given by ; s, ® 07 € H*(G,Og) ® H(X, L) we can define a linear
representation by G — GL(HY(X, L)), g (0 3;si(g)07).

Proposition 1.2.21. Let x € X (k). Then
1. x € X* &= 3x € A" that lies over x such that 0 ¢ G - X.
2. x € X & 3x € A" that lies over x such that p(—,X) : G — A" is proper.

Proof. (1, =) By definition x € X** if and only if there exists an integer d > 0 and
an invariant section o € Opa-1(d)(P"1)Y such that o(x) # 0. This translates to a G-
invariant homogeneous polynomial function f of degree d on the affine cone such that
f(X) # 0 for all non-zero lifts of x. Since invariant functions are constant on orbits and
their closures, f separates G - and {0}, hence it follows that G - N {0} = 0.

(1, ==) For the second implication suppose that G - ¥ N {0} = 0. Then since G is reduc-
tive by Lemma [I.2.7there exists a G-invariant global section of the affine cone which
separates the two closed sets, i.e., there exists an polynomial f € Oxn(A") such that
f(G-%)=1and £(0) =0. We can decompose f into its homogeneous components so
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that f = f1+...+ f, and each f; is a homogeneous polynomial of degree d; > 0. In partic-
ular there must exists an i such f;(G - %) # 0, this defines a section in Qg1 (d;) (P"~1)¢
which does not vanish at x, thus x is semi-stable.

(2) By definition a point x € P"~! (k) is stable with respect to Opa-1(1) if and only if
dim G, =0 and there exists an integer d > 0 and a G-invariant section o € Op-1 (d) (P"™!)
such that o(x) # 0 and the action of G on (P"~!), is closed. This however is equivalent
to saying that the map p? : G — (P""!),, in the factorization

G 2 (@,

1

is proper. With this equivalence to show that (2) holds it suffices to prove that p? is
proper if and only if gz := g(—, %) is proper. As before let f denote the homogeneous
polynomial function of degree d on the affine cone corresponding to o-. The orbit G - X
is contained in the closed subscheme V(f — f(x)) c A". It follows that we have a
factorization

Pr.z

G — V(f-f®)

o

(F" g

where the vertical arrow is induced by the projection p : A"\ {0} — P! note that this
is well-defined since p(V(f - f(%))) c (P" 1),

Since the vertical map is proper we can conclude by basic facts about proper morphisms
that the composition py, is proper if and only if the map p 5 is proper if and only if the
map Pz 1S proper. O

Now foral-PS A:G,, — G we have an induced G,,-action on the affine cone, which can
be diagonalized so that for a suitable choice of basis eq, .. .,e,_1 for H*(P""!, Opa-1(1))
the action of € G,, on A" is given by a diagonal matrices diag(g',...,g"!) for fixed
FOsev.sTn—1 €2Z,1.€.,8-¢;=A(g)-e;=g"e;fori=0,...,n—1.

Proposition 1.2.22. Let x e P* ! and A : G,, — G a 1-PS. With the above setup we can
choose a point X = (X, . ..,X,—1) lying over x such that with respect to a suitable basis

{eO, ce. ’en—] }7

28



n—1

pA(2), %) = ) g Fier.

=0
Then

wCr 1 (x, 1) = max 1{—ri :X; # 0}

0<i<n—

Proof. Write u := max {-r; : &; # 0}. Since p(A(g),x) = (g"°%p,...,g" " 'X—1) We

0<i<n-1
have that lin(l) gHA(g) - X = fenz,a(0) exists and is non-zero. Furthermore, since the map
g—)

p: A"\ {0} = P" ! is equivariant, ngu #.1(0) lies over the specialization f; 1(0).
Now if we write

f;,,,i,/l(()) = ;i_r)l})(gm"'ﬂfo,'“ ’gi’nfl"'/lx’o) — (SOa"' ’Sn_l)

we clearly have that s; = 0 only if X; =0 or r; + u > 0, it follows that

P(A(8), forz.a(0)) = g7 fouz 1(0).

Since the fibers of the tautological bundle correspond to lines in affine space, the torus
action on Opn-1(1), ,(0), induced by the action on the fibre 7' (f.2(0)), is given by
A(g) - s = g"s, thus we can conclude that gCr1 ) (x,2) = u. O

Corollary 1.2.23. In the situation of the above proposition:
1. lir%ﬁ(ﬂ(g),i) =0 &= u<0.
g—)
2. lin(l)ﬁ(/l(g),)f) exists and is non-zero <= u =0.
g—)

3. lir%ﬁ(/l(g),i) does not exist <= u > 0.
g—)

Proposition 1.2.24. With the notations as before:

1. 06 G-X¥ &= thereexistsa 1-PS A : G,, — G such that lin(l)ﬁ(/l(g),fé) =0.
g—)

2. P is not proper <= there exists a 1-PS A : G,, — G, such that lirr(l)ﬁ(/l(g),)?)
g—)

exists.
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In order to prove the above proposition we need a result which requires some preparation.
Recall that we work over an algebraically closed field k, let R := k[¢]] denote the
formal power series ring and K := k((¢)) its field of fractions and note that G(R) is a
subgroup of G (K) via the inclusion G(R) — G(K) induced by the natural morphism
Spec(K) — Spec(R). We also have a mapping w : G(R) — G (k) induced by the natural
morphism Spec(k) — Spec(R), and for every 1-PS 1: G,, — G we have an induced
K-point (1) € G(K) given by

(A) := Spec(K) 4 G 4 G

where ¢ is induced by the map k[u,u™'] — k((¢)), u — t. With this notation we are in
the position to formulate the result.

Theorem 1.2.25. [DK94, p. 52. Thm. Iwahori] Let G /k be a reductive group over
an algebraically closed field then for any g € G(K) there exist h,h’ € G(R) and a
homomorphism A : G,, — G such that

g=hi-(A)-hy.

Remark. These decompositions are called Cartan-Iwahori-Matsumoto decompositions.
We will see in chapter four that the existence of such decompositions is characterized
by a stack theoretic condition called S-completeness and moreover that it characterizes
reductivity.

Now we are ready to prove Proposition[1.2.24]
Proof. (1, ) If there exists a 1-PS A such that lir%ﬁ (A(g),%)=0thenclearly 0 € G - *.
g—)

(1, = ) Claim: There exists a commutative diagram

Spec(K) 15 G
LT
Spec(R) L} A"
such that n € G(K) \ G(R) and }i_r)%ﬁ(n(t),i) =1((¢)) = 0.Then using Theorem [1.2.25

we are able to write

n=hy-(1)-h

for some 1-PS A and a pair &y, hy € G(R), note that A must be non-trivial, as 7 is not
induced by an R-valued point.
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Now let g; := w(h;), then we may choose a basis for the affine cone A", with respect to
which g5 I 1g> acts on the affine cone by a diagonal matrix. For g € G,,(k) we then have
g;l/l(g)gz = diag(g’,...,g"") for some rg,...,r,—1 € Z. It follows that

pron=p(n,%) =p((h1-g2) (g5 (V) -g2)- (g5 o), %),

this makes sense if we use the natural identification of the k-valued points X and g;, with
K-valued points given by k C K.

Using the fact that p is a group action we obtain
p((h1-g2)™" pron) = p((hi-g2)~,p((hi-g2)- (83" (1) -82)- (83" - ), %)

=p(83" (1) 82.5(83" 2. %)),

note that the term 5((h; - g2)~', pz on) is an R-valued point of A" as gz on € A"(R) and
g» can be viewed a K-valued point of G contained in the subgroup of R-valued points
hence (% -g2)~' € G(R). Now as there is an equivalence of ring maps and maps of affine
schemes an R-valued point of A" can be identified with a point in R" given by the images
of the coordinates for A” under the corresponding ring map. Let us denote the i’ coordi-
nate corresponding to the R-valued point 5((h1-g2)~", pzon) by (5((h1-g2)~", pzon));.

Then in the coordinate setting we get

(A((h1-g2)™" prom)i= (Fgy' (1) -g2.p(g;" - h2, X))

= (p(g5" (Ao ) g2, p(gy" 2, %)) =11 (p(g5" - ha, %))
Now note that since lir%ﬁ((hl -g2)" L pzon)(t) = p((hy - g2)~",0) = 0 the formal power
11—

series corresponding to the coordinate (5 ((h; - g2)~', Pz on)); is contained in 7R and
hence (p(g5" - h2,X)); is contained in 7'~ R.

Since g; = lirréhz(t) we have that lir%gg . hy(t) = e where e is the identity element in G
— t—

so we have that linaﬁ(gg . hy,%) = % so that the i coordinate is
t—

(P(gy" - ha, %))i = (R)i+1f;

for some f; € R. Now note that if (¥); # 0 we have
(P(85" - ho. %))i = (R)i+1f;
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at the same time we know that

(P85 hoX))i=1""ip
for some p € R, thus p = i1 (%); +¢" f;, and we must have that r; > 0 if (¥); # 0.
Using the characterization of the Hilbert-Mumford index given in Proposition [1.2.22| we
conclude that the Hilbert-Mumford index corresponding to the 1-PS g5 L. 1. g, is strictly
negative and therefore by Corollary [I.2.23]that

limp((g5'182)(g),%) =0.
g—0

The proof for statement (2) is very similar; we want to note however that for the first part
of the proof for the (= ) direction we can argue that there exist points 7 and 77 which
make the following diagram commute

Spec(K) 5 G

L)
Spec(R) —— A"

such that n € G(K) \ G(R) by using the fact that morphisms of affine schemes are
separated, hence in particular gy is separated, so that by using the valuative criteria for
properness and separatedness we can argue that since g5 is separated but not proper
there must be points 7 and 77 which fit into the above diagram such that n does not factor
through Spec(R). O

We conclude this chapter with two examples.

Example 1.2.26. Consider the action of the multiplicative group G,, on the projective
space X :=P? induced by the action on the affine cone A* as in Example 1e.,
se[x1 1 x0 0 x3 1 x4] = [$%2x1 1 s73x0 1 sx3 1 57 xg]. Recall that we can characterize stability
(resp. semi-stability) of a point x € P by the non-existence (resp. non-vanishing) of the
limits

limA(s) - X,

where ¥ € A% is a point lying over x and the A are the 1-PS’s. Note that since the 1-PS
Gy — Gy, are of the form s — s” for n € Z we only have to consider the 1-PS’s given by
s+ sand s — s~!. We have

3

lin(l)(sle,s_ xz,sxg,s_1x4), for s~—s, and
Nd

lim(s_2x1,s3x2,s_l)C3,SX4), for s+ s7L
s—0
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both limits do not exist only in the following situation: xjx # 0, or x;x4 # 0, or xox3 #
0, or x3x4 # 0. It follows that

XY =X =Xy U X U Xy U X, -

Example 1.2.27. Consider the action of G,, on X := P? induced by the action on the
affine cone A3 given by s- (x1,x2,x3) = (sx1,x2,5”'x3). Following the same reasoning
as in the previous example, to determine wether a point is (semi-)stable we have to check
for the non-existence and non-vanishing of the limits

lim(sxp,x2, s 'x3),  Hm(s™'xq,x2, 5x3).
s—0 s—0

In this case the limits exist and are non-zero only for the points (0,x;,0) # 0 and do not
exist if x1x3 # 0, thus we have that

X=X X®=X'U{[0:1:0]}.
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Chapter 2

Algebraic stacks

In the first chapter we have seen that moduli problems often do not admit a fine moduli
space in the category of schemes and gave an explicit example of a possible obstruction.
The deeper rooted problem which we did not mention then is that many moduli problems
have non-trivial automorphisms, roughly speaking this prevents the moduli problem
from being a sheaf with respect to a certain notion of topology and therefore in particular
cannot be represented by a scheme. We also mentioned that one way to work around this
is to ask for representability in some larger category, introducing these larger categories
and their geometric structure is what this next chapter is about.

2.1 Basics of stack theory

2.1.1 Prestacks

To start this chapter off we introduce the notion of a prestack, also called categories
fibered in groupoids, the reason for this will soon become clear. Essentially a prestack
allows a moduli problem to take values in the category of groupoids, which is a category
in which all morphisms are isomorphisms. In some sense the notion of a prestack gener-
alizes the notion of a presheaf and with regards to moduli problems it allows us to keep
track of automorphisms. Our goal for this section is to make the notion of a prestack
precise and give some basic results, constructions and definitions for prestacks.

For a pair of categories C and S we say that C is a category over S if C is equipped with

a functor p : C — S. For a pair of objects u,v € C, with an arrow ¢ : u — v we use the
notation
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4
u —v

(¢)
plu) = p(v)
and say that u and v are over p(u) and p(v) and that ¢ is over p(¢).
Definition 2.1.1. A category X" over a category S equipped with a functor p : X — S is
called a prestack over S if

1. For every object # in X and object S in § with an arrow § EA p(u) in S there
exists an object over S, which we call a pullback and denote by f*u, and an arrow
S u — u over f filling in the diagram

14

fu—---3 > u
T
S ——— p(u)

2. For every triple of objects u,v and w in X’ and arrows u 1A w, v 2 wand p(u) ER
p(v) there exists a unique arrow # — v over f filling in the diagram

¥

/\

ui--fosy —TL Sy

Lol

p(u) =L pv) 22 p(w)

Remark. A pullback of an object u € X'(S) by a morphism f : §" — § is sometimes also
denoted u|g.

Definition 2.1.2. If X is a prestack over S, the fiber category over an object S in S,
denoted X () is the category consisting of objects in X’ over S and morphisms in X" over
the identity idg in S.

As alluded to at the start of this section the terminology: category fibered in groupoids,
is natural, this is the case because the fibered categories of prestacks are groupoids. This
follows easily from the second axiom in the definition of a prestack because it ensures
the existence of an inverse for every morphism.
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Next we will give our first example of a prestack. We will see that we can take existing
moduli problems and identify them with a prestack, moreover we can do this for any
presheaf and in particular for any scheme.

Example 2.1.3. Let S denote some category. To every presheaf F : S — Set we can
associate a prestack which we will denote by X’r over § in the following way: let S € S
then an object (s,S) € XF over S is given by an object s € F(S). Note that Xz defines a
category over S by sending an object (s, S) to the object S € S.

A morphism (s’,5") — (s,5) is givenby a f : §" — S such that F'(f)(s) =s’. In particular
by taking the functorial point of view for schemes we can associate to every scheme
a prestack. In what follows we will often conflate schemes and presheaves with their
associated prestacks.

Now that we have defined prestacks and have given an example, we want to give some
basic definitions and constructions, starting with morphisms of prestacks.

Definition 2.1.4. Let py : X — S and py : )V — S be a pair of prestacks over a site S. A
morphism of prestacks F': X — ) is a functor such that the following triangle commutes

X d S
S

In addition to morphisms between prestack we can also define certain morphisms between
morphisms of prestacks, which will allow us to define the category of morphisms of
prestacks.

Definition 2.1.5. Let F,G : X — ) be morphims of prestacks. A natural transformation
n:F — G is called a 2-isomorphism if for every object x € X'(T) the morphism 7, :
F(x) — G(x) is contained in the fiber category ) (T).

Y

is 2-commutative if the compositions are 2-isomorphic, where = is to indicate the
2-isomorphism, we often leave this out of the notation and say commutative instead of

We say that a diagram of prestacks
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2-commutative when there is no risk of confusion.

For a pair of prestacks A and ) we let Mor(X’,)) denote the category with objects
morphisms of prestacks X — ) and its morphisms 2-isomorphisms.

We say that a morphism of prestacks f : X — ) is a monomorphism if it is fully faithfull
and an epimorphism if it is essentially surjective. We say that f is an isomorphism
if it is a monomorphism and epimorphism, or equivalently if there exists a morphism
g :Y — X and 2-isomorphisms fog ~idy and go f ~idy . Moreover, fully faithfullness
of f can be checked on fiber categories so that f is an isomorphism if and only if it is an
epimorphism and for all § € S, fs: X'(S) — Y(S) is fully faithfull.

With the above definitions we can give a version of the Yoneda lemma which allows us
to identify the fiber categories over objects with the category of morphisms of prestacks
given in the previous paragraph. This version of the Yoneda lemma is called the 2-Yoneda
lemma due to the fact that it is a 2-categorical analog for the usual result.

Lemma 2.1.6. [Alp24, Lemma 2.4.21] For a prestack X — S and an object S € S there
is an equivalence of categories

Mor(S,X) — X(S), F Fg(idy)

Remark. For the remainder of this text we will often not differentiate between objects
of prestacks and isomorphisms between objects and their corresponding morphisms and
2-isomorphisms.

An important construction is that of the fiber product we will introduce this next as well
as a notion of cartesian diagrams.

Definition 2.1.7. Let f : X — Z and g : ) — Z be a pair of morphisms of prestacks
over a category S. Then the 2-fiber product associated to f and g is the prestack over S
denoted X X z Y consisting of

1. objects which are triples (x,y, @), where x € X'(S) and y € Y(S) are objects over
the same object S € S and  : f(x) — g(y) is an isomorphism in Z(S).

2. For (x",y",a’) e XXz Y(S') and (x,y,a) € X Xz Y(S) a morphism (x',y",a’) —
(x,y,) is given by a triple (4, ¢,n7) where h: S” — Sisamorphismin S, ¢ : x" — x
is a morphism over 4 in X and n7 : y’ — y is a morphism in ) over & such that the
following diagram commutes
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&) L9 r)

1 |

g(y") VN g(y).

The fiber category of the prestack X’ Xz ) over an object S € § is the fiber product of
groupoids X' (S) Xz(s) V(S).

Roughly, a 2-commutative diagram

%\1
mw%

f

is called cartesian, or 2-cartesian, if it satisfies the usual universal property for fiber
products with statements about commutativity replaced by 2-commutativity, see [Alp24,
Thm. 2.4.35, Def. 2.4.36] for a precise definition. We will often place a small square in
the center of a diagram to indicate that it is cartesian, as follows

T—">Y
lﬂ/ m| lg
x Ly z
A fiber product X X z ) together with the projections p; : X Xz)Y —» X, (x,y,@) — x

and pr: XXz )Y — VY, (x,y,@) — y gives rise to a 2-cartesian diagram, see [Alp24, p.
93]. One can analogously define the notion of a cocartesian diagram.

We will conclude this section with two important examples of cartesian diagrams of
prestacks.

Example 2.1.8. [Stacks|, Tag 04Z1] Our first example is a generalization of the magic
diagram in algebraic geometry. Namely for a prestack X — S over a category S and
objects x; € X'(X}) and x, € X (X3) there is a cartesian diagram

XiXxy Xo — X1 xXXs

\L O \LXI XX

X —24 5 xxx

where A is the diagonal and x,x, are the morphisms given by the 2-Yoneda lemma.
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For our second example we first must give a definition.

Definition 2.1.9. Let X — S be a prestack over S. Then for an object S € S and a pair
of objects x,y € X(S) we define the presheaf

Isomy(s)(x,y) : (§/8)?7 — Set

(f:T—S)— Morxr)(fx, fy),

where we make a choice of pullbacks f*x and f*y. When x =y we also write Auty(s)(x,x) :=
Isom y(s)(x,x). For a description which includes its behaviour on morphisms and a veri-
fication that it is indeed a presheaf, see [Stacks, Tag 02Z29].

Example 2.1.10. [Stacks, Tag 04SI] For a prestack X" and a pair of objects x,y € X'(S)
there is a cartesian diagram

Isomy (s) (x,y) —— S

\L O l(x,y )

X —A4 v xxx

2.1.2 Sites and sheaves

In our first step towards adding geometric structure to prestacks we need to give a notion
of topology on categories and a reasonable notion of a sheaf for these topologies. The
notion that gives this generalization of a topological space is that of a Grothendieck
topology, we start this section by defining this notion, then we give some examples and
give the correct notion of a sheaf.

Definition 2.1.11. Let C be a category. A Grothendieck topology on C is given by the
following data: for every object C € C, there is a collection Cov(C) consisting of sets of
morphisms {C; — C};c; in C called coverings that satisfy the following conditions.

1. (identity) If U — C is an isomorphism, then {U — C} € Cov(C).

2. (restriction) If {C; — C}; € Cov(C) and U — C is a morphism, then the fiber
products C; X¢ U existin C and {C; X¢c U — U}ier € Cov(U).

3. (composition) If {C; — C};c; € Cov(C) and for every i € [ there is a covering
{U,'j — Cl'}jeji, then {U,'j - C; - C}iel,je],» € COV(C).
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A category with a Grothendieck topology is called a site.
We will now give the examples that are most relevant to this text.

Example 2.1.12. Denote the category of schemes by Sch and the category of schemes
over some scheme S by Sch/S.

Let X be a scheme. The small étale site on X denoted Xy is the full subcategory of
Sch/X whose objects are schemes étale over X with coverings given by collections of
étale morphisms {U; — U };e; such that [ [;c; U; — U is surjective.

The big étale site denoted Schy;, is the category Sch together with the Grothendieck
topology given by coverings {X; — X };c; which consist of étale morphisms such that
LI; X; — X is surjective.

Replacing étale by open immersions or faithfully flat and locally of finite presenta-
tion gives us respectively the notion of the big Zariski site denoted Schyz,, and that of
the big fppf site denoted Schy,, r. One can analogously construct the sites (Sch/S),
(Sch/S)zar, (Sch/S)¢ppr by replacing schemes by S-schemes and morphisms by S-
morphisms.

Another example arises when we take some scheme X and the full subcategory of Sch/X
whose objects are schemes smooth over X, denoted Lis—ET(X ). Then the lisse-étale site
is the category Lis-ET(X) together with the Grothendieck topology given by coverings
{U; — U} which consist of étale morphisms such that [ [; U; — U is surjective.

Remark. One issue with the above examples is that the coverings may not be sets. This
can be resolved by making suitable restrictions as explained in the last paragraph of
[Stacks, Tag OOVI]. For the particular example of the big étale site see [Stacks, Tag
0214]. We will not go into further detail on these technicalities, it is however good to
keep in mind that throughout this text whenever we encounter a site which has this issue,
there is a strategy to resolve it and that the arguments given are mostly not affected by
the modification.

Definition 2.1.13. Let S be a site. A presheaf F on S is called a sheaf if for every object
U € S and covering {U; — U};e; the sequence

F)— [ [Fwy 3 [ |Fwixuuy,
iel i,jel
where the first map is induced by the inclusions and the two maps on the right are induced
by the projections U; Xy U; — U; and U; Xy Uj — Uy, is exact.
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2.1.3 Stacks and stackification

Now that we have given the notion of a site we can give the definition of a stack. In some
sense the relation of stack to a prestack can be viewed as analogous to that of a sheaf and
a presheaf. Namely a stack over a site is a prestack for which objects and morphisms glue
uniquely with respect to the given Grothendieck topology, furthermore in the same way
that we can sheafify a presheaf to get a corresponding sheaf we can stackify prestacks to
get a stacks. We begin this section by giving the precise definition of a stack.

Definition 2.1.14. A stack is a prestack X over a site S such that for all coverings
{S; = S}ic; € Cov(S) of objects S € S the following conditions are satisfied:

1. For objects x,y € X'(S) and morphisms ¢; : x|s, — y such that ¢;ls;; = ¢;ls;;
there exists a unique morphism ¢ : x — y over idg making the following diagram

commute
xlSi, X ____‘P___} y over Sl] S
s, \_/ )

where §;; denotes the fibre product S; Xs §; and the maps §;; — S;(;) are the
projections.

2. For objects x; € X'(S;) and isomorphisms ;; :xl-|5ij — X j|Sij’ as displayed in the

diagram
Xi |Sij — Xi /' \
wij \ X over
Xjls,; —> x;

satisfying the cocycle condition i j« |Sijk oy |St-,-k =Yk |Sijk onS;jx :=8;XsS;XgSk
there exists an object x € X'(S) and isomorphisms ¢; : x|s, — x; over idg, such that
Gils;; = ¢jls;; owij on S;;.



Remark. It is not too difficult to show that the first axiom is equivalent to requiring that
for all objects x,y € X'(S) the presheaf Isomy(s) : /S — Setis a sheaf on S/S.

A morphism of stacks is a morphism of prestacks and a substack of a stack is a strictly
full subcategory, see [Stacks, Tag 001D].

We extend the Example [2.1.3] of a prestack, namely if a presheaf is a sheaf then its
associated prestack is a stack.

Example 2.1.15. Recall that to every presheaf F' : S — Set we can associate a prestack.
If we equip S with a Grothendieck topology then F is a sheaf on the site S if and only if
X is a stack. Since any scheme X is a sheaf on the big étale site its associated prestack
is a stack on Schy;.

As mentioned in the introduction to this subsection we can associate a stack to a prestack
through a process called stackification, this is the content of the following proposition.

Proposition 2.1.16. [Alp24, Thm. 2.5.18] Let p : X — S be a prestack over a site S.
There exists a stack p>' : X" — S which is called the stackification of X and a morphism
of prestacks F : X — X*' over the site S such that for every stack )) — S the induced
functor

Mor(X*',Y) — Mor(X,))
is an equivalence of categories.

We will conclude this subsection with some facts on stackification, see [Stacks, Tag
02Z0].

1. The stackification of a prestack is unique up to an equivalence that is unique up to
unique 2-isomorphism.

2. For every object S € S, and any x’ € X'(S) there exists a covering {S; — S}ies
such that for every i € I the pullback x’[s, is in the essential image of the functor
F: X(Sl) i XSt(S,').

3. Let X Xz Y be a fiber product of prestacks over a site S, then

(X XZ y)st ~ XS! XZ” yst‘
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2.1.4 Algebraic stacks and properties of morphisms

We are now ready to give the definition of an algebraic stack. Furthermore we will extend
many properties of morphisms of schemes to morphisms of algebraic stacks, and give an
even more general version of the Yoneda Lemma. Before we can define algebraic stacks
we first have to define algebraic spaces.

Definition 2.1.17. Let f : X — ) be a morphism of prestacks. We say that f is rep-
resentable by schemes if for every morphism § — ) from a scheme the fiber product
X Xy S is a scheme.

Furthermore for a property P of morphisms of schemes which is stable under base change,
we say that a morphism representable by schemes f : X — ) has the property P if for
every morphism § — Y the projection p, : X Xy S — § has the property P.

Definition 2.1.18. Let X be a sheaf over the big étale site. We say that X is an algebraic
space if there exists a scheme U and a surjective étale morphism U — X representable
by schemes. Such a morphism is called an étale presentation.

Let P be a property of morphisms of schemes. We say that P is smooth (resp. étale) local
on the source if for every smooth (resp. étale) surjection of schemes X — Y, a morphism
Y — Z satisfies the property P if and only if X — Y — Z does, and we say that P is
smooth (resp. étale) local on the target if for every smooth (resp. étale) surjection of
schemes Z — Y, a morphism X — Y satisfies the property P if and only if X Xy Z — Z
does.

Definition 2.1.19. Let f : X — ) be a morphism of prestacks. We say that f is rep-
resentable if for every morphism § — ) from a scheme the fiber product X’ Xy, S is an
algebraic space.

Furthermore for a property P of morphisms of schemes which is stable under base change
and étale local the on source we say that a representable morphism f : X — ) has the
property P if for every morphism § — ) and every étale presentation U — X Xy S the
composition

U—->X Xy S—S
has the property P.

We are now ready to give the definition of an algebraic stack.

Definition 2.1.20. Let X — Schy; be a stack over the big étale site. We say that X is an
algebraic stack if there exists a scheme U and a representable smooth surjection, U — X.
We call such morphisms smooth presentations. If the morphism is also étale we say that
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X 1s a Deligne-Mumford stack, this is often abbreviated to DM-stack. In this case we
also say that the morphism is an étale presentation.

Definition 2.1.21. Let X — Schy; be a stack over the big étale site. A substack Z of
X is called an open (resp. closed) substack if the inclusion Z < X is representable by
schemes and an open (resp. closed) immersion.

A property P of schemes is called smooth (resp. étale) local if for any smooth (resp.
étale) surjection of schemes X — Y, X has the property P if and only if ¥ has P.

Definition 2.1.22. Let P be a smooth (resp. étale) local property of schemes, e.g., locally
noetherian, reduced or regular, then we say that an algebraic stack (resp. DM-stack) has
the property P if there is a smooth (resp. étale) presentation from a scheme with the
property P.

For a stack ) over Schy; and an algebraic stack & there is a further generalization of
the Yoneda lemma giving us a useful description for the category Mor(X,))). Namely,
for a smooth presentation X — X', denote the projections by p; : X Xy X — X and
pij i X xx X xx X — X Xy X, then we define Y(X) to be the category consisting of

* (Objects): An object is a pair (y,y) where y € Y(X) and ¢ : pjx > pyX is an
isomorphism which satisfies the cocycle condition p2.¢ o pi, ¢ = pi¢.

* (Morphisms): A morphism (y,¥) — (y’,¥’) is given by a morphismn :y — y’
such that pinoy =y’ o pin.

i.e., the category of descent data corresponding to the sequence

V(X) == V(X xx X) = V(Xxx XxxX) ,
see [Stacks, Tag 026B]. We note that J(X) is independent of the smooth presentation.
This generalization of the Yoneda lemma then claims that there is an equivalence of
categories [Alp24, Lemma 3.1.24]
V(X) = Mor(X,)).
Also see [Hal21| Sect. 6.4.3].
Next we want to extend the above definitions for properties of representable morphisms,

to properties of morphisms of algebraic stacks which are not necessarily representable,
by using presentations.
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Definition 2.1.23. Let P be a property for morphisms of schemes which is stable under
composition and base change and is smooth local on the source and target, e.g., flatness,
smoothness, surjectivity, locally of finite presentation and locally of finite type. We say
that a morphism of algebraic stacks X — ) has the property P if there exist smooth
presentations ¥ — ) and U — X Xy Y such that the composition of the latter smooth
presentation with the projection map

U—-XXyY—>Y
has the property P.

For a property of morphisms of schemes P that is stable under base change and a mor-
phism of algebraic stacks representable by schemes X — ), we say that the morphism
has the property P if for any morphism from a scheme S — ) the projection X' Xy § — S
has the property P.

Remark. For a morphism of algebraic stacks to have a property P €{isomorphism, open
immersion, (locally) closed immersion, (quasi-)affine} it has to be representable by
schemes.

Moreover if we replace smooth by étale in the first part of the definition we can make a
similar definition for DM-stacks, in particular this allows us to define unramifiedness
and étaleness for morphisms of DM-stacks.

We define étale and unramified morphisms separately for a class of morphisms of
algebraic stacks which are called DM morphisms.

Definition 2.1.24. A morphism of algebraic stacks f : X — ) is called DM or relatively
Deligne-Mumford if for every morphism from a scheme X — J the fiber product X Xy X
is a Deligne-Mumford stack.

Definition 2.1.25. A morphism X — )Y of algebraic stacks is étale (resp. unramified) if
it is DM and for every smooth presentation U — ) and étale presentation V — X' Xy U
the composition V — X Xy U — U is étale (resp. unramified).

We conclude this subsection with a useful result.

Proposition 2.1.26. [Alp24, Prop. 3.3.4] Consider a property of morphisms of algebraic
stacks P €{representable, isomorphism, open immersion, closed immersion, (quasi-
)affine}. Then if we have a cartesian diagram of algebraic stacks

X’ ; yl

o]

X — )
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and Y' — Y is smooth and surjective, the morphism X’ — )’ has the property P if and
only if X — Y has the property P.

2.1.5 Topology

In this subsection we generalize the notions of points and topology to algebraic stacks.

Definition 2.1.27. Let X be an algebraic stack. The topological space of X', denoted | X|,
is the set of field valued points x : Spec(k) — A modulo the relation which identifies
two points x; : Spec(k;) — X and x; : Spec(k;) — X if and only if there exist field
extensions k; — k and ky — k such that the diagram

Spec(k) ——> Spec(k)

| l

Spec(ky) —— X

is 2-commutative.

Now the topology on this set is defined as follows: a subset U C X is open if there exists
an open substack ¢/ ¢ X such that |[U/| = U. In particular a morphism f : X — ) of
algebraic stacks induces a continuous map | f|: |X| — |)|.

We will now list some properties of algebraic stacks and morphisms thereof which can
be defined using the underlying topological space.

Definition 2.1.28. Let X’ and ) be algebraic stacks and f : X — ) a morphism, then

* X is quasi-compact, connected or irreducible if | X| is.

* f is quasi-separated if its diagonal X — X Xy & and second diagonal X —
X X XxyX X are quasi-compact.

* X is noetherian if it is locally noetherian, quasi-compact and quasi-separated.

* f is quasi-compact if for every morphism Spec(A) — )Y from an affine scheme
the fiber product X Xy Spec(A) is quasi-compact.

» f is of finite type if it is locally of finite type and quasi-compact.

* f is universally closed if for every morphism of algebraic stacks )’ — ) the
morphism X Xy )" — )’ induces a closed map |X'xy)’| — |)'|.

* [Stacks, Tag 04XI] f is surjective if and only if |f|: |X| — |)] is.
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* [Stacks, Tag 04XH] For a pair of morphisms X — Z and )V — Z the morphism
|X Xz Y| — |X] Xz |Y] is surjective.

Remark. [Stacks, Tag 04YC] For an algebraic stack (resp. quasi-separated algebraic
stack) X quasi-compactness (resp. noetherianness) is equivalent to the existence of a
smooth presentation Spec(A) — X (resp. a smooth presentation Spec(A) — X with A a
noetherian ring).

2.1.6 Properness, separatedness and valuative criteria

In this section we will introduce the notions of properness and separatedness for algebraic
stacks and give valuative criteria for these properties.

Before giving the definitions of separatedness and properness we first have to discuss
diagonal morphisms. Namely for algebraic stacks and morphisms of algebraic stacks we
have the following results.

Proposition 2.1.29. [Alp24, Chapt. 3.2.1]

1. The diagonal morphism A : X — X X X of an algebraic stack (resp. algebraic
space) X is representable (resp. representable by schemes).

2. If X — Y is a morphisms (resp. representable morphism) of algebraic stacks, then
X — X Xy X is representable (resp. representable by schemes).

Giving the definitions of separatedess and properness has to be done by first giving the
definitions for representable morphisms and then building the general definition on the
representable case.

Definition 2.1.30. Let f : X — ) be a morphisms of algebraic stacks.

1. If f is representable then we say that f is separated if the diagonal X — X' xy &,
which is representable by schemes, is proper.

2. If f is representable we say that f is proper if it is universally closed, separated
and of finite type.

3. f is separated if the diagonal morphism X — &’ Xy X, which is representable, is
proper.

4. f is proper if it is universally closed, separated and of finite type.

We conclude this subsection by stating the valuative cirteria.
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Theorem 2.1.31. [Alp24, Thm. 3.8.2] Let f : X — ) be a quasi-compact and quasi-
separated morphism of locally noetherian algebraic stacks. Consider a 2-commutative
diagram

Spec(K) — X

i l 2.1.1)

Spec(R) —— Y

where R is a discrete valuation ring with fraction field K. Then

1. f is proper if and only if f is of finite type and for every diagram there exists
an extension R — R’ of discrete valuation rings with the induced map K — K’ on

fraction fields having finite transcendence degree and a lifting of the form

Spec(K’) —— Spec(K) ——= &

l //,i/’ l (2.12)

Spec(R’) —— Spec(R) — Y
which is unique up to unique isomorphism.

2. f is separated if and only if every two liftings of a diagram [2.1.2] are uniquely
isomorphic.
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2.2 Examples of algebraic stacks

2.2.1 Quotient Stacks

The leading example in the chapters that follow will be that of the quotient stack, in
this section we will define this stack, give some of its properties and show that it is an
algebraic stack.

Definition 2.2.1. A groupoid in algebraic spaces consists of the data (X, R, s,t,c,e,i)
where X and R are algebraic spaces, s,t: R = X, c: RXx R - R, e: X — R and
i : R — R are morphisms, which respectively are called the source, target, composition,
identity and inverse, such that the following diagrams commute:

1. (Associativity)

cxid

RXxXRXyx R —— RXxR

Lo |

RxyR —~— 3% R

2. (Identity)

(eos,id ot,id)
R est)R XRjett R

/l\ kA

3. (Inverse)

R—> v X R—I1 3 X

R—3>R—L3R
\l \Lt / i(id,c) \Le \L(id,i) ie
S S
X

RxxyR —> R RxxR —> R

If in addition the source and target morphisms are étale (resp. smooth) we say that it
is an étale (resp. smooth) groupoid in algebraic spaces. We often denote this data as
s,t:R=X.

49



Remark. This definition can be given for an arbitrary category with finite fiber products,
for our purposes however the only relevant categories are schemes and algebraic spaces.
If (s,¢) : R > U x U is a monomorphism we say that s,#: R =3 U X U is an étale (resp.
smooth) equivalence relation of algebraic spaces. We also want to note that the identity
and inverse are uniquely determined by the other data and therefore often omitted.

For our first example we consider the action of a group scheme on a scheme, this is also
the example that we will use the most throughout this text.

Example 2.2.2. Let S be a scheme. Consider the data (X,G X X, p2,p,c,e,i) where

1. G/S is an étale (resp. smooth) group scheme with multiplication m, inverse
(-)"': G — G, identity e : S — G and an action p : G X X — X on the S-scheme
X.

2. The source p; : G X X — X is the second projection.

3. The composition ¢ : ((GXX)Xx (GXX) > GXX)=GXG XX — G XX is the
morphism induced by the multiplication m : G X G — G, on points this is given by
((g',8.x) = ('8,x).

4. The identity e : G X X — X is the morphism induced by the identity e : § — G,
on points this is given by x — (eg,x).

5. The inverse i : G X X — G X X is the morphism which on points is given by
(g,x) — (g7, gx). Then ps,p : G X X =3 X is an étale (resp. smooth) groupoid in
schemes.

We will now give the definition of a quotient stack.

Definition 2.2.3. Let 5,7 : R =3 X be a smooth groupoid in algebraic spaces. The quotient
prestack [X/R]P"¢ associated to s,¢ : R 3 X is the category fibered in groupoids with:

* Objects: For every scheme T an object over T is given by a morphism 7" — X.
* Morphisms: A morphism (7" 5x ) > (T 4 x ) is given by the data of a mor-

phism ¢ : 7" — T and an element r € R(T) such that s(r) =x and ¢(r) = ¢*y.

The stackification of the quotient prestack is called the quotient stack and is denoted
[X/R].

For our second example we will see that algebraic stacks have an associated groupoid,
and that algebraic stacks can be identified with the quotient stacks associated to these
groupoids.
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Example 2.2.4. Let X’ be an algebraic stack with a smooth presentation ¢ : U — X.
Then we can define a smooth groupoid in algebraic spaces given by the data (U,U X x

U,pi1,p2.c):

1. The source and target are given respectively by the projections p; : UXxy U — U
and po:Uxy U — U.

2. The composition is given by ¢ := (pj o p’,p2op}) : (UXx U) Xy (UXx U) —
U xx U. Recall the definition of a fiber product, explicitly on 7-points the compo-
sition acts by

((ur, 2, = (1) = @), Wyt = 9(u}) = @(u))), f 1y = 1))

= (un,u, @ (f) 2 @(ur) = @(u)).

Moreover the morphism ¢ induces an equivalence ¢ ., : [U/U Xy U] = X, see [Stacks,
Tag 04T5]. A smooth groupoid (X, R, 5,1, c) together with an equivalence ¢ : [U/R] —» X
is called a presentation of X'. Note that analogous constructions can be made if we replace
an algebraic stack with a smooth presentation by a DM-stack or algebraic space with an
étale presentation.

In our next example we will see that applying the quotients stack construction to a
groupoid induced by the action of a smooth affine algebraic group has a particularly nice
description.

Example 2.2.5. In the situation of Example the quotient prestack associated to
p2,p:GxX 3 Xisdenoted by [ X/G]P"¢, its objects are the points of X and a morphism
(1" 5 X)— (T ER X) consists of the data of a morphism ¢ : 77 — T and an element
g € G(T") such that g - x = ¢"y, its stackification is denoted by [ X/G]. If G/S is smooth
and affine a principal G-bundle over an S-scheme 7T is a morphism of schemes P — T
with an action of G on P via o : G Xg P — P such that P — T is a G-invariant smooth
morphism and

(0,p2) :GxXsP —> Pxr P, (g,p)+— (gp,p)

is an isomorphism. For G /S smooth and affine the stack [ X /G] has the following explicit
description:

1. For every scheme T an object over T is given by a pair (P — T, P — X) where
P — T is a principal G-bundle and P — X is a G—equivariant morphism.
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2. A morphism (P" - T’,P' - X) —» (P — T,P — X) is given by the data of a
morphism 77 — T and a G—equivariant morphism P” — P such that the following
diagram commutes

P—pP—3x
L s
T —=T

and the left square is cartesian.

Remark. The above example can be easily generalized to the situation of the action of
a group scheme on an algebraic space. Namely an action of a group scheme G on an
algebraic space X is a morphism G X X — X satisfying the same axioms as in the scheme
theoretic definition of a group action. Moreover similar explicit descriptions can also be
given for the actions of group schemes, or more generally group algebraic spaces, which
are smooth or even fppf, dropping the affineness assumption, see [Alp24, Chapt. 6.3.2].

Suppose that we are in the following situation, G /k is a smooth algebraic group over
a field k acting on an algebraic space X locally of finite type over k. Let H — G be a
subgroup scheme with the free action on G x X given by - (g,x) = (gh™!, hx) which
is induced by the action of G on X and the group multiplication of G. Then we define
G x" X := [G x X/H]. In this setting we have the following result.

Lemma 2.2.6. [Hal2l, Lemma 7.2.3.2],[|Alp24, Sect. 3.4.2] The quotient G x" X is
an algebraic space and for the action of G on the algebraic space G x" X, induced by
g-(g,x)=(gg’,x), there is an isomorphism

[X/H] = [(Gx"X)/G].

We will now state two properties of quotient stacks. First we look at a useful cartesian
diagram.

Lemma 2.2.7. Let s,t : R =3 X be a smooth groupoid in algebraic spaces. There exists a
morphism p : X — [ X /R] such that the following diagram is cartesian.

R—1 3 X

I o |

x 2 [X/R]
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Proof. Define pP™¢ : X — [X/R]P" to be the morphism that sends an object (x,T) €
X(T) to the corresponding morphism obtained by the 2-Yoneda lemma (7T — X) €
[X/R]P"¢(T), and a morphisms f : (x’,7") — (x,T) in X to the morphism ( f, ez (x)) :
x" — x where e7 is the identity of the groupoid over 7”. This makes sense because
s(er(x’)) =x" and f*x =x" =t(e7-(x")). We obtain the morphism p by composing p?"¢
with the stackification functor.

In order to show that the diagram is cartesian we first want to show that it is 2-
commutative, that is: there exists a natural transformation @ : pos — p ot which
for every scheme 7" and object r € R(T) defines an isomorphism

ar:pos(r) = pot(r) € [X/R|(T).

We do this by first constructing a 2-isomorphism a?”¢ : pP"¢ os — pP"¢ ot. An element
r € R(T) defines an isomorphism (idy,r) : sor — tor in [U/R]P"¢(T), using this we
construct the isomorphism «”"¢ which for every scheme 7 and r € R(T) is given by
ol = (idr,r) : (pP"¢ os5)(r) — (pP¢ ot)(r). To show that the transformation defined
in this way is natural, take a pair of objects ' € R(T’) and r € R(T) and a morphism
f: (", T") = (r,T), then using the defining properties of groupoids we have that

(idr,r) o ((p""¢ 0 5)(f)) = (idr,r) o (f,er (s7(r")))

= (idro f,er (R(f)(r),er (sp (') = (f,cr (r,er (s7(r'))))

= (foidp,cp (e (tr:(r')),r") = (f oidy,cr (R(idr) (er (17 (1)), r"))

= (f,er (t(r'))) o (idy,r') = (PP o 1) (f)) o (idy",1").

Hence "¢ is a natural transformation and composing with the stackification gives us
the desired natural transformation «, proving the 2-commutativity of the diagram.

Next we want to show that there is an isomorphism R — X X[x,g] X. Consider the
morphism ¢ : R — X X[x/g) X, r > (s(r),t(r),a,) for r € R(T), we claim that this is an
isomorphism.

This follows from the fact that objects in the fiber product are determined by the objects
r € R(T). Namely, consider a pair of objects y’,y € [X/R] and objects x",x € [ X/R]?"¢
which under stackification are respectively mapped to y’ and y. The sheaf Isom(y’,y)
is isomorphic to the sheafification of the presheaf /som(x’,x), the latter however is an
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algebraic space, it is not difficult to see that it is isomorphic to the fiber product T Xyxy R
given by the morphisms (x,x") and (s,?), see [Stacks, Tag 044V], and therefore in
particular a sheaf. Now our claim follows because isomorphisms x” — x over idr are, by
definition, given by an r € R(T) such that s(r) =x" and 7(r) = x. O

Our second result is the statement that a quotient stack is a categorical quotient among
stacks.

Lemma 2.2.8. Let po,p : G X X =3 X be the smooth groupoid in schemes from Example
then the morphism p : X — [X/G] is a categorical quotient among stacks, that is,
for a 2-commutative diagram:

GxX —2 v x

\Lpz v a \LP q
X —2— [X/G]
< P

a X

there exists a morphism ¢ : | X /G| — X filling in the diagram and a pair of 2-isomorphisms
T:q— wopandn:¢op — q making the diagram commute.

Proof. We construct the morphism ¢?”¢ : [ X/G]P"¢ — X as follows, since p?" is the
identity on objects, ¢”"¢ sends an object x € [X/G]?"¢ to g(x). A morphism (f : T’ —
T,g) : x’ — x is sent to the morphism

(g™l f"x)) == qop(g™.f*x) L qopa(g™,f*x) = q(fx)

lq(f)

q(x)

q(x') =

e((f.8)

Now by stackification we obtain the desired morphism ¢ : [ X /G| — X. For more details,
see [Stacks, Tag 044U]. O

Finally, we want to conclude this section by showing that quotient stacks are algebraic.

Theorem 2.2.9. If s,t : R =3 X is a smooth groupoid of algebraic spaces, then [ X/R]
is an algebraic stack and the natural map X — [X/R] is a smooth, surjective and
representable morphism.
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Proof. Let T — [X/R] be a morphism from a scheme 7. Note that by definition [ X/R]
is the stackification of the prestack [X/R]?"¢, and that the morphism 7" — [X/R] can
be identified with an object in the fiber category u € [X/R](T). Hence by properties
of stackification there exists an étale cover 7" — T such that the pullback x| lies in
the essential image of the stackification [ X/R]P"¢ — [X/R], i.e., there exists an object
xPr¢ e [X/R]P™¢(T) = X(T) which has image x” isomorphic to x|7». Now by applying
the Yoneda lemma to the isomorphism x” ~ x| we obtain a 2-commutative diagram

7 — X

L

I — [X/R]

And since there is a cartesian diagram

=

—S>X
O p

~

-

[X/R]

we can construct the following cube

N

Xr — T

| @ |

X — [X/R]

O
~ v
\
4

R X

The bottom, top, inside and outside squares are cartesian, X7 is a sheaf [Stacks, Tag
05UJ] and X7~ is an algebraic space. Since 7’ — T is surjective, étale and representable
by schemes the base change X7» — X7 is as well. Now by composing X7+ — X7 with an
étale presentation U — X7+ we obtain an étale presentation for Xr. It follows that X7 is
an algebraic space, thus X — [X/R)] is representable.

T/

Xr

Since R — X is smooth and surjective the base change X7» — T’ is smooth and surjective
and therefore X7 — T is smooth and surjective. It follows that X — [X/R] is smooth
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and surjective. Now by composing the morphism X — [X/R] with an étale presentation
for the algebraic space X7 we get a smooth presentation for [ X/R]. O

Corollary 2.2.10. Let G/S be a smooth affine group scheme acting on an algebraic
space X |S. The quotient stack | X /G] is an algebraic stack over S and the natural map
p: X — | X/G] is a principal G-bundle, i.e., X — [X/G] is representable by schemes
and for every morphism from a scheme T — [ X /G| the projection

XX[X/G] T—>T

is a principal G-bundle over T .

2.2.2 Orbits, stabilizers and residual gerbes

Before moving on to our next example we will introduce three important notions in the
theory of algebraic stacks. The first notion is that of a stabilizer.

Definition 2.2.11. Let A be an algebraic stack and x : T — X a T-point, then the
stabilizer of x, often denoted G,, is the fiber product

Gy = AutX(T) x) —— T

U e

X —— AxX

Remark. For field valued points the stabilizers are group algebraic spaces. Furthermore
if X has a quasi-separated diagonal, these stabilizers are group schemes locally of finite
type [Alp24, p. 117].

An important class of morphisms of algebraic stacks are the morphisms which preserve
stabilizers in the following sense.

Definition 2.2.12. [AHH?23| Sect. 4.1] Let f : X — ) be a morphism of algebraic stacks.
Then for a point x € |X| we stay that f is stabilizer preserving at x if there exists a
representative X, or equivalently for all representatives, of x such that the natural map
G5z — Gy (x) 1s an isomorphism of group algebraic spaces.

Remark. In this text we will say that a morphism f : X — ) is stabilizer preserving
if it is so for all points x € |X'|. However, in for example the article [Alp17, Sect. 2.1],
a more general definition is given where morphisms satisfying the above definition at
all points are called pointwise stabilizer preserving and a morphism is called stabilizer
preserving if it induces isomorphisms of stabilizers at all 7-valued points for schemes 7.
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For a verification of the fact that the property has to hold only for one representative in
order for it to hold for all representatives of x see [Stacks, Tag ODTV]. Moreover it is
useful to note that this property is stable under base change [Stacks, Tag ODUBJ.

In addition to stabilizers we can also define orbits of 7-valued points.

Definition 2.2.13. Let X be an algebraic stack, x : T — X a T-point and X — X an
fppf presentation, i.e., a locally of finite presentation, faithfully flat and representable
morphism from a scheme. Then we define the orbit of x in X denoted ox(x), set-
theoretically as the image of X Xy T — X XT. Moreover if the stabilizer is an fppf group
scheme, i.e., fppf over its base scheme, then the orbit is given by the cartesian diagram

ox(x) —— XXT

I

BG, — X' XT

In particular if x : Spec(k) — X is a geometric point then its orbit is given by the fiber
product

ox(x) — Xi

U

BGy —— X%

and we say that the point x : Spec(k) — & has closed orbit if BG, —» X — X} is a
closed immersion. An algebraic stack is said to have closed orbits if every geometric
point has a closed orbit.

Another important concept in the theory of algebraic stacks is that of a residual gerbe,
this concept is meant to mimic the fact that for points in schemes we can construct
monomorphisms from their residue fields. This notion is made precise in the following
definition.

Definition 2.2.14. Let X’ be an algebraic stack and x € |X'| a point. Then a residual gerbe
of X at x is an algebraic stack G, together with a monomorphism G, < X such that |G, |
is a singleton and the image of |G, | in |X| is x.

Remark. If a residual gerbe G, at a point x € |X| exists, then it is unique and G, is a
reduced and locally noetherian substack of X', moreover by [Stacks, Tag 06MV] itis a
regular algebraic stack.

Proposition 2.2.15. Let X be an algebraic stack. Then the following are true.
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1. [Stacks, Tag O6RD] If X is quasi-separated, then residual gerbes exist at all points
x € |X].

2. [Alp24, Prop. 3.5.17] If X is quasi-separated and of finite type over an al-
gebraically closed field k, then for every point x € |X| with a representative

X e X(k),
Qx ZBG)E.

Using the notion of a residual gerbe we can also give a definition for orbits of points
x €|X].

Definition 2.2.16. Let X be an algebraic stack, x € |X’| a point and X — X" an fppf
presentation. The orbit of x in X, denoted O x(x), is defined as the fiber product

Ox(x) — X

I

gx4>X

For a representative ¥ : Spec(k) — X of x, set-theoretically Ox(x) is the image of
Spec(k) Xy X — X. If 5,1 : X Xy X 3 X is the induced groupoid, see Example [2.2.4]
and x’ € | X| is a lift of x, then Ox(x) = s(¢~!(x)) set-theoretically.
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2.2.3 Stack of vector bundles over a curve

One of the fundamental examples in moduli theory is the moduli space of vector bundles
over a curve. In this section we define the stack and sketch the proof for its algebraicity.
We will work over a smooth connected and projective curve C over an algebraically
closed field k. For this section we mainly follow Alper’s notes [Alp24], also see [Neu09],
[Gro14] and [Wanl11]].

Definition 2.2.17. The moduli stack of vector bundles of rank r and degree d over C,
denoted Bun,_,(C) is defined as follows.

* Anobject E € Bun, ,(C) (S) is a vector bundle of rank r over Cs which is flat over
S and of relative degree d.

* A morphism (E’,S") — (E,S) is given by a morphisms of schemes f : §” — S with
amorphism E — (id¢ X f).E" of O¢,-modules whose adjoint is an isomorphism.

Our strategy for proving the algebraicity of this stack is to show that it is isomorphic
to a quotient stack. We do this by using the following general fact, let £ denote a
coherent sheaf of rank r and degree d over the curve C, and let O¢(1) be an ample
invertible sheaf on C. Then by a result of Serre [Har77, Thm. I1.5.17, Prop. I11.5.3],
there exists an integer no such that for all n > ng the sheaf E(n) = E ®o. Oc(n) is
finitely globally generated and for all i > 0, H'(C, E(n)) = 0. It follows that the canon-
ical evaluation map I'(C, E(n)) ®, O¢c — E(n), which for sections on some open U is
defined s® f — f-s|y, is a surjection which induces an isomorphism on global sections.

Furthermore, to prove algebraicity we will also use quot schemes, which we will define
next. Let F be a coherent sheaf on C/k and P € Q[x], consider the moduli problem

Quotg/k(F) : Sch/k — Set,

where Quotg Ik (F)(S) consists of families of quasi-coherent and finitely presented quo-
tients Fg - Q on Cg, i.e., surjecive O¢,-linear homomorphisms of sheaves over Cs,
such that Q is flat over S and Q; has Hilbert polynomial P for all s € S. Furthermore two
S-families gs : Fs - Q and ¢ : Fs - Q’ are equivalent if ker(gs) = ker(qy).

It has long been known that this moduli problem is representable by a projective scheme,
see [Alp24, Chapt. 1], the representing scheme is called the quot scheme, we will
however also call the moduli problem itself the quot scheme.

It turns out that the the stack of vector bundles of given rank and degree can be realized

as the quotient of some subscheme of the quot scheme. Note that the Hilbert polynomial
of a coherent sheaf of rank » and degree d on a curve C of genus g is given by
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Prg(n)=d+rn+r(1-g).

Let P := P, 4 and for each integer N consider the open subscheme

Uy € Quotg. ., ,(Oc(=N)P™)

which corresponds to the sheaf which sends a scheme S/k to the set of families of
locally free quotient sheaves prTOC(—N)P (M) s F, where pri : C xS — C is the pro-
jection, of rank r and degree d such that for every s € S, F(N); is globally generated and
H'(Cs, F(N)lc,) =0.

The algebraic group GLp(y) acts on the quot scheme via precomposition, that is, for
S—points g € GLp(y)(S) and [g :pri‘@c(—N)P(N) — Fle Quotg/k,r’d(OC(—N)P(N))(S),

* o1
k= % pr g %
g-lgl =[goprig™ : priOc(-N)"™ " priOc(-N)"™ - F.
and the open subschemes Uy are invariant under this action. We are now prepared to

sketch a proof for the algebraicity of the stack of vector bundles over C of given rank
and degree.

Theorem 2.2.18. Let C be a smooth, connected and projective curve over an alge-
braically closed field k. Then for r,d € Z> the stack Mnd(C) is algebraic.

Proof. Consider the morphism Uy — Bun_ ,(C) which over a scheme S/k is defined by

[q: prTOc(—N)P(N) » F] > F.

This map is clearly GLp(y) invariant, since the natural morphism Uy — [Uy/GLp(n)]7"¢
is a categorical quotient among prestacks, the morphism Uy — Bun, ,(C) factors through
[Un/GLpny]P"¢ giving us a morphism ‘I‘Zre : [Un/GLp)]P7¢ — mnd(C).

This map is fully faithfull, namely the set of morphisms Moty /GLp ) 1(5) ([PG]s [gF]),
for objects [pg],[gF] in the fiber category [Un/GLpn)](S), consists of elements
g € GLp(n)(S) such that id¢F = g - G, for some choice of pullback id¢F. Hence show-
ing that the map is fully faithfull comes down to checking that the map from the set
{g€GLpN)(S):g-qr=F}to Mor@r’d(c)(g)(F, F) sending g to the automorphism of
sheaves WP"¢((ids,g)) : F — F is bijection.

We can construct an inverse by composing an automorphism F — F with the isomor-

phism OS(N) = pra«pr{Oc = F(N), this then gives us an automorphism OS(N) — Og(N)
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which uniquely corresponds to an element in G (S5).

Now stackification gives us a fully faithfull map Wy : [Uy/GLp(n)] — Bun, ,(C). Tak-
ing the disjoint union of these maps gives us amorphism ¥ := [ [y ¥n : [Uy/GLpn)] —
M’,’d(c) *

It follows from the result by Serre which we discussed earlier, that the map ¥ is a
surjection. Let [E] € mr,d(k), then for some N >> 0, E(N) is a quotient (’)g(N) ~
I'(C,E(n)) ® Oc - E(N) hence in particular E is a quotient of OY¥) (=N) such that
H'(C,E(N)) =0. u
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2.3 Sheaves on algebraic stacks

In this section we will give basic definitions and constructions for sheaves on algebraic
stacks. For this section algebraic stacks are assumed to have quasi-compact and quasi-
separated diagonal, note that with this assumption, by [Stacks, Tag 050N]], morphisms of
algebraic stacks are quasi-separated. Some good sources on the subject of sheaves on
algebraic stacks are Alper’s notes [Alp24] and the book [Ols16] and article [OIsO7]] by
Olsson, also see [[LMOO], [[Alo+15[] and [N1tOS8]].

In order to define sheaves on algebraic stacks we first have to give a generalization of the
lisse-€tale site introduced in the first section.

Definition 2.3.1. Let X'/S be an algebraic stack over a scheme S. The lisse-étale
site on X, denoted Lis-Et(X), is the site given by the full subcategory of X'—schemes
whose objects are smooth X'—schemes and has coverings given by collections of étale
morphisms {(U;, ¢;) — (U, ¢) }ier such that [[;(U;, ¢;) — (U, @) is surjective. We will
often leave the structure morphism out of the notation, writing U instead of (U, ¢). The
category of sheaves on Lis—Et(X ) is denoted Aj;5_¢;.

Remark. Note that the notion of a scheme over a stack is slightly different than that of a
scheme over a scheme, in that the compatibility of morphisms with the structure maps
results in a 2-commutative diagram, rather than a commutative diagram.

Using the above definition we define a sheaf on an algebraic stack X to be a sheaf on
the lisse-étale site. The structure sheaf of an algebraic stack X is the sheaf denoted Oy
whose sections over an X' —scheme U in Lis-Et(X) are given by Oy (U) = Oy(U). The
structure sheaf defined in this way is a ring object in the category of abelian sheaves
on Lis-Et(X), denoted Ab(X), this allows us to define the category Mod(Ox) of O -
modules. To be precise an Ox—module F is a sheaf on Lis-Et(X') which to every object
U € Lis-Et(X) associates an Oy (U)-module F(U) whose module structure is compati-
ble with taking restrictions.

An alternative characterization of AXj;;_s; is the following, let C denote the category
consisting of

1. For each (U,u) € Lis-Et(X) a sheaf Fyu onUyg.

2. For each morphism (¢, @) : (U’,u’) — (U,u), where « is the 2-isomorphism giving
compatibility of the structure morphisms, a pair of adjoint morphisms of sheaves
9(,0,0 : F(U,u) - ‘P*FU’,M’ and 92,& : ()D_]F(U,u) - FU’,u’~
Furthermore, this data has to satisfy the following conditions

* For any composition (U”,u”) (“ﬂ‘) uU',u") ((pz—%) (U,u) in Lis-Et(X) the

following diagram commutes
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-1
1 9(902,02)

o1 0y ' Fluwy ———— Fra

lﬁ \L%l,nl)

_ O(gy,m2)0 (01,01
(0201) " Fryuy —222220 Fyo
* For any étale X'-morphism (¢, @) : (U’,u’) — (U,u) the induced morphism

9*(’:0 o) is an isomorphism.

3. A morphism ({F(_y},{0(-)}) = ({G )}, {n)}) in C is a collection of morphisms
YW  Fou — G for each (U,u) € Lis-Et(X), such that for any morphism
(p,a) : (U',u") — (U,u) the following diagram commutes

_ oW _
¢ ' Fluu — s 'G

\L@(%Q) \Ln(%ﬂ)

l/’(U',u')
F(U’,M’) % G(U’,M’)

There is an equivalence of categories C — Aj;5—¢, see [Ols16, Prop. 9.1.12].

Remark. For a sheaf F € &};;_4 and an object (U,u) € Lis—Et(/Y ) we will use the
notiation (g, to mean the restriction of F to Ug.

Given a morphism of algebraic stacks F' : X — ), there are adjoint functors

F. £
/N /\)
Xiis—ét Viis-e«  Mod(Oy) Mod(Oy)
r\_l/ r\_/
F~ F*

Let (Y,y) be an object in V;;5—¢;. We define a category denoted Z(Y,y) which has as
its objects triples (x: X = X, f: X —»Y,a:yo f — Fox), where (X,x) € Lis-Et(X),
these triples correspond to 2-commutative diagrams

X —— X
L eal
Yy —— Y
A morphism is given by a triple (h,8,y) : (x’N, fla') — (x, f, aN) consisting of a mor-
phism 4 : X’ — X and 2-isomorphisms S:x" - xohandy: f' — foh.

Now consider the functor 5y yy : Z(Y,y)?” — Y, which sends
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* anobject (x, f, @) to the sheaf f. F(x ) whichis defined by (Y’ —=Y) — F(x o) (X Xy
Y’ — X), where X Xy Y’ — X is the projection, which is étale since étale morphisms
are stable under base change.

* A morphism (h,,y) is sent to the morphism f.0, 3 : f..F(xx) — fiF(x x), this
makes sense because of the identifications y : f’ — foh and f.h, = (f o h)..
On (Y,y) we define the pushforward of F by F to be the limit (F..JF)(y,) =
imz(y ) n(y,y)-

If F is representable by schemes the pushforward is simply the sheaf

Y,y) = FYxyX = X&)

where Y Xy X — X is the projection, which is clearly in Lis-Et(X') by smoothness
of y. In a similar fashion one can define the inverse image functor F -1G for a sheaf
G € Viis—¢é:- In particular if F is smooth it induces a functor Lis—Et(X ) — Lis—Et()/),
(X,x) — (Y, F ox) and we denote the direct image of G by F as Gy r which is defined
via (X,x) — G(Fox).

Furthermore the functor F™* is defined by sending an Oy-module M to the O y-module
F*M :=F'M ®p-10y, Ox, where the tensor product is the sheafification of U —

FLM(U) @100 Ox (V).

For a sheaf F on an algebraic stack X over a scheme S with structure morphism
¢ : X — § we define its global sections by F(X) := (¢..F)(s,ids)(S)). In addition for a
morphism F : X — ) the sections of the pushforward over an object (Y, y) € Lis-Et()))
are given by F. F (Y, y) 1= (p2.«(Faxyy.p;)v.idy (¥)-

Definition 2.3.2. Let X’ be an algebraic stack. A sheaf F € Mod(Oy) is quasi-coherent
if

1. forevery U € Lis—Et(X ), the restriction of F to the small Zariski site on U denoted
Flu,,, is a quasi-coherent Oy, —module.

2. For every morphism f : U — V € Lis-Et(X), the induced morphism f*(Fly,,,) —
Flu,,, 18 an isomorphism.

We denote the category of quasi-coherent sheaves on X by QCoh(X).

Remark. A quasi-coherent O y-algebra is a quasi-coherent O y-module with a compati-
ble structure as a ring object.
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Lemma 2.3.3. [OIs07, Lemma 6.5] Let F : X — Y be a quasi-compact morphism of
algebraic stacks, then F* and F, preserve quasi-coherence.

Example 2.3.4. [Kha22, Cor. 6.13],[Hei1l8, 1.A.a.] Let G be an algebraic group acting
on an algebraic space X, then

QCoh([X/G]) = QCoh®(X),

where QCoh® (X) is the category of G-equivariant quasi-coherent sheaves on X.

In particular, consider the multiplicative group G,, over an algebraically closed field
k acting on the affine line A! over k by the usual multiplication and a lineariza-
tion £ € PicC"(Al). Since L is a quasi-coherent rank one ©,i-module we have that
L(A") = k[x] - e where e is some section which is unique up to scalar multiple.

We define an integer called the weight of £ denoted wt( L), which is given by the weight
of the G,,-coaction on the section e, i.e., wt(£) := d with p* : L(A') = k[y,y"!]®
L(AD), p*(e) = y¢®e. Then

k-xe if wt(£)=d <0
0 if wt(£)=d >0

b

LA [G]) = L(AN) o = {

see [He1l8, 1.A.a.].

Now we want to introduce the stack theoretic versions of relative spectra and Proj
constructions.

Definition 2.3.5. Let A be an quasi-coherent O y—algebra. The relative spectrum of A
denoted Spec X(.A) is the algebraic stack consisting of

1. objects which are pairs (x : T — X, ¢) where x € X(T') and ¢ : x* A — Or is a map
of Or—algebras.

2. A morphism (x": 7" - X,¢’) — (x: T — X, ) is given by a pair of morphisms
(f:T" =T, f":x— x) where f? is a morphism over f such that the following
diagram commutes

b
/ > [*x* A

%
e

Or

Definition 2.3.6. Let A be an quasi-coherent graded O y—algebra. The relative Proj of
A denoted Pron(A) is the algebraic stack consisting of
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1. objects which are pairs (x : T — &', ) where x € X(T') and ¢ : T — Proj;(x*A) is
a section of the T—scheme ProjT(x*A).

2. A morphism (x": 7" — X,¢’) = (x: T — X, ) is given by a pair of morphisms
(f:T" = T,f:x — x) where f is a morphism over f such that the following
diagram commutes

T > T

I+ I

Proj, (" A) — Proj, (+'A)

Remark. We have sneakily inserted stackyness and algebraicity into the above defi-
nitions, this however is not too difficult to prove, we refer the reader to [Ols16, Sect.
10.2].

Next we introduce a variant of the stack theoretic relative Proj, following [[QR22], which
is described by a quotient stack. We will work on schemes as this is sufficient for our
purposes, it is however possible to work on general algebraic stacks using the notions
of actions on stacks and quotients of such actions introduced in the article [RomO5]],
alternatively there is also a discussion of this construction in Olsson’s book [Ols16, Sect.
10.2] which is not directly identified with a quotient stack.

Let A= @nzo A, be a quasi-coherent graded Oyx-algebra and write A, for the ideal of A
generated by €p,., An. There is a natural action of the multiplicative group scheme G,
on SpecX(A) induced by the coaction A — A ®0, Ox[x,x~!] that sends a degree d sec-

tion a to x%a. Let V(A)° denote the complement of the closed subscheme of SpecX(A)
defined by the ideal A, then there is an induced action of G,, on V(A)° and we define
this version of the relative Proj denoted Projy (A) to be the quotient stack [V(A)°/G,,].

This construction comes with a universal property [QR22, Prop. 1.5.1], which we will
not write out here, more important to us is the following consequence [[QR22, Prop.
1.7.1]: Let f: X — )Y be a quasi-compact morphism of algebraic stacks and £ an
invertible sheaf on X'. Then if for every x € X, there exists an integer N > 0 such that
FfLEN — L8N is surjective at x there exists a morphism ¢z : X — Projy(A).
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Chapter 3

Good Moduli spaces

A good moduli space for an algebraic stack generalizes the notion of a good quotient
to a stack theoretic setting. In this chapter we will introduce the notion of a good
moduli space, we will see that it shares many of the properties of good quotients and
that important results from Mumford’s geometric invariant theory can be generalized
for these good moduli spaces. Throughout this chapter schemes are assumed to be
quasi-separated, an algebraic space over a scheme § is assumed to be quasi-separated
over S and an algebraic stack over S is assumed to have separated and quasi-compact
diagonal X — X X X'. The main references for this chapter are [Alp13[], [AE12] and
[Alp24].

3.1 Cohomological affineness

In this section we will introduce the notion of cohomological affineness, which is one
of the defining properties of good moduli spaces. We list some of its features and work
out an example. Furthermore, we will also generalize the notion of linear reductivity
introduced in chapter one.

Definition 3.1.1. Let /' : X — ) be a morphism of algebraic stacks. We say that f is
cohomologically affine if f is quasi-compact and the induced functor

f+« : QCoh(X) — QCoh())

is exact.
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We will now list some useful results for cohomological affineness.

Proposition 3.1.2. [Alp13, Prop. 3.3, 3.10, Lemma 4.9]

1.
2.
3.

Cohomologically affine morphisms are stable under composition.

Affine morphisms are cohomologically affine.

[Alp13, Prop. 3.3](Serre’s criterion) A quasi-compact morphism of algebraic
spaces is affine if and only if it is cohomologically affine.

Let f: X — Yand g:) — Z be morphisms of algebraic stacks over a scheme
S, and suppose that g is quasi affine or Z has quasi affine diagonal over S. Then
if g o f is cohomologically affine and g has affine diagonal, f is cohomologically

affine.

[Alp13, Lemma 4.9] (Analogue of Nagata’s fundamental lemmas) If f : X — ) is
cohomologically affine and T and [J are a pair of quasi-coherent ideal sheaves on
X then

(D) LOx/f L= f.(Ox/1)
@) LI+ T = f(Z+T).

Consider the 2-cartesian diagram of algebraic stacks

Xl f } yl

lg’ O lg
x Ly

If g is faithfully flat and f’ is cohomologically affine, then f is cohomologically
affine.
If f is cohomologically affine and g is quasi-affine, then f’ is cohomologically
affine.

If f is cohomologically affine and ) has quasi-affine diagonal, then f’ is cohomo-
logically affine.

We will now give a generalization of linear reductivity.

Definition 3.1.3. Let G/S be a faithfully flat, finitely presented and separated group
scheme over a scheme S. We say that G/S is linearly reductive if BG — S is cohomolog-
ically affine.
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Remark. In the case that S is the spectrum of some algebraically closed field, we can use
the fact that the category of quasi-coherent Opg-modules is equivalent to the category of
G-representations, see [Sch18, Thm. 2.1]. The characterization of a linearly reductive
group scheme as a group scheme for which the functor V — V© taking a G-representation
to its G-invariants is exact then implies that the above definition is equivalent to the
classical definition from chapter one.

We conclude this section with an example.

Example 3.1.4. Let G/S be a linearly reductive group scheme with an action p : G X
X — X on a scheme X/S affine over S. Then the induced map ¢ : [X/G] — S is
cohomologically affine. Since the square

GxX —>

|

O
X —

Z

is cartesian, it follows from [Stacks|, Tag 04ZN] that the square

X — [X/G]

L=

S —— BG

is cartesian. Since X — § is affine and S — BG is smooth and surjective it follows from
Proposition[2.1.26|that [ X /G| — BG is affine and since G is linearly reductive BG — S
is cohomologically affine, thus the composition [X/G] — BG — S is cohomologically
affine.
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3.2 Good moduli spaces and the GIT quotient

We will now finally give the definition of a good moduli space.

Definition 3.2.1. Let 7 : X — X be a quasi-compact and quasi-separated morphism of
algebraic stacks where X is an algebraic space. We say that f is a good moduli space if
1. & is cohomologically affine, and
2. Ox — 1.0y is an isomorphism.
Remark. There also is the notion of a tame moduli space, see [Alp13} Sect. 7], which is
a good moduli space that also is a bijection of sets on geometric points. In particular for
a locally noetherian algebraic stack a tame moduli space is a good moduli space as well
as a coarse moduli space. In some sense the notion of a tame moduli space generalizes

geometric quotients. Also see [AOVOS|] for more background on the theory of tame
stacks.

The earlier mentioned relation with the notion of a good quotient will become clear once
we list some properties of these good moduli.

Proposition 3.2.2. [Alp13, Thm. 4.16, 6.6, Prop. 4.7] Let 7 : X — X be a good moduli
space, then

1. 7 is surjective.
2. mis universally closed.
3. If Z1, 2, are closed substacks of X, then

im(Z1)Nim(2,) =im(Z1N 2,)
where the intersections and images are scheme-theoretic.

4. Let k be an algebraically closed field, there is an equivalence relation on the
isomorphism classes of geometric points in X (k) given by x1 ~x2 if {x1} N{x2} # 0
in the base change |X}|. This relation induces a bijection [X (k)]/~— X (k). In
particular ©t induces a bijection on closed points.

5. [Alp13, Thm. 4.16, 6.6] If X is locally noetherian then rt is universal for maps to
algebraic spaces, i.e., the natural map Mor(X,Y) — Mor(X,Y) is a bijection of
sets. If Y is a scheme we can drop the locally noetherian assumption.

6. [Alpl3, Prop. 4.7] Suppose
x Ly x
lo |
x £ x
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is a cartesian diagram of algebraic stacks with X" and X algebraic spaces. Then
(i) If  is a good moduli space, then 1’ is a good moduli space.

(ii) If g is fpqc and 7’ is a good moduli space, then rt is a good moduli space.

Once one looks at some of the proofs of some of these results it starts to become clear why
we require cohomological affineness in the definition of a good moduli space. Property 3
for example follows from Proposition [3.1.2.5|and 4 is a consequence of 3, in particular
we see that 4 is a clear analogue for our discussion of good quotients in chapter one
where we introduced the notion of S-equivalence.

Example 3.2.3. Let G/S be a linearly reductive group scheme with an action p : G X
X — X on a scheme X /S affine over S. Then the map 7 : [X/G] — SpecS(cp*(’)[X/G]),

obtained from the factorization
[X/G] 7

Spec, (‘P*O[X/G

where ¢ : [X/G] — S is the cohomologically affine map from Example 3.1.4} f is affine
and by construction Ospec_(4,0(x,6)) = T+O[x/61, 1s a good moduli space.

For cohomological affineness of 7 write X := [X/G], X := SpecS(go*O[X/G]) and con-
sider the pair of 2-cartesian diagrams

id
x Y X XX —2s

| =] ll

X -2 XxsX X —

In the left diagram, since affine morphisms are stable under base change and X — § is

affine, the diagonal X 4 X Xg X is affine and therefore by Proposition [2.1.26[the map
(idy,m) : X —» X xx X is affine, hence also cohomologically affine. In the righthand
diagram the morphism X — S is cohomologically affine and S is a scheme and therefore

has quasi-affine diagonal, thus by Proposition [3.1.2.8| X’ xg X XX is cohomologically
affine. It follows that the composition p; o (idy, ) = 7 is cohomologically affine, hence
a good moduli space.

Remark. In fact if G/S is a smooth affine linearly reductive group scheme acting on a
scheme, or more generally an algebraic space X /S, and [X/G] — S is cohomologically
affine, then X — S is affine. This follows from Proposition@ Since X — S is the
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composition X — [X/G] — S, by Proposition [2.1.26|and affineness of G — S we can
deduce from the cartesian diagram

Q
Q— X — <
S

J D J
=
@ 3

|-

that X — [X/G] is affine and by assumption [X /G| — S is cohomologically affine, thus
the composition X — § is affine.

Extending this further, we can say that if there exists a G-invariant morphism ¢ : X — Y,
then the induced morphism 7 : [ X/G] — Y is a good moduli space if and only if

1. ¢ is affine.
2. Oy — ¢.(0x)Y is an isomorphism.

Once we observe that 7.0[x/g] = ©.(Ox)C this follows from the above.

Recalling the definition of a good quotient from chapter one, if we take S to be the
spectrum of an algebraically closed field, this last result gives us a clear correspondence
between good quotients and good moduli, namely ¢ : X — Y is a good quotient if and
only if 7: [X/G] — Y is a good moduli space.

The above discussion can be further generalized for arbitrary stacks, via the following
generalization of stability for algebraic stacks.

Definition 3.2.4. Let p : X — S be an algebraic stack, quasi compact over S, £ an
invertible sheaf on X and x € X' (k) a geometric point with p(x) = s € S(k). Then

1. x is pre-stable if there exists an open substack ¢/ ¢ X’ containing x which is coho-
mologically affine over S and has closed orbits. We denote the pre-stable locus by
Xpre-

2. x is semi-stable with respect to L if there is an open subscheme U C § containing s
and a section o € L"(p~' (U)) for some n > 0 such that o (x) £0 and p~ 1 (U), = U

is cohomologically affine. We denote the semi-stable locus by X*.

3. x is stable with respect to L if there is an open subscheme U C S containing s and
a section o € L"(p~'(U)) for some n > 0 such that o-(x) # 0, p~ ' (U)y — U is
cohomologically affine and p~! (U),, has closed orbits. We denote the stable locus
by X;.
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Example 3.2.5. [Alp13, Chapt. 13.5] Consider the action of a linearly reductive group
scheme over an algebraically closed field k on a quasi-compact k-scheme X and let L be
a G-linearization on X. If £ is the corresponding line bundle on [X/G], then scheme
theoretic GIT stability with respect to the linearization L and the above notion of stability
coincide in the sense that [X/G]S)S = [XES)S/G].

Remark. [ER21, Rem. 3.16] An alternative characterization of the semistable locus
X is the following. Let i C X be the open locus where p* p LN — LV is surjective
for some positive integer N and let V C Projs(®,>0p-L") be the largest open subset
over which the induced morphism ¢, : U — Projg(®,>0p+L") is cohomologically affine.
Then we have X = gozl (V) so that X' — V is a good moduli space.

The above remark gives us the following analogue of Theorem|1.2.17

Theorem 3.2.6. [Alp13, Thm. 11.5] Let p : X — § be an algebraic stack, quasi-compact
over S, and L an invertible sheaf on X . Then

1. There exists a good moduli space nt: X" — X with X an open subscheme of
Projs(D,50p«L").

2. There is an open subscheme U C X such that = (U) = X} and ﬂlXZ Xy > Uis
a tame moduli space.
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Chapter 4

Existence criterion for good moduli
spaces

In this chapter we will introduce a recent result giving us an existence criterion for
good moduli spaces. Namely in the article, [AHH23|]] Alper, Halpern-Leistner and
Heinloth prove that the existence of a good moduli space for a certain class of algebraic
stacks depends on the fulfillment of two valuative criteria called ®-reductivity and
S-completeness. We will start this chapter off with a different result given by Halpern-
Leistner in his article [Hal22], which gives us a description of the so called filtrations of
an algebraic stack, which are maps from a certain quotient stack. This latter result will
prove to be a useful tool in this chapter as well as the next chapter where we introduce a
numerical criterion for the stability of points in algebraic stacks.

4.1 Filtrations

As noted in the introduction to this chapter we will dedicate this section to introducing
the notion of filtrations and give a description of these filtrations.

Definition 4.1.1. Let X’ and ) be a pair of stacks over a scheme S. We define the mapping
stack denoted MapS(y, X)) to be the prestack with fiber category over an S-scheme T

given by Morg(Y X T, X).

Over Spec(Z) we write ® := [A!/G,,] where the multiplicative group acts on the affine
line by the standard multiplication, and we let BG,, := [Spec(Z)/G,,] denote the clas-
sifying stack of the multiplicative group. For a scheme S we write ®g := ® X § and
BG,, s == BG,, X S.

Definition 4.1.2. For an algebraic stack X — S over a scheme S we define and denote
the stack of filtered points in X" to be the following mapping stack
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Filt(X) := Maps(®5, X).

Note that for A! x T — @7 is a smooth presentation. Then using the generalization of
the Yoneda lemma given in section 2.1.4 together with the cartesian diagrams given
in section 2.2.1 we can describe the fiber categories Filt(X)(T) = Mor(0®r, X) as the
categories of descent data associated to the sequences

mn P
G X Gy X Al XT —Z G XA'XT ;} AlxT

where m denotes the group multiplication, p is the action of G,, on A! and a is the map
that forgets the leftmost group element. Thus, the category Filt(X")(T') consists of

* (Objects): An object is a pair (x,i) where x € X (A xT) and ¥ : a*x — p*x a
morphism satisfying the cocycle condition p*y o a™y = m™y.

* (Morphisms): A morphism (x,¥) — (x’,y’) is given by a morphism 7 : x — x’
such that ¥’ oa*(n) = p*(n) o .

In the paper [Hal22] Halpern-Leistner gives an even nicer description of these filtrations
by identifying them with certain quotient stacks. This identification will prove to be
useful in upcoming sections, the rest of this section is dedicated to formulating this result.

Let k be an algebraically closed field, G a smooth algebraic group over k acting on a
quasi-separated algebraic space over k and A : G,, — G a cocharacter. We define the
functors

Ly={leG:1=2)A()"" V1},
P :={peG: limo/l(t)p/l(t)_1 exists},
11—
Xg = Mapf’" (Spec(k), X),

X7 = Mapf’" (AL, X).

The first two functors are self explanatory, the latter two functors are G,,—equivariant
mapping stacks. The first of the two associates to a k-scheme T, G,,-equivariant maps
T — X where G,, acts trivially on T and the action on X is induced by the action of
the group G and the cocharacter 4. The second functor associates to a k-scheme 7" a
G,-equivariant map T x A' — X where G,, acts trivially on 7 and with the scaling action
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on Al and again via the action of G and the map A on X.

When X is separated there is a particularly nice description for the k-points of X7, given
in [Dri15, Sect. 1.3], namely consider the map

evi: X7 (k) — X(k)

given by evaluating morphisms A' — X at 1, i.e., compose with 1 : Spec(k) — A!. The
collection of k-points x := ev’}(A1 — X) can be identified with the set {1(-) -x : G,, —
X} so that X7 (k) surjects onto the set of maps A(-) -x with x € X (k) which can be
extended to A!, i.e.,

G, 2% x

n
L
,/ Efx,A
Al
and since X is separated by the valuative criterion these extensions are unique if they
exist. Now using the notation introduced in our discussion of the Hilbert-Mumford

criterion we have that X7 (k) is in bijective correspondence with the set {x € X (k) :
lim,_,0A(g) - x exists}.

We are now ready to formulate the result.

Theorem 4.1.3. [Hal22, Thm. 1.4.8] Let G be a smooth affine algebraic group over
an algebraically closed field k with split maximal torus acting on a quasi-separated
algebraic space locally of finite type over k. Then there exists an isomorphism

Fili([X/G]) = | |[X}/P})

AeA
where A = Hom(G,,,G) /(1 ~ gAg™!, Vg € G).

Remark. The isomorphism in the Theorem is induced by maps ® x [X7/P7] —
[X/G] which on k-points are given by A XX 3 (a,x) — A(a) -x € X, see [Hall3|
Lemma 4.2.1].

In addition to the a stack of filtered points there also is a stack of so called graded points
which is denoted and defined by:

Grad(X) := MapS(BGm,S, X)

For quotient stacks, as in[4.1.3] Halpern-Leistner ([Hal22, Thm. 1.4.8]) also shows that
there are isomorphisms
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Grad([X/G]) = | |[X}/Lal.

AeA

4.2 ©O-Reductivity

If R is a discrete valuation ring with maximal ideal my generated by the uniformizer
n, field of fractions K := Frac(R) and residue field « := R/mpg, then we write O :=
©® X Spec(R) = [A}e /G,,] and O € O, is the closed point associated to the maximal ideal
(x,m).

Definition 4.2.1. A morphism of locally noetherian algebraic stacks f: X — ) is ©-
reductive if for every discrete valuation ring R there is a unique dotted arrow filling in
any commutative diagram of the form

Or\0 — X

(!

Or —— VY

We say that an algebraic stack X’ over S is ®-reductive if its structure morphism is
O-reductive.

Remark. As explained in [Hal22, Warning 5.1.4] for an algebraic stack X" over a scheme
S, ®-reductivity can equivalently be defined by the requirement that the evaluation
morphism ev; : Filtg(X) — X given by f +— f(1) satisfies the valuative criterion for
properness with respect to the class of all valuation rings.

Proposition 4.2.2. Let G be a smooth split reductive algebraic group over a field k
acting on a quasi-separated algebraic space X locally of finite type over k. Then

[X/G] is ©-reductive <= VA € Hom(G,,,G), evf : X7 — X is proper.

Proof. Under the identification of filtrations of quotient stacks given in the mor-
phism ev; : Filt([X/G]) — [X/G] corresponds to the coproduct of morphisms of quo-
tient stacks: [evf] : [X7/P}] — [X/G], induced by the (P} — G)-equivariant mor-
phisms evf : X7 — X. Now since we have equivalences [X7/P7] ~ [G xPh X7/G], the

morphisms [ev/ll] can be factored as follows:

[GxFi1Xt/G] = [GxP1X/G] — [X/G),

induced by the morphisms
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GxPixt->GxMix—-X

which on points are defined by (g, f) — (g, f(1)) — A(g) - x. Since G is reductive, the
P7 are parabolic subgroups of G and therefore the G/P7 are projective, in particular
the structure morphisms [G/P]] — Spec(k) of the associated stacks are proper. Since
properness is a property that is stable under base change, it follows from the cartesian
diagrams

[X/Pt] — [X/G]

loe ]

[G/le] — Spec(k)
that the compositions are proper if and only if the maps ev’l1 : X7 — X are proper. O

Corollary 4.2.3. Let G be a smooth split reductive algebraic group over an algebraically
closed field k acting on an affine finite type k-scheme X := Spec(R). Then [X/G] is
®-reductive.

Proof. Let A € Hom(G,,,G), then the G,,-action on X induced by A corresponds to a
grading on Oy (X) such that the nth graded piece is given by functions f € Ox(X) with

(g- )= flg™"x) = f(A ™" -x) = g"f(x) forall g € Gy

Recall from our discussion in the first section of this chapter that since X is affine
and therefore separated over Spec(k) we can view X7 (k) as the collection of points in
x € X(k) for which lim,_,0A(—) - x exists, now it is clear that these limits only exist
for positively graded pieces, thus X7 can be identified with the closed subscheme of
X given by Spec(R/I_) where I_ is the ideal generated by the homogeneous elements
of strictly negative degree. We conclude that the morphisms ev/ll : X7 — X are closed
immersions and therefore in particular proper so that by the previous result [ X/G] is
indeed ®-reductive. O
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4.3 S-completeness

Let R be a discrete valuation ring with maximal ideal mg generated by the uniformizer
nt, field of fractions K := Frac(R) and residue field « := R/mg. For the action of G, on

R[x,y]/(xy—n) given by g- (x,y) = (gx,g~'y) we write ST := [Spec(R[x,y]/(xy —
7))/G;,] and O € STk, is the closed point associated to the maximal ideal (x,y).

Definition 4.3.1. A morphism of locally noetherian algebraic stacks f : X — ) is S-
complete if for every discrete valuation ring R there is a unique dotted arrow filling in
any commutative diagram of the form

STR\0 — X

A
STp — Y

We say that an algebraic stack X’ over S is S-complete if its structure morphism is
S-complete.

Remark. Note that the complement of the point 0 in ST, is isomorphic to two copies of
Spec(R) glued along Spec(K)

STz \ 0 = Spec(R) U Spec(R).
Spec(K)

Namely we have the following identifications for the open cover given by the non-
vanishing locus of the coordinates x and y

STr\{x=0} = [Spec(R[x,x~",y]/(xy—=7))/Gpn] = [Spec(R[x,x™'])/Gy] ~ Spec(R) and

STg\{y =0} = [Spec(R[x,y,y ']/ (xy—7))/G] = [Spec(R[y,y™'1)/Gm] ~ Spec(R)

so that we have a cocartesian diagram

Spec(K) < Spec(R)

[ [

Spec(R) «—— STk \O.

Moreover we see that a morphism to an algebraic stack ¢ : ST \ 0 — X is given
by the pair ¢|(.0},¢l{yz0} : R — & together with an isomorphism of the restrictions
(@l{x20}) Ispec(k) = (@l{y=0})Ispec(k)- In the terminology of the paper [AHH23, Def. 3.36]
these two morphisms are a modification of one another.
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We will now list some properties of S-completeness given in [AHH23, Sect. 3.5].

Proposition 4.3.2.

1. S-complete morphisms are stable under composition and base change provided
that the locally noetherian assumption is preserved.

2. An affine morphisms of locally noetherian algebraic stacks is S-complete.
3. Let k be an algebraically closed field, then BG L, ; — Spec(k) is S-complete.

4. If X and Y are locally noetherian and )’ — ) is étale representable and surjective,
then X — Y is S-complete if and only if X Xy V' — V' is.

Proposition 4.3.3. Let k be an algebraically closed field, X an algebraic stack of finite
type over Spec(k) with affine diagonal and rt : X — X a good moduli space. Then X is
S-complete if and only if X is separated.

Proof. (=) Suppose that X is S-complete and that we have a (strictly) commutative
diagram

/i
Spec(K) ——> Spec(R) ;1; X.
2

Then by surjectivity of good moduli, after possibly an extension of Spec(R), we choose
a lift Spec(K) —» X

5 X

—
-
-
-
—
- /e
-
-

—

=" h
Spec(K) ——> Spec(R) :; X.
2
Furthermore, since good moduli are universally closed, by the valuative criterion for
universal closedness we may, after possibly extending Spec(R) once more, choose lifts

f1, f>: Spec(R) — X yielding a commutative diagram

Spec(K) X

(e

Spec(R) :; X.

Now by our earlier remark the diagram

/i
Spec(K) ——> Spec(R) ﬁl X.
g

80



induces a morphism STx \ 0 =~ Spec(R) Uspec( ) Spec(R) — X and by S-completeness of
X this morphism can be extended to a morphism STz — X. Now since STz — Spec(R)
is a good moduli space, by universality of good moduli for morphisms to algebraic
spaces we obtain a unique morphism f : Spec(R) — X. It follows from the unicity of
this morphism that we must have f = f] = f> so that X satisifies the valuative criterion
for separatedness.

For proof of the (<) direction, see [AHH23, Prop. 6.8.20]. O

Note that S-completeness of the quotient of an affine scheme by a reductive group directly
follows, namely we have the following.

Corollary 4.3.4. Let G be a smooth affine linearly reductive group over an algebraically
closed field k acting on a finite type affine k-scheme Spec(A). Then [Spec(A)/G] is
S-complete.

Proof. We have seen in the previous chapter that [Spec(A)/G] admits a good moduli
space [Spec(A)/G] — Spec(A%). Then since Spec(A®) is separated, by the previous
result [Spec(A)/G] is S-complete. O

Note that in particular the classifying stack of a linearly reductive group is S-complete,
this however is a specific example of a much stronger result, namely S-completeness
characterizes reductivity in the following sense.

Proposition 4.3.5. Let G be a smooth affine algebraic group over an algebraically closed
field k. Then G is reductive if and only if BG is S-complete.

Proof. (=) Suppose that G is reductive. Note that since G is an affine algebraic group
it can be realized as a subgroup of G L, for some n, and since G L,, is reductive as well it
follows from Matsushima’s theorem, see [Alp24, Thm. B.1.43], that the quotient GL,,/G
is affine. Now since there is a cartesian diagram

GL,/G —— Spec(k)
Lo |
BG —— BGL,

where Spec(k) — BGL, is smooth and surjective, it follows from Proposition
that BG — BGL, is affine and hence by Proposition[4.3.2.2| S-complete, moreover since
BGL, — Spec(k) is S-complete by Proposition and S-completeness is stable
under composition we can conclude that BG — Spec(k) is S-complete.

(<) Before we prove the second implication we will first give another property of groups
that S-completeness characterizes. O
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Namely, in the article [AHH21]] Alper, Halpern-Leistner and Heinloth prove that S-
completeness is also equivalent to existence of Cartan-Iwahori-Matsumoto deompositions.
Assume that R is a complete discrete valuation ring and note that a formal power
series ring over an algebraically closed field is an example of such a ring. Recall the
notation from our discussion of the Hilbert-Mumford criterion in chapter one, for a 1-PS
A:G,, — G of a smooth affine algebraic group G /k over an algebraically closed field k
we write

(A) := Spec(K) 4 G 4 G

where ¢ is induced by the ring map k[u,u"'] — K, u + 7. Then we have the following
result.

Proposition 4.3.6. [AHH21, Lemma 3.6] Let G/ k be a smooth affine algebraic group
over an algebraically closed field k. Then the following are equivalent:

1. For any g € G(K) there exist hy, hy € G(R) and a homomorphism A : G,, — G such
that
g=hi-(A) ha.

2. There exists a dotted arrow filling in the commutative diagram

STx\0 — BG
(e
ST
We will now return to our proof of proposition #.3.5]

Proof of propH.3.5] <) . We will prove the contrapositive statement. Suppose that G is
not reductive. Then since G is not reductive its unipotent radical R(G), is non-trivial.
Note that since R(G),, is non-trivial and unipotent it admits a normal subgroup H ~ G,
see [Mill5, Chapt. 15.b]. Then by [Mill5, Thm. 5.21] the quotients G/R(G), and
R(G),/H are affine and using the cartesian diagrams

G/R(G)y — Spec(k) R(G)u/H —— Spec(k)

N

BR(G), —— BG BH —— BR(G),
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as before we have that BH — R(G), and R(G), — BG are affine and therefore that the
composition BH — R(G), — BG is affine, then if BG — Spec(k) is S-complete we
have that BH ~ BG, — Spec(K) is S-complete. This however cannot be the case as the
additive group does not admit a Cartan-Iwahori-Matsumoto decomposition. To see this,
first note that the only 1-PS G,, — G, is the trivial one. Namely, the elements of G, are
unipotent, as the group can be embedded in the standard unipotent group U, via the map

I g
oo )

and the elements of G, can be realized as diagonal matrices via the obvious map. Since
by [Mill5} p. 11.20] homomorphisms G,, — G, preserve unipotent and semi-simple
elements and only the identity element is both unipotent and semisimple, the only
homomorphism A : G,, — G, is the trivial one. Now we can simply take R := k[ x] with
K = k((x)), then the element )16 € G,,(K) does not admit a decomposition. We conclude
that BG is not S-complete. O

We can conclude by the above that in our setting we have the following equivalences

G isreductive <= G has Cart.-Iwa.-Mats. decomps. <= BG is S-complete

this chain of equivalences can be further generalized for the setting of a smooth affine
group scheme over a noetherian scheme, see [AHH21, Thm. 1.3].

Another useful conclusion that we can draw from the above is that a closed point of an

S-complete locally noetherian algebraic stack with smooth and affine stabilizers has a
reductive stabilizer.
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4.4 Existence result

We will not state the main result for this chapter.

Theorem 4.4.1. [AHH23| Thm. 5.4] Let X be an algebraic stack of finite presentation
over a quasi separated and locally noeherian algebraic space S, with affine stabilizers
and separated diagonal. Then X admits a good moduli space X separated over S if and

only if
1. every closed point of X has linearly reductive stabilizer.

2. X — Sis O-reductive.
3. X — Sis S-complete.

We will not give a proof for this theorem, we will however lay out the main ingredients
and sketch the proof for (&) in the case that S := Spec(k) where £ is an algebraically
closed field of characteristic zero and X is an algebraic stack of finite type over Spec(k)
with affine diagonal, following [Alp24]]. The simplification to characteristic zero al-
lows us to leave out the first condition since S-completeness implies that stabilizers at
closed points of X are reductive and hence linearly reductive by our characteristic zero
assumption. Besides [Alp24] and [AHH23|] another useful reference is [Hal21, Lec. 15],
moreover, for a precursor to the current existence result also see the article [AFS17].

When introducing the main results used in the proof we will, in some cases, state versions
of these results that are more general than needed for our application, as this might be
of independent interest to the reader, and then modify to the version suitable for our
application.

Definition 4.4.2. Let X’ be an algebraic stack and x € |X|. A quotient presentation
around x is a pointed flat morphism f : (W,w) — (X, x) of algebraic stacks such that
the following holds

1. W = [Spec(A)/GLy] for some N.

2. f induces an isomorphism of stabilizer groups at the point w.

Theorem 4.4.3. Assume the following

1. S is a quasi-separated algebraic space.

2. X is an algebraic stack locally of finite presentation and quasi separated over S,
with affine stabilizers.

3. x € |X| with image s € |S| such that the residue field extension is finite and the
stabilizer of x is linearly reductive.

84



Under these assumptions there exists an étale quotient presentation f : (WV,w) — (X, x)
around x. Moreover if X has separated (resp. affine) diagonal, then there exists exists a
representable (resp. affine) étale quotient presentation f : (W,w) — (X,x).

Remark. We have stated the version of the local structure theorem for algebraic stacks
given in [AHH23, Thm. 2.2]. The version that we will use is the following [Alp24, Thm
6.6.1]: if S is the spectrum of an algebraically closed field of characteristic zero and X is
of finite type over S with affine diagonal, there exists an affine étale quotient presentation
f:W,w) — (X,x) such that W =~ [Spec(A)/G,] where A is a finite type k-algebra.

We will now introduce two notions which motivate the necessity of ®-reductivity and
S-completeness. Namely as will become clear later on, we will want to construct an étale
quotient presentation which in some neighborhood preserves closed points and stabilizers.
These conditions are captured respectively by the notions, ®-surjectivity and unpunctured
inertia. Roughly speaking ®-reductivity is required to show that ®-surjectivity holds
and ©-surjectivity ensures that the étale quotient presentation preserves closed points
on some open neighborhood. On the other hand S-completeness implies the condition,
which we have not defined yet, called unpunctured inertia and this condition in turn
implies that the étale quotient presentation is stabilizer preserving.

We will now work towards making this vague explanation more precise. For the sake
of completeness, we will begin by defining ®-surjectivity and unpunctured inertia. Let
k be a field, then taking the complement of the closed point 0 € ®; we have an open
immersion which we denote by j : Spec(k) ~ @ \ 0 < ©y.

Definition 4.4.4. Let f : X — ) be a morphism of algebraic stacks and x € X' (k) a
geometric point. Then f is said to be ®-surjective at x if there exists a morphism @, — X
filling in any diagram of the form

Spec(k) ——— X

S

We say that f is @-surjective if and only if it is @-surjective at every geometric point in
X.

Definition 4.4.5. A noetherian algebraic stack is said to have unpunctured inertia if for
any closed point x € |X'| and any formally smooth morphism p : (U,u) — (X,x), where
U is the spectrum of a local ring of a smooth neighborhood of x with closed point u,
each connected component of the inertia groupscheme Auty (p) — U has non-empty
intersection with the fiber over u.
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We will now give an important result which is essential to the proof of the existence
theorem.

Theorem 4.4.6. [Alp24, Prop. 6.9.12, 6.9.19, Thm. 6.9.22] Let X’ be an algebraic stack
of finite type over an algebraically closed field with affine diagonal such that the closed
points in X have linearly reductive stabilizers. Suppose that x € X is a closed point
and f: ([Spec(A)/G],w) — (X,x) is an affine étale quotient presentation and write
7 : [Spec(A)/G,] — Spec(AC~). Then

1. X is S-complete = X has unpunctured inertia.

2. X has unpunctured inertia = there exists an affine open neighborhood U C
Spec(A%~) of n(w) such that the restriction f |z-1(v) induces isomorphisms on the
stabililizer groups for all closed points.

3. X is O-reductive = there exists an affine open neighborhood U C Spec(A%~) of
nt(w) such that the restriction f |-y is ©-surjective, in particular this restriction
preserves closed points.

The last result that we want to introduce before beginning our proof is Luna’s fundamental
lemma and one of its corollaries.

Theorem 4.4.7. [Alp24, Thm. 6.4.27, Cor. 6.4.30] Consider a commutative diagram

Ly x
I s
x S5 x
where X and X’ are noetherian algebraic stacks with affine diagonal, f : X' — X is

a separated and representable morphism, and where n’ - X' — X' and n: X — X are
good moduli spaces. Let x' € X’ be a point such that

* fisétale at x'.

 f is stabilizer preserving at x’.

e X' € X and f(x") =x € X are closed points.
Then there is an open neighborhood U’ C X' of n’(x") such that U — X is étale and
such that U’ xx X ~ o'~ 1(U").
Moreover, if we assume that f is étale and that for all closed points x’ € X',

o f(x') is closed and

* f is stabilizer preserving at x’,
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then g : X' — X is étale and the diagram is cartesian.
Now using the above we will outline the proof for the existence result.

Proof of existence theorem in char. 0. Step 1: Under the assumption of S-completeness
every closed point has reductive stabilizer and since we are working over a field of char-
acteristic zero reductivity of an algebraic group is equivalent to linear reductivity. Com-
bining this observation with the local structure theorem it follows that every closed point
has an affine étale quotient presentation of the form f; : ([Spec(A),/G,],w) — (X,x).

Step 2: Now by the above theorem for every f; : ([Spec(Ay)/Gy],w) — (X, x) there
exists an open substack [Spec(A,)/Gy] c [Spec(A),/G,], note that open/closed sub-
stacks of quotient stacks are of this form [Hei09, Rem. 2.3], such that the restriction
fx|[spec( i,)/G,] 18 ©-surjective and stabilizer preserving.

Step 3: Since X is of finite type and hence in particular quasi-compact there exist finitely
many closed points {x;};e; of A such that the images of f, |[gpec( A)/G,,] COVer X. The
stabilizers are linearly reductive, hence we can choose embeddings G, < GL,, for some
n. Note that there are equivalences [Spec(A,,)/G.] = [Spec(A,,) x°~ GL, /GL,] for
every i € I. Now set A := [],¢;(A,, X GL,), so that we have constructed a surjective,
affine and étale morphism

f X1 :=[Spec(A)/GL,] - X

which is ®-surjective and stabilizer preserving. And & admits a good moduli space
X — X = Spec(AGL") since GL,, is linearly reductive in characteristic zero.

Step 4: We can construct a groupoid p1, py : X := X Xy X1 =3 X}, where the projections
X, — A& are affine, étale, ®-surjective and stabilizer preserving by the stability of these
properties under base change. Moreover X, ~ [Spec(B)/GL, ]|, This follows from the
characterization of global quotient stacks given in [Kha22, Prop. 6.8.(iii)], because the
composition X, — X} — BGL,, is affine by simple base change arguments and the fact
that the diagrams of the form

X — Spec(k)

l |

[X/G] —— BG,

where X — Spec(k) is the structure morphism, are cartesian. This representation of X,
implies that there is a good moduli space 75 : > =~ [Spec(B)/GL, ] — X, := Spec(BCLr).
It follows from universality of good moduli for morphisms to schemes that there is a
commutative diagram
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[Spec(B)/GL,] = X, —= X,

! l
Spec(BS) := X, ﬁ X

and by Luna’s fundamental lemma this diagram is cartesian and the projection morphisms,
which we will denote by ¢q1,¢q2 : X» = X, are étale. Furthermore, X, = X, inherits a
groupoid structure from A> =3 A& in the following way

1. (composition) First note that since by our previous diagram &> =~ X, Xx, X; the
diagram

XXy, X —— XoXx, X2

| |

Xy ——mm X,

is cartesian and since good moduli are stable under base change the map X, Xy,
X> — X5 Xx, X3 is a good moduli space. We obtain our composition map from
the universal property for good moduli, namely there exists a map X> Xx, X2 — X»
filling in the commutative diagram

Xoxxy Xo — X 3 X2

-
—
—
—
-
-
-
-
-

Xo Xx, Xo

where ¢ : X Xy, A2 — &> denotes the composition map for the groupoid A> =3 A7

2. (identity/inverse) The identity and composition map are also easily obtained by the
universality of good moduli. Let e : X} — A, and i : A, — &, denote respectively
the identity and inverse morphisms. Then there are morphisms X; — X, and
X, — X, filling in the diagrams

X —— X ng X, — x $X2

- -
- -
- -
- -
- -
- -
- -
- -

- -

X~ X

giving us the groupoid structure for X, =3 A7.
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Conclusion: Next we want to show that the induced groupoid structure on X, = X
defines an algebraic group [X;/X>], then we can argue for the existence of a good moduli
space X — [X|/X>] as follows: by étale descent there exists a morphism X — [X/X>]
such that the diagram

XI%X
|
|

<

|

Xo — [X1/X2]

is cartesian and we can conclude by Proposition [3.2.2.6/that X — [X;/X>] is a good
moduli space, moreover by S-completeness of X', [ X;/X3] is separated.

Step 5: The last step required to reach the above conclusion is showing that X, = X is
indeed an equivalence relation. In our setting it is sufficient to show that the morphism
(q1,92) : X» — X; X X is injective on k-points.

With this in mind, let (x1,x;) denote a k-point in the image of (g1, ¢2) : X2 — X1 X X and
let xp,x) € (q1,g2) "' ((x1,x1)), our objective is to show that x» =x}. Since 1 : X1 — X3
and 7p : X, — X, are good moduli spaces, by Proposition [3.2.2.4] there exist unique
closed points X; € 7T1_1 (x1), % € 7'(51 (x2) and X € ﬂgl (x}). By O-surjectivity of the p/s
the points p;(X2) and p;(X}) in &) are closed points for i = 1,2. Since these points lie
over the point x; which has the unique closed point X; in its preimage under the map
my it follows that these points are equivalent to X;. Now as f and the projections p; are
stabilizer preserving it follows that

Gy, =Gy =Gy =Gy

Let us denote the group corresponding to these stabilizers by G. We claim that the
following diagram is cartesian

BG > X > X

l l l

BGXBG — X1 xX] — A XX

Using the generalization of the magic diagram we see immediately that the right hand
square is cartesian since x> ~ X Xy X and that

BG X BG Xyxx X ~ BG Xy BG.

&9



The natural map BG Xy BG — BG 1is an isomorphism. It is clearly a surjection and
since BG is the residual gerbe at f(X;), BG — X’ is a monomorphism hence by [Stacks,
Tag 042X] BG Xy BG — BG is a monomorphism as well and therefore fully faithful
[Stacks, Tag 04ZZ]. Thus, BG Xy BG — BG is an isomorphism. It follows that the
outer diagram is cartesian, thus the left hand diagram is also cartesian.

Now since X, X y,xx;, BG X BG = BG and BG consists of a single point, by definition
of the fiber product of stacks we have that there exists precisely one point in X, whose
image under the morphism &> — X} X & is equivalent to X;. In conclusion we have that
¥, = &/, and therefore that x, = x}. O
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Chapter 5

A numerical criterion for stability on
algebraic stacks

5.1 The criterion

In this section we introduce a numerical criterion for the stability of points in algebraic
stacks, which generalizes the Hilbert-Mumford criterion. Our discussion will be based on
the work of Jochen Heinloth [Heil8]]. Throughout this section we work with an algebraic
stack X which is locally of finite type over an algebraically closed field k and has affine
diagonal.

Definition 5.1.1. Let x € | X'| be a geometric point. We say that a filtration f : [A!/G,,] —
X is a very close degeneration for x if f(1) ~x and f(0) # x where 0 and 1 are the
geometric points corresponding to 0 and 1 in A'.

Now for a line bundle £ on an algebraic stack and a very close degeneration f we can
generalize the Hilbert-Mumford index introduced in chapter one in the following way.
Recall that a line bundle on a quotient stack [ X /G| corresponds to a G-linearization on
X. With this in mind we define the weight of a line bundle on X with respect to a very
close degeneration f, to be the weight of the G,,-action on the fiber ( f*L)o, we denote
the weight of a line bundle with respect to a very close degeneration by wtg,, (L, f).

Definition 5.1.2. Let £ be a line bundle on X. A geometric point x € |X| is called
L-stable if

1. For every very close degeneration f : [A!/G,,] — X for x we have

wtg, (£, f) <0, and
2. dimk(AutX(k) (x))=0.
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A point is £-semi-stable if the first condition holds with < instead of the strict inequality.

Throughout this section by point we will mean geometric point.

Recall that a geometric point x € X" is semi-stable with respect to a line bundle on X', in
the sense of Definition [3.2.4} if there exists a section s € L"(X") for some n > 0 such that
s(x) # 0 and X is cohomologically affine. It is not too difficult to show that if a point is
semi-stable in the usual sense it is also semi-stable according to the notion introduced in
this section, this is the content of the following lemma.

Lemma 5.1.3. [Zha22, Lemma 6.0.2] A geometric point x € X (k) is semi-stable with
respect to a line bundle L over X in the sense of Definition then it is semi-stable in
the sense of Definition[5.1.2]

Proof. Suppose that for some n > 0 there exists a global section s € £L"(X") such that
s(x) # 0 and X, is cohomologically affine. If f: [A'/G,,] — X is a very close de-
generation then since f(1) ~ x and s does not vanish at x we have that the pullback
f*s € f*L"(X) does not vanish at 1. Now recall from Example [2.3.4]that a line bundle
L on the quotient stack [A!/G,,] has a non-zero global section if and only if its weight
is < 0. We recall the properties of the Hilbert-Mumford weight given in [DK94, p. 49]
and conclude that since f*s is a non-vanishing global section of f*L the following holds

wtg, (L, f) <n-wtg, (L, f) =wtg, (L", f) <0.
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5.2 Application to quotient stacks

The remainder of this chapter will be dedicated to showing that for a certain class of
quotient stacks the semi-stable points are precisely those points corresponding to the
semi-stable points of the scheme that we are taking the quotient of.

Theorem 5.2.1. Let G be a reductive group acting on a projective scheme X over k
and L € Pic® (X) an ample linearization. A geometric point in X (k) is semi-stable in
the sense of chapter one if and only if the point corresponding to it in [ X/G](k) is
semi-stable in the sense introduced in this chapter.

To prove this we want to show that there is a correspondence between very close
degenerations for a point x in a quotient stack and the maps f, 4 obtained in the section
on the classical Hilbert-Mumford criterion by using the valuative criterion for properness.
This is made precise in the following lemma.

Proposition 5.2.2. For any I-PS A : G,, — G and point x € X (k) that is not a fixed point
of A the equivariant map f », as defined in chapter one, defines a very close degeneration
fx’/l : [AY/G,,] = [X/G] for the point in [X ]G] corresponding to x. Moreover, any
very close degeneration in the stack [ X /G| is of the form ?x, 1 for some x,A.

Proof. This proposition is essentially a corollary of Theorem[4.1.3] First suppose that
we have a G-equivariant morphism f; ; corresponding to a point x € X (k) and a 1-PS A
such that x is not a fixed point of A. The morphism f ; : A! — X induces an equivariant
morphism A! — [X/G] and by Lemma m there is a morphism ?x’ , filling in the
2-commutative diagram

G, xAl — 2 3 Al

o

Al 2

Now since f; 1(0) is a fixed point of A, in the sense that p(A(g), f;.1(0)) = f;.2(0) for all
g € G, and x is not, we have that

Fea(0) # £2(D) = B(p(A(1),x)) = P(x)

where p : X — [X/G] is the natural map. Thus ?x’ 1 1s a very close degeneration for x.
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Now suppose that f : [A'/G,,] — [X/G] is a very close degeneration. Then f is a
point in Filt([X/G]) (k) and therefore under the isomorphism given in Theorem [4.1.3]
corresponds to a point in [ X /P7] (k) with A the conjugacy class of some 1-PS G, — G.
In particular we get a pair (x, 1) where A is some representative for A, x € X (k) is a point
corresponding to f(1) and g,i_r)r(l)/l(g) -x exists and corresponds to f(0). This data gives

us the desired G,,-equivariant map f : A' — X which fills in the commutative triangle

ij%xx

//‘K
l o f

Al

Theorem [5.2.]is an easy consequence of the above proposition.

Proof of Theorem[5.2.1} First note that by projectivity of X for any point x € X (k)
and 1-PS 1: G,, — G there is an equivariant map fy, : A' — X extending the map
A(-)-X :G,, — X. Now by our proposition this is equivalent to a very close degeneration
7 : [A'/G,,] = [X/G] and for a linearization £ on X, by definition of the Hilbert-
Mumford weight, we have that

u' = —wtg, (L, f).

We conclude that x satisfies the Hilbert-Mumford criterion if and only if the point
corresponding to it in the quotient stack is £-semi-stable. O
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