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ABSTRACT. We provide necessary and sufficient conditions for when an
algebraic stack admits a good moduli space. This theorem provides a gener-
alization of the Keel-Mori theorem to moduli problems whose objects have
positive dimensional automorphism groups. We also prove a semistable reduc-
tion theorem for points of algebraic stacks equipped with a ©-stratification.
Using these results we find conditions for the good moduli space to be sepa-
rated or proper. To illustrate our method, we apply these results to construct
proper moduli spaces parameterizing semistable §-bundles on curves and
moduli spaces for objects in abelian categories.
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1. INTRODUCTION

In the study of moduli problems in algebraic geometry the construction of
moduli spaces is a recurring problem. Given a moduli problem, described by an
algebraic stack X, the ideal solution would be for X to be representable by a scheme
or an algebraic space. This is never the case when objects parameterized by X
have non-trivial automorphism groups. In this case one hopes for the existence of
a universal map to an algebraic space q: X — X with useful properties.

For algebraic stacks with finite automorphism groups the Keel-Mori theorem
[KMOT] gave a satisfactory existence result from the intrinsic perspective. It states
that if X is an algebraic stack of finite type over a noetherian base whose inertia
stack is finite over X, then there is a coarse moduli space q: X — X, which in
addition to being a universal map to an algebraic space is bijective on geometric
points.

The restriction to the case of finite automorphism groups is not necessary for
the construction of moduli spaces using GIT. Furthermore in many examples, such
as the moduli of vector bundles or coherent sheaves on a projective variety, one
must consider objects with positive dimensional automorphism groups in order to
construct moduli spaces which are proper.

In [Alp13], the first author introduced the notion of a good moduli space for an
algebraic stack X as an intrinsic formulation of many of the useful properties of
the notion of a good quotient [SesT2], a specific type of GIT quotient including all
GIT quotients in characteristic 0. By definition, a good moduli space is a map
q: X — X to an algebraic space such that the pushforward ¢, of quasi-coherent
sheaves is exact, and such that the canonical map Ox — ¢.(Ox) is an isomorphism.
This simple definition leads to many useful properties, including that ¢ is universal
for maps to an algebraic space, and that the fibers of ¢ classify orbit-closure
equivalence classes of points in X.

Our main result gives necessary and sufficient conditions under which an
algebraic stack admits a good moduli space, and can be seen as uniting the
main theorem of geometric invariant theory with the intrinsic perspective of the
Keel-Mori theorem.

Theorem A (Theorem 4.1, Proposition 3.47, Proposition 3.45, Theorem 5.4).
Let X be an algebraic stack locally of finite type with affine diagonal over a quasi-
separated and locally noetherian algebraic space S. Then X admits a good moduli
space if and only if

(1) X is locally linearly reductive (Definition 2.1);

(2) X is ©-reductive (Definition 3.10); and

(3) X has unpunctured inertia (Definition 3.53).

The good moduli space X is separated if and only if X is S-complete (Defini-
tion 3.37), and proper if and only if X is S-complete and satisfies the existence
part of the valuative criterion for properness.
Assume in addition that S is of characteristic 0 and X is quasi-compact. If
X is S-complete, then (1) and (3) hold automatically. In particular, X admits a
separated good moduli space if and only if X is ©-reductive and S-complete.
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Let us give an informal explanation of the above conditions. The first condition
is that closed points of X have linearly reductive stabilizers. In the language of
geometric invariant theory this would amount to the condition that the automor-
phism groups of polystable objects are (linearly) reductive. The second condition
is the geometric analog of the statement that filtrations by semistable objects
extend under specialization. This is formulated in terms of maps from the stack
© := [A'/G,,] into X. The third condition is an analog of the condition in the
Keel-Mori theorem, it roughly states that the connected components of stabilizer
groups extend to closed points. In particular this condition is automatic if all
stabilizer groups are connected (which happens for example for moduli of coherent
sheaves). In Section 5 we provide several “valuative” criteria, in the sense that
they involve only conditions on maps Spec(R) — X where R is a discrete valuation
ring (DVR), which are equivalent to unpunctured inertia under the hypotheses
(1) and (2) (see Theorem 5.2).

Finally, S-completeness, where the S stands for “Seshadri,” is a geometric
property that is reminiscent of classical methods of establishing separatedness of
moduli spaces. More precisely we introduce a geometric notion of an elementary
modification (Definition 3.35) which relates two families over a DVR which are
isomorphic at the generic point, and S-completeness states that any two families
over a DVR which are isomorphic at the generic point differ by an elementary
modification. It turns out that S-completeness has many desirable consequences:
namely, in characteristic 0, S-completeness implies both conditions (1) and (3) in
Theorem A. This fact follows from the more general results of Proposition 3.45
and Theorem 5.4, which are characteristic independent. Ultimately, both S-
completeness and O-reductivity are local criteria in the sense that each is equivalent
to a filling condition for G,,-equivariant families over a suitable punctured regular
2-dimensional scheme.

The condition of linear reductivity is very strong in positive characteristic and
it arises here through the recent local structure theorems on algebraic stacks from
[AHR15, AHR]. In positive characteristics we would expect that an analogue of
Theorem A holds with “good moduli space” replaced with “adequate moduli space”
and “locally linearly reductive” replaced with “locally geometrically reductive.”
The main obstacle to prove such a result is the lack of an analogue of the local
structure theorem for such stacks. However, we are careful to prove intermediate
results that do not require linear reductivity.

Our second main theorem is an analog of Langton’s semistable reduction
theorem [Lan75] for moduli of bundles, that works for a large class of algebraic
stacks equipped with a notion of stability that induces a ©O-stratification, a
geometric analog of the notion of Harder-Narasimhan—Shatz stratifications. As in
Langton’s theorem, the statement is that if a family of objects parametrized by
a DVR specializes to a point that is more unstable than the generic fiber of the
family, then one can modify the family along the closed point to get a family that
has the same stability properties as the generic fiber. Surprisingly the existence of
modifications can be obtained from the local geometry of ©-stratifications. The
formal statement is the following.

Theorem B (Theorem 6.3). Let X be an algebraic stack locally of finite type with

affine diagonal over a noetherian algebraic space S, and let § — X be a O-stratum

(Definition 6.1). Let R be a DVR with fraction field K and residue field k. Let

&: Spec(R) — X be an R-point such that the generic point i is not mapped to 8,
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but the special point &, is mapped to S:
Spec(K )~ Spec(R) <——Spec(x)

ifx iﬁR iﬁm
x-8s—L s X<t g
Then there exists an extension R — R’ of DVRs with K — K' = Frac(R’)

finite and an elementary modification (Definition 3.35) &' of &g such that
&' Spec(R') — X lands in X — 8.

We may apply the above results to the semistable locus X* C X defined by
a class £ € H?(X;R) via the Hilbert—-Mumford criterion (see Definition 6.13).
As many properties of X are inherited by the semistable locus, we can provide
conditions on X ensuring that the semistable locus X** admits a separated good
moduli space and a further condition ensuring that the good moduli space is
proper. To summarize, we have:

Theorem C (Corollary 6.12, Proposition 6.14, Corollary 6.18). Let X be an
algebraic stack locally of finite type with affine diagonal over a quasi-separated
and locally noetherian algebraic space S, and let £ € H?(X;R) be a class defining
a semistable locus X% C X which is part of a well-ordered ©-stratification of X
compatible with 1.Y Then if X is either O-reductive, S-complete, or satisfies the
existence part of the valuative criterion for properness, then the same is true for
XS,

In particular, if in addition S has characteristic 0, X — S is S-complete and
O-reductive, and X% — S is quasi-compact, then there exists a good moduli space
X% — X such that X is separated over S (and proper over S if X — S satisfies
existence part of the valuative criterion for properness).

We expect that in the semistable reduction theorem (Theorem B), weak O-
strata (that only require canonical filtrations to exist after a purely inseparable
extension) should be sufficient and these are available in greater generality in
positive characteristic. Similarly, in positive characteristic, we expect that Theo-
rem C holds with “good moduli space” replaced with “adequate moduli space.”
The main obstruction for these generalizations is a version of the local structure
theorem where the embedding of a stratum is replaced with a radicial map.

Applications. To illustrate our results we give some applications that may be of
independent interest. First, we use the semistable reduction theorem to give a
proof that the Hitchin fibration for semistable G-Higgs bundles is proper if the
characteristic of the ground field is not too small (Corollary 6.21). This result is
of course expected, but it doesn’t seem to appear in the literature.

Second we apply our existence theorem to construct some new good moduli
spaces. Namely we construct proper good moduli spaces for semistable G-bundles
for a Bruhat—Tits groups scheme G over a smooth geometrically connected projec-
tive curve over a field of characteristic 0, generalizing work of Balaji and Seshadri
[BS15] (Theorem 8.1). We also construct proper good moduli spaces for objects in
abelian categories in Theorem 7.21 and Theorem 7.25. As a special case, we con-
struct proper moduli spaces of semistable complexes with respect to a Bridgeland

1See Proposition 6.14 for the precise compatability condition between [ and the ©-
stratification.
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stability condition on a smooth projective variety X over a field of characteristic
0. Whereas in these examples the lack of a convenient global quotient description
of the corresponding moduli problems seems to pose a serious obstruction to a
construction using GIT, the verification of the conditions of our main theorems
turns out to be surprisingly simple.
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third author was partially supported by Sonderforschungsbereich/Transregio 45 of
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2. PRELIMINARIES

Throughout we will fix a base S that will be a quasi-separated algebraic space,
but of course the most interesting case for most readers will be when .S = Spec(k)
is the spectrum of a field.

As our arguments build on the one hand on local structure theorems and on
the other hand on notions that came up in the study of notions of stability on
algebraic stacks, we briefly recall these results in this section.

2.1. Reminder on local structure theorems for algebraic stacks. For ease
of notation let us introduce the following terminology.

Definition 2.1. An algebraic stack X with affine stabilizers is locally linearly
reductive if every point specializes to a closed point and every closed point of X
has a linearly reductive automorphism group.

Note that in the case of a quasi-compact quotient stack X = [X/G] the closed
points correspond to closed orbits of G on X, so in this case the above condition
only requires that points contained in closed orbits have a linearly reductive
stabilizer. In particular, a locally linearly reductive stack will often have geometric
points with non-reductive stabilizers.

Definition 2.2. If X is an algebraic stack and x € |X| is a point with residual
gerbe G,, we call an étale and affine pointed morphism f: (W,w) — (X, z) of
algebraic stacks a local quotient presentation around x if (1) W 2 [Spec(A)/ GLy]
for some N and (2) f|f-1(g,) is an isomorphism.

The following is the key result on the local structure of locally linearly reductive
stacks.

Theorem 2.3. [AHR, Thm. 1.1] Let S be a quasi-separated algebraic space. Let
X be an algebraic stack locally of finite presentation with affine diagonal over
S. If x € |X]| is a point with image s € |S| such that the residue field extension
k() /kK(8) is finite and the stabilizer of x is linearly reductive, then there exists a
local quotient presentation f: (W, w) — (X, z) around x.

In particular, if in addition X is locally linearly reductive, then there exist local
quotient presentations around any closed point.
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Remark 2.4. If S is the spectrum of an algebraically closed field, the above
theorem follows from [AHR15, Thm. 1.2]. In this case, one can arrange that there
is a local quotient presentation (W, w) — (X, z) with W 2 [Spec(4)/G], the
quotient of an affine scheme by the stabilizer G, = Autyx(z) of x.

Remark 2.5. While GLy is linearly reductive in characteristic 0, it is not linearly
reductive in positive or mixed characteristic. For the same reason, the morphism
[Spec(A)/ GL,] — Spec(ASE~) will only be an adequate moduli space (and not a
good moduli space) in general.

To prove the semistable reduction theorem, we will need a relative version of
the above local structure theorem where we fix a subgroup isomorphic to the
multiplicative group G,, of the stabilizer G, = Auty(x), but do not assume G, to
be linearly reductive. A very general result of this form is the following theorem.

Theorem 2.6. [AHHR] Let X be an algebraic stack locally of finite presentation
with affine diagonal over a quasi-separated algebraic space S, and let G C GLy g
be a closed subgroup which is linearly reductive over S. If Y C X is a closed
substack, then any representable and smooth (resp. étale) morphism [Y/G] — Y,
with Y — S affine, extends to a representable and smooth (resp. étale) morphism
[X/G] = X with X — S affine, i.e. we have [X/G] xxY = [Y/G].

Remark 2.7. As the proof of the result has not yet appeared let us recall a
special case, which will be sufficient for us if S = Spec(k) is the spectrum of a
field and all stabilizer groups of X are smooth (a condition that is automatic
in characteristic 0). Namely, if S = Spec(k) is the spectrum of an algebraically
closed field, z € X(k) with smooth automorphism group G, Y = BxG, C X is the
canonical inclusion, G!, C G, is a subgroup and Y = [Spec(k)/G! ], the above
result is a special case of [AHR15, Thm. 1.2].

2.2. Reminder on mapping stacks and filtrations. As in [Hall4] we will
denote by © := [A!/G,,] the quotient stack defined by the standard contracting
action of the multiplicative group on the affine line and by BG,, = [pt /G.,],
the classifying stack of the group G,,. Both stacks are defined over Spec(Z) and
therefore pull back to any base S. Note that since G,, is a linearly reductive
group, the structure morphisms © — Spec(Z) and BG,, — Spec(Z) are good
moduli spaces.

Maps from O into a stack are the key ingredient to define stability notions on
algebraic stacks [Hall4, Heil7] and we need to recall some of their properties.

By definition for any stack X and point Spec(k) — S a map BG,,  — X is a
point z € X(k) together with a cocharacter G, — Autx(z). As the action of
G, on a vector space is the same as a grading on the vector space, we often think
of a morphism BG,, — X as a point of X equipped with a grading.

Similarly, a vector bundle on © = [A!/G,,] is the same as a G,,, equivariant
bundle on A' and these are the same as vector spaces equipped with a filtration.
So we think of morphisms f: ©; — X as an object of z; € X(k) (the object f(1))
together with a filtration of x; and as f(0) = xg as the associated graded object.

In examples it is often easy to see that once one has found that some moduli
problem is described by an algebraic stack, the stacks of filtered or graded objects
are again algebraic. This turns out to be a general phenomenon, which we recall
next. For algebraic stacks X and Y over S, we denote by

Map (4, X)
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the stack over S parameterizing S-morphisms Y — X. If Y is defined over
Spec(Z), we will use the convention that Map (Y, X) denotes the mapping stack
Map (Y x S, X).

That these mapping stacks are again algebraic if Y = © or Y = BG,, for quite
general X follows from a general result established in [AHR] and [HLP14, Thm. 1.6]:
if X is locally of finite presentation and quasi-separated over an algebraic space
S with affine stabilizers, and Y is of finite presentation and with affine diagonal
over S such that Y — S is flat and a good moduli space, then Map (Y, X) is an
algebraic stack locally of finite presentation over S, with affine stabilizers and
quasi-separated diagonal. Moreover, if X — S has affine (resp. quasi-affine, resp.
separated) diagonal, then so does Map S(‘é, X). The stack of filtrations Map S(@, X)
is denoted Filt(X) in [Halld], and the stack of graded objects Map ((BGy, X) is
denoted Grad(X).

2.3. The example of quotient stacks. To compute examples we recall that
stacks of filtrations and graded objects have a concrete description for quotient
stacks. If X = [X/G] is a quotient stack locally of finite type over a field k, where
G is a smooth algebraic group acting on a quasi-separated algebraic space X,
these mapping stacks have a classical interpretation [Hall4, Thm. 1.37]. To state
this recall that given A: G,, — G, one defines

Ly={l€ G[I=AONG ™ Wt} and Py = {p€ G|lim A(H)pA(t) " exists}.
—

If G is geometrically reductive, then P; C G is a parabolic subgroup. There is a
surjective homomorphism Py — Ly, defined by p — lim;_0 A(¢)pA(t) L.
Similarly, one defines the functors:

X§ := Map}™ (Spec(k), X)  (the fixed locus)
Xi= Map(lg’m (A, X) (the attractor)

By [Dril3, Thm. 1.4.2], these functors are representable by algebraic spaces.
Moreover, there are the following natural morphisms: a closed immersion XE — X,
an unramified morphism X" — X (given by evaluation at 1) and an affine [AHR15,
Thm. 2.22] morphism X;' — X (given by evaluation at 0). If X is separated,
then X;\" — X is a monomorphism.

The k-points of X{ are simply the A-fixed points, and if X is separated, the
k-points of Xy are the points x € X (k) such that lim; o A(t) - z exists. The
algebraic space Xg inherits an action of Ly and X;f inherits an action of P;
such that the evaluation map evg: X;\Ir — XY is equivariant with respect to the
surjection P;L — L.

We can now recall the description of our mapping stacks for quotient stacks:

Proposition 2.8. [Hall4, Thm. 1.37] Let X be a quasi-separated algebraic space
locally of finite type over a field k equipped with an action of a smooth algebraic
group G over k with a split maximal torus. Let A be a complete set of conjugacy
classes of cocharacters G,, — G. Then there are isomorphisms

AEA
Map, (©,[X/G)) = | |[X}/F{).
AEA
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Moreover, the morphism evi: Map, (©,[X/G]) — [X/G] is induced by the (P —
G)-equivariant morphism X5 — X. The morphism evo: Map, (©,[X/G]) —
Map(BG,, [X/G]) is induced by the (P — Ly)-equivariant morphism X — X¥.

3. VALUATIVE CRITERIA FOR STACKS

In this section, we introduce and study three valuative criteria for algebraic
stacks—O-reductive morphisms (Definition 3.10), S-complete morphisms (Def-
inition 3.37), and unpunctured inertia (Definition 3.53)—which appear in the
formulation of Theorem 4.1. Additionally, we introduce the notion of ©-surjective
morphisms in §3.4 which is fundamental in our proof of Theorem 4.1 and the
notions of modifications and elementary modifications (Definition 3.35) which are
critical to our discussion of the semistable reduction theorem in Section 6.

3.1. Morphisms of stacks of filtrations. It will be important to understand
the behavior of the stacks Map(©,X) under morphisms X — Y, i.e., study the
behavior of filtrations on objects under morphisms.

Lemma 3.1. Let S be a quasi-separated algebraic space. Let f: X — Y be a
morphism of algebraic stacks, locally of finite presentation and quasi-separated
over S, with affine stabilizers. Suppose f satisfies one of the following properties

(a) representable;

(b) monomorphism;

(c) separated;

(d) unramifed; or

(e) étale,

(f) étale, surjective and representable.
then @S(@, X) — MS(@,H) has the same property.

Proof. Properties (a) and (b) are clear. Property (c) follows from the valuative
criterion and descent. Properties (d) and (e) follow from the formal lifting criterion
and descent. For (f), it remains to show that Map (©,X) — Map (©,Y) is
surjective. Let h: O — Y, be a morphism over a geometric point s: Spec(k) — S.
We will use Tannaka duality to construct a lift to X. As any étale representable
cover of BG,, j, admits a section, we may choose a lift BG,,, , — X of BG, ) —
Or & Y,. Let @L"] = [Spec(k[z]/z"*1)/G,,] be the nth nilpotent thickening of
BG,, — ©. Since f is étale, there exist compatible lifts ©/") — X, of O
Or & Y,. Since O, is coherently complete along BGy,, , by [AHR15, Cor. 3.6],
there is an equivalence of categories Map (O, Xs) = lim Mapk(egj],xs). This
constructs the desired lift ©; — X of h. See also [Hall4, Lem. 4.33]. O

Property (f) is not preserved if the representability hypothesis is dropped. For
instance, if X = BG,, — BG,, = Y is induced by G,, — G,,,t — t for d > 1,
then Maps(@,OC) — Maps(@,y) is not surjective. However, let us recall the
following useful lemma, whose proof relies on Theorem 2.6:

Lemma 3.2 ([Hall4, Lem. 4.34]). Let X be an algebraic stack of finite type with
affine diagonal over a noetherian algebraic space S. Then there is an algebraic space
X over S with X — S affine, a G}, action on X for somen > 0, and a smooth,
surjective and representable morphism [X/GI] — X such that the morphism
Map (O, [X/G7,]) = Map (O, X) is smooth, surjective and representative.
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3.2. Property O-P. If f: X — Y is a morphism of algebraic stacks over an
algebraic space S, we denote by ev(f); the induced morphism of stacks

ev(f)1: Map (©,X) = X Xy,ev, Map (6, Y), A= (evi(A), fo ),
i.e., this morphism takes an object together with a filtration in X and remembers

the object together with the induced filtration of the image in Y. It sits in a
commutative diagram:

Map (6, X) o

ev(f)

X xy Map(©,Y) ~— Map (6, Y)

Definition 3.3. Let P be a property of morphisms of algebraic stacks. We say
that a morphism f: X — Y of algebraic stacks, locally of finite presentation and
quasi-separated over an algebraic space S, with affine stabilizers, has property
O-P if ev(f)1: Map (0, X) = X xy v, Map(©,Y) has property P. We say that
X has property ©-P if X — Spec(Z) does.

For example a morphisms f: X — Y is O-surjective if one can lift filtrations on
any point f(z) to filtrations on x.

The assignment f — ev(f); behaves well with respect to compositions and
base change. Namely, given a composition go f: X ER Y 25 2 of morphisms of
algebraic stacks over S, then ev(go f); is naturally isomorphic to the composition

Map (€, %) <1 5 .y Map (0, Y)

id X ev(g)1
EE—

X xy (¥ xz Map(©,2)) =X xz Map (6, 2),

and if
f/

xl y/

L,

X——=Y
is a Cartesian diagram of algebraic stacks over S, then

Map, (0, 2) L%y, Map (0, ') —> Map (0, ')

(3.2) J/ i l J/

Map (6, X) — X xy Map (6, Y) —— Map(©,Y)
is Cartesian. We conclude:

Proposition 3.4. Let P be a property of morphisms of algebraic stacks. If P is
stable under composition and base change, then so is the property ©-P. If P is
stable under fppf (resp. smooth, resp. étale) descent, then ©-P is stable under
descent by morphisms Y — Y such that Maps(@,y’) — @5(8, Y) is fopf (resp.
smooth and surjective, resp. étale and surjective). (I
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Lemma 3.5. Let P be a property of representable morphisms of algebraic stacks.
If P is stable under étale descent, then ©-P is stable under descent by representable,
étale and surjective morphisms.

Proof. This follows immediately from Proposition 3.4 and Lemma 3.1(f). O

Lemma 3.6. If X is an algebraic stack with quasi-finite and separated inertia and
T is a locally noetherian algebraic space, any morphism O — X factors uniquely
through ©p — T.

Proof. This follows from [Hall4, Lem. 1.29]. O

Lemma 3.7. Let S be a quasi-separated algebraic space. Let f: X — Y be a
morphism of algebraic stacks, locally of finite presentation and quasi-separated
over S, with affine stabilizers. Assume that X and Y have separated diagonals.

(1) The morphism ev(f)1 is representable.

(2) If f is separated, then so is ev(f).

(8) If f is representable and separated, then ev(f)1 is a monomorphism.

(4) If X and Y have quasi-finite inertia, then ev(f)1 is an isomorphism.

(5) If f is étale, then so is ev(f);.

(6) If f is representable, étale, and separated, then ev(f)1 is an open immer-
sion.

Proof. For (1), by diagram (3.1), it suffices to show that evy: Map (0,X) — X
is representable, which is [Hall4, Lem. 1.10, Rem. 1.11].

Part (2) follows from Lemma 3.1(c).

For (3), to show that ev(f); is a monomorphism, we need to show that for
every affine scheme Spec(R), any commutative diagram of solid arrows

Spec(R) — X

|

@R—>xng

can be filled in with a dotted arrow. As f is representable and separated, the
base change X Xxx,x ©r — Op is a closed immersion containing the dense set
Spec(R); it is therefore an isomorphism.

Part (5) follows directly from Lemma 3.1(e) using diagram (3.1). Part (6) follows
directly from Parts (3) and (5) as étale monomorphisms are open immersions.

For (4), it suffices by diagram (3.1) to show that evi: Map,(©,X) — X is
an isomorphism if X has quasi-finite inertia which follows immediately from
Lemma 3.6. (I

Remark 3.8. The morphism ev(f); is not in general quasi-compact. For an
example, if f: BG,, x — Spec(k), the morphism ev(f); is the evaluation morphism
is evy: MapS(G), BGmJC) = I—lneZ BGme — BGm,k.

Remark 3.9. If f is representable but not separated, then ev(f); is not necessarily
a monomorphism.

3.3. ©-reductive morphisms. In this section, we study the class of ©-reductive

morphisms as introduced in [Hall4]. As before, we set © := [A!/G,,] defined over

Spec(Z). If R is a DVR with fraction field K, we set 0 € O := O x Spec(R) to

be the unique closed point. Observe that a morphism ©g \ 0 — X is the data
10



of morphisms Spec(R) — X and O — X together with an isomorphism of their
restrictions to Spec(K).

Definition 3.10. A morphism f: X — Y of locally noetherian algebraic stacks is
O-reductive if for every DVR R, any commutative diagram

@R\O*;DC
(3.3) l R lf

Or —1Y
of solid arrows can be uniquely filled in.

Remark 3.11. Let S be a noetherian algebraic space and f: X — Y be a
morphism of algebraic stacks, locally of finite type and quasi-separated over S,
with affine stabilizers. Then f is ©-reductive if and only if ev(f)1: Map,(©,X) —
X Xy,ev, Map(©,Y) satisfies the valuative criterion for properness with respect
to DVR’s, that is, for every DVR R with fraction field K, any diagram

Spec(K) ——— Map (6, X)

7
\L _ - \LEV(f)l

Spec(R) —— X Xy,ev, Map (0,Y)

of solid arrows can be uniquely filled in. Note that the morphism ev(f); is always
representable (Lemma 3.7(1)) and locally of finite type. However, the morphism
ev(f)1 is not in general quasi-compact (see Remark 3.8) and therefore ev(f); is
not in general proper.

Remark 3.12. In the context of the previous remark, when Y has quasi-finite
inertia the morphism evy : Maps(@, Y) — Y is an equivalence (Lemma 3.6), and
ev(f)1 is isomorphic to evy : Map (0, X) — X. Therefore, f is ©-reductive if and
only if X is ©-reductive in the absolute sense (i.e. X — Spec(Z) is O-reductive).
In order to be consistent with the terminology of ©-reductivity introduced in of
[Hall4, Def. 4.16], we have deviated from the “property ©-P” naming convention.

3.3.1. Examples illustrating ©-reductivity. In the following examples, we work
over a field k. The following proposition gives a criterion using the notation from
§2.3 for when a quotient stack [X/G] is ©-reductive.

Proposition 3.13. Let X = [X/G] be a quotient stack, where X is a quasi-
separated algebraic space locally of finite type over a field k and G is a (smooth
but not necessarily connected) split reductive algebraic group over k. Then X
is ©-reductive if and only if for every cocharacter A: G,, — G, the morphism
X/\+ — X is proper.

Remark 3.14. If X is separated, then X; — X is proper if and only if it is a
closed immersion.

Proof. This follows easily from the explicit description of the mapping stack
Map s(@’ X) in Proposition 2.8. Indeed, there is a factorization

evi: [X3/PY) = [X/PY] - [X/C)
11



and since G is reductive, each P;r C @G is a parabolic subgroup. Since the quotient
G/ P; is projective, the morphism [X/ P;r ] = [X/G] is proper. Thus properness
of evy is equivalent to properness of X;\r — X. [l

In order to develop some intuition for ©-reductivity, we use this result to
provide some basic examples and counterexamples of O-reductivity. For an integer
n, we denote by A, : G,, = G,, the cocharacter defined by t — t"; in this way,
the integers Z index the cocharacters of G,,.

Example 3.15 (Affine quotients). Consider the action of G,, on X = A? via
t-(x,y) = (tz,t ty). Then

V(iy) ifn>0
Xy =¢ A? ifn=0
V(z) iftn<0

The evaluation morphism restricted to the component indexed by A, is [X} /Gy, —
[X/G,,] which is induced by the inclusion X;rn — X. We see directly that [X/G,,]
is ©-reductive.

More generally, if X = Spec(A) is an affine scheme of finite type over k with
an action of a reductive algebraic group G, then [X/G] is O©-reductive. Indeed, if
A: G, — G is a cocharacter, then A inherits a Z-grading A = @, ., An. If I,
denotes the ideal generated by homogeneous elements of strictly negatlve degree,
then it is easy to see that X} = V(I ); see [Dril3, §1.3.4]. Thus, X7 — X
is a closed immersion and the conclusion follows from the characterization in
Proposition 3.13.

Example 3.16. In contrast, quotients of schemes that are not affine are not always
O-reductive. Consider the action of G,, on X = A%\ 0 via t-(z,y) = (tz,y). Then

{y#0} ifn>0
V(z) ifn<0

and we see that [X/G,,] is not ©-reductive as X+ — X is not proper for n > 0.
Similarly, for a DVR R, the algebraic stack O \ O is not ©-reductive. These are
the prototypical examples of non-©-reductive stacks.

Another example is given by projective quotients. Consider the multiplication
action of G,,, on X = P! via t-[x,y] = [tz,y] and on the nodal cubic C C P? such
that the normalization P' — X is G,,-equivariant. Then

P\ {0} u{0} ifn>0 P'\ {0} ifn>0
th,: P! ifn=0 and C;\rn: C ifn=0
P!\ {oo} U{oo} ifn<0 P'\ {oo} ifn<0

where the maps C;fn — C for n # 0 are induced by the normalization. We see
that [P'/G,,] and [C/G,,] are not O-reductive.

3.3.2. Properties of ©-reductive morphisms. We now give a few properties of
O-reductive morphisms. First observe that ©-reductive morphisms are stable
under composition and base change. We first show that one can check the lifting
criterion of (3.3) after taking extensions of the DVR.

12



Proposition 3.17. Let X — Y be a morphism of locally noetherian algebraic
stacks, and consider a diagram of the form (3.3). There exists a unique dotted
arrow filling in the diagram if either

(1) there exists a unique filling after passing to an unramifed extension R C R’
of DVR’s which is an isomorphism on residue fields, such as the completion
of R, or

(2) X — Y has affine diagonal, and there exists a filling after an arbitrary
extension of DVR’s R C R'.

In particular, to verify that a morphism of locally noetherian algebraic stacks is
O-reductive, it suffices to check the lifting criterion (3.3) for complete DVRs.

Proof. The first statement follows from an explicit descent argument similar to
[Heil7, Rmk. 2.5]. Alternatively, if R C R’ is an unramified extension of DVRs
with isomorphic residue fields, then

@R/\OH@R\O

L

Op/ Or

is a flat Mayer—Vietoris square ([HR16, Defn. 1.2]) and thus by [HR16, Thm.
A] is a pushout in the 2-category of algebraic stacks. This establishes the first
statement.

For the second statement, we begin with the observation that if X — Y has
affine diagonal and j: U — T is an open immersion of algebraic stacks over Y with
7«0y = Og, then any two extensions f1, fo: 7 — X of a Y-morphism U — X are
canonically 2-isomorphic. Indeed, since Isomg(f1, f2) — T is affine, the section
over U induced by the 2-isomorphism fi|y = fa|y extends uniquely to a section
of T.

Consider a diagram (3.3), an extension of DVRs R C R’ and a lifting O g — X.
The open immersion j: O \ 0 — Op satisfies j.0g,\0 = O, and by flat base
change, the same property holds for the morphisms obtained by base changing
j along Or — @R7 Or: XOr Or — @R7 and Op/ XOr Op XOr Or — Og.
By the above observation, there exists a canonical 2-isomorphism between the
two extensions Op Xg, Op = Or — X which necessarily satsifies the cocycle
condition. By fpqc descent, the lifting © 7 — X descends to a lifting O — X. O

O-reductivity satisfies the following two descent properties. The second property
is not used in this paper and is only included for thoroughness.

Proposition 3.18. Let X — Y be a morphism of locally noetherian algebraic
stacks.

(1) If Y — Y is an étale, representable and surjective morphism, then X — Y
is ©-reductive if and only if X xyY' — Y is O-reductive.

(2) If X' — X is a finite, étale and surjective morphism, then X — Y is
O-reductive if and only if X' — Y is O-reductive.

Remark 3.19. If X — Y has affine diagonal, then (2) also holds, with a similar
proof, if one replaces the words ‘finite, étale’ with ‘quasi-compact, universally
closed.’

Proof. For (1), to check ©-reductivity of X — Y, by Proposition 3.17 we may
assume we have a diagram (3.3) where R is a complete DVR. As any étale,
13



representable cover of © has a section after a finite étale extension R C R’,
we may lift the composition O g — Or — Y to O — Y'. The O-reductivity
of X' := X xy Y — Y shows that the lift O \ 0 — X’ extends uniquely to a
morphism © g — X’. This implies that the lift Oz \ 0 — X extends uniquely to
a morphism Or — X as well, because both extension problems can be rephrased
in terms of sections of O Xy, X' ~ Op xy X.

Finally, the first few levels of the Cech nerve for the étale cover O — Op
have the form

_ .
- —=U;0ry —=; Ory —=Or',

for some complete DVR’s R}/ and R/’. The argument of the previous paragraph
shows that for any of the DVR’s A = R/, R/, R}’ the lift ©4 \ 0 — X extends

uniquely to a lift © 4 — X of the map 04 — Y. Etale descent now implies that
the original lift O \ 0 — X extends uniquely to a morphism ©p — X.

For (2), the ‘only if’ direction follows since finite morphisms are ©-reductive.
Conversely, given a diagram (3.3), we may find a finite étale extension R C R’
with fraction field K C K’ such that the composition Spec(K) — O\ 0 — X
lifts to a map Spec(K’) — X'. As X’ — X is finite, we may extend this morphism
uniquely to a map O \ 0 = X’ lifting O \ 0 = O \ 0 = X. By O-reductivity
of X' — Y, this map extends uniquely to a morphism ©g: — X’. The composition
Or — X’ — X is an extension of Or/ \ 0 = O \ 0 — X, and is unique since
X' — X is ©-reductive. By an étale descent argument similar to the one given in
Part (1), this descends uniquely to the desired lift @ — X. 0

We now provide some important classes of ©-reductive morphisms.

Proposition 3.20.

(1) An affine morphism of locally noetherian algebraic stacks is ©-reductive.

(2) Let S be a locally noetherian scheme. Let G — S be a geometrically
reductive and étale-locally embeddable group scheme (e.g. reductive) acting
on a locally noetherian scheme X affine over S. Then the morphism
[X/G] — S is ©-reductive.

(8) A good moduli space X — X, where X is a locally noetherian algebraic
stack with affine diagonal, is ©-reductive.

Remark 3.21. In the case that S = Spec(k) where k is an algebraically closed
field, Part (2) implies that [Spec(A)/G], where G is a geometrically reductive
algebraic group, is ©-reductive. In the case that G is smooth, then this follows
from the explicit calculation in Example 3.15.

Proof. For (1), since 0 € O has codimension 2 and O is regular for a DVR R,
we have that (Or \ 0 = Or).0g,\0 = Oe,. Given an affine morphism f: X — Y,
we have canonical isomorphisms

Mapy (Or \ 0,X) = Mapg, a1, (f+Ox, (Or \ 0 = ¥). 00 4\0)
= Mapg, _alg(f+Ox, (Or — ¥):00,)
See also [Hall4, Prop. 1.19], which shows that ev(f); is a closed immersion when
f is affine.
For (2), since O-reductive morphisms descend under representable, étale and

surjective morphisms (Proposition 3.18), we may assume that S is an affine
14



noetherian scheme and that G is a closed subgroup of GLy g for some N. We
first show that Bz GLy = [Spec(Z)/ GLy] is ©-reductive, which implies that
Bs GLy =[S/ GLy,s] is also ©-reductive. A morphism ©g \ 0 — X corresponds
to a vector bundle € on O \ 0. If & is any coherent sheaf on O extending
&, then the double dual EVV is a vector bundle extending €. This provides
the desired extension ©r — X. Since GLy s /G is affine [Alpl4, Thm. 9.4.1],
BsG — Bgs GLy is affine. By Part (1), BgG is ©-reductive. Since X is affine
over S, [X/G] — BgsG is affine which implies using again Part (1) that [X/G] is
O-reductive.

For (3), we may assume that X is quasi-compact. By [AHR], there exists an
étale cover Spec(B) — X such that X x x Spec(B) 2 [Spec(A4)/ GLy] for some
N and B = AGL~ | Since O-reductive morphisms descend under representable,
étale and surjective morphisms, this reduces the claim to the statement that
[Spec(A)/ GLy] — Spec(ASE~) is ©-reductive which follows from Part (2). [

Proposition 3.22. A morphism f: X — Y of locally noetherian algebraic stacks,
such that X and Y both have quasi-finite and separated inertia, is ©-reductive.

Proof. This follows from Lemma 3.6. O

3.3.3. Specialization of k-points. Next we provide general criteria for when spe-
cialization of k-points can be realized by a morphism from Oj.

Lemma 3.23. Let X be an algebraic stack locally of finite type over a perfect field
k such that either (1) X is locally linearly reductive or (2) X = [Spec(A)/ GLy]
for some N. Then any specialization © ~ xo of k-points where xy is a closed
point is realized by a morphism O — X.

Proof. The first case follows from the second by Theorem 2.3 while the second
case follows from the Hilbert—-Mumford criterion [Kem?78, Thm. 4.2]. O

The topology of k-points of ©-reductive stacks is analogous to the topology of
quotient stacks arising from GIT.

Lemma 3.24. Let X be an algebraic stack locally of finite type over a field k such
that either (1) X is locally linearly reductive or (2) X = [Spec(A)/ GLy] for some
N. If X is O-reductive, then the closure of any k-point p contains a unique closed
point x.

Proof. Assume that x and 2z’ are two closed points in the closure of p. After
replacing k with an extension if necessary, we may assume that k is perfect, and
that = and ' are k-rational. It follows from Lemma 3.23 that these specializations
come from two filtrations f, f' : ©, — X with f(1) ~ f'(1) ~ p, f(0) ~ x and
f'(0) ~ a’. The maps f and f’ glue to define a map [A? — {(0,0)}/(G2,)x],
and choosing one of the two G, factors we can apply ©-reductivity to extend
this morphism to a map [A2?/G,,,] — X. Then v(0,0) is a specialization of both
x ~ v(1,0) and 2’ ~ ~(0,1), which because = and 2’ are closed implies that
x ~~(0,0) ~ 2. O

3.4. O-surjective morphisms. In this section, we study the class of ©-surjective
morphisms. We will observe that ©-surjective morphisms between locally lin-
early reductive algebraic stacks necessarily map closed points to closed points
(Lemma 3.27). This notion will play a fundamental role in our proof of Theo-
rem 4.1; namely, we will use ©-reductivity to ensure that we can find local quotient
presentations which are ©-surjective (Proposition 4.4(1)).
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By Definition 3.3, a morphism f: X — Y (of algebraic stacks, locally of finite
presentation and quasi-separated over a quasi-separated algebraic space S, with
affine stabilizers) is ©-surjective if

ev(f)i: M(@7 X) =X XY,evy @(@7 Y)

is surjective. From Proposition 3.4 and Lemma 3.5, ©-surjective morphisms are
stable under composition and base change, and they descend under representable,
étale and surjective morphisms.

Remark 3.25. The condition of ©-surjectivity translates into the following lifting
criterion: For a field k, denote by i: Spec(k) — O} the open immersion. Then
f: X = Y is O©-surjective if and only if for any algebraically closed field k, any
commutative diagram

Spec(k) — X
(3.4) l 7 lf

Op —=1Y
of solid arrows can be filled in with a dotted arrow.

Remark 3.26. If f is representable and separated, it follows from Lemma 3.7(3)
that there is at most one lift in diagram (3.4), that is, f is ©-universally injective
(or equivalently ©-radicial). This fails for non-separated morphisms.

We also note that if f is proper, then the valuative criterion for properness
implies that there exists a unique lift in the above diagram. Therefore proper
representable morphisms are ©-universally bijective.

If X is an algebraic stack over a quasi-separated algebraic space S and s € |S|,
let X5 be the fiber product X x g Spec(k(s)), where x(s) is the residue field of s.

Lemma 3.27. Let S be a quasi-separated algebraic space and f: X — Y be a
morphism of algebraic stacks, locally of finite presentation over S with affine
stabilizers. Suppose that Y is locally linearly reductive and f is ©-surjective. If
x € |X| is a point with image s € |S| such that x € |Xs| is closed, then f(x) € |Ys|
is closed.

Proof. We immediately reduce to the case when S is the spectrum of an alge-
braically closed field k and z € |X| is a closed point. If f(z) is not closed, then there
exists a specialization f(x) ~> yo of k-points to a closed point. By Lemma 3.23,
there exists a morphism Oy — Y realizing f(x) ~ yo. As the diagram

Spec(k) +—= X

/1
s
s

Op —Y

can be filled in with a morphism h and x € |X| is closed, h(0) = h(1). It follows
that f(z) = yo is closed. O

Remark 3.28. The converse of Lemma 3.27 is not true; see Example 3.34.

For the construction of good moduli spaces we will need a variant of the above
properties. Let X and Y be algebraic stacks of finite type with affine diagonal
over a noetherian algebraic space S, and let f: X — Y be a morphism. Define

16



Y C |X]| be the set of points z € |X| where f is not ©-surjective at z, i.e., points
x € |X| where there exists a representative Spec(k) — X of x with k algebraically
closed and a commutative diagram as in diagram (3.4) which cannot be filled in.
By definition, ¥ is the image under p; of the complement of the image of ev(f)1,
ie.,

(35) ¥ pl((x xy Map(€,4)) \ eV(f)l(MapS(G,DC))) c Il

Lemma 3.29. Let X and Y be algebraic stacks of finite type with affine diagonal
over a noetherian algebraic space S, and let f: X — Y be a representable, quasi-
finite, and separated morphism. Suppose that either

(1) Y admits a good moduli space; or
(2) Y = [Spec(A)/ GLy] for some N.

Then the locus Xy C |X| is closed.

Proof. Zariski’s Main Theorem [LMB, Thm. 16.5] provides a factorization f: X -
9 2 Y where i is an open immersion and v is a finite morphism. As v is proper
and therefore ©-surjective we have ¥; = ¥¢. Thus, it suffices to assume that f is
an open immersion. Let Z C Y be the reduced complement of X and let 7: Y — Y
denote the adequate moduli space. We claim that ¥y = 7~ (w(]Z])) N |X].

Indeed, the inclusion “C” is clear: the morphism Y\ 7=1(7(|Z])) < Y is the
base change of the ©-surjective morphism Y \ 7(|Z|) < Y of algebraic spaces.
For the inclusion “D,” let z € m~!(w(]Z|)) N |X| and let Z: Spec(k) — X be a
representative of x, where k is algebraically closed, with image s: Spec(k) — S.
Let x5 € |X;| be the image of Spec(k) — Xs and z € |Z,| be the unique closed
point in the closure of x,. If Y admits a good moduli space, it is in particular
locally linearly reductive. Therefore, in either case (1) or (2), we may apply
Lemma 3.23 to obtain a morphism O — Y, realizing the specialization x4 ~ z.
Since the commutative diagram

Spec(k) — X

7
Ve
\L ! lf
7
Ve

Op —Y

does not admit a lift, z € . As 71 (n(|Z])) C [Y] is closed, the conclusion
follows. 0

Proposition 3.30. Let X and Y be algebraic stacks, of finite type with affine
diagonal over a moetherian algebraic space S, and let f: X — Y be a representable,
quasi-finite and separated morphism. IfY is locally linearly reductive, then Xy C X
s constructible.

Proof. By Theorem 2.3, the hypotheses imply that there exists a representable,
étale and surjective morphism g: Y — Y, where Y’ = [Spec(A)/ GLy] for some N.
Let X' = X xy Y with projections ¢': X’ — X and f': X' — Y’. By Lemma 3.1(f),
the morphism MS(G, Y) — MS(@, Y) is surjective. Therefore by Cartesian
Diagram (3.2), the complement of Map (O, X' in X' Xy Map (O, Y') surjects onto
the complement of Map (6, X) in X xy Map(©,Y). It follows that Xy = ¢'(Xy).
By Chevalley’s Theorem and Lemma, 3.29, the locus ¥ is constructible. O
17




Let us give some simple examples and non-examples of ©-surjectivity. In these
examples, we work over a field k.

Example 3.31. If ¢: X — X is an adequate moduli space and U C X is an
open substack, then U is saturated (i.e. $~(4(U)) = U) if and only if U — X is
O-surjective. In this case, U — X is even a O-isomorphism.

Example 3.32. The open immersion Spec(k) — [Al/G,,] is ©-reductive but not
O-surjective. Indeed, this is the prototypical example of a morphism that does
not send closed points to closed points.

Example 3.33. Consider the action of G,, on X = A%\ 0 via t- (z,9) = (tz,y)
(as in Example 3.16)) and the open immersion f: Al < [X/G,,] of the locus
where x is non-zero. Then
ev(f)1: Al = Map(©,A') = Map(0, [X/G,]) = A' U (| | A"\ 0)
n<0
which is the inclusion onto the first factor. Again, f is affine and hence ©-reductive
but not ©-surjective.

Example 3.34. Let C' C P? be the nodal cubic with a G,,-action and consider
the étale presentation f: [W/G,,] — [C/G,,] where W = Spec(k[z,y]/zy) and
G,,, acts with weights 1 and —1 on z and y, respectively. Then f clearly maps
closed points to closed points but we claim it is not ©-surjective. Indeed, there is
no lift in the diagram

Spec(k) —— [Spec(k[z,y]/zy)/Gm]

_ 7
Lk

O ——[C/Gy)]

where Spec(k) — [Spec(k[z,y]/xy)/G,] is defined by y = 0 and = # 0, and
© — [C/G,,] is the composition of the morphism © — [Spec(k[z,y]/zy)/Gm]
defined by = = 0 and the morphism f.

3.5. Elementary modifications and S-complete morphisms.

3.5.1. Modifications and elementary modifications. As in [Heil7, §2.B] the follow-
ing stack, which depends on a choice of DVR R, plays an important role in our
analysis of criteria for separatedness of good moduli spaces.

(3.6) STg := [Spec (R[s,t]/(st — 7)) /Gy,

where s and t have G,,-weights 1 and —1 respectively, and 7 is a choice of
uniformizer for R. A different choice of 7 results in an isomorphic stack.

Observe that STg \ 0 = Spec(R) Uspec(r) Spec(RR), where K is the fraction field
of R, because the locus where s # 0 in ST is isomorphic to [Spec (R[s, t]s/(t —
7/5))/Gp] = [Spec(R[s]s)/Gy] = Spec(R) and the locus where ¢ # 0 has a similar
description. A morphism h: STz \ 0 — X to an algebraic stack is the data of two
morphisms &,¢": Spec(R) — X, where & := h|rs20y and & := h[{20y, together
with an isomorphism £ o~ ).
Definition 3.35. Let X be an algebraic stack and let £: Spec(R) — X be a
morphism where R is a DVR with fraction field K.

(1) A modification of £ is the data of a morphism &': Spec(R) — X along

with an isomorphism between the restrictions &|x ~ &'|k.
18



(2) An elementary modification of ¢ is the data of a morphism h: STp — X
along with an isomorphism & ~ h|¢,}.

An elementary modification is clearly also a modification.

Remark 3.36. The terminology here is inspired by the terminology of [Lan75],
but does not exactly coincide. Langton’s notion of “elementary modifications” of
families of vector bundles over a DVR are examples of the notion of elementary
modification above which flip two-step filtrations. To see this, let X be a noetherian
scheme and Coh(X) the stack of coherent sheaves on X. Let R be a DVR with
fraction field K and residue field . A quasi-coherent sheaf on X x ST corresponds
to a Z-graded coherent sheaf @, ., F;, on X together with a diagram of maps

(3.7) o Fu_ S F L Fu_ e,

t t t t

such that st = ts = w. Moreover, F' is coherent if each F), is coherent, s: F,,_1 —
F,, is an isomorphism for n > 0 and t: F,, — F,,_1 is an isomorphism for n < 0.
The sheaf F is a flat over STy if and only if the maps s and ¢ are injective, and
the induced map t: Fy41/sF, — F,/sF,_1 is injective. (See Corollary 7.13 for a
proof of that these properties characterize coherence and flatness of F.)

Suppose that we have a coherent sheaf £ on Xy which is flat over R whose
restriction F, to X fits into a short exact sequence

(3.8) 0—-B—E,—G—=0.

(In Langton’s algorithm, one takes B C F, to be the maximal destabilizing
subsheaf.) Let E' = ker(F — E, — G). Then E’' is flat over R and Ex = FJ..

Moreover, we have that 7E C E' C E with E/E' = G and E'/rE = B; this
implies that F/ fits into a short exact sequence

(3.9) 0—+G—E.— B—0.

This data defines a coherent sheaf on X x STg flat over ST g as follows: set
F,tobe Eifn>0and E' if n < 0. Let s and t act via

™ ™ 1 1 1
— — —A — —
~— ~— ~— ~ ~—

s ™ s

In general, the restriction of F' to {s # 0} = Spec(R) is the colimit over the
Z-sequence of maps s: F,, — F, 1. In our case, this restriction is E. Likewise,
the restriction of F' to {t # 0} is the colimit over the ¢ maps so its E’ in our case.
In general, the restriction of F' to {s = 0} = ©,, is the (generalized) Z-filtration

o4 F)sFy_q < Frp1/sFpyg ¢ -

which in our case corresponds to E/. D G of (3.8). Similarly, the restriction of £
to {t = 0} corresponds to the filtration B C E,; of (3.9).
An analogous construction shows that any finite sequence of steps in Langton’s
algorithm can be realized by a single elementary modification.
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3.5.2. S-complete morphisms.

Definition 3.37. We say that a morphism f: X — Y of locally noetherian
algebraic stacks is S-complete if for any DVR R and any commutative diagram

SiTR\O*:x
(3.10) l R lf

STp —1Y
of solid arrows, there exists a unique dotted arrow filling in the diagram.

Remark 3.38. The motivation for the terminology “S-complete” comes from
Seshadri’s work on the S-equivalence of semistable vector bundles. Namely, if X is
the moduli stack of semistable vector bundles over a smooth projective curve C
over k, then X is S-complete (see e.g., Lemma 8.4). If R is a DVR with fraction
field K and residue field k, and &,JF are two families of semistable vector bundles
on C'r which are isomorphic over Cg, then S-completeness implies that the special
fibers £g and Fy on C' are S-equivalent.

Remark 3.39. S-complete morphisms are stable under composition and base
change. A morphism of quasi-separated and locally noetherian algebraic spaces
is S-complete if and only if it is separated (Proposition 3.44). While affine
morphisms are always S-complete (Proposition 3.42(1)), it is not true that sepa-
rated, representable morphisms are S-complete. For instance, the open immersion
STr \ 0 — STy is not S-complete. This example also shows that S-complete
morphisms do not satisfy smooth descent; however, S-completeness does descend
along representable, étale and surjective morphisms (Proposition 3.41).

We now state properties of S-completeness analogous to Proposition 3.17,
Proposition 3.18, and Proposition 3.20. In each case, the proof is identical.

Proposition 3.40. Let X — Y be a morphism of locally noetherian algebraic
stacks, and consider a diagram of the form (3.10), then there exists a unique
dotted arrow filling the diagram if either

(1) there exists a unique filling after passing to an unramifed extension R C R’
of DVR’s which is an isomorphism on residue fields, such as the completion
of R, or

(2) X — Y has affine diagonal, and there exists a filling after an arbitrary
extension of DVR’s R C R'.

In particular, to verify that a morphism of locally noetherian algebraic stacks is
S-complete, it suffices to check the lifting criterion (3.10) for complete DVRs. O

Proposition 3.41. Let X — Y be a morphism of locally noetherian algebraic
stacks.
(1) If Y — Y is an étale, representable and surjective morphism, then X — Y
is S-complete if and only if X xyY' — Y is S-complete.
(2) If X' — X is a finite, étale and surjective morphism, then X — Y is
S-complete if and only if X' — Y is S-complete. ]

Proposition 3.42.

(1) An affine morphism of locally noetherian algebraic stacks is S-complete.
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(2) Let S be a locally noetherian scheme. Let G — S be a geometrically
reductive and étale-locally embeddable group scheme (e.g. reductive) acting
on a locally noetherian scheme X affine over S. Then the morphism
[X/G] — S is S-complete

(8) A good moduli space X — X, where X is a locally noetherian algebraic
stack with affine diagonal, is S-complete. (]

We now detail additional important properties of S-completeness.

Lemma 3.43. If X is an algebraic stack with quasi-finite and separated inertia
and T is a locally noetherian algebraic space, any morphism STt — X factors
uniquely through ST — T.

Proof. This can be established with the same method as Lemma 3.6. (]

Proposition 3.44. Let f: X — Y be a morphism of quasi-separated and locally
noetherian algebraic stacks such that X and Y both have quasi-finite and separated
inertia. Then f is S-complete if and only if f is separated.

Proof. Let R be a DVR with fraction field K. By Lemma 3.43, any mor-
phism from STg to X or Y factors through STr — Spec(R). As ST\ 0 =
Spec(R) Uspec(x) SPec(f?), we see that the valuative criterion of Diagram 3.10 is
equivalent to the valuative criterion for separatedness. (I

Proposition 3.45. If G is an algebraic group over a field k, then G is geomet-
rically reductive if and only if BrG is S-complete. In particular, a closed point
of an S-complete locally noetherian algebraic stack with affine stabilizers has a
geometrically reductive stabilizer.

Proof. From Proposition 3.42(2), we know that if G is geometrically reductive,
then ByG is S-complete. For the converse, we may assume that k is algebraically
closed. Suppose that G is not geometrically reductive. Then by considering the
unipotent radical R, (G) of the reduced group scheme G™9, the induced morphism
BiR,(G) — ByG is affine. Similarly, by taking a normal subgroup G, C R,(G),
there is an affine morphism B;yG, — BypR,(G). The composition B;G, —
BiR,(G) — BiG is affine. Since ByG is S-complete, by Proposition 3.42(1) so is
B, G, a contradiction. O

Remark 3.46. The proof shows more generally that if X is a locally noetherian
algebraic stack that is S-complete with respect to DVRs essentially of finite type
over R, then any closed point of X has geometrically reductive stabilizer.

Expanding on Proposition 3.42(3), we have the following criterion for when a
good moduli space is separated.

Proposition 3.47. Let X be a locally noetherian algebraic stack with affine
diagonal over an algebraic space S, and let X — X be a good moduli space. Then
(1) the morphism X — X is S-complete;
(2) the morphism X — S is separated if and only if X — S is S-complete; and
(8) the morphism X — S is proper if and only if X — S is of finite type,
universally closed and S-complete.

Remark 3.48. If in addition X — S is of finite type, then in verifying that X is
S-complete, it suffices to verify that for every DVR R essentially of finite type
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over S, any commutative diagram (3.3) has a unique lift after an extension of
the DVR R. Likewise, in verifying that X — S is universally closed, it suffices to
verify the existence part of the valuative criterion for properness of X — S with
respect to DVR’s which are essentially of finite type over S.

Proof. Part (1) is Proposition 3.42(3). The implication ‘= in Part (2) follows from
Part (1) and the fact that separated algebraic spaces are S-complete. Conversely,
suppose X is S-complete. Suppose f,g: Spec(R) — X are two maps such that
flx = gk After possibly an extension of R, we may choose a lift Spec(K) — X
of flk = g|k. Since X — X is universally closed, after possibly further extensions
of R, we may choose lifts f,ﬁ: Spec(R) — X of f,g such that ﬂK >~ 4lk. By
applying the S-completeness of X, we can extend f, g to a morphism STy — X. As
STr — Spec(R) is a good moduli space and hence universal for maps to algebraic
spaces [Alp13, Thm. 6.6], the morphism STy — X descends to a unique morphism
Spec(R) — X which necessarily must be equal to both f and g. We conclude that
X is separated by the valuative criterion for separatedness. Part (3) follows from
Part (1) using the fact that X is universally closed if and only if X is. O

Remark 3.49. Assume instead that X — X is an adequate moduli space (rather
than good moduli space) while keeping the other hypotheses on X. The same
argument as above shows that if X is S-complete (resp. universally closed and
S-complete), then X is separated (resp. proper). We suspect that the conclusion
of all parts of Proposition 3.47 hold but at the moment we cannot show this
as we do not have a slice theorem to reduce to the case of [Spec(A)/G] with G
geometrically reductive.

Corollary 3.50. Let X be a locally noetherian algebraic stack with affine diagonal
and let X — X be a good moduli space. Let R be any DVR and consider two
morphisms &y,&1: Spec(R) — X with (&)|x = (&1)|x Then the following are
equivalent:

(1) & and & differ by an elementary modification,
(2) & and & differ by a finite sequence of elementary modifications,
(8) the compositions &; : Spec(R) — X — X agree for i =0, 1.

Proof. Clearly (1) = (2). The projection ST — Spec(R) is a good moduli space
and hence universal for maps to algebraic spaces [Alp13, Thm. 6.6]. It follows
that any two maps which differ by an elementary modification induce the same
R-point of X, and thus (2) = (3). The implication (3) = (1) follows from part
(1) of Proposition 3.47. O

Remark 3.51. The above conditions are not equivalent to saying that £y and &;
are modifications such that the closures of £,(0) and & (0) intersect. For instance,
let X be the non-locally separated algebraic space obtained by taking the free Z/2-
quotient of the non-separated affine line, where the action of Z/2 is via  — —x
and swaps the origins. Then there are two distinct maps &y, &1: Spec(R) — X

with &|x = & |k and &(0) = & (0).

Remark 3.52 (Hartog’s principle). Both ©-reductivity and S-completeness are

conditions asserting the existence and uniqueness of extending morphisms along

a codimension two locus. One might be tempted to unify these two notions by

defining that a morphism f: X — Y of locally noetherian algebraic stacks satisfies

Hartogs’s principle if for any regular local ring S of dimension 2 with closed
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point 0 € Spec(S), there exists a unique dotted arrow filling in any commutative
diagram

Spec(S) \ 0 — X

(3.11) l 7 if
Spec(S/) —Y

of solid arrows. Any such morphism is necessarily both ©-reductive and S-complete.
Moreover, the analogues of Proposition 3.20 and Proposition 3.42 hold for such
morphisms. However, many algebraic stacks (e.g. the stack Coh(X) of coherent
sheaves on a proper scheme X over a field k) are both ©-reductive and S-complete
but do not satisfy Hartog’s principle.

3.6. Unpunctured inertia. We now give the last of the properties that will turn
out to be necessary for the existence of good moduli spaces.

Definition 3.53. We say that a noetherian algebraic stack has unpunctured
inertia if for any closed point z € |X| and versal deformation p: (U,u) — (X, z),
where U is the spectrum of a local ring with closed point u, each connected
component of the inertia group scheme Auty(p) — U has non-empty intersection
with the fiber over wu.

Remark 3.54. The condition of unpuncturedness is related to the property of
purity of the morphism Auty(p) — U as defined in [RG71, §3.3] and further
studied in [Stacks, Tag 0CV5]. If U is the spectrum of a strictly henselian local
ring, then purity requires that if s € U is any point and + is an associated point in
the fiber Auty(p)s, then the closure of v in Auty(p) has non-empty intersection
with the fiber over u.

In Section 5, we will provide valuative criteria which can be used to verify that
a stack has unpunctured inertia. In this section though, we provide only a few
situations in which this condition is easy to check.

Proposition 3.55. If X is a noetherian algebraic stack with quasi-finite inertia,
then X has unpunctured inertia if and only if X has finite inertia.

Proof. If X has finite inertia, then Autx(p) — U is finite so clearly the image
of each connected component contains the unique closed point v € U. For the
converse, we may assume that U is the spectrum of a Henselian local ring in
which case Autx(p) = G U H where G — U finite and the fiber of H — U over
u is empty. If Auty(p) is not finite, then H is non-empty and any connected
component of H will have empty intersection with the fiber over u. U

Proposition 3.56. Let X be a noetherian algebraic stack. If X has connected
stabilizer groups, then X has unpunctured inertia.

Proof. This is clear, by definition all fibers of Autx(p) — U are connected, so any
connected component of Auty intersects the component containing the identity
section. (]

The following example shows that unpuncturedness need not be preserved when
passing to open substacks.
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Example 3.57. Consider the action of G = G,, x Z/2 on X = A? via t- (a,b) =
(ta,t=b) and —1- (a,b) = (b,a). Note that every point (a,b) € X with ab # 0 is
fixed by the order 2 element (a/b,—1) € G. The algebraic stack [(X \ 0)/G] does
not have unpunctured inertia by Proposition 3.55. However, it will follow from
Proposition 5.7 that [X/G] has unpunctured inertia.

4. EXISTENCE OF GOOD MODULI SPACES

The goal of this section is to prove the following theorem providing necessary
and sufficient conditions for an algebraic stack to admit a good moduli space.

Theorem 4.1. Let X be an algebraic stack, locally of finite type with affine
diagonal over a quasi-separated and locally noetherian algebraic space S. Then X
admits a good moduli space if and only if

(1) X is locally linearly reductive (Definition 2.1);
(2) X is O-reductive (Definition 3.10); and
(3) X has unpunctured inertia (Definition 3.53).

Remark 4.2. The theorem also holds if one replaces the condition (2) with

(2') for every DVR R essentially of finite type over S, any commutative diagram
(3.3) has a unique lift.

The idea of the proof is simple. We use the slice theorem (Theorem 2.3) to
reduce to quotient stacks and glue the resulting moduli spaces. As this only works
étale locally we need to apply the slice theorem carefully in such a way that
preserves the stabilizer groups and the topology of finite type points in order to
ensure that the étale covering of the stack induces an étale covering on the level
of good moduli spaces.

4.1. Reminder on maps inducing étale maps on good moduli spaces.
If f: X — Y is a morphism of algebraic stacks and x € |X|, we say that f is
stabilizer preserving at x if there exists a representative z: Spec(l) — X of z
(equivalently, for all representatives of ), the natural map Auty (Z) — Auty(foZ)
is an isomorphism.

Proposition 4.3. Let X and Y be noetherian algebraic stacks with affine diagonal.
Consider a commutative diagram

f

X—Y
(4.1) i i

X 2sy
where f is representable, étale and separated, and both wx and my are good moduli
spaces (and in particular X and Y are locally linearly reductive). If f is O-
surjective and f is stabilizer preserving at every closed point in X, then g is étale
and Diagram 4.1 is Cartesian.

Proof. This result is essentially a stack-theoretic reformation of Luna’s funda-

mental lemma [Alp10, Thm. 6.10]. To see why this version holds, we first reduce

by étale descent to the case that Y is affine. If € |X]| is a closed point, then

y = my(f(xz)) € Y is necessarily locally closed so after replacing Y with an

open subspace, we may assume that y € Y is closed. Since f is O-surjective,

f(x) € Y| is a closed point by Lemma 3.27, and [Alp10, Thm. 6.10] implies that
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there is an open subspace U C X containing mx(z) such that g|y is étale and
e (U) =U xy Y. O

4.2. Proof of the existence result. We first provide conditions on an algebraic
stack ensuring that there are local quotient presentations which are ©-surjective
and stabilizer preserving. This is the key ingredient in the proof of Theorem 4.1.

Proposition 4.4. Let Y be an algebraic stack, locally of finite type with affine
diagonal over a quasi-separated and locally noetherian algebraic space S, and let
y € Y| be a closed point. Let f: (X,z) — (Y,y) be a pointed étale and affine
morphism such that there exists an adequate moduli space w: X — X and f induces
an isomorphism f‘ffl(gy) over the residual gerbe at y (e.g. f is a local quotient
presentation).

(1) If Y is O-reductive, then there exists an affine open subspace U C X of
m(x) such that f| () is ©-surjective.
(2) IfY has unpunctured inertia, then there exists an affine open subspace U C
X of m(x) such that f|.-1 @y which induces an isomorphism Iy —
a1 (U) Xy [y .
In particular, if Y is locally linearly reductive, is ©-reductive and has unpunctured
inertia, then there exists a local quotient presentation g: W — Y around y which
is ©-surjective and induces an isomorphism Iy — W xy Iy.

Proof. For (1) let us first show that the morphism ev(f);: Mapg(©,X) — X xy
Mapg(©,Y) is an open and closed embedding. As f is representable, étale and
separated, the map is an open embedding by Lemma 3.7. As X admits a good
moduli space, it is ©-reductive by Proposition 3.20, as is Y by assumption. Thus
ev(f); is proper and in particular closed. Let Z C X Xy MapS(G7 Y) be the open
and closed complement of Map (0, X). By Equation (3.5), the image p1(2) C |X]|
consists of the points where f is not O-surjective. By Proposition 3.30, the image
p1(2) C |X| is constructible.? On the other hand, since Y is ©-reductive, the image
p1(2) is closed under specializations.?
Consider an arbitrary diagram of solid arrows:

Spec(k) -—= X

=X
7
\Li e J{f
7

Op ——1Y
As y = f(x) € |Y] is a closed point, A factors through the residual gerbe G, of
y. The induced map G, — G, on residual gerbes is an isomorphism so A lifts
to a morphism O, — G, — X filling in the dotted arrow. It follows that f is
©-surjective at z, i.e. x & p1(2).

Let U C X \ m(p1(Z)) be an open affine neighborhood of 7(z), and let U =

7~ 1U). We claim that fly: U — Y is ©-surjective. First, observe that the

2 Alternatively, one could invoke [Hall4, Lem. 4.36], which implies unconditionally that the
image in |X| of any open and closed substack of X xy Map(©,Y) is constructible.
31t is here where the O-reductivity hypothesis on Y is used in an essential way. Note that
the implication that p1(Z) is closed would follow from the weaker condition of uniqueness of
lifts in the valuative criterion (3.3) for DVR’s R essentially of finite type over S. This justifies
Remark 4.2.
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inclusion ¢: U — X is a ©-isomorphism (i.e. ev(:); is an isomorphism); see
Example 3.31. The composition U — X — Y induces a commutative diagram

ev(L)1

Map (0, U) —— U xx Map (6, X) Map (©, X)

m l/ lev(f)l

U xy Map(6,Y) —= X xy Map (6, Y) —= Map (6, )

| | |

U X Y
where all squares are Cartesian. The substack U was chosen precisely such that
UxxMap(©,X) — UxyMap (O, ) is an isomorphism. It follows that ev(fo);
is an isomorphism.

For (2), it suffices to find an open neighborhood U C X of x such that fly: U —
Y induces an isomorphism Iyy — U xy Iy. We have a Cartesian diagram

Ix—>DC><5Ld

L

:X:4>:X:ny.

Since f is étale and affine, the morphism Iy — X xy Iy is an open and closed
immersion; let Z C X Xy Iy be the open and closed complement, so the fiber over
a point p : Spec(k) — X consists of the complement of the subgroup Auty(p) C
Auty(f op) . Denote p;: X xy Iy — X. We know that = ¢ p;(Z) as f is stabilizer
preserving at z. Moreover, if we choose a versal deformation (U, u) — (Y,y) where
U is the spectrum of a local ring, then using that Y has unpunctured inertia, we
know that the preimage of Z in X xy Iy xy U is empty; indeed, if there were a
non-empty connected component of this preimage, it must intersect the fiber over
u non-trivially contradicting that x ¢ p;(Z). This in turn implies that x ¢ p;(Z).
Therefore, if we set U = X \ p1(Z), the induced morphism Iy — U xy Iy is an
isomorphism. O

Lemma 4.5. Let X be a locally noetherian algebraic stack with affine diagonal.
Suppose that {U;}icr is a Zariski-cover of X such that each U; admits a good
moduli space and each inclusion U; — X is ©-surjective. Then X admits a good
moduli space.

Proof. Let m;: U; — U; denote the good moduli space. Since each inclusion
U;NU; — U, is O©-surjective, there exist open subspaces U; ; C U; with wi_l(Ui,j) =
U; N U; (see Example 3.31). By universality of good moduli spaces [Alpl3,
Thm. 6.6], there are isomorphisms U ; = U;,; providing gluing data for an
algebraic space U. The morphisms 7; glue to produce a good moduli space
u—U. d

Using Proposition 4.4 and Lemma 4.5, we can now establish Theorem 4.1.

Proof of Theorem /4.1. For the sufficiency of these three conditions, we follow

the proof of [AFS17, Thm. 2.1]. First observe that by Lemma 4.5 and Propo-

sition 4.4(1), it suffices to show that every closed point 2 € |X| has an open

neighborhood U admitting a good moduli space. By Proposition 4.4, there exists

a local quotient presentation f: Xy = [Spec(A4)/ GLy] — X around « such that f
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is O©-surjective and f induces an isomorphism Iy, — X1 xx Ix. After replacing
X with f(X;), we may assume that f is surjective. Since I, — X3 X Ix is an
isomorphism, every closed point of [Spec(A)/ GL,] has linearly reductive stabi-
lizer. It follows from [AHR] that [Spec(A)/ GLy] is cohomologically affine. We
let m1: X1 — X := Spec(ASE™) be the induced good moduli space.

Set Xo = X1 Xy Xy. The projections p1,ps: Xo — Xq are also étale, affine,
surjective, and O-surjective morphisms that induce isomorphisms Iy, — Xa X,
Ix,. Since f is affine, X5 is cohomologically affine and admits a good moduli space
mo: X9 — Xo. By Proposition 4.3, both commutative squares in the diagram

p1 f
Xo——=X] ——=X

D2
iﬂ—2 \Lﬂ-l
q1

X2 —_— Xl
q2

are Cartesian. Moreover, by the universality of good moduli spaces, the étale
groupoid structure on Xy == X7 induces a étale groupoid structure on Xs =% Xj.
The fact that f induces isomorphisms of stabilizer groups implies that A: Xy —
X1 x X7 is a monomorphism (see the argument of [AFS17, Prop. 3.1]). Thus,
Xo = X, is an étale equivalence relation and there exists an algebraic space
quotient X. It follows from descent that there is an induced morphism 7: X — X
which is a good moduli space.

Conversely suppose that X admits a good moduli space 7: X — X. Then the
closed points of X have linearly reductive stabilizers. If € |X| is a point and
U C X is a quasi-compact open containing m(x), then x specializes to a closed point
x € |7~ 1(U)| which is necessarily also closed in X. As z has linearly reductive
stabilizer, we see that X is locally linearly reductive. Moreover, Proposition 3.20(3)
implies that X is ©-reductive. Establishing that X has unpunctured inertia will
take more effort, and we will prove this in Theorem 5.2.

O

‘We note another consequence of Proposition 4.4, which will be used in §5 below.

Proposition 4.6. Let X be an algebraic stack which is of finite type with affine
diagonal over a field k. Suppose that X is O-reductive and there exists a single
closed point x € |X| which has a linearly reductive stabilizer. Then X admits a
good moduli space. If k is algebraically closed, then X = [Spec(A)/G,], and if in
addition X is reduced, then XX — Spec(k) is the good moduli space.

Proof. Choose a local quotient presentation f: (Xi,z1) — (X,z) with X; =
[Spec(B)/ GL,,] such that z; € |X;]| is the unique point mapping to z. Since
X is ©-reductive, by Proposition 4.4(1), we can assume that f is ©-surjective.
This implies that f sends closed points to closed points and both projections
Xy = Xy xo¢ X1 = Xy send closed points to closed points. Since both X and
X, have a unique closed point and f induces an isomorphism of residual gerbes
92, = Gz, it follows that Xy has a unique closed point and that both projections
Xy = Xy induce isomorphism of stabilizers at this point. Moreover, there are
good moduli spaces X1 — X; and Xy — X5. As in the proof of Theorem 4.1,
Proposition 4.3 implies that the induced groupoid X, = X; is an étale equivalence
relation, and the quotient X3 /X5 is a good moduli space for X. The final statement
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follows from [AHR, Thm. 2.9] coupled with the observation that if X is reduced,
so is its good moduli space. U

5. CRITERIA FOR UNPUNCTURED INERTIA

In this section we establish criteria which imply that a stack has unpunctured
inertia. They are “valuative criteria” in the sense that they apply to families over
discrete valuation rings. We will need the following notion:

Definition 5.1. Let X be an algebraic stack over an algebraic space S, let R be
a DVR over S with fraction field K and residue field &, and let £: Spec(R) — X
be a morphism. A nearby modification of £ is a morphism &’: Spec(R) — X
along with an isomorphism &’'|x =~ £|k such that the closures of £'(0) and £(0) in
|X x g Spec(x)| have nonempty intersection.

This notion is stronger than that of a modification, and weaker than that of an
elementary modification. Note however, that in an S-complete stack, the notions
of “modification,” “nearby modification,” and “elementary modification” coincide.
We can now state the main results of this section:

Theorem 5.2. Let X be an algebraic stack locally of finite type and with affine
diagonal over a quasi-separated and locally noetherian algebraic space S. If X has
a good moduli space, then X has unpunctured inertia. Moreover, if X is locally
linearly reductive and O-reductive, then the following conditions are equivalent:

(1) For any essentially finite type DVR R, any morphism &: Spec(R) — X,
and any g € Autx(Ex) of finite order, there is an extension of DVR’s
R'/R with fraction field K' and a nearby modification & of {| g such that
gli extends to an automorphism of £';

(2) For any essentially finite type DVR R, any morphism &: Spec(R) — X,
and any geometrically connected component H C Auty (€ ), there is an
extension of DVR’s R'/R with fraction field K’ and a nearby modification
& of & g and some g € Auty (&) such that g|k lies in H;

(8) X has unpunctured inertia; and

(4) X has a good moduli space.

This elaborates on Theorem 4.1, which stated the equivalence of (3) and (4).
Recall that only the implication of (3) = (4) was shown in the proof of Theorem 4.1,
which quoted Theorem 5.2 for the implication (4) = (3).

Example 5.3. To illustrate the subtlety of the condition (1), let us exhibit in the
context of Example 3.57 a map from a DVR to [A?/G] (where G = G,, x (Z/2))
where performing an extension and elementary modification allows a generic
automorphism to extend. Let R = k[z] and K = k((z)). Consider £: Spec(R) —
A% via 2z +— (2%, 2). Then g = (2,—1) € G(K) stabilizes £x but does not extend
to G(R). Consider the degree 2 ramified extension R — R’ with R’ = k[/Z]
and K’ = k((/z)), and define &’: Spec(R') — X by vz — ((v/2)3,(v/2)?). Over
the generic point, ¢ is isomorphic as a point in [A%2/G] to the restriction &x-,
because (v/z, —1) - & = k. Under this isomorphism our generic automorphism
g becomes ¢’ = (/z,—1)"1 - g|xr - (v/z,—1) = (1,—1) which clearly extends to an
R'-point.

Our second main result states that when X is S-complete, which is the situation
of most interest in applications, these conditions hold automatically.
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Theorem 5.4. If X is an algebraic stack which is locally linearly reductive and S-
complete, then the conditions (1), (2), and (3) of Theorem 5.2 hold automatically.

Recall from Proposition 3.45 that if a noetherian algebraic stack X with affine
diagonal is S-complete and defined over Q, then X is locally linearly reductive. It
follows that Theorem 5.4 and Theorem 4.1 imply the second part of Theorem A.

Remark 5.5. As the proof will show, Theorem 5.4 holds more generally if X is
only assumed to be S-complete with respect to DVRs essentially of finite type
over R. Combining this observation with Remark 3.46 and Remark 4.2, we in
fact obtain the following stronger version of the second part of Theorem A: if X is
an algebraic stack of finite type with affine diagonal over a noetherian algebraic
space S of characteristic 0, then X admits a separated good moduli space if and
only if X is ©-reductive and S-complete with respect to DVRs essentially of finite
type over R.

We prove Theorem 5.4 and Theorem 5.2 below, after establishing some prelimi-
nary results.

5.1. A variant of the valuative criteria. It will be convenient to introduce a
variant of the valuative criterion (1) in Theorem 5.2 for an algebraic stack X:
(1) For any DVR R with fraction field K, any morphism £: Spec(R) — X,
and any generic automorphism g € Auty({x) of finite order, there is an
extension of DVR’s R'/R with fraction field K’ and a modification &’ of
&|r such that g|x extends to an automorphism of ¢’.

Unlike in the valuative criterion (1), criterion (1’) does not require that the
modification ¢’ is a nearby modification. Criterion (1) is not a sufficient condition
for X to have unpunctured inertia even when X is locally linearly reductive and
O-reductive, but it has useful formal properties. Note in particular that in an S-
complete stack, any modification is an elementary modification and in particular a
nearby modification so condition (1’) is equivalent to condition (1) of Theorem 5.2.

Remark 5.6. In the case that X = [X/G] is a noetherian quotient stack defined
over a field k, X satisfies (1) if and only if for every map &: Spec(R) — X and
g € Ge¢,e C G(K) of finite order, there exists after an extension R C R’ (with
K’ = Frac(R')) an element h € G(K’) such that h- &k and h™'g|x h both extend
to R'-points. Even in the case where X = V is a linear representation of a linearly
reductive group GG, we are not aware of a completely elementary proof of this fact,
despite the purely representation-theoretic nature of this property. This is the
most challenging part of the proof of Theorem 5.2.

Proposition 5.7. Let G be a geometrically reductive and étale-locally embeddable
group scheme (e.g. reductive) over an algebraic space S and let W — S be an
affine morphism of finite type with an action of G. Then [W/G]| satisfies the
criterion (1'), and in particular [W/G] satisfies condition (1) of Theorem 5.2 if S
s separated.

We will prove Proposition 5.7 at the end of this subsection, after establishing
some preliminary results.

Lemma 5.8. The stack Bz GLy satisfies the condition (1).

Proof. In this case, because every vector bundle on Spec(R) is trivializable, the
condition is equivalent to the claim that every element g € GLy (K) is conjugate
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to an element of GLy(R) after passing to an extension of the DVR R. After an
extension of R we may conjugate g to its Jordan canonical form. The fact that g
has finite order implies that the diagonal entries of the resulting matrix are roots
of unity. Because the group of k" roots of unity is a finite group scheme, the
entries of the Jordan canonical form must lie in R. (|

Lemma 5.9. Let p: X — Y be a proper representable morphism of noetherian
stacks. If Y satisfies the valuative criterion (1'), then so does X.

Proof. Since p is representable and separated, for any morphism £: Spec(R) — X
from a DVR, we have a closed immersion Auty(§) < Auty(po&) of group schemes
over Spec(R). Furthermore, because p is proper, any modification of p o & lifts
uniquely to a modification of £&. Therefore, given a generic automorphism of
&, we may pass to an extension R’'/R and modify p o £|g so that this generic
automorphism extends, and then this lifts uniquely to a modification of £|r/ such
that the given generic automorphism extends. O

Proof of Proposition 5.7. Tt suffices to show that [Spec(A)/G] satisfies the crite-
rion (1’), where G and Spec(A) are defined over a DVR R and with A finitely
generated over R. After passing to a finite extension of K = Frac(R) we may
assume that G embeds as a closed subgroup G — GLy g for some N. We may
then replace G with GLy g and replace Spec(A) with GLy g x¢ Spec(A), which
will again be affine because G is geometrically reductive. Furthermore we can
assume that A is reduced, because we are only considering maps from reduced
schemes. So it suffices to prove the claim for [Spec(A4)/ GLy,g] for a reduced
R-algebra A of finite type.

Now consider a GL y-scheme X which is reduced and projective over Spec(AST~)
such that X contains Spec(A) as a dense GLy-equivariant open subscheme and
the complement X \ Spec(A) is the support of an ample GL y-invariant Cartier
divisor E. The construction in [Tel00, Lem. 6.1] for smooth schemes in character-
istic 0 works here as well: We simply choose a closed G-equivariant embedding
Spec(A) < A ycry (€) for some locally free GL,-module over ASL~ | and then let
X be the closure of Spec(A) in P ey (€ @ O). Thus we have a diagram:

Spec(A)———= X

~. |

Spec(AGLN)

We claim that Spec(A) is precisely the semistable locus of X with respect to
Ox(E) in the sense of [Ses77]. Indeed the tautological invariant section s: Ox —
Ox (E) which restricts to an isomorphism over Spec(A) shows that Spec(A) C X®.
Conversely s™ gives an isomorphism of A9%“~-modules I'(Spec(A), Ox (nE))GEN ~
AGLEN for all n > 0. Under this isomorphism any invariant global section f €
(X, Ox(nE))SLN | after restriction to the dense open subset Spec(A), agrees with
a section of the form gs™, where g is the pullback of a function under the map
X — Spec(ASEN), Tt follows that f = g - s™ because X is reduced. This shows
that X* C Spec(A4).

Now Lemma 5.8 implies that the criterion (1’) holds for Spec(A“r~) x B GLy,
and hence Lemma 5.9 implies that the criterion holds for [X/GLy]. So in or-
der to establish the criterion for [Spec(A4)/ GLy], it suffices to show that given
a point &: Spec(R) — [X/GLy]| along with a finite order automorphism g of
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&, if £k lies in the open substack [Spec(A)/GLy], then after passing to an
extension of R one can modify the pair (£, g) at the special point of Spec(R)
so that the image of ¢ lies in [Spec(A)/ GLy]. Note that the stabilizer group
X-scheme Stabgr, (X) € X x GLy is equivariant for the GLy action which
acts by the given action on X and by conjugation on the GLy factor. It suf-
fices to show that given an R-point of Stabgr,, (X) whose generic point lies
in Spec(A) x GLy, after passing an extension of R there is a modification
of the resulting map £: Spec(R) — [Stabgr, (X)/GLy] whose image lies in
[Stabgr, (Spec(A))/ GLy] = [Stabgr, (X) N (Spec(A) x GLy)/ GLy].

Note that Stabar,, (X) is projective over Spec(AS"~) x GLy. We claim that
the semistable locus of Stabgr, (X) for the action of G with respect to the
pullback of Ox (FE) is precisely Stabgr,, (Spec(4)). Indeed, this follows from the
Hilbert—-Mumford criterion [Ses77]. Any destabilizing one parameter subgroup
for (z,g) € Stabgr, (X) is destabilizing for z € X. Conversely, for every point
(z,g) € Stabgr, (X) whose underlying point « € X is unstable, Kempf’s theorem
on the existence of canonical destabilizing flags [Kem78] implies that there is a
destabilizing one parameter subgroup A for x which commutes with Stabgr,, (),
and this A defines a destabilizing one parameter subgroup for the point (z,g). So
the fact that any map Spec(R) — [Stabgr, (X)/G] whose generic point lies in
[Stabar, (Spec(A4))/G] admits a modification which lies in [Stabgr,, (Spec(A))/G]
after passing to an extension of R follows from the classical semistable reduction
theorem in the setting of reductive group schemes [Ses77].* (]

Remark 5.10. By appealing to Theorem A.8, the proof in fact shows that a
slightly stronger version of (1’) holds in which the extension K’/K of fraction
fields is finite. It follows that the statements of Theorem 5.2 and Theorem 5.4
remain true after replacing (1) and (2) with the stronger condition where the
extension K'/K is required to be finite.

5.2. The proof of Theorem 5.2.

Lemma 5.11. If X is a noetherian algebraic stack with affine automorphism
groups, then the valuative criterion (1) implies the valuative criterion (2) in
Theorem 5.2.

Proof. Tt suffices to show that every connected component of the K-group Auty (£x)
contains a finite type point of finite order. Let g € Autyx(£x) be a finite type
point. After a finite field extension we can decompose g = ¢g,, under the Jordan
decomposition, where g, is semisimple and g, is unipotent. Now consider the
reduced Zariski closed K-subgroup H C Auty (k) generated by gs. Because g,
is semisimple, H is a diagonalizable K-group and hence every component of H
contains an element of finite order. We may thus replace g, with a finite order
element in the same connected component of Aut (€x) which still commutes with
gu- If char(K) > 0, then g, has finite order and we are finished. If char(K) = 0,
then g, lies in the identity component of G, so g lies on the same component as
the finite order element gs. O

4This is not stated in this way in Seshadri’s paper, but it follows from the results there: If
X is projective over a finite type affine G-scheme and £ is a G-ample bundle, then [X5%/G]
admits an adequate moduli space Y which is projective over Spec(I'(X,9x)%). So given a map
Spec(R) — [X/G] whose generic point lands in [X®%/G], one can compose with the projection
to get a map Spec(R) — [X/G] — Spec(I'(X,0x)%). By construction one has a lift of the
generic point along both maps [X%/G] — Y — Spec(I'(X,0x)%). So because both maps are
universally closed, one can lift this to a map Spec(R) — [X®%/G] after an extension of R.
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Lemma 5.12. Suppose X is a noetherian algebraic stack with affine stabilizer
groups, and suppose that the criterion (2) of Theorem 5.2 holds in such a way that
one may always choose the nearby modification & so that £'(0) is a specialization
of £(0) in |X|. Then X has unpunctured inertia.

Proof. Let x € |X| be a closed point, and let p: (U,u) — (X,z) be a versal
deformation of x, and let H C Auty(p) be a connected component. The image of
the projection H — U is a constructible set whose closure contains u. It follows
that we can find an essentially finite type DVR R and a map Spec(R) — U whose
special point maps to u and whose generic point lies in the image of H — U. After
an extension of the DVR R, we may assume that the generic point Spec(K) — U
lifts to H, and that the connected component H' C H \Spcc( k) containing this
lift is geometrically connected. The hypotheses of the lemma imply that, after
possibly further extending R, there exists a modification £’ : Spec(R) — X of £
such that the closure of H’ in Auty(§) meets the fiber over 0 € Spec(R) and
0 € Spec(R) still maps to u. By construction H' maps to H, which implies that
H C Autyx(p) meets the fiber over u. O

Remark 5.13. The valuative criterion (2) does not imply the valuative criterion
(1) without additional hypotheses. Consider the group G,, X G, given coordinates
(z,9) and the product rule (z1,y1) - (22,42) = (2122, 22y1 + ¥2), and let G C
(G, x G,) x A} be the hypersurface cut out by the equation ty = 1 — 2. Then G
is in fact a smooth subgroup scheme over A' whose fiber over 0 is G, and whose
fiber everywhere else is G,.

Let X = By1G and consider the map &: Spec(k[t]) — X which is just the
completion of the canonical map A} — X at the origin. Then all modifications
of ¢ agree after composing with the projection X — A}, so after an extension
of DVR’s the automorphism group of { will be isomorphic to Gyy. There is
a generic automorphism of ¢ given by the formula («, (1 — «)/t), where « is a
non-identity n'” root of unity. This automorphism does not extend to 0, and
the generic automorphism group is abelian and hence acts trivially on itself by
conjugation. It follows that no extension and modification of ¢ will allow this
generic automorphism to extend either.

Lemma 5.14. Let X be an algebraic stack locally of finite type with affine diagonal
over a quasi-separated and locally noetherian algebraic space S. Suppose that X
is ©-reductive, and that either (1) X is locally linearly reductive or (2) X =
[Spec(A)/ GLy] for some N. Let R be a DVR and let £: Spec(R) — X be a
morphism. If £ is a nearby modification of £& and g € Autx(£'), then there
is a finite extension of DVR’s R'/R with fraction field K' and a modification
11

: Spec(R') — X of € such that g|k extends to an automorphism of £’ and
£"(0) is a specialization of £(0).

Proof. Let us first reduce the case (1) to the case (2): Let x be the residue field of
R and let Z C X, = X x5 Spec(k) be the closure of the point p := ¢’(0) € X,.. By
Lemma 3.24 we know that Z has a unique closed point z € |Z|, and in particular
z is a specialization of both p and £(0) because &’ is a nearby modification of &. If
necessary we pass to a finite extension of R so that we may assume that z € Z(k)
as well. Under the hypothesis (1), Proposition 4.6 implies that Z ~ [Spec(A)/G.]
for some affine G,-scheme Spec(A). Embedding G, C GLy , for some N, we may
replace G, with GLy and Spec(A) with the affine scheme GLy X, Spec(A). It
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suffices to prove the claim for the stack Z, so for the remainder of the proof we
assume we are in the case (2).

Kempt’s theorem [Kem?78] implies that after passing to a finite purely insepara-
ble extension of x, which can be induced by a suitable finite extension of DVR’s,
there is a canonical filtration f: ©, — [Spec(A)/GLy] with an isomorphism
f(1) ~ p such that f(0) = z. The fact that f is canonical implies that any auto-
morphism of p = f(1) extends to an automorphism of the map f. In particular
the restriction of g € Autx(§) to p = £'(0) extends uniquely to an automorphism
of f which we also denote g.

We now apply the strange gluing lemma (Corollary A.2), which states that
after composing f with a suitable ramified cover (—)": 0, — O, the data of the
map &’ : Spec(R) — X and the filtration f: O, — X, comes from a unique map
v: STr — X, where f is the restriction of  to the locus {s = 0} and ¢’ is the
restriction of v to the locus {¢ # 0}. The uniqueness of this extension guarantees
that the automorphism g of £’ and f extends uniquely to an automorphism of
v, which we again denote g. Finally we construct our modification " as the
composition

¢": Spec(R[y/x|) = STr - X,
where the first map is given in (s, ¢, w) coordinates by (1/7, /7, 7), which maps the
special point of Spec(R[+/7]) to the point {s = ¢ = m = 0} of STg. By construction
the automorphism g of «y restricts to an automorphism of £’ extending g| K[y and
the special point £”(0) maps to the closed point z of Z, which is a specialization

of £(0). |

Proof of Theorem 5.2. Lemma 5.11 shows that (1) = (2). Lemma 5.12 combined
with Lemma 5.14 shows that under the locally linearly reductive and ©-reductive
hypotheses, (2) = (3). We have seen in Theorem 4.1 that under the locally linearly
reductive and O-reductive hypotheses (3) = (4), so what remains is to show that
4) = (1).

Suppose that X — X is a good moduli space, and let £: Spec(R) — X be a
morphism, and let g be an automorphism of £ of finite order. Then we may
choose an étale map U — X whose image contains the image of Spec(R) and
such that U := X xx U ~ [Spec(A)/G] for a reductive group G [AHR]. After
replacing R with an extension of DVR’s we may assume that & lifts to a map
&': Spec(R') — U. Furthermore the map U — X is inertia preserving in the sense
that Iy, ~ Iy Xx U, which implies that g lifts to a finite order generic automorphism
g' of &5.. By Proposition 5.7 the stack U satisfies condition (1) of Theorem 5.2.
This provides a nearby modification of the map £’ for which ¢’ extends, and we
can compose this with the map U — X to get a nearby modification of the original
map for which g|x: extends. O

5.3. The proof of Theorem 5.4. Let X be a noetherian algebraic stack with
affine stabilizers, let p: Y — X be an étale map with Y = [Spec(A4)/G], and let R
be a complete DVR with fraction field K and residue field k. Let z € |X| be a
closed point such that p induces an isomorphism p=*(G,) ~ G,,, where G, denotes
the residual gerbe of z.

Lemma 5.15. The functor Map(Spec(R),Y) — Map(Spec(R),X) defined by

composition with p induces an equivalence between the full subgroupoids of maps

taking the special point of Spec(R) to p~(x) and x respectively. The same is
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true for the functor Map(STg,Y) — Map(STg, X) and the subgroupoid taking the
point 0 € STr(k) to p~1(x) and x respectively.

Proof. The map p is étale and induces an equivalence between the residual gerbe
of € |X| and p~!(z) € [Y|. It therefore induces an equivalence between the n‘"
order neighborhoods of these residual gerbes, so any map Spec(R) — X mapping
0 to x lifts uniquely along p over any nilpotent thickening of 0 € Spec(R). The
result then follows from Tannaka duality and the fact that Spec(R) is coherently
complete along its special point, so a compatible family of lifts over nilpotent
thickenings of 0 corresponds to a unique lift of the map Spec(R) — X along p. The
same argument applies to ST g, which is coherently complete along the inclusion
(BG,,). — STg at the point 0. O

Now let &: Spec(R) — Y be an R-point mapping the special point to p~!(x),
and let £ =pof’.

Lemma 5.16. If X is S-complete, then p induces an isomorphism Auty(&f) —
Autx(ﬁK).

Proof. For any map f: STr \ 0 — X, let f; and f» denote the two R-points
resulting from f. For any stack X and £ € X(R), we have an equivalence of
groupoids:

{automorphisms of £} ~ {maps ST \ 0 — X + equivalences f; ~ & ~ fo}

Because both Y and X are S-complete, restriction gives an equivalence of
groupoids Map(STg, —) — Map(STg \ 0, —) for both stacks. It follows that

(5.1) Autx (éx) ~ {maps ST — X + equivalences f; ~ & ~ fo}

and likewise for Y. If £ maps the special point of Spec(R) to z € X, then any
map f: STr — X which admits an isomorphism f; ~ £ must also map (0,0) to z,
because z is closed. Now the previous lemma implies that p induces a bijection of

sets on the right hand side of (5.1) for X and Y, and thus also on the left hand
side.

O

Remark 5.17. Note that the conclusion of this lemma also applies without
assuming that Y = [Spec(A4)/G]—it suffices to assume Y is S-complete, or that
the map p is affine (which implies that Y is S-complete).

Proof of Theorem 5.4. We first verify criterion (1) of Theorem 5.2. Consider a
map from a DVR &: Spec(R) — X. Let z € |X| be a closed point in the closure
of £(0), and let p : [Spec(A)/ GLy] — X be a local quotient presentation around
x (see Definition 2.2). Then after an extension of DVR’s R'/R we may lift £ to a
map & : Spec(R’) — [Spec(A)/ GLy]. Now Lemma 5.14 allows one to construct
a modification of £, after replacing R’ with a further finite extension, which maps
the special point to the closed point p~!(x) € [Spec(A)/ GLy]. It follows from
Lemma 5.16 that the map

Autspec(a)/ aLy (Exr) — Auta(p o &)
is an isomorphism of K’-groups. In particular given a finite order element g €
Auty (€k), one may lift this to & after replacing R’ with a further extension.
We know that the criterion (1) of Theorem 5.2 holds for [Spec(A4)/ GLy] by
Proposition 5.7, and after replacing R’ with a further extension this produces a
nearby modification for which g|x extends. Composing with p gives a nearby
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modification of the original map £ for which g extends. The same argument shows
that X satisfies the criterion (2).

Finally, the previous paragraph shows that in verifying the criterion (2), we
could choose the modification & of £ in such a way that £'(0) is a specialization of
£(0). It follows from Lemma 5.12 that X has unpunctured inertia. O

6. SEMISTABLE REDUCTION AND O-STABILITY

In this section we explain how completeness properties of stacks induce similar
properties of the substack of semistable objects, if these are defined using the theory
of ©-stability. Our key result is Theorem 6.3 that is inspired by Langton’s algorithm
for semistable reduction for families of torsion-free sheaves on a projective variety.
Recall from Remark 3.36 that this algorithm starts with a family of bundles
parametrized by a DVR R such that the generic fiber is semistable and the
special fiber is unstable, and then applies elementary modifications to arrive at
a semistable family. Surprisingly, it turns out that his construction admits an
analog that relies only on the geometry of the algebraic stack representing the
moduli problem, not on the particular type of objects classified by the moduli
problem. The structure we will need is that of a ©-stratification from [Hall4,
Def. 2.1] that formalizes the notion of canonical filtrations in geometric terms.

Definition 6.1. Let X be an algebraic stack locally of finite type over a noetherian
algebraic space S.

(1) A O-stratum in X consists of a union of connected components 8§ C
Map(©,X) such that evi: 8 — X is a closed immersion.

(2) A O-stratification of X indexed by a totally ordered set I is a cover of X
by open substacks X<, for ¢ € I' such that X<. C X< for ¢ < ¢/, along
with a ©-stratum 8. C Map S(@, X<) in each X<, whose complement is
Uy < X<er € X<e. We require that Va € |X| the subset {c € T'lz € X<}
has a minimal element. We assume for convenience that I' has a minimal
element 0 € I

(3) We say that a O-stratification is well-ordered if for any point z € |X|, the
totally ordered set {c € I'| evy(8.) N {x} # 0} is well-ordered.

Remark 6.2. It will be convenient for us to identify a O-stratum 8 with the closed
substack it defines on X, i.e., we will sometimes say that a closed substack 8 C X
is a O-stratum, if there exist a union of connected components 8’ C MS(G, X)
such that evy: 8’ — 8 C X is an isomorphism.

Our notation differs slightly from [Hall4], which denotes the stack Map (0, X)
by Filt(X) to promote the analogy of maps O — X as filtered objects in X. In
addition Map  (BGn,, X) is denoted Grad(X) in order to promote the analogy of
maps BypG,, — X as graded objects in X. Given a O-stratification, we denote
the open substack X := X<¢ as the semistable locus. For any unstable point
x € X(k)\X*®(k), the O-stratification determines a canonical filtration f: ©; — X
with f(1) ~ a, which we refer to as the HN filtration.

Restricting a map f: © — X to BG,,, — O defines a map evy: MapS(G, X) =
Map, (BGp, X) which corresponds to “passing to the associated graded object”
of the filtration f. Composition with the projection © — BG,, defines a sec-
tion o: Map (BGy,, X) — Map(©,X) of the map evy which corresponds to
the “canonical filtration of a graded object.” These maps define a canonical Al
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deformation retract of MapS(G, X) onto MaupS(B(me7 X), and in particular induce
bijections on connected components [Hall4, Lem. 1.24]. We refer to the union of
connected components Z C Map S(BGm, X) corresponding to 8 as the center of
the O-stratum 8. The result is a diagram

2 9 g M o
~_

evp

6.1. The semistable reduction theorem.

Theorem 6.3 (Langton’s algorithm). Let X be an algebraic stack locally of finite
type with affine diagonal over a moetherian algebraic space S, and let § — X
be a O©-stratum. Let R be a DVR with fraction field K and residue field k. Let
Er: Spec(R) — X be an R-point such that the generic point £k is not mapped to
8, but the special point & is mapped to S:

Spec(K)——— Spec(R) <——Spec(k)

ek

X -8 X : 8.

Then there exists an extension R — R’ of DVRs with K — K' = Frac(R')
finite and an elementary modification &, of Err such that £, Spec(R') — X
lands in X — 8.

Remark 6.4. In the proof of the above result we will apply the non-local slice
theorem (Theorem 2.6) for algebraic stacks. As the proof of this result has
not appeared, we give an alternative argument using [AHR15, Thm. 1.2], which
requires the additional hypothesis that S is the spectrum of an algebraically closed
field and that for any € X(k), the automorphism group G, is smooth — this
suffices, in particular, for stacks over a field of characteristic 0.

This theorem is stated for a single stratum, but it immediately implies a version
for a stack with a ©-stratification:

Theorem 6.5 (Semistable reduction). Let X be an algebraic stack, locally of finite
type with affine diagonal over a noetherian algebraic space S, with a well-ordered
©-stratification. Then for any morphism Spec(R) — X, after an extension R — R/
of DVRs with K — K' = Frac(R') finite there is a modification Spec(R’) — X,
obtained by a finite sequence of elementary modifications, whose image lies in a
single stratum of X.

Proof. Beginning with a map g: Spec(R) — X such that {x € 8. and &, € S,
for ¢y > ¢, we may apply Theorem 6.3 iteratively to obtain a sequence of finite
extensions of R and elementary modifications of ¢ with special point in §., for
co > c¢1 > ---. Each 8., meets 57(, so the well-orderness condition guarantees that
this procedure terminates, and it can only terminate when ¢; = c. (I

Remark 6.6. In the relative situation when X is defined over a base algebraic
stack S, one can base change the structure of a ©-stratification along a smooth
map S’ — S, so both Theorem 6.3 and Theorem 6.5 extend immediately to the
case of a quasi-separated and locally noetherian base stack S.
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6.1.1. Langton’s algorithm in the basic situation. The main idea of the proof is
to reduce to the situation where X = [Spec(A)/G,,] is the quotient of an affine
scheme by an action of G,,, Z = [(Spec A)¢" /G,,] is the substack defined by
the fixed point locus of the action and 8§ = [Spec(A/I;)/G,,] is the attracting

substack, where
I = (P4

n>0
is the graded ideal generated by elements of positive weight. In this basic situation
the theorem will then follow from an elementary calculation. We will first explain
the proof of this special case and then show how to reduce to the basic situation.

Lemma 6.7. In the setting of Theorem 6.3 suppose in addition that X =
[Spec(A)/Gy,] for a graded ring A = @, ., An and that 8§ = [Spec(A/I1)/Gy,].
Then the conclusion of Theorem 6.3 holds.

Proof. Let us denote X := Spec(A4) and S := Spec(4/I;). As X — X is a
Gy-torsor, we can lift £ to a map £5: Spec(R) — Spec(A), obtaining a diagram

Spec(K)——— Spec(R) <——Spec(k)

l&k liﬁa if;

X-st o Spec(A) =<—Spec(A/I,).

As ¢l € S =Spec(A/I;)and A/I, is generated by elements of non-positive weight,
the G,,-orbit of ¢/ corresponding to a map of graded algebras A/, — k[tT!]
where t has weight —1, extends to an equivariant morphism A} — S. Thus the
G,y,-orbits of the points &5, R, & define a diagram:

GmJ{( Gm7R 7G’$7H
fr fr Al

. Vi
X — 5L Spec(A) <—Spec(A/L,).
We know that fﬁ (I.) € m(R[t*1]) since f# factors through A/I,, and we have
K[t*1] - fﬁ(br) = K[t*!] since the image of fx does not intersect S.
Let a; € 14, be homogeneous generators of 1. Then for all ¢ we have fﬁ(ai) =
eim"it~% for some n; > 0 and ¢; € RX U {0}. As fﬁ(br) is not 0 we can define

m._ oind ™
a M

and let R’ := R[r4]. Since n; — dim > for each i, we can write

(@) # 0}

fﬁ(ai) = ei(ﬂ"if%)(ﬂ%zfl)di = ei(ﬂ'"i*%)sdi.
Since fﬁ maps elements of negative weight to R[t], we have a homomorphism of
graded rings
A= Rst)/(st —7) = R[t, 75t C R[t,¢7Y
Furthermore, composing with the map setting s = 1 at least one fﬁ(ai) is not

mapped to 0 mod 74, i.e. Trl{s=11: Spec(R’) — Spec(A,;) C X —S. The graded
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homomorphism fﬁ,ﬁ defines a morphism
[Spec (R'[s,t]/(st = 74)) /Gp] = X = [X/G).

As 7@ is not a uniformizer for R’, this is not quite an elementary modification.
However, we can embed R'[s,t]/(st — x™/4) C R/[s"/™ t1/™]/(sY/met/m — 71/d),
If we regard s'/™ and t'/™ as having weight 1 and —1 respectively, the map
Spec(R'[s*/™, t1/™]/(s'/mtt/m —71/4)) 5 Spec(R'[s, t]/(st—7"/?)) is equivariant
with respect to the group homomorphism G,, — G,, given in coordinates by
z + 2. The resulting composition

STr — [Spec (R'[s,1]/(st —7'7)) /Gp] — X

is the desired modification of &g.
O

6.1.2. Reduction to quasi-compact stacks. We first show that by replacing X by a
suitable open substack we may assume that X is quasi-compact.

Lemma 6.8. In the setting of Theorem 6.3, let 0: Z — § be the center of the
O-stratum evy: 8 < X. Then for any point x € |Z| and any open substack U C X
containing o(x), there is another open substack with o(x) € V C U such that SNV
is a O-stratum in V.

Proof. We only need to find a substack V C X containing o(x) such that for any
f: O, = X, where k is a field, with f € 8 and f(1) € V, we have f(0) € V as well.
Let W = (evi00) 1 (U) C Z, and let 2’ = Z\ W be its complement. Then the
open substack

Vi=U\ (UNevi(evy(2)) C X

satisfies the condition. O

6.1.3. Reminder on the normal cone to a ©-stratum. The main problem in finding
a presentation of the form [Spec(A/I;)/G,,] C [Spec(A4)/G,,] is that for an
arbitrary morphism [Spec(A)/G,,] — X the preimage of the O-stratum need not
be defined by the ideal generated by the elements of positive weight. To find
presentations for which this happens, we need to recall that the weights of the
G,,-action of the restriction of the conormal bundle of a ©-stratum to its center
Z are automatically positive. This property was already important in the work of
Atiyah—Bott [AB83] and it appears in the language of spectral stacks in [Hall4,
§1.2]. For completeness we provide a classical argument:

Lemma 6.9. In the setting of Theorem 6.3, let 0: Z — 8 be the center of the
O-stratum evy: 8§ = X and x € Z(k) be a k-point. By abuse of notation we will
also denote o(z) € X(k) by x.

(1) Let Tx o = @, cz, Tx,z,n be the decomposition of the tangent space at x
into weight spaces with respect to the G,,-action induced form the canonical
cocharacter Ay : G, — Autx(x). Then we have Ts » = @,,~0 Tx,z,n-

(2) G, acts with non-negative weights on Lie(Autx(x)). -

Proof. Let us first show that @<, Tx,zn C T5,.. Let t € X(k[e]/€?) be a tangent
vector in T ;. for some n < 0, i.e. ¢t comes equipped with an isomorphism ¢
mod € = .
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This means that we have a commutative diagram

[Spec(k[e]/€*) /G ! X,
Spec(k)/Gon)

where G, acts on Spec(k[e]/€?) via (A, €) — A". In other words, we have a
commutative diagram

G x Spec(kle]/€?) QAT Spec(kle]/€?)

T

If n > 0 then the horizontal map extends to A', i.e., we get an extension

Al x Spec(kle]/€?) QAT Spec(k[e]/€?)

\ cht

and this defines an extension of t to a k[e]/e?-valued point of Map (O, X).

Conversely, an extension of the constant map [A'/G,,,] — [Spec(k)/Gpm] — X to
[A! xSpec(k[e]/(€2))/Gm] — X automatically factors through the first infinitesimal
neighborhood of € X. On a versal first order deformation this corresponds to a
homomorphism of graded algebras kley, ..., eq]/(ei)7—; 4 — K[A €]/(€®), where
we can choose ¢; to be homogeneous for the G,,-action defined by \,. This has
to vanish on those tangent directions €; on which A, acts with negative weights.
This shows (1).

Similarly for (2), when we regard x as a k point of Z < 8§ C MapS(G, X), it
corresponds to a map which factors as ©, — BpG, — X, where we abbreviated
G, = Autx(xz). We know that Auts(xz) — Autx(x) is an equivalence, so by
the classification of G,-bundles on [Al/G,,] (see [Heil7, Lem. 1.7] or [Hall4,
Prop. A.1]) this implies that for the canonical cocharacter A, : G,, — G, we have
G, = P()\;) as an algebraic group. In particular this means that G,, acts with
non-negative weights on the Lie algebra of G, = P(\;). O

6.1.4. Reduction to the basic situation - Case of smooth stabilizers over a field.

Lemma 6.10. Let X be an algebraic stack of finite type with affine diagonal over
an algebraically closed field k. Let 8 C X be a ©-stratum with center o: Z — 8§,
and let xg € Z(k) be a point such that x := o(xg) has a smooth automorphism
group. Then there is a smooth representable morphism p: [Spec(A)/G,,] — X
whose image contains x and such that

=1 (8) = [Spec(A/11)/Gum] = [Spec(A) /Gr).

Proof. The point xg has a canonical non-constant homomorphism G,,, — Autz (o),

which induces a canonical homomorphism A : G,, — G, := Auty(xz). We may

replace G,, with its image in G, and thus assume that A is injective. As we
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assumed that G is smooth the quotient G, /A(G,,) is smooth, so we may apply
[AHR15, Thm. 1.2] to obtain a smooth representable morphism

p: [Spec(A)/Gpm] = X

together with a point w € Spec(A)(k) in p~!(z) which is fixed by G,, and such
that p~1(BrG,) = ByG,,. The isomorphism p~!(ByG,) = BiG,, implies that
the relative tangent space to p: Spec(A) — X at w is naturally identified with
Lie(G;)/ Lie(G,,) on which G, acts with non-negative weights by part (2) of
Lemma 6.9.

Note that connected components of Spec(A)®™ can be separated by invariant
functions, so we may replace Spec(A) with a G,,-equivariant affine open neigh-
borhood of w so that Spec(A)®m is connected. It follows that Spec(A/I) is
connected as well.

This implies that 8§ 4 := [Spec(A/I1)/Gy,] C [Spec(A)/Gy,] is isomorphic to a
connected component of Map(©, [Spec(A)/G,,]) and 24 = [Spec(A®")/G,,] C
84 is the center of S4. As p(x) € Z connectedness now implies that p(Z4) C Zg
and therefore we also have [Spec(A/I1)/G,,] C p~(8).

To conclude that § 4 = p~1(8) after possibly shrinking A, it suffices to check that
the inclusion [Spec(A/I+)/Gpm] € p~1(evi(8)) of closed substacks of [Spec(A)/G,,]
is an isomorphism locally at w. Consider the pull-back:

p~'(ev1(8)) = Spec(B)—— Spec(4)

l &
8C X
Then B is a graded ring and we still have an exact sequence

Tp,w — TSpec(B),w — TS,;v

As G,, acts with non-negative weight on the relative tangent bundle at w and
also on Tg , by Lemma 6.9, this shows that G,,, acts with non-negative weights on
Tspec(B),w- In particular the maximal ideal m,, C B of w is generated by elements
of non-positive weight locally at w.

Therefore, after possibly shrinking A we may assume that B = &, _, By, is
non-positively graded. As Spec(A/I;) C Spec(A) was the contracting subscheme
for G,,, we find that locally around w we thus have p~!(8) C Spec(4/I,) locally
around w. This proves our claim. O

6.1.5. Reduction to the basic situation - general case.

Lemma 6.11. In the setting of Theorem 6.3 where 8 — X is a O-stratum and X
is quasi-compact, there is a smooth representable morphism p : [Spec(A)/G,,] — X
such that p~*(8) is the ©-stratum

p~1(8) = [Spec(A/14)/G] = [Spec(A) /G,
and 8 is contained in the image of p.

Proof. Because X is finite type over the base space S, we may apply Lemma 3.2

to obtain a smooth, surjective and representable map p: [Spec(A4)/G}] — X

such that Map(©, [Spec(A)/G]) — Map(©,X) is also smooth, surjective and

representable. From Proposition 2.8, we know that Map(©, [Spec(A)/Gr]) is

the disjoint union indexed by cocharacters G,, — GJ, of stacks of the form

[Spec(A/I;)/G} ], where I is the ideal generated by positive weight elements
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with respect to a given cocharacter. Choosing different connected components if
necessary and forgetting all but the relevant cocharacter in each component, we
can construct a non-positively graded algebra C' = €p,, -, Cy, along with a smooth
surjective representable map [Spec(C)/G,] — 8. -

We now discard the previously constructed Spec(A) and apply the relative slice
theorem (Theorem 2.6) to the smooth surjective map [Spec(C)/G,,] — 8, where
we regard 8 as a closed substack of X. This provides a map p : [Spec(4’)/G,,] = X
along with an isomorphism C' ~ A’/Ig, where Ig C A’ is the ideal corresponding
to p~1(8). By construction C' has no positive weight elements, so the ideal I
generated by positive weight elements of A’ is contained in Ig.

Because p is smooth, the relative cotangent complex of Spec(C) < Spec(A’) is
p*(Ls/x). In particular, the fiber of the conormal bundle of Spec(C') < Spec(A’)
has positive weights at every point of Spec(C)®" by Lemma 6.9. One may
therefore find a collection of positive weight elements of Is which generate the
fiber of I at every closed point of Spec(C)®m.

Moreover, as C' is non-positively graded, the orbit closure of every point in
Spec(C) meets the fixed locus Spec(C)®m. So by Nakayama’s lemma we can
actually find a collection of homogeneous elements of I, which generate the fiber
of Ig at every point of Spec(C') and hence in a G,,-equivariant open neighborhood
of Spec(C) — Spec(A4’). We may thus invert a weight 0 element a € A’ so
that these elements of I generate (Ig), C A, and C = A'/Is = Al /(Is), is
unaffected.

In particular we have shown that after inverting a weight 0 element of A’, we
have a smooth map p: [Spec(A’)/G,] — X such that [Spec(A’/I1)/G] = p~1(8)
and the map Spec(A’/I;) — 8 is surjective.

O

We can now prove the semistable reduction theorem:

Proof of Theorem 6.3. Consider a map £: Spec(R) — X as in the statement of
the theorem. Observe that for any smooth map p: Y — X such that § induces a
O-stratum p~1(8) in Y and the image of p contains the image of ¢, if we know
the conclusion of the theorem holds for Y then the conclusion holds for X as well:
indeed after an extension of R we may lift £ to a map &': Spec(R') — Y, construct
an elementary modification in Y such that the new map &”: Spec(R’) — Y lies in
Y\p~1(8), and observe that the composition of this elementary modification with p
gives an elementary modification of £ such that the new map po&”: Spec(R’) — X
lies in X\ 8.

Using this observation and the fact that & lies in 8, we may use Lemma 6.8 to
replace X with a quasi-compact open substack, then use Lemma 6.11 to construct
a smooth map p: [Spec(4)/G,,] — X whose image contains the image of ¢ and
for which § induces a ©-stratum. Then we are finished by Lemma 6.7. O

6.2. Comparison between a stack and its semistable locus. As an imme-
diate consequence of the semistable reduction theorem, we have the following:

Corollary 6.12. Let X be an algebraic stack locally of finite type with affine
diagonal over a noetherian algebraic space S. Let X = |, cp X<c be a well-ordered
O-stratification of X. If X — S satisfies the existence part of the valuative
criterion for properness, then so does X<. — S for every c € I'. In particular,
if the semistable locus X3 := X<q is quasi-compact, then X*° — S is universally
closed.
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Proof. Consider a DVR R and a map Spec(R) — S along with a lift Spec(K) —
X<c. If X — S satisfies the existence part of the valuative criterion, then after
an extension of R one can extend this lift to a lift Spec(R') — X of Spec(R) — S.
By hypothesis the generic point lies in X<, so by Theorem 6.5 after passing to a
further extension of R there is a sequence of elementary modifications resulting in
a modification Spec(R') — X<.. Note that because Spec(R) is the good moduli
space of STg, and good moduli spaces are universal for maps to an algebraic
space [Alpl13, Thm. 6.6], any elementary modification of a map Spec(R) — S is
trivial. It follows that our modified map Spec(R’) — X< is a lift of the original
map Spec(R) — S. O

Next let us briefly recall the notion of ©-stability from [Hall4, Def. 4.1 & 4.4]
and [Heil7, Def. 1.2].

Definition 6.13. Given a cohomology class £ € H?(X;R), we say that a point
p € |X| is unstable with respect to ¢ if there is a filtration f: ©p — X with
f(1) = p € |X| and such that f*(¢) € H?>(Ox;R) ~ R is positive. The ©-semistable
locus X% is the set of points which are not unstable.

The above definition is simply an intrinsic formulation of the Hilbert—Mumford
criterion for semistability in geometric invariant theory. We are somewhat flexible
with what type of cohomology theory we use: if X is locally finite type over C we
may use the Betti cohomology of the analytification of X, if X is locally finite type
over another field &k, we can use Chow cohomology, and in general one may use
the Neron—Severi group NS(X)g for H*(X;R). In [Hall4, §3.7] we axiomatized
the properties of the cohomology theory needed for the theory of ©-stability.

Proposition 6.14. Let X be an algebraic stack locally of finite type with affine
diagonal over a moetherian algebraic space S, and let X*° be the ©-semistable
points with respect to a class £ € H*(X;R). Suppose that either
(a) X% is the open part of a O-stratification of X, i.e. X* = X<q, such that
for each HN filtration g: O — X of an unstable point one has g*(£) > 0
in H?(O4;R), or
(b) X% C X is open and X — S is ©-reductive.
Then
(1) if X — S is S-complete, then so is X — S, and
(2) if X — S is O-reductive, then so is X — S.

In the proof, we will need the following:

Lemma 6.15. Under the hypotheses of Proposition 6.14, given a filtration
f:©r — X such that f(1) is semistable with respect to £, then f*(¢) = 0 if
and only if f(0) is semistable as well.

Proof. The proof is a geometric reformulation of the corresponding argument
for semistability for vector bundles. One direction is easy: for any semistable
point & € X(k) and any cocharacter \: G,, — G, the restriction of ¢ to
H?([Spec(k)/G,]; R) ~ R along the resulting map fy: O — [Spec(k) /G| — X
must vanish, because the invariants for A and A~! differ by sign and are both
non-positive.

For the converse suppose that f*(¢) = 0 and f(0) ¢ X*. We claim that there is
a filtration g: O — X of f(0) with ¢*(I) > 0 which is invariant under the action
of G,, on f(0) induced from the filtration f: ©, — X. This is automatic in case
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(a) as HN filtrations are canonical. For case (b), since X — S is ©-reductive, the
representable map Map(0, X) — X satisfies the valuative criterion for properness,
so the fiber of this map over f(0) € X(k), which is denoted Flag(f(0)) is an
algebraic space of finite type over k which satisfies the valuative criterion for
properness. The action of G,, by automorphisms of f(0) gives a G,,-action
on Flag(f(0)). Given some point g; € Flag(f(0))(k) for which ¢} (¢) > 0, we
can consider the orbit G,, — Flag(f(0)) of g;. Because Flag(f(0)) satisfies
the valuative criterion for properness, this map extends to an equivariant map
A} — Flag(f(0)). This map sends 0 € A}, to a fixed point for the action of G,,
on Flag(f(0)), which corresponds to a G,,-invariant filtration g of f(0), and g is
on the same connected component of Flag(f(0)) as g1, so g*(¢) = g} (¢) > 0.
Denote by R = k[r] the completion of the local ring of the affine line with

coordinate 7w at 0. Then the map fr: Spec(R) — [Spec(k[n])/G,] = O Lx
and g: O — X define the datum needed to apply the gluing lemma Corollary A.2,
which says that after restricting fz to R’ = R[x'/"] for n > 0 there is a unique
extension Fp/: ST — X such that F|i0 2 frr and Fls—g = g. Let 7’ = wi/n
denote the uniformizer in R'.

As fr/ was the restriction of a map fui: AL — O, — X we find that this
morphism extends canonically to

F: [Spec(k[n’, s,t]/(st — 7)) /G| = [Spec(k]s, t])/G,,] — X.

By uniqueness of the extension F: and the fact that g is fixed by the G,,-action
on f(0) induced by f, this morphism comes equipped with a descent datum for
the standard G,,-action on A! = Spec(k[r']). We therefore obtain

F': [Spec(k[n’,s,t]/(st — 7)) /G2 = [AZ/G2] — X.

where the action of the second copy of G, is with weight —1 on s and trivial on
t. Choosing a different basis for the cocharacter lattice of G2,, we see that this
is equivalent to the usual action of G2, on A7. In particular, every cocharacter
A: Gy, — G2, has the form A\(t) = (t,¢°) for some pair {a,b).

If a,b > 0, then the point (1,1) € A? has a limit under A(¢) as ¢t — 0, and
restricting F to the corresponding line we obtain a filtration frapy: Or = X, with
(1) ~ frap)(1). By construction the original filtration f corresponds to f; ).

Note that F (0)|jo/c2,) defines a character x of G7, such that for a,b > 0 the
weight f7, ;) (¢) is given by the canonical pairing ({a,b), x) between characters

and cocharacters. As F'|f,_gy = g was assumed to be destabilizing and F was
defined by the subgroup (—1,1) we have ({(—1,1),x) = g*(I) > 0. We also have
((1,0),x) = ) (¢) = 0 by hypothesis. Thus for a > b > 0 we have flaw (£) >0,
contradicting the assumption that f(1) was semistable. O

Remark 6.16. In Theorem 7.25 below we will use a slightly more general notion
of stability: we replace the weight of f*(£) with any function ¢ from the set of
filtrations in X to a totally ordered real vector space V', and define z € X to be
semistable if £(f) < 0 for any filtration f with f(1) = x. Then the proof above
applies verbatim, provided that 1) £(f) is locally constant in algebraic families of
filtrations, and 2) for any map F': [A? /G2 ] — X the function on the cocharacter
lattice A — £(fy) € V is linear, where f) denotes the filtration associated to the
cocharacter A as in the proof of Lemma 6.15. The second condition is equivalent to
requiring the function A — £(gy) is linear, where g denotes the constant filtration
of F(0,0) induced from the Z-grading of F(0,0) associated to the cocharacter A.
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Remark 6.17. The proof of Lemma 6.15 is a special case of the technique
used to prove the perturbation theorem on filtrations [Hall4, Thm. 3.60]. This
theorem constructs a bijection between filtrations of a point x € X which are
“close” to a given filtration f and filtrations of the associated graded object
f(0) € Mapy,(BG,,,X) which are “close” to the canonical filtration defined by
the action of G,, on f(0). In this language, the proof that f(0) is semistable if
f(1) is semistable and f*(£) = 0 amounts to the observation that if f(0) had a
destabilizing filtration as a graded object, then because the canonical filtration of
£(0) has weight 0, one can find destabilizing filtrations of f(0) which are arbitrarily
close to the canonical filtration, and then one can identify these with destabilizing
filtrations of f(1) using the perturbation theorem.

Proof of Proposition 6.14. Consider a DVR R and a diagram

Spec(R) Uspec(i) Spec(R) —= X% .

7
—
—~
—~
—
—~
—~

ST S

By hypothesis we can fill the dotted arrow uniquely to a map STp — X. We
claim that in fact the map STr — X factors through X*. Because X is open,
it suffices to check that the unique closed point maps to X**. By hypothesis the
point (m, s,t) = (0,1,0) and the point (7, s,t) = (0,0,1) map to X*. Restricting
the map STr — X to the locus ©f ~ {s =0} and Oy ~ {t = 0} give filtrations f;
and fz in X of points in X*°, and if one has f}(¢) < 0 then the other has f5(¢) > 0,
which would contradict the fact that f(1) € X*. Therefore f*(£) = 0 for both
filtrations, and it follows from Lemma 6.15 that f(0) € X* as well.

For the corresponding claim for ©-reductivity is proved similarly. For the
analogous filling diagram, we start with a map f: ©g \ {(0,0)} — X** and fill it to
amap f: O — X. We claim that (0,0) maps to X** as well, and hence because
X% C X is open it follows that f lands in X®°. Because the restriction fx of f to
O C Or\ {(0,0)} maps to X**, we know from Lemma 6.15 that f5(¢) = 0. The
function f — f*(¢) € R, regarded as a function on Map(©, X), is locally constant.
It therefore follows that the restriction fi: © — X of f also has f,: (6)=0. It
follows that fz(0) € X5, O

Corollary 6.18. Let X be an algebraic stack locally of finite type with affine
diagonal over a noetherian algebraic space S defined over Q. Assume that X — S
is S-complete and ©-reductive. Let X°° C X be the ©-semistable locus with respect
to some class £ € H*(X;R). If X C X is a quasi-compact open substack, then X
admits a good moduli space which is separated over S. Furthermore if in addition
X — S satisfies the existence part of the valuative criterion for properness and
X5 4s the open part of a well-ordered O-stratification of X, then the good moduli
space for X is proper over S.

Proof. The map X* — S is S-complete and O-reductive by Proposition 6.14.
By Theorem A, X*° admits a separated good moduli space X — X. Under the
additional hypotheses, X% — S satisfies the existence part of the valuative criterion
for properness by Corollary 6.12, and hence X — S is proper by Proposition 3.47.
O
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6.3. Application: Properness of the Hitchin fibration. Let us illustrate
how the semistable reduction theorem (Theorem 6.5) can be used to simplify and
extend classical semistable reduction theorems for principal bundles and Higgs
bundles on curves.

The setup for these results is the following (see e.g., [Ng606, §2]). Let C be a
smooth projective, geometrically connected curve over a field & and G a reductive
algebraic group. As the notions are slightly easier to formulate over algebraically
closed fields and the valuative criteria allow for extensions of the ground field, we
will assume that k is algebraically closed in this section.

We denote by Bung the stack of principal G-bundles on C| i.e., for a k-scheme
S we have that Bung(S) is the groupoid of principal G-bundles on C' x S. Fix a
line bundle £ on C. A G-Higgs bundle with coefficients in £ on C' is a pair (P, ¢)
where P is a G-bundle on C and ¢ € H°(C, (P x% Lie(G)) ® £). We denote by
Higgs the stack of G-Higgs bundles with coeflicients in £.

The stack Higgs; comes equipped with the forgetful morphism Higgs, — Bung
and the Hitchin morphism h: Higgs, — Ag. Here Ag = @)_, H°(C, £%), where
di,...,d. are the degrees of homogeneous generators of k[Lie(G)*]¢ and h is
defined by mapping (P, ¢) to the characteristic polynomial of ¢.

On both Bung and Higgs, there is a classical notion of stability, which is
defined in terms of reductions to parabolic subgroups.

Let us recall how this notion is related to ©-stability. For vector bundles there
is an equivalence (Proposition 2.8, [Heil7, Lem. 1.10])

¢ € Bungy,,,, &L C g1 C € subbundles >

Map(®, Buncr,) = <(8’ €z | giZ e fori> 0,6 =0 for i < 0

which is given by assigning to a weighted filtration of a vector bundle &€ the
canonical G,,-equivariant degeneration of € to the associated graded bundle.

This construction has an analog for principal bundles. To state this we fix
(as in Proposition 2.8) a complete set of conjugacy classes of cocharacters A C
Hom(G,,,G). As in §2.3 we denote by P;' C G the parabolic subgroup defined
by A and by Ly C P; the Levi subgroup defined by A which is isomorphic to the
quotient of Pj by its unipotent radical U;' - P;r . Then there is an equivalence
(see e.g., [Heil7, Lem. 1.13])

Map(©, Bung) = H BunP+
AEA
For Higgs bundles note that the forgetful map Higgs, — Bung is representable
and therefore Map(©, Higgs,) C Map(0, Bung) Xpun. Higgsg, i-e., a filtration of
a Higgs bundle is the same as a filtration of the underlying principal bundle that
preserves the Higgs field ¢.
Recall that a G-bundle € is called semistable, if for all A and all €y € BunP;r

with &, xPX G 2 € we have deg(P x X Lie(Py)) < 0. Similarly a Higgs bundle
is called semistable if the same condition holds for all reductions that respect
the Higgs field ¢. This stability notion can be viewed as O-stability induced
from the so called determinant line bundle L4, on the stack Bung whose fiber
at a point P (resp. a point (P, ¢)) is given by the one dimensional vector space
det(H(C, P x% Lie(GQ))) @ det(H°(C, P x“ Lie(G))) ™! (see [Heil7, §1.F], [Hall4]).

As usual we denote by Bund C Bung the open substack of semistable bundles
and for by Bun; C Bun Py the open substack of bundles such that the associated

Ly-bundle is semlstable
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Finally let us recall how the notion of Harder—Narasimhan reduction can be
used to equip the stacks Bung and Higgs with a (well-ordered) ©-stratification
if the characteristic of & is not too small, i.e., such that Behrend’s conjecture holds
for G (see [Hei08a, Thm. 1] for explicit bounds depending on G; note that char 2
has to be excluded for groups of type By, D,, as well).

For any unstable G-bundle P there exists a canonical Harder—Narasimhan
reduction PV to a parabolic subgroup P;“ , where A is uniquely determined up
to a positive integral multiple. We denote by

d := deg(P"N): Hom(Py,Gy,) — Z
x = deg(PIN xX G,,)
the degree of PN and by Bund’iS C Bun®%; the connected component defined by

P 1N
d. The instability degree of P, is defined as

ideg(P) := deg(PHY <P Lie(P)).
Behrend showed that the morphism Buni’is — Bung defined by the inclusion
A

P;' C G is radicial if the degree d is the degree of a canonical reduction [Beh] and
the map is an embedding if Behrend’s conjecture holds for G [Hei0O8b, Lem. 2.3]
this condition is satisfied if the characteristic of k is not too small with respect to
G (e.g., > 31).

Moreover the instability degree ideg is upper semicontinuous in families and
if this invariant is constant on a family, then the family admits a global Harder—
Narasimhan reduction [Beh, Prop. 7.1.3][Hei08b, Prop. 2.2]. Thus the Harder—
Narasimhan reduction of bundles defines a O-stratification on Bung if the charac-
teristic of k is not too small. The same arguments apply for Higgs bundles and
this shows the following lemma.

Lemma 6.19. If the characteristic of k is large enough so that Behrend’s conjec-
ture holds for G, then the Harder—Narasimhan stratifications of Bung and Higgss
form a well-ordered ©-stratification.

To apply the semistable reduction theorem to Higgs, — Ag we need to show
that this morphism satisfies the existence part of the valuative criterion for
properness. The existence result is probably well known (see e.g. [CL10, §8.4] for
an argument over the regular locus) but we could not find a general reference.

Lemma 6.20. Suppose that the characteristic of k is not a torsion prime for G
and very good for G. Let R be a DVR with fraction field K, and let (Ex,dK) €
Higgs(K) be a Higgs bundle such that h(Ek, ¢k ) € Ag(K) extends to Ag(R).
Then there exists an extension R — R’ of DVRs with K — K’ = Frac(R/) finite
and a point (€, ¢r) € Higgs(R') extending (Ex, dx).

Proof. First let us assume that the derived group of G is simply connected. The
generic point of C' will be denoted by 7, g = Lie(G) and car := g//G is the space
of characteristic polynomials of elements of g.

Let (Ek, ¢x) € Higgso(K) be a Higgs bundle such that h(Ex, px) € Ag(R) C
Ac(K).

We argue as in [CL10, §8.4]. After a finite extension of K we may assume
that £k is trivial at the generic point K(n) of Ck. Choosing trivializations of
€|k and L], identifies ¢px with an element in X € g(K(n)). To conclude
the argument as in loc.cit., it is sufficient to show that after passing to a finite
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extension of K we can conjugate X to an element of g(R(n)), because this allows
one to extend ¢ to the trivial bundle over R(n) and as sections of affine bundles
extend canonically in codimension 2, the Higgs field ¢, will then define a Higgs
field for any extension g of €k that is trivial over R(n).

We denote by Xg = X3 + X7 the Jordan decomposition of Xg into the
semisimple and nilpotent part.

As h(€, ¢) extends to R we know that the image of X in car = g//G defines an
R(n)-valued point. We can use the Kostant section car — g to obtain Yr € g(R(7))
with h(YR) = h(XK)

We claim that we can modify Y5 such that its generic fiber Y is semisimple.
To see this let us consider the Jordan decomposition Yx = Y + Y2. By our
assumptions on the characteristic of K the main result of [McNO05] shows that
there exists a parabolic subgroup P; C G defined by a cocharacter A: G,,, - Gg
such that Y72 is contained in the Lie algebra of the unipotent radical of Py and as
Y is in the centralizer of Y2 the element Y also lies in Lie(Py). As parabolic
subgroups extend over valuation rings, we find that Yy is contained in a parabolic
subgroup Pr C G and we can choose A to be a cocharacter defined over R as
well.

As P()) is defined to be the set of points p € G such that lim; o A(t)pA(t) ™
exists, the limit lim; o A(¢) - Yz will be an R-valued point Y, such that Y =Y}
is semisimple.

As the semi-simple part of Xk is the unique closed orbit in the conjugacy class
of Xg we know that X7 and Y} lie in the same closed orbit. As we assumed that
the derived group of G is simply connected and that p is not a torsion prime for
G the centralizer Z(X;) is a connected reductive group [Ste75, Thm. 0.1]. By
Steinberg’s theorem, any Zq(Xs) torsor over K (n) splits after a finite extension of
K, so after possibly extending K the elements X, and Y} are conjugate. Thus
after conjugating X x we may assume that Xj = Y}, i.e. we may assume that
the semisimple part of X extends to R.

Now we can apply the previous argument to X g, namely the element X is
contained in a parabolic subalgebra defined by a cocharacter A, such that X} is
contained in its unipotent radical, so that for some a € K the element A(a). X%
will extend to R as well.

Finally for any group G we can consider a z-extension

052G G—1

where Z is a central torus and the derived group G’ of G is simply connected. Then
the map Bung — Bung is a smooth surjection. Moreover the covering G' — G is
separable, because we assumed that the fundamental group of G has no p-torsion.

Therefore Lie(G) = Lie(Z) @ Lie(G) and therefore the map Higgss — Higgs also

admits local sections. Thus it suffices to prove the result for G.
O

The semistable reduction theorem (Theorem 6.5) now allows us to deduce:

Corollary 6.21. Suppose that the characteristic p of k is large enough such that
Behrend’s conjecture holds for G, such that p is not a torsion prime for G and
such that p is very good for G, then the Hitchin morphism

h: Higgss — Ag
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satisfies the existence part of the valuative criterion for properness, i.e. if R is
a DVR with fraction field K and xx: Spec(K) — Higgss is a morphism such
that h(zk): Spec(K) — Ag extends to R, then there exists an extension R — R’
of DVRs with K — K' = Frac(R') finite and a morphism xg: Spec(R') —
Higgst:(R') extending xk .

Note that in characteristic 0 this result is due to Faltings [Fal93, Thm. I1.4] and
for the regular part of the Hitchin fibration this is due to Chaudouard-Laumon
[CL10, Thm. 8.1.1]. Over the complex numbers, the result can also be deduced
from results of Simpson as explained in [Cat18].

Remark 6.22. Since Higgsg is quasi-compact, the conclusion is equivalent to
saying that the Hitchin morphism is universally closed. In particular the induced
morphism on an adequate moduli space will be proper.

Proof. By Lemma 6.20 we can find an extension of zx to xr. As Higgs, admits
a well ordered ©-stratification by Harder-Narasimhan reductions we can therefore
apply the semistable reduction Theorem 6.5 to conclude. (]

7. GOOD MODULI SPACES FOR OBJECTS IN ABELIAN CATEGORIES

In this section we study the moduli functor for objects in a k-linear abelian
category A, following the foundational work of Artin and Zhang [AZO01], who
explained that many of the results known for categories of quasi-coherent sheaves
on a scheme can be carried out in an abstract setting. This construction has been
studied more recently in [Gai05, AP06, CG13]. The general setup is very useful
as it for example gives an easy way to formulate moduli problems for objects
in the heart of different t-structures in the derived category of coherent sheaves
on a scheme. It turns out that this setup leads to moduli problems in which
the conditions of ©-reductivity, S-completeness, and unpunctured inertia can be
checked rather easily. Following the convention of [AZ01], throughout this chapter
we exceptionally fix a base ring k, which is allowed to be any commutative ring.

7.1. Formulation of the moduli problem. Let us start by recalling the setup
of [AZ01]. Let A be a k-linear abelian category that is assumed to be cocomplete,
i.e. arbitrary small colimits exist in A. To formulate a reasonable moduli problem
we first need to recall some finiteness conditions on objects. Recall that an object
EecAis

e finitely presentable (also known as compact) if the canonical map
(7.1) colimyer Hom(E, F) — Hom(E, colimyeg Fyy)

is an isomorphism for any (small) filtered system {F,}ocr in A;

e finitely generated if (7.1) is an isomorphism for any filtered system of
monomorphisms in A, or equivalently, if £ =], E, for a filtered system
of subobjects, then £ = E,, for some « [Pop73, Prop. 3.5.6]; and

e noetherian if every ascending chain of subobjects of E terminates, or
equivalently, if every subobject of E is finitely generated.

We denote by A the full subcategory of A consisting of finitely presentable
objects.

Example 7.1. If A = Modpg for a (possibly non-commutative) ring R, an object
E € A is finitely presentable (resp. finitely generated, resp. noetherian) if and only
if the corresponding module is. The analogous statement holds if A = QCoh(X)
for a scheme X.
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We say that A is

e locally of finite type if every object in A is the union of its finitely generated
subobjects;

e locally finitely presented if every object in A can be written as the filtered
colimit of finitely presentable objects, and AP is essentially small;

e [ocally noetherian if it has a set of noetherian generators.

If A is locally noetherian, then finitely generated, finitely presentable, and noe-
therian objects coincide [AZ01, Prop. B1.3], and the category AP is closed under
kernels and hence abelian. Our main results will assume that A is locally noether-
ian.

The next ingredient to the formulation of moduli problems is the observation
that the existence of colimits allows one to define a tensor product, which in turn
provides a notion of base change.

More precisely, there is a canonical k-bilinear functor

(7.2) (—) Rk (—): Mod;, xA — A
which is characterized by the formula
Homy (M ® E, F) = Hompod, (M, Hom 4 (E, F))

for objects E, F € A and a k-module M. Explicitly, if one presents M as the
cokernel of a morphism k! — k” for index sets I and J, then M ®; E can be
computed as coker(E! — E”7) where the morphism E! — E” is induced by the
matrix defining k! — k7.

The functor (—) ®x (—) commutes with filtered colimits and is right exact in
each variable. If M € Mody, is flat and A is locally noetherian then M ®y, (—) is
exact [AZ01, Lem. C1.1].

Definition 7.2. [AZ01, §C1] We say that an object E € A is flat if (—) ®p
E: Modg — A is exact.

This tensor product leads to a base change formalism as follows.

Definition 7.3 (Base change categories). [AZ01, §B2] For a commutative k-
algebra R, let Ag denote the category of R-module objects in A, i.e., pairs (E,{g)
where F € A and £g: R — End 4 (F) is a morphism of k-algebras, and a morphism
(E,ég) = (F',€p) in Ag is a morphism F — E’ in A compatible with the actions
of gE‘ and fE/.

For a commutative k-algebra R, Apr is an R-linear abelian category [AZ01,
Prop. B2.2], and Ay = A. Given a homomorphism of commutative rings ¢: Ry —
R3, the forgetful functor

(;5* : AR2 — ARl
is faithfully exact, commutes with filtered colimits and faithful, and ¢, is fully
faithful if ¢ is surjective [AZ01, Prop. B2.3]. Moreover, ¢, admits a left adjoint

¢" = Ry QR (_): ‘ARl - ‘ARz
by [AZ01, Prop. B3.16].

Remark 7.4. The property of being locally noetherian is not stable under base
change, but if A is locally noetherian and R is an essentially finite type k algebra,
then Ag is locally noetherian [AZ01, Cor. B6.3].
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The above constructions allow one to prove descent if A is locally noetherian
[AZO01, Thm. C8.6], i.e., if R — S is a faithfully flat map of commutative k-algebras
then Ap is equivalent to the category of objects in Ag equipped with a descent
datum.

Remark 7.5 (Ay for stacks over k). As the assignment R — Apg satisfies descent
if A is locally noetherian, it defines a stack A in the fppf topology on k-Alg. As
in [LMB] this extends the category Apr naturally not only to schemes but also to
algebraic stacks, i.e. for any algebraic stack X over k we can define

Ax := MaPpipered Cat/k—Alg(xv-A)'

If X is the quotient stack for a groupoid of affine schemes X = [X; = X with
X; = Spec(R;), then descent implies that the category Ax is naturally equivalent
to the category of objects of Ax, equipped with a descent datum. We will use
this description for the stacks © and STg.

Faithfully flat descent also allows one to extend the functor Ro®pg, (—): Agr, —
Ar, above to a functor f*: Ay — Ax for any morphism of stacks f: X — Y. To
prove extension theorems, we will need the following construction.

Lemma 7.6 (Push-forward in A). Suppose that A is locally noetherian. If
f: X =Y is a quasi-compact morphism with affine diagonal of algebraic stacks then
the restriction functor f*: Ay — Ax admits a right adjoint f. which commutes
with filtered colimits and flat base change.

Proof. Let us first prove the claim when Y = Spec(A) is affine. In this case we
can choose a presentation of X by a groupoid in affine schemes X ~ [Spec(R;) =
Spec(Rp)], and an object E € Ax is described by an object Ey € Apg, along
with a descent datum, i.e. denoting by d;: Ry — R; the structure maps of the
presentation this is an isomorphism ¢: Ry ®4,,r, Fo =~ R1 ®q,,r, Lo, satisfying a
cocycle condition. Then using the fact that homomorphisms in A[spec(r,)=Spec(Ro)]
are homomorphisms in Ap, which commute with the respective cocycles, one may
verify directly that

(7.3) fo(B) = ker (By “°=2 By @4, p, Eo) € Aa,

where 1;: Eg = B1 ®q,,B, Fo for i = 0,1 is the unit of the adjunction between
B1 ®q,,B, (—) and the forgetful functor (d;).: Ap, — Ap,. Both objects in (7.3)
are regarded as objects of A4 via the canonical forgetful functor. The fact that
fx commutes with filtered colimits can be deduced from the formula (7.3) and the
fact that filtered colimits are exact in A4[AZ01, Prop. B2.2]. The fact that f.
commutes with flat base change can be deduced from the fact that if A — A’ is a
flat ring map, then A’ ® 4 (—) is exact and hence commutes with the formation of
the kernel in (7.3).

Now let Y be an algebraic stack with affine diagonal. For any E € Ay and
any morphism Spec(R) — Y we have shown that the object (fr).«(E|x,) € Ar is
defined and its formation commutes with flat base change. Faithfully flat descent
implies that these objects descend to a unique object f.(E) € Ay. Faithfully flat
descent also shows that the resulting functor f.: Ax — Ay is right adjoint to
I O

Remark 7.7. If X is a separated scheme and f: X — Spec(R) a morphism then
the above construction reproduces the usual Cech description of the push forward,
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i.e. given E € Ax choose a covering Xy = | |, U; — X by open affines then (7.3)

reduces to
Usj )) )

Definition 7.8 (Moduli functor). Let k£ be a commutative ring and let A be a
locally noetherian, cocomplete, and k-linear abelian category. Then we define the
category M 4 fibered in groupoids over k-alg by assigning the groupoid

M4 (R) := (objects E € Ar which are flat and finitely presented)

f.(E) = ker (@(fi)*(E

where U;; :=U; NU;.

U;) *@(fij)*(E

i<j

for a k-algebra R.

Lemma 7.9. The category fibered in groupoids My is a stack in the big fppf
topology on k-alg and extends naturally to a stack on the big fppf topology on
schemes over k.

Proof. As we already quoted the result [AZ01, Thm. C8.6] that the categories
Apr satisfy flat descent, we only need to check that the conditions of flatness
and finite presentation are preserved by descent and pull-back. Given a ring
map R; — Ra, the pullback functor Ry ®pg, (—) preserves flat objects by [AZ01,
Lem. C1.2], and it preserves finitely presentable objects because its right adjoint
commutes with filtered colimits. If Ry — Ry is a faithfully flat map of k-algebras
we have Ry @, (M ®g, (—)) ~ (R2 ®r, M) ®g, (R2 ®g, (—)), and the exactness
of a sequence in A, can be checked after applying the functor Ry ®g, (—), so
E € Ap, is flat if Ry ®p, F is. Also, one can directly verify from the description
of Hom in the category of descent data for the map R; — Ry that any descent
data for a finitely presentable object E € Ag, is a finitely presentable object in
the category of descent data. O

Warning 7.10 (Passing to subcategories changes the moduli functor). For the
above definition to make sense, the assumption that the category A is cocomplete
and thus rather big is essential, as we defined R-modules to be elements of A
equipped with additional structure. One might be tempted to replace this large
category by a smaller ind-category generated by some of some subclass of finitely
presented objects, but this will change the moduli problem M.

For example if we take A to be the category of representations of the fundamental
group of a projective variety X, vector bundles with flat connections and finite
dimensional representations of the fundamental group are equivalent categories, but
as this equivalence is not algebraic it does not extend to an algebraic equivalence
that identifies families over X for k-algebras R. Indeed families of representations
of m(X) are defined using finitely presented modules over the group algebra
R[m(X)], whereas families of sheaves with connection are defined in terms of
quasi-coherent sheaves of R ®j, D x-modules, and these larger categories are not
equivalent. If one instead considered M 4 where A is the ind-completion of the
category of vector bundles with connection, then this moduli functor differs from
both of these, because a finitely presented R[m (X )] module need not be a filtered
colimit of finite ones.

7.2. Verification of the valuative criteria for the stack M 4. To apply our
existence results we will check ©O-reductivity and S-completeness for the stack
M, with respect to discrete valuation rings which are essentially of finite type
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over k. The first step is to show that, as for module categories, G,,-equivariant
objects can be interpreted as graded objects. Let us recall these notions.

Recall from [AZO01, §B7] that the category of Z-graded objects A% consists of
functors Z — A, where Z is regarded as a category with only identity morphisms.
Concretely all objects in AZ are of the form D,.cz En. Given a Z-graded k-algebra
A, a Z-graded A-module object is a Z-graded object E = @, ., E\ € A? with the
structure of an A-object such that multiplication A ®; F — FE maps A, Qi Ep,
to Eyqm. The category A% of Z-graded A-module objects is abelian and locally
noetherian if A4 is [AZ01, Prop. B7.5].

Now let A be a Z-graded k-algebra, then objects of Agpec(a)/c,,] are by
definition objects E € A4 together with a descent datum, i.e., a coaction o: E —
Alt]; ® 4 E compatible with the coaction o4: A — k[t]; ®; A = A[t]; (induced from
the Z-grading of A), i.e., o is a morphism in A4, where A[t]; has the A-module
given by o4, such that the diagrams of objects in A4

E Altl; ®a E E—2> Alt], 4 E
o lb—)tt, \ itb—ﬂ
Alt)s ©4 B 2% Alt, ]y ©4 E E

commute.

An object E = @,,c; En € A4 induces a coaction o on E where o|g, is the
inclusion of E,, into the summand A(t") ® 4 E C A[t]: ®4 E. The assignment
E + (E,op) defines a functor Can: A% — Alspec(4)/G

m,] *

Proposition 7.11. Let k be a commutative ring and let A be a locally noetherian
k-linear abelian category. Let A be a Z-graded k-algebra. Then the functor
Can: AL — AlSpec(4)/G,.] 18 an equivalence of categories between Aigpec(A)/G,n]
and the category AIZL‘ of Z-graded A-module objects in A which restricts to an
equivalence between M4 ([Spec(A)/Gy,]) and the groupoid of objects @, ., En in
Ai such that each E, € A4 is flat and E, =0 for n < 0 and n > 0.

ne”Z

Proof. As for graded modules, we can give an inverse to the functor Can. Let
EcAyand o: E — Aft]: ®4 E be a coaction. For each integer d, we define

E, :=ker(E o-t"gid, Alt]y @4 E),

where t" ® id: E 2 A®4 E — Aft]; ®4 E is induced by the A-module homo-
morphism A — Alt]; defined by 1 — ¢". It remains to show that the natural
map @, ., B — E is an isomorphism. Since A4 is locally finitely presentable, it
suffices to show that Homy , (X, @D, ., En) — Homy , (X, E) is an isomorphism

for all X € .Aff;. As X is finitely presentable, the coaction ¢ induces a coaction of
A-modules

ox: Homg , (X, E) —» Homy , (X, A[t]: ®4 F) =2 A[t]; ®4 Homg , (X, E).
compatible with 04. As Homg , (X, —) is left exact, we have an identification of
Hom , (X, E,) with

Hom , (X, E), = ker (Hom , (X, E) "% A[f], @4 Homa, (X, E))
Homg , (X, EBdeZ E,) = EBdeZ Homy , (X, E), — Homy , (X, E) is an isomor-
phism by the usual argument: clearly Hom4 , (X, E), N Homy4 , (X, E),, = 0 if
n # n' and if & € Homy , (X, E), we can write ox (a) as a finite sum ) " ® a,,
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where all but finitely many of the «a,, are zero and the coaction axioms of ox
imply that o,, € Homy, (X, E), and that o = )", a,. O

We can use the above result to describe objects of A over O g = [Spec(R][z])/G]
for any k-algebra R and over ST g := [Spec (R[s, t]/(st — 7)) /G,) for any DVR R
over k with uniformizing parameter w. Both descriptions are in terms of filtered
objects.

Corollary 7.12. Suppose that A is locally noetherian. Let R be a k-algebra then
the category Ae,, is equivalent to the category of sequences of morphisms

E: - 5 Fp1 S E,— -

in Ag, such that the restriction of B

e along Spec(R) < O is colim E;, and

e along BGy g — OR is @,,cy Bn/2(Eny1).
This equivalence restricts to an equivalence between M4 (Or) and the groupoid of
Z-weighted filtrations -+ C Epy1 C By C -+ of an object Eo in Agr such that
E,/Eni1 € Ag is flat and finitely presented, E, = Fo, for n < 0 and E, =0 for
n > 0.

Proof. By Proposition 7.11, an object E in Ag, is a Z-graded R[z]-module object
of Ar. This corresponds to a Z-graded object E = P, ., E in Ag together with
a multiplication x: E — E mapping E,,+1 to E,. The restriction of E along the
open immersion Spec(R) < Op is the G,,-invariants (i.e. the degree 0 component)
of the Z-graded R[x],-module object E ®p,) R[z], € Ag),. We compute that

E ®ppy) Rlz]s = E ®pgy) (colim(--- 5 RS RS -+
=colim(--- LS ESLES ...

:@colim(-ni)EnHi)Eni%n)

whose G,,-invariants is colim F,,. The restriction of F along the closed immersion
BG,r < Op is the object E ®p[y) (R[r]/2) = E/zE in Ag with the Z-grading
E/xE =@, c; En/x(En1). This proves the first claim.

If £ € Ao, is flat and finitely presented, then so is the corresponding object
in Ag;) (also denoted by E). Since E € Agyy is flat, it is torsion free and thus
r: E — E is injective. The base change E ®p[y (R[z]/7) = @ En/Eny1 is a
flat and finitely presented object in Ar which implies that the sum is finite and
the summands are finitely presentable and flat. This implies that E,, stabilizes
for n < 0. Also, if E € Ap[, is finitely presentable, it must admit a surjection

Rlz]®@g F — E for some F € Ag), corresponding to a map F' — E in Ar. Because
F is finitely presentable it must factor through €,y En C E for some N, and
hence the image of R[z] @z F — E lies in @, . 5y En as well, which implies that
E, =0 for n> 0. -

Conversely, if --- C E,11 C E,, C --- satisfies the conditions above, then each
FE, is constructed as a finite sequence of extensions of flat and finitely presentable
objects in Agr and is thus flat and finitely presentable. It follows that the graded
R[x]-module objects R[z] ®pr F, are flat and finitely presentable as objects of
AR[g)- Furthermore, the object E € A%[z] corresponding to this Z-weighted
filtration can be constructed as a finite sequence of extensions of objects of the
form R[x]®p E,{(—n), where the (—n) denotes a grading shift so that the resulting
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object is homogeneous of degree n. Hence E € Ag,, is finitely presentable and
flat. O

Corollary 7.13. Suppose that A is locally noetherian. Let R be a DVR over k
with uniformizing parameter ™ and residue field k. The category Agg, is equivalent
to the category of diagrams in Ag

(7.4) E: o T Ep | B, By e
t t t t

satisfying st = ts = w, such that the restriction of £
s£0 — . . -
e along Spec(R) Bt STg iscolim(--- > E, 1 3 E, 5 ---),
t£0
e along Spec(R) S STy is colim(- -+ <= Ep_1 <= B, < ---),
-0 ——
e along O <= STk is the object corresponding to the sequence (- - - na
E,/sE,_1 L E,+1/sE, L <++), and
-0 ——
e along O, L8 STris (-2 Ep 1 /tE, > Ey/tE i = --).
This equivalence restricts to an equivalence between M (STg) and the groupoid
consisting of objects E such that: (a) s and t are injective, (b) s: E,_1/tE, —
E,/tE, 1 is injective for all n, (c) each E, € Apg is finitely presentable, (d)
s: E,—1 — E, is an isomorphism for n > 0, and (e) t: E, — E,_1 is an
isomorphism for n < 0.

Proof. The equivalence between Agr,, and the category of diagrams as in (7.4) is
argued as before (Corollary 7.12). Let us first show that flatness is characterized
by conditions (a) and (b). Suppose £ € Agg is flat, then the pullbacks of E to
RJs,t]/(st — ) and k[s] (by setting ¢t = 0) are both flat and in particular torsion
free which gives conditions (a) and (b). Conversely if E is given by the diagram
(7.4) flatness is a local condition and (a) implies that the restriction of F to s # 0
(or t # 0) is torsion free and thus flat. Condition (b) implies that the restriction
to k[s] is s—torsion free and so F is also flat at the origin s = 0 = ¢ by applying
[AZO1, Lem. C1.12].

To check that a finitely presentable, flat object E satisfies conditions (c)—(e)
note that these are closed under cokernels, so we only need to check these for a
generating class of objects. Now if M € Ag is an R-module, then

Rls,t]/(st—m)@r M ~PM -t MaPM-s",
n<0 n>0

is a Z-graded R[s,t]/(st — w)-module for which ¢ is an isomorphism on negatively
graded pieces, and s is an isomorphism on positively graded pieces. Therefore
for any finitely presentable M € Ag, R[s,t]/(st — ) ®r M € A% satisfies the
conditions (c)-(e) of the lemma, and the same holds if M € A% is graded object
with finitely many non-trivial graded pieces which are each finitely presentable.
As any finitely generated object of Aﬁ[s’t] J(st—m) admits a surjection from an
object of this form, any E € (‘A%{[s,t]/(stfw))fp admits a presentation of the form
E =~ coker(R|[s,t]/(st—m)@M; — R][s,t]/(st—m)®Mj) for some My, M; € (A%)P,
which proves (c)—(e) for E.

Conversely, suppose that the diagram (7.4) satisfies the conditions (c)—(e) of
the lemma. Then (d) and (e) imply that for N >> 0, the canonical homomorphism
of graded R[s,t|/(st — m)-modules R[s,t]/(st — ) ®r D _n<cpeny En — E is
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surjective. Let K = @, K, be the kernel of this homomorphism. Because
R[s,t]/(st—7) Qr @ _ y<p< n En satisfies conditions (d) and (e), it follows that K
satisfies these conditions as well. Therefore R[s,t]/(st—m)@r@D _yjcpens Kn — K
is surjective as well for M > 0. By (c) each K, is the kernel of a surjection of
finitely presented objects, and it is thus finitely generated. We have thus expressed
E as the cokernel

E = coker (R[s,t]/(st — ) @R @ K, — R[s,t]/(st — 7) ®g @ E,)
[n|<M In|<N
of a homomorphism from a finitely generated object to a finitely presented object,
so F is finitely presented. 1

Now our extension results will follow from a basic result about extensions in
codimension 2 that again carries over from quasi-coherent modules.

Lemma 7.14. Letj: U — X be an open subscheme of a reqular noetherian scheme
of dimension 2 whose complement is 0-dimensional. Then j.: Ay — Ax maps
flat objects to flat objects, and induces an equivalence between the full subcategory
of flat objects over X and over U, with inverse given by j*: Ax — Ay.

Proof. Tt suffices to show that j,. preserves flat objects, and that both the unit
and counit of the adjunction between j* and j, are equivalences on flat objects.
The property of being an isomorphism is local by descent, so we may assume
that X = Spec(R) is affine and U is the complement of a single closed point.
Localizing further it suffices to consider the case of X = Spec(R) for a regular
ring R of dimension 2 and U C X the complement of the closed point p whose
maximal ideal is generated by a regular sequence x,y € R. In particular U =
Spec(Rg) U Spec(Ry).
By construction (Lemma 7.6) we then have

]*(E) = ker(E|Rz (&) E|Ry — E|Rzy)
So the natural map j*(j«(E)) — E is an equivalence for any E as Ay was defined

by descent from affine schemes.
Conversely if £ € Ap is flat we can tensor E with the left exact sequence

0—-+R—R,®R, — Ryy
to find that the sequence
0—>F—E|gp, ®F

is still exact, so E = j.(E|vy).
Finally we must show that j, preserves flat objects. By [AZ01, Lem. C1.12] we
only need to show that

r, = Elr

Ty

Tor{'(R/p, j.E) = 0
for all prime ideals p of R. (Here Tor is defined as usual by choosing projective
resolutions of R-modules.) For prime ideals in U this follows from flatness of E, so
it suffices to show that Tor; (k, j.«(E)) = 0 for any flat E € Ay, where k = R/(z,y)
is the residue field of the missing point, i.e. we need to show that tensoring j. F
with the Koszul complex

0—-R—-R®PR—-R—-Kk—0

gives an exact sequence

. xd(— . . Dxr .
0= ju(E) 2250 5(B) @ j.(B) 225 j.(B).
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This is the pushforward of the tensor product of F with the short exact sequence
of flat objects on U, 0 = Oy — Oy ® Oy — Oy — 0 and therefore exact, because
Js is left exact. O

This construction now allows us to check our conditions for the existence of
good moduli spaces for M 4. In the following we will assume that A is locally
noetherian and use the result [AZ01, Cor. B6.3] stating that then for any k-algebra
that is essentially of finite type (i.e. a localization of a finitely generated k-algebra)
the category Ap is again locally noetherian and thus finitely presentable and
noetherian are equivalent.

We start with S-completeness.

Lemma 7.15. If A is locally noetherian, then M 4 is S-complete with respect to
any DVR R that is essentially of finite type over k.

Proof. Let us denote by j: STr \ 0 C ST the inclusion and take any E €
M4 (STr\ 0). By Lemma 7.14, j.(E) is flat, so we only need to show that it is
finitely presentable, i.e. we have to check conditions (c)—(e) of Corollary 7.13.

We shall compute j.(E) explicitly. Let us denote by K the fraction field of
R. As F is flat, it is defined by an object ' € Ax and two R-module subobjects
FEq,E5; C F such that K ®r E; — F' is an isomorphism.

Let j;: Spec(R) — STg for i = 1,2 denote the two open immersions and
j12: Spec(K) — STg their intersection. Then by

J«(E) = ker ((j1)«(E1) @ (j2)«(E2) = (J12)+(F))
To compute this, we describe it as graded R[s,t]/(st — 7)-module. Under this
description j; is given by the graded inclusion R[s,t]/(st — ) C R[t*!] and jy by
the graded inclusion R[s,t]/(st — ) C R[sT']. Thus
As the maps E; — F are injective, we may thus identify j.(F) C (ji2)«(F) with
the intersection of two subobjects (j1)«(E1) and (j2)«(FE2) under the equivalence
of Proposition 7.11, we compute

(j12)«(F) = Rit* | @p F = @ Ft",
(j1)+(E1) = By ®p RIt*'] = @Elt”,

(j2)«(E2) = Bz @g Rls*'] = @) (™" - E2)t" C (jr2)+(F)
nez

where in the third line we have used the identification s = t~'7. We compute

that:
J(B) ~ @D (Br 0 (n" - Eo))t" C €D Ft™.
neZ nez

Now each graded piece of j.(F) is finitely presentable because they are sub-
objects of the noetherian object E; (using that Ag is locally noetherian). The
union of the ascending sequence --- C By N (7~ " Ey) C EyN(n~ "1 Ey) C -
is Fy because K ®p E5 ~ F, and because F; is finitely generated, this union
must stabilize. By symmetry the same argument applies Es thus j.(F) is finitely
presentable. [l

Next we show O-reductivity.

Lemma 7.16. If A is locally noetherian, then M4 is ©-reductive with respect to
any DVR R that is essentially of finite type over k.
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Proof. As in the proof of Lemma 7.15 let us denote by K the fraction field of R,
j: U < Op the complement of the closed point and we take E € M 4(U). Then
by Lemma 7.14, j.(FE) is flat and so we need to show that it is finitely presentable.

We pass to the presentation AL, — ©p, where the open subset U C A}
corresponding to U is covered by the two affine subschemes defined by R[z] C K[x]
and R[r] C R[z*!]. Now E € Ay corresponds to an object F' € A(K), a R-
submodule object E; C F' such that K ®p F1 — F' is an isomorphism, and a
weighted descending filtration - -- F,, 11 C F}, C --- C F satisfying the hypotheses
of Corollary 7.12, then j.(E) corresponds to the graded R[x]-module object

J«(E) = @ (Fn N El)x_" C @Fx_" = (Spec(K) — Op).(F).

nez nez

Because Apg is locally noetherian each graded piece G,, := F,, N E; of j,(E) will
be finitely presentable, the maps G,+1 — G,, are injective, G, = 0 for n > 0,
and G,, = E; for n < 0. Thus j,(F) is finitely presentable by Corollary 7.13. O

The valuative criteria for universal closedness turn out to be satisfied as well:

Lemma 7.17. If A is a locally noetherian abelian category, the stack My satisfies
the wvaluative criterion for universal closedness, i.e. the existence part of the
valuative criterion for properness, with respect to DVR’s which are essentially of
finite type over k.

Proof. If R is a DVR, the statement that an object E € A is flat if and only if
it is torsion free follows from [AZ01, Lem. C1.12] as the condition is equivalent
to the vanishing of Tor;. If j: Spec(K) — Spec(R) denotes the inclusion of the
generic point, then for any £ € Ag, we can write j,(F) = |, Fo as a directed
union of finitely generated (hence finitely presentable) subobjects which must be
torsion free. If E is finitely generated then E = |J, K ®gr F, must stabilize, so
there is some flat and finitely presentable object F, extending E. O

We will also use the following below:

Lemma 7.18. Suppose that A is locally noetherian. If M4 is an algebraic stack
with affine stabilizers, k is a field of finite type over k, and E € M4 (k) represents
a closed point, then E is a semisimple object in A.

Proof. Because FE is finitely presented, it can not be expressed as an infinite sum
of non-zero objects. Therefore, we only have to show that every finite filtration of
E splits. Now by Corollary 7.13 any finite filtration of E corresponds to a map
O, — M4 mapping 1 — E. Because E is a closed point, the resulting map must
factor through a map ©, — B, Auty, (E). We know from the classification of
torsors on ©, ([Heil7, Lem. 1.7] or [Hall4, Prop. A.1]) that any such map factors
through the projection ©,, — B;G,,, and thus the corresponding filtration of E,
is split. O

Lemma 7.19. If M4 is an algebraic stack locally of finite presentation over k,
then the diagonal of M 4 is affine.

Proof. If R is a valuation ring over k with fraction field K and E,F' € M4(R),
then F — K ®p F is injective and hence so is the restriction map Hompg(E, F') —
Homg (K@pFE, K®rF) ~Homp(E, KQrF). This implies the valuative criterion
for separatedness of the diagonal of M.
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For any ring R over k and E, F € M4(R), we claim that the functor R'/R —
Homp (R'®rFE, R'®gF) is represented by a separated algebraic space Hom (E, F)
locally of finite presentation over R. First, observe that the subfunctor P C
Autgr(E @ F) classifying automorphisms of the form [4 9] is representable by a
closed subspace, because it is the preimage of the (closed) identity section under

the map of separated R-spaces Autp(E @ F) — Autgr(E @ F') given by

A B 1 B

e o=l 7
Next observe that we have a group homomorphism P — Autg(E) x Autgr(F)
over R given by

A 0

¢ b
The preimage of the (closed) identity section is the subgroup classifying auto-
morphisms of the form [} 9], which is canonically identified with the functor
Hom(E, F). Thus Hom(FE, F) is a closed subgroup of Autgr(E @ F'), and it is
representable, separated, and locally finitely presented over R.

From the functor of points definition of the algebraic space X := Hompg(E, F),
there is a natural action of G,, which scales the homomorphism. Furthermore, the
resulting map G,, x X — X extends (uniquely) to A! x X, ie. X = X in the
terminology of Section 2.3. Under these hypotheses, the morphism X+ — XCm ig
affine [AHR]. Also, the fixed locus X®m is the zero section X®m ~ Spec(R) — X,
and hence X = X = Homy(E, F) is affine as well.

The algebraic R-space Isomg(F, F') is the closed subspace of Homy(E, F') x
Hom (F, E) obtained as the preimage of the identity section under the map of
separated R-schemes Homp(E, F) x gHomp(F, E) — Homg(F, E) x Homg(F, F).
Hence Isomg(E, F) is affine, i.e. M4 has affine diagonal. O

] — (A, D).

7.3. Construction of good moduli spaces. We now apply the previous dis-
cussion to construct moduli good moduli spaces for objects in a k-linear abelian
category A. As our results require linear reductivity we will now need to assume
that k is a noetherian commutative ring over a field of characteristic 0.

Furthermore we assume that My, the moduli functor of flat families of finitely
presentable objects of Definition 7.8, is an algebraic stack locally of finite type
and with affine diagonal over k.

Example 7.20. Let X be a projective scheme over an algebraically closed field
k, and consider the heart of a t-structure € C D’(X) which is noetherian and
satisfies the “generic flatness property” [AP06, Prop. 3.5.1]. Then if we consider
the ind-completion A := Ind(€), M4 is an open sub-functor of the moduli functor
'D;’mg(X ) of universally glueable relatively perfect complexes on X and is hence
an algebraic stack locally of finite type with affine diagonal over k [Lie06], [Stacks,
Tag 0DPW]. By [Pol07, Prop. 3.3.7], M 4 as defined above agrees with the moduli
functor constructed in [AP06], which is the most commonly studied moduli functor

for flat families of objects in the heart of a t-structure.

The first result concerns a situation in which no additional stability condition
is required.

Theorem 7.21. Let k be a noetherian ring of characteristic 0 and A be a locally
noetherian, cocomplete and k-linear abelian category. Assume that My is an
algebraic stack locally of finite type over k. Then any quasi-compact closed substack
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X C My admits a proper good moduli space, and in this case points of X must
parameterize objects of A of finite length.

Proof. The stack X is O-reductive (Lemma 7.16) and S-complete (Lemma 7.15)
with respect to essentially finite type DVR’s because both properties pass to closed
substacks, and it has affine diagonal by Lemma 7.19. Therefore Theorem A and
Remark 5.5 imply the existence of a separated good moduli space X — X. Since
X satisfies the existence part of the valuative criterion for properness with respect
to essentially finite type DVR’s (Lemma 7.15), X is proper by Proposition 3.47
and Remark 3.48. The fact that closed points of X are represented by semisimple
objects in A, for fields k of finite type over k is Lemma 7.18. O

In general we will need a notion of “semistable” objects in A. As in applications
different notions of stability are used, we will use an abstract setup that includes
many of these. We will illustrate how classical notions of stability fit into this
context below.

For any connected component v € mo(My ), we let M*; C M be the correspond-
ing open and closed substack. Our notion of semistability on M’ will be encoded
by a locally constant function on |M4]|

pv: mo(My) =V

where V is a totally ordered abelian group, p,(F) = 0 for any E € MY, and p,
is additive in the sense that p,(E ® F) = p,(E) + p,(F). We will say that a
point of M"; represented by E € A, for some algebraically closed field s over £,
is semistable if for any subobject F' C E, p,(F) < 0 and unstable otherwise.’
Note that this definition is unaffected by embedding V" in a larger totally ordered
group, so we may assume that V is a totally order vector space over R by the
Hahn embedding theorem.

Using Corollary 7.12 to identify maps f: ©,, — M4 with Z-weighted descending
filtrations -+ C Fyy1 C By C --- in A, we define a locally constant function
¢: [Map, (©,M%)] — V by the formula

(- CEy1 CE,C--):= pr,,(Ew/Eerl).

Lemma 7.22. A point x € |MY| is unstable if and only if there is some f €
|Map, (©, MY)| with f(1) =z and {(f) > 0.

Proof. If F C FE is a destabilizing subobject, then we can simply consider the
filtration where Fs = 0, By = F, and E,, = E for w < 0. This filtration has
U(E,) = deg,(F) > 0.

The converse is a linear algebra statement: Given a Z-weighted filtration
such that ¢(--- C Ey41 C Ey C --+) := > wpy(Eyw/Ewt1) > 0 and p,(E) =
Y wPv(Ew/Eyi1) =0 it follows that for some index i we have

pv(Ei) = Zpl/(Ew/Ew+1) >0

w1

so one of the filtration steps will be destabilizing. O

5Note that because the flag space Map(©, M%) Xevy, MY, [E] Spec(x) of [E]: Spec(k) — MY
is an algebraic space locally of finite type over &, if there is a destabilizing subobject of E after
base change to an arbitrary field extension x C ', then there is a destabilizing subobject for E
over K, so this definition does not depend on the choice of representative.
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Example 7.23 (Gieseker stability). Let A = QCoh(X) denote the category
of quasi-coherent sheaves on a scheme X which is projective over a field k of
characteristic 0. Then My is the usual stack of flat families of coherent sheaves
on X. Fix a numerical K-theory class v € K§"™(X) corresponding to sheaves
whose support has dimension d, fix an ample line bundle O x (1) on X, and let M’
denote the open and closed substack of objects of class . For any F € Coh(X),
let P(E) = an(E)t" + - - - 4+ ap(E) denote its Hilbert polynomial with respect to
Ox(1).

We say that a coherent sheaf F' of class v is semistable with respect to Ox(1)
if for all nonzero subsheaves E C F', the asymptotic inequality

py(E) = aa(F)P(E) — aa(E)P(F) <0

holds for all ¢ > 0. If E' C F' is a nonzero subsheaf with dim(supp(E)) < d, then
aq(FE) =0 but ag(F) > 0, so E destabilizes F. Therefore a semistable sheaf must
be pure, and in this case P(E)/aq(E) and P(F)/aq(F) are the reduced Hilbert
polynomials, so our definition is equivalent to the classical definition of Gieseker
semistability [HL10, Def. 1.2.4]. Note also that P(F) = P(y) only depends on
7, so p, defines a function py: M4 — Vg, where V; denotes the vector space of
polynomials of degree < d totally ordered by asymptotic inequality as ¢t — oo.
The function p, is locally constant in flat families and additive in short exact
sequences.

Example 7.24 (Bridgeland stability). Consider a projective scheme X over an
algebraically closed field k of characteristic 0. A Bridgeland stability condition is
determined by the heart of a t-structure € C Db(X ), and a central charge homo-
morphism Z: Ky(D’(X)) — C, which we assume factors through the numerical
E-theory K3 (D’(X)), i.e. the quotient Ko(D’(X)) by the kernel of the Euler
pairing x(—, —). The central charge Z is required to be a stability function on C
with the Harder—Narasimhan property [Bri07, Prop. 5.3]. The simplest example
is when X is a projective curve, € = Coh(X) is the usual ¢-structure, and

Z(F) = —deg(E) + irank(F).

For a stability condition (C,Z) on a general X, we take the formula above as
the definition of rank and degree of objects in €. As before we let A := Ind(C).
Given a class v € K§"™(D(X)), there is an open and closed substack M}, C Mx
whose k-points classify objects F € A of numerical class 7v. Then Bridgeland
semistability on the stack M, is determined by the degree function

p~(E) = deg(E) rank(y) — deg(y) rank(E),

so £ € M), is unstable if and only if there is a subobject F' C FE such that
py(F) > py(E) = 0.

Theorem 7.25. Let k be a noetherian ring of characteristic 0 and A be a locally
noetherian, cocomplete and k-linear abelian category. Assume that M4 is an
algebraic stack locally of finite type over k. Let v € mo(Mu) be a connected
component, and let p,: 1o(Ma4) — V be an additive function defining a notion of
semistability on M, as above.

If the substack of semistable points M';™ C MY, is open and quasi-compact then
MY admits a separated good moduli space. If in addition M';™ is the open piece
of a ©-stratification of MY, then M';™ admits a proper good moduli space.
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Proof. We have already seen that M? has affine diagonal (Lemma 7.19), and
with respect to essentially finite type DVR’s MY is ©-reductive (Lemma 7.16), S-
complete (Lemma 7.15), and satisfies the existence part of the valuative criterion for
properness (Lemma 7.17). It follows from Proposition 6.14 and Remark 6.16 that
MY is ©-reductive and S-complete with respect to essentially finite type DVR’s
as well®, so it has a separated good moduli space M’;** — M space by Theorem A
and Remark 5.5. For the final statement, Lemma 7.17 and Corollary 6.12 applied
to the O-stratification of M? imply that M’;* satisfies the existence part of the
valuative criterion for properness with respect to essentially finite type DVR’s and
hence M is proper over Spec(k) by Proposition 3.47 and Remark 3.48. O

Example 7.26 (Gieseker stability, continued). The Harder—Narasimhan strat-
ification with respect to Gieseker semistability defines a ©-stratification of the
stack Coh(X) (this is essentially the content of [Nit11], using different language),
and the semistable locus is open and bounded. Therefore Theorem 7.25 provides
an alternate construction of a proper good moduli space for Gieseker semistable
sheaves.

Example 7.27 (Bridgeland stability, continued). We consider Bridgeland stability
conditions whose central charge factors through a fixed surjective homomorphism
cl: Ko(DY(X)) = K" (D(X)) — T, where T is a finitely generated free abelian
group, and we let Stabr(X) denote the space of Bridgeland stability conditions
whose central charge factors through cl and which satisfy the support property
with respect to I'. This is given the structure of a complex manifold in such a
way that the map Stabp(X) — Hom(T', C) which forgets the ¢-structure is a local
isomorphism [Bri07, Thm. 1.2].

A stability condition (€, Z) is algebraic if Z(T') C Q+1iQ. If (€, Z) is algebraic,
then € is noetherian [AP06, Prop. 5.0.2]. Let Stabf(X) C Stabr(X) be a con-
nected component which contains an algebraic stability condition og = (Cg, Zp)
for which:

e the heart Cy satisfies the generic flatness condition, and

° M?AZS(GO) is bounded for every v € I.

Then by [PT15, Prop. 4.12] the same is true for any algebraic stability condition
in the connected component Staby.(X). Furthermore, if o = (€, Z) € Stabp(X)
is algebraic and satisfies the generic flatness and boundedness conditions, then
the Harder-Narasimhan filtration defines a ©-stratification of M] ae) whose open

piece is Mgr’jis(e) [Hal14, Prop. 5.40, §5.4(1)]. Therefore Theorem 7.25 implies that
M?r’;s(e) has a proper good moduli space for any algebraic stability condition in
Stab* (X).

Finally, we claim that for an arbitrary stability condition o € Stab™(X), one
can find an algebraic stability condition ¢’ which defines the same moduli functor
M?ﬂiis(e)’ S0 MIWI;ZS(G) has a proper good moduli space for any stability condition in
Stab™ (X).

To establish this claim, fix a class v € T'. For any v/ € T" which is linearly
independent of v over Q, consider the real codimension 1 subset

W, = {0 = (€, Z) € Stabp(X) [ Z(7') € R>0 - Z(7)}-

6Technically it follows from the proof of Proposition 6.14 as we are only know here that M"}
is ©-reductive and S-complete with respect to essentially of finite type DVR’s.
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If one restricts to a small compact neighborhood B C Stabp(X) containing o,
then there is a finite subset S C I such that for any S’ C S the moduli functor
M is constant for all o € €g N'B [Tod08, Prop. 2.8], where

Csr :=< U W7/>\ U w,.

'Y/GS/ ,y/gsl

7,88
Ind(C)

M?ﬂ?is(e) is constant for ¢ € B N Cg: because Miyr’;s(e) can only change if the set of
classes 7/ € I with Z(7') € R Z(«y) changes, and the set of such v’ is constant
for 0 € €5 N*B.

The condition that o € |J,,cgs W, amounts to the claim that if W C I'g is
the span of v and the 7/ € ', then dimg(Z(W)) = 1. We may write Z = Z; © Z
under a choice of splitting I'go ~ W @ U, and the condition now amounts to
rank(Z1) = 1. As rational points are dense in the space of rank 1 real matrices,
we may find an arbitrarily small perturbation Z’ of Z which is rational, and this
perturbed central charge defines our new algebraic stability condition ¢/ € BNCg.

8. GOOD MODULI SPACES FOR MODULI OF §-TORSORS

To illustrate our general theorems we now construct good moduli spaces for
semistable torsors under Bruhat—Tits group schemes. This generalizes the results
obtained by Balaji and Seshadri who constructed such moduli spaces for generically
split groups over the complex numbers. In [Heil7], the third author analyzed the
coarse moduli space for the moduli of stable bundles, whose existence is guaranteed
by the Keel-Mori theorem. Here we extend this analysis to include semistable
bundles which are not stable. As in this article we are interested in existence
theorems for good moduli spaces (instead of adequate moduli) we will have to
assume that we work over a base field k of characteristic 0 in this section.

Let us briefly introduce the setup from [Heil7]. Let C be a smooth geometrically
connected, projective curve over a field k and §/C' a smooth Bruhat—Tits group
scheme over C, i.e., G is smooth a affine group scheme over C that has geometrically
connected fibers, such that over some dense open subset U C C' the group scheme
is reductive and over all local rings at points p in Ram(SG) := C \ U the group
scheme §Glgpec(oc,) is @ connected parahoric Bruhat-Tits group. The simplest
examples are of course reductive groups G x C.

The stack of G-torsors is denoted by Bung and this is a smooth algebraic stack.
To define stability one usually chooses a line bundle on Bung. As explained
in [Heil7, §3.B] there are natural choices in our situation. First there is the
determinant line bundle £4e¢ given by the adjoint representation, i.e., the fiber at a
bundle & € Bung, is Lqet,e = det(H*(C,ad(€)))Y, where ad(€) = & xI Lie(§,,/C)
is the adjoint bundle of €.

Next any collection of characters x € HpeRam(g) Hom(S,,G,,) defines line
bundles on the classifying stacks BS, and one obtains a line bundle £, on Bung,
by pull back via the map Bung — BY,, defined by restriction of § torsors on C
to the point p. We will denote by Lget,y := Laet ® £, call the corresponding

notion of stability y-stability and denote by Bun%7SS C Bung the substack of

x-semistable torsors.

~ Under explicit numerical conditions on y this satisfies the positivity assumption

of loc.cit. [Heil7, Prop. 3.3], i.e., the restriction of L4et to the affine Grassmannian

Grg,p classifying § bundles together with a trivialization on C' \ p is nef. The
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parameter x will be called positive if Lget,y 18 ample on Grg,;, for all p. It is called
admissible if y furthermore satisfies the numerical condition of [Heil7, Sec. 3.F].

Theorem 8.1 (Good moduli for semistable G-torsors). Assume k is a field of
characteristic 0, C' is a smooth, projective, geometrically connected curve over k,
§ is a parahoric Bruhat-Tits group scheme over k and x is a admissible stability

parameter. Then Bun%7SS admits a proper good moduli space Mg.

As remarked before, in the case that G is a generically split group scheme, the
space Mg was constructed by Balaji and Seshadri [BS15].

To prove the theorem we only need to check that Bung satisfies the assumptions
of our main Theorems A, B and C, i.e., we need to show that the line bundle
Ldet, defines a well-ordered ©-stratification of Bung, that this stack satisfies
the existence part of the valuative criterion for properness and that Buné_Ss is
O-reductive and S-complete. This will be done in a series of Lemmas.

Lemma 8.2. The canonical reduction of G-torsors defines a ©-stratification on
Bung with semistable locus Bunéibb. This stratification admits a well-ordering.

Let us briefly recall the context of x-stability. To simplify the presentation
will assume that our base field is algebraically closed. Then by [Heil7, Lem.
3.9] any map f: © — Bung arises as a Rees construction Rees(Ep, \) from a
G-bundle &, together with a reduction €5 to a parabolic subgroup P C G and a
generic cocharacter A\: Gy, (o) = Gk(c) that is dominant for P,. The argument
of the proof implies that all components of Map(©, Bung) can be identified with
components of Bunyp for parabolics P equipped with a dominant A. As reductions
to parabolics are determined by the induced filtration of the adjoint bundle, this
implies in particular that the forgetful morphism from any component to Bung is
quasi-compact. We denote by wte,, (A) the weight of f*(£,).

Proof of Lemma 8.2. In [Hall4, Thm. 2.7, Simplif. 2.8, Simplif. 2.9] a list of
necessary and sufficient conditions for a stratification to be a ©-stratification is
given. We will first verify these criteria (which we number as in loc.cit.), then
briefly recall how the general proof works in the specific context of §-bundles in
order to illustrate the relation to classical arguments of Behrend. It suffices to
assume the ground field % is algebraically closed [Hall4, Lem. 2.14].

Ezistence and uniqueness of HN filtrations (1):

H N filtrations are maps f: © — Bung corresponding to the canonical parabolic
reductions for unstable G-bundles constructed in [Heil7, Sec. 3.F]. To define
canonical reductions in this setup we fixed an invariant inner form (,) on the
generic cocharacters of § defining the norm || - || we showed [Heil7, Prop. 3.6] that
for any admissible y and any G-torsor € there exists a canonical reduction €5 to

a parabolic subgroﬁp P C G defined by a dominant cocharacter A\: G, ,, — Gy

maximizing fimax(€) := maX(Wtﬁf\)\(\A) )-

The uniqueness of the reduction followed by checking that for any choice of a
generic maximal torus T, C 9;: = §,, that contains a maximal split torus the map
sending a Borel subgroup B, C G, containing T, to the cocharacter defined by
—wte,, (+) defines a complementary polyhedron in the sense of Behrend [Beh95,
Def. 2.1].

Consistency of HN filtrations (5):
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Any canonical reduction f: © — Bung of f(1) also defines the canonical
reduction of the associated graded bundle f(0). Indeed, the perspective of comple-
mentary polyhedra shows that a canonical reduction €p can also be characterized
by the property that (1) wte,, (') > 0 for any non-zero A’ that is non-negative on
any root of P, and (2) such that for any reductions €5 of Ep to a Borel subgroups
B C P we have wte,, (&) < 0 for all simple roots coroots ¢ in the centralizer of A
[Beh95, Sec. 3] [HS10, Thm 4.3.2].

Specialization of HN filtrations (2'):

For any family €r € Bung(R) defined over a DVR R with fraction field K
and residue field £ we have pmax(Ex) < tmax(Ex) and equality holds only if the
canonical filtration over K extends to the family, by [Heil7, Lem. 3.17].

Local finiteness (4):

For any family of §-bundles over a finite type scheme U, only finitely many
connected components of Map(©, Bung) are necessary to realize the HN filtration
of every fiber &, for u € U. This follows from the fact that there are only finitely
many A such the canonical reduction of &, for some u € U has type Py, which is
established in the proof of [Heil7, Prop. 3.18].

Completing the proof:

The function Wtﬁi{’ﬁ/\) defines a locally constant real valued function p on the

components of Map(©, Bung) containing a HN filtration. We have verified that u
satisfies the conditions of [Hall4, Thm. 2.7, Simplif. 2.8, Simplif. 2.9] and thus
defines a weak ©-stratification on Bung in which the HN filtrations of unstable
points correspond to canonical reductions of G-bundles. In our context, the
argument goes as follows:

“Local finiteness” and quasi-compactness of Bunp, — Bung implies that the
stratification of Bung defined by fimax is constructible (See also the proof of [Heil7,
Prop. 3.18]). Since the invariant pimax is semicontinuous, this implies that for
any constant ¢ the substacks Bung“‘“"SC defined by the condition pmax(€) < ¢
are open. To show that this defines a ©-stratification we are therefore left to
show that the closed substacks Bun’é“‘“gc \ Bun™*=“ are unions of connected

components of Map(©, Bung“‘a"éc).

Let us fix an unstable bundle € with pax(€) = ¢ and canonical reduction given
as a reduction to Py. Let us denote by py : Bun%N — Bun’é“‘a"gc the restriction
of the canonical map Bunp, — Bung. The “consistency of HN filtrations,” i.e.
the fact that passing to the associated graded of the canonical filtration preserves
the strata, shows that BunI:gI;I is indeed a component of Map(©, Bungm"gc), and
by uniqueness of the filtration and the “specialization property,” the map p) is
proper and universally injective. Hence the stratification induced by pipax is a
weak O-stratification.

Any weak O-stratification is a O-stratification in characteristic 0 [Hall4,
Cor. 2.6.1]. Alternatively, it is not hard to check directly that py is injective
on tangent spaces at any HN filtration, as in the case of Behrend’s conjecture,
so py is a closed immersion whose image is Bung"“”‘gc\Bungm"@. Finally,
this O-stratification that admits a well-ordering, because for any ¢ and any con-
nected component of Bung the open substack Bungm‘“‘gc are of finite type [Heil?7,
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Prop. 3.18], so Bun’é""“"gc\Bun’é""“"<C can only contribute finitely many strata
on each component of Bung.
U

Remark 8.3. Assume for simplicity that the ground field k is algebraically closed.
The notion of y-stability is controlled by the class £ = ¢;(£,) € H?(Bung; Q). If
p € C is a regular point for G, then generic cocharacters of § induce cocharacters
in §p, and under this map the norm ||A|| on generic cocharacters can be induced
from a conjugation invariant norm on cocharacters of §,. It follows that [|A] is
induced by a class in H*(Bung; Q) defined via pullback

(Sym*(Ng))" ~ H*(BS,; Q) — H'(Bung; Q),

along the restriction morphism Bung — BS,, where N denotes the coweight

lattice of G, and W denotes the Weyl group.

. w A) . . . . .
Therefore the function u(Ep,\) = tﬁ;‘\’ﬁ ) is a standard numerical invariant in

the sense of [Hall4, Def. 4.7] satisfying condition (R) by [Hall4, Lem. 4.10,Lem. 4.12].
It is also not difficult to check this directly (See [Hall4, Rem. 4.11]). So in the
proof of Lemma 8.2 one could also apply [Hall4, Thm. 4.38], which provides a
shorter list of criteria for a numerical invariant to define a weak O-stratification.
In particular this implies that condition (5) above is automatic here.

Lemma 8.4. The stack Bum§_SS is S-complete and locally linearly reductive.

Proof. S-completeness holds because of the existence of a blow up of STg to
linking two specializations. Lqet,, is positive on the exceptional lines, so if the
blow-up was necessary, one of the bundles was unstable.

x—ss

In particular every closed substack of Bunlg3uns is again S-complete, so that
by Proposition 3.45 the automorphism groups of closed points are geometrically
reductive. As we assumed our base field to be of characteristic 0 in this section,
these groups are linearly reductive. O

Lemma 8.5. The stack Bun§7SS 1s ©-reductive.

Proof. This again follows from semi-continuity of the numerical invariant as in

[Heil7, Lem. 3.17]. We briefly recall the argument: Let R be a DVR with fraction

field K and residue field k. Let f: O \ 0 — Bun%_SS be a morphism. The
restriction of f to Spec(R) defines a family €g of G-torsors over Cp.

The restriction of f|o, defines a filtrations on €k and after possibly passing to
a finite extension of R we may by [Heil7, Rem. 3.10] assume that this filtration is
given by a reduction €% of € to a parabolic subgroup P C G which is defined by
a generic cocharacter A: G, — Sk(n)-

As Gin)/Prn) is projective, any reduction of € (,) to P extends to an open
subset U C Cr whose the complement consists of finitely many closed points of
the special fiber. Also the reduction over U, extends canonically to a reduction
8?: to a parabolic subgroup P’ C G, over C,. Now, as in loc. cit. at any point
p the adjoint bundle ad(€?") C ad(€,) is the saturation of the adjoint bundle at
the generic fiber. As y is admissible this implies that either the reduction &3

extends over Cp or the weight of the reduction SZI is strictly larger than the

weight of fle,, which is 0 as f is a reduction in Buné_ss. As by assumption €
is x-semistable the weight cannot increase, so the reduction extends to Cr. Now
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we can apply Lemma 6.15 to find that this filtration also lies in Bun%’ss and thus
defines an extension of f to Op. O

Proof of Theorem 8.1. We just proved that Bung™ ™" is S-complete, locally linearly
reductive and O-reductive.

By [Heil7, Prop. 3.3] the stack Bung satisfies the existence criterion for proper-
ness, i.e., if R is a DVR with fraction field K and £ € Bung(K) is a G-torsor
over Cg then there exists a finite extension R’ of R such that &g extends to a
torsor over C'g. Therefore we can apply Theorem C to deduce the existence of a
proper good moduli space. (I

APPENDIX A. STRANGE GLUING LEMMA

In this section, we establish two gluing results: Theorem A.1 and Theorem A.5.
Additionally, we apply both results to give a refinement of the classical semistable
reduction theorem in GIT (Theorem A.8).

A.1. Gluing results. Let R be a DVR with fraction field K and residue field
k, and let m € R be a uniformizer parameter. For n > 0 we will consider the
following quotient stack

STy = [Spec(R[s, t]/(st" — 7)) /Gu]

where the G,,-action is encoded by giving s weight n > 0 and giving ¢t weight —1.
We have a closed immersion 0, < SiT;;’l defined by s = 0 and an open immersion
Spec(R) — STFTI;’1 defined by ¢ # 0.

We will denote 0 € Spec(R) as the closed point and 1 € O, as the open point.

Observe that any morphism SiT;;’l — X restricts to morphisms f: ©, — X and
&: Spec(R) — X along with an isomorphism ¢: £(0) ~ f(1) in X(k).

Theorem A.1. Let X be an algebraic stack with affine diagonal and locally of
finite presentation over an algebraic space S. Let R be a DVR with residue field k
and consider morphisms f: O, — X and £: Spec(R) — X over S together with

an isomorphism ¢: £(0) ~ f(1). For all n > 0, there is a morphism ﬁ%’l - X
unique up to unique isomorphism extending the triple (f, &, ®).

This theorem is inspired by the perturbation theorem [Hall4, Prop. 3.53], which
is an analogous result for constructing map [A2 /G2, ] — X from maps from the
loci {s = 0} and {t # 0}.

Corollary A.2. In the context of Theorem A.1, for n > 0 the data of the
morphisms f and §|SpeC(R[,r1/n]) with isomorphism ¢ extends canonically to a

morphism ﬁ}é[lﬂl/n] — X.

Proof. Compose the uniquely defined map ST;;’I — X of Theorem A.1 with the
canonical map SiT;[lﬂ.l /n) — X induced by the map of graded algebras Rls,t]/(st"—
7) — R[x'/™|[s'/™,t]/(s"/"t — «r), where s'/™ has weight 1. O

In order to establish Theorem A.1, we will need to recall the following fact
concerning pushouts.
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Lemma A.3. If Spec(A) — Spec(B) is a closed immersion and Spec(A) —
Spec(C) is a morphism, then

Spec(A) Spec(C)

l |

Spec(B) —— Spec(B x4 C)

18 a pushout diagram in the category of algebraic stacks with affine diagonal.

Proof. Ferrand established that the diagram is a pushout in the category of ringed
spaces [Fer03, Thm. 5.1]. Temkin and Tyomkin establish that it is a pushout
in the category of algebraic spaces [TT16, Thm. 4.2.4]. The lemma follows by
applying [TT16, Thm 4.4.1] or [Hall7, Lem. A.4] to the pullback of the diagram
under an affine presentation of an algebraic stack X with affine diagonal. O

Lemma A.4. Let C = R[t,n/t,m/t?,...] C R[t];. The commutative diagram
Spec(k) ——— O,

(A1) l l
Spec(R) — [Spec(C) /G,

18 cartesian and a pushout diagram in the category of algebraic stacks with affine
diagonal.

Proof. Lemma A.3 implies that both diagrams

Spec(k|[t]:) — Spec(k[t]) Gy x Spec(k[t]y) — Gy, x Spec(k]t])
Spec(R][t];) — Spec(C) Gy x Spec(R]t];) — G, x Spec(C)

are pushout diagrams in the category of algebraic stacks with affine diagonal.
Since (A.1) is the G,,-quotient of the left diagram above, the statement follows
from descent. O

Proof of Theorem A.1. By Lemma A.4, the triple (f,&, ¢) glues to a morphism
[Spec(C)/G,,] — X unique up to unique isomorphism. Write C' as a union
C = UC,, where Cy, := R[t,n/t"] C R[t];. Note that C,, = RJ[s,t]/(st" — )
so in particular [Spec(C,)/G,] = ST;;’I and that Spec(C) — Spec(C,,) is G-
equivariant. As X — S is locally of finite presentation, for n > 0 the morphism
[Spec(C)/G,,] — X factors uniquely as [Spec(C)/G.,] — [Spec(Cr)/Gn] —
X. O

To setup the second gluing result, for n > 0 consider the subalgebra R[t/n"] C
K[t] and the quotient stack

Orn = [Spec(R[t/m"])/Gm]

where ¢t has weight —1. We have a closed immersion BrG,,, — O, defined by
t/m™ = 0 and an open immersion Ok — Og, defined by 7 # 0. Observe that
any morphism ©p , — X restricts to morphisms g: BrG,, = X and A\: O — X
along with an isomorphism ¢: ¢|p.c,, ~ A|BxG,, -
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Theorem A.5. Let X be an algebraic stack with affine diagonal and locally of
finite presentation over an algebraic space S. Let R be a DVR with fraction field
K and consider morphisms g: BrG,, — X and A\: O — X over S together with
isomorphism ¢: g|pgG,, = M BgG,,. For alln>> 0, there is a morphism ©g , — X
unique up to unique isomorphism extending the triple (g, \, ¢).

Remark A.6. Observe that Or, = O and that the above theorem states that
any triple (g, A, ¢) extends uniquely to a morphism @ — X after precomposing
A: O — X with the isomorphism O — O, defined by t — 7"t, for n > 0.

We will prove this theorem by using the following pushout result.
Lemma A.7. Let D = R|t,t/m,t/7?,...] C K[t]. The commutative diagram

BKGm —— BRGm

T

Ox — [Spec(D) /G

18 cartesian and a pushout diagram in the category of algebraic stacks with affine
diagonal.

Proof. The proof is identical to the proof of Lemma A.4 using that D = R[t]; X g1y,
K[t]. d
Proof of Theorem A.5. By Lemma A.4, the triple (g, A, ¢) glues to a morphism
[Spec(D)/G,,] — X unique up to unique isomorphism. Writing D = J,, R[t/7"]
and using that X — S is locally of finitely presention, we have that for n > 0 the
map [Spec(D)/G,,] — X factors uniquely through [Spec(R[t/7"])/G,] to yield a
map [Spec(R[t/7"])/Gp] — X. O

A.2. Semistable reduction in GIT.

Theorem A.8. Let X be a noetherian algebraic stack with affine diagonal. Assume
that either (1) there is a good moduli space m: X — X or (2) X = [Spec(A)/ GL,]
and that the adequate moduli space 7: X — X = Spec(ASYN) is of finite type.
Given a DVR R with fraction field K and a commutative diagram

Spec(K) —— f)f
Spec(R) —— X

there exists an extension of DVRs R — R’ with K — K’ := Frac(R') finite
together with a morphism h: Spec(R') — X fitting into a commutative diagram

Spec(K') — Spec(K) —= X
| )
Spec(R') S Spec(R) —— X

such that h(0) € |X x x Spec(k’)| is a closed point, where ' is the residue field of
R.
Remark A.9. If R is universally Japanese (e.g. excellent), then it can be arranged

that R — R’ is finite.
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Remark A.10. It follows from the valuative criterion for universally closedness
([LMB, Thm. 7.3]) that there exists a lift Spec(R') — X with K — K’ a finitely
generated field extension. Even in the case that X = [Spec(A)/G] — Spec(AY) =
X with G linearly reductive and A finitely generated over a field, the above result
does not seem to appear in the literature.

Proof of Theorem A.8. Base changing by Spec(R) — X, we reduce to the case
that X = Spec(R). We are given a K-point zx € X(K) and after possibly a
finite extension of K (and a corresponding extension of R), the unique closed
point in 77! (7(xk)) is represented by a K-point 2. The closure {z’} is flat
over Spec(R) and it follows from [EGA, IV.17.16.2] that after a finite extension
of K, the morphism @ — Spec(R) has a section zr. Note that K-points zx
and z'; are isomorphic. By the Hilbert-Mumford criterion (Lemma 3.23), the
specialization i ~» zx can be realized by a morphism A: ©x — X after possibly
a further finite extension of K.

Restricting A to 0 yields a map BxG,,, — X. Since VU MapR(BR(Gm7 X) = X,
induced by precomposing with Spec(R) — BrG,,, satisfies the valuative criteria
for properness, BxG,, — X extends to a map g: BrG,, — X such that zg is
isomorphic to ¥(g). Since X — Spec(R) is finitely presented ([AHR15, Thm. A.1]),
Theorem A.5 implies that the maps A\: ©x — X and g: BrG,, — X glue to a
map [Spec(R[t/7"])/G.m] — X. Restricting this map to t/7"™ — 7 yields a lift
h: Spec(R) = X of zk.

Finally, if h(0) € |X.| is not closed, then after possibly a finite extension
of the residue field s, we may use the Hilbert—Mumford criterion to construct
a map 7: 0, — X, which realizes the specialization of h(0) to a closed point.
Corollary A.2 implies that after a finite extension of R, h and 7 extends to a
map STg — X. Restricting this map to s = t = /7 yields the desired extension
Spec(R[/7]) — X. O
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