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CHAPTER 1

Introduction

The moduli spaces of smooth projective curves of genus g > 2, and their com-
pactifications by the moduli space of stable projective curves of genus g are, quite
possibly, the most studied of all algebraic varieties.

The aim of this book is to generalize the moduli theory of curves to surfaces
and to higher dimensional varieties. In the introduction we start to outline how
this is done, and, more importantly, to explain why the answer for surfaces is much
more complicated than for curves. On the positive side, once we get the moduli
theory of surfaces right, the higher dimensional theory works the same.

Section 1.1 is a quick review of the history of moduli problems, culminating in
an outline of the basic moduli theory of curves. Section 1.2 introduces canonical
models, which are the basic objects of moduli theory in higher dimensions. Starting
from stable curves, Section 1.3 leads up to the definition of stable varieties, their
higher dimensional analogs. Then we show, by a series of examples, why flat families
of stable varieties are not the correct higher dimensional analogs of flat families of
stable curves. Finding the correct replacement has been one of the main difficulties
of the whole theory.

Next we give a collection of examples showing how easy it is to end up with
rather horrible moduli problems. Hypersurfaces are discussed in Section 1.4 and
alternate compactification of the moduli of curves in Section 1.5. Further interest-
ing examples are given in Section 1.6 while Section 1.7 illustrates the differences
between fine and coarse moduli spaces.

In Section 1.8 we recall the most important definitions and results about sin-
gularities that occur on stable varieties.

An overview of the moduli theory of higher dimensional varieties is given in
[Kol13b)].

1.1. Short history of moduli problems

Let V be a “reasonable” class of objects in algebraic geometry, for instance,
V could be all subvarieties of P™, all coherent sheaves on P", all smooth curves
or all projective varieties. The aim of the theory of moduli is to understand all
“reasonable” families of objects in V and to construct an algebraic variety (or
scheme, or algebraic space) whose points are in “natural” one-to-one correspondence
with the objects in V. If such a variety exists, we call it the moduli space of V and
denote it by Mv,. The simplest, classical examples are given by the theory of linear
systems and families of linear systems.

1.1 (Linear systems). Let X be a normal projective variety over an algebraically
closed field k£ and L a line bundle on X. The corresponding linear system is

LinSys(X, L) = {effective divisors D such that Ox (D) = L}.

5



6 1. INTRODUCTION

The objects in LinSys(X, L) are in natural one-to-one correspondence with the
points of the projective space ]P’(HO(X7 L)V) which is classically denoted by |L|.
Thus, for every effective divisors D such that Ox (D) = L there is a unique point
[D] € |L].

Moreover, this correspondence between divisors and points is given by a uni-
versal family of divisors over |L|. That is, there is an effective Cartier divisor
Univy, C |L| x X with projection 7 : Univy, — |L| such that

=~ ([D]) =D

for every effective divisor D linearly equivalent to L,

The classical literature never differentiates between the linear system as a set
and the linear system as a projective space. There are, indeed, few reasons to
distinguish them as long as we work over a fixed base field k. If, however, we pass
to a field extension K D k, the advantages of viewing |L| as a k-variety appear. For
any K D k, the set of effective divisors D defined over K such that Ox (D) = L
corresponds to the K-points of |L|. Thus the scheme theoretic version automatically
gives the right answer over every field.

1.2 (Jacobians of curves). Let C' be a smooth projective curve (or Riemann
surface) of genus g. As discovered by Abel and Jacobi, there is a variety Jac’(C) of
dimension g whose points are in natural one-to-one correspondence with degree 0
line bundles on C. As before, the correspondence is given by a universal line bundle
L™ — C'xJac?(C), called the Poincaré bundle, That is, for any point p € Jac’(C),
the restriction of L™V to C x {p} is the degree 0 line bundle corresponding to p.

A somewhat subtle point is that, unlike in (1.1), the universal line bundle L™V
is not unique (and need not exist if the base field is not algebraically closed). This
has to do with the fact that while a divisor D C X has no automorphisms fixing
X, any line bundle L — C has automorphisms that fix C: we can multiply every
fiber of L by the same nonzero constant.

1.3 (Chow varieties). Historically the next to emerge was the theory of Chow
varieties, though it is a rather difficult moduli problem. It was defined by [Cay62]
for curves in P3. See Section 3.1 for an outline, [HP47] for a classical introduction
and [Kol96, Secs.1.3—4] for a more recent treatment.

Let k be an algebraically closed field and X a normal, projective k-variety. Fix
a natural number m. An m-cycle on X is a finite, formal linear combination  a;Z;
where the Z; are irreducible, reduced subvarieties of dimension m and a; € Z. We
usually assume tacitly that all the Z; are distinct. An m-cycle is called effective if
a; > 0 for every 1.

Let Y C X be a closed subscheme of dimension m. Let Y; C Y be its m-
dimensional irreducible components, Z; := redY; and y; € Y; the generic point.
Let a; be the length of the Artin ring Oy, y,. We define the fundamental cycle of
Y as [Y]:=>_ a;Z;. Thus the fundamental cycle ignores lower dimensional associ-
ated primes and from the m-dimensional components it keeps only the underlying
reduced variety and the length at the generic points.

It turns out that there is a k-variety Chow,,(X), called the Chow variety of X
whose points are in “natural” one-to-one correspondence with the set of effective
m-~cycles on X. (Since we did not fix the degree of the cycles, Chow,,(X) is not
actually a variety but a countable disjoint union of projective, reduced k-schemes.)
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The point of Chow,,(X) corresponding to a cycle Z = > a;Z; is also usually
denoted by [Z].

As for linear systems, it is best to describe the “natural correspondence” by a
universal family. The situation is, however, more complicated than before.

There is a family (or rather an effective cycle) Univ,,(X) on Chow,,(X) x X
with projection 7 : Univ,,(X) — Chow,,(X) such that for every effective m-cycle
Z =3 a;7Z;

(1) the support of 77!([Z]) is 3 Z;, and
(2) the fundamental cycle of u~*([Z]) equals Z if a; = 1 for every i.

If the characteristic of k is 0, then the only problem in (2) is a clash between the
traditional cycle-theoretic definition of the Chow variety and the scheme-theoretic
definition of the fiber. It is easy to define a cycle-theoretic notion of fiber that
restores equality in (2) for every Z; see [Kol96, 1.3]. In positive characteristic the
situation is more problematic; a possible solution is described in [Kol96, I1.4].

The example of a “perfect” moduli problem is the theory of Hilbert schemes,
introduced in [Gro62b]. See [Mum66], [Kol96, 1.1-2] or [Ser06, Sec.4.3] for
detailed treatments and Section 3.1 for a summary.

1.4 (Hilbert schemes). Let k be an algebraically closed field and X a projective

k-scheme. Set
Hilb(X) = {closed subschemes of X}.

Then there is a k-scheme Hilb(X), called the Hilbert scheme of X whose points
are in a “natural” one-to-one correspondence with closed subschemes of X. The
point of Hilb(X) corresponding to a subscheme Y C X is frequently denoted by
[Y]. There is a universal family Univ(X) C Hilb(X) x X such that

(1) the first projection m : Univ(X) — Hilb(X) is flat, and

(2) 77 1([Y]) =Y for every closed subscheme Y C X.

The beauty of the Hilbert scheme is that it describes not just subschemes but
all flat families of subschemes as well. To see what this means, note that for any
morphism g : T'— Hilb(X), by pull-back we obtain a flat family of subschemes of
X parametrized by T

T X g, Hilb(X) UHIV(X) cTxX.
It turns out that every family is obtained this way:
(3) For every T and for every closed subscheme Zr C T x X that is flat and
proper over T, there is a unique g : T — Hilb(X) such that
Zp=T X g, Hilb(X) UHIV(X)

This takes us to the next, functorial approach to moduli problems.

1.5 (Hilbert functor and Hilbert scheme). Let X — S be a morphism of
schemes. Define the Hilbert functor of X/S as a functor that associates to a scheme
T — S the set

Hilbx ;s(T) = {subschemes Z C T xg X that are flat and proper over T'}.

The basic existence theorem of Hilbert schemes then says that, if X — S is quasi-
projective, there is a scheme Hilbx,g such that for any S scheme T,

Mlbx/s(T) = MOI‘S(T,Hﬂbx/S).
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Moreover, there is a universal family 7 : Univy,s — Hilby,g such that the above
isomorphism is given by pulling back the universal family.
We can summarize these results as follows

PRINCIPLE 1.6. 7 : Univyx,g — Hilbx,s contains all the information about
proper, flat families of subschemes of X/S and does it in the most succinct way.

This example leads us to a general definition:

DEFINITION 1.7 (Fine moduli spaces). Let V be a “reasonable” class of pro-
jective varieties (or schemes, or sheaves, or ...). In practice “reasonable” may mean
several restrictions, but for the definition we only need the following weak assump-
tion:

(1) Let K D k be a field extension. Then a k-variety Xy, is in V iff X =
X) Xgpeck Spec K is in V.
Following (1.5), define the corresponding moduli functor as

Flat families X — T such that
Varietiesy (T) := every fiber is in V, (1.7.2)
modulo isomorphisms over T

We say that a scheme Moduliy, or, more precisely, a flat morphism
u : Univy — Moduliy

is a fine moduli space for the functor Varietiesy if the following holds:
(3) For every scheme T, pulling back gives an equality

Varietiesy (T) = Mor( T, Moduliy ).

Applying the definition to T = Spec K, where K is a field, we see that ev-
ery fiber of u : Univy — Moduliy is in V and the K-points of the fine moduli
space Moduliy are in one-to-one correspondence with the K-isomorphism classes
of objects in V.

We consider the existence of a fine moduli space as the ideal possibility. Un-
fortunately, it is rarely achieved.

1.8 (Remarks on flatness). The definition (1.7) is very natural within our usual
framework of algebraic geometry, but it hides a very strong supposition:

Assumption 1.8.1. If V is a “reasonable” class then any flat family whose
fibers are in 'V is a “reasonable” family.

In Grothendieck’s foundations of algebraic geometry flatness is one of the cor-
nerstones and there are many “reasonable” classes for which flat families are indeed
the “reasonable” families. Nonetheless, (1.8.1) should not be viewed as self evident.

Even when the base of the family is a smooth curve, (1.8.1) needs arguing, but
the assumption is especially surprising when applied to families over non-reduced
schemes T'. Consider, for instance, the case when T is the spectrum of an Artinian
k-algebra. Then T has only one closed point t € T. A flat family p : X — T has
only one fiber X, and our only restriction is that X; be in our class V. Thus (1.8.1)
declares that we care only about X;. Once X; is in V, every flat deformation of X;
over T is automatically “reasonable.”

A crucial conceptual point in the moduli theory of higher dimensional varieties
is the realization that in (1.7) flatness of the map X — T is not enough: allowing
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all flat families whose fibers are in a “reasonable” class leads to the wrong moduli
problem. Problems arise even for families of surfaces over smooth curves.

The difficulty of working out the correct concept has been one of the main
stumbling blocks of the general theory.

Next we see what happens with the simplest case, for smooth curves of fixed
genus.

1.9 (Moduli functor and moduli space of smooth curves). Following (1.7) we
define the moduli functor of smooth curves of genus g as

Smooth, proper families S — T,
Curvesy(T) := { every fiber is a curve of genus g,
modulo isomorphisms over T'.

It turns out that there is no fine moduli space for curves of genus g. Every curve
C with nontrivial automorphisms causes problems; there can not be any point [C]
corresponding to it in a fine moduli space. Actually, problems arise already when
V consist of a single curve! See Section 1.7 for such examples.

It has been, however, understood for a long time that there is some kind of an
object, denoted by My, and called the coarse moduli space (or simply moduli space)
of curves of genus g that comes close to being a fine moduli space:

(1) For any algebraically closed field k, the k-points of M, are in a “natural”
one-to-one correspondence with isomorphism classes of smooth curves of
genus g defined over k. Let us denote the correspondence by C' — [C] €
M.

(2) For any family of smooth genus g curves h : S — T there is a “moduli
map” mpr @ T — Mg such that for every geometric point p € T, the

image my, (p) is the point corresponding to the fiber [h=1(p)].

For elliptic curves we get M; = A' and the moduli map is given by the j-
invariant, as was known to Euler and Lagrange. They also knew that there is no
universal family over M;. The theory of Abelian integrals due to Abel, Jacobi
and Riemann does essentially the same for all curves, though in this case a clear
moduli theoretic interpretation seems to have been done only later [?]. For smooth
plane curves, and more generally for smooth hypersurfaces in any dimension, the
invariant theory of Hilbert produces coarse moduli spaces. Still, a precise definition
and proof of existence of M, appeared only in [Tei44] in the analytic case and in
[Mum65] in the algebraic case. See [AJP16] for a historical account.

1.10 (Coarse moduli spaces). Asin (1.7), let V be a “reasonable” class. When
there is no fine moduli space, we still can ask for a scheme that best approximates
its properties.

We look for schemes M for which there is a natural transformation of functors

T : Varieties g(x) — Mor(*, M).

Such schemes certainly exist, for instance, if we work over a field k then we can
take M = Speck. All schemes M for which T); exists form an inverse system
which is closed under fiber products. Thus, as long as we are not unlucky, there is
a universal (or largest) scheme with this property. Though it is not usually done,
it should be called the categorical moduli space.
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This object can be rather useless in general. For instance, fix n,d and let H,, 4
be the class of all hypersurfaces of degree d in IE”ZH up to isomorphisms. It is easy
to see (cf. (1.52)) that a categorical moduli space exists and it is Spec k.

To get something more like a fine moduli space, we require that it give a one-to-
one parametrization, at least set theoretically. Thus we say that a scheme Moduliv
is a coarse moduli space for V if the following hold.

(1) There is a natural transformation of functors
ModMap : Varietiesy (x) — Mor(*, Moduliy ),

(2) Moduliy is universal satisfying (1), and
(3) for any algebraically closed field K D k,

ModMap : Varietiesy (Spec K ) —» Mor(Spec K , Moduliy) = Moduliy (K)
is an isomorphism (of sets).

1.11 (Moduli functors versus moduli spaces). While much of the early work on
moduli, especially since [Mlum65], put the emphasis on the construction of fine or
coarse moduli spaces, recently the emphasis shifted towards the study of the families
of varieties, that is towards moduli functors and moduli stacks. The main task is
to understand what kind of objects form “nice” families. Once a good concept
of “nice families” is established, the existence of a coarse moduli space should be
nearly automatic. The coarse moduli space is not the fundamental object any
longer, rather it is only a convenient way to keep track of certain information that
is only latent in the moduli functor or moduli stack.

1.12 (Compactifying M). While the basic theory of algebraic geometry is local,
that is, it concerns affine varieties, most really interesting and important objects
in algebraic geometry and its applications are global, that is, projective or at least
proper.

The moduli spaces M, are not compact, in fact the moduli functor of smooth
curves discussed so far has a definitely local flavor. Most naturally occurring smooth
families of curves live over affine schemes, and it is not obvious how to write down
any family of smooth curves over a projective base. For many reasons it is useful to
find geometrically meaningful compactifications of My. The answer to this situation
is to allow not just smooth curves but also singular curves in our families.

Concentrating on 1-parameter families, the main question is the following:

(1.12.1) Let B be a smooth curve, B® C B an open subset and 7°: S° — B° a
smooth family of genus g curves. Find a “natural” extension

S0 c S
70| s
BY c B,

where w: S — B is a flat family of (possibly singular) curves.
We would like the extension to be unique and behave well with respect to
pulling back families over curves and for families over higher dimensional bases.
The answer, proposed in [DM69] has been so successful that it is hard to
imagine a time when it was not the “obvious” solution. Let us first review the
definition of [DM69]. In Section 1.4 we see, by examples, why this concept has
not been so obvious.
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DEFINITION 1.13 (Stable curve). A stable curve over an algebraically closed
field k is a proper, connected k-curve C such that the following hold:

(Local property) The only singularities of C' are ordinary nodes.
(Global property) The canonical (or dualizing) sheaf w¢e is ample.

A stable curve over a scheme T is a flat, proper morphism 7 : S — T such that
every geometric fiber of 7 is a stable curve. (The arithmetic genus of the fibers
is a locally constant function on 7', but we usually also tacitly assume that it is
constant. )

The moduli functor of stable curves of genus g is

MQ(T) — { Stable curves of genus g over T, }

modulo isomorphisms over 7.

THEOREM 1.14. [DMG69] For every g > 2, the moduli functor of stable curves
of genus g has a coarse moduli space M. Moreover, My is projective, normal, has
only quotient singularities and contains My as an open dense subset.

M, has a rich and intriguing intrinsic geometry which is related to major ques-
tions in many branches of mathematics and theoretical physics; see [FM13] for a
collection of surveys.

1.15 (Moduli for varieties of general type).

The aim of this book is to use the moduli of stable curves as guideline, and
develop a moduli theory for varieties of general type. (For the non-general type
case, see (1.23).)

In some sense, this is a hopeless task since higher dimensional varieties are much
more complicated than curves. For instance, even for smooth surfaces with ample
canonical class, the moduli spaces can have arbitrarily complicated singularities
and scheme structures [Vak06]. Thus we approach the question in four stages:

(1) Develop the correct higher dimensional analog of smooth, projective curves
of genus > 2.

(2) Following the example of stable curves, define the notion of “stable” va-
rieties in higher dimensions.

(3) Show that the functor of “stable” varieties with suitably fixed numerical
invariants gives a well behaved moduli functor/stack and has a projective
coarse moduli space.

(4) Show that, in many important cases, these moduli spaces are interesting
and useful objects.

Let us now see in some detail how these goals are accomplished.

1.16 (Higher dimensional analogs of smooth curves of genus > 2). It has been
understood since the beginnings of the theory of surfaces that, for surfaces of Ko-
daira dimension > 0, the correct moduli theory should be birational, not biregular.
That is, the points of the moduli space should correspond not to isomorphism
classes of surfaces but to birational equivalence classes of surfaces. There are two
ways to deal with this problem.

First, one can work with smooth families but consider two families equivalent
of there is a rational map between them that induces a birational equivalence on
every fiber. This seems rather complicated technically.

The second, much more useful method relies on the observation that every bi-
rational equivalence class of surfaces of Kodaira dimension > 0 contains a unique
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minimal model, that is, a smooth projective surface S™ whose canonical class is
nef. Therefore, one can work with families of minimal models, modulo isomor-
phisms. With the works of [Mum65, Art74] it became clear that, for surfaces of
general type, it is even better to work with the canonical model, which is a mildly
singular projective surface S¢ whose canonical class is ample. The resulting class of
singularities has been since established in all dimensions; they are called canonical
singularities (1.35). See Section 1.2 for details.

Principle 1.16.1. In moduli theory, the main objects of study are projective
varieties with ample canonical class and with canonical singularities.

The correct definition of the higher dimensional analogs of stable curves was
much less clear. An approach through geometric invariant theory was investigated
[Mum77], but never fully developed. In essence, the GIT approach starts with a
particular method of construction of moduli spaces and then tries to see for which
class of varieties does it work. The examples of [WX14] suggest that geomet-
ric invariant theory is unlikely to give a good compactification for the moduli of
surfaces.

A different framework was proposed in [KSB88]; see also [Ale96]. Instead of
building on geometric invariant theory, it focuses on 1-parameter families and uses
Mori’s program as its basic tool. Before we give the definition, it is very helpful
to go through a key step of the proof of (1.14) that establishes separatedness and
properness of ]\7[9. Keeping in mind the valuative criteria of separatedness and
properness (1.21.1-2.), we expect the difficulties to be essentially 1-dimensional.
This is the topic of the next theorem.

THEOREM 1.17 (Stable reduction for curves). Let B be a smooth curve, B® C B
an open subset and 70 : SO — B a flat family of genus g stable curves. Then there
s a finite surjection p: A — B such that there is a unique extension

SOxp A = T° C T
\ 79 17
Bxgp A =: A0 C A,

where w4 : T — A is a flat family of genus g stable curves.

1.18 (Outline of proof of (1.17)). Let us present the process in a way that
generalizes to higher dimensions.

Main case 1.18.1. The generic fiber of 7° : S — B? is smooth.

Step 1.1. Take any (possibly singular) projective surface S; D S such that 7°
extends to a morphism 7 : S; — B.

Step 1.2. Resolve the singularities of S; to obtain a smooth surface w5 : Sy — B
such that the reduced fibers of mo have only nodes as singularities.

Step 1.3. Run the relative minimal model program. That is, repeatedly con-
tract all smooth rational curves C C Sy that are contained in a fiber of 79 and have
negative intersection with the canonical class. The end result is w3 : S3 — B where
K, has non-negative degree on all curves contained in any fiber of 3.

Step 1.4. Take the relative canonical model. That is, contract all smooth
rational curves C' C S3 that are contained in a fiber of 73 and have zero intersection
with the canonical class. The end result is 74 : Sy — B where Kg, has positive
degree on all curves contained in any fiber of m3. Thus Kg, is relatively ample.
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Note that Sy is, in general, not smooth, but has very simple (so called Du Val)
singularities.

Step 1.5. Prove that 74 : S4 — B is the unique surface containing S° that has
Du Val singularities and relatively ample canonical class.

Step 1.6. In general, the fibers of m4 are not reduced and the construction of
Sy does not commute with base change p : A — B. However, if the fibers of o
are reduced, then the fibers of m4 are stable curves and the construction of S; does
commute with base change. (Assuming only that the fibers of 74 be reduced would
not be enough.)

Step 1.7. Show that if p : A — B is sufficiently ramified and 79 := S° x g A then
the analogously constructed T := T, — A satisfies the requirements of (1.17). (Just
to be concrete, in characteristic 0, the following ramification condition is sufficient:
For every a € A, the ramification index of p at a is divisible by the multiplicity of
every irreducible component of ;" (p(a)).)

Secondary case 1.18.2. The generic fiber of 7% : S — B is not normal.

Step 2.0. The generic fiber of 7° : S — B? has nodes, and, correspondingly,
5% has normal crossing singularities along a curve C° C S°. Let S° — S° be the
normalization and D° C SO the preimage of the double curve. We also keep track
of the involution 70 of the degree 2 cover D° — C°.

Steps 2.1-7. Run the analog of Steps 1.1-7 for S — B, with the difference of
using

(canonical class) + (birational transform of D)

everywhere instead of the canonical class. The end result is 77 : T — A with
Dr C T the curve corresponding to D°.

Step 2.8. Show that the involution 7° extends to an involution 7 on Dr.
Construct a new, non-normal surface o : T — T such that o is an isomorphism
outside Dy and we identify every point p € Dy with its image 77 (p).

1.19 (Higher dimensional analogs of stable curves of genus > 2). Now we can
state the main theses of [KSB88] about higher dimensional moduli problems:

Principle 1.19.1. In higher dimensions, we should follow the proof of the
Stable reduction theorem (1.17) as outlined in (1.18). The resulting fibers give the
right class of stable varieties.

Principle 1.19.2. Asin (1.13), a connected k-scheme X is stable iff it satisfies
the following two conditions:

(Local property) A restriction on the singularities of X (so-called “semi-log-
canonical” singularities).

(Global property) The canonical (or dualizing) sheaf wx is ample.

The definition of semi-log-canonical is not important for now (1.41), the key
point is that the only global restriction is the ampleness of wy.

In general, Step 1.1 of (1.18) is still easy and Step 1.2 uses Hironaka’s resolu-
tion of singularities. Steps 1.3—5 use Mori’s program, also called the minimal model
program. When [KSB88] was written, the relevant results were only known for
families of surfaces, but [BCHM10] and [HX13] take care of the higher dimen-
sional cases as well.



14 1. INTRODUCTION

Steps 1.6-7 need very little change. As a starting point one could use the
Semistable reduction theorem [KKMSDT73], but, as we see in Section 2.4, one can
get by without it.

Steps 2.0-8 of the secondary case have not been worked out earlier. Steps 2.0-7
mostly work as before; the relevant results of the minimal model program have been
established in [HX13].

Step 2.8 turned out to be unexpectedly subtle. It is closely related to some basic
questions concerning semi-log-canonical schemes. These were settled in [Kol16Db]
and a detailed treatment was given in [Kol13c, Chap.5].

An alternative way to approach this case would be to develop the minimal
model program for varieties with normal crossing singularities and apply it directly,
without normalizing in Step 2.0. Much of the background for such an approach is
worked out in [Fujl4]. However, it turns out that the minimal model program fails
already for surfaces with normal crossing singularities [Koll1c].

1.20 (Moduli functor of stable varieties). In the moduli theory of curves, we go
directly from the definition of stable curves over fields to the notion of stable curves
over an arbitrary base (1.13). By contrast, for surfaces and in higher dimensions,
a major difficulty remains. As we already mentioned in (1.8), not every flat family
of stable surfaces can be allowed in a “reasonable” moduli theory. Examples illus-
trating this are given in Section 1.3. We must restrict to families S — T" where the
Hilbert function of the fibers

X(St7 Os, (mKSt))

is independent of ¢ € T. The problem is that, for stable varieties, the canonical
class K need not be Cartier, and the sheaves Og, (mKg,) do not form a flat family
over T. It is actually quite difficult to define the right concept. Our final solution
of this problem is in Chapter 7?7.

1.21 (Good properties of moduli problems). Let V be a “reasonable” class
of varieties and Varietiesy the corresponding moduli functor. It is hard to pin
down exactly what “reasonable” should mean, but it seems nearly impossible to do
anything without the following assumption:

Representability 1.21.0. The functor Varietiesy is representable by a monomor-
phism (3.47) if for any flat morphism X — S there is a monomorphism Sy — S
such that for any ¢g : T — S, the pull-back X xg T — T is in Varietiesyv(T) iff g
factorsas g: T — Sv — S.

In many cases, Sy — S is an open embedding. For instance, being reduced,
normal or smooth are all open conditions. On the other hand, being a hyperelliptic
curve is not an open condition but it is a locally closed condition.

Representability also implies that membership in Varietiesy (T) can be tested
on O-dimensional subschemes of T, that is, on spectra of Artin rings. This is
the reason why formal deformation theory is such a powerful tool [I1171, Art76,
Ser06].

Assume for the moment that there is a coarse moduli space Moduliy. Our
next aim is to understand how to recognize properties of Moduliy in terms of the
functor Varietiesvy .

Let X be a scheme of finite type over a field k. By the valuative criterion of
separatedness, X is separated iff the following holds.
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Let B be a smooth curve over k and B® C B an open subset. Then a morphism
70: BY — X has at most one extension to 7 : B — X.

If X = Moduliy is a fine moduli space, then giving a morphism U — X is
equivalent to specifying a proper, flat family Vi; — U whose fibers are in V. Thus
the valuative criterion of separatedness translates to functors as follows:

Separatedness 1.21.1. The functor Varietiesy is separated iff for every smooth
curve B and every open subset B® C B, a proper, flat family 7° : V° — B° whose
fibers are in V has at most one extension to

Ve < Vv
7| I
BY Cc B,

where 7 : V — B is also a proper, flat family whose fibers are in V.

We obtain a similar translation of the valuative criterion of properness, but
here we have to pay attention to the difference between coarse and fine moduli
spaces.

Valuative criterion of properness 1.21.2. The functor Varietiesy satisfies the
valuative criterion of properness iff the following holds:

Let B be a smooth curve, B C B an open subset and 7° : V9 — BY a proper,
flat family whose fibers are in V. Then there is a finite surjection p : A — B such
that there is an extension

Vo XBA = WO C w
\ \ bma
Bxg A = A" C A,

where m4 : W — A is also a proper, flat family whose fibers are in V. (For functors
with a fine moduli space, we could take A = B, but otherwise a finite base change
may be needed.)

It is very convenient to roll these two concepts together. The resulting condition
is then exactly the general version of the Stable reduction theorem (1.17).

The valuative criterion of properness implies properness for schemes of finite
type, but not in general. The next condition is the functor version of finite type.
It ensures that we do not have too many objects to parametrize.

Boundedness 1.21.3. The class of schemes V is called bounded if there is a flat
morphism of schemes of finite type w : U — T such that for every algebraically
closed field K, every K-scheme in V occurs as a fiber of Ux — Tk. (Some authors
also assume that every fiber of u: U — T is in V.)

How important are these conditions? 1.21.4.

As we already noted, the assumption in this book is that representability
(1.21.0) is indispensable.

When separatedness (1.21.1) fails, it usually either fails very badly or it can be
restored by a judicious change of the definition; see Section 1.4 for such examples.
(Note, however, that most moduli functors of sheaves behave differently. They are
not separated but the notions of semi-stability and GIT quotients provide a good
method to deal with this. See [HL97] for details.)
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Properness (1.21.2) is considered a challenge: If a moduli functor does not
satisfy the valuative criterion of properness, we should try to enlarge the moduli
problem to a proper one.

Finally, boundedness (1.21.3) seems to come automatically, though it can be
very hard to prove that it holds. I do not know any natural moduli functor of pro-
jective varieties satisfying (1.21.1-2) with a coarse moduli space whose connected
components are not of finite type. (In the proper but non-projective setting this
can, however, happen. The Hilbert scheme of curves on the Hironaka 3-fold de-
scribed in [Har77, App.B.3.4.1] has a connected component with infinitely many
irreducible components, each proper. I do not know any natural moduli functor
with a coarse moduli space that has an irreducible component that is not of finite

type.)

1.22 (From the moduli functor to the moduli space). Starting with [Mum65]
and [Mat64], much effort was devoted to going from the moduli functor Varietiesy
to the moduli space Moduliy. In the quasi-projective setting, this was solved in
[Vie95], but the proofs are quite hard.

The construction of the moduli space as an algebraic space turns out to be
much easier, and the general quotient theorems of [Kol97, KM97] take care of it
completely, see also [Ols16].

Once we have a moduli space which is a proper algebraic space, one needs to
prove that it is projective. For surfaces this was done in [Kol90] and extended to
higher dimensions in [Fuj12] and [KP17].

1.23 (Moduli for varieties of non-general type).

In contrast with varieties of general type, the moduli theory for varieties of
non-general type is very complicated.

A general problem, illustrated by Abelian, elliptic and K3 surfaces is that a
typical deformation of such an algebraic surface over C is a non-algebraic complex
analytic surface. Thus any algebraic theory captures only a small part of the full
analytic deformation theory.

The moduli question for analytic surfaces has been studied, especially for com-
plex tori and K3 surfaces. In both cases it seems that one needs to add some extra
structure (for instance, fixing a basis in some topological homology group) in order
to get a sensible moduli space. (As an example of what could happen, note that
the 3-dimensional space of Kummer surfaces is dense in the 20-dimensional space
of all K3 surfaces, cf. [PSS71].)

Even if one restricts to the algebraic case, compactifying the moduli space
seems rather hopeless. Detailed studies of Abelian varieties and K3 surfaces show
that there are many different compactifications depending on additional choices,
see [ KKMSD73, AMRTT75].

It is only with the works of [Ale02] that a geometrically meaningful compact-
ification of the moduli of principally polarized Abelian varieties became available.
This relies on the observation that a pair (A4, ©) consisting of a principally polarized
Abelian variety A and its theta divisor © behaves as if it were a variety of general

type.
1.24 (Further problems). While we provide a solution to the basic general

questions of the moduli theory of varieties of general types, there are many unsolved
aspects. Some of the main ones are the following.
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Problem 1.24.1 (Positive characteristic). Most of our results work only in char-
acteristic 0. This is partly caused by the need for resolution of singularities and
minimal model theory. There are, however, many other difficulties that are un-
settled in positive characteristic. Even the correct definition of stable families is
problematic (1.43). The paper [Pat14] makes substantial progress on this.

Problem 1.24.2 (Boundedness). We show that in our moduli spaces, every
irreducible component is projective. It is much harder to rule out the possibility
of a connected component with infinitely many irreducible components. A solution
of this question follows from the deep results of [HMX14] that cover a series
of interesting conjectures on various numerical invariants satisfying the ascending
chain condition. A simpler proof would be very desirable.

Problem 1.24.3 (Effective results). Given a class of varieties of general type,
we do not have good general methods to decide which stable varieties occur on the
corresponding components of the moduli space. Even bounding basic numerical
invariants, for instance the number of irreducible components, seems very hard.
The methods in Section 77?7 provide an answer in principle, but it does not seem
feasible to work it out in practice, save in some very simple cases. A few results are
discussed in Section 7?77, but it would be very useful to get much more information.

Problem 1.24.4 (Fine moduli spaces). As we see, stable varieties have finite
automorphism groups, and we get a fine moduli space iff the identity is the only
automorphism; see Section 1.7. Hence the question: Is there a sensible way to
kill automorphisms by additional structures. For curves over C this is achieved by
introducing a “level m structure” for some m > 3, that is, by fixing an isomorphism
HY(C,Z/m) = (Z/m)?9. For smooth surfaces, similar topological invariants do not
seem to be sufficient, but a completely different approach may work.

Problem 1.24.5 (Applications). Many basic questions about smooth curves can
be solved by investigating an analogous problem on stable curves, whose geometry
is frequently much simpler. There are, so far, few such results in higher dimen-
sions. Some of these are discussed in Section ???. For example, [LP07, PPS09a,
PPS09b] use stable surfaces to construct new examples of smooth surfaces and
4-manifolds.

One problem is that it is not easy to write down stable degenerations, the other
is that the stable varieties themselves are rather complicated.

1.2. From smooth curves to canonical models

In the theory of curves, the basic objects are smooth projective curves. We
frequently study any other curve by relating it to smooth projective curves. This
is why the moduli functor/space of smooth curves is so important.

In higher dimensions, we define the moduli functor of smooth varieties as

Smooth(S) = { Smooth, proper families X — .5, }

modulo isomorphisms over S.

This, however, gives a rather badly behaved and mostly useless moduli functor
already for surfaces. First of all, it is very non-separated.

1.25 (Non-separatedness in the moduli of smooth surfaces of general type). We
construct two smooth families of projective surfaces f; : X* — B over a pointed
smooth curve b € B such that
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(1) all the fibers are smooth, projective surfaces of general type,
(2) X! — B and X2 — B are isomorphic over B\ {b},
(3) the fibers X} and X? are not isomorphic.

As the construction shows, this type of behavior happens every time we look
at deformations of a surface that contains at least three (—1)-curves.

Let f : X — B be a smooth family of projective surfaces over a smooth (affine)
pointed curve b € B. Let C1,Ca,Cs C X be three sections of f, all passing through
a point x, € X with independent tangent directions and are disjoint elsewhere.

Set X! := B¢, Bo, Be, X, where we first blow-up C3 C X, then the birational
transform of Cs in B, X and finally the birational transform of Cy in Be, Bo, X.
Similarly, set X? := B¢, Bo, B, X. Since the C; are sections, all these blow-ups
are smooth families of projective surfaces over B.

Over B\ {b} the curves C; are disjoint, thus X! and X? are both isomorphic
to Bey+cy+05 X, the blow-up of Cy + C2 + C5 C X.

We claim that, by contrast, the fibers of X bl and X, g are not isomorphic to each
other for a general choice of the Cj.

To see this, choose local analytic coordinates t at b € B and (z,y,t) at 2, € X.
The curves C; are defined by equations

C; = (# — a;t — (higher terms) = y — b;t — (higher terms) = 0).
The blow-up B¢, X is given by
Be, X = (u;(z — a;t — (higher terms)) = v;(y — b;t — (higher terms))) C X x P}, , .
On the fiber over b these give the same blow-up
By, (Xp) = (uz = vy) C X x Py,
Thus we see that the birational transform of C; intersects the central fiber (B¢, X)) =

B, (Xb) at the point

E - a; — a;
v o bj — bz
The fibers (BC2 Be, X ) b and (303 B, X ) , are isomorphic to each other since they

are obtained from B,, (Xb) by blowing up the same point

S {.rb} X IP}W.

U_CLQ—CL?, U_ag—CLQ
resp. ; = b3 _ b2 .
When we next blow up the birational transform of Cy on (B¢, Bc, X )b (resp. on
(BCSBC2X )b) this gives the blow-up of the point

v_ b2—b3

ap —as . ay — az
— resp. T
and these are different, unless C7 + C3 + Cj is locally planar at xy.

So far we have seen that the identity X, = X, does not extend to an isomor-
phism between the fibers X} and X7.

If X, is of general type, then Aut X, is finite, hence, to ensure that X} and X7
are not isomorphic, we need to avoid finitely many other possible coincidences in
(1.25.4).

The main reason, however, why we do not study the moduli functor of smooth
varieties up to isomorphism is that, in dimension two, smooth projective surfaces
do not form the smallest basic class. Given any smooth projective surface S, one

(1.25.4)
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can blow up any set of points Z C S to get another smooth projective surface BzS
which is very similar to S. Therefore, the basic object should be not a single smooth
projective surface but a whole birational equivalence class of smooth projective
surfaces. Thus it would be better to work with smooth, proper families X — S
modulo birational equivalence over S. That is, with the moduli functor

Smooth, proper families X — 5,
GenTypey,;,.(S) = every fiber is of general type, (1.25.5)
modulo birational equivalences over S.

In essence this is what we end up doing, but it is very cumbersome do deal with

birational equivalence over a base scheme. Nonetheless, working with birational
equivalence classes leads to a separated moduli functor.

PROPOSITION 1.26. Let f; : X' — B be two smooth families of projective
varieties over a smooth curve B. Assume that the generic fibers Xé(B) and XE(B)

are birational and the pluricanonical system |mKXi<B>| is nonempty for some m >
0. Then, for every b € B, the fibers X} and X? are birational.

Proof. Pick a birational map ¢ : X;(B) - Xi(B) and let I' ¢ X! xp X2 be
the closure of the graph of ¢. Let Y — I' be the normalization with projections
pi 1 Y — X°. Note that both of the p; are open embeddings on Y\ (Exp1 U Eng).
Thus if we prove that neither pq (EX p1 U Ex pg) nor po (EX p1 U Ex pg) contains a
fiber of fi or fo, then pyop; ™ : X' --» X? restricts to a birational map X} -+ X?
for every b € B. (Thus the fiber V3 contains an irreducible component that is the
graph of the birational map X! --» X7, but it may have other components too;
see (1.28.9).)

We use the canonical class to compare Exp; and Expy. Since the X' are
smooth,

Ky ~piKxi + E;, where E; > 0 and Supp E; = Exp;. (1.26.1)
Assume for simplicity that B is affine and let Bsme i
base locus. By assumption, |mei is not empty and since B is affine, BS|mez‘

does not contain any of the fibers of f;.
Every section of O(mKy) pulls back from X°¢, thus

) + Supp E;.

denote the set-theoretic

Bs|me| = pfl (Bs|mKX7¢

Comparing these for i = 1,2, we conclude that
prt (BS‘mel ’) + Supp E; = py* (Bs|mKXz |) + Supp Es.

Therefore,

p1 (Supp Eg) Cp (Supp El) + Bs|mKX1 |
Since E; is pi-exceptional, py (El) has codimension > 2 in X!, hence it does not
contain any of the fibers of f;. We saw that Bs|mKX1‘ does not contain any of
the fibers either. Thus p; (Ex p1 U Ex pg) does not contain any of the fibers and
similarly for py (EXp1 U Expg). O

REMARK 1.27. A result of [MIM64] says that, more generally, (1.26) holds as
long as the fibers X} are not birationally ruled, that is, not birational to a variety of
the form Z x P. The proof of [MIM64], relies on the study of exceptional divisors
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over a smooth variety; see [KSCO04, Sec.4.5] for an overview. Exceptional divisors
over a singular variety are much less understood. By contrast, the above proof
focuses on the role of the canonical class. It is worthwhile to go back and check
that the proof works if the X* are normal, as long as (1.26.1) holds; the latter is
essentially the definition of terminal singularities.

It is precisely the property (1.26.1) and its closely related variants that lead us
to the correct class of singular varieties for moduli purposes.

Since it is much harder to work with a whole equivalence class, it would be
desirable to find a particularly nice surface in every birational equivalence class.
This is achieved by the theory of minimal models of algebraic surfaces. By a result
of Enriques (cf. [BPV84, I11.4.5]), every birational equivalence class of surfaces S
contains a unique smooth projective surface whose canonical class is nef (that is,
has nonnegative degree on every effective curve), except when S contains a ruled
surface C' x P! for some curve C. This unique surface is called the minimal model
of S.

It would seem at first sight that (1.26) implies that the moduli functor of
minimal models is separated. There is, however, a quite subtle problem.

1.28 (Non-separatedness in the moduli of minimal models). We construct two
smooth families of projective surfaces f; : X* — B over a pointed smooth curve
b € B such that

(1) all the fibers are smooth, projective minimal models,
(2) X! = B and X? — B are isomorphic over B\ {b},
(3) the fibers X} and X7 are isomorphic, but

(4) X! - B and X? — B are not isomorphic.

While it is not clear from our construction, similar problems happen for any
smooth family of surfaces where the general fiber has ample canonical class and a
special fiber has nef (but not ample) canonical class, see [Art74, Bri68b, Rei80].

Let Xg = (f(acl,...,m) = 0) C P3 be a surface of degree n that has an
ordinary double point (10.44) at p = (0:0:0:1) as its sole singularity and contains
the pair of lines (z122 = 23 = 0). Let g be homogeneous of degree n — 1 such that
xff_l appears in it with nonzero coefficient. Consider the family of surfaces

X = (f(x1,...,24) +txzg(z1, ..., 24) = 0) C PI x A},

Note that X; is smooth for general ¢t ## 0 and X contains the pair of smooth surfaces
(xll‘z = X3 :0) )

For i = 1,2, let X' := B(,, 4,)X denote the blow-up of (z; = x3 = 0) with
induced morphisms 7; : X* = X and f; : X* = A'. There is a natural birational
map ¢ =7, om : X! --» X2, Let B,X denote the blow-up of p = ((0:0:0:1),0)
with exceptional divisor £ C B, X.

We claim that the following hold.

(5) The f; : X* — Al are projective families of surfaces which are smooth
over a neighborhood of (¢t = 0).

(6) For n > 5, the fibers X} have ample canonical class for ¢ # 0 and nef
canonical class for ¢t = 0.

(7) X' xx X? is isomorphic to B,X, hence it is smooth and irreducible.

(8) The map ¢ is an isomorphism over A! \ {0} but it is not an isomorphism
over 0.



1.2. FROM SMOOTH CURVES TO CANONICAL MODELS 21

(9) The fiber of X! x x X2 over (¢t = 0) has two irreducible components. One
of these components is the graph of an isomorphism X{¢ = X2. The other
component is F =2 P! x P!,

(10) Thus ¢ : X! --» X? is an isomorphism over A!\ {0}, the X? — A! have

isomorphic fibers over 0 € A!, but ¢ is not an isomorphism over A!.

(It is not hard to see that, for general choice of f and g, the X; have no birational
self-maps, thus the only possible isomorphism between X' and X? would be the
identity on X. Thus, by (6), in this case, X' and X? are not isomorphic to each
other.)

Note that (z; = x5 = 0) defines a Weil divisor in X which is Cartier outside
the point p. Thus all 3 blow-ups are isomorphisms over X \ {p}. This means that
all the above claims are local near p.

We prove the claims in (10.45) after choosing better local coordinates near p
that make all the assertions (5-10) transparent.

All such problems go away when the canonical class is ample.

PROPOSITION 1.29. Let f; : X' — B be two smooth families of projective
varieties over a smooth curve B. Assume that the canonical classes Kx: are f;-
ample. Let ¢ : X;(B) > le(B) be an isomorphism of the generic fibers.

Then ¢ extends to an isomorphism ® : X! = X2,

Proof. Let I' C X! x5 X2 be the closure of the graph of ¢. Let Y — I' be the
normalization, with projections p; : Y — X* and f 1Y — B. Asin (1.26), we use
the canonical class to compare the X?. Since the X* are smooth,

Ky ~piKx: + E; where F; is effective and p;-exceptional. (1.29.1)
Since (p;)«Oy (mE;) = Ox: for every m > 0, we get that
(fi)+Oxi(mKxi) = (fi)«(pi)«Oy (mp; Kx:) =
= (f)«(pi)+Oy (mp; Kxi + mE;) =
= (fi)«(pi)+«Oy (mKy) = [.Oy(mKy).

Since the Kx: are f;-ample, X* = Projpg Zmzo(fi)*oxi(mei). Putting these
together, we get the isomorphism

o X! Projg Zmzo(fl)*OXl(mel)
Projp 3,50 [+Oy (mKy)
Projp 3 ,50(f2):Ox2 (MK x>2) X2, O

REMARK 1.30. As in (1.27), it is again worthwhile to investigate the precise
assumptions behind the proof. The smoothness of the X7 is used only through the
pull-back formula (1.29.1), which is weaker than (1.26.1).

If (1.29.1) holds, then, even if the Kx: are not f;-ample, we obtain an isomor-
phism

Projp Z(f]_)*oxl<mKX1) =~ Projg Z(fz)*(’)Xz (mKx2). (1.30.1)

m>0 m>0

11111
11 1R

Thus it is of interest to study objects as in (1.30.1) in general.
Let us start with the absolute case, when X is a smooth projective variety over
a field k. Its canonical ring is the graded ring
R(X,Kx):=» H°(X,0x(mKx)).

m>0
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In some cases the canonical ring tells us very little about X. For instance, if X
is rational or Fano then R(X, Kx) is the base field k and if X is Calabi-Yau then
R(X, Kx) is isomorphic to the polynomial ring k[¢]. One should thus focus on the
cases when the canonical ring is large. The following theorem and the resulting
definition is due to [Iit71]. See [Laz04, Sec.2.1.C] for a detailed treatment.

THEOREM-DEFINITION 1.31. For a smooth projective variety X of dimension
n, the following are equivalent.

(1) h°(X,0x(mKx)) > €-m™ for some € >0 and m > 1.
(2) Proj R(X, Kx) has dimension n.
(3) The natural map X --» Proj R(X, Kx) is birational.

If these hold, then we say that X is of general type.

This enables us to find a distinguished variety in any birational equivalence
class.

DEFINITION 1.32 (Canonical models). Let X be a smooth projective variety
of general type over a field k& such that its canonical ring R(X, Kx) is finitely
generated. We define its canonical model as

X" .= Proj, R(X, Kx).

If Y is a smooth projective variety birational to X then Y is isomorphic to
Xcan Thus X" is also the canonical model of the whole birational equivalence
class containing X. (Taking Proj of a non-finitely generated ring may result in a
quite complicated scheme. It does not seem profitable to contemplate what would
happen in our case.)

Now we know [BCHM10] that the canonical ring R(X, Kx) is always finitely
generated, thus X" is a projective variety. On the other hand, X" can be
singular. Originally this was viewed as a major obstacle but now it seems only as
a technical problem.

DEFINITION 1.33 (Canonical class and canonical sheaf). Let X be a smooth
variety over a field k. As in [ShaT74, II1.6.3] or [Har77, p.180], the canonical
sheaf of X is wx = /\dimXQX/k. Any divisor D such that Ox (D) = wx is called
a canonical divisor. Their linear equivalence class is called the canonical class,
denoted by Kx. (Note that both books assume that X is nonsingular. However,
they tacitly assume that k is algebraically closed, hence nonsingularity implies
smoothness. The definition, however, works over any field k as long as X is smooth
over k.)

Let X be a normal variety over a perfect field k. Let j : X®™ <— X be the
inclusion of the locus of smooth points. Then X \ X®*™ has codimension > 2,
therefore, restriction from X to X°™ is a bijection on Weil divisors and on linear
equivalence classes of Weil divisors. Thus there is a unique linear equivalence class
Kx of Weil divisors on X such that Kx|xsm = Kxsm. It is called the canonical
class of X. In general, Kx does not contain any Cartier divisors.

The push-forward wx := j,wxsm is a rank 1 coherent sheaf on X, called the
canonical sheaf of X. The canonical sheaf wx agrees with the dualizing sheaf w%
as defined in [Har77, p.241]. (Note that [Har77] defines the dualizing sheaf only
if X is proper. In general, take a normal compactification X O X and use wg—(| X
instead. For more details, see [KIM98, Sec.5.5], [Har66] or [Con00].)
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With this definition in place, we can give the following abstract characterization
of canonical models.

THEOREM 1.34. A normal projective variety Y is a canonical model iff

(1) moKy is Cartier and ample for some my > 0, and
(2) there is a resolution f : X — Y (that is, a proper birational morphism
where X is smooth) and an effective, f-exceptional divisor E such that

moK x ~ f*(moKy) + E.

Proof. For now we prove only the “if” part since this is what we need for the
examples. For the converse, sece [Rei80] or [Koll3c, 1.15].

Note that for any r > 0, f,Ox (rE) = Oy since E is effective and f-exceptional.
Thus, by the projection formula,

HO(X, Ox(’l"mQKx))

HO(Y, f,Ox(rmoKx))
HO(Y, 0y (rmoKy) ® f.Ox(rE))
= HO(Y, Oy (rmoKy)).

Therefore

Projy., H°(X,0x(mKx)) = Proj> H"(X,0x(rmoKx))
= PronTHO(Y,Oy(rmOKy)) =Y 0O

This makes it possible to give a local definition of the singularities that occur
on canonical models.

DEFINITION 1.35. A normal variety Y has canonical singularities if

(1) moKy is Cartier for some mg > 0 and
(2) there is a resolution f : X — Y and an effective, f-exceptional divisor £
such that moKx ~ f*(moKy)+ E.
It is easy to show that this is independent of the resolution f : X — Y see
[Kol13c, 2.12]. (It is not hard to define canonical singularities without assuming
the existence of a resolution as in [Kol13c, Sec.2.1] or [Luo87].)

Equivalently, Y has canonical singularities iff every point y € Y has an étale
neighborhood which is an open subset on some canonical model.

As an example, consider the cone Cy(PP"™) over the Veronese embedding P" <
P(H°(P",0(d))). It is easy to compute that Cyq(P™) has a canonical singularity iff
d < n+1 and its canonical class is Cartier iff djn + 1. (See [Kol13c, 3.1] for the
case of general cones.)

DEFINITION 1.36 (Moduli of canonical models). The moduli functor of canon-
ical models is

Flat, proper families X — S,

CanMod(S) := ¢ every fiber is a canonical model, (1.36.1)
modulo isomorphisms over S.

This is an improved version of the birational moduli functor GenTypey;, (1.25.5).
Warning. In retrospect, it seems only by luck that this definition gives the
correct functor. See (1.43) and the examples after it.

By a theorem of [Siu98], in a smooth, proper family of varieties of general type
the canonical rings form a flat family and so do the canonical models. Thus there
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is a natural transformation Toannoeq Which, for any reduced scheme S gives a map
of sets

TcanMod (S) : GenTypey;-(S) — CanMod(S).

By definition, if X; — S are two smooth, proper families of varieties of general
type then Tcanmod(S)(X1) = TcanMoa(S)(X2) iff X; and X, are birational, thus
TcanMod(S) is injective. It is, however, not surjective, but we have the following
partial surjectivity statement.

Let Y — S be a flat family of canonical models. Then there is a dense open
subset S° C S and a smooth, proper family of varieties of general type Y° — S°
such that Tcanmod(S°)(Y?) = [Y|So].

1.3. From stable curves to stable varieties

Let C be a stable curve with normalized irreducible components C;. We fre-
quently view C' as an object assembled from the pieces C;. Note that the restriction
of we to C; is not wg,, rather we, (P;), where P; C C; are the preimages of the
nodes of C.

Similarly, if X is a scheme with simple normal crossing singularities and nor-
malized irreducible components X;, then the restriction of wx to X; is not wx;,
rather wx, (D;) where D; C X, is the preimage of Sing X on X;.

This suggests that we should develop a theory of “canonical models” where the
role of the canonical class is played by a divisor of the form Kx 4+ D where D is a
simple normal crossing divisor.

DEFINITION 1.37 (Canonical models of pairs). Let (X, D) be a pair consisting
of a smooth projective variety X and a simple normal crossing divisor D C X.
(That is, D = Y D; where the D; are distinct smooth divisors and all intersections
are transversal.) We define the canonical ring of the pair (X, D) as

R(X,Kx + D):= Y H°(X,0x(mKx +mD)).

m>0

It is conjectured (but known only for dim X < 4) that the canonical ring of a pair
(X, D) is finitely generated. If this holds then X" := Proj, R(X,Kx + D) is
a normal projective variety. Let D" C X" denote the image of D under the
natural birational map X --» X",

The pair (Xca“, Dcan) is called the canonical model of (X, D).

The proof of the “if” part of the following characterization goes exactly as in
(1.34).

THEOREM 1.38. A pair (Y, B), consisting of a proper normal variety Y and an
effective, reduced Weil divisor B, is the canonical model of a simple normal crossing
pair iff

(1) mo(Ky + B) is Cartier and ample for some mg > 0, and

(2) there is a resolution f : X —'Y, an effective, reduced simple normal cross-
ing divisor D C X such that f(D) = B and an effective, f-exceptional
divisor E such that

mo(Kx + D) ~ f*(mo(Ky + B)) + E.
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REMARK 1.39. Even if B = 0, the notion of log canonical model differs from
the notion of canonical model (1.34). To see this, let F; C X be the f-exceptional
divisors. If B = 0, in (1.38.2) we can still take D = Y F;. Thus (1.38.2) can be
rewritten as

moKx ~ f*(moKy) + E —mg ZFz
This looks like (1.34.2), but E — mg > F; need not be effective; it can contain
divisors with coefficients > —my.

This is the source of some terminological problems. Originally R(X, Kx + D)
was called the “log canonical ring” and Proj, R(X, Kx + D) the “log canonical
model.” Since the canonical ring is just the D = 0 special case of the “log canonical
ring,” it seems more convenient to drop the prefix “log.” However, log canonical
singularities are quite different from canonical singularities, so the “log” cannot be
omitted there.

See also (5.8) for other inconsistencies in the standard usage of “canonical
model.”

As in (1.35), this can be reformulated as a definition. (For now we assume
that every irreducible component of B appears in B with coefficient 1; later we also
consider cases when the coefficients are rational or real.)

DEFINITION 1.40. Let (Y, B) be a pair consisting of a normal variety Y and a
reduced Weil divisor B. Then (Y, B) is log canonical, or has log canonical singular-
ities iff the condition (1.38.2) is satisfied.

We are now ready to define the higher dimensional analogs of stable curves.

DEFINITION 1.41 (Stable varieties or semi-log-canonical models). Let k be a
field and Y a reduced, proper scheme over k. Let Y; — Y be the irreducible
components of the normalization of Y and D; C Y; the reduced preimage of the
non-normal locus of Y. Then Y is a semi-log-canonical model or a stable variety iff

(1) at codimension 1 points, Y is either smooth or has a node,

(2) each (Y;, D;) is log canonical, and

(3) wy, the canonical or dualizing sheaf of Y (1.33), is ample.
(See (1.83) or [Kol13c, 1.41] for the definition of a node in general. Implicit in
the definition is that the D; are divisors and that wy being ample makes sense; the
latter is a quite subtle condition. For now we only deal with examples where this
is clear.)

We can now state the two cornerstones of the moduli theory of varieties of
general type.

PRINCIPLE 1.42. Stable varieties are the correct higher dimensional analogs of
stable curves (1.13).

PRINCIPLE 1.43. Flat families of stable varieties X — T are the correct higher
dimensional analogs of flat families of stable curves (1.13) if the canonical sheaves
wx, are locally free, but not in general.

The correct analog will only be defined in Section 2.4 for 1-parameter families,
in Section 3.4 over reduced schemes and in Section 7?7 in general.

I hope that the explanations given so far make (1.42) quite believable. It is more
interesting to see examples that support the second assertion of (1.43). The simple
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fact is that basic numerical invariants, like the self intersection of the canonical
class or even the Kodaira dimension fail to be locally constant in flat families of
stable varieties, even when the singularities are quite mild. The rest of the section
is devoted to such examples.

Jump of K? and of the Kodaira dimension

We give examples of flat families of projective surfaces {S; : t € C} such that S;
has log canonical singularities for every ¢ (that is, the pair (S, 0) has log canonical
singularities for every t) but the self intersection of the canonical class th varies
with t. We also give examples where Kg, is ample for ¢ = 0 but not even big for
t # 0. In the examples the S; are smooth for ¢ # 0 and Sy has only quotient
singularities. Among log canonical singularities, the quotient singularities are the
mildest.

EXAMPLE 1.44 (Degree 4 surfaces in P%). It is easy to see that there are 2
families of nondegenerate degree 4 smooth surfaces in P°.

One family consists of Veronese surfaces P2 C P° embedded by O(2). The
general member of the other family is P! x P! C P® embedded by O(2,1), special
members are embeddings of the ruled surface Fy. The two families are distinct since

Klgz = 9 and Klglx]P’l = 8

For both of these surfaces, a smooth hyperplane section is a degree 4 rational normal
curve in P4,

For us the most interesting degree 4 singular surface in P? is the cone over the
degree 4 rational normal curve in P4; denote it by Ty C P?. The minimal resolution
of Ty is the ruled surface p: Fy — Ty. Let E, F C F4 be the exceptional curve and
the fiber of the ruling. Then Ky, = —2F — 6F and p*(2K1,) = —3E — 12F. Thus

2(Kr, + E) =p*(2Kp,) + E

shows that Ty has log canonical singularities. We also get that K. 20 =9.

A key feature is that one can write Ty as a limit of smooth surfaces in two
distinct ways, corresponding to the two ways of writing the degree 4 rational normal
curve in P as a hyperplane section of a surface. (See [Kol13c, 3.9] for a concrete
description of these deformations.)

From the first family, we get Ty as the special fiber of a flat family whose general
fiber is P2. This family is denoted by {7} : t € C}. From the second family, we get
To as the special fiber of a flat family whose general fiber is P! x P'. This family
is denoted by {T} : t € C}. (In general, one needs to worry about the possibility of
getting embedded points at the vertex. However, by [Kol13c, 3.10], in both cases
the special fiber is indeed Tj.)

Note that K? is constant in the family {7} : t € C} but jumps at ¢t = 0 in the
family {7} : t € C}.

These are, however, families of rational surfaces with negative canonical class,
and we are interested in stable varieties.

Next we take a suitable cyclic cover (1.88) of the two families to get similar
examples with ample canonical class.

EXAMPLE 1.45 (Jump of Kodaira dimension I).
We give examples of two flat families of projective surfaces S; and S; such that
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(1) Sp = S, has log canonical singularities and ample canonical class,
(2) S; is a smooth surface with ample canonical class for ¢ # 0, and
(3) S} is smooth and elliptic with K2; =0 for ¢t #0.

With Ty as in (1.44), let mp : Sy — To be a double cover, ramified along a
smooth quartic hypersurface section. Note that Kr, ~q —%H where H is the
hyperplane class. Thus, by the Hurwitz formula,

KSO ~Q WS(KTO + QH) ~Q %WSH

So Sy has ample canonical class and K?go = 2. Since mq is étale over the vertex of
To, Sp has 2 singular points, locally (in the analytic or étale topology) isomorphic
to the singularity on Ty. Thus Sy is a stable surface.

Both of the smoothings in (1.44) lift to smoothings of S.

From T, we get a smoothing S; where 7, : S; — P? is a double cover, ramified
along a smooth octic. Thus S; is smooth, Kg, ~g 7;Op2(1) is ample and K3 = 2.

From 7] we get a smoothing S; where 7, : S; — P! x P! is a double cover,
ramified along a smooth curve of bidegree (8,4). One of the families of lines on
P! x P! pulls back to an elliptic pencil on S} and K gwt, = 0. Thus S} is not of general
type for ¢ # 0.

EXAMPLE 1.46 (Jump of Kodaira dimension IT). A similar pair of examples is
obtained by working with triple covers ramified along a cubic hypersurface section.
The family over T; has ample canonical class and K? = 3. As before, the family
over T} is elliptic and so K2 = 0.

EXAMPLE 1.47 (Jump of Kodaira dimension IIT).
We construct a flat family of surfaces whose central fiber is the quotient of the
square of the Fermat cubic curve by Z/3:

Sp = (uf =0} +w}) x (uf = v +wd)/3(1,0,0;1,0,0), (1.47.1)

thus it has Kodaira dimension 0. The general fiber is P2 blown up at 12 points.

In P3 consider two lines L1 = (r9 = 21 = 0) and Ly = (v = 23 = 0). The
linear system |Op2(2)(—Ly — La)| is spanned by the 4 reducible quadrics @;z; for
i € {0,1} and j € {2,3}. They satisfy a relation (xoz2)(r123) = (Tox3)(x122).
Thus we get a morphism

7: B, 41,P? — P! x P!

which is a P!-bundle whose fibers are the birational transforms of lines that intersect
both of the L;.

Let S C P3 be a cubic surface such that p := SN (L; + L) is 6 distinct points.
Then we get g : BpS — P! x P

In general, none of the lines connecting 2 points of p is contained in .S. Thus
in this case wg is a finite triple cover.

At the other extreme we have the Fermat-type surface

Sp = (;Eg +a¥ = a3 —|—x§) C P3.
We can factor both sides and write its equation as mimsms = ninenz. The 9
lines L;; := (m; = n; = 0) are all contained in Sg. Let Li; C BpSr denote

their birational transforms. Then the self-intersections (Lj; - Lj;) equal —3 and
Tsy contracts these 9 curves L};. Thus the Stein factorization of 7s,, gives a triple
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cover Sj — P! x P! and S} has 9 singular points of type A%/%(1,1). We see
furthermore that

73KSF ~ ZUL” and - 3KBpSp ~ ZijL;j'

Thus —3Ks: ~ 0.
To see the two surfaces denoted by S} are isomorphic, use the map of the
surface (1.47.1) to P! x P! is given by

(u1:v1:w1) X (ugivg:ws) — (v1:wy) X (veiws)

and the rational map to the cubic surface given by

(ug:v1:w1) X (ugivgiws) — (v2u1u§:u1u§:vlu§:ug).

EXAMPLE 1.48 (Jump of Kodaira dimension IV). The previous examples are
quite typical in some sense. If Sy is any projective rational surface with quotient
singularities, then there is a flat family of surfaces {S;} such that S; is a smooth
rational surface for ¢ # 0.

To see this, take a minimal resolution S — Sy. Let H{, be the pull-back of
an ample Cartier divisor from Sp. Since S}, is a smooth rational surface, it can be
obtained from a minimal smooth rational surface by blowing up points. We can
deform S{ by moving these points into general position (and also deforming the
minimal smooth rational surface if necessary). Thus we see that if Sy is singular
then a general deformation S of S} is obtained by blowing up points in P? in
general position. One can see, (cf. [dF05, 2.4]) that every smooth rational curve
on S; with negative self-intersection is a (—1)-curve. In particular, none of the
exceptional curves of S, — Sp lift to S} hence H/ is ample for general ¢. As before,
we get a flat deformation {S;} such that S; = S; for ¢ # 0.

Many recent constructions of surfaces of general type start with a particular ra-
tional surface Sy with quotient singularities and show that it has a flat deformation
to a smooth surface with ample canonical class; see [LP07, PPS09a, PPS09b].
Thus such an Sy has flat deformations of general type and also flat deformations
that are rational.

EXAMPLE 1.49 (More rational surfaces with ample canonical class). [K0l08b,
Sec.5] Given natural numbers a1, ag, as, ag, consider the surface

a a a a
S = S(a1,a2,as,a4) := (27 22 + 25223 + x5° x4 + 2321 = 0) C P(wy, we, w3, wy),

where w} = a;410;420i+3 — @i120;43 + a;+3 — 1 (with indices modulo 4), and w; =
w;/ ged(wh, wh, wh, wh).

It is easy to see that S has only quotient singularities (at the 4 coordinate ver-
tices). It is proved in [Kol08b, Thm.39] that S is rational if ged(w), wh, w, w)) =
1. (By [Kol08b, 38], this happens with probability > 0.75.)

P(wy, ws, ws, wy) has isolated singularities iff the {w;} are pairwise relatively
prime. (It is easy to see that for 1 < a; < N, this happens for at least c- N*=€ of
the 4-tuples.) In this case the canonical class of S is

KS = (’)p(Hai —1- Zwl)|5

From this it is easy to see that if a1,a2,a3,as > 4 then Kg is ample and K%
converges to 1 as aq, as, as, ay — 00.
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1.4. Examples of bad moduli problems

The aim of this section is to present examples of quite reasonable looking moduli
problems that turn out to have rather bad properties.

Moduli of hypersurfaces.

The Chow and Hilbert functors describe families of hypersurfaces in a fixed
projective space P". For many purposes it is more natural to consider the moduli
functor of hypersurfaces modulo isomorphisms. We consider what kind of “moduli
spaces” one can obtain in various cases.

DEFINITION 1.50 (Hypersurfaces modulo linear isomorphisms).

Over an algebraically closed field k, we consider hypersurfaces X C P} where
X1, Xy C P} are considered isomorphic if there is an automorphism ¢ € Aut(P})
such that ¢(X;) = Xa. (One could also consider hypersurfaces modulo isomor-
phisms which do not necessarily extend to an isomorphism of the ambient projec-
tive space. It is easy to see that smooth hypersurfaces can have such nonlinear
isomorphisms only for (d,n) € {(3,2),(4,3)}. A smooth cubic curve in P? has an
infinite automorphism group, but only finitely many extend to an automorphism
of P2. Similarly, a smooth quartic surface in P? can have an infinite automorphism
group (see, for instance, (1.66)), but only finitely many extend to an automorphism
of P3. See also [SS17, Ogul6] for further interesting examples of isomorphisms of
smooth quartic surfaces in P3.

Over an arbitrary base scheme S, we consider pairs (X C P) where P/S is a
P"-bundle for some n and X C P is a closed subscheme, flat over S such that every
fiber is a hypersurface. There are two natural invariants, the dimension of P and
the degree of X. Thus for any given n,d we get a functor

Flat families X C P
HypSur,, 4(S) := { such that dimg P = n, deg X = d,
modulo isomorphisms over S.

One can also consider various subfunctors, for instance HypSurfﬁ%, HypSury, g™,
HypSurs®s ’HypSurif,d, or HypSury,'y where we allow only reduced (resp. normal,

n,d»
canonical, log canonical or smooth) hypersurfaces.

Our aim is to investigate what the “coarse moduli spaces” of these functors
look like. Our conclusion is that in many cases there can not be any scheme or
algebraic space that is a coarse moduli space; any “coarse moduli space” would
have to have very strange topology. Assume for simplicity that we work over an
infinite field.

Let HypSur, , be any subfunctor of HypSur, , and assume that it has a
coarse moduli space HypSury, ;. By definition, the set of k-points of HypSur, ;
is HypSur;, 4(Speck). We can also get some idea about the Zariski topology of
HypSur;, , using various families of hypersurfaces.

For instance, we can study the closure U of a subset U C HypSur;, ,(Speck)
using the following observation:

e Assume that there is a flat family of hypersurfaces 7 : X — S and a
dense open subset S° C S such that [X,] € U for every s € S°(k). Then
[Xs] € U for every s € S(k).
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Next we write down flat families of hypersurfaces 7 : X — A" in HypSur;, ; such
that for ¢t # 0 the fibers X; are isomorphic to each other but X is not isomorphic
to them. Such a family corresponds to a morphism 7 : A! — HypSur;, ; such that
(A \ {0}) = [X1] but 7({0}) = [Xo]. This implies that the point [X;] is not
closed and its closure contains [Xp)].

This is not very surprising in a scheme, but note that X; itself is defined over
our base field k, so [X1] is a k-point. On a k-scheme, k-points are closed. Thus we
can conclude that if there is any family as above, the moduli space HypSur}, ; can
not be a k-scheme or algebraic space.

The simplest way to get such families is by the following construction.

EXAMPLE 1.51 (Deformation to cones). Let f(zo,...,z,) be a homogeneous
polynomial of degree d and X := (f = 0) the corresponding hypersurface. For some
0 < ¢ < n consider the family of hypersurfaces

X = (f(x0,. s @iy tTip, ... txy) =0) C P" x A} (1.51.1)
with projection 7 : X — Ajf. If t # 0 then the substitution
zjr>x; forj<i,and x>t lz; forj>i

shows that the fiber X; is isomorphic to X. If ¢ = 0 then we get the cone over
XN(xigr1 ==z, =0):

XO:(f(x07"'7$i707~-~70>:0) CP”

Already these simple deformations show that various moduli spaces of hyper-
surfaces have very few closed points.

COROLLARY 1.52. The sole closed point of HypSur, , is [(z§ = 0)].

Proof. Take any X = (f = 0) C P". After a general change of coordinates, we
can assume that zd appears in f with nonzero coefficient. For i = 0 consider the
family (1.51.1).

Then X, = (zd = 0), hence [X] can not be closed point unless X = Xj. It is
quite easy to see that if X — S is a flat family of hypersurfaces whose generic fiber
is a d-fold plane, then every fiber is a d-fold plane. This shows that [(zd = 0)] is a
closed point. (|

COROLLARY 1.53. The only closed points of HypSurgfg are [(f(zo,x1) = 0)]
where f has no multiple roots.

Proof. If X is a reduced hypersurface of degree d, there is a line that intersects
it in d distinct points. We can assume that this is the line (x9 = -+ = x,, = 0).
For ¢ = 1 consider the family (1.51.1).

Then Xy = (f(xg,21,0,...,0) =0) where f(xo, 1) has d distinct roots. Since
Xy is reduced, we see that none of the other hypersurfaces correspond to closed
points.

It is not obvious that the points corresponding to (f(zo,1,0,...,0) = 0) are
closed, but this can be easily established by studying the moduli of d points in P!;
see [Mum65, Chap.3] or [Dol03, Sec.10.2]. O

A similar argument establishes the normal case:

norm

COROLLARY 1.54. The only closed points of HypSury",™ are [(f(xo,1,72) =
0)] where (f(zo,71,22) = 0) C P? is a smooth curve. O
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In the above examples the trouble comes from cones. Cones can be normal, but
they are very singular by other measures; they have a singular point whose multi-
plicity equals the degree of the variety. So one could hope that high multiplicity
points cause the problems. This is true to some extent as the next theorems and

examples show. For proofs see [Mum65, Sec.4.2], [Dol03, Sec.10.1], (??7) and
(727).

THEOREM 1.55. Fach of the following functors has a coarse moduli space which
1S a quasi-projective variety.

(1) The functor of smooth hypersurfaces HypSury’,.

(2) For d > n+ 1, the functor HypSury', of hypersurfaces with canonical
singularities.

(3) For d > n+1, the functor "HypSurlde of hypersurfaces with log canonical
singularities.

(4) For d > n + 1, the functor HypSur}E‘me“lt of those hypersurfaces that
have only points of multiplicity < niﬂ

ExaMPLE 1.56. Consider the family of even degree d hypersurfaces
(@87 419228 2l + -+ 2l = 0) CP" x AL
For t # 0 the substitution
(wo:wy:ma: - ) — (twort tayima: - 1),
transforms the equation of X; to
X = ((zﬁm+x’f/2)xf/2+$g+--~+x‘fb =0) Cc P

X has a single singular point which is at (1:0:---:0) and has multiplicity d/2.

For ¢t = 0 we obtain the hypersurface

Xo = (2§ a1 + 2§ + -+ 2 = 0),

X has 2 singular points of multiplicity d/2, hence it is not isomorphic to X.

Thus we conclude that [X] is not a closed point of the “moduli space” of those
hypersurfaces of degree d that have only points of multiplicity < d/2.

This is especially interesting when d < n since in this case X has canonical
singularities (1.35).

Thus we see that for d < n, the functor HypSury’, parametrizing hypersurfaces
with canonical singularities does not have a coarse moduli space. By contrast, for

d > n the coarse moduli scheme HypSury’), exists and is quasi-projective by (1.55).

Other non-separated examples.

The nonseparated examples produced so far all involved ruled or at least uni-
ruled varieties. Next we consider some examples of nonseparatedness where the
varieties are not uniruled. The bad behavior is due to the singularities and not to
the global structure.

EXAMPLE 1.57 (Double covers of P!). Let f(x,y) and g(z,y) be two cubic
forms without multiple roots, neither divisible by z or y. Consider 2 families of
curves

Si = (f(x1,y1)9(t*x1,m1) = 27) CP(1,1,3) x A and
Sy = (f (w2, ?y2)g(w2,y2) = 23) C P(1,1,3) x Al.
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Note that wg, /a1 is relatively ample and the general fiber of m : S; — Al is a
smooth curve of genus 2.

The central fibers are (f(z1,41)9(0,y1) = 27) resp. (f(z2,0)g(z2,y2) = 23).
By assumption ¢(0,41) = a1y and f(z2,0) = aszj where the a; # 0. Setting z; =
a}/ 2w1y1 and z9 = aé/ 2w2x2 gives the normalizations. Hence the central fibers are
elliptic curves with a cusp. Their normalization is isomorphic to ( flz1,y1)p = w%)
resp. (mgg(xg, Ya) = w%), and these are, in general, not isomorphic to each other.

This also shows that along the central fibers, the only singularities are at
(1:0:0;0) and at (0:1:0;0). Up to canceling units, the local equations are g(t2, ;) =
22 resp. f(wa,t?) = 2z3. (These are simple elliptic with minimal resolution a single
smooth elliptic curve of self intersection —1.) Hence the S; are normal surfaces,
each having 1 simple elliptic singular point.

Finally, the substitution
(1291 : 215t) = (zo 2 2y : 3200t)
transforms f(x1,y1)g9(t?z1,y1) — 27 into
f@a, Py2)g(Paa, tPy2) — 1925 = t°(f (a2, ty2)g(22, y2) — 23),
thus the two families are isomorphic over Al '\ {0}

EXAMPLE 1.58 (Limits of double covers of P?). Let a;(z,y) and b;(u,v) be
homogeneous forms of degree n. Consider 2 families of threefolds

X = (a1(z,y) + t2"b1 (u,v)) (az(z,y) + ba(u,v)) = w? C P(1*,n) x A!, and
X = (a1(z,y) + b1(u,v)) (t*"az(z, y) + bo(u,v)) = w? C P(1*,n) x AL,

Claim.

(1) For general a;,b;, the central fibers of the X; — A! are normal. Their
singularities are canonical iff n < 3, and log-canonical iff n < 4.

(2) The central fibers are of general type if n > 7, have Kodaira dimension 1
if n = 5,6 and are rationally connected if n < 4.

(3) The general fibers of X; — A! have only cA;-singularities and their canon-
ical class is trivial if n = 4 and ample if n > 5.

(4) The two families are isomorphic over A!\ {0} but not isomorphic over Al.

Proof. For general a;,b;, the surface S = (az(z,y) + ba(u,v) = 0) C P3 is
smooth and T := (a1 (z,y) = 0) has only transverse intersection with it away from
the line L := (x = y = 0). The central fiber X1 of X; — A! is the double cover
7 : X109 — P2 ramified along S UT. At a general point of L the function by (u,v) is
nonzero and the local equation of the double cover can be made into p? = a;(z,y).
At special points by can have simple zeros. Here the equation is p? = s - a1(z,y).

Let g : P’ := By P? — P3 denote the blow up with exceptional divisor E.
Let S’ C P’ denote the birational transform of S and 7' C P’ the birational
transform of T". Note that 7" is the union of n disjoint planes from the linear system
M = g*Ops(1)(—E)| and S’ + T’ + E is a snc divisor if the a;, b; are general. The
fiber product P’ xps X179 can be realized as a double cover X7, — P’ ramified along
S’ +T' + nE. This is not normal along E. Its normalization «’ : X' — X7, — P’
is again a double cover that ramifies along S’ +7’ + F if n is odd and along S’ +T"
if n is even. Since S’ + T’ + F is a snc divisor, X7, has only canonical singularities
(1.35). Let gx : X19 — X10 denote the induced morphism.
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The canonical classes of X1g and of X/, are computed by the Hurwitz formulas
Kx,y ~ 7 Ops(n—4) and Kx; ~ 7' (¢"Ops(n —4)(—|252] E)).

Thus we obtain that
Kxi ~gxKx,, — |"52]7"E.
This shows that Xy has canonical singularities if n < 3 and log canonical sin-
gularities if n = 4, proving (2). (Note that for n = 5 the formula gives Kx; ~
9% Kx,, — ' E, but n’ ramifies along E so n'"E is a divisor with multiplicity 2.)
Furthermore, if n > 7 then n — 5 > | 252, thus

9" Ops(n = 4)(=["52|E) D g"Ops (n — 4)(=(n = 5)E) = g"Ops (1) ((n — 5) M),

which shows that X1, is of general type.

If n = 5,6 then X}, has Kodaira dimension 1 and 7'*M is a pencil of K3
surfaces. For a general plane M in this pencil, we get a double cover ramified along
the quintic curve M N S plus the line L when n = 5. The ramification is along the
sextic curve M NS when n = 6.

The computations for the central fiber of Xy — A! are the same.

The general fibers of X; — A! are double covers of P3 ramified along two smooth
surfaces which intersect transversally. This gives the singularities (p?> = ¢r). The
Hurwitz formula computes the canonical class.

Finally, the substitution

(x:y:u:v:wt)— Pz 2y u:v: t"w;t)
transforms (a1 (z, y) + t2"b1 (v, v)) (a2(z, y) + ba(u,v)) — w? into

() ) o)+ ) -
= {20 ((al (z,y) + b1 (u,v)) (2 az (2, y) + ba(u,v)) — w2>.

Let us end our study of hypersurfaces with a different type of example. This
shows that the moduli problem for hypersurfaces usually includes smooth limits
that are not hypersurfaces. These pose no problem for the general theory, but they
show that it is not always easy to see what schemes one needs to include in a moduli
space.

EXAMPLE 1.59 (Smooth limits of hypersurfaces). [Mor75]

Fix integers a,b > 1 and n > 2. We construct a family of smooth n-folds
Xy such that X; is a smooth hypersurface of degree ab for t # 0 and Xj is not
isomorphic to a smooth hypersurface.

It is not known if similar examples exist for n > 3 and deg X a prime number.

Fix P(1"*! a) with coordinates o, ..., 7, 2. Let fa,gas be general homoge-
neous forms of degree a (resp. ab) in xg,...,x,. Consider the family of complete
intersections

X = (tz — fa(@o, .. x0) = 2° = gav(20, . . ., Tp) = O) c P(1"* ).
For t # 0 we can eliminate z to obtain a degree ab smooth hypersurface
X, = (fg(xo, ce oy Zn) = Jap(T0, - - - ,xn)) c prtt,

For t = 0 we see that Ox,(1) is not very ample but realizes X, as a b-fold cyclic
cover (1.88)
XO — (fa(l'o, .. ,,xn) — O) C PnJrl
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of a degree a smooth hypersurface. In particular, Xy is not isomorphic to a smooth
hypersurface.

1.5. Compactifications of M,

Here we consider what happens if we try define other compactifications of M.
First we give a complete study of a compactified moduli functor of genus 2 curves
that uses only irreducible curves.

Moduli of genus 2 curves.

DEFINITION 1.60. Let MY be the moduli functor of flat families of irreducible
curves of arithmetic genus 2 which are either

(1) smooth,

(2) nodal,

(3) rational with 2 cusps or

(4) rational with a triple point whose complete local ring is isomorphic to
Cllz,y, 2]/ (zy, yz, zx).

The aim of this subsection is to prove the following. (See [Mum65, Chap.3]
or [Dol03, Sec.10.2] for the relevant background on GIT quotients.)

PROPOSITION 1.61. Let MY™ be the moduli functor defined above. Then

(1) the coarse moduli space MI™ exists and equals the geometric invariant
theory quotient S°P!// Aut(P!), but
IT s a very bad moduli functor.
(2) My* y bad moduli funct

Proof. A smooth curve of genus 2 can be uniquely written as a double cover
7 : C — P!, ramified at 6 distinct points pi,...,ps € P!, up to automorphisms
of P'. Thus, M, is isomorphic to the space of 6 distinct points in P!, modulo the
action of Aut(P'). If some of the 6 points coincide, we get singular curves as double
covers.

It is easy to see the following (cf. [Mum65, Chap.3], [Dol03, Sec.10.2]).

(3) A point set is semi-stable iff it does not contain any point with multiplicity
> 4. Equivalently, if the corresponding genus 2 cover has only nodes and
cusps.

(4) The properly semistable point sets are of the form 3p; + pa + ps + pa
where the ps, p3, p4 are different from p; but may coincide with each other.
Equivalently, the corresponding genus 2 cover has at least one cusp.

(5) Point sets of the form 2p; + 2py + 2p3 where the pq, p2, ps are different
from each other give the only semistable case when the double cover is
reducible. It has two smooth rational components meeting each other at
3 points.

In the properly semistable case, generically the double cover is an elliptic curve
with a cusp over p;. As a special case we can have 3p; + 3po, giving as double
cover a rational curve with 2 cusps. Note that the curves of this type have a 1-
dimensional moduli (the cross ratio of the points pi, pa, p3, ps or the j-invariant of
the elliptic curve), but they all correspond to the same point in S°P!// Aut(P!).
(See (1.57) for an explicit construction.) Our definition (1.60) aims to remedy this
non-uniqueness by always taking the most degenerate case; a rational curve with 2
cusps (1.60.3).
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In case (5), write the reducible double cover as C' = C; + C5. The only obvious
candidate to get an irreducible curve is to contract one of the two components C;.
We get an irreducible rational curve; denote it by C]’- where j = 3 —i. Note that Cj’-
has one singular point which is analytically isomorphic to the 3 coordinate axes in
A3. The resulting singular rational curves C’ are isomorphic to each other. These
are listed in (1.60.4).

Let p: X — S be any flat family of irreducible, reduced curves of arithmetic
genus 2. The trace map (cf. [BPV84, II1.12.2]) shows that R'p,wx,s = Og. Thus,
by cohomology and base change (cf. [Har77, II1.12.11]), p.wx/g is locally free of
rank 2. Set P := Pg (p*wx/s). Then P is a P!-bundle over S and we have a
rational map 7 : X — P. If X, has only nodes and cusps, then wx, is locally free
and generated by global sections, thus 7 is a morphism along X.

If X, is as in (1.60.4), then wx, is not locally free and 7 is not defined at the
singular point. 7|x, is birational and the 3 local branches of X at the singular
point correspond to 3 points on P(H%(X,, wx,)).

The branch divisor of 7 is a degree 6 multisection of P — S, all of whose fibers
are stable point sets. Thus we have a natural transformation

MY (%) — Mor (*, S°P' // Aut(P")).
We have already seen that we get a bijection
MET(C) =2 (S5P*// Aut(P))(C).

Since S°P!// Aut(P!) is normal, we conclude that it is the coarse moduli space.
This completes the proof of (1.61.1).

The assertion (1.61.2) is more a personal opinion. There are 3 main things
“wrong” with the functor Mi™(x). Let us consider them one at a time.

1.61.6 (Stable reduction questions).

At the set-theoretic level, we have our moduli space Mi* = SSP!// Aut(P!),
but what about at the level of families?

The first indications are good. Let mp : Sgp — B be a stable family of genus
2 curves. Assume that no fiber has 2 smooth rational components. Let b; € B be
the points corresponding to fibers with 2 components of arithmetic genus 1. Let
p : A — B be a double cover ramified at the points b;. Consider the pull-back
family 74 : S4 — A. Set a; = p~'(b;) and let s; € 7,"(a;) be the separating node.
Since we took a ramified double cover, each s; € S4 is a double point. Thus if we
blow up every s;, the exceptional curve appears in the fiber with multiplicity 1.
We can now contract the birational transforms of the elliptic curves to get a family
where all these reducible fibers are replaced by a rational curve with 2 cusps. We
have proved the following analog of (1.17):

Lemma 1.61.6.1. Let 7w : .S — B be a stable family of genus 2 curves such that
no fiber has 2 smooth rational components. Then, after a suitable double cover
A — B, the pull-back S x g A is birational to another family where each reducible
fiber is replaced by a rational curve with 2 cusps. (I

This solved our problem for 1-parameter families, but, as it turns out, we
have problems over higher dimensional bases. In particular, there is no universal
family over any base scheme Y that finitely dominates S°P!// Aut(PP!), not even
locally in any neighborhood of the properly semistable point. Indeed, this would
give a proper, flat family of curves of arithmetic genus 2 over a 3-dimensional base
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7 : X — Y where only finitely many of the fibers (the ones over the unique properly
semistable point) have cusps. However, the next result shows that there is no such
family.

Proposition 1.61.6.2. Let w : X — Y be a proper, flat family of curves of
arithmetic genus 2. Assume that X is a rational curve with a cusp for some 0 € Y’
and that dimgY > 3. Then there is a curve 0 € C C Y such that X, has a cusp
for every y € C.

Proof. This follows from the deformation theory of the cusp which says that
every flat deformation of a cusp is induced by pull-back from the 2-parameter family

(P =2 4ur+v) C A2 xAZ
P {
A%, = AL
(See Section 10.5 or [Art76, AGZV85a, Har10] for introductions.)
Thus our family 7 gives an analytic morphism 7 : ¥ — A2 (defined in some
neighborhood of 0 € Y)) and C = 77%(0,0) C Y is the required curve along which
the fiber has a cusp. O

1.61.7 (Failure of representability).
Following (1.61.6.2), consider the universal deformation of the rational curve
with 2 cusps. This is given as

(22 = (2® + uzy? + vy®)(y® + syz® + t2?)) < P(1,1,3) x Al

uvst
pi {
4 _ 4
Auvst - Au'ust .

Let us work in a neighborhood of (0,0,0,0) € A* where the 2 factors 23 +uzy?+vy3
and y> + syx? + tz® have no common roots. There are 3 types of fibers of p.
i) p71(0,0,0,0) is a rational curve with 2 cusps.
ii) p~(a,b,0,0)and p~1(0,0, a, b) are irreducible with exactly 1 cusp if (a, b) #
0,0).

iii) 1(3‘1()a, b, ¢, d) is irreducible with at worst nodes otherwise.
Thus the curves that we allow in our moduli functor M¥* do not form a repre-
sentable family. Even worse, the subfamily

(22 = (&® +uzy® + vy®)y®) < P2(1,1,3) x Speck[[u, v]]
pi {
Spec k[[u, v]] = Spec k[[u, v]]

is not allowed in our moduli functor M*, but the family

(22 = (2% + uzy® + vy®) (y® + u"ya? +v"2?)) C P%*(1,1,3) x Speck[[u, ]|
pi 1
Spec k[[u, v]] = Spec k[[u, v]]

is allowed. Over Spec k[u,v]/(u™,v™) the two families are isomorphic. Since defor-
mation theory is essentially a study of families over Artin rings, this means that
the usual methods can not be applied to understand the functor My*.

1.61.8 (Unusual non-separatedness).
A quite different type of problem arises at the curve corresponding to 2p; +
2p2 + 2ps.
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Write the double cover as C' = Cy + Cs. As before, if we contract one of the
two components C;, we get an irreducible rational curve C} where 7 = 3 — i as in
(1.60.4).

Since the curves C] and C) are isomorphic, from the set-theoretic point of
view this is a good solution. However, as in (1.28), something strange happens
with families. Let p : S — A! be a family of stable curves whose central fiber
So = p~1(0) is isomorphic to C = C; + C3. We have two ways to construct
a family with an irreducible central fiber: contract either of the two irreducible
components C;. Thus we get two families

S T8, T AN with pyt(0) = O,

Over A\ {0} the two families are naturally isomorphic to S — Al  hence to
each other, yet this isomorphism does not extend to an isomorphism of S; and
So. Indeed, the closure of the graph of the resulting birational map is given by
the image (w1, m2) : S — 51 X 41 So. Thus the corresponding moduli functor is not
separated.

We claimed above that, by contrast, the coarse moduli space is Mo, hence
separated. A closer study reveals the source of this discrepancy: we have been
thinking of schemes instead of algebraic spaces. The occurrence of such problems
in moduli theory was first observed by [Art74]. The aim of the next paragraph is
to show how such examples arise.

1.61.9 (Bug-eyed covers). [Art74, Kol92a]

A non-separated scheme always has “extra” points. The typical example is
when we take two copies of a scheme X x {i} for i« = 0, 1, an open dense subscheme
U C X and glue U x {0} to U x {1} to get X ITyy X. The non-separatedness arises
from having 2 points in X Iy X for each point in X \ U.

By contrast, an algebraic space can be non-separated by having no extra points,
only extra tangent directions. The simplest example is the following.

On A} consider two equivalence relations. The first is Ry = A! given by

(tl = tg) @] (tl = —tg) C A%l X Atlz

Then A} /Ry =2 Al where u = ¢2.
The second is the étale equivalence relation Ry = Al given by

AV AL AL and ALY {0} BTV Al x AL

(Note that we take the disconnected union of the two components, instead of their
union as 2 lines in A! x A! intersecting at the origin.)

One can also obtain A} /Ry by taking the quotient of the nonseparated scheme
A1\ oy A" by the (fixed point free) involution that interchanges (¢,0) and (—t,1).

The morphism A} — A}l /Ry is étale, thus A} /Ry # A} /Ry. Nonetheless, there
is a natural morphism
which is one-to-one and onto on closed points. The difference between the 2 spaces
is seen by the tangent vectors at the origin. The tangent space of A}/Ry at the
origin is spanned by 9/0t while the tangent space of A} /R; at the origin is spanned
by

0 1 0

ou 2t ot
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Other compactifications of M,.

While M, has many compactifications besides Mg, it is only recently that a
systematic search begun for other geometrically meaningful examples. The papers
[Sch91, HH13, Smy13] contain many examples.

Our attempt to replace the moduli functor of stable curves of genus 2 with
another one that parametrizes only irreducible curves was not successful, but some
of the problems seemed to have arisen from the symmetry that forced us to make
artificial choices.

We can avoid such choices for other values of the genus using the following
observation.

Let m : S — B be a flat family of curves with smooth general fiber and re-
duced special fibers. If Cp := 771(b) is a singular fiber and Cy; are the irreducible
components of its normalization then

Zihl (Cbi7 chi) Cb7 Och) 1-— (Cb, ch) =1- X(Cgen, chen)
h1 Cyen 00, )

where Cyep, is the general smooth fiber. In particular, there can be at most 1
irreducible component with geometric genus > % 9(Cyen).

From this it is easy prove the following:

Let B be a smooth curve and S° — BY a smooth family of genus ¢ curves over
an open subset of B. Then there is at most one normal surface S — B extending S°
such that every fiber of S — B is irreducible and of geometric genus > %g(Cgen).

Moreover, if Sgq — B is a stable family extending S° and every fiber of
Sstap — B contains an irreducible curve of geometric genus > % 9(Cgen), then we
obtain S from Sg:qp by contracting all connected components of curves of geometric
genus < 39(Cyen) that are contained in the fibers. (It is not hard to show that
S — B exists, at least as an algebraic space.)

In fact, this way we obtain a partial compactification My C M ; such that

[l IA

(1) M ; parametrizes smoothable irreducible curves of arithmetic genus g and
geometric genus > %g.

(2) Let My, C My C M, be the largest open subset parametrizing curves that
contain an irreducible component of geometric genus > % g. Then there is
a natural morphism M — M.

So far so good, but, as we see next, we can not extend M, ; to a compactification
in a geometrically meaningful way. This happens for every g > 3; the following
example with g = 13 is given by simple equations.

This illustrates a general pattern: one can easily propose partial compactifica-
tions that work well for some families but lead to contradictions for some others.

ExAMPLE 1.62. Consider the surface F' := (CUS +y¥ 428 = u2) C P3(1,1,1,4)
and on it the curve C := F N (zyz = 0). C has 3 irreducible components C,, =
(x=0),Cy = (y =0),C. = (2 = 0) which are smooth curves of genus 3. C itself
has arithmetic genus 13.

We work with a 3-parameter family of deformations

T::(a:yz—ux3—vy —wz —O)CFXA?’

uvw

(1.62.1)

For general uvw # 0 the fiber of the projection m : T — A2 is a smooth curve of
genus 13. If one of the u, v, w is zero, then generically we get a curve with 2 nodes
hence with geometric genus 11.
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If two of the coordinates are zero, say v = w = 0, then we have a family
T, := (z(yz —ua®) = 0) C F x A},

For u # 0, the fiber Cy, 9,0 has 2 irreducible components. One is Cy, = (x = 0), the
other is (yz — tz? = 0) which is a smooth genus 7 curve.

Thus the proposed rule says that we should contract Cy; C C' 0.

Similarly, by working over the v and the w-axes, the rule tells us to contract
Cy C Copo forv#0and C, C Cp,y for w # 0.

It is easy to see that over A%\ {(0,0,0)} these contractions can be performed
(at least among algebraic spaces). Thus we obtain

T\ {x1(0,0,00} %  &°
Tl N (1.62.2)
AN{(0,0,00} = A%\ {(0,0,0)}

where 79 is flat with irreducible fibers.

Claim 1.62.3. There is no proper family of curves 7 : S — A3 that extends 79.
(We do not require 7 to be flat.)

Proof. Assume to the contrary that 7: S — A3 exists and let
rcr X A3 S

be the closure of the graph of p°. Since p” is a morphism on 7'\ {7 ~1(0,0,0)}, we see
that the first projection 7r; : I' — T is an isomorphism away from 7=1(0,0,0). Since
T x 43S — A% has 2-dimensional fibers, we conclude that dim 7, * (77_1(0, 0, O)) < 2.
T is, however, a smooth 4-fold, hence the exceptional set of any birational map to
T has pure dimension 3. Thus I' 2 T and so p° extends to a morphism p: T — S.
Now we see that the rule lands us in a contradiction over the origin (0,0, 0).
Here all 3 components C,Cy,C. C Cpoo = C should be contracted. This is
impossible to do since this would give that the central fiber of S — A2 is a point.

1.6. More unexpected examples

We start with an example showing that seemingly equivalent moduli problems
may lead to different moduli spaces.

ExAMPLE 1.63. We start with the moduli space P41 of n+ 1 points in C up
to translations. We can view such a point set as the zeros of a unique polynomial
of degree n + 1 whose leading term is z™T'. We can use a translation to kill the
coefficient of 2™ and the universal polynomial is then given by

2" pagar™ 4+ Gpt1-

Thus P,4+1 = C” with coordinates as, ..., an4+1-
Let us now look at those point sets where n of the points coincide. There are
2 ways to formulate this as a moduli problem:

(1) unordered point sets py, . .., p, € C where at least n of the points coincide,
up to translations, or

(2) unordered point sets po,...,p, € C plus a point ¢ € C such that p; = ¢
at least n-times, up to translations.
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If n > 2 then ¢ is uniquely determined by the points py,...,py, so it would seem
that the two formulations are equivalent. We claim, however, that the two versions
have non-isomorphic moduli spaces.
If the n-fold point is at ¢ then the corresponding polynomial is (z — )™ (z + nt).
By expanding it we get that
ai =t [(=)' () + (=1 'n(")] fori=2,..., ne1.

?

This shows that the space R, 1 C P,41 of polynomials with an n-fold root is a
cuspidal rational curve given as the image of the map

tr (o = 01 () + (D)7 ()] i =2 n 1),

So the moduli space Ry, 11 of the first variant (1) is a cuspidal rational curve.
By contrast, the space R,11 of the second variant (2) is a smooth rational
curve, the isomorphism is given by

(Pos---,pPniq) — g€ C.

Not surprisingly, the map that forgets the n-fold root gives 7 : R,,41 — R, 1 which
is the normalization map.

Next we have 2 examples of moduli functors that are not representable (1.21.0)
yet this does not cause any problems.

EXAMPLE 1.64. Let S C P? be a smooth surface of degree 4 with infinite
automorphism group (1.66). We claim that Zsotrivg(*), to be defined in (1.70), is
not representable.

Let S — W be the universal family of smooth degree 4 surfaces in P3. The
isomorphisms classes of the pairs (5, Og(1)) correspond to the Aut(P?)-orbits in W.
We see below that the fibers isomorphic to S form countably many Aut(P?)-orbits.
Thus Zsotrivg(*) is not representable.

For any g € AutS, g*Og(1) gives another embedding of S into P3. Two
such embedding are projectively equivalent iff ¢*Og(1) = Og(1), that is, when
g € Aut (S, 05(1)). The latter can be viewed as the group of automorphisms of P3
that map S to itself. Thus Aut(S, Og(1)) is a closed subscheme of the algebraic
variety Aut(P?) = PGL4. Since Aut S is discrete, this implies that Aut(S, Og(1))
is finite. Hence the fibers of S — W that are isomorphic to S lie over countably
many Aut(PP?)-orbits, corresponding to Aut .S/ Aut(S, Og(1)).

ExXAMPLE 1.65. We construct a smooth, proper family of surfaces X — C over
a smooth curve such that

(1) every fiber has nef canonical class,

(2) the generic fiber has ample canonical class,
(3) X — C is locally projective but

(4) X — C is not projective.

Start with hypersurfaces of degree d > 5 in P* that contain a fixed 2-plane L.
These hypersurfaces form a very ample linear system on the blow-up ByP?*, hence,
by the Lefschetz theorem, the class group of a general Y C P* is generated by L
and the hyperplane class H.

It is easy to see that a general Y has (d — 1)? ordinary double points as its
singularities and a general hyperplane containing L intersects Y in L + S where S
is also smooth.
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The singularities of Y can be resolved either by blowing up L or by blowing up
S (10.45). Either of these results in a projective variety, but next we mix these up.

Partition the set of ordinary double points into two nonempty subsets D1, Ds.
Let Y7 := Br(Y \ D2) and Y3 := Bg(Y \ D1). Both of these contain Y \ (D7 + D5)
as an open subset. By gluing them together, we get a proper variety Y*. We claim
that Y* is not projective.

Indeed, let E; C Y* be an exceptional curve mapping to a node in D;. Let
L* CY* (resp. H* C Y*) denote the birational transforms of L (resp. H). Then, as
in (10.45), L*-Eqy = 41, L*- Ey = —1 and H*- E; = 0. Thus no linear combination
al* + bH* has positive degree on both F; and F,. Since PicY™ is generated by
L* and H*, this implies that there is no ample divisor on Y*. Moreover, this also
shows that if X* — Y™ is a proper birational morphism that is an isomorphism
near F1 + Fs and X C X* is an open set that contains F; + E5, then X is not
quasi-projective.

It is now easy to construct a family of surfaces as required. Let H;, Hy C P*
be general hyperplanes and Y’ := By, nm,nyY the blow up. The pencil |H;, Hs|
defines a morphism f’ : Y’ — P!. Since the H; are general, we may assume that
there are finite sets By, By, Bo C P! such that the following holds

(5) for b & UB;, the fiber Y} is smooth,
(6) for b € By (resp. b € By), the fiber Y, has a single node which is at one
of the points of D; (resp. Ds).

Set X* : By, nm,ny Y™ and f*: X* — Y* — PL. Finally let C := P!\ By and
X = (f)"YC) c X* with f:= f*|x.

By the computations of (10.45), f : X — C' is smooth. By construction, f is
projective over C'\ B; for i = 1,2 but X itself is not quasi-projective.

The following examples are useful in various constructions.

EXAMPLE 1.66 (Surfaces with infinite discrete automorphism group). Let us
start with a smooth genus 1 curve E defined over a field K. Any point ¢ € E(K)
defines an involution 7, where 74(p) is the unique point such that p + 7,(p) ~ 2q.
(Equivalently, we can set ¢ as the origin, then 7,(p) = —p.) The first formulation
shows that if L/K is a quadratic extension, then any @ € E(L) also defines an
involution 7¢g where 7g(p) is the unique point such that p + 7o (p) ~ Q.

Given points ¢1,q2 € E(K), we see that p — 74, o 74, (p) is translation by
2¢1 — 2¢o. Similarly, given Q; € E(L;), p — g, o T, (p) is translation by Q1 — Qs.
Usually these translations have infinite order.

Let now g : S — C be a smooth, minimal, elliptic surface with generic fiber E
over k(C). By the above, any section or double section of g gives an involution of
S and two involutions usually generate an infinite group of automorphisms of S.

As a concrete example, let S C P? be a smooth quartic that contains 3 lines L;.
The pencil of planes through L, gives an elliptic fibration and Lo, L3 are sections.
Thus these K3 surfaces usually have an infinite automorphism group.

As another example, let S C P3 be a quartic with a double point p € S.
Projecting S from p exhibits the blow-up B,S as a double cover of P?, hence we
get a Galois involution 7,. If S has 2 nodes, the two involutions usually generate
an infinite group of automorphisms of the minimal resolution of S.
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1.7. Coarse and fine moduli spaces

As in (1.7), let 'V be a “reasonable” class of projective varieties (or schemes,
or ...) and Varietiesy the corresponding functor. The aim of this section is to
study the difference between coarse and fine moduli spaces, mostly through a few
examples. We are guided by the following:

PRINCIPLE 1.67. Let 'V be a “reasonable” class as above and assume that it has
a coarse moduli space Moduliy. Then Moduliy is a fine moduli space iff Aut(V')
is trivial for every V € V.

From the point of view of algebraic stacks, a precise version is given in [LIMBOO,
8.1.1]. Our construction of the moduli spaces in Section ?? also shows that this
principle is true for various moduli spaces of polarized varieties.

The rest of the section is devoted to some simple examples illustrating (1.67).
The direction = is rather easy to see if Aut(V') is finite for every V' € V, see (1.70.2).
However, (1.67) fails in some cases, as shown by (1.70.3). The direction < is subtler.
It again holds for polarized varieties but a precise version needs careful attention
to descent theory and the difference between schemes and algebraic spaces.

1.68 (Moduli of varieties without automorphisms). As above, let V be a “rea-
sonable” class of varieties with a coarse moduli space Moduliy. Let us make the
following

Assumption 1.68.1. Aut(V) = {1} is an open condition in flat families with
fibers in V.

If this holds then there is an open subscheme Moduli{i,gid C Moduliy that
is a coarse moduli space for varieties in V without automorphisms. By (1.67)
Moduli{i,gid should be a fine moduli space. In many important cases Moduli{i,gid is
dense in Moduliy, thus one can understand much about the coarse moduli space
Moduliy by studying the fine moduli space Moduli{i,gid.

Let X — S be a flat family with fibers in V and 7 : Aut(X/S) — S the scheme
representing automorphisms of the fibers; cf. [Kol96, 1.1.10]. If V satisfies the
valuative criterion of separatedness (1.21.1) then 7 is proper. Thus |Aut(V)| <
oo is an open condition. More careful attention to the scheme structure of the
automorphism groups shows that in fact Aut(V) = {1} is an open condition.

The following example, however, shows that (1.68.1) does not hold for all
smooth projective surfaces.

Ezample 1.68.2. Let S be a smooth projective surface such that G := Aut(S) =
(r) = Z/p has prime order > 3 and there is a 7-fixed point s € S such that the G
action on ]P’(TSS) is faithful.

For instance, if f(x,y,2) is a general homogeneous form of degree pd then we
can take S to be the degree p cyclic cover (up = f(x,vy, z)) C P3(1,1,1,d) and s to
be any branch point.

Take now a smooth (affine) curve s € C' C S such that the stabilizer of T,C C
T,S is trivial. For 0 < i < plet C; C S x C be the image of (71,1) : C — S x C.
By shrinking C' we may assume that the C; intersect only at (s, s).

Let Xo — S x C denote the blow up of Cy. The birational transforms C/ are
disjoint for 0 < ¢ < p. We can now blow up the C/ for 0 < i < p simultaneously to
obtain

m: X =>85xC—C.
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If ¢ # s then the fiber X, is obtained from S by blowing up the G-orbit of the
point ¢ € C' C S. Thus the G-action on §' lifts to a G-action on X..

For ¢ = s we get a fiber X which is obtained from S in two steps.

First we blow up s to get B;S with exceptional curve E C ByS. The G-action
on S lifts to a G-action on B;S. Second, we blow up the (p — 1) intersection
points E N C} for 0 < i < p but we do not blow up the point E N C{. There is
no G-orbit with p — 1 elements, thus the G-action on B,S does not lift to X, and
Aut(X,) = {1}.

Example 1.68.8. A similar jump of the automorphism group also happens for
Enriques surfaces. By the works of [BP83, Dol84, Kon86]|, the automorphism
group of a general Enriques surface is infinite, but there are special Enriques surfaces
with finite automorphism group.

Next we see what goes wrong in the presence of automorphisms. We start with
a concrete example.

EXAMPLE 1.69 (Moduli theory of the curve (2% = 2" — 1), L.).
A seemingly trivial, but actually quite subtle and revealing, example is the
moduli theory of the hyperelliptic curve C, given by a projective equation as

C = (2> =2"" —y*") C P*(1,1,n).

Let k be an algebraically closed field. Following the pattern of (1.9), as a first
approximation, our moduli functor should be

Smooth families S — T such that
Curvesc(T) := every fiber is isomorphic to C,
modulo isomorphisms over 7.

This is the right definition if T is reduced, but not otherwise, so for now we restrict
ourselves to reduced base schemes.

Since the k-points of the coarse moduli space are in one-to-one correspondence
with the k-isomorphism classes of objects, a coarse moduli space for Curvesc has a
unique k-point.

The only possible choice for the universal family is now

u: C — Speck.

Any k-scheme T has a unique morphism g : T' — Spec k and by pull-back we obtain
the trivial family

gu:CxT—=T.

It is easy to see, however, that for many schemes 7', there are other families in
Curvesc(T). Take, for instance, T = A* := Al \ {0} and consider the surface

St = (22 = 2" —ty®") CP*(1,1,n)0y. x A},

S} is smooth and the fibers of the projection m; : S — A* are smooth hyperelliptic
curves of genus n — 1. The substitution 3’ := %/t -y shows that each geometric
fiber is isomorphic to the curve C := (z2 = 2" — yQ") c P%(1,1,n). We claim,
however, that, for n > 3, the family m; : S — A* is different from the trivial family
mg : 83 := (C x A*) — A*. We can write the latter as

Sy = (22 =2 —y®") CP*(1,1,n)0y. X A},
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To see the difference note that a hyperelliptic curve (of genus > 2) has a unique
degree 2 map to PL. In our two families the corresponding maps are the coordinate
projection
P*(1,1,n)qy. X Af — PL, X A}
restricted to ST (resp. S3).
The branch curve of 57 — IP’}Cy x A} is the irreducible curve

B} = (z*" —ty®" =0) C P2, x A},
whereas the branch curve of S5 — Piy x A7 is the reducible curve
By = (2" —y”" =0) C P}, x A;.
Thus the two families are not isomorphic.

We also see that the two families become isomorphic after a finite and surjective
base change. Consider the substitution ¢ = u?". By pulling back S;, we get the
family

Ty = (2% = 2®" —u®"y?") CP*(1,1,n)4y. X AL
By setting y1 := uy, 17 becomes isomorphic to the trivial family
Ty = (22 =" — y%") CP2(1,1,1)0y,. X AL,
which is also obtained by pulling back the trivial family S5 to AY.
We can put these considerations in a somewhat more general setting as follows.

1.70 (Isotrivial families). Let X be a smooth projective variety over C and
assume for simplicity that Aut(X) is a discrete group. We are interested in the
functor, which to a reduced scheme T associates the set

Smooth families X — T such that
Isotrivx (T) := every fiber is isomorphic to X,
modulo isomorphisms over 7.
More precisely, we should distinguish between the algebraic and the complex ana-
lytic versions Isotm'v;‘gg (*) and Zsotrivy' (x). It turns out that allowing T to be a
complex analytic space is a minor difference, but allowing X to be complex analytic
creates a substantial change. Let us start complex analytically.

Lemma 1.70.1. Assume that Aut(X) is a discrete group. Then families in
TIsotrivy (T) are in one-to-one correspondence with the Aut(X)-conjugacy classes
of group homomorphisms Hom(m (T,t), Aut(X ))

Proof. Since Aut(X) is a discrete group, over any contractible subset of T' the
family has a unique trivialization. Thus, if we fix a point ¢ € T and an isomorphism
X =2 X, then the various families are classified by the monodromy representation

p:m(T,t) = Aut(X).
If we do not fix an isomorphism X; = X, then we have to work with conjugacy
classes of such homomorphisms. O
It is not hard to go from an analytic classification to an algebraic one.
Lemma 1.70.2. Notation and assumptions as above.

(1) Two such algebraic families X; — T are algebraically isomorphic iff they
are analytically isomorphic.
(2) X — T is projective iff the image of p is finite.
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(3) X — T is an algebraic space iff X — T is projective.

Proof. Assume that X; — T are algebraic and consider the scheme parametriz-
ing relative isomorphisms Isomyp(Xy,Xz2) (cf. [Kol96, Sec.I.1]). By our assump-
tions Isomyp (X1, X9) — T is étale, thus it has an algebraic section iff it has an
analytic section. This proves (1).

Assume that X — T, corresponding to p : m1 (7T, t) — Aut(X), is projective and
let L be a relatively ample divisor on X. Then ¢ (L|x) € H?*(X,Z) is invariant
under im p. For some d > 0, the Néron-Severi group NS(X) is generated by effective
divisors of degree < d (with respect to ¢; (L| X)) There are only finitely many such
divisor classes, hence a finite index subgroup of the image of p acts trivially on
NS(X). For any projective variety X, the subgroup Aut”(X) of Aut(X) that acts
trivially on NS(X) is an algebraic group (cf. [Kol96, 1.1.10.2]). Since Aut(X) is
assumed discrete, Aut” (X) is finite. Thus im p is finite, proving one direction of
(2).

Conversely, assume that G := im p is finite and let 7/ — T be the étale cover
corresponding to G. On the trivial family X x T” consider the action of G where we
act on T” by deck transformations and on X by p. The quotient X := (X x T’ ) /G
exists and is projective (cf. [Kol13c, 9.29]).

The proof of (3) is left to the reader; we will not use it. O

Corollary 1.70.3. Let X be a smooth projective variety over C such that
Aut(X) is a discrete group. Then X — Spec C is a fine moduli space for Zsotrivy (x)
iff Aut(X) = {1}

Proof. If Aut(X) # {1} then there is a nontrivial homomorphism Z — Aut(X).
This gives a locally trivial but globally nontrivial complex analytic family over C*
(or over any elliptic curve) that can not be the pull-back of X — Spec C. Conversely,
if Aut(X) = {1} then Zsotrivy (T) consists of the trivial family for any 7'

Corollary 1.70.4. Let X be a smooth projective variety over C such that

Aut(X) is discrete and torsion free. Then for any T, the trivial family X x T
gives the only algebraic family in Isotriv;}g( T). In particular, X — SpecC is a fine

moduli space for Zs’otriv";}g(*).

Proof. By our assumption, the only homomorphism p : 71 (7, ¢) — Aut(X) with
finite image is the trivial one. It corresponds to the trivial family X x T —T. O

The next construction gives such an example that is birational to an Abelian
surface.

Ezample 1.70.5. Let 0 € E be an elliptic curve such that End(0 € E) = Z,
(that is, without complex multiplication). Then the automorphism group of its
square is

Aut((0,0) € E x E) = GL(2,Z)
and the isomorphism is given by

( ) Z ) = [(@,y) = (az + by, cz + dy)].

C

Take 3 points P, = (0,0), P, = (22,0) and P; = (0, z3) where z3 € E is 3-torsion
and o € E is non-torsion. It is easy to see that {0} x E (resp. E x {0}) is the only
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elliptic curve in E x E that contains 2 of the points and their difference is torsion
(resp. non-torsion). Thus we conclude that

Aut(Pl—l—Pg—l—Pg,ExE):{((l) 3;” ) :mEZ}.

Let now X be the surface obtained from E x E by blowing up the 3 points P;.
Since the only rational curves on X are the 3 exceptional curves, we conclude that

Aut(X):Aut(P1+P2—|—P3,E><E)%Z

EXAMPLE 1.71 (Moduli theory of the curve (22 = 22" — 1), I1.).

Another reincarnation of the phenomenon observed in (1.69) occurs if we notice
that C is already defined over Q and we try to construct the moduli space as Spec Q.

Over an algebraically closed field, C' is isomorphic to any of the curves

Cop = (22 = az?" — by2") c P?(1,1,n) for a,b # 0.

Over other fields, however, the curves Cy;, need not be isomorphic. For instance,
over R, we can obtain (22 =g +y2") whose set of real points consists of 2 circles,
(32 = g2" — y2") whose set of real points consists of 1 circle and (z2 = 2" — yQ”)
whose set of real points is empty.

The situation is even worse over Q. For instance, as p runs through all prime
numbers, the curves Cy, = (22 = z2" — py2”) are pairwise non-isomorphic for
n > 4.

A simple way to see this is to note that the ramification locus of the projection
Cip — P;y is an isomorphism invariant of C,. In our case, the ramification locus is
the scheme Specg Q( 2{1/]5), and these fields are different from each other for different
values of p. For instance, the only ramified primes in Q( %/p)/Q are p and possibly
some divisors of 2n. Thus as p runs through the set of primes not dividing 2n, we
get pairwise non-isomorphic fields and hence non-isomorphic curves Cfp,.

1.72 (Field of moduli). Let X C P™ be a projective variety defined over some
large field, for example C. Any set of defining equations involves only finitely many
elements of C, thus X can be defined over a finitely generated subextension of C.
It is a natural question to ask: Is there a smallest subfield K C C such that X can
be defined by equations over K.

There are three variants for this question.

(1) Fix coordinates on P and view X as a specific subvariety. In this case a
smallest subfield exists; see [Weid6, Sec.I.7] or [KSCO04, Sec.3.4]. This is
a special case of the existence of Hilbert schemes (1.5).

(2) No embedding of X is fixed. Thus we are looking for a field K C C and a
K-variety Xx such that X & (Xg)c. We see in (1.75) that this may lead
to rather complicated behavior.

(3) As an intermediate choice, fix an embedding X < P” but do not fix the
coordinates on P". Equivalently, we work with a pair (X, L) where L is a
very ample line bundle on X. This is the question that we consider next.
Note that, if the canonical line bundle on X is ample or anti-ample, we
can harmlessly identify X with the pair (X, (’)X(mKX)) if mKx is very
ample. (There are two further natural variants of this approach. We may
decide not to distinguish between the pairs (X, L) and (X, L™) for m > 0
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or we may identify (X, L) and (X, L) if L is numerically equivalent to L’.
Both of these lead to minor technical differences only.)

How is this connected with moduli theory?

Let 'V be a class of varieties with a coarse moduli space Moduliy. Assume
that X € V can be defined by equations over a field K; that is, there is a K-
scheme X — Spec K whose geometric fiber is isomorphic to X. By the definition
of a coarse moduli space, this corresponds to a morphism Spec K — Moduliy.
In particular, we get an injection of the residue field of Moduliy at [X] into K.
Conversely, if Moduliy is a fine moduli space, then X can be defined over the
residue field of [X] € Moduliy. Thus we have proved the following:

Lemma 1.72.4. If Moduliy is a fine moduli space then the residue field of
Moduliy at [X] is the smallest field K such that X can be defined over K as in
(1.72.2). O

A consequence is that, for fine moduli spaces, the residue field of Moduliy at
[X] depends only on X and not on the choice of V.

In general, let us define the field of moduli of X as the (function field of) the
coarse moduli space of the functor Zsotrivx (%), where, generalizing the concept in
(1.70) from C to arbitrary fields, for any reduced scheme T we set

Smooth families X — T such that
Isotrivx (T) := { every geometric fiber is isomorphic to X,
modulo isomorphisms over 7.

As we see in (1.75), Zsotrivx (x) need not have a coarse moduli space. We thus
introduce the following variant. For a pair (X, L), where L is an ample line bundle
on X, set

Smooth families X — T plus a
relatively ample line bundle L such that
every geometric fiber is isomorphic to (X, L),
modulo isomorphisms over 7.

Tsotriv x, ) (T) :=

We see in Section 77 that Zsotriv x () has a coarse moduli space.
In order to avoid some problems with infinite Galois groups (1.75), the following
lemma is stated for number fields only.

Lemma 1.72.5. Let X be a smooth projective variety defined over a number
field L. For a field K the following are equivalent.

(1) The field of moduli of X is contained in K.

(2) There is a K-scheme T such that Zsotrivx (T) # 0.

(3) For any o € Gal(K/K), the variety X7 is isomorphic to X over K. (Here
X7 is obtained by applying o to a set of defining equations of X.)

Proof. The interesting part is (3) = (2). Choose a finite extension K(a)/K
such that L C K(«), where « is a root of a polynomial p(t) € K[t] of degree d. Let

fi(zo, ... xm) € K(a)[zo,...,xm] + 1=1,...,7

be defining equations of X (in some projective embedding) over K(«). Since
K(a) =K +aK +---+a% 'K, we can also think of the f; as

fi(aaan“wxm) € K[a,$0,...,$m],
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where deg,, fi; < d. Consider now the K-scheme
Y = (fl(t,xo,...,xm) == frlt,zo,...,zm) =p(t) = 0) C Pg x A%.

The second projection gives 7 : Y — Specy K[t]/(p(t)). One of the geometric
fibers of 7 is X7, the others are its conjugates X¢. If (3) holds then 7 : Yx —
Specy K(a) is an isotrivial family over the K-scheme Specy K (o), which shows
(2). O

In (1.74) we construct a hyperelliptic curve whose field of moduli is Q yet it
can not be defined over R. The first such examples are in [Ear71, Shi72].

1.73 (Field of moduli for hyperelliptic curves). Let A be a smooth hyperelliptic
curve of genus > 2. Over an algebraically closed field, A has a unique degree 2 map
to P!. Let B C P! be the branch locus, that is, a collection of 2¢g 4+ 2 points in P*.
If the base field k is not closed, then A has a unique degree 2 map to a smooth
genus 0 curve Q. (One can always think of Q as a conic in P2.) Thus A is defined
over a field k iff the pair (B C P!) can be defined over k.

The latter problem is especially transparent if A is defined over C and we want
to know if it is defined over R or if its field of moduli is contained in R.

Up to isomorphism, there are 2 real forms of P!. One is P!, corresponding to the
anti-holomorphic involution (x:y) — (Z:7), which, after a coordinate change, can
also be written as o1 : (z:y) — (7:Z). (In the latter form the real points form the
unit circle.) The other is the “empty” conic, corresponding to the anti-holomorphic
involution o9 : (x:y) — (—g:z). Thus (1.72.5) gives the following.

Lemma 1.73.1. Let A — P! be a smooth hyperelliptic curve of genus > 2 over
C and B C CP! the branch locus. Then

(1) A can be defined over R iff there is a g € Aut(CP') such that gB is
invariant under o; or os.
(2) The field of moduli of A is contained in R iff there is h € Aut(CP') such
that hB equals Bt or B72.
Note that if (§B)° = gB then B’ = (g")_lgB shows that (1) = (2). Con-
versely, if B = hB and we can write h = (g")_lg then (¢B)? = ¢gB.

ExaMPLE 1.74. Here is an example of a hyperelliptic curve C' whose field of
moduli is Q but C' can not be defined over R.
Pick a@ = a + ib where a, b are rational. Consider the hyperelliptic curve

Cla) i= (2 = (a8 = ") (2 — ay?) (aa® + ) = 0) € P*(1,1,6).
Its complex conjugate is
Cla):= <22 — (xs — ys) (x2 - o‘zyQ) (ax2 + y2) = 0) c P3(1,1,6).
Note that C(«) and C(@) are isomorphic, as shown by the substitution
(z,y,2) — (iy,z, 2).
In particular, over the Q-scheme Specg Q[t]/(t* + 1) we have a curve
C(a,b) := (z2 — (2® = %) (2 = (a + tb)y?) ((a — th)2* + y°) = 0) c P3(1,1,6)

whose geometric fibers are isomorphic to C(«). Thus the field of moduli of C'(«) is
Q by (1.72.5).
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We claim that, for sufficiently general a, b, the curve C(a)) can not be defined
over @, not even over R. By (1.73) we need to show that there is no anti-holomorphic
involution that maps the branch locus to itself. In the affine chart y # 0, the
ramification points of C'(a) — P! are:

(1) the 8th roots of unity corresponding to 2% — 8, and
(2) the 4 points £+, +i/3 where 32 = a.

The anti-holomorphic automorphisms of the Riemann sphere map circles to
circles. Out of our 12 points, the 8 roots of unity lie on the circle |z| = 1, but no
other 8 can lie on a circle. Thus any anti-holomorphic automorphism that maps
our configuration to itself, must fix the unit circle |z| = 1 and map the 8th roots of
unity to each other.

The only such anti-holomorphic involutions are

(3) Reflection on the line R - € where € is a 16th root of unity, and
(4) z—1/zZor z—~ —1/Z.
A short case analysis shows that C(«) is not isomorphic (over C) to a real curve,
as long as $'9 is not a positive real number.
The configuration depicted below shows 12 points pq,...,p12 on C that are
invariant under z — 4/Z but not invariant under any anti-holomorphic involution.

EXAMPLE 1.75. We give an example of a smooth projective surface S such that
if S is defined over a field extension K/C then trdeg K > 2 but the intersection of
all such fields of definition is C.

Let X be a smooth projective variety such that

(1) Aut(X) is an infinite discrete group whose general orbit is Zariski dense
in X and

(2) Aut(X) is generated by 2 finite subgroups Gy, Gs.
By (1.70.5), one such example is By(E x E), the blow up of the square of an elliptic
curve at a point. There are also K3 surfaces with infinite automorphism group that
is generated by 2 involutions (1.66).

Let A C X x X be the diagonal and, using one of the projections, consider the

family of smooth varieties

f:Y =BAX xX — X.

Note that Y — X is the universal family of the varieties of the form B, X for x € X.
This shows that f : Y — X can not be obtained by pull-back from any family over
a lower dimensional base.

In particular, if € X is general, then Aut(B,X) = Z/2 if X = Bo(E x E)
and Aut(B,X) =1 if X is a K3 surface. The action of Aut(X) lifts to the diagonal
action on Y.
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Let G C Aut(X) be a finite subgroup. There is an open subset Ug C X such
that G operates on Ug without fixed points. Thus f/G : Y/G — X/G is a family
of smooth varieties over Ug/G and Y|y, = Y/G xx/¢ Ug.

Let K = C(X) denote the function field of X. The variety we are interested in
is Yk, the generic fiber of Y — X. The above considerations show that Y can be
defined over C(X/G) = K¢ for every finite subgroup G' C Aut(X).

Note that K = C(X) is a function field of transcendence degree dim X over C
and so are the subfields K¢. On the other hand, the intersection K¢ N K2 is C.
Indeed, any function in K N K2 is constant on every Gi-orbit and also on every
Go-orbit. By assumption (2), it is also constant along every Aut(X)-orbit, hence
constant by assumption (1).

This phenomenon is also connected with the behavior of ample line bundles on
m; : Y = Y/G;. Although both of the Y/G; are projective, there are no ample line
bundles L; on Y/G; such that 77 Ly & 75 Lo.

1.8. Singularities of stable varieties

We recall the key definitions and results about singularities of stable varieties.
These are treated much more thoroughly in [Koll3c]. Here we aim to be con-
cise, discussing all that is necessary for the main results but leaving many details
untouched.

Singularities of pairs.

DEFINITION 1.76 (Pairs). We are primarily interested in pairs (X, A) where X
is a normal variety over a perfect field and A = > a; D; a formal linear combination
of prime divisors with rational coefficients. More generally, X can be a pure dimen-
sional, reduced scheme of finite type over a perfect field such that wx is locally free
outside a subset of codimension > 2 and A =Y a;D; a formal linear combination
of prime divisors such that none of the D; is contained in Sing X. (Even more
general scheme cases are discussed in [Koll3c, 2.4].)

DEFINITION 1.77 (Discrepancy). Let (X,A) be a pair as above such that
m(Kx + A) is Cartier for some m > 0.

Let f : Y — X be a (not necessarily proper) birational morphism from a
normal variety Y, E C Y the exceptional locus of f and F; C E the irreducible
exceptional divisors. Let fi!A := Y a;f.1D; denote the birational transform of
A. Since Y\ E = X \ f(FE), there is a natural isomorphism of invertible sheaves

IY\E wi! (mf ' A) e = f*(wE?” (mA))y\e- (1.77.1)
Thus there are rational numbers a(E;, X, A) such that m-a(E;, X, A) are integers,
and ty\ g extends to an isomorphism

vy oy (mf A 2 (W (mA)) (Xm - a(Bi, X, A)E). (1.77.2)

This defines a(E, X, A) for exceptional divisors. Set a(D, X, A) := — coeff p A for
non-exceptional divisors D C X.
The rational number a(E;, X, A) is called the discrepancy of E; with respect
to (X, A); it depends only on the valuation defined by E;, not on the choice of f.
Warning about terminology. For most cases of interest to us, a(E, X, A) > —1.
For this reason, some authors use log discrepancies, defined as

ar(E, X,A) :=1+a(E,X,A). (1.77.3)
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Most unfortunately, recently some people started to use a(E, X, A) to denote the
log discrepancy, creating ample opportunity for confusion.

DEFINITION 1.78. Let X be a normal variety of dimension > 2 and A =Y a;D
a Q-divisor with a; < 1. Assume that m(Kx + A) is Cartier for some m > 0. We
say that (X,A) is

terminal >0  for every exceptional E,
canonical >0  for every exceptional E,
klt . . > —1 for every E,
plt if a(E, X, A) is > —1 for every exceptional F,
alt > —1 if centerx E C non-snc(X, A),
le > —1 for every E.

Here kit is short for “Kawamata log terminal”, plt for “purely log terminal”,
dlt for “divisorial log terminal”, lc for “log canonical” and non-snc(X, A) denotes
the set of points where (X, A) is not a simple normal crossing pair [Kol13c, 1.7].

The simplest examples are given by cones, see (2.34) for some basic results.

CM properties.

Many of the divisorial sheaves on an lc pair are Cohen-Macaulay (CM for short).
[E1k81] proved that canonical singularities are rational. This was generalized by
several authors, the following variant is due to [KM98, 5.25] and [Fuj09, 4.14));
see also [Koll3c, 2.88].

THEOREM 1.79. Let (X,A) be a dlt pair over a field of characteristic 0, L a
Q-Cartier Z-divisor and D < |A| a reduced Z-divisor. Then
( ) OX 18 CM,
(2) Ox(~-D L) is CM,
(3) wx(D+ L) is CM and
(4) if D+ L is effective then Op., is CM. O

We will also need the following generalization; see [Koll1la] or [Kol13c, 7.31].

THEOREM 1.80. Let (X, A) be dlt, D a (not necessarily effective) Z-divisor and
A" < A an effective Q-divisor on X such that D ~g A’. Then Ox(—D) is CM.

If (X,A) is lc then frequently Ox is not CM. The following variant of the
above theorems, while much weaker, is quite useful. In increasing generality it was
proved by [Ale08, Fuj09, Kollla]; see [Koll3c, 7.20]. (Even stronger results
are proved in [AH12].) We state it for semi-log-canonical pairs—to be defined in
(1.85)—using the notion of log canonical centers (1.96).

THEOREM 1.81. Let (X, A) be slc and © € X a point that is not an lc center
(1.96). Let D be a Z-divisor such that none of the irreducible components of D are
contained in Sing X . Assume that there is an effective Q-divisor A" < A such that
D ~g A’. Then

(1) depth, Ox(—D) > min{3, codimx x} and
(2) depth, wx (D) > min{3, codimx x}.

Proof. The first claim is proved in [Koll3c, 7.20]. To get the second note
that, working locally, Kx + A ~g 0, thus —(Kx + D) ~g A— A’ and A — A’ <A
is effective. Thus, by the first part, wx (D) = Ox(—(—(Kx + D))) has depth
> min{3, codimx z}. O
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Taking D = 0 gives the following important special case, due to [Ale08].

COROLLARY 1.82. Let (X,A) be slc and x € X a point of codimension > 3
that is not an lc center. Then depth, Ox > 3 and depth, wx > 3. O

Semi-log-canonical pairs.

DEFINITION 1.83. Let (R,m) be a local k-algebra and chark # 2. We say
that Spec R has a node if R = (R/m)[[z,y]]/(z* — ay?) for some unit a € R. (See
[Kol13c, 1.41] for the definition of nodes in characteristic 2.)

As a very simple special case of (2.26) or of (10.43), all deformations of a node
can be obtained by pull-back from the diagram

(zy=0) C (ey+t=0) C A2 xA;
! ! ! (1.83.1)
0 e Al — AL

If the characteristic is 0 then all non-trivial deformations over A% are of the form

(zy=0) C (zy+t"=0) C Aﬁy x Al
! i 1 (1.83.2)
0 e Al = AL

Thus the total space has canonical singularities; more precisely, Du Val singularities
of type A (2.17).

DEFINITION 1.84. Recall that, by Serre’s criterion, a scheme X is normal iff
it is S9 and regular at all codimension 1 points. As a weakening of normality, a
scheme is called demi-normal if it is S5 and its codimension 1 points are either
regular points or nodes.

A 1-dimensional demi-normal variety is a curve C' with nodes. It can be thought
of as a smooth curve C (the normalization of C) together with pairs of points
pi,pi € C, obtained as the preimages of the nodes. Equivalently, we have the
nodal divisor D = >, pi+p,on C plus a fixed point free involution on D given by
T :ip; <> Dl

We aim to get a similar description for any demi-normal scheme X. Let 7 :
X — X denote the normalization and D C X the divisor obtained as the closure
of the nodes of X. Set D := 7~ 1(D) with reduced structure. Then D, D are the
conductors of m and the induced map D — D has degree 2 over the generic points.
This gives a rational involution on D which becomes a regular involution on the
normalization

7:D" — D" (1.84.1)

It is easy to see [Kol13c, 5.3] that a demi-normal scheme X is uniquely determined
by the triple

(X,D,7). (1.84.2)

However, it is surprising difficult to understand which triples ()_( . D, T) correspond
to demi-normal schemes. The solution of this problem in the log canonical case,
given in (1.94), is a key result for us.

Let X be a scheme and j : X° < X the largest open set that is demi-normal.
If the normalization = : X® — X is finite (for example, X is excellent) then
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7+Oxo N, Oxn is a coherent sheaf of algebras on X. Its spectrum over X is the
demi-normalization of X, frequently denoted by X9*. Thus we have a factorization

D G N e (1.84.3)
X is demi-normal and 7 is an isomorphism over X°.

Roughly speaking, the concept of semi-log-canonical is obtained by replacing
“normal” with “demi-normal” in the definition of log canonical (1.78).

DEFINITION 1.85. Let X be a demi-normal scheme with normalization 7 :
X — X and conductors D € X and D C X. Let A be an effective Q-divisor whose
support does not contain any irreducible component of D and A the divisorial part
of 771(A),
The pair (X, A) is called semi-log-canonical or slc if
(1) Kx + A is Q-Cartier, and
(2) one of the following equivalent conditions holds
(a) (X,D+A)isle, or
(b) a(E,X,A) > —1 for every exceptional divisor E over X.
Note that (2.b) is the exact analog of the definition of log canonical given in (1.78).
The equivalence of the conditions (2.a) and (2.b) is proved in [Kol13c, 5.10].

The discrepancy a(E, X, A) is not defined if Kx + A is not Q-Cartier, thus
(1.85.2.b) does not make sense unless (1.85.1) holds. By contrast, (1.85.2.a) makes
sense if K¢ + D + A is Q-Cartier, even if Kx + A is not.

Reid’s covering lemma.
This is a method to compare properties of a scheme with properties of its finite
ramified covers.

1.86 (Hurwitz formula). The main example is when 7 : Y — X is a finite,
separable morphism between normal varieties of the same dimension but we also
need the case when 7 : Y — X is a finite, separable morphism between demi-normal
varieties such that 7 is étale over the nodes of X. Then

Ky ~ R+ m*Kx, (1.86.1)

where R is the ramification divisor of w. If none of the ramification indices is
divisible by the characteristic then R = ) ,(e(D) — 1)D where e(D) denotes the
ramification index of 7 along the divisor D C Y.

Note that if 7 is quasi-étale, that is, étale outside a subset of codimension > 2,
then R =0, hence Ky ~ 1m*Kx.

1.87. Let m : Y — X be a finite, separable morphism as in (1.86) and Ax a
Q-divisor on X. Set

Ay = —-R+71"Ax. (1871)
With this choice, (1.86.1) gives that
Ky + Ay ~g m*(Kx 4+ Ax). (1.87.2)

Reid’s covering lemma compares the discrepancies of divisors over X and Y. For
precise forms see [Rei80], [KIM98, 5.20] or [Kol13c, 2.42-43]. We need the follow-
ing special cases.

Claim 1.87.3. Using the above notation, assume that Ax and Ay are both
effective and one of the following holds.
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(a) The characteristic is 0,
(b) 7 is Galois and deg 7 is not divisible by the residue characteristics, or
(c¢) degm is less than the residue characteristics.

Then (X, Ax) is kit (resp. lc or slc) iff (Y, Ay) is klt (resp. lc or slc). O
There are 2 cases when (1.87.3) especially simple.

Special case 1.87.4. If m is quasi-étale then Ay = 7*Ax, thus we compare
(X7 Ax) and (Y,W*Ax).

Special case 1.87.5. Let Dx be a reduced divisor on X such that 7 is étale
over X \ Dx. Set Dy :=redn*(Dx). Then Dy + R = 7*(Dx), thus we compare
(X,DX + Ax) and (Y, Dy + W*Ax).

We frequently use cyclic covers.

1.88 (Cyclic covers). See [KM98, 2.49-52] or [Kol13c, Sec.2.3] for details.

Let X be an Ss-scheme, L a rank 1 sheaf that is locally free in codimension
1 and s a section of L™, where, as usual, the bracket denotes that we take the
double dual of the usual tensor power. These data define a cyclic cover or u,, cover
m:Y — X such that

Oy = S L
and
Twy o = Homx (1. 0y, wx/c) = St Qwx/c,

where ® denotes the double dual of the usual tensor product. The morphism 7 is
étale over z € X iff L is locally free at x and s(z) # 0. Thus 7 is quasi-étale iff s
is a nowhere zero section, hence LM 2~ Oy.

Adjunction and the different.
Adjunction is a classical method that allows induction on the dimension by
lifting information from divisors to the ambient variety.

DEFINITION 1.89 (Poincaré residue map). Let X be a (pure dimensional) CM
scheme and S C X a subscheme of pure codimension 1. By applying Hom( ,wx)
to the exact sequence

0—=0x(—5)—=0x -0s—0
we get the short exact sequence
0= wy — wx(S) X wg — 0. (1.89.1)
The map Rs : wx(S)—wg is called the Poincaré residue map.
By taking tensor powers, we get maps
RE™ (wX(S))®m — wd™,

but, if m(Kx + 5) and mKg are Cartier for some m > 0 then we really would like
to get a corresponding map between the locally free sheaves

7 [m]

W (mS)| g =5 Wi, (1.89.2)

There is no such map in general and one needs a correction term.
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DEFINITION 1.90 (Different). Let X be a demi-normal variety over a perfect
field, S a reduced divisor on X and A a Q-divisor on X. We assume that there are
no coincidences, that is, the irreducible components of Supp S, Supp A and Sing X
are all different from each other. Let S — S denote the normalization.

Then there is a closed subscheme Z C S of codimension 1 such that S\ Z and
X \ Z are both smooth along S\ Z, 7 : (S\ 77 1Z) — (S\ Z) is an isomorphism
and SuppANS C Z.

Thus the Poincaré residue map (1.89) gives an isomorphism

(m]

Rz 7 (mS +mA) | 5\a-12) =2 w0l (5\am1)

Thus, if m(Kx + 9+ A) is Cartier then there is a unique (not necessarily effective)
divisor Ag on S supported on 71Z such that R\ z extends to an isomorphism

RZ - (r*w T (mS +mA)) = wl™(Ag). (1.90.1)
We formally divide by m and define the different of A on S as the Q-divisor
Diff(A) := L Ag. (1.90.2)
We can write (1.90.1) in terms of Q-divisors as
(Kx +S5+ A)|g ~q Kg + Diffg(A). (1.90.3)

Note that (1.90.3) has the disadvantage that it indicates only that the two sides
are Q-linearly equivalent, whereas (1.90.1) is a canonical isomorphism.

For simplicity, the above definition is stated only for the cases that we mainly
use. We will occasionally need that if (X, S + A) is lc (or slc), then the obvious
modification of the definition gives Diff g A and the two versions are related by the
expected formula

Diffg(A) + Kg/g = n* Diffs(A). (1.90.4)

See [Kol13c, 4.2] for this result and for the most general setting where the differ-
ent can be defined. The following basic properties of the different are proved in
[Koll13c, 4.4-8].

PROPOSITION 1.91. Using the notation of (1.90) write Diffg(A) = > d;V;
where V; C S are prime divisors. Then the following hold.

(1) If (X, S+ A) is lc (or slc) then (S, Diffg(A)) is le.

(2) If coeffp A € {1, %, %, %, ...} for every prime divisor D then the same
holds for Diff g(A).

(3) If S is Cartier outside a codimension 3 subset then Diff g(A) = 7*A.

(4) If Kx + S and D are both Cartier outside a codimension 3 subset then
Diffg D is a Z-divisor and (Kx + S + D)|s ~ Kg + Diffg D.

The following facts about codimension 1 behavior of the different can be proved
by elementary but somewhat lengthy computations; see [Kol13c, 2.31, 2.36].

LEMMA 1.92. Let S be a normal surface, E C S a reduced curve and A =
> d;D; an effective Q-divisor. Assume that 0 < d; <1 and D; ¢ Supp E for every
i. Let m: F — E denote the normalization and let x € F be a point.

(1) If E is singular at w(x) then coeff, Diff p(A) > 1 and equality holds iff E
has a node at w(x) and w(x) ¢ Supp A.
(2) If m(z) € D; then coeff, Diff p(A) > d;. O
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The next Theorem—whose first part is proved in [Kol92b, 17.4] and second
part in [Kaw07]—is frequently referred to as adjunction if we assume something
about X and obtain conclusions about S, or inversion of adjunction if we assume
something about S and obtain conclusions about X. See [Kol13c, 4.9] for a proof
of a more precise version. The last cases uses the notions of minimal log discrepancy
and log centers to be discussed in (1.95).

THEOREM 1.93. Let X be a normal variety over a field of characteristic 0 and
S a reduced divisor on X with normalization ms : S — S. Let A be an effective
Q-divisor that has mo irreducible components in common with S. Assume that
Kx + S+ A is Q-Cartier. Then
(1) (S,Diff5(A)) s kit iff (X, S+ A) is plt in a neighborhood of S and
(2) (S,Diffg(A)) is lc iff (X, S+ A) is lc in a neighborhood of S.
(3) For any irreducible subset Z C S we have

mld(Z, S, Diff5(A)) < mld(7rs(2), X, S + A),
provided the latter is < 1. O

Characterization of slc pairs.

Let (X,A) be an slc pair. Let 7 : X — X be the normalization, D C X the
conductor, A the divisorial part of 7~*(A) and 7 the involution on D™ constructed
in (1.84). Thus we obtain a map

(X,A)—~ (X,D+A,7)
from slc pairs to lc pairs with the extra involution on D™. As we noted in (1.84.2),

this map is an injection. That is, (X, D+ A, T) uniquely determines (X, A). The
following theorem, proved in [Kol16b] and [Koll3c, 5.13], describes the image.

THEOREM 1.94. Qwver a field of characteristic 0, normalization gives a one-to-
one correspondence:

Proper lc pairs ()_(, D+ A) plus
a generically fixed point free
involution T of QD“, Diff 5 A)
such that K5 + D + A is ample.

Proper slc pairs
(X, A) such that —
Kx + A is ample.

Minimal log discrepancy and log centers.

DEFINITION 1.95. Let (X, A) be an slc pair and W C X an irreducible subset.
The minimal log discrepancy of W is defined as the infimum of the numbers 1 +
a(E,X,A) where E runs through all divisors over X such that centerx (E) = W.
It is denoted by

mld(W, X,A) orby mld(W) (1.95.1)
if the choice of (X, A) is clear. Note that if W is an irreducible divisor on X and
W ¢ Sing X then

mld(W, X, A) = 1 — coeffyy A. (1.95.2)
If W C X is a closed subset with irreducible components W, then we set
mld(W, X, A) = maxmld(W;, X, A). (1.95.3)

If (X, A) is slc then, by definition, mld(W, X, A) > 0 for every W. The subva-
rieties with mld(W, X, A) = 0 play a key role in understanding (X, A).
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DEFINITION 1.96. Let (X, A) be an slc pair. An irreducible subvariety W C X
is a log canonical center or lc center of (X, A) if mld(W, X, A) = 0. Equivalently,
if there is a divisor F over X such that a(E, X, A) = —1 and centerx E = W. Log
canonical centers have many useful properties.

(1) There are only finitely many lc centers. Their union is the non-kit locus
of (X,A), denoted by nklt(X, A).

(2) Any union of lc centers is seminormal and Du Bois; see (1.98.1-2).

(3) Any intersection of lc centers is also a union of lc centers; see [Amb03,
Fujo9, Amb11] or (1.98.4).

(4) If (X, A) is snc then the lc centers of (X, A) are exactly the strata of A_y,
that is, the irreducible components of the various intersections D;, N---N
D, where the D;, appear in A with coefficient 1, see [Kol1l3c, 2.11].
More generally, this also holds if (X, A) is dlt; see [Fujo7, Sec.3.9] or
[Kol13c, 4.16].

(5) At codimension 2 normal points, nklt(X,A) is either smooth or has a
node; see [Koll3c, 2.31].

DEFINITION 1.97. Let (X, A) be an slc pair. An irreducible subvariety W C X
is a log center of (X, A) if mld(W, X, A) < 1.

Building on earlier results of [Amb03, Fuj09, Amb11], part 1 of the following
theorem is proved in [KK10] and the rest in [Kol14]; see also [Kol13c, Chap.7].

THEOREM 1.98. Let (X, A) be an slc pair and Z,W C X closed, reduced sub-
sets.
(1) If mld(Z, X,A) =0 then Z is Du Bois (cf. (2.63) or [Kol13c, 6.32]).
(2) If mld(Z, X, A) < § then Z seminormal (3.24).
(3) If mld(Z, X,A) + mld(W, X,A) < 1 then ZNW s reduced.
(4) mld(ZNW, X,A) <mld(Z, X, A) + mld(W, X, A). O






CHAPTER 2

One-parameter families

In [Kol13c] we studied in detail canonical and semi-log-canonical models, es-
pecially their singularities; a summary of the main results is given in Section 1.8.
These are the objects that correspond to the points in a moduli functor/stack of
canonical and semi-log-canonical models. We start the study of the general moduli
problem with 1-parameter families. That is, we investigate the moduli functor /stack
of semi-log-canonical models over 1-dimensional regular schemes.

In traditional moduli theory, for instance for curves, smooth varieties or sheaves,
the description of all families over 1-dimensional regular schemes pretty much com-
pletes the story: the definitions and theorems have obvious generalizations to fam-
ilies over an arbitrary base. The best examples are the valuative criteria of sepa-
ratedness and properness; we discussed these in (1.21.1-2). In our case, however,
much remains to be done in order to work over arbitrary base schemes.

Two notions of locally stable or semi-log-canonical families are introduced in
Section 2.1. Their equivalence is proved in characteristic 0, but remains open in
general. For surfaces, one can give a rather complete étale-local description of all
locally stable families; this is worked out in Section 2.2.

A series of higher dimensional examples is presented in Section 2.3. These show
that stable degenerations of smooth projective varieties can get rather complicated.

Next we turn to global questions and define our main objects, stable families in
Section 2.4. The main result says that stable families satisfy the valuative criteria
of separatedness and properness.

Cohomological properties of stable families are studied in Section 2.5. In partic-
ular, we show that in a proper locally stable family f : X — C, the basic numerical
invariants h'(X.,Ox,) and h*(X.,wx,) are independent of ¢ € C. We also show
that being CM is deformation invariant.

In the next two sections we turn to a key problem of the theory: Understanding
the difference between the divisor theoretic and the scheme theoretic restriction of
divisors, equivalently, the role of embedded points. The general theory is outlined in
Section 2.6. Then in Section 2.7 we show that if all the coeflicients of the boundary
divisor are > % then we need not worry about embedded points in moduli questions.
We see in Chapter 7?7 that, in this case, all variants of the moduli functor/stack all
agree with each other.

In order to get the stronger form of the local stability criterion we prove several
Grothendieck—Lefschetz-type theorems in Sections 2.8-2.9, building on the tech-
niques of Section 2.6.

2.1. Locally stable families

Following the pattern established in Section 1.3, we expect that the definition
of a stable family f: (X,A) — S consists of some local conditions describing the

59
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singularities of f and a global condition, that Kx + A be f-ample. We are now
ready to formulate the correct local condition, at least for 1-parameter families.

Assumptions. While the basic definitions (2.1-2.2) are formulated for arbi-
trary schemes, the results of this Section are known only in characteristic 0.

DEFINITION 2.1. Let C be a regular 1-dimensional scheme. A family of varieties
over C is a flat morphism f : X — C whose fibers are pure dimensional and
geometrically reduced. For ¢ € C, let X, := f~!(c) denote the fiber of f over c.

A family of pairs over C is a family of varieties f : X — C plus a Q-divisor A
on X such that, for every ¢ € C, the support of A does not contain any irreducible
component of X, and none of the irreducible components of X.NSupp A is contained
in Sing X.. The latter condition holds if the fibers are slc pairs and it tuns out to
be technically crucial, so it is much easier to assume it from the beginning.

The assumptions imply that X is regular at the generic points of X. N Supp A,
thus A is a Q-Cartier divisor at the generic points of X. N Supp A. In particular,
A, := Alx, is a well defined Q-divisor on X.. Thus the pair-fibers (X., A.;) make
sense.

DEFINITION 2.2. Let f : (X,A) — C be a family of pairs over a regular
1-dimensional scheme. We say that f : (X,A) — C is locally stable or semi-log-
canonical (usually abbreviated as slc) if (X, X, + A) is semi-log-canonical for every
closed point ¢ € C.

Since X. is a Cartier divisor, this implies that (X, A) is semi-log-canonical,
hence X is demi-normal.

Warning. While the definition is made for arbitrary regular 1-dimensional
schemes C', not much is known in positive and mixed characteristics, see (2.14).

As we noted in Section 1.3, usually (2.2) can not be reformulated as a condition
about the fibers of f only. (Significant exceptions are discussed in (2.5) and (2.7).)
The following result, however, comes close to achieving this.

THEOREM 2.3. Let C' be a smooth curve over a field of characteristic zero and
f i (X,A) = C a family of pairs over C with A effective. For any ¢ € C and
p € X, := f~1(c) the following are equivalent.
(1) f:(X,A) — C is locally stable in an open neighborhood of p in X.
(2) Kx/c+A is Q-Cartier at p and (XC, AC) is semi-log-canonical in an open
neighborhood of p in X..
(3) Kx/c + A is Q-Cartier at p and (X, Diff x_(A)) is log canonical in an
open neighborhood of m=*(p) in X., where m : X. — X. denotes the
normalization.

While it is hard to see how (2.2) could be generalized to families over higher
dimensional bases, the variants (2.3.2-3) make sense in general. This observation
leads to the general definition of our moduli functor in Chapters ?77.

Proof. If (3) holds then inversion of adjunction (1.93) shows that (X, X, + A)
is semi-log-canonical in a neighborhood of p and, by [Kol13c, 4.10] this continues
to hold if we vary the fiber X.. Thus (3) = (1) and the converse also holds since
(1.93) works both ways.

Since X, is a Cartier divisor in X, the restriction A
Diff x_(A) by (1.91). Furthermore, by (1.90.4)

KX(, —+ DiffXC(A) =7* (KXC + DiffXC(A)).

x, equals the different
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Thus it would seem that (1.85) says that (2) < (3).

This is almost the case, except that in order to apply (1.85) we need to know
that X, is demi-normal.

By assumption X. is geometrically reduced and an easy local computation
shows that X, is either smooth or has nodes at codimension 1 points; see [Kol13c,
2.33]. Thus it remains to prove that X is Ss.

This is actually quite subtle, with at least three different proofs, all of which
provide valuable insight.

First, if the generic fiber is klt, then, by (2.13), (X, A) is klt. Thus X is CM
by (1.79) and so is every fiber X.. In general, however, (X, A) is not klt and X is
not CM. However, CM is much more than we need.

The second method looks carefully at what weaker versions of CM would still
imply that the fibers are S5. Since the X, are Cartier divisors in X, it is enough to
prove that X is S3. As noted in [Kol13c, 3.6], X is not S3 in general; fortunately
this is not a problem for us. If g € C is the generic point, then a local ring of X,
is also a local ring of X, hence X, is Sy if X is So. Therefore (Xg, Ag) is semi-log-
canonical. If ¢ € C is a closed points and p € X, has codimension > 2 then p € X
has codimension > 3, thus depth, Ox > 3 by (1.82), hence depth, Ox, > 2. Thus
again X, is Ss.

Third, we know that X, is a Cartier divisor on a demi-normal scheme. A local
version of the Enriques-Severi-Zariski lemma, proved in [Gro68, XIII.2.1], says
that if D is a Cartier divisor on an Sy scheme and p € D has codimension > 2 then
D, \ {p} is connected, where D,, denotes the completion of D at p. Thus X, has
this local connectedness property.

Furthermore, X, is the union of log canonical centers of (X , XC+A). Therefore,
X, is seminormal by (1.98.2). These two observations together imply that X, is
S5, hence demi-normal. O

REMARK 2.4. We prove in (3.62) that if Kx,g + A is Q-Cartier then, for any
given m € Z, m(Kx,g + A) is Cartier near X iff m(K, + A) is Cartier.

2.5 (When is Kx/c+A automatically Q-Cartier?). In (2.3.2-3) we make a fiber-
wise assumption (that (X, A.) be slc) and a global assumption (that Kx o + A
be Q-Cartier).

If the latter condition is automatic, then we have a fiber-wise stability criterion.
Section 1.3 contains examples of families of surfaces with quotient singularities
where Ky /¢ is not Q-Cartier but the situation gets better in dimension > 3.

We prove in (2.85) that if (X., A.) is dlt and there is a subset Z C X, such
that Kx,c + A is Q-Cartier on X \ Z and dim Z < dim X, — 3, then Kx,c + A is
Q-Cartier everywhere.

The main aim of Section 2.8 is to show that this holds even if (X, A.) is slc.

2.6 (The relative dualizing sheaf I). Let f: (X, A) — C be locally stable. The
relative dualizing sheaf wx,c = Oc¢ (KX/C) exists. (Since we is locally free, we can
define it as wx/c = wx ® f*wal. A more conceptual construction will be given in
(2.70).)

By (1.89) for ¢ € C there is a Poincaré residue (or adjunction) map

R:(JJX/C|XC — Wx,- (261)

The map exists for any flat morphism f : X — C and general duality theory implies
that it is an isomorphism if the fibers are CM. It is, however, not an isomorphism in
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general but we prove in (2.69) that for locally stable morphisms the adjunction map
is an isomorphism. Thus wx,c can be thought of as a flat family of the dualizing
sheaves of the fibers.

The isomorphism in (2.6.1) is easy to prove if the fibers are dlt or if Kx /¢ is
Q-Cartier (2.76.1). A proof for slc fibers, following [Koll1la] and [Kol13c, 7.22],
follows directly from (1.82).

The general case, when C is replaced by an arbitrary base scheme, is quite
subtle. The known proofs use the Du Bois property of X.. The projective case
was proved in [KK10] and the quasi-projective one in [KK17]|. However, neither
of these proofs works for complex analytic morphisms. We discuss these in Section
2.5.

It is also worth noting that the powers of the Poincaré residue map

R™:wiolx, = w{ (2.6.2)

are isomorphisms for locally stable maps if A = 0, but not in general; see (2.76.1)
and (2.41).

Note that if wx, is locally free then (2.6.1) implies that wx,c is also locally
free along X.. Thus (2.69) and (2.3) imply the following.

COROLLARY 2.7 (Deformations if Kx_ is Cartier). Let f : X — C be a flat
morphism of finite type over a field of characteristic 0 such that X, is slc and wx,
is locally free for some c € C. Then wx,c s locally free near X. and f is locally
stable near X.. O

Note that (2.7) is a special property of slc varieties. Analogous claims fail
both for normal varieties (2.42) and for pairs (X, D). To see the latter, consider
a flat family X, of smooth quadrics in P> becoming a quadric cone for ¢ = 0. Let
D, C X, be two disjoint lines that degenerate to a pair of distinct lines on Xj.
Then Kx,, D, are both Cartier divisors for every ¢, but on the total space X they
give a divisor Kx + D that is not even Q-Cartier.

If X, is canonical then Kx, is Cartier in codimension 2. We can thus use (2.7)
in codimension 2 and then (2.5) in higher codimensions obtain the next result.

COROLLARY 2.8 (Deformations if X. is canonical). Let f : X — C be a flat
morphism of finite type over a field of characteristic 0 such that X, is canonical for
some c € C. Then f is locally stable near X,. ([

Permanence properties.

PRrROPOSITION 2.9. Let C be a smooth curve over a field of characteristic zero
and g : C' — C be a quasi-finite morphism. If f : (X, A) — C is locally stable then
so is the pull-back

g*f : (X/,A/) = (X Xc CI,A Xc Cl) — .
Proof. We may assume that g : (¢/,C’) — (¢,C) is a finite, local morphism,

étale away from ¢’. Set D := X, and D' := X/,. By (1.87.5), (X,D + A) is Ic iff
(X', D' + A’) is. The rest follows from (2.3). |

The following result shows that one can usually reduce questions about locally
stable families to the special case when X is normal.
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ProPOSITION 2.10. Let C' be a smooth curve over a field of characteristic zero
and f: (X,A) = C a family of pairs over C. Assume that X is demi-normal and

let m: X — X denote the normalization with conductor D C X (1.84).
(1) If f : (X, A) = C is locally stable then so is forw: (X,D+A) — C.
(2) If Kx + A is Q-Cartier and fom: ()_(, D+ A) — C' is locally stable then
sois f:(X,A)— C.

Proof. Fix a closed point ¢ € C. By (1.94) or [Koll3c, 5.38], if Kx + A is

Q-Cartier, then (X, X+ A) is slc iff (X,XC +D+ A) is lc. O
The next result allows us to pass to hyperplane sections. This is quite useful
in proofs that use induction on the dimension.

PROPOSITION 2.11 (Bertini theorem for local stability). Let f: (X,A) — C be
locally stable and H € |H| a general divisor in a base point free linear system on
X. Then the following morphisms are also locally stable.

(1) f:(X,H+A)—=C,

(2) flu: (H,Alg) — C and

(3) the composite fom: (Y,n  (A)) — C where w: Y — X is a fu,-cover
ramified along H; see (1.88).

Proof. As we noted in (2.2), we can assume that X is normal. Let p: Y — X
be a log resolution of (X, A) such that

p~'(Supp A) + Ex(p) + (any fiber of f o p)
is an snc divisor [Kol13c, 10.46]. Pick H € |H| such that p~'(H) = p;}(H) and
p~(H) +p~ ' (Supp A) + Ex(p) + (any fiber of f op)
is an snc divisor. Then every exceptional divisor of p has the same discrepancy
with respect to (X, X.+ A) and (X, X. + H + A). Therefore, (X, X.+ H + A) is
sle for every ¢ € C. Thus f : (X,H + A) — C is locally stable, proving (1). By

adjunction, this implies that (H, H. + Alg) is slc for every ¢ € C, proving (2). By
(1.87),

(VYo n Q) issle & (X, X+ (1= L)H+A) issle
The latter holds since even (X, X, + H + A) is slc for every ¢ € C. O

2.12 (Inverse Bertini theorem, weak form). Inversion of adjunction (1.93) im-
plies that if f|g : (H,Alg) — C is locally stable then f : (X, H + A) — S, and
hence also f : (X,A) — S, are locally stable in a neighborhood of H. A much
stronger result will be proved in (5.6).

The following simple result shows that if f : (X,A) — C is locally stable,
then (X, A) behaves as if it were canonical, as far as divisors over closed fibers
are concerned. In some situations, for instance in (2.47), this is a very useful
observation, but at other times the technical problems caused by log canonical
centers in the generic fiber are hard to overcome.

PROPOSITION 2.13. Let f : (X,A) — C be a locally stable morphism. Let E
be a divisor over X such that centerx E C X, for some closed point ¢ € C. Then
a(E,X,A) > 0. Therefore every log center of (X,A) dominates C. In particular,
if the generic fiber is kit (resp. canonical) then (X, A) is also kit (resp. canonical).
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Proof. Since (X, X. + A) is semi-log-canonical, a(E, X, X, + A) > —1. Let
m:Y — X be a proper birational morphism such that E is a divisor on Y and let
br denote the coefficient of F in 7*(X.). Then bg is an integer and it is positive
since centerx ¥ C X.. Thus,

a(E, X,A)=a(E, X, X.+A)+bg >—-14+bg >0.
In particular, none of the log centers of (X, A) are contained in X.,. O

2.14 (Some results in positive characteristic). As we already noted, very few of
the previous theorems are known in positive characteristic, but the following partial
results are sometimes helpful.

(2.14.1) Let (X, A) be a pair and g : Y — X a smooth morphism. By [Kol13c,
2.14.2], if (X, A) is slc, le, klt, ... then so is (Y, g*A).

(2.14.2) As a special case of [Koll3c, 2.14.4] we see that if (X, A) is slc then,
for every smooth curve C, the trivial family (X, A) x C' — C is locally stable.

(2.14.3) The proof of (2.13) works in any characteristic. Applying this to a
trivial family will have interesting consequences in (2.48).

(2.14.4) Let (X;, A;) be two pairs that are slc, lc, klt, .... Then their product
(X1 X Xo, X1 X Ag + A7 X X2) is also slc, lc, klt, .... This is a generalization
of (2.14.2) and can be proved by the same method as in [Kol13c, 2.14.2], using
[Kol13c, 2.22].

(2.14.5) Assume that f: (X,A) — C is locally stable and let g : ¢/ — C be a
tamely ramified morphism. Then the pull-back

G (X xc O AxcC') = '

is also locally stable. This follows from (1.87.3) as in (2.9); see [Koll3c, 2.42] for
details.

(2.14.6) Neither the wildly ramified nor the inseparable case of (2.14.5) is
known.

Other deformations of w.

The dualizing sheaf plays a very special role in algebraic geometry, thus it
is natural to focus on understanding the powers of the relative dualizing sheaf.
[LIN16] studies other deformations of w that behave as well as one would expect
from locally stable families. The next result, closely related to [LIN16, 7.18], says
that the relative dualizing sheaf is the “best” deformation of the dualizing sheaf of
a fiber.

PROPOSITION 2.15. Let C be a smooth curve over a field of characteristic 0
and f : X = C a flat morphism. Assume that Xq is slc and there is a rank 1,
reflexive sheaf L on X and a restriction morphism Ry, : L|x, — wx, such that its
reflexive powers

R L) s Wl (2.15.1)
are isomorphisms for every m. Then
R - w0l lx, = wi (2.15.2)

s an isomorphism for every m.
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Proof. Let n be the smallest positive integer such that w&?}) is locally free. By

assumption, then L™ is also locally free. The question is local, we may thus assume

that X is local, hence L™ is free. By (1.88) we can take a cyclic cover m: Y — X
such that 7.0y = ZZ:OlL[_i] and

W*wy/c = Homx (W*Oy7 wx/c) = Z?;OILM ® wx/c.
The resulting g : Y — C'is flat, Yj is slc by (1.87.3) and wyj, is locally free. Therefore
wy /¢ is locally free by (2.7), hence free since Y is semilocal. Thus m.wy, ¢ = 7.0y

and so one of the summands Ll ®wx/c is free. Restriction to Xy tells us that in
fact ¢ = n — 1. Next note that

wx/c ® L[nil] ® L ® L[fn]

L& (wxo &Ll ) &Ll

L® (WX/C ®L[n_1 ) ® L[_"]) =L,

where in the last line we changed to the usual tensor product since the tensor

product of a reflexive sheaf and of a line bundle is reflexive. Thus (2.15.2) is
obtained from (2.15.1) by tensoring with a line bundle. O

wx/c

1R 1R

2.2. Locally stable families of surfaces

In this section we develop a rather complete local picture of slc families of
surfaces. That is, we start with a pointed, local slc pair (z € Xy, Ap) and aim to
describe all locally stable deformations over local schemes 0 € S

(Xo,80) C (Xs,As)

{ {
0 € S.

In the study of singularities it is natural to work étale-locally. That is, two pointed
schemes (1 € X;) and (z2 € X3) are considered the same if there is a third pointed
scheme (z3 € X3) and a strictly étale morphisms of pointed schemes

(.’[1 S Xl) (7T—1 (.’ﬂg S Xg) 3 (.’EQ S )(2)7

where an étale morphism is called strictly étale if the induced maps on the residue
fields 7} : k(z;) — k(z3) are isomorphisms. We will mostly work over algebraically
closed fields and then strictness is automatic.

Since we have not yet defined the notion of a locally stable family in general,
we concentrate on the case when S is the spectrum of a DVR.

We start by recalling the classification of lc surface singularities. This has a
long history, starting with [DV34]. For simplicity we work over an algebraically
closed field. It turns out that lc surface singularities have a very clear description
using their dual graphs and this is independent of the characteristic. (By contrast,
the equations of the singularities depend on the characteristic.)

DEFINITION 2.16 (Dual graph). Let (0 € S) be a normal surface singularity
over an algebraically closed field and f : S’ — S the minimal resolution with
irreducible exceptional curves {C;}. We associate to this a dual graph T =T(0 € 5)
whose vertices correspond to the C;. We use the negative of the self-intersection
number (C; - C;) to represent a vertex and connect two vertices C;, C; by r edges
iff (C; - C;j) = r. In the lc cases, the C; are almost always smooth rational curves
and (C; - Cj) < 1, so we get a very transparent picture.
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The intersection matriz of the resolution is (—(C;-Cj;)). This matrix is positive
definite (essentially by the Hodge index theorem). Its determinant is denoted by

det(T) := det(—(C; - C})).

For example, if ' ={2——2——2} then
2 -1 0
det(T)=det [ -1 2 -1 | =4.
0 -1 2

Let B be a curve on S and B; the local analytic branches of B that pass through
0 € S. The extended dual graph (T, B) has an additional vertex for each B;,
represented by e, and it is connected to C; by r edges if (f;'B;-C;) =r.

Next we list the dual graphs of all lc pairs (0 € S, B), starting with the terminal
and canonical ones. For proofs see [Ale93] or [Kol13c, Sec.3.3].

2.17 (List of canonical surface singularities I).
CASE 1 (Terminal). (0 € S, B) is terminal iff B = () and S is smooth at 0.

CASE 2 (Canonical). (0 € S, B) is canonical iff either B and S are both smooth
at 0 or B = () and T is one of the following. The corresponding singularities are
called Du Val singularities or rational double points or simple surface singulari-
ties. See [Dur79] for more information. The equations below are correct only in
characteristic zero; see [Art77] for the general case.

Ay 2?2 + 9% 4 2"t =0, with n > 1 curves in the dual graph:

2 2 e 2 2
D,: 2% + 3?2 + z"~1 =0, with n > 4 curves in the dual graph:
2
2 2 e 2 2
Eg: 22 + 9% 4+ 2* = 0, with 6 curves in the dual graph:
2
2 2 2 2 2
E;: 22 + 9% 4+ y23 = 0, with 7 curves in the dual graph:
2
2 2 2 2 2 2
Eg: 22 + 9% 4+ 25 = 0, with 8 curves in the dual graph:
2
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Before moving to the plt cases, it is best to fix our terminology.

DEFINITION 2.18. A connected graph is a twig if all vertices have < 2 edges.
Thus such a graph is of the form

c1 Co “en Cn

A connected graph is a tree with 1 fork if there is a vertex (called the root) with 3
edges and all other vertices have < 2 edges. Thus such a dual graph is of the form

Iy 'y

Co

I3

where each I'; is twig joined to ¢y at an end vertex. We will mainly be interested
in the cases when det(I") € {2,3,4,5,6}. These are

det(T) =2 & Tis 2

det(I')=3 & Tis 3 or 2 — 2,

det(l')=4 & Tis 4 or 2 — 2 — 2,

detI)=5 < Tisb5or 2 —-2—-2—2o0r 2 —3 or 3 — 2
detl)=6 < Tis 6 or 2 — 2 — 2 — 2 — 2.

2.19 (List of log canonical surface singularities IT).

CASE 3 (Purely log terminal). The names below reflect that, at least in char-
acteristic 0, these singularities are obtained as the quotient of C? by the indicated
type of group. See [Bri68a] for details.

Subcase 3.1 (Cyclic quotient). B is smooth at 0 (or empty) and (T, B) is

° c1 e Cp Or ¢ Cn

Subcase 3.2 (Dihedral quotient).

C1

Subcase 3.3 (Other quotient). The dual graph is a tree with 1 fork (2.18) with
3 possibilities for (det(T'1),det(I'y), det(I's)):
(Tetrahedral) (2,3,3)
(Octahedral) (2,3,4)
(Icosahedral) (2,3,5).

CASE 4 (Log canonical with B = 0).

Subcase 4.1 (Simple elliptic). There is a unique exceptional curve E, it is
smooth and of genus 1. If the self-intersection r := —(E?) is > 3 then the singularity
is isomorphic to the cone over the elliptic normal curve E C P"! of degree r.
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Subcase 4.2 (Cusp). The dual graph is a circle of smooth rational curves

Cn Cm+41

/ N
SNt

C2 Cm—1

C1 Cm,

The cases n = 1,2 are exceptional. For n = 2 we have 2 smooth rational curves
meeting at 2 points and for n = 1 the unique exceptional curve is a rational curve
with a single node. We can draw the dual graphs as

c2  and CCL

For example the dual graphs of the three singularities (z(my - 2% =2 + y4)a
(2% =2%(x + ) +y7) and (2 = 2%(2? +y?) +y°) are

3=——1, C1 and Cz

Subcase 4.3 (Z/2-quotient of a cusp).
2 2

N

C1 Cp,
2 2

(For n =1 it is a Z/2-quotient of a simple elliptic singularity.)

C1

Subcase 4.4 (Simple elliptic quotient). The dual graph is a tree with 1 fork
(2.18) with 3 possibilities for (det(T';),det(I'2), det(I's)):
(Z/3-quotient) (3,3,3)
(Z/4-quotient) (2,4,4)
(Z/6-quotient) (2,3,6).

CASE 5 (Log canonical with B # 0).

Subcase 5.1 (Cyclic). B has 2 smooth branches meeting transversally at 0 and
(T',B) is

° c1 Cn )

Subcase 5.2 (Dihedral).
2

/
N

2

° c1 Cn,



2.2. LOCALLY STABLE FAMILIES OF SURFACES 69

2.20 (List of semi-log-canonical surface singularities IIT). The dual graphs are
very similar to the previous ones but there are two possible changes due to the
double curve of the surface S passing through the chosen point 0 € S.

In the normal case, the local picture represented by an edge is

(xy = 0) C A%, denoted by o — o,
where (x = 0) and (y = 0) are the exceptional curves meeting at the origin. We
can now have a non-normal variant
. d
(xy =2=0) C (zy =0) C A®, denoted by o — o

where (x = z = 0) and (y = z = 0) are the exceptional curves and (r = y = 0) the
double curve of the surface.
The local picture represented by a e and an edge was

(ry =0) C A%, denoted by e — o,

where (z = 0) is a component of B and (y = 0) an exceptional curve. We can now
have a non-normal variant where (as long as char # 2) we create a pinch point by
identifying the points (0,y) + (0, —y). The local equation is

(xy =2=0) C (22 = 2y?) C A3, denoted by p — o,
where (y = z = 0) is the double curve of the surface and (z = z = 0) an exceptional
curve.
CASE 6 (Semi-plt).

Subcase 6.1 (Higher pinch points). These are obtained from the cyclic dual
graph of (2.19.Case.3.1) by replacing ¢ — o by p — o.
The simplest one is the pinch point, whose dual graph is p — 1. The equation
of the pinch point is (2 = 2y?); it is its own semi-resolution.
As another example, start with the A,, singularity (zy = 2"*!) and pinch it
along the line (z = z = 0). The dual graph is
p—2— .. — 2

with 2 occurring n-times. As a subring of k[, y, 2] /(xy—2""1) the coordinate ring is
generated by (z, z,y?, zy, yz) but 2y = 2" 1. Thusu; = 2, uy = 2,u3 = y?, uy = yz
gives an embedding into A*. The image is a triple point whose equations can be

written as
uy ug U
rank [ 2 3 %) <1
ur Uz Ug

Subcase 6.2. The dual graph is

d
'y — Iy

where the I'; are twigs such that det(I'y) = det(I'z). Note that here we allow

d d
I'; = {1} and 1 — 1 corresponds to (zy = 0) C A3. Similarly 2 — 2
corresponds to

(x1y — 28 =29 = 20 = 0) U (wy — 25 = 1 = 21 = 0) C A,
(Tt is a good exercise to check that if det(I';) # det(I's) then the canonical class

of the resulting surface is not Q-Cartier. The case 2 — 1 is easy to compute
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by hand. The key in general is to compute the different on the double curve; see
[Koll13c, 5.18] for details.)

CASE 7 (Slc and Kg + B Cartier).

Subcase 7.1 (Degenerate cusp). Here B = 0 and these are obtained from the
dual graph of a cusp (2.19.Case.4.2) by replacing some of the edges o — o with
d

o — O.

The cases n = 1,2 are again exceptional. For n = 2 we can replace either of

d
the edges o — o with o — o. For example, (22 = 22y?) and (2% = 22y + y°)
correspond to the dual graphs

1

For n = 1 the unique exceptional curve is a rational curve with a single node. We
can think of the dual graph as
d Ccl .

For example the singularities (z2 = 2%(x + y2)) and (22 = 223(2? + y2)) give the

dual graphs
d C 1 and d C 2.

Subcase 7.2. These are obtained from the cyclic dual graph of (2.19.Case.5.1)

d
by replacing some of the edges o — o with o — o.
CASE 8 (Slc and 2(Kg + B) Cartier).

Subcase 8.1. Here B = 0 and these are obtained from the dual graph of a
Z/2-quotient of a cusp (2.19.Case.4.3) by replacing some of the horizontal edges

) d
o — owitho — o.

Subcase 8.2. These are obtained from the cyclic dual graph of (2.19.Case.5.1)
by replacing at least one of ®« — o by p — o and replacing some of the edges

. d
o — owitho — o.

Subcase 8.3. These are obtained from the dihedral dual graph of (2.19.Case.5.2)
by replacing ® — o by p — o and replacing some of the horizontal edges o — o

. d
with o — o.

This completes the list of all slc surface singularities and now we turn to de-
scribing their locally stable deformations. An slc surface can be singular along a
curve and the transversal hyperplane sections are nodes. Thus first we need to un-
derstand their deformations. In codimension 1 we have nodes; their deformations
are described in (1.83).

The situation is much more complicated for surfaces, so we start with the case
Ag = 0. It would be natural to first try to understand all flat deformations of
(r € Xo) and then decide which of these are locally stable. However, in many
interesting cases, flat deformations are rather complicated, but a good description
of all locally stable deformations can be obtained by relating them to locally stable
deformations of certain cyclic covers of X (1.88).
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PROPOSITION 2.21. Let k be a field and (X, D) a local, slc scheme over k with
D reduced. Assume that w?{n] (mD) = Ox for some m > 1 that is not divisible by
chark and let 7 : (X',ﬁ) — (X, D) be a corresponding iy, -cover (1.88). Let R be
a complete DVR with residue field k and set S = Spec R.
Taking pm,-invariants establishes a bijection between
(1) flat, affine, slc morphisms f: ()N(SJN?S) — S such that (Xo, Do) ~
(f(, D) plus a py-action on (Xs, DS) extending the [, -action on (X, D
and
(2) flat, affine, slc morphisms f : (XS,DS) — S such that (Xo, Do) o~
(X, D).

Note that wg ([)) is locally free, and, in many cases, this makes (X, l~)) much
simpler than (X, D). This reduction step is especially useful when D = 0, in which
case wg is locally free. As we saw in (2.7), then all flat deformations of X are sle.
For surfaces, this leads to an almost complete description of all slc deformations.

AsIDE 2.22 (Deformations of quotients). Let X be a scheme and G a finite
group acting on it. The proof of (2.21) shows that G-equivariant deformations of
X always induce flat deformations of X := X /G provided the characteristic does
not divide |G]|.

The converse is, however, quite subtle and usually deformations of X are not
related to any deformation of X. As an example, consider the family (zy — 2" —
tz™ = 0) for m < n. For t = 0 the fiber is isomorphic to C?/Z,,;1 and for t # 0 the
fiber has a singularity (analytically) isomorphic to C2/Z,, 1. There is no relation
between the corresponding degree n + 1 cover of the central fiber and the (local
analytic) degree m + 1 cover of a general fiber.

However, if G acts freely outside a subset of codimension > 3 and X is S5, then
every deformation of X arises from a deformation of X [Kol95a, 12.7].

The following two examples show that the codimension > 3 condition is not
enough, not even for p,,-covers.

1. Let E be an elliptic curve and S a K3 surface with a fixed point free
involution 7. Set Y = E x S and X = Y /o where o is the involution (-1, 7). Note
that p: Y — X is an étale double cover, h'(Y,Oy) = 1 and h'(X,0x) = 0. Let
Hx be a smooth ample divisor on X and Hy its pull-back to Y. Consider the cones
and general projections

C.(Y,Hy) % C.(X,Hx)
Ty | I mx
Al — Al
Since h'(X,Ox) = 0, the central fiber of mx is the cone over Hx. By contrast,
the central fiber Fyy of 7y is not S since h'(Y, Oy ) # 0 (see, for example [Kol13c,
3.10]). Thus, although the normalization of Fj is the cone over Hy, it is not
isomorphic to it.

2. Let g : X — B be a smooth projective morphism to a smooth curve and H an
ample line bundle on X. For large enough m and for every r € N, the direct images
9+:Ox (rmH) commute with base change, hence the cones C, (Xb,OXb (mH|Xb))
form a flat family.

The cones C, (X, Ox, (H|x,)) are fi,-covers of the cones C, (X, Ox, (mH|x,)),
but they form a flat family only if g.Ox (rH) commutes with base change for every
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r. That is, we get the required examples whenever H°(X,,Ox,(H|x,)) jumps for
special values of b. The latter is easy to arrange, even on a family of smooth curves,
as long as deg H|x, < 29 — 2.

2.23 (Proof of (2.21)). Let us start with f : (Xg, Dg) — S. Since wg?;] (mDg)
is locally free, the restriction map

w?(ns] (mDg) — wgg] (mDy) = Ox,

is surjective. Since Xg is affine, the constant 1 section lifts back to a nowhere
zero section s : Ox, = wg?;] (mDg). Let f : (Xs,[)s) — S be the corresponding
fm-cover (1.88).

The pull back of the canonical class is computed by the Hurwitz formula
(1.86.1). Since (XS,DS —|—X0) is sle, (XS,DS +X()) is also slc by (1.87.3). Thus f
is also locally stable. By (2.3), this implies that X, is S, hence it agrees with the
tm-cover of (X, Dp).

To see the converse, let g : Y — S be any flat, affine morphism and G a
reductive group (or group scheme) acting on Y with quotient ¢/G : Y/G — S.
Then (9/G)+Oy/q = (g*(’)y)G is a direct summand of g.Oy, hence ¢g/G is also
flat. Taking invariants commutes with base change since G is reductive. This
shows that (1) = (2). O

Assumptions. For the rest of this Section, we work in characteristic 0.

2.24 (Classification plan). We establish an étale-local description of all slc de-
formations of surface singularities in four steps.

(1) Classify all slc surface singularities (0,.5) with wg locally free.

(2) Classify all flat deformations of these (0, S).

(3) Classify all pi,-actions on these surfaces and decide which ones correspond
to our p,,-covers.

(4) Describe the p,-actions on the miniversal deformation spaces of these

(0, 9).

(Almost everything works in general as long as the characteristic does not divide
m but very little is has been proved otherwise.)

The first task was already accomplished in (2.17-2.20); we have Du Val singu-
larities (2.17.Case.2), simple elliptic singularities and cusps (2.19.Cases.4.1-2) and
degenerate cusps (2.20.Case.6). We can thus proceed to the next step (2.24.2).

2.25 (Deformations of slc surface singularities with Kg Cartier).

(Du Val singularities.) It is easy to work out the miniversal deformation space
from the equations and (2.26). For each of the A,,, D,, E,, cases the dimension of
the miniversal deformation space is exactly n. For instance, for A, we get

(zy + ZI+1 =0) C (:I:y + 2" 4 Z?:_ol tiz' = 0) C Ag:yz X Ay
0 € AP = AP

(Elliptic/cusp/degenerate cusp.) Let (0 € S) be one of these singularities and
C; the exceptional curves of the minimal (semi)resolution. Set m = —(3_ C;)? and
write (0 € Sy,) to indicate such a singularity.
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(1) If m = 1,2,3 then (0 € S,,) is (isomorphic to) a singular point on a surface
in A® [Sai74, Lau77]. Their deformations are completely described by
(2.26).

(2) If m = 4 then (0 € S4) is (isomorphic to) a singular point on a surface
in A* that is a complete intersection of 2 hypersurfaces. The miniversal
deformation space of a complete intersection can be described in a manner
similar to (2.26); see [Art76, Loo84, Har10].

(3) If m = 5 then the deformations are completely described by the method
of [BE77]; see [Har10, Sec.9].

(4) If m > 3 and (0 € S,,) is simple elliptic, then it is (isomorphic to) the
singular point of a projective cone S,, C P™ over an elliptic normal curve
E,, c P71 By [Pin74, Sec.9], every deformation of (0 € S,,) is the
restriction of a deformation of S,, C P™. In particular, any smoothing
corresponds to a smooth surface of degree m in P™. The latter have been
fully understood classically: these are the del Pezzo surfaces embedded
by | — K|. In particular, a simple elliptic (0 € S,;,) is smoothable only for
m <9 [Pin74, Sec.9].

(5) The m = 9 case is especially interesting. Given an elliptic curve FE, a
degree 9 embedding Ey < P8 is given by global sections of a line bundle
Lg of degree 9 on E. Embeddings of E onto P3 are given by lines bundles
L3 of degree 3. If we take (E < P?) given by L3 and then embed P?
into PY by Op:(3), then E is mapped to Eq iff L:‘??’ & Lg. For a fixed Lg
this gives 9 choices of L. Thus a given Ey — P2 is a hyperplane section
of a P2 — P in 9 different ways. Correspondingly, the deformation
space (0 € Sy) has 9 smoothing components. (This was overlooked in
[Pin74, Sec.9].) The automorphism group of (0 € Sg) permutes these 9
components. See [LW86, Sec.6] for another description.

(6) For m > 6 the deformation theory of cusps is much harder. A full de-
scription was given only recently by [GHK15].

(7) Degenerate cusps are all smoothable [Ste98].

2.26 (Deformations of hypersurface singularities). For general references, see
[Art76, Loo84].

Let 0 € X C A be a hypersurface singularity defined by an equation ( flx) =
O). Choose polynomials p; that give a basis of

k[[xh...,xn]]/(f,%,...,ai);). (2.26.1)

If (0 € X) is an isolated singularity, then the quotient has finite length, say N. In
this case, the miniversal deformation of (0 € X) is given by
X C (f(x) + > tipi(x) = O) C Al x A,JGV
1 \ 1
0 € AN = A},
In particular, the miniversal deformation space Def(X) is smooth.
If the quotient in (2.26.1) has infinite length, then it is best to think of the re-
sulting infinite dimensional deformation space as an inverse system of deformations
over Artin rings whose embedding dimension goes to infinity.

The next step (2.24.3) in the classification is to describe all p,,,-actions, but it is
more transparent to consider reductive commutative groups. These are of the form
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G x G, where G is a finite, commutative group and G,, = GL(1) the multiplicative
group of scalars, cf. [Hum?75, Sec.16].

2.27 (Commutative groups acting on Du Val singularities).

The action of a reductive commutative group on A™ can be diagonalized. Thus
let S € A® be a Du Val singularity which is invariant under a diagonal group action
on A3. Tt is easy to work through any one of the standard classification methods (for
instance, the one in [KM98, 4.24]) to obtain the following normal forms. In each
case we describe first the maximal connected group actions and then the maximal
non-connected group actions.

(Main series: G,-actions)

Ay (zy + 2" = 0) and G2, acts with character (1,—1,0), (0,n + 1,1).
Dy: (2% + y*2 4 2"~ = 0) and G,, acts with character (n — 1,n — 2,2).
Eg: (22 +y3 + 2* = 0) and G,,, acts with character (6,4, 3).

E7: (2% + y3 4+ y2® = 0) and G,,, acts with character (9,6,4).

Eg: (22 4+ y3+ 2° =0) and G,,, acts with character (15,10, 6).

(Twisted versions: p, X G,,-actions)

Ay (22 + 92 + 2" = 0). If n+ 1 is odd then G, acts with character
(n+1,n+1,2) and s acts with character (0,1,0). If n + 1 is even then
Gy, acts with character (%2, 2L 1) and ps acts with character (0, 1,0).

Dy: (2% + 3?2 + 2" 1 = 0), Gy, acts with character (n — 1,n — 2,2) and pug
acts with character (1,1, 0).

Dy: (22 +y* + 22 = 0), G,, acts with character (3,2,2) and usz acts with
character (0,1, 0).

Eg: (22 + > + 2* = 0) and G,, acts with character (6,4, 3) and us acts with
character (1,0, 0).

ExaMPLE 2.28 (Locally stable deformations of surface quotient singularities).
Let (0 € S) be a surface quotient singularity with Du Val cover (0 € S) — (0 € S).
By (2.21), the classification of locally stable deformations of all such (0 € §) is
equivalent to classifying all cyclic group actions on Du Val singularities (0 € 5)
that are free outside the origin and whose action on wg ® k(0) is faithful. This is
straightforward, though somewhat tedious, using (2.27). Alternatively, one can use
the classification of finite subgroups of GL(2) as in [Bri68a).

Thus the miniversal locally stable deformation space, which we denote by
Defyc(S) (6.4), is the fixed point set of the corresponding cyclic group action on

Def(.S), hence it is also smooth.
Ap-series: (zy+2""t =0)/L(1,(n+1)c—1,c) for any m where ((n+1)c—

1
1,m) = 1. These are equivgriantly smoothable only if m/|(n + 1)c.

D,-series: (z2+y*z+2""! = 0)/T1+1(n—1,n—2, 2) where (2k+1,n—2) =
1. These are not equivariantly smoothable, but, for instance, if 2k+1|n—1,
they deform to the quotient singularity A2/ ﬁ( -1,2).

Eg-series: (2% + y® + 2* = 0)/1(6,4,3) for (m,6) = 1. For m > 1 all
equivariant deformations are trivial, save for m = 5, when there is a 1-
parameter family (2% +y® + 2% + \yz = 0)/1(1,4,3).

Er-series: (2% + y® 4+ y2® = 0)/1(9,6,4) for (m,6) = 1. For m > 1 all
equivariant deformations are trivial, save for m = 5 and m = 7, when
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there are 1-parameter families (22 + 3 + y2® + Awz = 0)/1(4,1,4) and
(22 +9° +yz> + Xz =0)/1(2,6,4).

Eg-series: (2% + y® + 2° = 0)/-1(15,10,6) for (m,30) = 1. For m > 1
all equivariant deformations are trivial, save for m = 7, when there is a
1-parameter family (x2 +P 425+ Mz = 0)/%(17 3,6).

Ap-twisted: (22 +y? 42" =0)/ 2 (n+1,n+1+2m,2) for any (2m,n+
1) = 1. These are never equivariantly smoothable.

Dy-twisted: (22 +y® + 2% = 0)/@(9]6 +6,1,6k + 4). All equivariant
deformations are trivial.

EXAMPLE 2.29 (Quotients of simple elliptic and cusp singularities).

Let (0 € S) be a simple elliptic, cusp or degenerate cusp singularity with
minimal resolution (or semi-resolution) f : T — S and exceptional curves C' =
> C;. Then wr(C) = f*wg, which gives a canonical isomorphism

ws ® k(0) = HO(C, we).

Since C' is either a smooth elliptic curve or a cycle of rational curves, Aut(C) is
infinite but a finite index subgroup acts trivially on H°(C,wc).

For cusps and for most simple elliptic singularities this leaves only us-actions.
The corresponding quotients are listed in (2.19.Case.4.3). When the elliptic curves
have extra automorphisms, one can have us, 4 and pg-actions. These were enu-
merated in (2.19.Case.4.4).

The following is one of the simplest degenerate cusp quotients.

ExAMPLE 2.30 (Deformations of the double pinch point). Let (0 € S) be the
double pinch point singularity, defined by (S =A%2 D= (zy=0),7= (-1, 71)).
Here wg is not locally free but wg] is and one can write S as the quotient
S=25/1(1,1,1) where S=(z*-2%*=0)CA®

A local generator of wg is given by z~'dz A dy, which is anti-invariant. Thus wg
has index 2 and S — S is the index 1 cover. Thus every locally stable deformation
of S is obtained as the ps-quotient of an equivariant deformation of S. By (2.26)
the miniversal deformation space is given by

(22 — 2%y + uo + wzy + ZUM% + ijy2j =0)/4(1,1,1).
i>1 i>1

When ug = w1 = v; = w1 = 0, we get equimultiple deformations to ps-quotients of
cusps with minimal resolution

The slc deformations of pairs (X,A) are more complicated, even if A is a
Z-divisor. One difficulty is that wg(D) is locally free for every pair

(SvD) = (A27 (:L'y = 0))/%(17(])
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since ‘i—f’” A % is invariant. Thus we would need to describe the deformations of
every such pair (S, D) by hand. The following is one of the simplest examples, and
it already shows that the answer is likely to be subtle.

EXAMPLE 2.31 (Deformations of (A%, (zy =0))/%(1,1)).

Flat deformations of the quotient singularity H,, := A2/ %(1, 1) are quite well
understood; see [Pin74]. H, can be realized as the affine cone over the rational
normal curve C, C P" and all local deformations are induced by deformations
of the projective cone C), (C’n) C P**l. If n # 4 then the deformation space is
irreducible and the smooth surfaces in it are minimal ruled surfaces of degree n in
P™+1. We describe these completely below. (For n = 4 there is another component,
corresponding to the Veronese embedding P? — P5.)

Since (zy)~'dx Ady is invariant under the group action, it descends to a 2-form
on H, with poles along the curve D,, := (zy = 0)/+(1,1). Thus Kp, + D, ~ 0
and the pair (H,, D,,) is lc. Our aim is to understand which deformations of H,,
extend to a deformation of the pair (H,,, Dy,).

Claim 2.81.1. Fix n > 7 and let 7 : X — A! be a general smoothing of H,,.
Then the divisor D,, can not be extended to a divisor Dx such that 7 : (X, DX) —
Al is locally stable.

However, there are special smoothings 7 : X’ — A! for which such a divisor
D’ exists.

Proof. For m € N, let F,,, denote the ruled surface Projp: (Op1 + Op1(—m)).
Let E,, C F,, denote the section with self intersection —m and F' C F,,, denote a
fiber. Note that Ky, ~ —(2E,, + (m +2)F).

For a > 1 set Ay := E+ (m + a)F. Then A,,, is very ample with self
intersection n := m + 2a and it embeds F,, into P**! as a surface of degree n.
Denote the image by S,,,. A general hyperplane section of S,,, is a rational normal
curve C,, C P*. Consider the affine cones X,,, = C’a(Sma) and H, := C, (Cn)
We can choose coordinates such that

Xona C A2

L1y Tn+42

and H, = (zp42 =0).

The last coordinate projection gives 7 : X,,,, — A! which is a flat deformation (in
fact a smoothing) of H,,. By [Koll3c, 3.14.5]

HO (Xma’ OXma(_KXma)) = EiEZ l'%) ’ HO (Sma7 Osma(_KSma + ’LAma))
=iz %h  H*(Sma; Os,,,, ((2+9) Em + (m + 2+ im +ia)F)).

The lowest degree terms in the sum depend on m and a. For i < —2, we get 0. For
1 = —2 we have

H°(Smas Os,,.. (2 =m —2a)F)) = H’(S1ma,0s,.. ((2—n)F)).

This is 0, unless n = 2, that is, when X is the quadric cone in A3. Then D5 is a
Cartier divisor Hy and so every deformation of Hy extends to a deformation of the
pair (Hz, D3). Thus assume next that n > 3.

For ¢ = —1 we have the summand

HO (Sma7 OSma (Em + (2 - (I)F))

This is again zero if a > 3, but for a = 1 we get a pencil |E,, + F| (whose members
are pairs of intersecting lines) and for a = 2 we get a unique member E,, (which is
a smooth conic in P**1). This shows the following.
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Claim 2.31.2. For a = 1,2 and any m > 0, the anticanonical class of the 3-fold
Xma contains a (possibly reducible) quadric cone D C X,,,, and 7 : (Xma, D) — Al
is locally stable.

For a > 3, we have to look at the next term
H°(Spa, Os,,, (2Bm + (m + 2)F))

for a nonzero section. The corresponding linear system consists of reducible curves
of the form F,, + G,, where G,, € |E,, + (m + 2)F|. These curves have 2 nodes
and arithmetic genus 1. Let B C X,,,, denote the cone over any such curve. Then
(Xma,B) is log canonical but 7 : (Xma,B) — A is not locally stable since the
restriction of B to H, consists of n 4+ 2 lines through the vertex. Thus we have
proved:

Claim 2.31.3. For a > 3 and any m > 0, the anticanonical class of X,,, does
not contain any divisor D for which 7 : (Xma, D) — Al is locally stable. (|

Note finally that the surfaces S,,, with n = m + 2a form an irreducible family.
General points correspond to the largest possible value a = |(n—1)/2]. The
surfaces with a < 2 correspond to a closed subset, which is a 2-dimensional subspace
of the versal deformation space of H,.

2.3. Examples of locally stable families

The aim of this section is to investigate, mostly through examples, fibers of
locally stable morphisms. If (S, A) is slc then, for any smooth curve C, the projec-
tion 7 : (S x C, A x C) — C is locally stable with fiber (S, A). Thus, in general we
can only say that fibers of locally stable morphisms are exactly the slc pairs.

The question becomes, however, quite interesting, if we look at special fibers
of locally stable morphisms whose general fibers are “nice,” for instance smooth or
canonical. The main point is thus to probe the difference between arbitrary snc
singularities and those snc singularities that occur on locally stable degenerations
of smooth varieties. We focus on two main questions.

QUESTION 2.32. Let f : X — T be a locally stable morphism over a pointed
curve (0 € T') such that X; is smooth for ¢ # 0.
(1) Is Xo CM?
(2) Are the irreducible components of Xq CM?
(3) Is the normalization of Xy CM?

QUESTION 2.33. Let f : (X,A) — T be a locally stable morphism over a
pointed curve (0 € T') such that X, is smooth and A is snc for ¢ # 0.

(1) Do the supports of {A; : ¢t € T} form a flat family of divisors?
(2) Are the sheaves Ox,(mKx, + |[mAy]) CM?
(3) Do the sheaves {Ox, (mKx, + |mA¢]) : t € T} form a flat family?

A normal surface is always CM, and the (local analytic) irreducible components
of an slc surface are CM. The latter follows from the classification of slc surfaces
given in [Kol13c, Sec.2.2]. Starting with dimension 3, there are lc singularities that
are not CM. The simplest examples are cones over Abelian varieties; see (2.34). On
the other hand, we noted in (1.79) that canonical and log terminal singularities are
CM and rational in characteristic 0.
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Let us note next that the answer to (2.32.1) is positive, that is, Xy is CM.
Indeed, X is canonical by (2.13) and hence CM by (1.79). Therefore Xy is also
CM. A more complete answer to (2.32.1), without assuming that X is smooth or
canonical for ¢ # 0, is given in (2.68).

For locally stable families of pairs, the boundary provides additional sheaves
whose CM properties are important to understand; this motivates (2.33). Unlike
for (2.32), the answer to all of these is negative already for surfaces. The first
convincing examples were discovered by Hassett (2.39). As a consequence, we see
that we can not think of the deformations of (S, A) as a flat deformation of S
and a flat deformation of A that are compatible in certain ways. In general it is
imperative to view (S,A) as a single object. See, however, Section 2.7 for many
cases where viewing (S, A) as a pair does work well.

Our examples will be either locally or globally cones and we need some basic
information about them.

2.34 (Cones). Let X be a projective scheme with an ample line bundle L. The
affine cone over X with conormal bundle L is

Co(X, L) := Specy, ZmZOHO(Xv m).

Away from the vertex the cone is locally isomorphic to X x A!, but the vertex
is usually more complicated. The following results are quite straightforward, see
[Kol13c, Sec.3.1] or details.

Let X be a projective variety with rational singularities over a field of charac-
teristic 0 and L an ample line bundle on X.

(1) If —Kx is ample then C,(X, L) is CM and has rational singularities.
(2) If —Kx is nef (for instance, X is Calabi-Yau), then
(a) Co(X, L) is CM iff H(X,Ox) =0 for 0 < i < dim X, and
(b) C.(X, L) has rational singularities iff H(X,0x) = 0 for 0 < i <
dim X.

Next let (X,A) be a projective, sle pair and L an ample Cartier divisor on X.
Let Ac,(x,z) denote the Q-divisor corresponding A on Cq(X,L). Assume that
Kx 4+ A ~g - L for some r € Q. Then (C’a(X, L)aACa(X,L)> is

3) terminal iff »r < —1 and (X, A) is terminal,

4) canonical iff » < —1 and (X, A) is canonical,

5) kit iff r < 0 (that is, —(Kx + A) is ample) and (X, A) is kit,

6) dlt iff either 7 < 0 and (X, A) is dlt or (X,A) = (P, ([Tx; = 0)) and the
cone is (A" ([Tx; =0)).

(7) leiff r <0 (that is, —(Kx + A) is nef) and (X, A) is le,

(8) semi-log-canonical iff » < 0 and X is semi-log-canonical.

ExaMPLE 2.35 (Counter example to (2.32.2)). Let Qo C P* be the singular
quadric (xy —uv = 0). Let |A| and |B| be the two families of planes on @y and
H the hyperplane class. Let S; € |2A + H| be a general member. Note that S;
is smooth away from the vertex of Qg and at the vertex it has 2 local analytic
components intersecting at a single point. In particular, S; is non-normal and
non-CM. (The easiest way to see these is to blow up a plane B; € |B|. Then
Bp,Qo — Qo is a small resolution whose exceptional set E is a smooth rational
curve. The birational transform of |24 + H| is a very ample linear system whose
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general member is a smooth surface that intersects E in 2 points. This is the
normalization of the surface Sj.)

Let By, By be planes in the other family. Then X := S; + By + By ~ 3H, thus
Xp is a (2) N (3) complete intersection in P*. We can thus write X as the limit of
a smooth family of (2) N (3) complete intersections X;. The general X; is a smooth
K3 surface.

On the other hand, X can also be viewed as a general member of a flat family
whose special fiber is A; + Ao + By + By + H. The latter is slc by (2.34), thus X
is also slc. Hence {X; : t € T'} is a locally stable family such that X; is a smooth
K3 surface for ¢ # 0. Moreover, the irreducible component S; C X is not CM.

In this case, the source of the problem is easy to explain. At its singular point,
S1 is analytically reducible. The local analytic branches of S; and the normalization
of S are both smooth.

One can, however, modify this example to get analytically irreducible non-CM
examples, albeit in dimension 3. To see this, let

Yy = C(Xo) = C(Sl) + C(Bl) + C(BQ) C P°

be the cone over Xj. It is still a (2) N (3) complete intersection, thus we can write
Yy as the limit of a smooth family of (2)N(3) complete intersections Y;. The general
Y, is a smooth Fano 3-fold.

By (2.34), Y) is slc, thus {Y; : t € T'} is a stable family such that Y; is a smooth
3-fold for ¢ # 0. Since S; is irreducible, the cone C(S) is analytically irreducible
at its vertex. It is non-normal along a line and non-CM.

One can check that the normalization of C'(S;) is CM.

EXAMPLE 2.36 (Counter example to (2.32.3)). As in (2.35), let Qo C P* be the
singular quadric (zy — uv = 0). On it, take a divisor

Do := A1+ Ay + 5(Bi+---+ Ba) + 5 Hy

where the A; are planes in one family, the B; are planes in the other family and
H, is a general quartic section.

Note that (Qo, Do) is lc (2.34) and 2Dy is an octic section of Qp. We can thus
write (Qo, Do) as the limit of a family (Q;, D;) where @, is a smooth quadric and
2D, a smooth octic hypersurface section of Q.

Let us now take the double covers of @Q); ramified along 2D; (1.88) We get a
family of (2) N (8) complete intersections X; C P(1°,4). The general X; is smooth
with ample canonical class. The special fiber is irreducible, slc, but not normal
along Ay + Ay, which is the union of 2 planes meeting at a point.

Let 7 : X9 — Qo denote the projection of the normalization of X,. Then

W*OX'O = OQU + OQ0(4H - Al - Az)

It is easy to compute that Og,(4H — A1 — A2) is not CM (see, for instance, [Koll3c,
3.15]), so we conclude that X is not CM.

It is also interesting to note that the preimage of A; + Ay in X is the union
of 2 elliptic cones meeting at their common vertex. These are quite complicated lc
centers.

EXAMPLE 2.37 (Counter example to (2.32.2-3)). Here is an example of a locally
stable family of smooth projective varieties {Y; : ¢ € T'} such that

(1) the canonical class Ky, is ample and Cartier for every ¢,
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(2) Yp is slc and CM,
(3) the irreducible components of Yy are normal, but
(4) one of the irreducible components of Yj is not CM.

Let Z be a smooth Fano variety of dimension n > 2 such that —K  is very
ample, for instance Z = P2. Set X := P! x Z and view it as embedded by | — Kx]|
into PV for suitable N. Let C'(X) C PN*! be the cone over X.

Let M € | — Kz| be a smooth member and consider the following divisors in
X:

Do :={(0:1)}xZ, Dy :={(1:0)} x Z and Dy:=P' x M.
Note that Dy + Dy + Dy ~ —Kx. Let E; C C(X) denote the cone over D;. Then
Eo + Ey + Es is a hyperplane section of C(X) and (C(X), Ey + E1 + E») is lc by
(2.34).

For some m > 0, let H,, C C(X) be a general intersection with a degree m
hypersurface. Then

(C(X)7 EO + El + E2 + HT)’L)

is snc outside the vertex and is lc at the vertex. Set Yy := Eg + E7 + Ey + H,,.
Since O¢(x)(Yo) ~ Oc(x)(m + 1), we can view Yy as an slc limit of a family of
smooth hypersurface sections Y; C C(X).

The cone over X is CM by (2.34), hence its hyperplane section Ey+E1+FEs+H,,
is also CM. However, E, is not CM. To see this, note that F; is the cone over P! x M
and, by the Kiineth formula,

k ifi=0n-1,

il _ i _
H(P" x M, Oprcar) = H'(M, Onr) = { 0 otherwise.

Thus Ej is not CM by (2.34).

ExXAMPLE 2.38 (Easy counter examples to (2.33)). There are some obvious
problems with all of the questions in (2.33) if the D, contain divisors with different
coefficients. For instance, let C' be a smooth curve and D', D" C Al x C =: S two
sections of the 1st projection mr1. Set D := (D’ + D"). Then

T e (S,D) — Al

is a stable family of 1-dimensional pairs. For general ¢, the sections D’, D" inter-
sect C; at two different points and then Oc, (K¢, + |Dt]) & Oc(K¢). If, how-
ever, D', D" intersect C; at the same point p; € Ci, then O¢, (K¢, + | Dt]) =
Oc(Kc)(pt)-

Similarly, the support of D; is 2 points for general ¢ but only 1 point for special
values of t.

In 1-dimension one can correct for these problems by a more careful book
keeping of the different parts of the divisor D;. However, starting with dimension
2, no correction seems possible, except when all the coefficients are > % (2.82).

The following example is due to Hassett (unpublished).

ExAaMPLE 2.39 (Counter example to (2.33.1-3)). We start with the already
studied example of deformations of the cone S C P° over the degree 4 rational
normal curve (1.44), but here we add a boundary to it. Fix r > 1 and let Dg be
the sum of 2r lines. Then (S, %DS) is lc and (KS + %DS)2 =4.

As in (1.44), there are two different deformations of the pair (S, Dg).
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(2.39.1) First, set P := P? and let Dp be the sum of r general lines. Then
(P, %Dp) is lc (even canonical if r > 2) and (Kp—&—%Dp)Q = 4. The usual smoothing
of S C P5 to the Veronese surface gives a family f : (X, Dx) — P! with general
fiber (P, Dp) and special fiber (S, Dg). We can concretely realize this as deforming
(P,Dp) C P? to the cone over a general hyperplane section. Note that for any
general Dg there is a choice of lines Dp such that the above limit is exactly Dg.
The total space (X, Dx) is the cone over (P, Dp) (blown up along curve) and
X is Q-factorial. Thus by (1.79) the structure sheaf of an effective divisor on X is
CM.
In particular, Dg is a flat limit of Dp. Since the Dp is a plane curve of degree
r, we conclude that
r(r—3)
X(0p,) = x(0p,) = =2,
(2.39.2) Second, set @ := P x P! and let A, B denote the classes of the 2 rulings.
Let Dg be the sum of r lines from the A-family. Then (Q, 1Dg) is canonical and

(KQ + %DQ)2 = 4. The usual smoothing of S C P® to P! x P! embedded by
H := A+ 2B gives a family g : (Y,Dy) — P! with general fiber (Q, Dg) and
special fiber (S, Dg). We can concretely realize this as deforming (Q, Do) C P° to
the cone over a general hyperplane section.

The total space (Y, Dy) is the cone over (Q, Dg) (blown up along curve) and
Y is not Q-factorial. However, K¢ + %DQ ~q —H, thus Ky + %Dy is Q-Cartier
and (Y, S+ £Dy) is lc by inversion of adjunction (1.93) and so is (Y, 1 Dy).

In this case, however, Dg is not a flat limit of Dg for » > 1. This follows, for
instance, from comparing their Euler characteristic:

M(Opy) = " =3)

(2.39.3) Because of their role in the canonical ring, we are also interested in the
sheaves O(mK + [ D]).

Let Hp be the hyperplane class of P C P° (that is, 2 times a line L C P) and
write m = br + a where 0 < a < r. Then

mKp + | Dp| +nHp ~ (2n —2m —a)L,

and x(Op,) =T

and hence
X(P, Op (pr + I_%DPJ + an)) = (2n7227a+2)
= (77 —a2n-2m+1) + (%)

Again by (1.79) all divisorial sheaves on X are CM. Thus the restriction of
Ox(mKx + [ Dx]) to the central fiber S'is Og(mKs + [ Dg]). In particular,

X(5,05(mKs + ™ Ds| + nHs)) = (2” - 22m + 2) —a(@n—2m 1)+ (Z)

The other deformation again behaves differently. Write m = br + a where
0 <a <. Then, for Hy ~ A+ 2B, we see that
mKq + [T Dq| +nHg ~ (n —m —a)A+ (2n — 2m)B,
and therefore
m 2n —2m + 2
X(Q.0(mEq + |2 Dg) + nHg) =

) >a(2n2m+1).
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From this we conclude that the restriction of Oy (mKy +|mDy |) to the central
fiber S agrees with Og(mKg + |mDg]) only if a € {0,1}, that is when m =
0,1 mod r. The if part was clear from the beginning. Indeed, if @ = 0 then
Oy (mKy + |mDy |) = Oy (mKy + mDy) is locally free and if a = 1 then

Oy (mKy + [mDy|) = Oy (Ky) ® Oy((m - DKy + (m— 1)Dy)

is Oy (Ky) tensored with a locally free sheaf. Both of these commute with restric-
tions.
In the other cases we only get an injection

Oy(me + LmDyJ)‘S — OS(mKS + LmDsJ)
whose quotient is a torsion sheaf of length (§) supported at the vertex.

EXAMPLE 2.40 (Counter example to (2.33.1)). Asin (2.37), let Z be a smooth
Fano variety of dimension n > 2 such that —K is very ample. Set X := P! x Z
but now view it as embedded by global sections of Op1 (1) ® Oz(—Kz) into PV for
suitable N. Let C(X) C PM*! be the cone over X.

Fix r > 1 and let D, be the sum of r distinct divisors of the form {point} x
Z C X. Let H C X be a general hyperplane section. Then H ~q —(KX +
1D, ), thatis, (X, 1D, ) is (numerically) anticanonically embedded. Thus, by (2.34),
(C(H),LC(H N D,)) is lc and there is a locally stable family with general fiber
(X, 1D,) and special fiber (C(H),XC(H N D,)).

However, C(HND,.) is not a flat deformation of D,.. Indeed, if D,;(= Z) is any
irreducible component of D,., then C(H N D,;) is a flat deformation of D,;. Thus
II,C(HND,;) is a flat deformation of D, = II; D,;. Note further that II,C(HND,;)
is the normalization of C(HND,.), and the normalization map is r : 1 over the vertex
of the cone. Thus

X(DT’ODT) = Eix DT‘ivoDm‘) =
= Y, x(C(HN D), 0crnb,.))
> X(C(H N Dr)aOC(HﬂDT)) + (7" - ].)
Therefore C(H N D,.) can not be a flat deformation of D,. for » > 1. We pick up at
least » — 1 embedded points.

EXAMPLE 2.41 (Counter example to (2.33.3)). Set X := Cy (P! xP", Op1pn (1,a))
for some 0 < a < n+ 1. Let D C X be the cone over a smooth divisor in
|Op1 «pn (1,n+ 1 — a)|. Then (X, D) is canonical and Kx + D is Cartier.

Let 7 : (X, D) — A! be a general projection. Then 7 is locally stable and its
central fiber is the cone Xy = Ca(H7 (’)Plxpn(l,a)\H) where H € |Opiypn(l,a)l| is
a smooth divisor.

We claim that if 2a > n + 1 then 7, : wL;’;]Al
m > 1.

Indeed, we can write this map as

ZHO(IP’1 xP", O(r—2m,ra—(n+1)m)) — ZHO(H,C’)(r—2m,ra—(n+1)m)|H)
r>0 r>0

is not surjective for

L

%,

and r, is surjective iff
H'(P' x P*, Op1 ypn (r — 2m,ra — (n+ 1)m)) =0
for every r > —1. Choose r = 2m — 2. Then, by the Kiineth formula, this group is
H'(P', Op1 (—2)) ® H°(P", Opn(m(2a — n — 1) — 2a)).
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Since 2a — n — 1 > 0, this is nonzero for m > 2a.

The following example, related to [Pat13], shows that the relative dualizing
sheaf does not commute with base change in general.

EXAMPLE 2.42. We give an example of a flat family of normal varieties Y — U
such that wy; is locally free for some 0 € U yet wy,y is not locally free along Yj.

We start with a smooth, projective variety X such that H'(X,Ox) # 0 but
H°(X,wx) = HY(X,wx) = 0. For example, we can take X = C' x P" where C is a
smooth curve of genus > 0 and n > 2.

Let Lo be a very ample line bundle such that Ly ®wx is ample. All line bundles
algebraically equivalent to Ly are parametrized by Pic”(X).

Pick a smooth divisor D C X linearly equivalent to Ly. Our example will be
the family of cones

Y7, := Spec;, ZmHO (D, (L & wX)m|D),

parametrized by a suitable open set [Lo] € U C Pic®(X).
The Y7, form a flat family iff the h°(D, (L ® wx)™|p) are all constant on U.
To compute these, consider the exact sequence

0= (L®wx)™(-D) = (L®wx)™ = (L®wx)™|p — 0.

Since (L ® wx)™(—D) is numerically equivalent to wx ® (L ® wx )™}, its higher

cohomologies vanish. Thus h°(D, (L ® wx)™|p) is independent of L for m > 2. If
m = 1then (Ly®wx)(—D) = wx and we assumed that H%(X,wx) = H(X,wx) =
0. Thus H° (D7 (L®wx)|p) =H° (X, L®wx) = 0 holds for all L in a neighborhood
of [Lo]; this conditions defines our U.

The cones Y}, form the fibers of a flat morphism ¥ — U. By [Kol13c, 3.14.4],
wy,, is locally free iff L = L. Thus wy,y is not locally free along Yz, yet wy,  is
locally free.

2.4. Stable families

Next we define the notion of stable families over a regular 1-dimensional base
scheme and establish, in characteristic 0, the valuative criteria of separatedness and
properness.

DEFINITION 2.43. Let f: (X,A) — C be a family of pairs (2.1) over a regular
1-dimensional scheme C. We say that f : (X,A) — C is stable if

(1) f is locally stable (2.2),

(2) f is proper and

(3) Kx/c + Ais f-ample.
Note that if f is locally stable then Kx + A is Q-Cartier, so f-ampleness makes
sense. As we remarked in (2.2), if C is a over a field of characteristic zero, then
being stable is preserved by base change C' — C. This is expected to hold in
general, but it is not known. See (2.58) for an important special case.

More generally, whenever the notion of local stability is defined later over a
scheme S, then f : (X,A) — S is called stable if the above 3 conditions are
satisfied. (Thus we have to make sure that local stability implies that Kx g + A
makes sense and is Q-Cartier.)

The relationship between locally stable morphisms and stable morphisms par-
allels the connection between smooth varieties and their canonical models.
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PROPOSITION 2.44. Let f : (Y, Ay) — B be a locally stable proper morphism
over a 1-dimensional reqular scheme B. Let g : (X, AX) — B be the canonical
model of f. Then f : (X, AX) — B is stable.

Furthermore, if B is over a field of characteristic zero, then taking the canonical
model commutes with flat base changes 7 : B' — B.

Proof. First, Kx + Ax is g-ample by definition (1.37) and (X, AX) is lc.

Let b € B be any closed point and Y} (resp. X;) the fibers over b. Since f is
locally stable, (Y, Y, + Ay) is lc. Since any fiber is f-linearly trivial, we conclude
using [Kol13c, 1.28]. that (X, Xy + AX) is also lc. Thus g is locally stable, hence
stable.

By definition X = Projg >, <o f«Oy (mKy +|mAy |) and taking f, commutes
with flat base change. In characteristic zero, being locally stable commutes with
base change (2.2), which shows the last assertion. O

As discussed in (1.21), the separatedness and properness criteria of the (not
yet defined) moduli functor/stack of stable morphisms involve the extensions of a
stable family defined over an open subset C° C C to a stable family defined over
C.

2.45 (Separatedness and Properness). Let C be a regular 1-dimensional scheme,
C° C C an open and dense subscheme and f° : (X9 A®%) — €9 a stable morphism.
We aim to prove the following two properties.

Separatedness: f0: (X% AY) — CY has at most one extension to a stable
morphism f: (X,A) — C.
Properness: There is a finite surjection 7 : B — C such that the pull back
70 (X% %o B,A” x¢ B) = 7 1(C?)
extends to a stable morphism fp: (Xp,Ap) — B.
Next we show that both of these hold for stable morphisms in characteristic 0.

In both cases the proof relies on theorems which, for later applications, we state in
rather general forms.

Proof of separatedness.
We start with a variant of (1.29) which holds over arbitrary base schemes and
then conclude that separatedness holds for stable morphisms.

THEOREM 2.46. Let f; : (Xi, Ai) — B be two proper morphisms from slc pairs
to an irreducible, Noetherian scheme B. Assume that

(1) every irreducible component of X* dominates B,

(2) every divisor E* over X' satisfying a(Ei,Xi7 Ai) < 0 dominates B and

(3) Kxi+ A is fi-ample.
Then every isomorphism of the generic fibers

¢ (Xip) Dup) = (Xipy Akm)
extends to an isomorphism
D (X AN = (X2 A?).
Proof. Let I' C X' xp X? be the closure of the graph of ¢ and I’ C T the

union of those irreducible components that dominate B. Let Y — IV be a partial
normalization (2.49) that is an isomorphism over the generic point of B and such
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that every irreducible component of the non-normal locus of Y dominates B. Let
pi 0 Y = X*and f:Y — B be the projections. The p; are isomorphisms over the
generic point of B by construction.

Let X* — X° denote the normalization with conductor D* C X°. Since
a(D;-,Xi,Ai) = —1 for every irreducible component D;- c D*, we see that the
D} dominate B. Thus the p; are isomorphisms over the nodes of X?, hence outside
a codimension > 2 subset of X*.

As in (1.29), we use the log canonical class to compare the X*. If F* is an
irreducible component of A? then a(Fi,Xi,Ai) = —coeffpi A" < 0, thus ev-
ery irreducible component of A’ dominates B by assumption (2). In particular,
(p1)7 LAY = (p2) ;1 A?; let us denote this divisor by Ay-. Write

Ky + Ay ~p; (Kxi +AY) + E;, (2.46.4)
where F; is p;-exceptional and does not dominate B. Hence F; is effective by
assumption (2). Choose m > 0 sufficiently divisible. Then (p;).Oy (mE;) = Ox:
since the p; are isomorphisms over the nodes of X?. Therefore

(f):Oxi (mExi +mAY) = (fi)u(pi)«Oy (mp} (K xi + A"))
= (fi)«(pi)+Oy (mpf(KXi +A") + mEi)
= (fi)+(pi)«Oy (mKy +mAy)
= f*Oy (me + mAy)
Since the Kxi + A" are fi-ample, X' = Projg Y., +o(fi)+Ox: (Tmei + rmAi).
Putting these together, we get the isomorphism B
O X! Projp 27_20(f1)*0X1(rmKX1 + rmA?)
Projg Zrzo f+Oy (rme + rmAy)
Projg ZTZO(fQ)*OXQ (rmKX2 + rmA2)

COROLLARY 2.47 (Separatedness for stable maps). Let f; : (Xi7Ai) — B be
two stable morphisms over a 1-dimensional reqular scheme B. Let
¢ (Xip) Dup) = (Xip)y Aim)
be an isomorphism of the generic fibers. Then ¢ extends to an isomorphism
P (XY AY) = (X3, A%).
Proof. Observe that (2.46.1) holds since the f; are flat, (2.46.2) was proved in
(2.13), and (2.46.3) holds by definition. Thus (2.46) implies (2.47). O

The following is another consequence of (2.47). In characteristic 0 it can be
proved in other ways as well, see [Uen75, Sec.14].

1R 11
11111

X2 |

COROLLARY 2.48. Let (X,A) be a stable pair over a field k of arbitrary char-
acteristic. Then Aut(X,A) is finite.

Proof. Choose m such that m(Kx +A) is very ample. Then Aut(X, A) is iden-
tified with the closed subgroup of PGL(H? (X, Ox(mKx + mA))) that stabilizes
(X,A). Thus Aut(X, A) is a linear algebraic group, hence an affine variety.

Let T be the spectrum of a DVR over k with generic point ¢, and ¢4 : t; —
Aut(X,A) a morphism. We can view it as an isomorphism between the generic
fibers of two trivial families (X,A) x T" — T. The trivial families are stable by
(2.14.2), hence, by (2.47), ¢4 extends to an isomorphism

O (X, A)xT — (X,A) xT.
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This is exactly the valuative criterion of properness for Aut(X, A). Thus Aut(X, A)
is both affine and proper, hence finite. ([

2.49 (Partial normalization). Let Y be a reduced scheme with finite normal-
ization 7 : Y — Y. Let D C Y be the reduced conductor. Let D; C D be the
union of some of the irreducible components and Dy C D the union of the others.
‘We construct a partial normalization

VY 2Y Y
such that m; : Y/ — Y is an isomorphism over Y \ Dy and 7y : Y — Y’ is an
isomorphism over Y/ \ 7y 1_(D1).
Note that Y\ Dy and Y \ #~1(D;) naturally glue together to a scheme p : W —

Y\ (D1NDs). Let F denote the push-forward of p,Ow to Y. Then F is a coherent
sheaf of algebras (10.16) and Y’ := Specy F has the required properties.

Proof of properness.
The following result verifies the valuative criterion of properness for slc mor-
phisms.

THEOREM 2.50 (Properness for stable maps). Let C' be a smooth curve over a
field of characteristic 0 and C° C C an open and dense subset. Let fO: (X% A%) —
C° be a stable morphism.

Then there is a finite surjection w: B — C such that the pull back

=" (X°x¢ B,A” x¢ B) = 7 1(C?)
extends to a stable morphism fp: (Xp,Ap) — B.

Proof. We closely follow the steps of the proof for curves outlined in (1.17).

We begin with the case when X° is normal. Start with f© : (X% A%) — C°
and extend it to a proper flat morphism f; : (X7, A1) — C where X7 is normal. In
general (X1, A1) is no longer lc.

By [Kol13c, 10.46]. there is a log resolution g1 : Y1 — X7 such that (gl_l)*AlJr
Ex(g1)+Y1. is an snc divisor for every ¢ € C. In general, the fibers of fiog; : Y1 — C
are not reduced, hence g; : (Yl, (gfl)*Al + Ex(gl)) — C is not locally stable.

Let B be a smooth curve and 7 : B — C a finite surjection. Let Xo — X x¢ B
and Yo — Y; X¢ B denote the normalizations and g5 : Yo — X5 the induced
morphism. Let As be the pull back of Ay xX¢ B to Xos.

Note that

faoga: (Ya, (95"), 02 + Ex(g2)) — B
is a log resolution over the points where 7 is étale, but Y5 need not be smooth
everywhere. However, by (2.52), (Yz7 (g{l)*Ag + Ex(g2) + red ng) is lc for every
be B.

By (2.53), one can choose 7 : B — C such that every fiber of f5o0 gs is reduced.
With such a choice, f5 o go is locally stable.

If the generic fiber (XS, AS) is klt, then, using (2.13) and after shrinking CY,
we may assume that (X°, A%) is klt. Pick 0 < e < 1. Then (Y2, Ay+(1—€) Ex(g2))
is also klt and so by [Kol13c, 1.30.5] it has a canonical model fp: (Xp,Ap) — B
which is stable by (2.44).

We are almost done, except that, by construction, fg : (Xp,Ag) — B is
isomorphic to the pull-back of f° : (X% A% — C° only over a possibly smaller
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dense open subset. However, by (2.47), this implies that this isomorphism holds
over the entire C°.

The argument is the same if (X9, A®) is lc, but we need to take the canonical
model of (Y2, Az +Ex(gz)). The latter is dlt but not klt. Here we rely on [HX16];
see also [Koll3c, 1.30.7].

Next we show how the semi-log-canonical case can be reduced to the log canon-
ical case, by again following the steps outlined in (1.17).

Let X° — XY be the normalization with conductor D° C X°. As we noted in
(2.2), we get a stable morphism

2 (XY A+ D% — C°. (2.50.4)
By the already completed normal case, we get B — C' such that the pull back of
(2.50.4) extends to a stable morphism
f_B : (XB,AB+DB) — B. (2505)
Finally, (2.56) shows that (2.50.5) is the normalization of a stable morphism fp :
(XB,Ap) — B which is the required extension of the pull-back of f: (X° A%) —
C". O
We have used the following 3 lemmas during the proof. The first one will be
strengthened in (2.81).

LEMMA 2.51. Let B be a smooth curve over a field of characteristic 0 and
f:(X,D+A) — B alocally stable (resp. stable) morphism where D is a Z-divisor.
Let n : D™ — D be the normalization. Then fon : (D" Diffpn A) = B is also
locally stable (resp. stable).

Proof. For any b € B, the fiber X}, is a Cartier divisor thus
Diff pr (A + X3) = (Diff pr A) + Xp|p» = (Diff pr A) + Dy

Together with adjunction (1.93), this shows that fp : (D™, Diff pn A) — B is locally
stable. Since D™ — D is finite and

we see that if Kx + D + A is f-ample then Kpn + Diff p» is f o n-ample. Hence if
f is stable then so is f on : (D™, Diff p» A) — B. O

LEMMA 2.52. Let C be a smooth curve over a field of characteristic 0, f : X —
C a flat morphism and A a Q-divisor on X. Assume that (X,red X. + A) is lc
for every ¢ € C. Let B be a smooth curve, g : B — C a quasi-finite morphism,
gy 1 Y = X x¢ B the normalization and Ay = g3 A.

Then (Y,red X, + Ay) is lc for every b € B.

Proof. Pick ¢ € C and let b; € B be its preimages. By the Hurwitz formula
Ky + Ay + ), redY), = g% (Kx + A+ red X,).

By assumption, (X, A +red X,) is lc for every ¢ € C. Hence, by (1.87.3), (Y, Ay +
>, redYs,) is also lc. O

LEMMA 2.53. Let f : X — T be a flat morphism from a normal scheme to a
1-dimensional reqular scheme T. Let S be another 1-dimensional regular scheme
and m:S — T a quasi-finite morphism. Let Y — X X1 S be the normalization and
fy : Y — S the projection. Assume that
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(1) for every s € S, the multiplicity of every irreducible component of Xy (s
divides the ramification index of m at s and
(2) 7 is tamely ramified everywhere.

Then every fiber of fy : Y — S is reduced.

Proof. The claim is local, so pick points Og € S and Or := w(0g) € T.

We want to study how the multiplicities of the irreducible components of the
fiber over Op change under base extension. We can focus on one such irreducible
component and pass to any open subset of X that is not disjoint from the chosen
component. We can thus think of X as a hypersurface X C A7 defined by an
equation f € Or[zy,...,2,]. The central fiber Xq is defined by f = 0 where f
is the mod ¢t reduction of f. By focusing at a generic point of X, after an étale
coordinate change we may assume that f = 2 where m is the multiplicity of X.
We can thus write f = 7" — t - u(x,t). Since X is normal (hence regular) at the
generic point of Xy, we see that w is not identically zero along Xj.

Let s be a local coordinate at 0g. We can write 7%t = s°v(s) where e is the
ramification index of m at Og and v is a unit at Og. Consider now the fiber product
Xg:=X xp 8 — S. It is defined by the equation

o = s u(x, s(s)) - v(s).

Note that Xg is not normal along (s = x; = 0) if m,e > 1.

We construct its normalization by repeatedly blowing up. This is especially
simple if e is a multiple of m. Write e = md and set 2} := xs~¢. Then we get
Y c A% (with coordinates z},x2, ..., ;) defined by

2" = u(z)s? za, ... 2y, 5%0(8)) - 0(s)
and the central fiber Y} is defined by the equation
2" = u(0,22,...,2,,0) - v(0),
where the right hand side is not identically zero.

If the characteristic of k(Og) does not divide m, then the projection Yy —

A;‘;lxn is generically étale and Yj is smooth at its generic points. In this case, Y

is the normalization of Xg¢ (at least generically along Y;) and the central fiber of

Y — S has multiplicity 1. O
Note that the proof of (2.53) does not work if the characteristic of k(0g) divides
m. Then Yy — A1 | is inseparable. If u(0, z2,...,2,,0) is not a pth power over

the algebraic closure of k(0g), then Yy is geometrically integral, hence generically
nonsingular. In this case, Y is the normalization of Xg and the central fiber of
Y — S has multiplicity 1.

However, ifu(O, T2,y Tn, 0) is a pth power, then Y} is not generically reduced.
In this case Y need not be normal, and further blow-ups may be needed to reach the
normalization. In any case, usually one does not get a reduced fiber. The situation
seems rather complicated, even for families of curves [AWT1]. A weaker result is
in (2.62).

Gluing of slc pairs.

At the end of the proof of (2.50) we needed to reconstruct an slc pair form its
normalizations. The technical background for this is discussed in [Kol13c, Chaps.
5 and 9]. In the current setting we aim to compactify an slc pair (X% A%) by
first normalizing it, then obtaining an lc compactification of the normalization and
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finally descending the lc compactification to a compactification of (X% A%). A
precise version of this process is the following.

2.54 (Compactification problem for slc pairs). Consider a diagram
(X°,A°+ D% <& (X,A+D)
70 (2.54.1)

where (X, AY) is an slc pair, 7° its normalization and  an open embedding with
dense image. We say that (2.54.1) defines a partial compactification of (X, AY) if
(2.54.1) can be extended to a diagram

(X°,A°+ D% < (X,A+D)
70 s (2.54.2)
(X0,A% & (X,A)
where (X, A) is demi-normal, 7 is its normalization and ¢ an open embedding.
Note that (X,A) is unique. [Koll3c, Sec.9.4] contains a series of examples
where (X, A) does not exist.

THEOREM 2.55. Let (X0, A°) be an slc pair over a field of characteristic 0 and
consider a diagram (2.54.1). Letn : D™ — D denote the normalization and assume
that the involution 7° on (D°)"™ extends to an involution T on D™.

(1) If none of the lc centers of (X, A+ D) is disjoint from X° then (2.54.1)
has an extension to a diagram (2.54.2). B

(2) If none of the log centers of (X, A+ D) is disjoint from X then (X, A)
is slc.

Proof. Our aim is to construct (X, A) as the geometric quotient [Koll3c, 9.4]
by the gluing relation generated by the relation (n,no7): D® = X as in [Kol13c,
5.31].

We assume that (X JA 4 D) is le. By assumption none of the lc centers of
(X,A + D) is contained in X \ X° and, over X°, we have a finite equivalence
relation whose quotient is X°. Thus [Kol13c, 9.55] implies that (n,no7) generates
a finite equivalence relation on (X, AJrD). Therefore, by [Kol13c, 5.33], there is a
demi-normal scheme (X, A) that contains (X°, A%) as an open subscheme, proving
(1).

By inversion of adjuntion (1.93), every irreducible component of Diff 5. lies
over a log center of (X, A+ D). Thus if none of the log centers of (X, A+ D) is
disjoint from X° then none of the irreducible components of Diff .. is disjoint from
X0, Thus Diff 5. is 7-invariant and therefore [Kol13c, 5.38] shows that (X, A) is
slc. |

COROLLARY 2.56. Let B be a smooth curve over a field of characteristic 0 and
B® C B a dense open subset. Let f: (X% A%) — B° be a stable morphism. Let
X0 = X0 be the normalization with conductor D° C X°.

Assume that fO : (X9 A + D% — BC extends to a stable morphism f :
(X,A+D) - B.

Then f0: (X9 A®) — B also extends to a stable morphism f : (X,A) — B.
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Proof. Let n: D™ — D denote the normalization. By (2.51),
fon: (D", Diff 5. A) — B

is also stable. In particular, by (2.47) the involution 7° of (DY)" extends to an
involution 7 on D™,

By (2.13), none of the log centers of (X, A+ D) is contained in X \ X°. Thus
the assumption of (2.55.2) hold, hence we get (X, A). Finally f° extends to a proper
morphism f : (X, A) — B by the universal property of geometric quotients. O

Base change in positive characteristic.

As we noted in (2.14), it is not known whether being locally stable commutes
with base change in positive characteristic. However, the next result shows that
this holds for all families obtained as in (2.50).

THEOREM 2.57. Let h : C' — C be a quasi-finite morphisms of reqular schemes
of dimension 1 and f : X — C a proper morphism from a regular scheme X to

C whose fibers are simple normal crossing divisors. Then X' := X xc C' has
canonical singularities and
Ym0 f o 2R s e (2.57.1)

Proof. Note that (2.57.1) is just the claim that push forward commutes with flat
base change h : C' — C. The substantial part is the assertion that X’ has canonical
singularities, hence the proj of >° - fiw;eé’,q;c, is also the relative canonical model
of any resolution of X’.

Pick a a point € X and set ¢ = f(x). We may assume that C and C’ are the
spectra of a DVRs with local parameters ¢ and s. Thus the Henselisation of (z, X)
can be given as a hypersurface

(z1- zm =1t) C (AL,0), (2.57.2)

where A% denotes the Henselisation of A% at (0, 0).
If h*t = ¢(s) then (2, X’) can be given as a hypersurface

(z1- zm = ¢(s)) C (AL, 0). (2.57.3)

Thus the main claim is that the singularity defined by (2.57.3) is canonical.

If we are over a field then (2.57.3) defines a toric singularity and we are done,
essentially as in (4.90). We check below that although there is no torus action on
the base C, we can compute the simplest blow-ups suggested by toric geometry and
everything works out as expected.

(Note, however, that although the pair (A}, (z1 - -z, = 0)) is lc, this is not a
completely toric question. We need to understand all exceptional divisors over A},
not just the toric ones; see [Kol13c, 2.11].) O

LEMMA 2.58. Let T be a DVR with local parameter t and residue field k and
Al the Henselisation of A% at (0,0). Let m < n and e be natural numbers and ¢
a regular function on AJ.. Set

X :=X(m,n,e,¢) = (x1- 2 =1+t P(21,...,2,)) C (A},0) (2.58.1)

and let D be the divisor (t = 0) C X. Then the pair (X, D) is log canonical and X
is canonical, near the origin.



2.4. STABLE FAMILIES 91

Proof. If char k = 0, this immediately follows from (2.9), so the main point is
that it also holds for any DVR.

If m =0 or e =0 then X is empty and we are done. Otherwise we can set
2!, = 2,(1 +td)~! to get the simpler equation z7---2,, = t°. For inductive
purposes we introduce a new variable s and work with the more general systems

X im (01— 5 = g+ — = 0) € (AB1,0)

D:=(t=0), where0<r<mn-—m. (2.58.2)

The case r = 0 corresponds to (2.58.1). We use induction on m and e.

Let E be an exceptional divisor over X and v the corresponding valuation.
Assume first that v(z1) > v(s). We blow up (x1 = s = 0). In the affine chart where
x} := x1/s we get the new equations

e—1

Tywy Ty — 8 = Tpy1 Tipyrs —t =0 (2.58.2)

defining (X, D). A local generator of wy (D) is
1 dzs A---ANdxy,
. u7 (2.58.3)
t T Tygr

which is unchanged by pull-back.

Such operations reduce e, until we reach a situation where v(z;) < v(s) for
every i. If v(x;) = 0 for some ¢ and i # m then z; is nonzero at the generic point of
centerx F. Thus we can set z), := x;x,, and reduce the value of m. Thus we may

assume that v(x;) > 0 for ¢ = 1,...,m. Since Y v(x;) = e-v(s), we conclude that
e < m. If e > 2 then we may assume that v(z.) is the smallest. Set a} = x;/x. for
i=1,...,e—1and s := s/x,. We get new equations

Ty xl Teyr T — (8) = XeTmi1 Tpars —t =0 (2.58.4)

defining (X', D') and the value of m dropped. The pull-back of the form (2.58.3) is
1 dzexh) A ANd(zexl_1) Ndze A--- Ndxy,

t (Tel) -+ (TeT_1)Te "+ Tmr
1 dzh A---del_y ANdze N--- Ndzy,

/ !/
t Ty Ty Le* Tyigr

(2.58.5)

)

which is again a local generator of wx,r(D’).
Eventually we reach the situation where e = 1. We can now eliminate s and,
after setting r + m — m, rewrite the system as

X = (xl---xm:t) C (A%,O)
D:=(t=0).

Now X is regular, this case was treated in [Koll3c, 2.11]. O

(2.58.6)

Other extension theorems.
We discuss a collection of other results about extending 1-parameter familes of
varieties or pairs. These can be useful in many situations.

2.59 (Extending a stable family without base change).

Let C be a smooth curve over a field of characteristic 0, C° ¢ C an open and
dense subscheme and f° : (X° A% — C° a stable morphism. Here we consider the
question of how to extend fY to a proper morphism f : X — C in a “nice” way
without a base change. For simplicity assume that X° is normal.
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Asin (1.17), we can take any extension of fY to a proper morphism f; : X; — C,
then take a log resolution of (X, Ag) — (X1,A;) and finally the canonical model
of (X2, As) using [Kol13c, 1.30.7] We have proved:

Claim 2.59.1. There is a unique extension f : (X,A) — C such that (X,A) is
lc and Kx + A is f-ample. O

This model has the problem that its fibers over the points C\C° =: {cy,...,c.}
can be pretty complicated. A slight twist improves the fibers considerably. Instead
of starting with the above (X7, Ay), we take a log resolution (Xg, Ag+ red X2)0i>
of (Xl, Ay + > red X17Ci) and its canonical model over C. We need to apply
[Kol13c, 1.30.7] to (Xg,Ag + > redXo,, — GEXQ,Q) and use [Koll3c, 1.28] to
obtain the following.

Claim 2.59.2. There is a unique extension f : (X,A) — C such that (X, A +
dred X.,) is lc and Kx + A+ > red X, is f-ample. By adjunction, in this case
(red X.,, Diff A) is slc. O

A variant of this starts with any extension (X1, A7) and then takes a dlt mod-
ification of (X1,A; + ) red X; ;) as in [Kol13c, 1.36].

Claim 2.59.3. There is a dlt modification (Y?,A%) — (X9 A°) and an exten-
sion of it to g : (Y, Ay) — C such that (Y, A + > redYr,) is dlt. O

Taking a minimal model of the above g : (Y,Ay) — C yields another useful
version.

Claim 2.59.4. There is a dlt modification (Y?,A%) — (XY A°) and an exten-
sion of it to g : (Y, Ay) — C such that (YA + > redY,,) is dlt and Kx + A +
> red X, is f-nef. O

Finally, if we are willing to change X° drastically, [Kol13c, 10.46] gives the
following.

Claim 2.59.5. There is a log resolution (Y%, AY) — (X9 AY) and an extension
of it to g : (Y, Ay) — C such that (Y, Ay +redY.) is snc for every ¢ € C. O

Let us also mention the following very strong variant of (2.59.5), traditionally
called the “semi-stable reduction theorem.” We do not use it, and one of the points
of our proof of (2.50) was to show that the much easier (2.52) and (2.53) are enough
for our purposes.

THEOREM 2.60. [KKMSD73| Let C be a smooth curve over a field of char-
acteristic 0, f : X — C a flat morphism of finite type and D a divisor on X.
Then there is a smooth curve B, a finite surjection m: B — C and a log resolution
g:Y = X X¢ B such that for every b € B,

(1) g-%(D x¢ B) + Ex(g) + Y} is an snc divisor and
(2) Yy is reduced. O

The positive or mixed characteristic analogs of (2.60) are not known, but the
following result on “semi-stable alterations” holds in general.

THEOREM 2.61. [dJ96, Sec.6] Let T be a 1-dimensional reqular scheme, f :
X — T a flat morphism of finite type whose generic fiber is geometrically reduced.
Then there is a 1-dimensional reqular scheme S, a finite surjection w: S — T and
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a generically finite, separable, proper morphism g : Y — X X1 .S such that for every
s €S, Y is a reduced snc divisor. ([

The following variant of (2.53) is an easy consequence of (2.61).

COROLLARY 2.62. Let f : X — T be a flat morphism of finite type from a
pure dimensional scheme to a I1-dimensional reqular scheme T. Then there is a
1-dimensional regular scheme S and a finite morphism w: S — T such that every
fiber of the projection of the normalization X xp S — S is generically reduced. O

2.5. Cohomology of the structure sheaf

In studying moduli questions, it is very useful to know that certain numerical
invariants are locally constant. In this section we study the deformation invariance
of (the dimension of) certain cohomology groups. The key to this is the Du Bois
property of slc pairs. The definition of Du Bois singularities is rather complicated,
but fortunately for our applications we need to know only the following two facts.

2.63 (Properties of Du Bois singularities). Let M be a complex analytic variety.
Since constant functions are analytic, there is an injection of sheaves Cp; — O%;.
Taking cohomologies we get

H'(M,C) — H'(M,03}).
If X is projectve over C and X?" the corresponding analytic variety, then, by the
GAGA theorems (cf. [Ser56] or [Har77, App.B]), H'(X™, O%) = H (X, Ox).
If X is also smooth, Hodge theory tells us that
H'(X*,C) —» H%(X*,C) = H(X*,0%") = H'(X,Ox)

is surjective. Du Bois singularities were essentially defined to preserve this surjec-
tivity [DB81, Ste83]. (There does not seem to be a good definition of Du Bois
singularities in positive characteristic.) Thus we have the following.

Property 2.63.1. Let X be a proper variety over C with Du Bois singularities.
Then the natural maps
H'(X*™,C) — H'(X™,0%) = H'(X, Ox).
are surjective.
Next we need to know which singularities are Du Bois. Over a field of charac-
teristic 0, rational singularities are Du Bois; see [Kol95b, 12.9] and [Kov99] but

for our applications the key result is the following. The normal case is proved in
[KK10] and extended to the non-normal case in [Kol13c, 6.32].

Property 2.65.2. Let (X,A) be an slc pair over C. Then X has Du Bois
singularities.

These are the only facts we need to know about Du Bois singularities.
The main use of (2.63.1) is through the following base-change theorem, due to
[DJ74, DB81].

THEOREM 2.64. Let S be a Noetherian scheme over a field of characteristic 0
and f: X — S a flat, proper morphism. Assume that the fiber X is Du Bois for
some s € S. Then there is an open neighborhood s € S° C S such that, for all i,

(1) Rif.Ox is locally free and compatible with base change over S° and
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(2) s+ h'(X,,0x,) is a locally constant function on S°.

Proof. By Cohomology and Base Change [Har77, I11.12.11], the theorem is
equivalent to proving that the restriction maps

¢, R'f.Ox — H'(X,,0x,) (2.64.3)

are surjective for every i. By the Theorem on Formal Functions [Har77, IT1.11.1],
it is enough to prove this when S is replaced by any 0-dimensional scheme S;, whose
closed point is s.

Thus assume form now on that we have a flat, proper morphism f,, : X,, — Sy,
s € S, is the only closed point and X, is Du Bois. Then H° (Sn,Rif*(’)X) =
H'(X,,0x,), hence we can identify the ¢’ with the maps

V' H'(X,,0x,) = H(X,,0x,). (2.64.4)

By the Lefschetz principle we may assume that k(s) = C and then both sides of
(2.64.4) are unchanged if we replace X,, by the corresponding analytic space X32".
Let Cx, (resp. Cx.) denote the sheaf of locally constant functions on X,, (resp.
X,) and j,, : Cx, — Ox,, (resp. js : Cx, — Ox,) the natural inclusions. We have
a commutative diagram

Hi(X,.Cx,) % HI(X,,Cx,)
gn | L
H(X,,0x,) % H(X,,0x,).

Note that o’ is an isomorphism since the inclusion X, < X,, is a homeomorphism
and j: is surjective since X, is Du Bois. Thus ¢* is also surjective. (I

DEFINITION 2.65. A scheme Y is said to be potentially slc if for every point
y € Y there is an effective R-divisor A, on Y such that (Y, A,) is slc at y.

Let f: X — S be a flat morphism. We say that f has potentially slc fibers
over closed points if the fiber X is potentially slc for every closed point s € S.

One can similarly define the notion potentially klt, and so on.

In our final applications, the A, usually come as the restriction of a global
divisor A to X, but here we do not assume this.

If (X5, A;) is semi-log-canonical then X is Du Bois by (2.63.2), hence (2.64)
implies the following.

COROLLARY 2.66. Let S be a Noetherian scheme over a field of characteristic
0and f: X — S a proper and flat morphism with potentially slc fibers over closed
points. Then, for all i,

(1) Rif.Ox is locally free and compatible with base change and
(2) if S is connected, then h'(X,, Ox,) is independent of s € S. O

We can derive from (2.66) similar results for other line bundles. A line bundle
L on X is called f-semi-ample if there is an m > 0 such that L™ is f-generated
by global sections. That is, the natural map f* (f* (Lm)) — L™ is surjective.
Equivalently, L™ is the pull-back of a relatively ample line bundle by a morphism
X =Y.

COROLLARY 2.67. Let S be a Noetherian, connected scheme over a field of
characteristic 0 and f : X — S a proper and flat morphism with potentially slc
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fibers over closed points. Let L be an f-semi-ample line bundle on X. Then, for
all 1,

(1) Rf, (L_l) is locally free and compatible with base change and
(2) hi(Xs,LZ) is independent of s € S.

Proof. The question is local on S, thus we may assume that S is local with
closed point s. Chose m > 0 such that L™ is f-generated by global sections. Since S
is affine, L™ is generated by global sections. By (2.11), there is a finite morphism
7:Y — X such that 7.0y = S ' L™" and for : (Y, 77'A) — S also has
potentially slc fiber over s. Thus, by (2.66),

Ri(fom).Oy = S\ RF(L77)
is locally free and compatible with arbitrary base change. Thus the same holds for
every summand. O

COROLLARY 2.68. [KK10] Let S be a Noetherian, connected scheme over a
field of characteristic 0 and f: X — S a projective and flat morphism with poten-
tially slc fibers over closed points. Then, if one fiber of f is CM then all fibers of f
are CM.

For arbitrary flat morphisms 7 : X — S, the set of points x € X such that
the fiber X ;) is CM at x is open (10.2), but usually not closed. (Many such
examples can be constructed using [Kol13c, 3.9-11].) If 7 is proper, then the set
{s € §: X, is CM} is open in S (10.3). Thus the key point of (2.68) is to show
that, in our case, this set is also closed.

More generally, under the assumptions of (2.68), if one fiber of f is Sy for some
k then all fibers of f are Sk, see [KK10, 1.3].

Note that we assume that f is projective, not just proper. This is almost
certainly an artifice of the proof.

Proof. Let L be an f-ample line bundle on X. If X is CM for some s € S,
then, by [KM98, 5.72] H'(X,, Ly") = 0 for r > 1 and i < dim X,. Thus by (2.67),
the same vanishing holds for every s € S. Hence, using [KM98, 5.72] in the other
direction, we conclude that X, is CM for every s € S. O

The next theorem implies that wx /s exists and commutes with base change for
locally stable morphisms. For projective morphisms it was proved in [KK10], the
general case is settled in [KK17].

THEOREM 2.69. Let S be a Noetherian scheme over a field of characteristic 0
and f: X — S a flat morphism of finite type with potentially slc fibers over closed
points. Then wx,s ewists and is compatible with base change. That is, for any
g: T — S the natural map

IxWx/s = Wxp/T 1S an isomorphism, (2.69.1)
where gx : X1 := X xXgT — X is the first projection.
We give a detailed proof of the projective case below; this is sufficient for almost
all applications in this book. For the general case we refer to [KK17].
The existence of wx/g is easy and, as we see in (2.70.1-3), it holds under rather

weak restrictions. Compatibility with base change is not automatic; see [Pat13]
and (2.42) for some examples.
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As we explain in (2.70.4-5), once the definition of wx /g is set up right, (2.69)
becomes an easy consequence of (2.67).

2.70 (The relative dualizing sheaf IT). The best way to define the relative dualiz-
ing sheaf is via general duality theory as in [Har66, AK70, Con00]. It is, however,
worthwhile to observe that a slight modification of the treatment in [Har77] gives
the relative dualizing sheaf in the following cases.

Assumptions. S is an arbitrary Noetherian scheme and f : X — S a projective
morphism of pure relative dimension n (3.34).

Weak duality for P 2.70.1. Let P = P& with projection g : P — S and set
WP/S = /\nQP/S.

The proof of [Har77, I11.7.1] shows that there is a natural isomorphism, called
the trace map, t : R"g.wp;s = Og and for any coherent sheaf F' on X there is a
natural isomorphism

g« HOWP(F,WP/S) = HomS(R”g*F, OS)

Note that if S is a point then g, Homp = Homp, thus we recover the usual formu-
lation of [Har77, II1.7.1].

Construction of wx s 2.70.2. Let f : X — S be a projective morphism of pure
relative dimension n. We construct wy,g first locally over S. Once we establish
weak duality, the proof of [Har77, ITI1.7.2] shows that a relative dualizing sheaf is
unique up to unique isomorphism, hence the local pieces glue together to produce
wx/s. Working locally over S we can assume that there is a finite morphism
m: X = P=P%. Set

Wx/g = HOmP(TF*OX,WP/S). (2.70.2.a)
If f is flat with CM fibers over S then 7.Ox is locally free and so is m.wyx/g. Thus
wx/s is also flat over S with CM fibers and it commutes with base change. We
discuss a local version of this in (2.70.7).

Weak duality for X/S 2.70.3. Let f : X — S be a projective morphism of
pure relative dimension n (3.34). Use [Har77, Exrc.II1.6.10] to show that there is
a trace map

t: R"f*wX/S — Og
and for any coherent sheaf F' on X there is a natural isomorphism
f* Hom x (Fa wX/S) = ’HomS(R"f*F, OS)
If F is locally free, this is equivalent to the isomorphism
felwx/s @ F~1) = Homg (R" f. F, Os).

(Note that M +— Homg(M,Og) is a duality for locally free coherent Og-sheaves
but not for all coherent sheaves. In particular, the torsion in R" f, F' is invisible on
the left hand side f, (wX/S ® F_l). Duality over a base scheme is less symmetric
than over a field.)

Flatness of wx g 2.70.4. Let L be relatively ample on X/S. By the proof of
[Har77, I11.9.9] wy/g is flat over S iff f. (wx/s ® L™) is locally free for m > 1; see
also (3.44). If this holds then wx, g is the coherent Ox-sheaf associated to

Z Js (WX/S ® Lm)

m>mg
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as a module over the Og-algebra Y, - fi (L™).
Applying weak duality with F = L~ we see that these hold if R" f, (L_m) is
locally free for m > 1. The latter is satisfied in two important cases.
(a) f: X — Sis flat with CM fibers. Then R'f,(L™™) = 0 for i < n and
m > 1, hence R"f,(L™™) is locally free of rank (—1)"x(X,, L™™) for
m > 1.
(b) f:X — S is flat with potentially slc fibers. Then R"™ f, (L*m) is locally
free for m > 0 by (2.67).

Base change properties of wx,s 2.70.5. Let f : X — S be a projective mor-
phism of pure relative dimension n. We claim that the following are equivalent.

(a) wx s commutes with base change as in (2.69.1).
(b) R™f.(L™™) is locally free for m > 0.

To see this first note that (2.70.3-4) show that wx,s commutes with base
change iff Homg (R" fe (L*m),OS) is locally free and commutes with base change
for m > 0. Finally show that a coherent sheaf M is locally free iff Homg (M , (95)
is locally free and commutes with base change.

Warning on general duality 2.70.6. If F is locally free, then we get a natural
pairing
R f(wx/s ® F7') x R"f,(F) = R" fiwx s = Os,

but this is not a perfect pairing, not even if f : X — S is smooth.
If f is CM, one should not expect this pairing to be perfect unless both sheaves
on the left are locally free and commute with base change.

More on the CM case 2.70.7. Let f : X — S be a projective morphism of
pure relative dimension n. We already noted in (2.70.2) that if f is flat with CM
fibers over S then the same holds for wx,5. We consider what happens of f is not
everywhere CM. By (10.2) there is a largest open subset X°™ C X such that f|xem
is flat with CM fibers. Assume for simplicity that Xg N X" is dense in X, and
s € S is local. Then, for every z € X, N X" one can choose a finite morphism
m: X — P =P% such that 7! (n(z)) C X°™. Thus 7,Ox is locally free at m(z)
and so is m.wx /5. Thus we have proved that the restriction of wx,s to X is

(a) flat over S with CM fibers and
(b) commutes with base change.

This is actually true for all finite type morphisms, one just needs to find a local
analog of the projection 7 (see Section 10.7) and show that (2.70.2.a) holds if 7 is
finite; see [Con00] for details.

COROLLARY 2.71. Let S be a Noetherian scheme over a field of characteristic

0 and f: X — S a proper and flat morphism with potentially slc fibers over closed
points. Let L be an f-semi-ample line bundle on X. Then, for all i,

(1) R'f, (wX/S ® L) is locally free and compatible with base change and

(2) h'(Xs,wx, ® L) is independent of s € S.
In particular, for L = Ox we get that

(3) Rif*wX/S is locally free and compatible with base change and

(4) h'(Xs,wx,) is independent of s € S.
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If the fibers X are CM, then H* (X, wx, ® Ls) is dual to H" (X, L;l) and
(2.71) follows from (2.67). If the fibers X, are not CM, the relationship between
(2.71) and (2.67) is not so clear.

Proof. Let us start with the case i = 0. By weak duality (2.70.3),
fe(wx/s ® L) = Homg (R" . (L™"), 0s),

where n = dim(X/S). By (2.67), R"f.(L™") is locally free and compatible with
base change, hence so is f, (wx/s ® L). Thus (2.71.1) holds for i = 0. Next we use
this and induction on n to get the ¢ > 0 cases.

Choose M very ample on X such that R'f, (wX/S ®L® M) =0 for i > 0,
and this also holds after any base change. Working locally on S, as in the proof of
(2.67), let H C X be a general member of |M| such that H — S is also flat with
potentially slc fibers (2.11). The push forward of the sequence

0= wx/s®L—>wx/s QLM — wgs®@L—0
gives isomorphisms
R'f(wx/s®L) = R f(wpys ®L) fori>2.
Using induction, these imply that (2.71.1) holds for ¢ > 2.
The beginning of the push-forward is an exact sequence
0= fi(wx/s®L) = fi(wx/s®LR®M) = fi(wr/s®L) = R' fu(wx/s®L) — 0.

We already proved that the first 3 terms are locally free. In general, this does
not imply that the last term is locally free, but this implication holds if S is the
spectrum of an Artin ring (2.72).

In general, pick any point s € S with maximal ideal sheaf ms. Set A, :=
O,,s/m? and X,, := Spec(Ox/f*m!). By the above considerations,

H'(X,, (wx/s ® L)|x,)
is a free A,-module and the restriction maps
Hl (Xn7 (wX/S & L) |Xn) ®An k(S) — Hl (Xsa WX, X Ls)

are isomorphisms. By the Theorem on Formal Functions [Har77, I111.11.1], this
implies that R'f, (w x/5 ® L) is locally free and commutes with base change. [

2.72. Let (A, m) be alocal Artin ring. Let F be a free A-moduleand j : A — F
an injection. We claim that j(A) is a direct summand of F'. Indeed, let > 1 be the
smallest natural number such that m” A = 0. Note that m"™'m = 0. If j(A) C mF
then m"'A = 0, a contradiction. Thus j(A) is a direct summand of F. By
induction this shows that any injection between free A-modules is split. This also
implies that if

O—-M —----—M,—0

is an exact sequence of A-modules and all but one of them are free then they are
all free.
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2.6. Families of divisors I

Assumptions. In this Section we work with arbitrary schemes.

We saw in (2.69) that for locally stable morphisms g : (X, A) — C' the relative

dualizing sheaf wx,c commutes with base change. We also saw in (2.41) that its

powers w[;}]c usually do not commute with base change. Here we consider this

question for a general divisor D: What does it mean to restrict a divisor D on X
to a fiber X, and how are the two sheaves Ox (D)|x, and Ox_(D|x,) related?

2.73 (One-parameter families of divisors). Let T' be a regular 1-dimensional
scheme and f : X — T a flat, proper morphism. For simplicity assume for now
that X is normal. Let D be an effective Weil divisor on X. Under what conditions
can we view D as giving a “reasonable” family of Weil divisors on the fibers of f7

We can view D as a subscheme of X and, if Supp D does not contain any
irreducible component of any fiber Xy, then f|p : D — T is flat, hence the fibers
D; form a flat family of subschemes of pure codimension 1 of the fibers X;. The
D; may have embedded points, ignoring them gives a well defined effective Weil
divisor on the fiber X;. Let us denote it temporarily by [D;]. Understanding the
difference between the subscheme D; and the divisor [Dy] is the key to dealing with
many issues. As a rule of thumb, D defines a “nice” family of divisors iff D; = [Dy]
for every t.

It can happen that D; is contained in Sing X; for some ¢. These are the cases
when the correspondence between Weil divisors and rank 1 reflexive sheaves breaks
down. Fortunately, this does not happen for locally stable families. That is, we can
restrict to the cases when X; is smooth at all generic points of D;.

It is now time to drop the normality assumption, and work with divisors in
the following more general setting. (Further generalizations will be considered in
Sections 5.8 and 9.4.)

(1) T is a regular, 1-dimensional, irreducible scheme and f: X — T is a flat,
pure dimensional morphism whose fibers are reduced and Ss.

(2) D is a Weil divisor on X such that Supp D contains neither an irreducible
component of a fiber X; nor a codimension 1 irreducible component of
Sing X;.

(3) These imply that there is a closed subscheme Z C X such that D|x\ 7 is
a Cartier divisor and codimy, (Xt N Z) > 2 foreveryteT.

Under these conditions, [D;] is defined as the unique Weil divisor on X; that agrees
with the restriction of the Cartier divisor D|x\z to X; \ Z.

If D is effective, it can be identified with a subscheme of pure codimension 1 of
X and then D; denotes the fiber of this subscheme over t € T'. As we noted before,
D, and [Dy] differ only in the former possibly having some embedded points.

PROPOSITION 2.74. Notation and assumptions as in (2.73.1-3) with D effective.

Let 0 € T be a closed point and g € T the generic point. The following conditions
are equivalent.

(1) Op has depth > 2 at every point of Xo N Z.

(2 Do has no embedded points.

(

(

(

= [Dol.

)
3) D
4) O ( D) has depth > 3 at every point of Xo N Z.
5) Ox(—D)lx, is Sa.
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(6) The restriction map ro : Ox(—D)|x, = Ox,(—[Do)) is an isomorphism.
If f is projective and Ox (1) is f-ample then these are also equivalent to:

(7) % (X0, Oxo (—[Do])(m)) = x(Xg. Ox, (~Dy)(m)) for all m € .
If dim(Xo N Z) = 0 then these are further equivalent to:

(8) x(Xo,Ox,(=[Do])) = x(Xy,O0x,(—Dy))-

Proof. Let t be a local coordinate at 0 € T. Then f*t is not a zero divisor on
Op and Op, = Op/(tg). Thus (1) < (2) and (3) is just a reformulation of (2).
A similar argument gives that (4) < (5). Since Ox(—D) is Sa, ro is an injection
and an isomorphism outside Z. Since Ox, (f[DO]) is So by definition, it is the
Sy-hull of Ox(—D)|x,; see (9.12.4). Thus ry is surjective < r( is an isomorphism
< Ox(=D)|x, is S2. This proves (5) < (6).

Since Ox has depth > 3 at every codimension > 2 point of Xy, the exact
sequence

0—-Ox(-D) = 0Ox - 0Op—0

and an easy lemma (2.78) shows that (1) < (4). Since Ox(—D) is flat over T,

X(Xg,Ox,(=Dg)(m)) = x(X4,0x(m)® Ox(=D)|x,)
X (X0, Ox(m) ® Ox(=D)|x,)-

Therefore the difference of the two sides in (7) is x(Xo, Ox,(m) ® Q) where Q :=
coker rg. Thus @ = 0 iff equality holds in (7), hence (6) < (7).
If dim(Xo N Z) = 0 then @ has 0-dimensional support, thus
X(X()) OXO (m) 0 Q) = X(XOa Q) = HO(X07 Q)7

so, in this case, (7) is equivalent to (8). O

Note that (2.74) shows that one can go rather freely between effective divisors
and their ideal sheaves when studying restrictions. Much of the above results on
ideal sheaves generalize to arbitrary sheaves; these are worked out in Sections 5.8
and 9.4.

As shown by (2.74.4), the conditions (2.74) are all preserved by linear equiva-
lence. However, they are not preserved by sums of divisors.

ExAMPLE 2.75. Consider a family of smooth quadrics Q C P3xA! degenerating
to the quadric cone Q. Take four families of lines L¢, M* such that L}, L3, M}, M2
are 4 distinct lines in Qg and L. # L? are in one family of lines on Q. and M} # M?
are in the other family for ¢ # 0. Note that

(Q,3(L'"+ L+ M'+ M?)) — A"
is a locally stable family.

Each of the 4 families of lines L?, M’ is a flat family of Weil divisors.

For pairs of lines, flatness is more complicated. L' + L? is not a flat family
(the flat limit has an embedded point at the vertex) but L! + M7 is a flat family
for every i, 7. The union of any 3 of them, for instance L' + L? 4+ M is again a flat
family and so is L' + L? + M* + M?2.

The situation looks even more complicated if we choose L = M} and LE = Mg.

Next we give examples of divisors and divisorial sheaves that satisfy the equiv-
alent conditions of (2.74). We state them using the equivalent form (2.74.6).
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PROPOSITION 2.76. Let f : (X,A) — C be a locally stable morphism to a
smooth curve defined over a field of characteristic 0 and c € C a closed point.
(1) If A =0 then, for every m € Z, wg?}]c x, = wg;n]
(2) If mA is a Z-divisor then

(@XJema))]y, =i (mAlx,).
(3) If mA is a Z-divisor then

(Wrema) | 2wl (mAlx,).

(4) Assume that A = (1 — %)Dz for some r; € N. Then, for every m € Z,

(@ (mA])|. = Wi (ImA]|x,).

(5) Assume that A=Y ¢;D; and 1 — — S c; <1 for every i. Then

(W (mAD) | = ((mA]]x, ).

Proof. Let D be a Weil divisor on X as in (2.73.2-4)). Assume that there is
an effective Q-divisor A’ < A and a Q-Cartier Q-divisor L such that D ~g A’ + L.
Then Ox (—D) satisfies the equivalent conditions of (2.74) by (1.81).

In cases (1-2) we can take A’ = 0 and L := —m(Kx,c + A) and in case (3)
we use A’ = A and L := —(m+1)(Kx,c + A).

Finally in cases (4-5) we employ A’ = mA — |[mA] and L := —m(KX/C + A).
The assumptions on the coefficients of A ensure that A’ < A. (Note that if mA —
[mA] < A for every m then in fact every coefficient of A is of the form 1 — 1 for
some 1 € N.) O

These results are close to being optimal. For instance, under the assumptions
of (2.76.2), if n is different from m and m + 1 then the two sheaves

(w[)?]/c(mD)HXc and wg?i(mD|Xc)

are frequently different, see (2.39.3). In general, as shown by (2.41), even the
’ . and w[XnZ] can be different if A # 0. However, it is likely

that there are further results similar to (2.76). The following would be especially
interesting.

two sheaves (w[;g;]c)

QUESTION 2.77. Let f: (X,A) — C be locally stable and defined over a field
of characteristic 0. Assume that A =" ¢;D; and 1 < ¢; <1 for every i. Is it true
that, for every m,

@je(ma))], =i (Ima]]x.)?
The next lemma is quite straightforward; see [Kol13c, 2.60] for details.

LEMMA 2.78. Let X be a scheme and 0 -+ F' — F — F"” — 0 a sequence of
coherent sheaves on X that is exact at x € X.

(1) If depth, FF > r and depth, F"" > r — 1 then depth, F' > r.
(2) If depth, F > r and depth, F’ > r — 1 then depth, F"' > r — 1. O
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2.7. Boundary with coefficients > %

Assumptions. In this Section we work with varieties over a field of charac-
teristic 0.

2.79 (Boundaries and embedded points). Consider a locally stable morphism
f:(X,A =3 a;D") — C to a smooth curve C. It is very tempting to think of
each fiber (Xc, AC) as a compound object (XC,Di i1 €l,a;:1€ I) consisting of
the scheme X, the divisors D% := D?|x, and their coefficients a;. Two problems
make this simple picture questionable.

(1) Different D% may have an irreducible component E.. in common. Our defi-
nition of the fiber says that we should treat E. as a divisor with coefficient
> eqcoeffp D The individual DY do not seem to be part of the data
any more.

(2) The D! may have embedded points. Do we ignore them or do we take
them into consideration?

One could hope that the first problem (2.79.1) is just a matter of book-keeping,
but this does not seem to be the case, as shown by the examples (2.75). Similar
examples were given in (2.39). In both cases the coefficients in A were < 3.

The aim of this section is to show that these examples were optimal; the prob-
lems (2.79.1-2) do not occur if the coefficients in A are all > 1. We start with the

case when the coefficients are 1.

Given a locally stable map f : (X,A) — C it is not true that the lc centers
of the fibers (X, A.) form a flat family. Indeed, there are many cases when the
generic fiber is smooth but a special fiber is not klt. However, as we show next, the
specialization of an lc center on the generic fiber becomes a union of Ic centers on
a special fiber. Set theoretically this follows from adjunction (1.93) and (1.98.4),
but now we prove this even scheme theoretically.

THEOREM 2.80. Let C be a smooth curve over a field of characteristic 0, f :
(X,A) = C alocally stable morphism and Z C X any union of lc centers of (X, A).
Then f|z : Z — C is flat with reduced fibers and for every ¢ € C, the fiber Z. is a
union of lc centers of (X¢, A.) (scheme theoretically).

Proof. Z is reduced, and by (2.13), every irreducible component of Z dominates
C. Thus f|z : Z — C is flat. We can write its fibers as Z. = X.NZ. Since X.+ Z
is a union of lc centers of (X, X, + A), it is seminormal (1.98.2) and X. N Z is
reduced by (1.98.3). The last claim follows from (1.96). O

In the divisorial case we can say more.

COROLLARY 2.81. Let C be a smooth curve over a field of characteristic 0 and
f: (X,A) = C a locally stable (resp. stable) morphism. Let {D; : i € I} be
irreducible components of |A| and set D := U;erD;. Then
flp : (D,Diff p(A — D)) = C
is locally stable (resp. stable).

Proof. We have already proved in (2.51) that we have a locally stable (resp.
stable) morphism on the normalization of D. Using (2.10) it remains to prove that
D is deminormal. The fibers of f|p : D — C are reduced, hence Sy, so D is So. In
codimension 1 D has only nodes by (1.96.5). hence it is demi-normal. g
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In general, when the coefficient is > %, let us start with a simple result.

LEMMA 2.82. Let f : (X,) ;c; a;D*) — C be a locally stable family over a
smooth curve over a field of characteristic 0.
(1) Ifa; > % then every irreducible component of D% has multiplicity 1.
(2) Ifai+a; > 1 then the divisors D and D3 have no irreducible components
n common.

Proof. By (2.3), (XC,AC) is slc, hence every component of A, appears with
coefficient < 1. For a divisor F C X,

coeffg(Alx,) = Y;c7ai - coeff g (DY).
This shows both (1) and (2). O

The next result of [Kol14] solves the embedded point problem (2.79.2) when
all the occurring coefficients are > %

THEOREM 2.83. Let f: (X,A =3, ;a;D;) = C be a locally stable morphism
to a smooth curve over a field of characteristic 0. Let J C I be any subset such
that a; > % for every j € J and set Dy :=UjcyD;. Then

(1) flp, : Dy — C is flat with reduced fibers,
(2) D is Sy and
(3) Ox(—D) 8 Sg.

Proof. Note that each D; is a log center of (X, A) (1.97) and mld(D;, X, A) =
1 —a; by (1.95.2). Thus mld(D;, X,A) < 1.
Let X, be any fiber of f. Then (X, X. 4+ A) is slc and

mld(D;, X, X, + A) = mld(D;, X, A) < 1,

since none of the D; is contained in X,.. Each irreducible component of X, is a log
canonical center of (X, X, + A) (1.96), thus mld(X,, X, X. + A) = 0. Therefore,
mld(Dy, X, X, +A) + mld(X,., X, X, + A) < %

We can apply (1.98.3) to (X, X. + A) with W = D; and Z = X, to conclude
that X.N D isis reduced. This proves (1) which in turn implies (2-3) by (2.74). O

2.8. Grothendieck—Lefschetz-type theorems

The following theorem was conjectured in [Koll3a] and proved there in the
lc case. For normal schemes the proof is given in [BdJ14]|, aside from possible
p-torsion in characteristic p > 0. The general case is established in [Kol16a].

THEOREM 2.84. Let (v € X) be an excellent, local scheme of pure dimension
> 4 over a field such that depth, Ox > 3. Let x € D C X be a Cartier divisor.
Then the restriction map

r : Pic®(z, X) — Pic®°(z, D) s an injection.

Recall that the local Picard group Pic'(z, X) is defined as Pic(X \ {z}).

We only discuss the situation when X is normal and essentially of finite type
over a field k; this is the only case that we use in this book. The non-normal case
is reduced to the normal one in [Koll6a]. The general setting can be reduced to
the finite type cases by a short but subtle approximation argument; see [BdJ14,
Sec.1.4] for details.
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The argument in this section proves a weaker version: the kernel of r¥ :
Pic'®(z, X) — Pic'°(z, D) is torsion. That is, if L is a line bundle on U := X \ {x}
such that Lp := Llynp = Oynp then L™ = Oy for some m > 0. Then we show
in the next section that in fact L is trivial.

The proof is somewhat roundabout. The main step is to prove a variant of
(2.84) in characteristic p; see (2.88). Then in (2.89) we reduce everything to positive
characteristic and lift back to characteristic 0 using (2.85).

During the proof we need several general results on cohomology groups of
sheaves over quasi affine schemes, these are recalled in (10.18).

Our discussions present these steps in the reverse order. The reason is that the
proof of (2.85) is the simplest, showing the key ideas. The proof of (2.83) follows
the same path but with several technical detours.

THEOREM 2.85. Let (x € X) be a local scheme such that depth, Ox > 4. Let
x € D C X be a Cartier divisor. Set U := X \ {z} and Up := D\ {z}. Let L be a
coherent, rank 1, Sy sheaf on U such that Lp := L|y, = Oy,. Then L = Oy.

Proof. Let t be a defining equation of D and consider the exact sequence
0—-L5L5 Lp=0y, —0.

Take cohomologies to get
H(U,L) & H°(U,L) 5 H°(Up,Lp=O0y,) -

t

2.85.1
HY(U,L) = HYU,L) — H'(Up,Lp=0y,). | )

In order to prove that the second row of (2.85.1) is identically zero, we start on the
right hand side. The cohomology sequence of

0—>OUL>OU—)OUD—>O
contains the piece
H'(U,0y) - H'(Up,Ou,) = H*(U,Op). (2.85.2)

Since depth, Ox > 4, (10.18.2-3) imply that H* (U, (’)U) =0 for 1 <7 <2, hence
the two sides of (2.85.2) are 0. Thus H'(Up, Oy, ) = 0 and so the second line of
(2.85.1) shows that ¢ : H' (U, L)—~H" (U, L) is surjective. By (10.18.7), H*(U, L)
has finite length since dim U > 3, hence

H! (U7 L) Lot (U7 L) is an isomorphsm.
(By (10.18.5), multiplication by ¢ is nilpotent on H*(U, Oy) for i > 0, thus in fact
HY(U,L) =0.)
Thus (2.85.1) shows that the restriction map
r:H(U,L)—H°(Up,Lp) = H°(Up,Oy,) is surjective.
In particular, the constant 1 section of H° (UD, (’)UD) lifts to a section s € H (U, L).
Thus L = Oy by (2.86). O

LEMMA 2.86. Let X be a pure dimensional, So scheme, D C X a Cartier divisor
and W C D a subscheme such that codimp W > 2. Let L be a rank 1, torsion free
sheaf on X that is locally free along D\ W and s a section of L such that s|p\w is
nowhere zero. Then L is trivial and s is nowhere zero in a neighborhood of D.
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Proof. The section s gives an exact sequence
0—-0x 3L—Q—0.

By (9.7) every associated prime of @ has codimension 1 in X by (9.7). Thus
D N'Supp @ has codimension 1 in D. Therefore D is disjoint from Supp @ and L is
trivial on X \ Supp Q. O

The next example, following [BdJ14] and [Kol13a, 12], shows that (2.85) fails
if depth, X = 3; see also (2.42). As we see afterwards, one can say more if L is
locally free on U.

ExaMPLE 2.87. Let (A4,©) be a principally polarized Abelian variety over a
field k. Let C,(A, ©) be the affine cone over A with vertex v. It is easy to compute
that depth, C,(A,©) = 2, see [Kol13c, 3.12]. Set X := C,(A,0) x Pic’(A) with
f: X — Pic’(A) the second projection. Since L(©) has a unique section for every
L € Pic’(A), there is a unique divisor D4 on A x Pic®(A) whose restriction to
A x {[L]} is the above divisor. By taking the cone we get a divisor Dx on X.

For L € Pic(A), let Dy denote the restriction of Dx to the fiber C,(4,0) x
{[L]} of f. We see that

(1) D[L} is Cartier iff L =2 O4.
(2) mD[L] is Cartier iff L™ = O4.
(3) Dy is not Q-Cartier for very general L € Pic’(A).

The next result proves that, at least in characteristic p, the kernel of the re-
striction map between the local Picard groups is torsion.

THEOREM 2.88. [BdJ14] Let (x € X) be a normal, excellent, local scheme of
characteristic p > 0 and dimension > 4. Let x € D C X be a Cartier divisor. Set
U:=X\{z} and Up := D\ {z}.

Let L be a line bundle on U such that Lp := L|y, = Oy,. Then L™ = Oy
for some m > 0.

Proof. In order to emphasize the similarities, we follow the proof of (2.85)
as closely as possible, even though this is somewhat repetitive. In a few places,
we need to add technical details to establish results that were obvious under the
assumptions of (2.85).

Our main effort goes to proving that there is a normal scheme V and a finite,
surjective morphism 7 : V' — U such that 7*L = Oy.

We do not know a priori which finite surjective morphism to take, so we work
with their direct limit. That is, let O} denote the normalization of Ox in an
algebraic closure of the function field of X. We view O;r( as a quasi coherent sheaf
of X. Note that O} is the direct limit of the structure sheaves of the normalizations
of X in finite degree algebraic extensions of its function field. Set O} := O}HU.

The key result we use is that Oj} is CM, which is a hard theorem due to
[HH92]. This is the only point where we use that the characteristic is positive. (In
characteristic 0 the sheaves O are never CM if dim X > 3.)

We use Grothendieck’s characterization of CM sheaves by local cohomology
groups (see [Gro67, Sec.3] or [BH93, 3.5.7]):

HI(X,0%) =0 forj<dimX. (2.88.1)
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As in (10.18.2-3) this implies that
H'(U,0f) =0 for1<i<dimX —2. (2.88.2)

This is the only consequence of the CM property we use.
Let (t = 0) be an equation of D and consider the exact sequence

05L5 L5 Lp=0y, —0. (2.88.3)

If the constant 1 section of Lp = Oy, can be lifted to a section of L, then L = Oy
and we are done. This holds if H(U, L) = 0, but the latter usually fails. However,
as we noted before, we need this only after some finite base change. The groups
HY(V,7*L) usually do not vanish for any finite cover 7 : V — U, but, rather
surprisingly, vanishing holds for their direct limit.
Thus we tensor (2.88.3) with Of; to get
0> Lo0F 5 LeokS Oy, ©0F — 0. (2.88.4)
While (’)JUr is not flat, it is torsion free, so (2.88.4) is still left exact. Next we take
cohomologies to get
H(U,LeOF) 5 H'(ULeOY) 5 H(Up,Ou, ©0f) —

t

2.88.5
H'(UL®Of) = HY(U,L®Of) — HY(Up,Ou, ® Of) ( )

Note that all of these cohomology groups are naturally H°(X, Oy )-modules. (They
are even H°(X, 0% )-modules, but we will not use this richer structure.)

Our next aim is to prove that the second row of (2.88.3) is identically zero.
Again we start on the right hand side. The cohomology sequence of

0= OfF 5 OfF = Oy, @0F =0
contains the piece
H'(U,0%) = H' (Up, Oy, ® Of) — H*(U,0F).

The two sides are 0 by (2.88.2) since dim X > 4. Thus H'(Up,Op, ® Of;) =0
and so
HY(U,L®0f) 5 HY(U,L® OF) s surjective.

Equivalently, H! (U ) L®O§) is t-divisible. (This does not yet imply vanishing since
H! (U, L® O§) is not a coherent Ox-module.)

Next we establish that H* (U, L® C’)"U') is killed by t” for r > 1. Together with
t-divisibility, this proves that H! (U, L® Og) =0.

Here we use that L is locally free. Since U is quasi affine, for every point 2’ € U
there is a global section g of L not vanishing at z’. This gives an exact sequence

00y 5L —-Q,—0
where multiplication by g kills @,. Tensoring with O and taking cohomologies
we get
HYU,08) % HY(U,L® Of) — H' (U,Q, ® Of).

The group on the left is 0 by (2.88.2) and the one on the right is killed by g. Thus
multiplication by g kills H* (U, L® (9?]') Using this for every 2’ € U, we get that
the annihilator of H* (U, L® (’)[ﬁ) is an mg, x-primary ideal. In particular, ¢" is in
the annihilator of H* (U, L® O?}) for r > 1.
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These observations together imply that H'(U,L ® Off) = 0. Thus (2.88.3)
shows that the restriction map

T HO(U,L ® O;)%HO(UD, Ovp, ® (9?}) is surjective.

In particular, the constant 1 section of H° (UD7 Ouvp, ® (’)JUF) lifts to a section s €
H°(U,L® (9;5)

Since (’)?]' is the direct limit of the structure sheaves of the normalizations of
U C X in finite degree algebraic extensions, we conclude that there is a normal
scheme V' and a finite, surjective morphism 7 : V' — U such that the constant 1
section of

HO(VD,W*LD = W*OUD = OVD)
lifts to a section
sy € H(V,7*L).

By (2.86) this implies that 7*L is a trivial line bundle on V.

Taking the norm (cf. [Kol13c, 2.40]) then gives that

Oy = normyy Oy = normyy 7" L = LdeeV/U O

Next we prove a weaker version of (2.84), which, as we noted in the discussion
after the statement, can be used to settle the general case as well.

PROPOSITION 2.89. Let (z € X) be a normal, local scheme of finite type over
a field k of characteristic 0. Let x € D C X be a Cartier divisor. Set U := X \ {z}
and Up := D\ {z}. Let L be a line bundle on U such that Lp := L|y, = Oy,.
Assume that dim X > 4 and depth, Ox > 3.

Then L™ = Oy for some m > 0.

Proof. We use reduction to positive characteristic; see for instance [KM98,
p.14] for a more detailed exposition.

There is a finitely generated Z-algebra R C k, an R-scheme of finite type
X a section 2 Cc X, a Cartier divisor 2% ¢ D® c X%, a line bundle L?
on UR := X®\ 2 such that LE = LE|yp = Op, where UL = U n XP.
Furthermore, after base change to k and localizing at x we recover the original X,
xeDC X and L.

The assumptions of (2.89) are open in families, hence, after inverting finitely
many elements of R, we may assume that the following holds.

Let P C R be any prime ideal and X7, zF € DP ¢ XP and L* the fiber
over Spec R/P of X 2% ¢ D ¢ X and L%. Then, after localizing at a generic
point of ' the assumptions of (2.89) are satisfied, except that k(P) need not have
characteristic 0. (The only non-obvious assertion is that normality and the depth
are preserved. For these see [Gro60, IV.12.1.6] or (10.2).)

Choose P to be a minimal prime ideal sitting over a prime p € Z and localize
R at P and X% at a generic point of 2. Set T' := Spec Rp. Denote the closed
point of T' by p. We thus have
1) ascheme X7 that is flat over 7' with normal fibers,

2) asection x : T — X7 such that depth, Oxr = depth, Ox,
3) a relative Cartier divisor x(T) ¢ DT ¢ X1,
4) a line bundle LT on UT := X7 \ z(T) such that the restriction of LT to

UE = UT N X, is trivial and

(
(
(
(
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over the generic point of T" we recover the original z € D C X and L.

Since the closed fiber has positive characteristic, we can apply (2.88) to show
that that the restriction of (LT)™ to UpT is trivial for some m > 0. Then we use
(2.85) to obtain that (LT)™ is trivial on U™, hence also on the generic fiber. Thus
L™ is trivial for some m > 0; proving the assertion in the first case. [

2.9. Torsion in Grothendieck—Lefschetz-type theorems

Here we complete most of the proof of (2.84) that the kernel is trivial. We
proved in (2.88) that the kernel of the restriction map Pic'*®(z, X) — Pic'*®(z, D)
is torsion. Now we aim to prove that it is also torsion free. For prime to char k(x)
torsion this is proved in [Gro68, XIII]. In the global setting a short proof is given
in [Kol16a], we recall it in (5.54). Using a suitable compactification, this implies
the local version for schemes that are essentially of finite type of fields. The general
case is due to [dJ15].

THEOREM 2.90. Let (z € X) be a Noetherian, local scheme and x € D C X
a Cartier divisor. Assume that depth, Ox > 3. Then the kernel of the restriction
map
ker [rﬁ : Pic'®(z, X) — Pic'*°(, D)] s torsion free.

Note that, unlike the previous results, this works already when the dimension
is > 3.

Here we discuss two proofs of the weaker claim that the kernel does not contain
m-torsion if char k(x) ¥ m, which is enough for all applications in this book. The
general case is postponed to Section 5.8.

2.91 (Proof of (2.90) in characteristic 0). Set U := X \ {z} and Up :=U N D.
Let L be a line bundle on U. Assume that L|y, & Oy, and L™ = Oy for some m
that is not divisible by char k(z). We prove that L = Oy.

Let m denote the smallest natural number such that L™ = Opy. This isomor-
phism gives a cyclic cover 7 : X — X that is étale over U (1.88). If Lp = Oy,
then 771(D) is geometrically reducible and its irreducible components meet only
at 7~ 1(x). [Gro68, XII1.2.1] shows that this is impossible if dim X > 3 and
m > 2. O

Next we discuss a relative variant of (2.90) with an infinitesimal proof, which
is basically just an adaptation of the method of [Gro68, XIII.2.1].

THEOREM 2.92. Let (s,S5) be a local scheme, f: X — S a flat morphism and
x € X, a point such that depth, X; > 2. Set U := X \ {z} and let L be a line
bundle on U. Assume that L|y, is trivial and L™ is trivial for some m not divisible
by char k(s). Then L is trivial.

Proof. Set S,, := Specg Og/m”. First we use (2.93) to show that the restriction
of L to X,, := X Xg S, is trivial for every n. Then (2.94.1) implies that L itself is
trivial. 0

LEMMA 2.93. Let (A,m) be a local Artin k-algebra and J C m an ideal such
that mJ = 0. Let f : X — Spec A be a flat morphism and © € X a point such that
depth, Ox, > 2. Then the kernel of the restriction map

ker [Picloc(:c, X) — Pic(x, X))



2.9. TORSION IN GROTHENDIECK-LEFSCHETZ-TYPE THEOREMS 109

is a k-vector space (possibly infinite dimensional).
In particular, if L is an element of the kernel and L™ is trivial for some m not
divisible by char k then L is trivial.

Proof. We have an exact sequence
0— J®k Oy, = O = O, — 1

where 7(g) = 1 + g for a local section g of JOy = J @ Oy, .

A global section of Of; extends to a global section of Oy, since depth, Ox, =
depth, Ox, > 2 and then it lifts to a section of Ox, which is necessarily nowhere
zero by (2.86). Thus the cohomology sequence gives

0— Jo, H(U,Oy,) — Pic"%(z, X) — Pic"(z, X;). O
PROPOSITION 2.94. Let (s,S5) be a local scheme with maximal ideal m. Let

f:X — S be a flat morphism with Sa-fibers, X, := Specy Ox/m" 1 Ox the nth
infinitesimal neighborhood of Xog := Xs and Z C X a subscheme that is finite over
S with natural injections j : X \ Z — X and j, : Xp \ Zn — X, Let L be an
invertible sheaf on X \ Z and Ly, := L|x,\z,. Assume that one of the following
holds.

(1) (jn)«(Ly) is locally free for every n > 0.

(2) (jo)«(Lo) is locally free and R*(j0)«(Lo) = 0.
Then j. L is invertible in a neighborhood of Z.

Proof. We may assume that Og is m-adically complete and, possibly after
passing to a smaller neighborhood of Z;, we may assume that f is affine and
(Jo)«(Lo) = Ox,. For every n we have an exact sequence

0— (my/my™) @ Ly — Ly, — L1 — 0.

Pushing it forward we get an exact sequence
0— (mg/mg+1) ® (JO)*(LO) — (]n)*(Ln) T_Ts (jnfl)*(Lnfﬁ —
= (mg /mi ™) @ R (jo)«(Lo)-
If (jn)«(Ly) is locally free then so is its restriction to X,,—; and r, gives a map of
locally free sheaves
Tt (Gn)s (L)l xy = (n—1)s(Ln—1)

that is an isomorphism on X,,_1 \ Z,_1. Since depth, . X1 > 2, this implies
that 7, is an isomorphism and so r,, is surjective. The vanishing of R (jo).(Lo) also

implies that 7, is surjective. Thus each (j,)«(Ly) is locally free along X,, and the
constant 1 section of (jo)«(Lo) = Ox, lifts back to a nowhere zero global section of
I&H(]n)*(Ln) Hence @(gn)*(Ln) =~ Ox by (2.86).
Furthermore, we have a natural map j.L — @(]n)*(Ln) >~ Ox that is an
isomorphism on X \ Z. Since depth, j.L > 2, this implies that j.L = Ox. O
The next example shows that going from formal triviality to triviality is not
automatic.

EXAMPLE 2.95. Let (e, E) & (e, E') be an elliptic curve. Set X := (E\{e})x E’
and p : X — E’ the second projection. Let A C X be the diagonal and L = Ox (A).
For p € E'\ {e} the line bundle L|x, is a nontrivial element of

Pic(X, \ {e}) = Pic(E \ {e}) = Pic°(E).
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but L|x, is trivial.
For m € N let X,, C X denote the mth infinitesimal thickening of the fiber
X1 := X.. We have exact sequences

H'(X1,0x,) = H' (Xpny1,0%,,,,) = H (Xm,0%,) = H*(X1,0x,).
Since X; = E \ {e} is affine, this shows that
Pic(Xn \ {e}) 2 Pic(F \ {e}) 2 Pic°(E).

Thus L|x,, is trivial for every m.



CHAPTER 3

Families of stable varieties

We have defined stable and locally stable families over 1-dimensional regular
schemes in Sections 2.1 and 2.4. The first task in this Chapter is to define these
notions for families over more general base schemes. It turns out that this is much
easier if we assume that the base scheme is reduced and there is no boundary divisor
A. Since this case is of considerable interest, we treat it here before delving into
the general setting in the next Chapter. While restricting to the special case saves
quite a lot of foundational work, the key parts of the proofs of the main theorems
stay the same. To avoid repetition, we outline the proofs here but leave the detailed
discussions to Chapter 4.

In Section 3.1 we review the theory of Chow varieties and Hilbert schemes. In
general these suggest different answers to what a “family of varieties” or a “family
of divisors” should be. The main conclusions, (3.11) and (3.13), can be summarized
in the following principles.

o A family of So warieties should be a flat morphism f : X — S whose
geometric fibers are reduced, connected and satisfy Serre’s condition Ss.
e Flatness is not the right condition for the canonical divisors of the fibers.

Note that both stability and local stability should be preserved by pull-back.
Together with the earlier definitions for 1-parameter families given in (2.2) and
(2.43), we get necessary conditions for a family to be stable or locally stable. The
next definition declares these conditions to be also sufficient.

TEMPORARY DEFINITION 3.1. Let S be reduced scheme and f: X — S a flat
morphism f: X — S whose geometric fibers are reduced and Ss.

Then f: X — S is called stable (resp. locally stable) iff the family obtained by
base change fr : X7 — T is stable (resp. locally stable) whenever T is the spectrum
of a DVR and T' — S a morphism.

As we mentioned above, these conditions are clearly necessary, but it seems
quite surprising that this definition works, and we see in Section 4.1 that for locally
stable families of pairs one needs to make further assumptions about the boundary
divisor. We establish the equivalence of (3.1) with the more traditional definitions
in (3.68).

Let now f : X — S be a projective family of S, varieties. It turns out that,
starting in relative dimension 3, the set of points

{s €5 X;is semi-log-canonical}

is not even locally closed; see (3.72) for an example. In order to describe the
situation, in Section 3.2 we study functors that are representable by a locally closed
decomposition.
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We start the study of families of non-Cartier divisors in Section 3.3. As we
noted above, this is one of the key new technical issues of the theory.

In Section 3.4 we use a representablility theorem (3.67) to clarify the definition
of stable and locally stable families, the main result (3.68) gives 5 equivalent defi-
nitions of local stability. In Section 3.5 we bring these results together to prove the
first main theorem of the chapter.

THEOREM 3.2 (Local stability is representable). Let S be a reduced scheme
over a field of characteristic 0 and f : X — S a projective family of So varieties.
Then there is a locally closed partial decomposition (3.48) j : S™ — S such that the
following holds.

Let W be any reduced scheme and g : W — S a morphism. Then the family
obtained by base change fw : Xy — W is locally stable iff q factors as q : W —
Sl 8.

Stability is an open condition for a locally stable morphism, thus (3.2) implies
that stability is also representable, see (3.74).

Next we turn to the moduli functor SV**? that associates to a reduced scheme
S the set of all stable families f : X — S, up-to isomorphism. (Here SV stands
for stable varieties and the superscript "4 indicates that we work with reduced
schemes.) In order to get a moduli space of finite type, we fix the relative dimension
n and the volume v = vol(Kx,) := (K}és) of the fibers. This gives the subfunctor

SV™(n,v) : {reduced S-schemes} — {sets}.
We can now state the second main theorem of this Chapter.

THEOREM 3.3 (Existence of reduced moduli spaces). Let S be a base scheme
of characteristic 0 and fix n,v. Then the functor SVred(n,U) has a coarse moduli
space

sved(n,v) — S,

which is a reduced and separated algebraic space that satisfies the valuative criterion
of properness.

COMPLEMENT 3.4. We see later that SV™%(n,v) is proper and it is the reduced
subscheme of the “true” moduli space SV (n,v) of stable varieties.

3.1. Chow varieties and Hilbert schemes

What is a good family of algebraic varieties? Historically 2 answers emerged
to this question. The first one originates with Cayley [Cay62], with a detailed
presentation given in [HP47, Chap.X]. The corresponding moduli space is usually
called the Chow variety. The second one is due to Grothendieck [Gro62a]; it is the
theory of Hilbert schemes. For both of them see [Kol96, Chap.I], [Ser06] or the
original sources for details.

For the purposes of the following general discussion, a variety is a proper,
geometrically reduced and pure dimensional k-scheme.

The theory of Chow varieties suggests the following.

DEFINITION 3.5 (Cayley-Chow variant). A Cayley-Chow family of varieties
is a proper, pure dimensional (3.34) morphism f : X — S whose fibers X are
generically reduced and red(X;) is geometrically reduced for every s € S. (This
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is called an algebraic family of varieties in [Har77, p.263].) More general Cayley-
Chow families are defined in (3.19).

It seems hard to make a precise statement but one can think of Cayley-Chow
families as being “topologically flat.” That is, any topological consequence of flat-
ness also holds for Cayley-Chow families. This holds for the Zariski topology but
also for the Euclidean topology if we are over C.

There are 2 disadvantages of Cayley-Chow families. First, basic numerical
invariants, for example the arithmetic genus of curves can jump in a Cayley-Chow
family. Second, the topological nature of the definition implies that we completely
ignore the nilpotent structure of S. In fact, it really does not seem possible to
define what a Cayley-Chow family should be over an Artinian base scheme S.

The theory of Hilbert schemes was introduced to solve these problems. It
suggest the following definition.

DEFINITION 3.6 (Hilbert-Grothendieck variant). A Hilbert-Grothendieck family
of varieties is a proper, flat morphisms f : X — S whose fibers X are geometrically
reduced and pure dimensional.

Note that every Hilbert-Grothendieck family is also a Cayley-Chow family and
technically it is much better to have a Hilbert-Grothendieck family than a Cayley-
Chow family. However, there are many Cayley-Chow families that are not flat.

3.7 (Universal families). Both Cayley-Chow and Hilbert-Grothendieck families
are preserved by pull-backs thus they form a functor. In both cases this functor has
a fine moduli space if we work with families that are subvarieties of a given scheme
Y/S.

Let us thus fix a scheme Y that is projective over a base scheme S. For
general existence questions the key case is Y = PY. For any closed subscheme
Y C P¥, the Chow variety (resp. the Hilbert scheme) of Y is naturally a subvariety
(resp. subscheme) of the Chow variety (resp. the Hilbert scheme) of PY and the
corresponding universal family is obtained by restriction. (See (3.23) or [Kol96,
Secs.I.5] for some cases when Y/S is not projective.)

Chow variety 8.7.1. (See (3.15-3.23) or [Kol96, Sec.1.3| for details and (3.14)
for comments on seminormality.) There is a seminormal S-scheme Chow®(Y/S)
and a universal family

Univ®(Y/S) — Chow®(Y/S) (3.7.1.1)

that represents the functor Chow®(Y/S) of Cayley-Chow subfamilies of Y over
seminormal S-schemes. That is, given a seminormal S-scheme g : T — S,

} . (3.7.1.2)

(Chow®(Y/S) is the “open” part of the full Chow(Y/S), to be defined in (3.21).)
If we also fix a relatively very ample line bundle Oy (1) then we can write

Chow®(Y/S) = I1,, Chow?,(Y/S) = II,, 4 Chow?, ,(Y/S), (3.7.1.3)

closed subvarieties X C Y xg T such that

Chow™ (Y /S)(T) := { X — T is a Cayley-Chow family of varieties

where Chow,, parametrizes varieties of dimension n and Chow,, ; parametrizes va-
rieties of dimension n and of degree d. Each Chowy, ;(Y/S) is of finite type but
usually still reducible.
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Hilbert scheme 3.7.2. (See [Kol96, Sec.I.1] or [Ser06] for details.) There is an
S-scheme Hilb°(Y/S) and a universal family

Univ®(Y/S) — Hilb°(Y/S) (3.7.2.1)
that represents the functor of Hilbert-Grothendieck families
Hilb* (Y /S)(T) == { closed subschemes X C Y xg T such that } . (37.22)

X — T is a flat family of varieties
More generally, there is an S-scheme Hilb(Y/S) and a universal family
Univ(Y/S) — Hilb(Y/S) (3.7.2.3)

that represents the functor

. closed subschemes X C Y xgT
HIb(Y [S)(T) = { such that X — T is flat ’ } ' (3.7.24)
We can write
Hilb(Y/S) = 11, Hilb,, (Y/S) = Il Hilby (Y/S), (3.7.2.5)

where where Hilb,, parametrizes subschemes of (not necessarily pure) dimension n
and Hilby parametrizes subschemes with Hilbert polynomial H(¢). Each Hilbg (Y/S)
is projective but usually still reducible.

3.8 (Comparing Chow and Hilb). Given a subscheme X C Y of dimension < n,
we get an n dimensional cycle [X] = > . m;[X;] where X; are the n-dimensional
associated primes and m; is the length of Ox at the generic point of X;. (Thus we
completely ignore the lower dimensional associated primes.)

If m; = 1 for every ¢ then [X] = ) .[X;] can be identified with a point in
Chow’(Y/S). In order to make this map everywhere defined, we need to extend the
notion of Cayley-Chow families to allow fibers that are formal linear combinations
of varieties; see (3.15-3.21) for details. The end result is an everywhere defined map
Hilb,(Y/S) --» Chow,(Y/S). Since Hilb,(Y/S) is a scheme but Chow,(Y/S) is
a seminormal variety, it is better to think of it as a morphism defined on the
seminormalization

Re : Hilb, (Y/S)™ — Chow, (Y/S). (3.8.1)
This is a very complicated morphism. As written, its fibers have infinitely many
irreducible components for n > 1 since we can just add disjoint 0-dimensional
subschemes to any variety X C Y to get new subschemes with the same underlying
variety. Even if we restrict to pure dimensional subschemes we get fibers with
infinitely many irreducible components. This happens for instance for the fiber
over m[L] € Chowy ,,,(P?) where L C P3 is a line and m > 2.

It is much more interesting to understand what happens on

Hile(Y/S) := closure of Hilb, (Y/S) in Hilb, (Y/S). (3.8.2)

That is, Hilb, (Y/S) parametrizes n-dimensional subschemes that occur as limits
of varieties. It turns out that the restriction of the Hilbert-to-Chow map

RE . Hilb, (Y/S)*™ — Chow,(Y/5S) (3.8.3)

is a local isomorphism at many points. For smooth varieties this is quite clear from
the definition of Chow-forms. Classical writers seem to have been fully aware of
various equivalent versions, but I did not find an explicit formulation. The normal
case, due to [Hir58|, is more subtle and in fact quite surprising; see [Har77,
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I11.9.11] for its usual form and (10.69) for a stronger version. These imply the
following comparison of Hilbert schemes and Chow varieties.

THEOREM 3.9. Using the notation of (3.8) let s € S be a point and Xs C Ys a
normal, projective subvariety of dimension n. Then the Hilbert-to-Chow morphism

RE . Hilb, (Y/S)*™ — Chow,(Y/5S)
is a local isomorphism over [X] € Chow, (Y/S). O

Informally speaking, for normal varieties the Cayley-Chow theory is equivalent
to the Hilbert-Grothendieck theory, at least over seminormal base schemes.

By contrast, Hilb(Y/.S) and Chow(Y/S) are different near the class of a singu-
lar curve. For example, let C' C P? be a planar, nodal cubic. Then [C] € Chow (P?)
is contained in 2 different irreducible components of Chowy(P?) but only in 1 irre-
ducible component of Hilb; (P3). A general member of one component is a planar,
smooth cubic. This component parametrizes flat deformations. A general member
of the other component is a smooth, rational, non-planar cubic. The arithmetic
genus jumps, so these deformations are not flat. Thus we see that RZ is not a
local isomorphism over [C] € Chow;(P?), but this is explained by the change of
the genus. It turns out that once we correct for the genus change, (3.9) becomes
stronger.

DEFINITION 3.10. Let X C PV be a closed subscheme of pure dimension n.
Let X N L denote the intersection of X with n — 1 general hyperplanes. Then

1 —X(XﬂL,OXmL)

is independent of L. It is called the sectional genus of X. (The sectional genus is
a linear combination of the 2 highest coeflicients of the Hilbert polynomial of X.
Knowing the degree of X and its sectional genus is equivalent to knowing the 2
highest coefficients of its Hilbert polynomial.)

It is easy to see that the sectional genus is a constructible and upper semicon-
tinuous function on Chow, (Y/S). (A more general assertion is proved in Section
5.4.) Thus there are locally closed subschemes Chowy, , ,(Y/S) C Chow,, (Y/S)
that parametrize geometrically reduced cycles with sectional genus g; see (3.48).
(The * stands for the degree which we ignore in these formulas. Also, one can not
define the sectional genus for cycles with multiplicities (3.15) though this can easily
be corrected.) We can now define the Chow variety parametrizing families with
locally constant sectional genus as

Chow}8(Y/S) :=11,, 4, Chow,, , ,(Y/S)*",

n%.g
the disjoint union of the seminormalizations of the Chow,, , /(Y/S).

The sectional genus is constant in a flat family, and we get the following
strengthening of (3.9).

THEOREM 3.11. Using the notation of (3.8) let s € S be a point and X; C Y
a geometrically reduced, pure dimensional, projective, So subvariety of dimension
n. Then the Hilbert-to-Chow map

RE : Hilb, (Y/S)*™ — Chow'8(Y/5S)
is a local isomorphism over [X4] € Chow}¢(Y/S).

We can informally summarize these considerations as follows.
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PRINCIPLE 3.12. For reduced, pure dimensional, projective, So varieties the
Cayley-Chow theory is equivalent to the Hilbert-Grothendieck theory over seminor-
mal base schemes, once we correct for the sectional genus.

We are studying not just varieties but semi-log-canonical pairs (X,A). The
underlying variety is deminormal, hence geometrically reduced and S. Thus (3.12)
says that even if we start with the more general Cayley-Chow families, we end up
with flat morphisms f : X — S with Sy fibers. The latter is a class that is well
behaved over arbitrary base schemes.

However, the divisorial part is harder to understand. Although we have seen
only a few examples supporting it, the following counterpart of (3.12) turns out to
give the right picture.

PRrRINCIPLE 3.13. For stable families of semi-log-canonical pairs (X,A) the
Hilbert-Grothendieck theory is optimal for the underlying variety X but the Cayley-
Chow theory is the “right” one for the divisorial part Kx + A.

Summary of the theory of Chow varieties.
We recall the basic properties of Chow varieties; see [HP47, Chap.X] or [Kol96,
Secs.].3—4] for details.

3.14 (Comment on seminormality). Hilbert schemes work well over any base
scheme, but in [Kol96] the theory of Cayley—Chow families is developed only over
seminormal bases. In characteristic 0 it might be possible to work over reduced
base schemes (see [Bar75] for key special cases) but examples of Nagata [Nagh5]
suggest that in positive characteristic the restriction to seminormal bases may be
necessary. Thus, in what follows, we outline the theory of Chow varieties over
seminormal bases only.

DEFINITION 3.15. Let X be a proper scheme over a field k. A d-cycle is a
formal, finite linear combination Z := ). m;[V;] where m; € Z and the V; are
d-dimensional irreducible, reduced subschemes. We usually tacitly assume that the
V; are distinct and m; # 0. Then the V; are called the irreducible components of Z
and the m; the multiplicities. Z is called reduced if all its multiplicities equal 1. A
d-cycle is called effective if m; > 0 for every i.

If L is an ample line bundle on X then the degree of a d-cycle is defined as
degy Z := Y, mideg Vi = 32, mi(L* - V).

3.16 (Chow forms). Fix a projective space P with dual projective space P,
That is, points in P are hyperplanes in P™.
Let X C P™ be an irreducible, reduced, closed subvariety of dimension d. Then

Ch(X) = {(Ho,...,Hg) € B : XNHoN---NHy#0} (3.16.1)
is a hypersurface in (P")%! of multidegree (deg X, ...,deg X). The equation of
Ch(X) is called the Chow form of X; we denote it by ch(X). It is a multihomo-

geneous polynomial of multidegree (deg X, ..., deg X). It is not hard to check that
ch(X) determines X uniquely. If Z = )" m;[X;] is an effective d-cycle then set

ch(Z) == [,ch(X;)™. (3.16.2)
The fundamental observation of the theory is the following.

Claim 3.16.3. If k is a perfect field then Ch(Z) uniquely determines Z.



3.1. CHOW VARIETIES AND HILBERT SCHEMES 117

In general we turn this into a definition and say that 2 cycles Z;, Zs are essen-
tially the same iff Ch(Z1) = Ch(Z3); see [Kol96, 1.4.1] for some examples.

The method of Chow varieties uses the Chow form Ch(Z) to describe the cycle
Z. This is satisfactory if char k = 0, but it runs into difficulties if char k > 0.

DEFINITION 3.17 (Chow field). Let k be a field and Z C P™ a d-cycle defined
over a field extension K/k. )
Using the coordinates {z;; : 0 < i < n,0 < j < d} on the factors of (Pr)d+t
the Chow form is a multihomogeneous polynomial
ch(Z) =3 c(r) ”x:jj (3.17.1)
where r = (r;5) is a (d + 1) x (n + 1) matrix whose rows sum to deg Z. Note that
the ¢(r) are only determined up to a constant factor, so the important numbers are
their quotients. Together they generate the Chow field of Z
kh(Z) = k(c(“) : c(rg) # 0). (3.17.2)

c(r2)

Thus k" (Z) is the smallest field over which the hypersurface Ch(Z) can be defined.

3.18 (Field of definition and problems in positive characteristic). There are 2
special features of the behavior of cycles under field extensions K/k that cause many
problems in positive characteristic. While we are mainly interested in characteristic
0, they effect the formulation of several of the general theorems.

First, let V be an irreducible, reduced subscheme. If K/k is separable then
Vi is reduced. Thus if char k = 0 then Zj has the same multiplicities as Z but if
char k = p > 0 then the multiplicities of Z; can be a p-power times the multiplicities
of Z.

Second, let Z3, Zs be d-cycles and assume that (Z1)x = (Z2)k. If K/k is
separable then Z; = Z5 but not in general. In fact, Z1, Zy are essentially the same
iff (Z1)k = (Z2)k for some purely inseparable field extension K/k.

More generally, let X be a k-variety and Z a cycle defined over the algebraic
closure k. We say that Z can be defined over a subfield k C k¥’ C k (or that k' is a
field of definition of SZ) if there is a cycle Z’ on X} such that (Z'); = Z.

It turns out that intersection of all fields of definition is the Chow field of Z;
see [Kol96, 1.4.5]. The ideal situation is when the Chow field is also a field of
definition. The following is proved in [Kol96, 1.3.5].

Claim 3.18.1. Let X be a k-variety and Z a cycle defined over k. Then Z can
be defined over k"(Z) in any of the following cases.

(a) chark =0, _
(b) char k > 0 is relatively prime to the geometric multiplicities of Z or
(¢) Z is a divisor and X is smooth at all generic points of Z. O

The problems of Chow varieties with multiplicities are already apparent for
0-cycles. Consider P? and use 2o, ..., 2z, as coordinates on P". If a = (ag:---:ap)
is a single point then (3.16.1) gives that

ch(a) = apzo + a1z1 + -+ - + anzn,
and if A =3 mja; =3, m;(ao;: - :an;) then
ch(A) = [[;(aojz0 + - + anjzn)™. (3.18.2)
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Multiplicity p problem 3.18.3. Let k be a field of characteristic p > 0 and set
a:= (a(l)/p: e :a,lz/p). Then

Ch(pa) = apzh +a12) + - + an2t,

is defined over k but if the a; are a p-basis of k/kP (and n > 2) then there is no
k-subscheme W C P™ such that [IW] = pa. Thus pa is a k-point on Chow(P") but
there is no 0-cycle defined over k that corresponds to it.

In order to state the general case, we need some notation. Let R be a ring,
I C R an ideal and m € N. Consider the ideal I™ := (r™ : r € I). If Ris a
k-algebra and char k = 0 then I™ = " if chark = p > 0 and m = p° then I'P] is
called the Frobenius power of I. The other cases are also interesting, but they do
not seem to have a standard name.

Going back to Chow varieties, let Z C P™ be a geometrically integral subscheme
with Cayley—Chow hypersurface Ch(Z). Let Z’ C P be any pure subscheme (9.2)
such that [Z’] = mZ. Then we obtain that Ch(Z’) = m - Ch(Z). Thus Cayley—
Chow theory does not distinguish such subschemes Z’ from each other and the only
natural subscheme that one can associate to m - Ch(Z) is

Specpn (pure(Opn /I[Zm])) cp”

where pure( ) denotes the maximal pure quotient (9.2). Assume next that we have
X CP* and Z C X is a divisor such that X is smooth at the generic point of Z.
In this very special case,

mZ = pure(X N Specpn (pure((’)pn/l[zm]))) cX (3.18.4)

is the unique pure subscheme Z’ C X such that Ch(Z’') = m-Ch(Z). In particular,
under these conditions, mZ is defined over the Chow field k"(mZ). This explains
(3.18.1.c).

DEFINITION 3.19 (Cayley-Chow families). Let X be a proper scheme over S
and V C X an irreducible, reduced subscheme. We would like to understand when
can we view

g=flyv: V=S5
as a “good” family of d-cycles. An obvious necessary condition is that the fibers V;
have should have pure dimension d, thus we get d-cycles [V].

A “good” family should commute with base change. With this in mind, let T
be the spectrum of a DVR and h : T'— S a morphism that maps the generic point
of T to a generic point of S and the closed point 0 € T to s € S. By pull-back we
get Vpr C Xp. The subscheme V7 can have embedded points along the special fiber.
We correct this problem by passing to pure(Vr) (9.2). Now we have pure(Vr) C Xp
and pure(Vr) is flat over T. Thus the fiber over 0 € T gives the “correct” cycle
over s € S by (3.19.2). We denote it by

}ILI—%(V/S) = [(pure(VT))O]. (3.19.1)

Keep in mind that limj_,(V/S) is not a cycle on X, but on X x Spec K where K
is the residue field of T' and K is almost always a non-algebraic extension of k(s).

We say that the family of cycles g : V' — S satisfies the field of definition
condition if for every s € S there is a d-cycle on X,—denoted by gl=!(s) and called
the Cayley-Chow fiber—such that limy,_,(V/S) = gl=(s)x for every T — S as
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above. If gl=1(5s) is defined only over the purely inseparable closure of k(s), then we
say that V is a well defined family of cycles. The two notions agree in characteristic
0.

If V is flat over S then it is also satisfies the field of definition condition by
[Ko196, 1.3.15], but the proof actually shows the following stronger variant.

Claim 3.19.2. Let S be a reduced scheme and f : V' — S a proper morphism.
Assume that f is flat at all generic points of V; for every s € S. Then f:V — S
satisfies the field of definition condition and gl="(s) = [V4]. O

If V' is not generically flat over S then the [V;] do not form a “good” family,
see (3.22) for a rather typical example.

A key observation is that, over normal base schemes, the obvious dimension
restrictions are enough to get a well defined family of cycles. The following is proved
in [Kol96, 1.3.17].

THEOREM 3.20. Let S be a normal scheme, f: X — S a proper morphism and
V C X a closed subscheme such that g := fly : V — S has pure relative dimension
d. Then V is a well defined family of d-cycles. ([l

DEFINITION 3.21 (Chow varieties). Let X be a proper scheme over a base
scheme S and g : Z — S a family of cycles that satisfies the field of definition
condition.

Let S’ be a seminormal scheme and ¢ : S’ — S a morphism. There is a unique
cycle, denoted by ¢ Z, whose support is S’ x g Supp Z and whose fiber over a point
s' € 8" is Zj(sy; see [Kol96, 1.3.18] for details. This cycle also satisfies the field of
definition condition and it is called the Cayley-Chow pull-back of Z.

If S is over a field of characteristic 0 then the field of definition condition holds
for every well defined family of cycles. Thus the Cayley-Chow pull-back is always
defined and we get a functor on seminormal schemes. If X/S is projective then the
universal family over the Chow variety

Univepow (X/S) = Chow(X/S) (3.21.1)

represents this functor; see [Kol96, Sec.1.3] for details.

In general, given a point P € Chow(X/S), its residue field k(P) is the Chow
field of the corresponding cycle. Thus the field of definition condition holds only if
the cycle is defined over its Chow field. Such cases are listed in (3.18.1). (If these
are not satisfied, then there are at least 3 sensible variants of the Chow functor; see
[Ko196, Sec.1.4] for details.)

The Chow variety is not really a variety; it has infinitely many irreducible
components. In order to get something of finite type, fix a relatively ample line
bundle L on X. The degree of a cycle is locally constant function on Chow(X/S)
by [Kol96, 1.3.12], thus we can write

Chow(X/S) = I1,,.4 Chow,, 4(X/5), (3.21.2)

where Chow,, 4(X/S) parametrizes cycles of dimension n and degree d. The schemes
Chow,, 4(X/S) are projective over S, though usually disconnected.
If X — S has pure relative dimension m then we are especially interested in

WDiv(X/S) := Chow_1.(X/S), (3.21.3)

which parametrizes Weil divisors on the fibers of X — S.
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EXAMPLE 3.22. Set X = (zy =wv) CA*and D= (z =u=0)U(y =v =0).
Let f: X — A2 be the map (z,y,u,v) — (z+y,u+v). Note that f is flat and the
central fiber is a pair of intersecting lines (2% = u?) C A2

Away from the origin, the fibers of f|p consist of 2 points. In order to compute
the scheme theoretic fiber of f|p over the origin, note that the ideal sheaf of D is
(zy, xv,uy,uv). Thus the scheme theoretic fiber is given by

k[l‘? y7 u’ U]/(my7 Q?’U, uy’ UIU’ € + y7 U + v)'
This is easily seen to have length 3, with 1, x, u serving as a basis.

3.23 (Non-projective cases). Let Y be an arbitrary scheme over S. We define
Hilb(Y /S)(T) as the set if all subschemes X C Y xg T that are proper and flat
over T. [Art69] proves that if Y — S is locally of finite presentation then the
Hilbert functor is represented by a morphism Hilb(Y/S) — S that is also locally of
finite presentation. However, in general Hilb(Y/S) is not a scheme but an algebraic
space over S. More generally, Y — S is allowed to be an algebraic space.

Most likely similar results hold for Chow(Y/S) but I am not aware of complete
references. See [Kol96, Sec.1.5] for further discussions.

Summary of seminormality and weak normality.

(For more details see [Kol96, Sec.1.7.2] and [Kol13c, Sec.10.2].)

Normalization is a very useful operation that can be used to improve a scheme
X. However, the normalization X™ — X usually creates new points and this makes
it harder to relate X and X™. The notion of seminormalization intends to do as
much of the normalization as possible, without creating new points.

For example, the normalization of the higher cusps Copy1 := (22 = y?>™*1) is

Tomi1 : Af — Copy1  given by ¢t — (2™ 12).

The map 7o,41 is a homeomorphism, so it is also the seminormalization. By
contrast, the normalization of the higher tacnode Cy,, := (2? = y*™) is

Tom : Af x {£1} — Ca,,  given by ¢+ (£t™,1).

The map g, is not a homeomorphism since (0,0) € Ca,, has 2 preimages, (0,1)
and (0, —1). The seminormalization of Cy,, is

Tom : Oz = (8% = 1?) — Cay, given by  (s,t) > (s™,1).

These examples lead to a general definition of seminormalization and seminormal
schemes, but they do not adequately show how complicated seminormal schemes
are in higher dimensions.

DEFINITION 3.24. A finite morphism of schemes g : X’ — X is called a partial
seminormalization if X’ is reduced and for every point x € X, the induced map
g* : k(x) = k(red g~'(x)) is an isomorphism. (For finite type schemes over a field
of characteristic 0, it is enough to assume this for closed points only.)

A partial seminormalization is birational and it is dominated by the normal-
ization n : X® — X of red X. If 7 : X® — X is finite (which holds for excellent
schemes) then there is a unique largest partial seminormalization 7 : X" — X,
called the seminormalization of X.

To be more explicit, m,Oxsn is the subsheaf of 7,Oxn consisting of those sec-
tions ¢ such that for every point x € X with preimage Z := red 7 !(z) we have

¢|z € im[7* : k(z)—k(Z)]. (3.24.1)
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A scheme X is called seminormal if its seminormalization 7 : X*" — X is an
isomorphism. A seminormal scheme is reduced.

It is easy to see that an open subscheme of a seminormal scheme is also seminor-
mal. Furthermore, being seminormal is a local property. That is, X is seminormal
&< it is covered by seminormal open subschemes < every local ring of X is semi-
normal.

Seminormality is a quite useful notion but it is not always easy to use. A
major difficulty is that an irreducible component of a seminormal scheme need not
be seminormal. In fact, by [Kol13c, 10.12], every reduced and irreducible affine
scheme that is smooth in codimension 1 occurs as an irreducible component of a
seminormal complete intersection scheme.

However, a major advantage of seminormality over normality is that seminor-
malization X — X" is a functor from the category of excellent schemes to the
category of excellent seminormal schemes. It is thus reasonable to expect that tak-
ing the coarse moduli space commutes with seminormalization. This is indeed the
case for coarse moduli spaces satisfying the following mild condition.

DEFINITION 3.25. Let M : (schemes) — (sets) be a functor with coarse moduli
space M. We say that M has enough 1-parameter families if the following holds.

Let T be the spectrum of a DVR and ¢ : T' — M a morphism. Then there is
a spectrum of a DVR 7", a finite morphism 7 : 7" — T and F € M(T”) such that
¢pom: T — M is the moduli map of F.

PROPOSITION 3.26. Let M : (schemes) — (sets) be a functor defined on excel-
lent schemes over a field of characteristic 0. Assume that M has a coarse moduli
space M and enough 1-parameter families.

Then M5 is the coarse moduli space for its restriction to the category Sch®™ of
excellent seminormal schemes

M= M|gensn : (seminormal schemes) — (sets).

Proof. Since seminormalization is a functor, every morphism W — M lifts to
Wt — M. Thus we have a natural transformation ® : M" — Mor(*, MS“).

Assume that M’ is a seminormal scheme and we have another natural trans-
formation ¥ : M — Mor(*, M’ ) Thus we get a natural transformation to the
product M*x M’; let Z C M x M’ denote the set-theoretic image. Since M*" is a
coarse moduli space, the coordinate projection Z — M5" is geometrically bijective.
Since M has enough 1-parameter families, Z — M®" is a universal homeomor-
phism by (3.28). Thus Z — M*" is an isomorphism since M*" is seminormal and
the characteristic is 0.

Thus we get a morphism M** — M’ and ¥ factors through ®. O

EXAMPLE 3.27. Let D be any diagram of schemes with direct limit lim D. Since
seminormalization is a functor, we get a a diagram D" and a natural morphism
lim(D*) — (lim D)**. However, this need not be an isomorphism.

To get such an example, let k£ be an infinite field and consider the diagram of
all maps ¢, : Spec k[z] — Speck[(z — a)?, (z — a)?] for a € k.

If chark = 0 the direct limit is Speck. After seminormalization, the maps
¢a become isomorphisms ¢ : Speck[z] = Speck[z] and now the direct limit is
Spec k[z].
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If chark = p > 0 then 2P — a? = (z — a)? € k[(z — a)?, (x — a)3] shows that
the direct limit is Speck[zP]. After seminormalization, the direct limit is again
Spec k[z].

LEMMA 3.28. Let g : X — S be a morphism of schemes and Z C X a subset.

Then Z is a subscheme and g|z : Z — S is a universal homeomorphism iff the
following hold.

(1) Every geometric point T : s — S has a unique lifting 7x : s — X whose
mmage 1s in Z.

(2) Let T be the spectrum of a DVR and ¢ : T — S a morphism. Then there
is a spectrum of a DVR T', a finite morphism © : T' — T and a lifting
(pom)x : T — X whose image is in Z.

Proof. By assumption (1), g|z : Z — S is a universal bijection. Let s4 € S
be a generic point and z, € Z its preimage in X. We claim that z, C Z. For any
2y € Zg there is a DVR T and a morphism 7' — X that maps the generic point to
z4 and the closed point to zg. We apply (2) to g o 7 to conclude that 2o € Z.

Thus Z is the union of all Z;, hence Zariski closed and g|z : Z — S is a finite,
universal bijection, hence a homeomorphism. ([

In positive characteristic there is a more restrictive variant, called weak normal-
ization. Most of the important results about Chow varieties hold only over weakly
normal base schemes. Unfortunately, weak normalization is not a functor, leading
to various technical problems; see, for instance [Kol96, Sec.I.4].

DEFINITION 3.29. A finite morphism of schemes g : X’ — X is called a partial
weak normalization if X’ is reduced, for every generic point z € X, the induced
map g* : k(z) — k(redgil(x)) is an isomorphism and for every point x € X, the
induced map ¢g* : k(z) — k(red gfl(a:)) is a purely inseparable extension.

If the normalization 7 : X™ — X is finite then there is a unique largest partial
weak normalization 7 : XV — X, called the weak normalization of X.

A scheme X is called weakly normal if its weak normalization 7 : X"" — X is
an isomorphism.

It is clear that (normal) = (weakly normal) = (seminormal) and if X is a
scheme over a field of characteristic 0 then (weakly normal) < (seminormal). More
generally, the latter also holds if the residue fields of all non-generic points are
perfect. In practice this happens in a few additional cases only; namely when X is
a 1-dimensional scheme over a perfect field or it is finite over SpecZ.

The following example illustrates some of the differences between weak and
seminormality.

EXAMPLE 3.30. Let g(t) € k[t] be a polynomial without multiple factors and
set Cy := Specy (k + g - k[t]). Then Cj is an integral curve whose normalization is
A'. We can think of C, as obtained from A! by identifying all roots of g.

If g is separable then Cy is seminormal and weakly normal. If g is irreducible
and purely inseparable then Cj is seminormal but not weakly normal; the weak
normalization of Cy is Al.

The problem is that, in the latter case, C; looks and behaves very much like a
(higher) cusp. For example if char k = 2 and g = t? — a then k+ g- k[t] is generated
by z :=t? —a and 2z := t(t? — a) and they satisfy the equation 22 = 23 + ax?. If

we adjoin @ = v/a to k and set y := 2z — ax then this becomes y? = z3.
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Both of the properties ascend for flat morphisms in a strong form. For normality
this is classical; see for instance [Mat86, 23.9]. The other cases are proved in
[GT80, Mang80] for N-1 schemes and the general version is in [Kol16c, 37].

THEOREM 3.31. Let f : Y — X be a flat morphism of Noetherian schemes with
geometrically reduced fibers. Assume that X and the geometric generic fibers are
normal (resp. seminormal, weakly normal). Then'Y is also normal (resp. seminor-
mal, weakly normal). O

3.2. Representable properties

Let f: X — S be a morphism and P a property of schemes that is invariant
under base field extensions. One can then consider the set

S(P) :={s € S: X, satisfies P}.

Note that S(P) depends on f : X — S, so we use the notation S(P, X/S) if the
choice of f: X — S is not clear.

In nice situations, S(P) is an open or closed or at least locally closed subset
of S. For example satisfying Serre’s condition 5, is an open condition for proper,
flat morphisms by (10.3) and being singular is a closed condition.

Similarly, if f: X — S is a proper morphism of relative dimension 1 then

S(stable) := {s € S : X is a stable curve}

is an open subset of S. However, we see in (3.72) that if f : X — S is a proper,
flat morphism of relative dimension > 3 then

S(stable) := {s € S : X, is a stable variety}

is not even a locally closed subset of S in general.

We already noted in Section 1.3 that flat morphisms with stable fibers do not
give the right moduli problem in higher dimensions and one should look at stable
families instead. Thus our main interest is not in the set S(stable) but in the class of
morphisms q : T'— S for which the pulled-back family fr : Xp — T is stable. We
then hope to prove that this happens in a predictable way. The following definition
formalizes this.

DEFINITION 3.32. Let P be a property of morphisms that is preserved by pull-
back. That is, if X — S satisfies P and ¢ : T — S is a morphism then we get
fr : X0 — T that also satisfies P. Depending on the situation, pull-back can
mean the usual fiber product X7 := X Xg T or a modified version of it, like the
Cayley-Chow pull-back of cycles (3.21), the S3 pull-back defined in (3.52) or the
divisorial pull-back to be defined in (4.25).

We can associate to P the functor of P-pull-backs defined for morphisms W —
S by setting

1 if Xy — W satisfies P, and

3.32.1
® otherwise. ( )

Property(P)(W) := {
Thus a morphism ip : S¥ — S represents P-pull-backs iff the following hold.
(2) fP:XP = Xg» — ST satisfies P and
(3) if fw : Xy — W satisfies P then ¢ factors as ¢ : T — S¥ — S, and the
factorization is unique.
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It is also of interest to understand what happens if we focus on special classes of
bases. Let R be a property of schemes. We say that ip : S — S represents P-pull-
backs for R-schemes if S¥" satisfies R and (3) holds whenever W satisfies R. In this
section we are mostly interested in the properties R = (reduced), R = (seminormal)
and R = (normal).

If (3) holds for all T = (spectrum of a field) then ip : ST — S is geometrically
injective (3.47). If (3) holds for all schemes then ip is a monomorphism (3.47).

In many cases of interest P is invariant under base field extensions. That is,
if K/k is a field extension then f : X — Speck satisfies P iff fx : Xxr — Spec K
satisfies P. If this holds then ip : ST — S is also residue field preserving (3.47).

If X — S is projective then we are frequently able to prove that ip : S¥ — S
is a locally closed partial decomposition (3.48).

Ifip : S — S represents P-pull-backs and ip is of finite type (this will always
be the case for us) then

S(P) = {s: X, satisfies P} = ip(ST)

is a constructible subset of S. Constructibility is much weaker than representability
but we will frequently need constructibility in our proofs of representability.

Let us give 2 basic examples of representable properties.

ExXAMPLE 3.33. Let f: X — S be a proper morphism and m € N. We claim
that both of the following functors are representable by a locally closed decompo-
sition for reduced schemes but not representable for all schemes.

(1) The functor of pull-backs whose fibers have pure dimension m.
(2) The functor of pull-backs of pure relative dimension m (3.34).

A typical example illustrating the difference is the following. Set
S:=(xy=0)CA® and X:=(r=u=0)N(y=uv+2z=0)CA™

All fibers of the coordinate projection 7 : X — S have pure dimension 1. However m
does not have pure relative dimension 1 since base change to (z = 0) C S results in
2 irreducible components of (x = 0) x g X, one of dimension 2 and one of dimension
1. The pull-backs of pure relative dimension 1 are represented by the locally closed
decomposition

(y=0) 1T ((z =0)\{(0,0)}) = .
To see the claims let n be the maximum fiber dimension of f. Then

XM = {z € X : dim, Xj() = n}

is a closed subset of X. Then 5S¢ := f(X(")) is a closed subset of S and S :=
f(X \ X(”)) is an open subset of S. Thus S¢\ S is a closed subset parametrizing
fibers of pure dimension n and S° \ S¢ is an open subset parametrizing fibers of
dimension < n.

Let T be a reduced scheme and ¢ : 7' — S a morphism such that fr : Xp —
T has fibers of pure dimension m. If m = n then ¢ factors through the closed
immersion (S¢\ S°) < S, otherwise ¢ factors through the open immersion (S°\
S¢) < S. We can continue with S°\ S¢ to obtain S™¢ — S representing pull-backs
whose fibers have pure dimension m.

It is also clear that if fr : X7 — T has pure relative dimension m then T' — S
factors through S™4 — S. Thus it is enough to prove (2) in case all fibers of
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f : X — S have pure dimension m and construct SP™? — S representing the
second functor.

Let 7 : S — S denote the normalization. By base change we get f : X :=
X xg S8 — 8. Let W C X denote the union of those irreducible components of
X that do not dominate any irreducible component of S. By (3.34.2) f has pure
relative dimension m over S\ f(W). Furthermore, if 7" is the spectrum of a DVR
and h : T — S is a morphism whose generic point maps to S\ f(W), then the
pull-back to T' gives a morphism of pure relative dimension m iff h(T) C S\ f(W).
Thus

S\w(F(W)) =

are those connected components of SP™4 whose image is not contained in 7r( f (W))
We can now restrict to 7r( f (W)) C S and finish by Noetherian induction. ]

Finally observe that the definition is not set up right to work with non-reduced
schemes. For example, consider f : X := B,A? — S := A?. The only 1-dimensional
fiber is over p. However, if T < A2 is any artinian scheme supported at the origin
then fr : X — T has purely 1-dimension fibers but T < A? does not factor
through {p} — A2. Working with the completion Az of A% at p gives a scheme
that represents our functor over Artin schemes. However, we do not have a family
of pure relative dimension 1 over Ag itself.

3.34 (Pure dimensional morphisms). A finite type morphism f : X — S is
said to have pure relative dimension n if for every integral scheme T and every
h:T — S, every irreducible component of X xg T has dimension dim7T + n. We
also say that f is pure dimensional if it is pure of relative dimension n for some n.
It is enough to check this property for all cases when T is the spectrum of a DVR.

Applying the definition when T is a point shows that if f has pure relative
dimension n then every fiber of f has pure dimension n, but the converse does not
always hold. For instance, let C' be a curve and 7 : C' — C the normalization. If
C is nodal then 7 does not have pure relative dimension 0; if C' is cuspidal then it
does. However, the converse does hold in several important cases.

Claim 3.34.1. Let f : X — S be a finite type morphism whose fibers have pure
dimension n. Then f has pure relative dimension n iff it is universally open. Thus
both properties hold if f is flat.

Proof. Both properties can be checked after base change to spectra of DVRs.
In the latter case the equivalence is clear and flatness implies both. (|

The following is called Chevalley’s criterion, see [Gro60, IV.14.4.1].

Claim 8.34.2. Let f : X — S be a finite type morphism whose fibers have
pure dimension n. Assume that S is normal (or geometrically unibranch) and X is
irreducible. Then f is universally open.

Proof. By an easy limit argument, it is enough to check openness after base
change for finite type, affine morphisms S’ — S; see [Gro60, IV.8.10.1]. We may
thus assume that S’ C A% for some n. The restriction of an open morphism to the
preimage of a closed subset is also open, thus it is enough to show that the natural
morphism f(™ : Ay — A% is open for every n. If S is normal then so is A%, thus
it is enough to show that, under the assumptions of (3.34.2), the map f is open.
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To see openness, let U C X be an open set and x € U a closed point. We need
to show that f(U) contains an open neighborhood of s := f(z). Let z € W C X be
an irreducible component of a complete intersection of n Cartier divisors such that
x is an isolated point of W N X;. Tt is enough to prove that f(U NW) contains an
open neighborhood of s. After extending W — S to a proper morphism and Stein
factorization, we are reduced to showing that (3.34.2) holds for finite morphisms.

In this case f(U) is constructible, hence open iff it is closed under generalization.
The latter holds by the going-down theorem; see for instance [AM69, 5.16]. (]

Ultimately we are interested in pairs (X, A), so let us see first what to do with
families of pairs (X, D) where D is a single divisor. For this to make sense we need
to know what a divisor is. By any definition, the support of a divisor has pure
codimension 1 on a pure dimensional scheme.

DEFINITION 3.35. Let X be a scheme and D C X a closed subset. A finite type
morphism f : (X, D) — S is called a family of pure dimensional pairs of relative
dimension n if f : X — S has pure relative dimension n and f|p : D — S has pure
relative dimension n — 1.

Arguing as in (3.33) we get the following.

LEMMA 3.36. Let X be a scheme, D C X a closed subset and f: (X,D) — S a
proper morphism. Then the functor of pull-backs that are pure of relative dimension
n 1s representable by a locally closed decomposition for reduced schemes. O

REMARK 3.37. As we noted in (3.34.1), being pure dimensional is an open
property for flat, proper morphisms. Thus, using (3.43) we obtain that for any
projective morphism f : X — S we have a locally closed partial decomposition

frosth 5
that represents flat and pure dimensional pull-backs of f. Next let P be a property
that implies flat and pure dimensional. Assume that ¢ : T'— S is a morphism such
that fr : X; — T satisfies P. Then fr : X7 — T is also flat and pure dimensional,
hence ¢ : T — S factors through fP. This shows that

SP = (5™).
In particular, if we want to prove that S¥ — S exists for all projective morphisms,

then it is enough to show that it exists for all flat, pure dimensional and projective
morphisms. More generally, if P; = P, and SF? exists then

SP1 = (§P2)P1, (3.37.1)

3.38 (Simultaneous normalization). Sometimes it is best to focus not on a
property of a morphism but on a property of its “improvement.” We say that
[+ X — S has simultaneous normalization if there is a finite morphism 7 : X — X
such that ms : Xy — X is the normalization for every s € S and for: X — S is
flat.

For example, consider the family of quadrics

X = (2§ — 27 + uga3 + uzzj = 0) C PY x A2
Then the functor of simultaneous normalizations is represented by

{(0,0)} I (AZ\ {(0,0)}) — A3
In general, we have the following result, due to [CHLO06, Kol11b].
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Theorem 3.38.1. Let f : X — S be a proper morphism whose fibers X are
generically geometrically reduced. Then there is a morphism 7 : S™ — S such that
for any g : T'— S, the fiber product X xgT — T has a simultaneous normalization
iff g factors through 7 : S™ — S. O

Valuative criteria.

If a property P is representable, then we can check it using one of the following
criteria. They are especially useful to us since we already understand slc morphisms
over DVR/’s but not over higher dimensional bases.

PROPOSITION 3.39 (Valuative criterion, global version). Let P be a property
of morphisms that is preserved by base change and is invariant under base field
extensions. Let f: X — S be a proper morphism and assume the following.

(1) P is representable by a finite type morphism j : S¥ — S for seminormal
schemes.

(2) fr : Xr — T satisfies P whenever T is the spectrum of a DVR and
q:T — S a morphism.

Then j is a partial seminormalization.

Proof. By (2) the morphism ¢ : T — S factors through S¥ for every DVR.
Thus S¥ — S is proper and surjective. For any point s € S the constant morphism
Spec k(s)[[t]] — Speck(s) < S uniquely factors through S¥ — S. Thus S — S is
a partial seminormalization. O

PROPOSITION 3.40 (Valuative criterion, local version). Let P be a property
of morphisms that is preserved by base change and is invariant under base field
extensions. Let f: X — S be a proper morphism and assume the following.

(1) 0 €S is local.

(2) P is representable by a finite type morphism j : S¥ — S for seminormal
schemes.

(3) There are local morphisms ¢; : (0; € T;) — (0 € S) such that the pr, :
X, = T; satisfy P and U;q;(T;) is dense in S.

Then j is a partial seminormalization.
Proof. By definition, the g; : T; — S factor as
q; . T; LN N
and ¢}(0;) = ip'(0). Let S’ C S” be the closure of U;g}(T;) € S¥. Then ip :

S’ — S is a finite, local, geometrically injective morphism with a dense image and
k(ip'(0)) = k(0). So S’ — S is a partial seminormalization. O

A partial seminormalization that is also a locally closed partial decomposition
is a closed embedding by (3.49), thus we obtain the following variant.

COMPLEMENT 3.41. If in (3.39) or (3.40) we also assume that j : S¥ — S
is a locally closed partial decomposition then the induced map ST — red S is an
isomorphism. O

The next lemma shows that, once we have a candidate for S — S, it is
frequently enough to check condition (3.32.3) for DVR’s.

LEMMA 3.42. Let W be a seminormal scheme, g : W — S a morphism and
i: 5" — S a geometrically injective morphism. The following are equivalent.
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(1) g: W — S factors through S’.
(2) Every composite goq : T — W — S factors through S’ where T is the
spectrum of a DVR and q : T — W is a morphism.

Proof. Tt is clear that (1) = (2). To see the converse consider iy : W xg S’ —
W. It is geometrically injective and (2) shows that it is proper and surjective. For
any point w € W the constant morphism Spec k(w)[[t]] — Spec k(w) — W factors
through ¢yy. Thus ¢y is an isomorphism since W is seminormal. (]

Note that in most cases (2) = (1) holds even of 7 is not geometrically injective,
but the following example should be kept in mind. Let S be the triangle (zyz =
0) C P2 and S" — S a nontrivial étale cover of it. Then every T'— S lifts (non-
uniquely) to T'— S’ but the identity S = S does not lift to S — 5.

Flatness is representable.
Let f : X — S be a morphism and F a coherent sheaf on X. Given any
q: W — S, we get

X xgW =: Xw XX
fwd 1f
w 2, s

The functor of flat pull-backs of F is defined as

1 if g% F is flat over W, and

® otherwise.

Flat(F)(W) := {

One of the most useful representation theorems is the following. The projective
case is proved in [Mum66, Lect.8], the proper case is more subtle [Art69].

THEOREM 3.43 (Flattening decomposition theorem). Let f : X — S be a
proper morphism and F a coherent sheaf on X. Then the functor of flat pull-backs

Flat(F)(x) is represented by a finite type monomorphism ifat . §fat . g

If f is projective then i1 is a locally closed decomposition. (Il

One can frequently check flatness using the following numerical criterion which
is proved, but not fully stated, in [Har77, I111.9.9]. (See also (9.55) for a more
precise variant of the last part.)

THEOREM 3.44. Let f : X — S be a projective morphism with relatively ample
Ox (1) and F a coherent sheaf on X. The following are equivalent.

(1) F is flat over S.
(2) f.(F(m)) is locally free for m > 1.

If S is reduced then these are also equivalent to the following.
(3) s x(Xs, Fs(m)) is a locally constant function on S. O
COROLLARY 3.45. Using the notation of (3.44) assume that S is reduced. Then

F is flat over S iff g F is flat over T whenever T is the spectrum of a DVR and
q:T — S a morphism. O

The local version of (3.45) is also true, but its proof is harder, see [Gro60,
IV.11.6, IV.11.8].
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THEOREM 3.46. Let S be a reduced scheme, f : X — S a morphism of finite
type and F a coherent sheaf on X. Let x € X be a point and s = f(x). Then F
is flat over S at x iff ¢ F is flat over T along q)_(l(x) for every local morphism
q:(0,T) = (s,5) from the spectrum of a DVR to S.

Moreover, it is enough to check this for finitely many local morphisms q; :
(0,T;) — (s,S) whose images together dominate S. O

Locally closed decompositions.

DEFINITION 3.47. A morphism p : X — Y is geometrically injective if for every
geometric point § — Y the fiber X Xy § consists of at most 1 point.

Equivalently, for every point y € Y, its preimage p~!(y) is either empty or a
single point and k(p~'(y)) is a purely inseparable extension of k(y).

If, furthermore, k(p~'(y)) equals k(y) then we say that p is residue field pre-
serving. The two notions are equivalent in characteristic 0.

A morphism of schemes f : X — Y is a monomorphism if for every scheme Z
the induced map of sets Mor(Z, X) — Mor(Z,Y) is an injection.

A monomorphism is geometrically injective. The normalization of the cusp
7 : Speck[t] — Speck[t?,t3] is geometrically injective but not a monomorphism.
The problem is with the fiber over the origin, which is Spec k[t]/(t?) = Spec k[e]
(where €2 = 0). The 2 maps g; : Speck[e] — Specklt] given by gj(t) = 0 and
gi(t) = € are different but m 0 g9 = 7o g;. A similar argument shows that a
morphism is a monomophism iff it is geometrically injective and unramified; see
[Gro60, IV.17.2.6].

We will usually need to understand when certain natural maps between moduli
spaces are monomorphisms. As the above example shows, this requires understand-
ing the corresponding functors over Spec k[e] for all fields k.

See (1.63) for an example that is geometrically injective but, unexpectedly, not
a monomorphism.

A closed, open or locally closed embedding is a monomorphism. A typical
example of a monomorphism that is not a locally closed embedding is the normal-
ization of the node with a point missing, that is Al \ {—1} — (y? = 2 + 2?) given
by (t+ (2 — 1,13 —t).

The following property is frequently useful.

Claim 8.47.1. A proper monomorphism f: X — Y is a closed embedding.

Proof. A proper monomorphism is injective on geometric points, hence finite.
Thus it is a closed embedding iff Oy — f.Ox is onto. By the Nakayama lemma
this is equivalent to f, : f~'(y) — y being an isomorphism for every y € f(X).
By passing to geometric points, we are down to the case when Y = Speck, k is
algebraically closed and X = Spec A where A is an Artin k-algebra. If A # k
then there are at least 2 different & maps A — k[e], thus Spec A — Speck is not a
monomorphism. (Il

DEFINITION 3.48. A morphism g : X — Y is a locally closed embedding if it
can be factored as ¢ : X — Y% < Y where X — Y is a closed embedding and
Y? <+ Y is an open embedding.

A monomorphism g : X — Y is is called a locally closed partial decomposition
of Y if the restriction of g to every connected component X; C X is a locally closed
embedding.
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If g is also surjective, it is called a locally closed decomposition of Y.

As a key example, let i : Y — Z be an upper semi continuous function and set
Y;:={y €Y :h(y) =1i}. Then II,Y; — Y defines a locally closed decomposition.

Sometimes our proofs apply only to the seminormalization IL;Y;™" — Y of a
locally closed (partial) decomposition. We call this a seminormal locally closed
(partial) decomposition.

PROPOSITION 3.49 (Valuative criterion of locally closed embedding). For a geo-
metrically injective morphism of finite type f : X — Y the following are equivalent.

(1) f(X) CY islocally closed and X — f(X) is finite.

(2) Let T be the spectrum of a DVR and g : T — Y a morphism such that
g9(T) C f(X). Then there is a spectrum of a DVR T’ and a finite mor-
phism m: T" — T such that g o lifts to g% : T" — X.

(3) The previous condition holds for those g : T — Y that map the generic
point of T to a generic point of f(X).

If f is a monomorphism then these are further equivalent to

(4) f is a locally closed embedding.

Proof. It is clear that (1) = (2) = (3). Next assume (3).

A geometrically injective morphism of finite type is quasi-finite, hence, by
Zariski’s main theorem, there is a finite morphism f : X — Y extending f. Set
Z:=X\X.

If Z # f~1f(Z) then there are points z € Z and x € X such that f(z) = f(z).
Let T be the spectrum of a DVR and h : T — X a morphism which maps the
closed point to z and the generic point of T to a generic point of X. Set g := foh.
Then g(T') C f(X) and the only lifting of g to T — X is h, but h(T) ¢ X.

Thus Z = f~'f(Z) hence X — Y \ f(Z) is proper, proving (1). A proper
monomorphism is an isomorphism by (3.47.1), showing the equivalence with (4). O

3.3. Divisorial sheaves

We frequently have to deal with divisors D C X that are not Cartier, hence
the corresponding sheaves Ox (D) are not locally free. Understanding families of
such sheaves is a key aspect of the moduli problem. Many of the results proved
here are developed for arbitrary coherent sheaves in Chapter 9.

DEFINITION 3.50 (Divisorial sheaves). A coherent sheaf F' on a scheme X is
called a divisorial sheafif F' is Sy and there is a closed subset Z C X of codimension
> 2 such that F'|x\z is locally free of rank 1.

Set U := X\ Z and let j : U < X denote the natural injection. Then
F =j.(F|y) by (9.7), thus F' is uniquely determined by F'|y. The prime examples
we have in mind are the following.

Let X be a normal scheme and D a Weil divisor on X. Then Ox(D) is a
divisorial sheaf and we can take Z = Sing X.

Let X be a demi-normal scheme. Then wx is a divisorial sheaf and we can take
Z to be the non-nodal locus of X.

If dim X = 1 then Z = () and a divisorial sheaf is the same as an invertible
sheaf.

We are mostly interested in the cases when X itself is demi-normal, but the def-
inition makes sense in general, although with unexpected properties. For example,
Ox is a divisorial sheaf iff X is Ss.
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DEFINITION 3.51 (Mostly flat families of divisorial sheaves). Let f: X — S be

a morphism. A coherent sheaf F' is called a mostly flat family of divisorial sheaves
if there is a closed subscheme Z C X with complement U := X \ Z such that

(1) Zn X, has codimension > 2 in X for every s € S,

(2) flu:U — S is flat over S with pure, Sy fibers,

(3) F|u is locally free of rank 1 and

(4) depth, F > 2.
The last assumption and (9.7) imply that F' = j.(F|y). Furthermore, if G is a
coherent sheaf that satisfies (1-3) then j.(G|y) satisfies (1-4). (This needs a mild
technical condition which holds if X is excellent, see (10.16).) We call j,(G|y) the
relative hull of G and denote it by G¥. (Hulls of more general sheaves will be
defined and studied in Chapter 9.) The natural map

%G = j.(Gly) =GH (3.51.5)

is an isomorphism iff depth, G > 2.
If dim X/S =1 then Z = () and a mostly flat family of divisorial sheaves is the
same as a flat family of invertible sheaves.

DEFINITION 3.52 (S pull-back). Let f : X — S be a morphism and F' a mostly
flat family of divisorial sheaves on X. If ¢ : W — S is any morphism then we get

X xgW =: Xw 00X
fw L (3.52.1)

w5 S
Thus we also have Uy = q;(l(U) with injection jw : Uy — Xw, Zw = q;(l(Z)
and Fy = ¢%F. Note that Fy satisfies the conditions (3.51.1-3), so its hull
FI = (Fy)H is a mostly flat family of divisorial sheaves. We call Ff the Sy pull-
back of F. (If confusion is likely, we use (Fyy)¥ to denote the hull of the pull-back

and (F'H)y to denote pull-back of the hull F#.) As in (3.51.5), we are especially
interested in the map

iyt Fw = a5 F = (iw)« (Fwloy ) = B (3.52.2)
We have already encountered these maps in (2.74.6) when W = {s} is a point
rE Fy = (o)« (Flu,) = FF. (3.52.3)

A mostly flat family of divisorial sheaves F' is called a flat family of divisorial
sheaves if it satisfies the following equivalent conditions.

(4) Fis flat over S and the maps rf;; defined in (3.52.2) are isomorphisms for
every ¢ : W — S.
(5) The maps 7" in (3.52.3) are surjective for every closed point s € S.

It is clear that (4) = (5) and the converse is proved in (10.68).
The following two observations are useful.

(6) If g € S is a generic point then Fj is Ss, hence 7“5 is an isomorphism by

(9.7). Thus F is a flat family of divisorial sheaves over some dense, open
subset S C S by (10.2).

(7) If F is a flat family of divisorial sheaves then every pull-back of it is also
a flat family of divisorial sheaves and there is no need to take the hull of
the pull-back.
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For applications the key point is to understand when a mostly flat family of
divisorial sheaves is a flat family of divisorial sheaves. The main result is the
following.

THEOREM 3.53. Let S be a reduced scheme, f: X — S a projective morphism
with relatively ample Ox (1) and L a mostly flat family of divisorial sheaves on X.
Then L is a flat family of divisorial sheaves iff s — X(X57 Lf(*)) is locally constant
on S.

Remark 3.53.1. Recall that by (3.44) a coherent sheaf G is flat over S iff
s — x(Xs, Gs(*)) is locally constant on S. However, the assumptions of (3.53) are
quite different. First, L is not assumed to be flat over S and L is not assumed
to be the fiber of L over s. In fact, usually there is no coherent sheaf on X whose
fiber over s is isomorphic to L for every s € S.

Nonetheless, at the end the key point is to compare the Euler characteristic of
the sheaves

T P

occurring in (3.52.3); see also (2.74). The map rL is an isomorphism over Us,
but both its kernel and the cokernel can be nontrivial and they have opposite
contributions to the Euler characteristic.

Remark 3.53.2. In this section we prove only the special case when S and U
are seminormal. Note that if S is seminormal and the fibers of f|; are seminormal,
then U is seminormal by (3.31). So this covers the main cases that we are interested
in. It is actually possible to push the methods of this section to give a complete
proof of (3.53). However, we will state and prove an even more general result in
(9.56).

Proof. We check in (3.56.4) that there is a locally closed decomposition ¢ :
S’ — S such that (i% L) is a flat family of divisorial sheaves. Thus the L can
be viewed as fibers of a single coherent sheaf (i%L)¥. In particular, there is a
common m € N such that s +— h° (XS, L (m)) is a locally constant function on S
and L (m) is generated by its global sections for every s € S. Thus (3.57) shows
that L is a flat family of divisorial sheaves. (I

The main application of (3.53) is the following. Note that the results proved so
far give only a seminormal locally closed decomposition in (3.54) and a seminormal
locally closed partial decomposition in (3.55). In both cases we need (9.56) for the
full results.

THEOREM 3.54. Let S be a reduced scheme, f: X — S a projective morphism
with relatively ample Ox (1) and L a mostly flat family of divisorial sheaves on X.
Then there is a locally closed decomposition j : SH=12¢ G with the following
property.

Let W be a reduced scheme and q : W — S a morphism. Then L{,{V is a flat
family of divisorial sheaves on Xw iff q factors as q : W — SH-flat 5 g

Proof of (3.53) = (3.54). We prove in (3.56.3) that s — x (X, L7 (%)) is a
constructible and upper semi-continuous function on S. Thus its level sets S, C S
are locally closed. We claim that

St — 11, S, .
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To see this note first that if L, is a flat family of divisorial sheaves then w
X(Xq(w)7 Lé{w)(*)) is a locally constant function on W, so ¢ factors through j.

Conversely, by construction s — x (X, LY (%)) is a locally constant function on
I, Sy, so (% L) is a flat family of divisorial sheaves by (3.53), hence the same
holds for every pull-back of it. O

The following consequence is especially important.

COROLLARY 3.55. Let S be a reduced scheme, f : X — S a flat, projective
morphism with Sy fibers and relatively ample Ox (1). Let L be a mostly flat family
of divisorial sheaves on X. Then there is a locally closed partial decomposition
g ST 5 S with the following property.

Let W be a reduced scheme and q : W — S a morphism. Then L‘fIV is a flat
family of invertible sheaves on Xw iff ¢ factors as q: W — §™ = §.

Proof. For flat morphisms with Sy fibers a flat family of invertible sheaves is
also a flat family of divisorial sheaves. Thus if L{,{V is a flat family of invertible
sheaves then ¢ factors through SH—fat — G So by (3.37.1),

Sinv — (SH—ﬂat)inV.

For a flat family of sheaves being invertible is an open condition, thus S™ is an
open subscheme of SH—flat, ]

Next we establish the two results that we used in the proof of (3.53).

LEMMA 3.56. Let f: X — S be a proper morphism and L a mostly flat family
of divisorial sheaves. Then

(1) s+ h°(Xs, L) is a constructible and upper semi-continuous function.
Furthermore, if Ox (1) is relatively ample then

(2) s+ x(Xs, LE(t)) fort>>1 and

(3) s = x(Xs, LI (%))
are also constructible and upper semi-continuous, where for polynomials we use the
ordering f(x) = g(x) < f(t) <g(t) vt > 1.

Remark 3.56.3. If a coherent sheaf F is flat over S then s +— h° (XS,FS)
is constructible and upper semi-continuous on S. However, as in (3.53.3), our
assumptions are different since L is not flat over S and LI is not the fiber of L
over s.

Proof. In order to prove constructibility, we may replace S by a locally closed
decomposition of it. Such a decomposition is provided by the following result, which
is a weak version of (3.54).

Claim 3.56.4. There is a locally closed decomposition i : S’ — S such that
(i% L)H is a flat family of divisorial sheaves.

To prove this, note that the generic fibers Ly are S, hence, by (10.3), there is
a dense open subset S° C S such that every fiber over S° is So. Thus L is a flat
family of divisorial sheaves over S°. We can now replace S by S°II (S \ S°) and
finish by Noetherian induction. (Il

After replacing S by S’, we may assume that L is flat over S. Then (3.56.1-3)
become the usual constructibility and upper semi-continuity claims for coherent
sheaves that are flat over S.
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A constructible function is upper semicontinuous iff it is upper semicontinuous
after base change to any DVR. Thus we may assume from now on that S = T is
the spectrum of a DVR with closed point 0 and generic point g.

In this case L is flat over T and S3. Thus its central fiber Ly is S7. In particular
the restriction map (3.52.3) rf’ : Ly — L& is an injection and we get that

K (X4, Ly) < h°(Xo, Lo) < h°(Xo, (Lo)™). (3.56.5)

This proves (1) and using it for ¢ > 1 gives (2). Finally (3) is equivalent to (2) by
definition. 0

The next result roughly says that flatness of H? implies flatness for globally
generated shaves.

PROPOSITION 3.57. Let S be a seminormal scheme, f: X — S be a projective
morphism with seminormal fibers and L a mostly flat family of divisorial sheaves
on X. Assume that

(1) s+ h%(X,, LE) is a locally constant function on S and
(2) LT is generated by its global sections for every s € S.

Then L is a flat family of divisorial sheaves.
Idea of the proof. For s € S we look at the sequence of maps
Ly — Ls/tors(Lg) — Lf.

We hope to prove by semicontinuity of H° that

?
h’(Xg, Ly) < h°(Xs, Ly/ tors(Ly)), (3.57.3)

where g € S is a generic point. Combining it with an obvious inequality we get
that

?
h%(Xy, Ly) < h°(X,, Ly/ tors(Ls)) < h°(X,, LH). (3.57.4)
We assumed that the 2 ends are equal, hence
H°(X,, Ls/tors(Ly)) = H*(X,, LY. (3.57.5)

Since LI is generated by its global sections, this implies that L/ tors(Ls) = L
and the rest follows.

The problem with this is that (3.57.3) fails in general; see (3.58) for a not
very convincing example, (3.59) and (10.67.4) for better ones. However, the above
argument works if S is the spectrum of a DVR and this is enough to cobble the
proof together if S is seminormal.

Proof. If dim X/S < 1 then L is flat over S by definition. Thus assume from
now on that dim X/S > 2.

We may assume that S is local, in particular s — h°(X,, L¥) is a constant
function. Let C' C X be a general complete intersection curve of sufficiently ample
divisors. Then C' is disjoint from the non-flat locus Z C X, hence L|¢ is flat over
S. Furthermore, by repeatedly applying the Enriques-Severi-Zariski lemma (9.9),
we know that the restriction maps

HY(X,, L7y — HO(C, (LH)

c,)=H"(Cs, L

c.) (3.57.6)
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are isomorphisms. Thus s + h%(Cj, L|c,) is a constant function on S, hence
by Grauert’s theorem (f|c).(L|c) is locally free. Our aim is to prove that the
restriction map

L = (fle)«(Llc) (3.57.7)

is an isomorphism. If this holds then (f.L)s = h%(Cs, L|c,) = H°(X,, L), hence
by pull-back, we get natural maps

TL
Ox, ®r(s) HO(Xs, L) = Ox, @) (fel)s = Ls — LI (3.57.8)

We assumed that the composite is a surjection, thus rZ is also surjective. Thus, by
(3.52.5), L is a flat family of divisorial sheaves.

The map f.L — (f|c)«(L|c) is an injection by construction, thus we need to
show that it is surjective. Pick any section o¢ € H° (C’, L\C).

By (3.56.4) there is a locally closed decomposition I1;S; — S such that each
L; = (L|x,)" is a flat family of divisorial sheaves where X; := S; xg X and
C; := S; xg C. Over each S; we can use (9.9) to conclude that

(fi)*Li — (f

Thus o¢|c, can be lifted back to a section o; of L;. We need to prove that these
o; glue together to a global section oy of F|y. Since F = j.(F|y), it then extends
to a global section o of F.

We aim to do this geometrically, thus we think of F'|y as a line bundle over U.
Then II;0; is a constructible subset of F'|y and the projection = : Il;0; — U is a
locally closed decomposition. We aim to prove that it is an isomorphism.

If U is seminormal, then (3.49) reduces this to the case when S = T is the
spectrum of a DVR.

Thus assume that S = T with closed point 0 and generic point g. We can now
follow the path outlined in (3.57.3-5). In this case L is flat over T' and S3. Thus
its central fiber Ly is Sy. In particular the restriction map (3.52.3) 7" : Lo — LE
is an injection and we get that

h(Xg, L) = h%(Xy, Ly) < h°(Xo, Lo) < h°(Xo, L{). (3.57.10)

¢:)«(Lle,) is an isomorphism. (3.57.9)

We assumed that the 2 sides are equal, hence h° (Xo, LO) =ho (XO, Lé"). Since L(I)J
is generated by global sections, the latter can happen only if Ly = L. Thus L is
a flat family of divisorial sheave hence, as in (3.57.9), (9.9) shows that o¢ lifts to
0. (]

EXAMPLE 3.58. Let C be the triangle (zyz = 0) C P? and L¢ a nontrivial
degree 0 line bundle on C. Set S’ := C x A! and L’ the pull-back of L to S’. Set

S=(Cx{0})U((x=0)xA)CS and L:=Ls.
Compute that

0 if ¢=0 and
1 if c¢#0.

Set T := C x (st =0) C P2, x A%, and M’ the pull-back of Lc to T". Set

TYZ

HY(S,., L.) = {

T:=((zy=0)x(s=0)U((yz=0)x (t=0)) CT" and M :=M'[r.
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Compute that
0 if ¢=(0,0) and

o _
HY(T,,M.) = {1 if ¢#(0,0).

EXAMPLE 3.59. Let C be a smooth, projective curve of genus 2 and J the degree
2 component of Pic(C). Let 0 € J denote the class of K¢. On 7 : C xJ — J
consider the Poincaré bundle P. We claim that 7. P is a line bundle on J but

r&  (m.P)o — H°(C, Py) = H°(C,wc) is the 0 map.
To see this note that if deg L = 2 then

2 if L 2 we and

1 otherwise.

r°(C,L) = {

Thus 7. P is a line bundle on J \ {0}. It is also reflexive, hence a line bundle.
Therefore P is represented by a unique divisor D C C' x J. Our claim says that D
contains C x {0}.

For a general z € J the fiber D, consists of the zero set of the unique section of
P.. As z — 0, the fibers D, converge to a fiber of the hyperelliptic map C' — P!.
However, converging from different directions yields different fibers. Thus indeed
D contains C' x {0}.

Taking the cone over C' x J — J with ample line bundle P gives a family of
surfaces f : X — J and a mostly flat family of divisorial sheaves L where the map

f«L = H°(Xo, Lo/ tors(Ly))

in (3.57.3) is the zero map.

It is also clear that similar examples arise from other flat families of ample line
bundles P on a flat family of varieties X — B where b — h%(X}, P,) jumps on a
codimension > 2 subset of B.

COROLLARY 3.60. Let f : X — S be a flat, proper morphism with So fibers
such that H°(X,,0x,) = k(s) for every s € S. Let L be mostly flat family of
divisorial sheaves on X such that L = Ox_ for every s € S. Then there is a line
bundle Lg on S such that L = f*Lg.

Proof. By (3.57) L is a flat family of divisorial sheaves. Hence, by Grauert’s
theorem, f,.L is locally free of rank 1 and L & f*(f.L). O

LEMMA 3.61. Let f : X — S be a flat, proper morphism with Sy fibers such that
H(X,,0x.) = k(s) for every s € S. Let L, M be mostly flat families of divisorial
sheaves on X. Then

Isomg(L, M) :={se€ S: L¥ = MF}CS islocally closed.
Proof. After replacing L by Hom(M, L) and M by Ox, we need to prove that
SV .—Ise§: LH =2 0x }C S islocally closed. (3.61.1)

By (3.56.1), s + h%(X,, L¥) is an upper semicontinuous function on S. If
LH = Oy then h%(X,, L) = 1, we can thus harmlessly replace S by the locally
closed subset where h%(X,, L) = 1. Thus we may assume from now on that
hO(Xs, LY =1 for all s € S.
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For every s € S we have a natural map Ox, — LY let Z, C X, denote
the support of its cokernel. Note that Z; C X has pure codimension 1 by (9.7).
We claim that Z := UzegZs C X is a closed subset. Once this is proved then
S = 5\ f(2).

First we prove that Z is constructible. By (3.56.4) we can write S as a finite
union of locally closed subsets S; C S such that Lf{ = (L Xi)H is flat over S; with
fibers Lf for each i. Thus Z; := Ugegs,Zs is the support of the cokernel of the
natural map

hence closed. Thus Z is constructible. A constructible set is closed iff it is closed
under specialization, thus it is enough to prove that Z is closed after base change

to the spectrum of a DVR T with closed and generic points 0,g € T. So we have
g: Xt — T and LY. Now g.(L¥) is a line bundle and we claim that

Zy\U Zy = Zp := Supp coker[g*g* (L:,}!) — qu{]

This is clear over the generic fiber hence it remains to compare (Zr)o and Zj.
The two can differ only along the support of the cokernel of the restriction map
L¥|x, — L. This has codimension > 2, so (Z7)o = Z since both sides have pure
codimension 1. O

PROPOSITION 3.62. Let f : X — S a flat, finite type morphism with Ss fibers
and L a mostly flat family of divisorial sheaves on X such that LI™ is locally free
for some m > 0. Then L is locally free iff Ly is locally free for every s € S.

Proof. Assume first that f is projective. By (3.53) we need to check that
s X(Xs, Lf(*)) is locally constant on S. It is enough to check this over DVR’s,
which was done in (2.92).

In general, let U C X denote the largest open subset where L is locally free. If
U # X, pick a generic point z € X \ U and set s := f(z). Since L is mostly free,
x has codimension > 2 in X, hence depth, X; > 2. Now we use (4.36) and (2.92)
to get that L is locally free at x, a contradiction. O

Given a mostly flat family of divisorial sheaves L on f : X — S, we will be
interested in the set

{s € S: L™l is locally free for some m, > 0}.

We see in (4.15) that this set is not constructible in general. The following lemma
is sometimes useful.

LEMMA 3.63. Let f: X — S be a flat, finite type morphism with Sy fibers and
L a mostly flat family of divisorial sheaves on X. Assume that L[sms] 18 locally free
for some mg > 0 for every s € S. Then there is a common m > 0 such that L[sm]

is locally free for every s € S.

Note that we do not claim that L™ itself is locally free.

[mg]

Proof. Let g € S be a generic point. Then Ly ' is locally free for some mgy € N,
thus the same holds in an open neighborhood of g € S. We finish by Noetherian
induction. ]
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3.64 (Hilbert function of divisorial sheaves). Let X be a proper scheme of
dimension n and L, M line bundles on X. The Hirzebruch-Riemann-Roch theorem
computes x(X,L ® M") as a polynomial of r. Its leading terms are

n—1

g !((Tl(X)+2L) -M"‘l) +o (3.64.1)

XX, LaM)=" =T

n
J(M ")+
Assume next that L is a torsion free sheaf that is locally free outside a subset
Z C X of codimension > 2. By blowing up L we get a proper birational morphism
m : X' — X and a line bundle L’ such that n,L’ = L. Thus we can compute
X(X,L&M") as x(X', L'@7*M"), modulo an error term which involves the sheaves
Rim,L'. These may be hard to control, but they are supported on Z, hence the
x(X, Rim, L' @ M") all have degree < n—2. Thus we again obtain the HRR formula
(3.65.1). If X is deminormal then 71 (X) = —Kx, hence we get the usual form

n n—1

XX, Lo M) = %(M”) - m((f(x —2L) - M"V) 4. (3.64.2)

If, in addition, LI™ is locally free for some m > 0, then applying (3.65.2) to
L Ll for all 0 < a < m and M = L") we end up with the expected formula

rh 7,,nfl

(X, Ly = — (") - )'(KX-L"*1)+(1ower order terms).  (3.64.3)

n! 2(n—1

Note further that (3.64.2) shows that x(X, LI"!) is a polynomial on any translate
of mZ. We can thus write

Tn—l

ST XL S fai(r)r, (3.64.4)

Ty

where the a;(r) are periodic functions that depend on X and L.

3.65 (Hilbert function of slc varieties). Let X be a proper, slc variety of dimen-
sion n. We are especially interested in

X(Xr) = x (X 0¥, (3.65.1)

which we call the Hilbert function of X. (Note that one could also call r —

R0 (X, wgz]) the Hilbert function. The problem in our case is that (3.65.1) is not a
polynomial, thus it would be misleading to call it a Hilbert polynomial. For stable
varieties the two variants differ only for r = 1, see (3.65.3).)

By (3.64.4) we can write the Hilbert function as

n n—1

_r n r n n—2 i

X(X, 7’) = E(KX) — W(KX) + Zi:O al(’l")’l" , (3652)

where the a;(r) are periodic functions with period = index(X), that depend on X.
If wy is ample and the characteristic is 0, then a singular version of Kodaira’s

vanishing theorem [Fuj14, 1.9] implies that, for r > 2,

hi(X,wg?) = 0, hence

¢ . 3.65.3
W) = x(xul). (5059
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3.4. Local stability over reduced schemes

DEFINITION 3.66 (Relative canonical class). Let f: X — S be a flat, projective
family of demi-normal varieties. The relative dualizing sheaf w5 was constructed
in (2.70).

Let Z C X the subset where the fibers are neither smooth nor nodal and set
U:=X\Z. Then f|y is flat with CM, even Gorenstein fibers. Thus, by (2.70.7),
wyys is locally free, commutes with base change and X N Z has codimension > 2
for every fiber X;. Thus wx,s = j.«wy/s, hence wy,s is a divisorial sheaf. The
corresponding divisor class is denoted by Kx/g.

We define the reflexive powers of wx,s by the formula

wifls = (Wilys). (3.66.1)
Thus W[)?}]s ~ Oy (mKX/S). In particular, mKx g is Cartier iff w[;}]s is locally free.
All these hold for finite type morphisms by (2.70.7).

If the fibers of f : X — S are slc then wx/gs is a flat family of divisorial
sheaves by (2.69). However, its reflexive powers are usually only mostly flat over
S. Applying (3.55) to Wg?;]s gives the following, which turns out to be the key to
our treatment of local stability over reduced schemes.

COROLLARY 3.67. Let S be a reduced scheme, f: X — S a projective family of
demi-normal varieties and fit m € Z. Then there is a locally closed decomposition
j: S 5 S such that the following holds.

Let W be any reduced scheme and q : W — S a morphism. Then w

(m]
flat family of divisorial sheaves iff q factors as ¢ : W — S™ — §. O

s a

In applications of (3.67) a frequent problem is that SI™ depends on m, even if
we choose m to be large and divisible; see (3.71) for such an example.

We are now ready to prove that the temporary definition (3.1) of local stability
over reduced schemes is equivalent to the more conceptual one, which is (3.68.1).

THEOREM 3.68 (Local stability over reduced schemes). Let S be a reduced
scheme and f : X — S a flat family of deminormal varieties. Then the following
are equivalent.

(1) wgg}]s s a flat family of divisorial sheaves for every m € Z and the fibers
X are slc for all points s € S.

(2) WE?;]S is a flat family of invertible sheaves for some m > 0 and the fibers
X, are slc for all points s € S.

(3) Kx/g is Q-Cartier and the fibers X4 are slc for all points s € S.

(4) Kx/g is Q-Cartier and X, is slc for all closed points s € S.

(5) fr: Xp — T is locally stable (2.2) whenever T is the spectrum of a DVR
and q : T — S is a morphism.

Proof. Assume (1) and pick s € S. Since Xj is slc, wgzs] is locally free for some

mg > 0. In a flat family of sheaves being invertible is an open condition, thus wg?;ss]

is a flat family of invertible sheaves in an open neighborhood X, C U, C X. Finitely
many of these U, cover X, and then m = lem{ms, } works for (2). Assertions (2)
and (3) say the same using different terminology and (3) = (4) is clear.
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To see the converse, let s € S be a non-closed point. Choose a spectrum of
a DVR T and a morphism g : 7" — S that maps the generic point to s and the
closed point of T to a closed point of S. We get fr : X — T such that Kx /1
is Q-Cartier and the special fiber is slc. Thus the generic fiber is also slc by (2.3),
hence X is slc. This shows that (4) = (3).

If Kx/s is Q-Cartier then so is any pull-back Kx,,r. Thus (4) = (5) also
follows from (2.3).

It remains to show that (5) = (1). If (5) holds then all fibers are slc and we

need to prove that W;}}s is a flat family of divisorial sheaves. This is a local question

on S, hence we may assume that (0 € S) is local.
Let us discuss first the case when f is projective. By (3.67) the property

Pm(W) = (wg?vl sw s a flat family of divisoral sheaves)

is representable by a locally closed decomposition iy, : S — S. We aim to prove
that i, is an isomorphism.

For each generic point g; € S choose a local morphism ¢; : (0; € T;) — (0 € 5)
that maps the generic point ¢; € T; to g;. By assumption X7, — T; is locally

[m]

stable, hence w is a flat family of divisorial sheaves by (2.76.1). Thus g;

X, /Ti
factors through i,, : SI"™ — S. Therefore i,, : S — S is an isomorphism by
(3.41).
We postpone the discussion of the non-projective case to (4.45). (]

COROLLARY 3.69. Let f: X — S be a flat morphism with demi-normal fibers
such that K x,g is Q-Cartier. Then

S*i={s: Xsisslc} CS s open. (3.69.1)

Proof. A set U C S is open iff it is closed under generalization and U contains
a dense open subset of 5 for every s € U.

For S*, the first of these follows from (2.3). In order to see the second, assume
first that X, is lc. Then mK, is Cartier for some m > 0 hence mKx g is Cartier
over an open neighborhood of s € U; C 5. Next consider a log resolution p; :
Y, = X,. It extends to a simultaneous log resolution p° : Y® — X© over a suitable
UV C 5. Thus, if E° C Y is any exceptional divisor, then a(E;, X;) = a(E°, X°) =
a(Es, X,) for every t € UY. This shows that all fibers over U? are lc.

If X, is not normal, one can use either a simultaneous semi-log resolution
[Kol13c, Sec.10.4] or normalize first, apply the above argument and descend to X,
essentially by definition (1.85). O

The following is a direct consequence of (3.62).

COROLLARY 3.70. Let S be a reduced scheme and f : X — S a locally stable

morphism. Then w;}]s is locally free along X iff wg?:] is locally free. [

ExXAMPLE 3.71. Following [Pat13], we give an example of a flat family of
normal varieties Y — U such that wy, is locally free for some 0 € U yet wy,y is
not locally free along Yy. Furthermore, {u : Ky, is Q-Cartier} is a countable dense
subset of U.

We start with a smooth, projective variety X such that H'(X,Ox) # 0 but
H°(X,wx) = HY(X,wx) = 0. For example, we can take X = C' x P" where C is a
smooth curve of genus > 0 and n > 2.
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Let Lo be a very ample line bundle such that Ly ® wx is ample. All line
bundles algebraically equivalent to Ly are parametrized by PicL(X ), a connected
component of Pic(X).

Choose a smooth divisor D C X linearly equivalent to Ly. Our example will
be the family of cones

Yy, := Spec,, >, H* (D, (L @ wx)™|p),

parametrized by a suitable open set [Lg] € U C Pic”(X).
The Y}, form a flat family iff the h° (D, (L ® wX)m\D) are all constant on U.
To compute these, consider the exact sequence

0= (Lowx)™(—D) = (Lwx)™ = (L@wx)™|p — 0.

By Kodaira vanishing, the higher cohomologies of the first 2 sheaves vanish, except
for L ® wx(—D). We assumed that H°(X,wx) = H'(X,wx) = 0. Thus, by
semicontinuity,

HY(X,L®wx(-D)) = H' (X,L®wx(-D)) =0

for all L in a neighborhood of [Ly]; this conditions defines our U. (If X = C x P"
then actually U = Pic”(X).) Hence h° (D,L ® wx|p) is independent of L for
[L] € U. The cones Y7, are the fibers of a flat morphism ¥ — U.

By [Kol13c, 3.14.4], wy, is locally free iff wp is a power of L ® wx|p and the
latter is isomorphic to wp ® (L ® Lal). Thus wy, is locally free iff L|p = Lg|p.
By the Lefschetz theorem this holds iff L = Lg. Thus wy,y is not locally free along
Y, yet wy, is locally free.

Similarly we get that wg;z] is locally free iff L™ = L{*, so {L : Ky, is Q—Cartier}
is a countable dense subset of U.

3.5. Stability is representable I

We start with an example showing that being locally stable is not an open
condition, not even a locally closed one.

EXAMPLE 3.72. In P3 x A%, consider the family of varieties given by the equa-

tions
i) T To
= < .
X <rank ( r1+ sty xo+trs T3 ) - 1>

We claim that the fibers X,; are normal, projective with rational singularities and
for every s, t the following equivalences hold:

(3.72.1) Xy is lc & X is kIt & K, is Q-Cartier & 3K, is Cartier <
either (s,t) = (0,0) or st # 0.

All these become clear once we show that there are 3 types of fibers.

(3.72.2) If st # 0 then after a linear coordinate change we get that

X1 =X, = (rank< To T1 T2 ) < 1>.
Ty X5 T3

This is the Segre embedding of P! x P2, hence smooth. The self-intersection of its
canonical class is —bH4.
(3.72.3) If s =t = 0 then we get the fiber

Xoo := (rank( To T1 T2 > < 1) .
r1 X9 I3
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This is the cone (with P! as vertex) over the rational normal curve C3 C P3.

The singularity along the vertex-line is isomorphic to A2/ %(1, 1) x Al hence log

terminal. The canonical class of Xgq is —%H where H is the hyperplane class and
its self-intersection is —512/9 < —54.
(3.72.4) Otherwise either s or ¢ (but not both) are zero. After possibly per-

muting s,t and a linear coordinate change we get the fiber

rg T1 X2
= = < .
X01 X()t <rank ( 1 T4 T3 > = 1)

This is the cone over the degree 3 surface S5 =2 F; — P*. Its canonical class is not
Q-Cartier at the vertex, so this is not lc.

Thus the best one can hope for is that local stability is representable. From
now on the base scheme is assumed to be over a field of characteristic 0. (See (4.58)
for a list of problems in positive characteristic.)

THEOREM 3.73 (Local stability is representable). Let S be a reduced scheme
over a field of characteristic 0 and f : X — S a projective morphism. Then there
is a locally closed partial decomposition j : S — S such that the following holds.

Let W be any reduced scheme and g : W — S a morphism. Then the family
obtained by base change fw : Xw — W s locally stable iff q factors as q : W —
Sk — 8.

Outline of proof. We start with some easy reduction steps to achieve that
f: X — S is flat with demi-normal fibers of pure relative dimension n for some n.
This part of the argument works over any base scheme S.

We repeatedly apply (3.37.1) to various properties that are weaker than local
stability. Each time we obtain that it is enough to prove (3.73) for morphisms that
satisfy some additional properties.

Being flat is representable by (3.43), thus we may assume from now on that
f: X — Sisflat. By (3.34) we may also assume that it has pure relative dimension
n. For flat morphisms being demi-normal is an open condition by (10.41), hence we
may assume that f: X — S is flat and its fibers are demi-normal of pure relative
dimension n.

Now we come to a surprisingly subtle part of the argument. By definition, if
X is slc then Kx, is Q-Cartier, thus the next natural step would be to consider
the following.

Question 3.73.1. Is {s € S : Kx_ is Q-Cartier} a constructible subset of S?

We see in (3.71) that this is not the case, not even for families of normal
varieties. We thus need to jump ahead to deal with the slc property and prove that

{s €S : X, isslc} is a constructible subset of S. (3.73.2)

Actually, it is better to establish a different version that controls the denominators
of the canonical divisors. Recall that the index of an slc variety Y, denoted by
index(Y'), is the smallest positive natural number m such that mKy is Cartier.

The key property turns out to be the following, which is an immediate con-
sequence of (4.48). This allows us to avoid the dependence on the extra constant
m when applying (3.67). (This result can also be thought of as a local variant of
[HMX14].)



3.6. MODULI SPACES OF STABLE VARIETIES I 143

Lemma 3.73.3. Let f : X — S be a flat, proper family of demi-normal varieties.
Then

{index(X;) : X; is slc} is a finite set. O

Let now m be a common multiple of the indices of slc fibers and apply (3.67)
to get a locally closed partial decomposition j : S™ — § and

XM= X xg S g gych that MK xm g is Cartier.

Let ¢ : W — S be a morphism such that quw : Xy — W is locally stable. Then
every fiber of gw is slc, hence mKx, is Cartier for every w € W by our choice of
m. Therefore mKx,, sy is Cartier by (3.70). Thus ¢ factors as ¢ : W — sl g,
Therefore, by (3.37.1),
Sls _ (S[m])ls'

Thus it is sufficient to prove (3.73) in case f : X — S is flat with demi-normal
fibers of pure relative dimension n and Kx,g is Q-Cartier. In this case, S’ is an
open subscheme of S by (3.69). O

As in (3.1), a proper morhism f : X — S is called stable iff it is locally stable
and Ky,g is Q-Cartier and f-ample. Since ampleness is an open condition for a
Q-Cartier divisor, (3.73) implies the following.

COROLLARY 3.74 (Stability is representable). Let S be a reduced scheme over
a field of characteristic 0 and f : X — S a projective morphism. Then there is a
locally closed partial decomposition j : S — S such that the following holds.

Let W be any reduced scheme and q : W — S a morphism. Then the family
obtained by base change fuw : Xy — W is stable iff q factors as q : W — S5t2P —
S. O

3.6. Moduli spaces of stable varieties I

Let C' be a smooth projective curve of genus g > 2. Then w{, is very ample for
r > 3 and any basis of its global sections gives an embedding

C o Pr29-2)-g,

The same holds for stable curves. Thus all stable curves of genus g appear in the
Chow variety or Hilbert scheme of P59=6. This makes it possible to construct the
moduli space of curves of genus g as the quotient of an open subset of Chow (P%9~%)
or of Hilb(P*9=%) by Aut(P9~6). In this approach to the moduli of curves we deal
with 3 types of objects.

e Proper curves.
e Proper curves with a very ample line bundle.
e Proper curves with an embedding into a projective space.

If a proper curve C is stable then we can choose w¢ as the ample line bundle, but
for stable pairs we choose (some multiple of) K- + A and other situations may
dictate different choices. Thus it is useful to understand the situation where the
ample line bundle can be arbitrary.

If L is a very ample line bundle on C' then any basis of its global sections gives
an embedding C < PV where N = h°(C, L) — 1. Different bases lead to different
embeddings, but they differ from each other by the action of Aut(P") only.
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Conversely, given C' < PV, the restriction of Op~ (1) gives a very ample line
bundle O¢(1) on C.

We follow the same general path in higher dimensions. We define the functors
that correspond to the above 3 set-ups, but first we need some comments about
ampleness.

3.75 (Ampleness conditions). Let X be a proper scheme over a field k£ and
L a line bundle on X. The most important positivity notion is ampleness, but
in connection with projective geometry the notion of very ampleness seems more
relevant. If L is ample then L" is very ample for > 1 and there are numerous
Matsusaka-type theorems that give effective control of the smallest such r [Mat72,
LM75, KM83]. In practice, this will not be a difficulty for us.

A problem with very ampleness is that it is not open in flat families (X, Ls).
Thus one needs to consider stronger variants. The two most frequently needed
additional conditions are the following.

(1) HY(X,L) =0 for i > 0.
(2) H°(X, L) generates the ring Y o, H°(X,L").

These are connected by the notion of Castelnuovo-Mumford regularity; see [Laz04,
Sec.1.8] for details.

For our purposes the relevant issue is (1). Thus we say that a line bundle L is
strongly ample if it is very ample and H*(X, L) = 0 for i > 0.

Let f: X — S be a proper, flat morphism and L a line bundle on X. We say
that L is strongly f-ample or strongly ample over S if L is strongly ample on the
fibers. Equivalently, if R'f,L = 0 for i > 0 and L is f-very ample. Thus f,L is
locally free and we get an embedding X < Pg(f.L).

DEFINITION 3.76 (Main moduli functors). We define the most important mod-
uli functors and their variants. We use calligraphic letters to denote the functor
and roman letters to denote the corresponding stack or moduli space.

As we discussed above, in the polarized and embedded cases we always use a
strong polarization or embedding. Thus we build this into the definitions and use
a superscript ° as a reminder.

(3.76.1) The functor of stable varieties, denoted by SV(x) associates to a re-
duced scheme S the isomorphism classes of all stable morphisms f : X — S. Note
that while defining SV for fields was easy (1.41), it took considerable work to de-
fine SV over reduced schemes (3.68) and we still have not defined it over arbitrary
schemes. As a reminder, we use SV™? to denote the restriction of SV to the cate-
gory of reduced schemes. The corresponding moduli space is denoted by SV.

Let S be a connected, reduced scheme and f : X — S a stable morphism. By
(3.68), the Hilbert function (3.65) xs(r) := X(Xs,wg;]) is independent of s € S.

s

Thus the moduli stack of stable varieties decomposes as a disjoint union
SV =11, SV(x), (3.76.1.a)

where SV(x)(*) is the functor of those families of stable varieties whose Hilbert
function is y and SV () is its moduli stack. It is thus sufficient to construct SV(x)
for any given Hilbert function y.

The most important numerical invariants of the Hilbert function are the di-
mension n = dimX € N and the volume v = (K%) € Q. We will also use the
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decomposition
SV =11, , SV(n,v). (3.76.1.)

(3.76.2) While our main interest is the functor SV and its moduli space SV,
many related functors and spaces appear during the proofs and also in their own
right. The most important one is the functor of locally stable varieties, denoted by

LSV ().

(3.76.3) The functor of strongly polarized (locally) stable varieties is denoted by
PSV(*) (resp. PLSV(x)). If k is an algebraically closed field then P°SV(Speck)
(resp. P2LSV(Speck)) is the set of isomorphism classes of pairs (X, L) where X is
a (locally) stable, proper k-variety and L a strongly ample line bundle on X (3.75).

There seems to be only one sensible way to extend this definition to a functor
over arbitrary schemes, but it takes some work; see (3.77) and (3.78) for details.

(3.76.4) A closely related variant is the functor of strongly embedded (locally)
stable varieties, denoted by £SV(x) (resp. E3LSV(x)). It associates to a reduced
scheme S the set of all subschemes X C P for which the coordinate projection
ms : X — S is a (locally) stable morphism and Ox (1) is strongly ample over S.
Thus (X,0x(1)) — S is a polarized (locally) stable family.

We are also interested in those case when the polarization is given by the
relative canonical sheaf.

(3.76.5) The functor of m-canonically strongly polarized stable varieties, de-
noted by SV,,(*) associates to a reduced scheme S the isomorphism classes of all
stable morphisms f : X — S for which wgrg;]s is locally free and strongly f-ample.
Since being locally free and strongly relatively ample are open conditions, we get

open substacks

SV,, C SV and SV,,(x) C SV(x). (3.76.5.a)

Observe that if my | mg then SV,,,, C SV,p,,
SV=U,, SVm and SV(x)=U,, SVm(x). (3.76.5.b)

(Note that its locally stable version does not make sense since f : X — S is stable
iff it is locally stable and wy,g is f-ample.)

(3.76.6) The functor of m-canonically strongly embedded stable varieties, de-
noted by CE'SV,, () associates to a reduced scheme S the isomorphism classes of
all closed subschemes X C ]P’fgv for which the coordinate projection mg : X — S is

a stable morphism and wgz] = Ox, (1) for every s € S.

Next we construct the moduli space of stable varieties SV by first studying
the moduli space of embedded schemes and the corresponding moduli stack of
polarized schemes. The general theory works for varieties as well as schemes (with
one extra condition), so we work out the general setting. Using (3.74) this gives the
moduli space of embedded stable varieties and the moduli stack of polarized stable
varieties. Finally using (3.61) we get the moduli space of canonically embedded
stable varieties and the moduli space of stable varieties.
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Moduli of polarized schemes.

We discuss the construction of the moduli stack of polarized schemes. The
method is quite typical of the subject. First we parametrize objects with some of
additional structure; in our case a choice of a basis in H°(X, L). Then we take
quotient by PGL(H®(X, L)) to get rid of the choice of the basis.

DEFINITION 3.77 (Polarizations). A polarized scheme is a pair (X, L) consisting
of a projective scheme X plus an ample line bundle L on X.

A polarized family of schemes over a scheme S consist of a flat family of pro-
jective schemes f : X — S plus a relatively ample line bundle L on X. We are
interested only in the relative behavior of L, thus two families (X, L) and (X, L’)
are considered equivalent if there is a line bundle M on S such that L = L' ® f*M.
There are some quite subtle issues with this in general [Ray70], but if S is reduced
and H(X,, Ox,) = k(s) for every s € S (for example, the fibers of f are geometri-
cally reduced and connected) then, by Grauert’s theorem, L = L' ® f*M for some
M iff L|x, = L'|x, for every s € S. (See (3.78) for further comments on this.)

For technical reasons it is more convenient do deal with the cases when, in
addition, L is relatively very ample and R‘f.L = 0 for i > 0; this can always be
achieved by replacing L with a high enough power L™. We call such a polarization
strongly ample or a strong polarization. Thus we let

S s P5Sch*™ (n, N)(S) (3.77.1)

denote the functor of strongly polarized schemes that associates to a scheme S the
equivalence classes of all f: (X, L) — S such that

(2) f is flat, proper, of pure relative dimension n,

(3) H°(X,,0x.) 2 k(s) for every s € S,

(4) L is strongly f-ample (3.75) and

(5) f«L is locally free of rank N + 1.
(Since L is flat over S, strong f-ampleness, that is, the vanishing of the R'f,L,
implies that f.L is locally free.) The meaning of the superscript ?*' is explained in
the next paragraph.

It is frequently more convenient to fix not just n = dim X and N = h%(X,L)—1

but the whole Hilbert polynomial x(X,r) := x(X, L"). This leads to the functor

S — PSch™ (x)(S). (3.77.6)

REMARK 3.78 (Pre-polarization). The above definition of polarization is geo-
metrically clear but it does not have the sheaf property. In analogy with the notion
of a presheaf, we could define a pre-polarization of a projective morphism f : X — S
to consist of

(1) an open cover U;U; — S and

(2) relatively ample line bundles L; on X; := X xg U;
such that, for every ¢, j, the restrictions of L; and L; to X;; := X xgU; xg U; are
identified as in (3.77). (That is, there are line bundles M;; on U; xg U; such that
L; Xij = Lj Xij ® fz*leJ)

Pre-polarizations form a pre-sheaf and the “right” notion of polarization should
be a global section of the corresponding sheaf. The definition in (3.77) uses the
Zariski topology. Later we see that, for the moduli space of varieties, it is most
natural to use the étale topology. (For arbitrary polarized schemes one needs even
finer topologies, see [Ray70].)
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A simple example to keep in mind is the following. Consider
X = (2 +sy®+t2>=0) C P2 x (A2 \ (st =0)),

TYZ

with coordinate projection to S := A% \ (st = 0)). The fibers are all smooth conics.
In the analytic or étale topology there is a pre-polarization whose restriction to
each fiber is a degree 1 line bundle but there is no such line bundle on X. However,
Opz2(1) gives a line bundle on X whose restriction to each fiber has degree 2.

The latter turns out to be true in general: a suitable power of a pre-polarization
gives an actual polarization (??7). So at the end this distinction does not matter
much for us, but for the correct functorial notion, we need to define the functors

S s PSch(n, N)(S) and S — PSch(x)(S) (3.78.3)

which is the sheafification of the Zariski version of the corresponding functors of
polarized schemes (3.77.1) and (3.77.6) in the étale topology.

DEFINITION 3.79 (Embedded schemes). Fix a base scheme B and a projective
space PY over it. Over the Hilbert scheme there is a universal family, hence we get

Univ(Py) € PX x Hilb(PY), (3.79.1)
and Opn (1) gives a polarization of Univ(Py) — Hilb(P¥). Let
E*Sch(n, PY) C Hilb(P}) (3.79.2)

denote the open subset parametrizing embedded subschemes of pure dimension n
that are linearly normal and satisfy the conditions (3.77.2-5). The universal family
restricts to

Univ(n, PY) — ESch(n, PY) (3.79.3)
The corresponding functor £5Sch(n,PY) associates to a scheme S — B the set of
all flat families of closed subschemes of pure dimension n of PY

f:(X cPY;0x(1) — S, (3.79.4)
where Ox (1) is strongly ample. Together with linear normality the latter condition
is equivalent to Rim,Opn (1) = R f.Ox(1) for i > 0, where 7 : PY — S is the
natural projection.

Equivalently, we can view £5Sch(n,PV) as parametrizing objects

(f L(X;L) > S e IsomS(IP’S(f*L),]P’g)) (3.79.5)

consisting of a strongly polarized, flat families of purely n-dimensional schemes plus
an isomorphism ¢ : Pg(f.L) = PY. We call the latter a projective framing of f.L
or of L. We can summarise these discussions as follows.
As before, we can also fix the Hilbert polynomial y of X and consider the
subschemes
E*Sch(x) C Hilb(P}) (3.79.6)
where N = x(1) — 1.

PROPOSITION 3.80. Let B be a scheme and fix n, N. Then
Univ(n, PY) — ESch(n, PY)

constructed in (3.79) represents the functor of polarized schemes with a projective
framing. That is, for every scheme S over B, pull-back gives a one-to-one corre-
spondence between
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(1) Morp(S,E*Sch(n,PY)) and

(2) flat families of purely n-dimensional schemes with a strong polarization
f:(X;L) — S such that H°( X, Ox,) = k(s) for every s € S and f.L is
locally free of rank N + 1, plus an isomorphism Pg(f.L) = P¥. O

3.81 (Boundedness conditions). The schemes E*Sch(n, P ) have infinitely many
irreducible components since we have not fixed the Hilbert polynomial of X. Since
the Hilbert polynomial is a locally constant function on ESSch(n, P ), its level sets
give a decomposition

E*Sch(n, PY) = IT, E*Sch(x(x)), (3.81.1)

where N = x(1) — 1. By the theory of Hilbert schemes, the spaces ESSCh(X)
are quasiprojective, though usually nonprojective, reducible and disconnected; see
[Gro62a], [Kol96, Chap.I] or [Ser06].

The general correspondence between the moduli of polarized varieties and the
moduli of embedded varieties (?77) gives now the following.

COROLLARY 3.82. Let B be a scheme and fix n, N. Then the stack
[E*Sch(n, PY)/PGLy+1(0p)]
represents the functor P°Sch(n, N) defined in (3.78.5). O

The spaces ESSch(n,PY) parametrize rather complicated subschemes. Our
main interest is in stable families. Applying (3.82) to the universal family over
E*Sch(n,PY) gives the following.

COROLLARY 3.83. Let B be a scheme and fiz n, N. Then £5SV™ (n, PN ) (%) is
represented by a locally closed partial decomposition

7 ESSV™(n,PY) — E*Sch(n,PY). O

The stacks [E*SV™(n, PY)/PGLy41(0p)] parametrize pairs (X, L) where X
is a stable variety and L a strongly ample line bundle. We aim to parametrize
stable varieties, so we need to make a canonical choice for L. For curves this was
given by L := wg, but in higher dimensions we run into a problem.

3.84 (Canonical polarization). In higher dimensions we aim to follow the method
outlined for curves at the beginning of the section.

This approach works well for canonical models of surfaces of general type. If S
is such a canonical model then wg is an ample line budle and wg is very ample for
r > 5 by [Bom73, Eke88] Thus again we get an embedding of S into a projective
space whose dimension depends only on the coefficients of the Hilbert polynomial
x(ws), namely (K3) and x(Os).

The situation is, however, more complicated for stable surfaces. These can
have singularities where wg is not locally free. Even worse, for any m € N there are

stable surfaces S;, such that wgﬂ is not locally free at some point x,, € S,,. Thus

every section of wg:} vanishes at x,,, and H° (X , wgnj) does not define an embedding
of S,,.

In higher dimensions, even canonical models of varieties of general type can
have singularities where wgzn] is not locally free.
Here we skirt this problem by fixing m > 0 and aiming to construct a moduli

[m]
s

space for those stable varieties for which wg * is locally free and strongly ample.
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Then we need to show that if m is sufficiently divisible (depending on other numer-

ical invariants), then wgm] works for all stable varieties.

Fix a Hilbert polynomial h. We have a universal family Univ(h) — ESSV™4(h)
paranetrizing strongly embedded stable varieties with Hilbert polynomial h. On
Univ(h) we have the ample line bundle O(1) and the mostly flat divisorial sheaf
wl™ where w denotes the relative dualizing sheaf of Univ(h) — ESSV™(h). We
can next apply (3.61) to this setting to obtain the following.

COROLLARY 3.85. Let B be a scheme. Fix x : Z — Z, m € N and set h(t) :=
x(mt). Then CESV™(x)(x) is represented by a locally closed subscheme

CESSVid(x) < ESV™*I(h).
Therefore the quotient stack
[CESSszd(h)/PGLNH((’)B)}, where N = x(m) — 1,
represents the functor SV (x) defined in (3.76). O

We can now combine (3.85) and (3.76.5.b) with the results of Section 2.4 to
obtain the following restatement of (3.3).

THEOREM 3.86. Let B be a scheme over a field of charactertsic 0 and x : Z — Z
a function. Then SV (x)(x), the functor if stable families with Hilbert function
X over reduced schemes, has a coarse moduli space SV(x)**¢ — B which is an
algebraic space. Furthermore
(1) SV*d(x) is separated,
(2) SV™d(x) satisfies the valuative criterion of properness and
(3) SV*™®(x) is the directed union of its open subspaces SV (x) which are of
finite type over B. O

COMPLEMENT 3.87. We see later that in fact
(1) SV™d(x) = B is projective,
(2) SV*(x) = SV,.(x) for some m depending on x and
(3) SVred(x) = red(SV(X)).






CHAPTER 4

Families over reduced base schemes

So far we have identified stable pairs (X, A) as the basic objects of our mod-
uli problem, defined stable and locally stable families of pairs over 1-dimensional
regular schemes in Chapter 2 and in Chapter 3 we treated families of varieties over
reduced base schemes. Here we unite the two by discussing stable and locally sta-
ble families over reduced base schemes. Some of the final results apply only over
seminormal base schemes.

After stating the main results in Section 4.1 we give a series of examples in
Section 4.2. The technical core of the chapter is the treatment of various notions
of families of divisors given in Section 4.3. The behavior of generically Q-Cartier
divisors is studied in Section 4.4.

In Section 4.5 we finally define stable and locally stable families over reduced
base schemes and prove that local stability is a representable property.

The moduli space of polarized schemes marked with divisors is constructed in
Section 4.6.

In Section 4.7 we bring all of these results together to construct the seminormal
moduli space of stable pairs. The proofs are worked out for excellent base schemes
over a field of characteristic 0. The main results should all hold over positive and
mixed characteristic bases, but very few of the proofs apply in general.

Families over a smooth base scheme are especially well behaved; their properties
are discussed in the short Section 4.8.

Assumptions. In the foundational Sections 4.1-4.6 we work with arbitrary schemes,
but, for the applications to stable morphisms presented in Sections 4.5-4.8, we need
to assume that the base scheme is over a field of characteristic 0.

4.1. Statement of the main results

In the study of locally stable families of pairs over reduced base schemes the
key step is to give the “correct” definition for the divisor component for families of
pairs.

TEMPORARY DEFINITION 4.1. A family of pairs (with Z-coefficients) of dimen-
sion n over a reduced scheme is an object

Fi(X,D)—> S (4.1.1)

consisting of a morphism of schemes f : X — S and an effective “divisor” D
satisfying the following properties.

4.1.2 (Flatness for X). The morphism f : X — S is flat, of pure relative
dimension n and with geometrically reduced fibers. This is the expected condition
from the point of view of moduli theory, following the Principles (3.12) and (3.13).
(Note, however, that (S, A) slc does not imply that X is slc, so maybe we are just
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lucky that this is the right condition. Later we will consider some cases where f is
assumed to be flat only outside a codimension > 2 set on each fiber.)

4.1.3 (Equidimensionality for Supp D). The nonempty fibers of SuppD —
S have pure dimension n — 1. This implies that every irreducible component of
Supp D dominates an irreducible component of S and Supp D does not contain any
irreducible component of any fiber of f. If S is normal then this condition holds
iff Supp D — S has pure relative dimension n — 1 by (3.34.2), but in general our
assumption is weaker. We noted in (2.39) that D — S need not be flat for locally
stable families. So we start with the above weak assumption and strengthen it later
as needed.

So far we have not said what a “divisor” is. Working on a normal variety X, by
an effective “divisor” D we usually mean either a Weil divisor or a divisorial sub-
scheme, that is, a pure, codimension 1 subscheme. The two versions are equivalent
since X is regular at the generic points of D; see (4.16) for details. If (X, A) is an
slc pair, then X is smooth at all generic points of Supp A. So if D is an effective
divisor supported on Supp A, the 2 viewpoints are again interchangeable.

It turns out that such generic smoothness is a crucial condition technically and
it is very hard to do anything without it. So we make it part of the definition for
families of pairs.

4.1.4 (Generic smoothness along D). The morphism f is smooth at generic
points of Xs N Supp D for every s € S. Equivalently, for each s € S, none of the
irreducible components of X, N Supp D is contained in Sing(Xj).

This means that from now on we can identify effective Weil divisors with divi-
sorial subschemes. The usual notation uses Weil divisors.

After these preliminary, mostly obvious assumptions, now we come to the heart
of the matter.

4.1.5 (Fibers are well defined). For every geometric point T : s — S, there is a
“sensible” way to define the fiber (Xs, D).

More generally, we would like the notion of families of pairs to give a functor,
so for any morphism g : W — S we need to define the pulled-back family. We have
a fiber product diagram

XxgW & Xx
fw d Lf (4.1.5.a)
144 S s

It is clear that we should take Xy := X xg W with morphism fy : Xy — W.
The definition of Dy, is more subtle since pull-backs of Weil divisors can not be
defined in general.

The most naive definition of the divisorial pull-back is the following. Let Z C X
be a subscheme and h : Y — X a morphism. First take the scheme theoretic inverse
image h~1(Z), which is a subscheme of Y, and then consider either the divisorial
subscheme Div(h™*(Z)) or the Weil divisor Weil(h~*(Z)) associated to it (4.16.5).
(These 2 are equivalent if Y is regular at all codimension 1 generic points of h=1(Z).)
We can thus start with D, view it as a divisorial subscheme D C X and then set

Dy = g"(D) := Div(gx* (D)) or Weil(g"(D)). (4.1.5.b)

Note that condition (4.1.4) is crucial here in identifying the two versions with each
other.
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Warning. Note that, in general, Op,, # g% Op and Ox,, (—Dw) # g5xOx(—D),
so when the scheme structure is crucial, we (aim to) carefully distinguish these
objects. Divisorial pull-back does not preserve linear equivalence, it is not even
additive.

4.1.6 (Well defined families of pairs I). We say that f : (X,D) — S is a well
defined family if it satisfies the assumptions (4.1.2—4) and the divisorial pull-back
defined in (4.1.5.b) is a functor for reduced schemes. That is

W (g"(D)) = (g0 B)M(D) (4.1.6.0)
for all morphisms of reduced schemes h: T — W and g : W — S.

In any concrete situation the conditions (4.1.2—4) should be easy to check but
(4.1.6) requires computing gl*/(D) for all morphisms W — S. It turns out that
(4.1.6) is automatic in many cases and it is frequently easy to check. Over normal
base schemes we have the following, which is an immediate consequence of (4.21).

THEOREM 4.2. Let f: (X, D) — S be a family of pairs satisfying the conditions
(4.1.2-4). If S is normal then it is a well defined family of pairs. That is, (4.1.6)
also holds.

Over non-normal bases the situation is more complicated. First we show that
(4.1.6) is equivalent to several other natural conditions. The common theme is that
we need to understand only the codimension 1 behavior of f : (X, D) — S. These
results are proved in (4.26) and (4.28).

THEOREM 4.3. Let f : (X, D) — S be a family of pairs satisfying the conditions
(4.1.2-4) over a reduced scheme S. Viewing D as a divisorial subscheme, the
following are equivalent.

(1) The family is well defined (4.1.6).
(2) D is a Cartier divisor on X, locally at the generic points of Xs N Supp D
for every s € S.
(3) D — S is flat at the generic points of Xs N Supp D for every s € S.
Furthermore, if S is seminormal then these are further equivalent to

(4) D is a well defined family of Weil divisors that satisfies the field of defi-
nition condition (3.19).

Next we turn to the case that we are really interested in, when the boundary
A is a Q or R-divisor. Since the divisorial pull-back is not additive, we can apply
it to A =), a;D" in 2 basic ways.

DEFINITION 4.4 (Divisorial pull-back). Let f: (X, A) — S be a family of pairs
over a reduced scheme S satisfying the conditions (4.1.2-4), where A = " a;D? is
an effective Weil Q-divisor and the D? are irreducible Weil divisors. Let g : W — S
be a morphism from a reduced scheme W to S. There are several ways to define
the divisorial pull-back of A.

4.4.1 (Component-wise definition). For each D' set Dj;, := Weil(gy'(D?)). It
is a sum of irreducible Weil divisors Di, = > j ¢;jDji, and then the pulled-back
family can be defined as

Ien (X, A) = (Xw, Aw = Eijaicz‘jD%).
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Over a normal base this definition works, essentially by (4.2). However, otherwise it
frequently gives the “wrong” fiber, and, in most cases, the following variant works
better.

4.4.2 (Common denominator definition). Choose a common denominator N
for the numbers a;. Then NA is an effective Z-divisor. There is thus a unique
divisorial subscheme Dy C X such that NA = Weil(Dy). Then the pulled-back
family can be defined as

A(X,A) = (Xw, Aw 1= & Weil (g5 (Dn))).-

If ¢ is flat on a dense open subset of W then (4.4.1-2) give the same pull-back,
but otherwise, already when the base scheme S is a reduced curve, everything can
go wrong with these definitions. That is, they differ from each other, (4.4.2) does
depend on the choice of N and neither one is functorial in general; see Section 4.2
for such examples.

We can now formalize the functoriality condition.

4.4.3 (Well defined families of pairs II). Let f : (X, A) — S be a family of pairs

that satisfies the assumptions (4.1.2-4). Let g — gI*l denote one of the pull-back
constructions defined in (4.4.1-2). Then f : (X7 A) — S is called a well defined

family with pull-back gi*! if
W (gH(X, A)) = (go W)X, A) (4.4.3.0)
for all morphisms of reduced schemes h : T — W and g : W — S.

Note that this definition gives several flavors of “well defined families,” depend-
ing on whether we use (4.4.1) or (4.4.2). In the latter case the choice of N is also
an issue. For now we leave the precise choice open.

The next result gives necessary and sufficient criteria by comparing the fibers
over geometric points 7 : s — S with the fibers over geometric points of the
normalization S — S for all possible liftings 7: s — S of 7.

THEOREM 4.5. Let S be a reduced, excellent scheme and f : (X,A) = S a
projective family of pairs satisfying the assumptions (4.1.2—4). Then the family is
well defined—that is, (4.4.3) holds—in the following cases.

(1) S is normal. Moreover, in this case both definitions (4.4.1-2) give the
correct pull-back; we denote it by gi*l (X, A).

Otherwise let S — S be the normalization and f : ()_(,A) — S the corresponding
family. Note that gi*(X g, Ag) is defined for every lifting g: W — S by (1).

(2) S is weakly normal (3.29) and the fiber 71*1(X g, Ag) is independent of the
lifting 7 : s — S for every geometric point T : s — S. Moreover, (4.4.2)
gives the correct pull-back, independent of N, but (4.4.1) need not.

(3) S is a reduced scheme over a field of characteristic 0 and TJ[;] (X,A) =
7U(X 35, Ag) holds for every geometric point T : s — S and for every lifting
7:5— S. Moreover, (4.4.2) gives the correct pull-back, independent of
N, but (4.4.1) need not.

(4) S is a reduced scheme and T][:;] (X,A) = 74(Xg, Ag) holds for every geo-
metric point T : s — S and for every lifting T : s — S. However, this
condition depends on the largest power of char k(s) that divides N. Once
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a given value N yields well-defined pull-backs, every multiple of N gives
the same pull-back.

The key step in the proof of part (1) is (4.21) while part (2) is established in
(4.28). Part (3) is proved in (4.37) and (4.40). Part (4) follows from (4.26). Section
4.2 contains a series of examples which show that all parts of (4.5) are optimal.

We have defined stable and locally stable families over a DVR in (2.2), and
being locally stable should be preserved by pull-back. We can thus define these
notions in general by imposing the following valuative criterion.

TEMPORARY DEFINITION 4.6. Let S be reduced scheme over a field of char-
acteristic 0 and f : (X, A) — S a well defined family of pairs as in (4.4), using
the common denominator variant for pull-back (4.4.2). Note that by (4.5.3), this
is independent of the choice of the common denominator V.

Then f : (X, A) — S is called stable (resp. locally stable) iff the family obtained
by base change fr : (XT, AT) — T is stable as in (2.43) (resp. locally stable as in
(2.2)) whenever T is the spectrum of a DVR and 7' — S a morphism.

Let now f : (X, A) — S be a family of pairs. It turns out that, starting in
relative dimension 3, the set of points

{s IS (Xs, As) is Semi—log—canonical}

is neither open nor closed; see (3.72) for an example. Thus the strongest result one
can hope for is the following.

THEOREM 4.7 (Local stability is representable). Let S be a reduced, excellent
scheme over a field of characteristic 0 and f : (X, A) — S a well-defined, projective
family of pairs using the common denominator variant for pull-back (4.4.2). Then
there is a locally closed partial decomposition j : S — S such that the following
holds.

Let W be any reduced scheme and g : W — S a morphism. Then the family
obtained by base change fw : (XW,AW) — W s locally stable iff q factors as
qg: W =85> 8.

A stable morphism is locally stable and stability is an open condition for a
locally stable morphism. Thus (4.7) implies the following.

COROLLARY 4.8 (Stability is representable). Using the notation and assump-
tions as in (4.7), there is a locally closed partial decomposition j : S*** — S such
that the following holds.

Let W be any reduced scheme and g : W — S a morphism. Then the family
obtained by base change fy : (XW, AW) — W is stable iff q factors as ¢ : W —
gstab _, G O

Next we turn to the moduli functor SP*" that associates to a seminormal
scheme S the set of all stable families f : (X, A) — S, up-to isomorphism. (Here
SP stands for stable pairs and the superscript 5" indicates that we work with semi-
normal schemes.) In order to get a moduli space of finite type, we fix the relative
dimension n of the fibers, a common denominator m for all coefficients occurring
in A and the volume v = vol(Kx, + Ay) := ((Kx, +A)") of the fibers. This gives
the subfunctor

SP*(n,m,v) : {seminormal S-schemes} — {sets}.
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By [HMX14], there is an M = M (n,m,v) such that M(Kx,6 + A,) is Cartier
for every (X;,A;) € SP*"(n,m,v)(point), but for now we just add M as a new
constraint that we suppress in the notation. We can now state the second main
theorem of this Chapter.

THEOREM 4.9 (Existence of seminormal moduli spaces). Let S be an excellent
base scheme of characteristic 0 and fix n,m,v. Then the functor SP*(n, m,v) has
a coarse moduli space

SP*(n,m,v) = S
that is a seminormal scheme, whose irreducible components are proper over S.

Moreover—though this can be made precise only later—the space SP*" (n, m, v)
is the seminormalization of the “true” moduli space SP(n,m,v) of stable pairs.

4.2. Examples
We start with a series of examples related to (4.5).

EXAMPLE 4.10. Let S = (zy = 0) C A2 and X = (zy = 0) C A3. Consider the
divisors D, = (y =z—1= O) and D, := (m =z+1= O). We get a family

f:(X,D,+D,) =58 (4.10.1)

that satisfies the assumptions (4.1.2—4).

We compute the “fiber” of the above family over the origin in 3 different ways
and get 3 different results.

First restrict the family to the z-axis. The pull back of X becomes the plane
AZ_. The divisor D, pulls back to (z — 1 = 0) but the pull back of the ideal sheaf
of D, is the maximal ideal (z,z+ 1). It has no divisorial part, so restriction to the
r-axis gives the pair

(A2.,(z—1=0)) = A_. (4.10.2)
Similarly, restriction to the y-axis gives the pair
(A2, (z+1=0)) = A,. (4.10.3)
If we restrict these to the origin, we get
(Al,(z=1=0)) and (Al,(z4+1=0)). (4.10.4)
Finally, if we restrict to the origin of S in one step then we get the pair
(AL(z=1=0)+(z+1=0)). (4.10.5)

Thus we have 3 different pairs in (4.10.4-5) that can claim to be the fiber of (4.10.1)
over the origin.

In the above example the problem is visibly set-theoretic, but there can be
problems even when the set theory works out. For example, with XS as above,
consider the family

f:(X, 3D, +iD;) = S, (4.10.6)
where D), := (y = (z = 1)(z +22+1—2) =0) and D}, := (z = (2 + 1)(2? — 2z +
1 —y) = 0). Computing as above we again get 3 different pairs as in (4.10.4-5)
that can claim to be the fiber of (4.10.6) over the origin:

(AL iP+Q), (AL P+3Q) and (AL P+Q), (4.10.7)
where P:=(z—1=0) and Q := (z +1=0).
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In the above example the problem is that the restrictions of D and D;, to the
z-axis have different multiplicities. The next example shows that even when the
multiplicities are the same, there can be scheme theoretic problems.

EXAMPLE 4.11. Set X = (22 -y’ = w2 -2 ) CAY , D=(z —u=y—v =
0O)U(z+u=y+v=0)and f: (X,D) — A2 the coordinate projection. The
irreducible components of D intersect only at the origin and D is not Cartier there.

Let L. be the line (v = cu) for some ¢ # +1. Restricting the family to L. we
get X, = (22 —y? = (1 — ¢*)u?) C A3 and the divisor becomes D, = (z —u =
y—cu=0)U(x+u=y+cu=0). Observe that D, is a Cartier divisor with
defining equation cx = y. (Note that base change does not commute with union,
so D x 2 L. has an embedded point at the origin.)

Thus although D is not Cartier at the origin, after base change to a general
line we get a Cartier divisor. For all of these base changes, D. has multiplicity 2
at the origin. However, the origin is a singular point of the fiber, and if we restrict
D, to the fiber over the origin, the resulting scheme structure varies with c.

This would be a very difficult problem to deal with, but for a stable pair (X, A)
we are in a better situation since the irreducible components of A are not contained
in Sing X.

EXAMPLE 4.12. Let B be a smooth projective curve of genus > 1 with an
involution ¢ and by,bs € B a pair of points interchanged by o. Let C’ be another
smooth curve with two points ¢},c, € C’. Start with the trivial family (B x
C' {b1} x C" 4+ {b1} x C") = C’" and then identify ¢; ~ ¢} and (b,c}) ~ (o(b),c5)
for every b € B. We get an étale locally trivial stable morphism (S, Dy + D3) — C.
Here C is a nodal curve with node 7 : {¢} — C. The fiber over the node is
(B.[ba] + [ba).

However, the fiber of each D; over ¢ is [b1] + [b2], hence the component-wise
pull-back (4.4.1) is 7hd = (B, 2[b1] + 2[ba]).

EXAMPLE 4.13. Set C := (zy(x —y) =0) C A2 and X := (zy(x —y) =0) C

zy
A3, .. For any ¢ € k consider the divisor

Do=(x=2=0)+(y=2=0+(x—y=2—cx=0).

The pull-back of D, to any of the irreducible components of X is Cartier, it inter-
sects the central fiber at the origin of the z-axis and with multiplicity 1. Nonethe-
less, we claim that D, is Cartier only for ¢ = 0.

Indeed, assume that h(x,y,z) = 0 is a local equation of D.. Then h(x,0,z) =0
is a local equation of the z-axis and h(0,y,z) = 0 is a local equation of the y-axis.
Thus h = az + (higher terms). Restricting to the (x — y = 0) plane we get that
c=0.

Note also that if chark = 0 and ¢ # 0 then no multiple of D, is a Cartier
divisor. To see this note that if f(z,y,z) = 0 is a local defining equation of mD,
on X then 9™~ f/92™~1 vanishes on D,. Its restriction to the z-axis vanishes at
the origin with multiplicity 1. We proved above that this is not possible.

The situation is different if chark > 0, see (4.41).

EXAMPLE 4.14. Consider the cusp C = (2% = y3) C Aiy and the trivial
curve family Y := C' x Al — C. Let D C Y be the Cartier divisor given by the
equation y = z2. Then D — C is flat of degree 2. Furthermore, D is reducible with
irreducible components D¥ := image of t — (£3,1%, £t).
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Note that D* = Al and the projections D* — C' corresponds to the ring
extension k[t3,t?] < k[t]. Thus the projections D¥ — C' are not flat and the fiber
of D* — C over the origin has length 2.

Thus if we compute the fiber of D = D™ U D~ — C over the origin (0,0) € C
using the common denominator N =1 as in (4.4.2), then we get the point (0,0,0)
with multiplicity 2. However, if we compute the fiber component-wise (4.4.2) then
we get the point (0,0,0) with multiplicity 4.

Thus (Y, D%) — C is not stable but it becomes stable after pull-back to C™.

Arguing as in (4.13) shows that the D* are not Q-Cartier in characteristic 0.
The situation is again more complicated if char k > 0, see (4.42).

The next examples discuss the variation of the Q-Cartier property in families
of divisors. We discuss some positive results in Section 4.5.

EXAMPLE 4.15. Let C C P2 be a smooth cubic curve and S¢ C P3 the cone
over it. For p € C'let L, C S¢ denote the ruling over p. Note that L, is Q-Cartier
iff p is a torsion point, that is, 3m[p] ~ Oc(m) for some m > 0. The latter is a
countable dense subset of the moduli space of the lines Chow, 1(S¢) = C.

In the above example the surface is not Q-factorial and the curve L, is some-
times Q-Cartier, sometimes not. Next we give a similar example of a flat family of
lc surfaces S — B such that {b: S, is Q-factorial} C B is a countable set of points.
Thus being Q-factorial is not a constructible condition.

Let C C P? be a smooth cubic curve. Pick 11 points Pi,....P;; € C and
set Pjg = —(Py + -+ + P11). Then there is a quartic curve D such that CN D =
Py +- -4 Pys. Thus the linear system |O]p2 (=P —-- ~7P12)| blows up the points
P; and contracts C. Its image is a degree 4 surface S = S(Py,....P;1) in P3 with a
single simple elliptic singularity. If C' = (f3(z,y,2) = 0) and D = (f4(z,y,2) = 0)
then

S =~ (fg(m,y,z)w + falz,y,2) = O) C P3.
At the point (z = y = z = 0) the singularity of S is analytically isomorphic to the
cone S¢ and S is smooth elsewhere iff the points Py, ....Pjo are distinct. If this
holds then the class group of S is generated by the image L of a line in P? and
the images F1,..., F1s of the 12 exceptional curves. They satisfy a single relation
3L = Fy + -+ Fq5. Note that E; is Q-Cartier iff P; is a torsion point.

If we vary Pyp,....P;1 € C' we get a flat family of lc surfaces parametrized by

7:8 — C'\ (diagonals),

with universal divisors E; C S. We see that
(1) Ei(Py,....P11) is Q-Cartier iff P; is a torsion point and
(2) S(P1,....P11) is Q-factorial iff P; is a torsion point for every i.

4.3. Families of divisors I1

At least 3 different notions of effective divisors are commonly used in algebraic
geometry and our discussions in Section 4.1 show that a 4th variant is also necessary.

4.16 (Four notions of divisors). Let X be an arbitrary scheme.

(1) An effective Cartier divisor is a subscheme D C X such that, for every
2 € D, the ideal sheaf of Ox (—D) is locally generated by a non-zerodivisor
sz € Oy x, called a local equation of D.
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(2) A divisorial subscheme is a subscheme D C X such that Op has no
embedded points and Supp D has pure codimension 1 in X.

(3) A divisorial subscheme is called an effective generically Cartier divisor if
it is Cartier at its generic points.

(4) A Weil divisor (in traditional terminology) is a formal, finite linear com-
bination D = ). m;D; where m; € Z and the D; are integral subschemes
of codimension 1 in X. We say that D is effective if m; > 0 for every q.

If A is an abelian group then an Weil A-divisor is a formal, finite linear combi-
nation D = %" a;D; where a; € A. We will only use the cases A = Z,Q,R. Thus
Weil Z-divisor = traditional Weil divisor; we use the terminology “Weil Z-divisor”
if the coefficient group is not clear. (A Weil Z-divisor is called an integral Weil divi-
sor by some authors, but the latter could also mean the Weil divisor corresponding
to an integral subscheme of codimension 1.)

Note that usually divisorial subschemes and Weil divisors are used only when
X is irreducible or at least pure dimensional, but the definition makes sense in
general.

If X is smooth then the 4 variants are equivalent to each other, but in general
they are different.

Usually we think of Cartier divisor as the most restrictive notion. If X is So
then every effective Cartier divisor is a divisorial subscheme, but this does not hold
if X is not Sy. This is good to keep in mind but it will not be a problem for us.

Let W C X be a closed subscheme. We can associate to it both a divisorial
subscheme and a Weil divisor by the rules

Div(W) := Ow/(torsion in codimension > 2) and

Weil(W) = Zilemgthgi((’)gi,w).[Di]7 (4.16.5)

where in the first case we take the quotient by the subsheaf of those sections whose
support has codimension > 2 in X and in the second case D; C Supp W are the
irreducible components of codimension 1 in X and g; € D; the generic points. In
particular, this associates a Weil divisor to any effective Cartier divisor or divisorial
subscheme.

Thus, if X is So then we have the basic relations among effective divisors

Cartier - generically - divisorial R Weil
divisors Cartier divisors subschemes divisors /|~
Assume next that X is regular at a codimension 1 point ¢ € X. Then O, x is a

DVR, hence an ideal in it is uniquely determined by its colength. Thus, if X is a
normal scheme then we get the stronger relationships among effective divisors

generically _ divisorial _ Weil (4.16.6)
Cartier divisors / =~ \ subschemes / = \ divisors |’ o
We are mainly interested in slc pairs (X, A), thus the underlying schemes X are

deminormal but not normal. Fortunately, X is smooth at the generic points of A.
Thus for our purposes we can always imagine that the identifications (4.16.6) hold.

Convention 4.16.7. Let X be a scheme and W C X subscheme. Assume that
X is regular at all 1-dimensional generic points of W. Then we will frequently
identify Div(W), the divisorial subscheme associated to W and Weil(W), the Weil
divisor associated to W and denote this common object by [W].
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We can thus usually harmlessly identify divisorial subschemes and Weil divi-
sors. However—and this is one of the basic difficulties of the theory—it is quite
problematic to keep the identification between families of divisorial subschemes and
families of Weil divisors.

Corresponding to the 4 notions of divisors, there are 4 main notions of families
of divisors. In order to avoid further complications, assume that we have a flat,
pure-dimensional morphism f : X — S with Ss fibers.

Relative Weil divisors.

DEFINITION 4.17. Let f : X — S a morphism whose fibers have pure dimension
n. A Weil divisor W = > m;W; is called a relative Weil divisor if the fibers of
flw; : Wi — f(W;) have pure dimension n — 1 for every i.

We are interested in defining the divisorial fibers of W — S. A typical example
is (3.22), where the multiplicity of the scheme-theoretic fiber jumps over the ori-
gin. It is, however, quite natural to say that the “correct” fiber is the origin with
multiplicity 2, the only problem we have is that scheme theory miscounts the mul-
tiplicity. The following theorem, proved in [Kol96, 3.17], says that this is indeed
frequently the case. As with many results about Chow varieties, all the essential
ideas are in [HP47, Chap.X].

THEOREM 4.18. Let S be a normal scheme, f : X — S a projective morphism
and Z C X a closed subscheme such that f|; : Z — S has pure relative dimension
m. Then there is a section oz : S — Chow,,(X/S) with the following properties.

(1) Let g € S be the generic point. Then oz(g) = [Z,], the cycle associated
to the generic fiber of flz : Z — S as in (3.8).

(2) Supp(oz(s)) = Supp(Zs) for every s € S.

(3) oz(s) =1Zs] if flz is flat at all generic points of Zs.

(4) s — (Uz(s) . Lm) is a locally constant function of s € S, for any line
bundle L on X.

Example (4.10) shows that (4.18) does not hold if S is only seminormal. The
notion of well-defined families of algebraic cycles (3.19) is designed to avoid similar
problems, leading to the definition of the Chow functor; see [Kol96, Sec.1.3-4] for
details.

Flat families of divisorial subschemes.

Let X — S be amorphism and D C X asubscheme. If Supp D does not contain
any irreducible component of a fiber X, then Opnx, /(torsion in codimension > 2)
is (the structure sheaf of) a divisorial subscheme of X. This notion, however,
frequently does not have good continuity properties, as illustrated by (3.22).

We would like to have a notion of flat families of divisorial subschemes where
both the structure sheaf Op and the ideal sheaf Ox(—D) are well behaved. This
seems possible only if X — S is well behaved, but then the two aspects turn out to
be equivalent.

DEFINITION-LEMMA 4.19. Let f: X — S be a flat morphism of pure relative
dimension n with Ss-fibers and D C X a closed subscheme of relative dimension
n —1 over S. We say that f|p: D — S is a flat family of divisorial subschemes if
the following equivalent conditions hold.
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(1) flp : D — S is flat with pure fibers of dimension n — 1.
(2) Ox(—D) is flat over S with S fibers.

Proof. We have a surjection Ox — Op and if both of these sheaves are flat
then so is the kernel Ox(—D). If the kernel is flat then Ox_(—D;) = Ox(—D)|x.
is also the kernel of Ox, — Op,. Since Ox, is Sa, we see that Ox_(—D;) is S iff
Op, is pure of dimension n — 1.

Conversely, assume (2). For any T — S the pull-back map ¢;Ox(—D) —
¢-Ox is an isomorphism over X7 \ Dr. Since Ox(—D) is flat with Sy fibers,
¢4Ox(—D) does not have any sections supported on Dy. Thus the pulled-back
sequence

0— q}@x(fD) — q;OX — q}(DD —0

is exact. Therefore Tor; (Or,Op) = 0 hence Op is flat over S and we already
noted that then it has pure fibers of dimension n — 1. O

Relative Cartier divisors.

DEFINITION—-LEMMA 4.20. Let f : X — S be a morphism, x € X a point such
that f is flat at x and set s := f(x). A subscheme D C X is a relative Cartier
divisor at « € X if the following equivalent conditions hold.

(1) D is flat over S at « and Dy := D|x, is a Cartier divisor on X, at x.

(2) D is a Cartier divisor on X at = and a local equation g, € O, x of D
restricts to a non-zerodivisor on the fiber X.

(3) D is a Cartier divisor on X at z and it does not contain any irreducible
component of X, that passes through .

If these hold for all x € D then D is a relative Cartier divisor. If f : X — S is
also proper then the functor of relative Cartier divisors is represented by an open
subscheme of the Hilbert scheme CDiv(X/S) C Hilb(X/S); see [Kol96, 1.1.13] for
the easy details.

If (2) holds then D is flat by (4.19). The other nontrivial claim is that (1)
implies that D is a Cartier divisor on X at x. We may assume that (z € X) is
local. A defining equation gs of D lifts to an equation g of D. We have the exact
sequence

0—Ip/(9) = Ox/(g) = Op — 0.
Here Ox/(g) and Op are both flat, hence so is Ip/(g). Restricting to X, we get

0— (In/(g)), = Ox./(gs) — Op, — 0.
Thus Ip/(g) = 0 by the Nakayama lemma and so g is a defining equation of D. O

Relative Cartier divisors form a very well behaved class, but in applications we
frequently have to handle 2 problems. It is not always easy to see which divisors
are Cartier and we also need to deal with divisors that are not Cartier.

On a smooth variety every divisor is Cartier, thus if X itself is smooth then
a divisor D is relatively Cartier iff its support does not contain any of the fibers.
In the relative setting, we usually focus on properties of the morphism f. Thus
we would like to prove similar results for smooth morphisms. The next result says
that this is indeed true if S is normal. Note that by (4.24) normality is a necessary
assumption.
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THEOREM 4.21. Let S be a normal scheme, f : X — S a smooth morphism and
D a Weil divisor on X. Assume that D does not contain any irreducible component
of a fiber. Then D is a Cartier divisor, hence a relative Cartier divisor.

Proof. The question is local, so pick € X and set s = f(x).

We start with the special case when k(z) = k(s) and f has relative dimension
1. Then f|p : D — S is quasi-finite at z, so f is flat at = by (10.53). Thus D is a
relative Cartier divisor at = by (4.20.1).

Next assume that k(z) = k(s) still holds but f has relative dimension n > 1.
Since f is smooth, over a neighborhood of x it can be written as a composite

[z, X) 5 ((0,5),A%) = S,

where 7 is étale and m is the structure projection. Composing with any of the
coordinate projections we factor f as

fi(z, X) EN ((0,8),Ag_1) — S,

where ¢ is smooth of relative dimension 1. If D does not contain the fiber of g
passing through x then D is a Cartier divisor by the already discussed 1-dimensional
case.

We have an étale morphism 7, : X, — A?. If k(s) is infinite and L C A7 a
general line through the origin then 771(L) ¢ D,. Thus if we choose the projection
A% — AZA to have kernel L over s then the argument proves that D is a Cartier
divisor at x.

If k(s) is finite then consider the trivial lifting f() : X x A — S x A'. By
the previous argument D x Al is a Cartier divisor at the generic point of {z} x A,
hence D is a Cartier divisor at x by (4.22).

Finally (10.47) shows how to reduce the general case when k(x) # k(s) to the
special case where k(z) = k(s) by a simple base change. O

LEMMA 4.22. Let (R,mg) — (S,mg) be a flat extension of local rings and
Ir C R an ideal. Then IR is principal iff IS is principal.

Proof. One direction is clear. Conversely, assume that Ir.S is principal, thus
IrS/mgIrS = S/ms. Let r1,...,r, be generators of Ir. They also generate IS
hence at least one of them, say ri, is not contained in mglIrS. Thus (r1) C Ig is
a sub-ideal such that 1.5 = IrS. Since (R,mg) — (S,mg) is faithfully flat, this
implies that (r1) = Ig. O

As a consequence of (4.21), we obtain another variant of (3.18.1); see also (4.18).

COROLLARY 4.23. Let S be a normal scheme, f : X — S a proper morphism of
pure relative dimension n and D C X a closed subscheme such that g := f|p : D —
S has pure relative dimension n—1. Assume furthermore that, for some s € S, the
morphism [ is smooth at all generic points of Ds.

Then [D,] = gl=(s), the Cayley-Chow fiber of g over s (3.19).

Proof. By (4.21) g is flat at all generic points of Ds. Thus [D,] = gl=!(s) by
(3.19.2). O

EXAMPLE 4.24. We give 2 examples showing that in (4.21) we do need nor-
mality of S.

Set Sy, := Speck[z,y]/(zy) and X,, = Speck[z,y, z]/(xy). Then (z, z) defines
a Weil divisor which is not Cartier.
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Set S. := Speck[z?,2%] and X, = Speck[z?,23,y]. Then (y? — 22,93 — 23)
defines a Weil divisor which is not Cartier.

Relative generically Cartier divisors.

DEFINITION 4.25. Let f : X — S be a morphism. A subscheme D C X is
a relative, generically Cartier, effective divisor or a family of generically Cartier,
effective divisors over S if there is an open subset U C X such that

(1) f is flat over U with Sy fibers,

(2) codimx (Xs\U) > 2 for every s € S,

(3) D|y is a relative Cartier divisor (4.20) and
(4) D is the closure of D|y.

If U C X denotes the largest open set with these properties then Z := X \ U is the
non-Cartier locus of D.

Thus Ox(mD) is a mostly flat family of divisorial sheaves on X (3.51) for any
m € Z. Conversely, if L is a mostly flat family of divisorial sheaves on X and h a
global section of it that does not vanish on any irreducible component of any fiber
then (h = 0) is a family of generically Cartier, effective divisors over S.

Let ¢ : W — S be any morphism. We have a fiber product diagram

X B X
fw Lf (4.25.5)
w &S,

Then ¢% (D|U) is a well defined relative Cartier divisor on Ur := q;(l(U ); let

D7 C Xr denote its closure. It agrees with the divisorial pull-back of D defined

in (4.1.5.b) Since the pull-back of Cartier divisors is functorial, this shows that a a

family of relative, generically Cartier divisors is a well defined family of divisors.
The next result shows that the converse is also true.

THEOREM 4.26. Let S be a reduced scheme and f : (X,D) — S a projec-
tive family of pairs satisfying the assumptions (4.1.2—4). Then the following are
equivalent.

(1) The family is well defined (4.1.6) using the divisorial pull-back gl*].
(2) D is a relative, generically Cartier divisor on X.
(3) g: D — S is flat at generic points of Dy for every s € S.

Proof. All 3 conditions can be checked on a general relative hyperlane section
of X; see (4.32), (4.31) and (10.46).

Thus we may assume that X — S has relative dimension 1, hence f is smooth
along Supp D. We view D as a divisorial subscheme of X. We show that all 3
conditions are equivalent to the following.

(4) The function s + dimys) Op, is locally constant on S.
Applying (4.27) to f.Op we see that (4) holds iff Op is flat over S. By (4.20)
the latter holds iff D a relative Cartier divisor. Thus (2) < (3) < (4).
Let 75 : s — S be a geometric point. By construction, deg 7'8[*}D = dimy(4) Op,,
thus s — deg 7| A is locally constant iff (4) holds.
Finally, let T" be the spectrum of a DVR and h : T'— S a morphism that maps
the closed point to s € S and the generic point to a generalization g of s. Then
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R D is flat over T of degree degy(y) Op,. Thus if 75 : s = T'is a lifting of 7 then
deg 7R D = degyq) Ob, -

This shows that (X, D) — S is a well defined family of O-cycles iff s — deg 7"/ D is
locally constant, proving that (1) < (4). O

LEMMA 4.27. A coherent sheaf F on a reduced scheme S is locally free iff
s > dimy,) Fs 1s locally constant. ([l

The following important result says that, over seminormal base schemes, the
three equivalent notions of a “good” relative family of divisors discussed in (4.26)
also coincide with the Cayley-Chow theoretic variant.

THEOREM 4.28. Let S be a seminormal scheme, f: X — S a projective mor-
phism of pure relative dimension n and D C X a closed subscheme such that
g := flp : D — S has pure relative dimension n — 1. Assume further that f is
smooth at generic points of Dy for every s € S. The following are equivalent.

(1) D is a well defined family of Weil divisors that satisfies the field of defi-
nition condition (3.19).
(2) D is relatively Cartier at general points of Dy for every s € S.

Proof. (2) = (1) follows from (3.19.2).

In order to prove that (1) = (2) we may assume that S is local. Then (4.31)
allows us to pass to a general hypersurface section. This reduces everything to the
case n = 1 and then f is smooth along D by assumption.

If S is normal then (4.21) shows that D is relative Cartier divisor and we are
done. In the seminormal case essentially the same proof as in (4.21) works but we
need to use different references. First (10.54.3) shows that D is flat over S and
then D is relatively Cartier by (4.20.1). O

We are now ready to show that the universal family of Weil divisors is a rel-
ative, generically Cartier family, at least over the open set where we avoid bad
singularities.

DEFINITION 4.29. Let f : X — S be a flat, projective morphism of pure relative
dimension n. As in (3.21.3), 7 : Univ(X/S)— WDiv(X/S) denotes the universal
family of relative Weil divisors. By our conventions, WDiv(X/S) is seminormal
and it parametrizes pairs (X, Dy) where s € S is a point and [D,] is a Weil divisor
on X;.

Let WDiv®*(X/S) C WDiv(X/S) be the set of pairs (X,, D) such that X, is
smooth at all generic points of Dy (the superscript stands for generically smooth).
Set Univ®(X/S) := 7! (WDiv®(X/S)).

The following consequence of (4.28) is a crucial ingredient in the construction
of the moduli space of stable pairs.

COROLLARY 4.30. Let f : X — S be a flat, projective morphism of pure relative
dimension n. Then
(1) WDiv®(X/S) is an open subscheme of WDiv(X/S),
(2) 7 : Univ®®*(X/S) — WDiv®(X/S) is a well defined family of cycles that
satisfies the field of definition condition (3.21),
(3) Univ®®(X/S) € X xg WDIiv®®(X/S) is a generically Cartier family of
divisors over WDiv®*(X/S) and
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(4) the scheme theoretic fibers of Univ®®(X/S) — WDiv®(X/S) represent the
Cayley-Chow fibers.

Proof. The first claim follows from the upper semicontinuity of the fiber di-
mension of

Supp(Univ(X/S)) N (WDiv(X/S) x g Sing(f)) — WDiv(X/S)

and the second is a combination of (3.21) and (3.18.1.c), see also (3.18.6-7) for
more details. The third is a special case of (4.28) while the last part follows from
(3.19.2). O

We have used two Bertini-type results. The first is an immediate consequence
of (10.46) and the second follows from (10.12.1).

PROPOSITION 4.31. Let (0 € S) be a local scheme, X C PY a quasi-projective
S-scheme with fibers of pure dimension > 2 and D C X a relative divisorial sub-
scheme. Then D is a generically Cartier family of divisors on X iff D|g is a
generically Cartier family of divisors on X N H for general H € |Opg(1)|. O

LEMMA 4.32. Let f : (X7 A) — S be a family of pairs that satisfies the assump-
tions (4.1.2-4) and X excellent. For a morphism g : T — S let gt denote one
of the pull-back constructions defined in (4.4.1-2). Then there are finitely many
points {x; : i € I'} of X (depending on X, D and g) such that if H C X is a relative
Cartier divisor that does not contain any of the points x; then

(g[*] (Xa D)) |HT = g[*] (Ha D‘H)
where Hp denotes the preimage of H in X xgT. |

Representability for divisorial pull-backs.

Let f : (X, D) — S be a family of generically Cartier divisors . We study those
morphisms g : W — S for which the divisorial pull-back Dy is flat or relatively
Cartier. We prove that in both cases the corresponding functor is representable by
a locally closed partial decomposition S’ — S. This, however, does not hold for
Q-Cartier divisorial pull-backs (4.15). To remedy this we introduce the notion of
numerically Q-Cartier divisors later in (4.52).

Since the distinction is important, in the remainder of this subsection we use
D, to denote the fiber of D over s € S and [Dy] = pure(Ds) to denote the pure
fiber, as in (4.16.7). Thus [Ds] = Div(Dy) in the notation of (4.16.5).

The first result is another version of (3.53). See (9.56) for a common general-
ization of both.

THEOREM 4.33. Let S be a reduced scheme, f : X — S a flat, projective
morphism with Sy fibers and D C X a family of generically Cartier divisors. Then
there is a locally closed decomposition (3.48) i : SUWat — S such that for every
S-scheme q : W — S, the divisorial pull-back fw : (Xw,Dw) — W is a flat family
of divisorial subschemes (4.19) iff q factors as q : W — Sflat . g,

Remark 4.33.1. As in (3.53.1), note that under the above assumptions the
subset of S
{s : D is flat along Supp DS}
is open, but we want the “corrected” restrictions [Dy] (4.16.5) to form a flat family.
Proof. First we claim that s — X(XSaO[DS](*)) is constructible and upper
semicontinuous on S. For this we may replace S with its seminormalization, hence
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the claim follows from (3.56). Thus we get a locally closed decomposition j : S" — §
such that s — X(XS, O[DS](*)) is locally constant on S’.

If fw: (Xw,Dw) — W is a flat family of divisorial subschemes then W — S
factors through j : 8 — S. Thus it remains to prove that D’ := jg’;}D c X' =
X xg 5" is a flat family of divisorial subschemes. The latter follows from (4.34). O

PROPOSITION 4.34. Let f : X — S be a flat, projective morphism with Ss fibers
and D C X a family of generically Cartier divisors. Assume in addition that S is
reduced and Ox (1) is relatively ample. The following are equivalent.

(1) f:(X,D) — S is a flat family of divisorial subschemes,
(2) s x(Xs,Ox,(—=[Ds]) (%)) is locally constant on S and
(3) s x(Xs,O1p, (%)) is locally constant on S.

Proof. The last two assertions are equivalent since

X (X, Ox, (=[Ds])(x)) = x(Xs, Ox, (*)) = x(Xs, Opp,) (+)).
If (1) holds then the Op_j are fibers of the flat sheaf Op, hence (1) = (3).
To see the converse, we may as well assume that X(Xs, O[DS](*)) is indepen-

dent of s € S, call it p(x). Let Hilb,(X/S) denote the Hilbert scheme of X/S
parametrizing subschemes that are flat over S with Hilbert polynomial p(x). Set

7 :={[D,] : s € §} C Hilb,(X/S).

We claim that Z is a closed subscheme. To see this note first that Z is a constructible
subset of Hilb,(X/S). Indeed, by (10.3) D — S is flat with Sy fibers over an
open subset S C S. Thus Dy = [D,] for s € S° and so Op defines a section
SY — Hilb,(X°/S5%) whose image equals Z NHilb,(X?/S%), where X0 := f~1(59).
Noetherian induction now shows that Z is constructible.

A constructible subset is closed iff it is closed under specialization. This reduces
our claim to showing that Z xg T is closed whenever ¢ : T — S is the spectrum
of a DVR mapping to S. Set B := q;] (D). In this case B is flat over T' and the
restriction map

rd  Op, — OB, s surjective.
Let @ denote its kernel. We compute that

p(¥) = x(Xg,0p,(x)) = x(Xo,0p,(x))
= X(Xo0,05, (%)) + x(X0,Q(x))
= p(x) + x(Xo,Q(%)).
Thus X(XO,Q(*)) = 0 and hence Q = 0. Therefore Z xg T is the image of the
section of Hilb,(X/T) — T defined by B, hence closed.
This shows that Z C Hilb,(X/S) is a closed subscheme. Since Hilb,(X/S) — S
is proper, so is its restriction 7 : Z — S. We claim that 7 is an isomorphism.
The universal family over Hilb,(X/S) restricts to a subscheme Uz C X that
is flat over Z. Furthermore, Uz is a subscheme of Dz and

Uz|x. = [Dr(2)] Xspeck(s) Speck(z) for every z € Z.

This shows that [Dy] € Hilb,(X/S) is the unique point of the fiber 77!(s), so 7 is
geometrically injective. It remains to show that the fibers of 7 are reduced.
Fix s € S and write ' = 771(s). Then F — {s} is flat, so

Uzlr = pure(DS X g F) = pure(Ds) xg F.
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Thus Uz|r is the constant family [Ds] X, F. Thus the corresponding map F —
Hilb(X/S) is constant. By construction F is a subscheme of Hilb(X/S), so F'is a
point. Thus Z = S and Uz = D is flat over S. (]

The representability of Cartier pull-backs now follows easily. Example (4.11)
shows that (4.33) and (4.35) both can fail if D is not a generically Cartier family.

COROLLARY 4.35. Let f : X — S be a flat, projective morphism with S
fibers and D a family of generically Cartier, not necessarily effective divisors on
X. Then there is a locally closed partial decomposition i : S — S such that for
every reduced S-scheme q : W — S, the divisorial pull-back Dy C Xw is relatively
Cartier iff q factors as q: W — S — S.

As shown by (3.72), in general i(S°T) C S is neither open nor closed.

Proof. An effective, relatively Cartier family is also a flat family of divisors,
and we proved in (4.33) that flat divisorial pull-backs are represented by a locally
closed decomposition S42* — S As we noted in (3.37.1), we can replace S by
Sdflat and henceforth consider only the special case when D is flat over S.

For a flat family of divisorial subschemes being Cartier is an open condition,
thus S is an open subset of Sdflat, O

THEOREM 4.36 (Valuative criterion for Cartier divisors). Let S be a reduced,
excellent scheme, f: X — S a flat morphism of finite type with S fibers and D a
family of generically Cartier divisors on X. Then following are equivalent.

(1) D is a relatively Cartier divisor.
(2) For every morphism q : T — S from the spectrum of a DVR to S, the
divisorial pull-back Dy C Xp is a relatively Cartier divisor.

Proof. It is clear that (1) implies (2). Thus assume that (2) holds.

Assume first that f is projective. Consider the locally closed embedding i :
Sear — S given by (4.35). Since every ¢ : T — S factors through i : S — S, we
see that ¢ is proper and surjective, hence an isomorphism.

Consider next the case when f is non-projective. Pick any point x € X and
its image s := f(x). Let S denote the completion of S at s; it is reduced since S is
excellent. Then D is Cartier at x iff this holds after base change to S. Thus it is
enough to show that (2) = (1) whenever S is complete.

Now we use (9.61) to get i : S* < S. Let (0,7) be the spectrum of a DVR
and ¢ : (0,7) — (0,5) a local morphism. By assumption Ox,.(Dr) is locally free,
hence it is flat with Sy fibers over T'. Thus Ox,.(Dr) is a universal hull by (9.26).
By assumption (2) we obtain that ¢ factors through S*. Since this holds for every
q:T — S, we again conclude that S* = S. (]

4.4. Generically Q-Cartier divisors

In the study of lc and slc pairs, Q-Cartier divisors are more important than
Cartier divisors. Unfortunately, as (4.15-3.71) show, having Q-Cartier divisorial
pull-backs is not a representable condition in general. See, however, (4.51) for a
positive result.

We have also seen many examples of Weil Z-divisors that are Q-Cartier but
not Cartier. By contrast, we show that if a relative Weil Z-divisor is generically
Q-Cartier then it is generically Cartier, at least in characteristic 0.
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One of the main consequences of this is that the common denominator pull-
back gk;] (X, A) defined in (4.4.2) is independent of the denominator N, at least in
characteristic 0.

Let f: (X,D) — S be a family of pairs and D a relative Weil Z-divisor on X.

Since we are interested in generic properties, we can focus on a generic point x
of DN X;. If the assumption (4.1.4) holds then f is smooth at z. Thus we may as
well assume that f is smooth (but not proper).

If S is normal then D is a Cartier divisor by (4.21), thus here our main interest
is in those cases where S is reduced but not normal. Examples (4.10) and (4.12)
show that then D need not be Cartier in general. However, the next result shows
that if some multiple of D is Cartier, then so is D, at least in characteristic 0. This
also completes the proof of (4.5.3).

Positive characteristic counter examples are given in (4.14) and (4.41).

PRrROPOSITION 4.37. Let S be a reduced scheme, f: X — S a smooth morphism
and D a relative Weil Z-divisor on X . Assume that mD is Cartier at a point x € X
and char k(z) t m. Then D is Cartier at x.

Proof. Using (10.47), it is enough to prove this when k(z) = k(f(z)). We may
also assume that f : (z, X) — (s, 5) is a local morphism of local, henselian schemes
and k(x) = k(s) is perfect. By noetherian induction we may assume that D is
Cartier on X \ {z}. By (1.88) mD ~ 0 determines a cyclic cover X — X that is
étale over X \ {z} whenever char k() { m. In our case X — X is trivial by (4.38)
hence D is Cartier at x. U

LEMMA 4.38. Let f : (z,X) — (s,5) be a smooth, local morphism of henselian,
local schemes. Assume that k(x) = k(s) is perfect, f has relative dimension > 1
and S has dimension > 1. Then 71 (X \ {z}) = 1.

Proof. Over C, a topological proof is given in (4.39). A similar algebraic
argument is the following.

Set X0 := X \ {z} and let X° — X be a finite étale cover. Let (,T) be the
spectrum of a DVR and (¢,7) — (s,S) a local morphism that maps the generic
point of T" to a generic point of S. By pull-back we get a finite étale cover X:(} —
X2. Since X7 is regular and of dimension > 2, the purity of branch loci implies
that X9 — X9 is trivial. In particular, X° — X0 is trivial on every irreducible
component X? C X°.

Thus X° — X0 is also trivial on X0. If X0 = U; Z3 then, for every i, j there is a
unique irreducible component X% C X that dominates X 9 and contains Z;J. Fur-
thermore X9 := U; X7 is a connected component of X° that maps isomorphically
onto X°. Thus X° — X0 is trivial. d

4.39 (Links and smooth morphisms). Let f : X — S be a smooth morphism of
complex spaces of relative dimension n > 1. We describe the topology of the link
of a point z € X in terms of the topology of the link of s := f(z) € S.

We can write S C CL such that s is the origin and X = S x C} where z is
the origin. Intersecting S with a sphere of radius € centered at s we get Lg, the
link of s € S. The intersection of S with the corresponding ball of radius € is
homeomorphic to the cone Cs over Lg.
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The link Lx of x € X can be obtained as the intersection of X with the level
set max{>"|z|?, >°|t;|*} = €2. Thus Ly is homeomorphic to the amalgamation of

LsxD? = {(z,t): Y ]z> =€, Y|t;|* <€} andof
Cs xSt = {(z,t): Y|z < €2, Yo|t;]2 = €2},  glued along
Ls x$* 1 = {(z,t): Y|z* =, Y|t,]? = 2}

Note that 71 (Lg) = m1 (Lg x D*") injects into 71 (Lg x S?*™~1), but the latter gets
killed in the cone Cy x S?”~!. Thus Lx is simply connected for n > 1.

The cohomology of Lx can be computed from the Mayer-Vietoris sequence.
Using that H* (LS x D2, Z) =H (LS,Z) and H* (CS X SQ”_l,Z) =H (SQ”_l,Z),
for H? the key pieces are

— H'(Ls,Z) + H'(S*",Z) — H'(Ls x$*1,7)
— HZ(LX,Z) — Hz(LS,Z)+H2(SQ"*1,Z) N HQ(LSXS2"*1,Z),

If n > 2 then this gives that H? (LX,Z) = 0. If n = 1 then, using the Kiinneth
formula we get that

H?(Lx,Z) = H°(Ls,Z)/Z. (4.39.1)
We have thus proved the following.

Claim 4.39.2. f: X — S be a smooth morphism of complex spaces, Lx the
link of a point € X and s := f(z). Assume that dim, X > dim, S > 1.

Then Ly is simply connected. Furthermore, H?(Lx,Z) = 0 iff the link of s € S
is connected. (]

The next result can be used to understand those divisors that become Cartier
after pull-back to the seminormalization.

LEMMA 4.40. Let w: (s' € S') — (s € S) be a local morphism of reduced, local
schemes that is an isomorphism outside the closed points and such that k(s") = k(s).
Let X — S be a flat morphism, x € X, a point and ' € X' := X xgS5’ its preimage.
Consider the pull-back map 7 : Pic'*®(z, X) — Pic'°°(z’, X'). Then

(1) 7 is an injection if depth, X > 2,

(2) kerm* is a (possibly infinite dimensional) k(s)-vector space if char k(s) =0
and

(3) kerm* is a (possibly infinite dimensional) unipotent group in general.

Proof. Let m C Og and m’ C Qg+ denote the maximal ideals and I’ C Qg the
conductor ideal. By assumption Qg /I’ is artinian, thus there is an r € m’\ I’ such
that m'r € I'. Set Og, := (Og,r). Since I' C Og, we see that Og, /Os = k(s).
Iterating this procedure eventually ends with S’ = S,, for some n. Thus it is enough
to prove the lemma in the special case when Og:/Og = k(s), hence m'/m = k and
m-QOg C Og.

Set U := X \{z} and U’ := X'\ {z'}. We claim that there is an exact sequence

1= 05 — O0f 5 Oy, — 0, (4.40.1)

defined as follows. Since X, = X/, for any local section h’ of Oj;,, there is a local

s’

section h of Of; such that h'|x/ = h|x,. Now we set

T:h — %71 Em/OU//mOU = Oy, -
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To see that it is well defined, note that any other choice of h is of the form h/(1+g)
where g € mQOy. Then

B! _ R B!
and the last 2 terms are contained in mQOp. From (4.40.1) we get the exact sequence
H(U', 05,) 5 HY(Uy, Oy, ) — Pic°(z, X) — Pic'**(2/, X'). (4.40.2)

We claim that

coker(r) = H°(Uy, Oy, ) /H® (X0, Ox,)-
Indeed, let ¢§ be any global section of Oy, that extends to a global section ¢ of
Ox,. Then it lifts to a section ¢ of m'Ox,. Now b’ := 1+ ¢ and g := 1 show that
() = 03,

Finally note that depth, X > 2 iff H° (Uo, OUD) =H° (Xo, OXO). Otherwise
their quotient is a k(s)-vector space that is finite dimensional if dim Xy = 2 but
infinite dimensional if dim Xy = 1. An extension of k(s)-vector spaces is a k(s)-
vector space if char k(s) = 0 and a unipotent group in general; cf. [Bor91, §10]. O

Positive characteristic examples.
We show by a series of examples that p-torsion is a frequently occurring problem
in positive characteristic.

EXAMPLE 4.41. In (4.13) we studied the trivial family X := (zy(x —y) =0) C
A3 . over the curve C := (zy(x —y) = 0) C AZ,. We proved that for ¢ # 0 the
divisor D, :=(x =2=0)+ (y =2=0)+ (r —y = z — cx = 0) is not Cartier, yet
its pull-back to the normalization is Cartier.

Here we note that if chark = p > 0 then 2P — cPxy?~! = 0 shows that pD, is a

Cartier divisor.

EXAMPLE 4.42. In (4.14) we considered the cusp C' := (2* = y°) C A7, the
trivial curve family Y := C x Al — C and the Weil divisor D := image of t
(t3,12,1).

We proved that D% is not Q-Cartier in characteristic 0 but the equation
pDt = (1331(1073)/2 - Zp)
shows that it is Q-Cartier in characteristic p > 0.
The next example shows that the previous ones are rater typical.

EXAMPLE 4.43. Let k be an algebraically closed field of characteristic p > 0
and B, C smooth curves over k. Let A be an effective divisor on B x C.

Let 7¢ : C — C' be any birational, universal homeomorphism. Taking product
by B we get a homeomorphism 7 : B x C — B x C' and hence a divisor A’ := 7, A
on B x C’. We claim that A’ is Q-Cartier. Indeed, since 7 is a homeomorphism, it
factors through a power of the Frobenius

1px Eyn : BxC -3 BxC' 5 BxC,

see, for instance, [Kol97, Sec.6]. Since (15 X Fpm)*A = p™A, we see that (7/)*A =
p™A’ hence p™A’ is Cartier.

A typical local example of this with concrete equations is the following. Con-
sider the higher cusp C,, := (2* = y*"*!) C AZ, and the trivial curve family
Y, := C, x Al — C,,. The normalization is A} x Al and (s, 2) — (s2"*1 52, 2).
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Next consider the Weil divisor D,, C Y, which is the image of the map t
(t27+1 #2 t) € Y,. Its preimage in the normalization is the image of the diagonal
map t — (t,t) € Al x AL

Choose m > 0 such that p™ > 2n + 1 and set ¢ := 1(p™ — 2n — 1). We claim
that p™D,, is a Cartier divisor with equation 2z’ — zy® = 0. Indeed, pulling back

to the normalization we get
2P P (2)e = (2 —s)P".
A similar seminormal example is the following.

EXAMPLE 4.44. Let k be a field of characteristic p > 0 and a € k \ kP. Set
R := k+ (2P — a)k[z] C k[z]. As we noted in (3.30), R is seminormal but not
weakly normal.

The ideal (z — x) is the kernel of the diagonal morphism d : k[z, ] — k[t] that
sends z — t,x +— t. Let P C RJ[z] denote the kernel of its restriction dg : R[z] —
k[t]. Then P is not a principal ideal but its pth symbolic power P®) is generated
by 2P —a — (2P — a) € R]z].

4.5. Stability is representable II

Assumption. In this Section we work over a field of characteristic 0.

Let f: (X,A) — S be a well defined family of pairs (4.4.3) using the common
denominator definition of the divisorial pull-back (4.4.2). By (4.3.3), the pull-
back does not depend on the choice of the common denominator since we are in
characteristic 0.

In (3.68) we gave 5 equivalent definitions locally stable families of varieties. No
we extend these to families of pairs. The main difference is that the natural analog
of (3.68.1) is no longer equivalent to the others; see Section 2.6 for some case when
it is.

DEFINITION-THEOREM 4.45. Let S be a reduced scheme and f: (X,A) — S
a projective, well defined family of pairs. Then f : (X,A) — S is locally stable or
slc if the following equivalent conditions hold.

(1) Kx/s+Ais Q-Cartier and the fibers (X, A,) are slc for all points s € S.

(2) Kx/s+ Ais Q-Cartier and (X, Ay) is sle for all closed points s € S.

(3) fr: (Xr,Ar) — T is locally stable whenever T is the spectrum of a DVR,
and ¢ : T — S is a morphism.

Proof. The arguments are essentially the same as in (3.68). It is clear that (1)
= (2). The converse and (2) = (3) both follow from (2.3) after base change.

If (3) holds then all fibers are slc. In particular, msKx_ + msA; is Cartier
for some mg > 0 for every s € S. By (3.63) there is a common m such that
mK x, +mA is Cartier for every s € S. Let T be the spectrum of a DVR mapping
to S. Then Kx,,r + Ar is Q-Cartier by assumption, thus mKx.,.,r + mAr is
Cartier by (2.92) or the stronger (2.90). Finally the Valuative criterion for Cartier
divisors (4.36) shows that mKx + mA is Cartier. O

We can now state the main result of this section which can be thought of as a
local variant of [HMX14]. Eventually we remove the reduced assumption in (?77).

THEOREM 4.46. Let f : (X,A) — S be a projective, well defined family of
pairs. Then the functor of locally stable divisorial pull-backs is represented by a
locally closed partial decomposition it : S™t — S for reduced schemes.
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As in (3.1), a proper morphism f : (X,A) — S is called stable iff it is locally
stable and Kx/s+A is Q-Cartier and f-ample. Since ampleness is an open condition
for a Q-Cartier divisor, (4.46) implies analogous result for stable morphisms.

COROLLARY 4.47. Let f : (X,A) — S be a projective, well defined family of
pairs. Then the functor of stable divisorial pull-backs is represented by a locally
closed partial decomposition %2 : S%2P — S for reduced schemes. (]

We start the proof of (4.46), which will be completed in (4.50), with a weaker
version.

LEMMA 4.48. Let f : (X,A) — S be a proper, well defined family of pairs.
Then there is a finite collection of locally closed subschemes S; C S such that
(1) fi: X;:=X xgS; — S; is locally stable for every i,
(2) Kx,s, +As, is Q-Cartier and
(3) the fiber (X5, Ay) is slc iff s € U;S;.
In particular, {s : (X5, As) is slc} C S is constructible.

Proof. Being demi-normal is an open condition by (10.41) and slc implies demi-
normal by definition. Thus we may assume that all fibers are demi-normal and S
is irreducible with generic point g. Throughout the proof we use S® C S to denote
a dense open subset which we shrink whenever necessary.

First we treat morphisms whose generic fiber X, is normal.

Case 1: (Xg4,4y) is le. Then m(Kx, + Ay) is Cartier for some m > 0 hence
m(Kx/s + A) is Cartier over an open neighborhood of g. Next consider a log
resolution p, : Y, — X,. It extends to a simultaneous log resolution p° : Y9 —
XY over a suitable S° ¢ S. Thus, if EY C Y° is any exceptional divisor, then
a(Es, X5, Ag) = a(E°, X° A%) = a(E,, X,4,A,). This shows that all fibers over S°
are lc.

Case 2: (X4,A,) is not lc. Note that the previous argument works if Kx, +A,
is Q-Cartier. Indeed, then there is divisor E with a(Ey, X4,Ay) < —1 and this
shows that a(Es, X5, A;) < —1 for s € SY. However when Kx, + Ay is not Q-
Cartier then the discrepancy a(Ey, Xg4, A ) is not defined. We could try to prove
that Ky, + A is not Q-Cartier for s € S° but this is not true in general; see (4.15).

Thus we use the notion of numerically Cartier divisors (4.52) instead. If Kx  +
Ay is not numerically Cartier then, by (4.55), Kx, + A is also not numerically
Cartier over an open subset S° 3 g. Thus (X,, A,) is not lc for s € S°.

If Kx, + A, is numerically Cartier then the notion of discrepancy makes sense
(4.52) and, again using (4.55), the above arguments show that if (X,,A,) is nu-
merically lc (resp. not numerically 1c) then the same holds for (X, A;) for s in a
suitable open subset S 3 g. We complete Case 2 by noting that being numerically
lc is equivalent to being lc by (4.53).

An alternate approach to the previous case is the following. By (4.54) the log
canonical modification (5.16) 7, : (Y,,04) — (X4, Ay) exists and it extends to a
simultaneous log canonical modification 7 : (Y,0) — (X, A) over an open subset
SY ¢ S. By the arguments of Case 1, (Y, ©;) is lc for s € S° and the relative
ampleness of the log canonical class is also an open condition. Thus 7 : (Y5, 05) —
(X5, Ag) is the log canonical modification for s € SY. By assumption 7, is not an
isomorphism, so none of the 75 are isomorphisms. Therefore none of the fibers over
SO are lc.
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If X, is not normal, the proofs mostly work the same using a simultaneous
semi-log resolution [Kol13c, Sec.10.4]. However, for Case 2 it is more convenient
to use the following argument.

Let mg : )_(g — X, denote the normalization. Over an open subset S% 3 git
extends to a simultaneous normalization (X, D+ A) — S If (Xg, Dg + Ag) is not
lc then (XS, D, + AS) is not lc for s € S°, hence (X4, A,) is not slc, essentially by
definition; see [Kol13c, 5.10].

Using the already settled normal case, it remains to deal with the situation
when (X, Dy + A,) is lc for every s € S°. By [Koll3c, 5.38], (X, A,) is slc iff
Diff bn A, is Te-invariant. The different can be computed on any log resolution as
the intersection of the birational transform of D, with the discrepancy divisor. Thus
Diff folt A, is also locally constant over an open set S°. Therefore, if Diff b Ag is
not 7y-invariant then Diff Dr A, is also not 7,-invariant for s € S°. Hence (X,, Ay)
is not slc for every s € S°.

In both cases we complete the proof by Noetherian induction. (I

The following consequence of (4.48) is quite useful, though it could have been
proved before it as in (3.69).

COROLLARY 4.49. Let f : (X,A) — S be a proper, well defined family of
pairs. Assume in addition that w[)?;]s(mA) is locally free for some m > 0. Then

{s:(Xs,As) is slc } C S is open.

Proof. By (4.48) this set is constructible. A constructible set U C S is open iff
it is closed under generalization, that is, x € U and x € § implies that y € U. This
follows from (2.3). O

4.50 (Proof of (4.46)). Let S; C S be as in (4.48). By restriction we get slc
families f; : (X;,A;) — S;. In particular, there is an m; > 0 such that m; (KXi/Si +
Ai) is Cartier. Let m be a common multiple of the m;. Then m(Kx, + Ay) is
Cartier whenever (X, Ay) is sle.

We apply (4.35) to the family f : (X, m(Kx/s + A)) — S to obtain S — S
such that, for every seminormal S-scheme ¢ : T' — S, the pulled-back divisor
m(KXT/T + AT) is Cartier iff ¢q factors as ¢ : T'— S — S.

Assume now that fr : (Xp,Ar) — T is slc. Then, as we noted in (3.62),
m(KXT/T + AT) is Cartier, hence g factors through S — S. As we observed in
(3.37), this implies that S%'¢ = (S°)slc, By definition Kxcarjgear + A is Q-Cartier,
thus (4.49) implies that S®!¢ = (S°¥)sI¢ is an open subscheme of S, O

We showed in (4.15) that being Q-Cartier is not a constructible condition. The
next result shows that the situation is better for boundary divisors of lc pairs.

COROLLARY 4.51. Let f: (X,A) — S be a proper, flat family of pairs with slc
fibers. Let D be an effective divisor on X. Assume that

(1) either Supp D C Supp A,
(2) or Supp D does not contain any of the log canonical centers of any of the
fibers (X, Ay).

Then {s: Dy is Q-Cartier} C S is constructible.
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Proof. Choose 0 < ¢ < 1. In the first case (X, As — €Dy) is sle iff Dy is
Q-Cartier. In the second case (X, As + €Dy) is sle iff Dy is Q-Cartier. Thus, in
both cases, (4.48) implies our claim. O

Numerically Q-Cartier divisors.

DEFINITION 4.52. Let g : Y — S be a proper morphism. A Q-Cartier divisor D
is called numerically g-trivial if (C-D) = 0 for every curve C C Y that is contracted
by g.

Let X be a normal scheme and p : Y — X a resolution. A Q-divisor D on
X is called numerically Q-Cartier if there is a p-exceptional Q-divisor Ep such
that Ep + p; ! D is numerically p-trivial. (See (4.57) for a different variant of this
definition.)

If g : X — S is proper then a numerically Q-Cartier divisor D is called numer-
ically q-trivial if Ep + p; 1D is numerically g o p-trivial on Y.

Being numerically Q-Cartier is preserved by g-linear equivalence. Indeed, if
Dy ~g D then there is a function f such that (f) = mD; — mDy for some
m > 0. Thus (f op) = mp; Dy — mp; Dy + Ef where Ey is p-exceptional. Hence
Ep, — Ep, = ~E;. We can thus define when a linear equivalence class |D| is
numerically Q-Cartier, though the divisors Ep depend on D € |D|. It is easy to
see that these notions are independent of the resolution.

For Kx + A we can make a canonical choice. Thus we see that Kx + A
is numerically Q-Cartier iff there is a p-exceptional Q-divisor Exa such that
Exin + Ky + p;'A is numerically p-trivial

If Kx + A is numerically Q-Cartier then one can define the discrepancy of any
divisor E over X by

a(E,X,A) :=a(E,Y,Exia +p; 'A).

We can thus define when a pair (X, A) is numerically lc. This concept was useful
in the proof of (4.48). There are many divisors that are numerically Q-Cartier but
not Q-Cartier, however, the next result says that the notion of numerically lc pairs
does not give anything new.

THEOREM 4.53. [HX16, 1.6] A numerically lc pair is lc.

Outline of proof. This is surprisingly complicated, using many different ingre-
dients. For clarity, let us concentrate on a very special case when (X, A) is dlt,
except at a single point & € X. All the key ideas appear in this case but we avoid
a more technical inductive argument.

Let f: (Y,E4+Ay) — (X, A) be a Q-factorial, dIt modification (as in [Kol13c,
1.34]) where E is the exceptional divisor dominating x and Ay is the birational
transform of E. Let Ag := Diffg Ay. Then (E,Ag) is a semi-dlt pair such that
KEg + Ag is numerically trivial. Next we need a global version of the theorem.

Claim 4.53.1. Let (E, Ag) is a semi-slc pair such that Kg 4+ Ag is numerically
trivial. Then m(Kg + Ag) ~ 0 for some m > 0.

The first general proof is in [Gon13], but special cases go back to [Kaw85,
Fujo0]. We discuss a very special case: E is smooth and A = 0. The following
argument is from [CKP12, Kaw13].

We assume that Og(Kg) € Pic”(E) but after passing to an étale cover of E we
have that Op(Kg) € Pic°(E). Note that H"(E,Og(Kg)) = 1 where n = dim E.
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Next we use a theorem of [Sim93] which says that the cohomology groups of line
bundles in Pic® jump along torsion translates of subtori. However

H"(E,L)=1% H°(E,L”'(Kg)) =1 L= Op(Kg).
Thus Og(KE) is a torsion element of Pic®(E). O

It remains to lift information from the exceptional divisor E to the dlt model
Y. To this end consider the exact sequence

0— Oy (m(Ky—FE—FAy)—E) — Oy (m(Ky—FE—FAy)) — O (m(KE—FAE)) — 0.
Note that m(Ky + E + Ay) —F - (Ky + Ay) ~q,s 0, thus
R'f.(Oy (m(Ky + E4+ Ay) — E)) =0

by [Kol13c, 10.38.1] (or the even stronger [Fuj14, 1.10]). Hence a nowhere zero
global section of Og (m(KE + AE)) lifts back to a global section of Oy (m(Ky +
E+ Ay)) that is nowhere zero near E. Thus Ox (m(KX + A)) >~ .0y (m(Ky +
E+ Ay)) is free in a neighborhood of x. (]

The following was used to give an alternate proof of one of the steps in (4.48).
C. Xu pointed out that it can be proved using the arguments of [OX12].

THEOREM 4.54. Let X be a normal variety and A a boundary such that Kx +A
is numerically Q-Cartier. Then (X, A) has a log canonical modification (5.15). O

The advantage of the concept of numerically Q-Cartier divisors is that we have
better behavior in families.

PROPOSITION 4.55. Let f : X — S be a proper morphism with normal fibers

over a field of characteristic 0 and D a generically Cartier family of divisors on X.
Then

{s € S: Dy is numerically Q-Cartier}

is a constructible subset of S.

Proof. Let g € S be a generic point. We show that if D, is numerically Q-
Cartier (resp. not numerically Q-Cartier) then the same holds for all Dy in an open
neighborhood s € S° C S. Then we finish by Noetherian induction.

To see our claim, consider a log resolution p, : Yy — X,. It extends to a
simultaneous log resolution p° : Y% — X9 over a suitable open neighborhood
geSVcs.

If D, is numerically Q-Cartier then there is a pg-exceptional Q-divisor E, such
that B, + (py)s ' Dy is numerically p,-trivial. This E, extends to a p-exceptional
Q-divisor E and E + p;'D is numerically p-trivial over an open neighborhood
g € S° C S by (4.56). Thus Dy is numerically Q-Cartier for s € S°.

Assume next that Dy is not numerically Q-Cartier. Let E; be the p-exceptional
divisors. Then there are proper curves C’g C Y, that are contracted by p, and such
that (pg), ' Dy, viewed as a linear function on @;R[C7], is linearly independent of
the E;. Both the divisors E; and the curves C; extend to give divisors E? and
the curves CY over an open neighborhood g € S° C S. Thus (ps); ! Ds, viewed as
a linear function on &;R[C?], is linearly independent of the E?, hence Dy is not
numerically Q-Cartier for s € S°. a
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LEMMA 4.56. Let p:Y — X be a morphism of proper S-schemes and L a line
bundle on' Y. Then

S™ = {s € S : Ly is numerically ps-trivial}
is an open subset of S.

Proof. Let us start with the special case when X = S.

Let g € S be a generic point. If L, is not numerically trivial then there is a
curve Cy C Y, that is contracted by py and such that (Cy-Lg) # 0. Let s € S be any
specialization of g and Cy the specialization of Cy. Then (C - Ls) = (Cy - Lg) # 0
shows that L, is also not numerically trivial.

If Ly is numerically trivial then L* is algebraically equivalent to 0 by [Laz04,
1.4.38] for some m > 0. We can spread out this algebraic equivalence to obtain
that there is an open subset g € S° C S such that L is algebraically (and hence
numerically) equivalent to 0 on all fibers of p over S°.

Applying this to Y — X shows that

X" .= {r € X : L, is numerically trivial on Y, }
is an open subset of X. Thus
SNt = S\’]Tx(X\Xm)
is an open subset of S, where mx : X — S is the structure map. (Il

REMARK 4.57. On a normal surface every Q-divisor is numerically Q-Cartier.
This observation was used in [Mum61] to define intersection numbers of divisors on
normal surfaces but in higher dimensions one needs a different version of numerically
Q-Cartier in order to define intersection numbers with curves.

Let X be a proper and normal variety. Let us say that a divisor D on X is
strongly numerically Q-Cartier if there is a p-exceptional Q-divisor Ep such that
Ep + p;'D is strongly numerically p-trivial, that is, (Z -(Ep + p*_lD)) = 0 for
every (not necessarily effective) 1-cycle Z on Y such that p.[Z] = 0.

For example, let £ C P? be a smooth cubic and S C P? the cone over it. For
p € E'let L, C S denote the line over p. Set X := S x E and consider the divisors
D, swept out by the lines L,, x {p} for some fixed py € E, and D,, swept out by
the lines L, x {p} for p € E. Then D; — D5 is numerically Cartier but not strongly
numerically Cartier. To see the latter compute that if F' is the exceptional divisor
obtained by blowing up the singular locus then F - (D] — D4)? = —2 where D
denotes the birational transform of D;.

One can define the intersection of a 1-cycle W C X with a strongly numerically
Q-Cartier divisor D by the formula

(D-W) =p.(Wy - (Ep +p;'D)),

where Wy C Y is any 1-cycle such that p,(Wy) = W. (We can set Wy = p W if
the latter is defined but there is always a 1-cycle Wy such that p,(Wy) = dW for
some d > 0.)

If D is Q-Cartier outside a finite set of points then D is strongly numerically
Q-Cartier iff it is numerically Q-Cartier and this case can be understood in terms
of the local Picard groups of X as follows.

Assume that dim X > 3 and D is Cartier except at a point € X. There is a
local Picard scheme Picloc(x, X) which is an extension of a finitely generated local
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Néron-Severi group with a connected algebraic group Pic®“~°(z, X); see [Bou78]
or [Kol16a] for details. Then D is numerically Q-Cartier iff [D] € Pic'**™ " (z, X)
where Pic'*“™"(z, X)/ Pic'°“™°(x, X) is the torsion subgroup of the local Néron-
Severi group.

The local Picard scheme also exists in positive characteristic, thus one can turn
the above equivalence into a definition of numerically Q-Cartier divisors in positive
characteristic. However, it is not clear how to prove various theorems, including
(4.55), using this definition.

Over C one can also consider those line bundles on the smooth locus of X that
extend to a topological line bundle on X. It is not clear how this notion compares
with the above algebraic ones.

4.58 (Comments on positive characteristic). There are numerous problems with
the arguments of this section in positive characteristic.

To start with, the 3 versions of the basic definition (4.45) are nor known to be
equivalent. Clearly (4.45.1) implies the other two, we can adopt it as the definition
in general.

The discussion in (10.40) has gaps in characteristic 2, but these can be fixed.

Case 1 of the proof of (4.48) uses generic smoothness. For surfaces the structure
of slc singularities in any characteristic is worked out in [Kol13c, Sec.3.3], and this
can be used instead of generic smoothness. Probably one can do something similar
in higher dimensions as well. We also use many properties of the different that are
not known in positive characteristic.

The discussion on numerically Q-Cartier divisors uses resolution of singularities.
A treatment without resolution would be desirable.

Finally (4.53) is also not known in positive characteristic.

4.6. Varieties marked with divisors

We now start to construct the seminormalization of the moduli space of stable
pairs (X A = ZiaiDi), by constructing a moduli space of varieties with distin-
guished Weil divisors. The reasons for working with seminormalization are dis-
cussed in (4.63).

DEFINITION 4.59. Let k be a field. A variety marked with divisors or a marked
variety over k is an object (X, D', ..., D™) consisting of
(1) a pure dimensional, geometrically connected, geometrically reduced k-
scheme X that satisfies Serre’s condition Ss and
(2) effective Weil Z-divisors D!,..., D™ on X such that none of the irre-
ducible components of the D? are contained in Sing X.
As we noted in (4.16.7), we can identify each D¢ with a divisorial subscheme, which
we also denote by D°.

DEFINITION 4.60. Let S be a reduced scheme. A family of varieties marked
with divisors over S is a compound object f : (X, D', ..., D™) — S where
(1) f: X — S is a pure dimensional, flat morphism with geometrically con-
nected, geometrically reduced, S; fibers and
(2) the D' are well defined families of divisors on X (4.1.6),
such that the fibers (X, DL, ..., D™) satisfy (4.59.1-2) for every s € S. (Here D?
denotes the divisorial restriction as in (4.1.5).)
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Note that (X, D!, ..., D™) is not a variety marked with divisors unless S itself
is a variety that is S5.

Aside. The flatness assumption on f is, to some extent, a matter of choice.
Many of the basic results hold provided the non-flat locus of f has codimension > 2
in each fiber. On the other hand, working with non-flat morphisms is technically
much harder and we saw in (3.11) that flatness holds for locally stable morphisms.

DEFINITION 4.61. If we have both marking divisors and a polarization as
in (3.77), we get the notion of a polarized variety marked with divisors or a po-
larized, marked wvariety consisting of a projective variety marked with divisors
(X,D',...,D™) plus an ample line bundle L on X. Similarly, we have polar-
ized families of varieties marked with divisors over a reduced scheme S. These are
written in the form

f:(X;D',...,.D™ L) —S. (4.61.1)
As before, for technical reasons it is more convenient do deal with strong polariza-
tions. Thus we let

S = P MV(n,m, N)(S) (4.61.2)

denote the functor, sheafified as in (3.78.3), that associates to a reduced scheme S
the set of all families of projective varieties with a strong polarization and marked
with divisors

f:(X;D',...,.D™ L)~ S (4.61.3)
for which f.L is locally free of rank N + 1. (Since L is flat over S, the vanishing of
the R!f,L implies that f.L is locally free.)

DEFINITION 4.62 (Embedded marked varieties). The functor of strongly em-
bedded marked varieties is denoted by

S = ESMV(n, m,PN)(S). (4.62.1)

It associates to a reduced scheme S the set of all families of closed subschemes of a
given IP’{SV marked with divisors

fr (X cPy;D',...,D™0x(1)) - S (4.62.2)
where Ox (1) is strongly ample. The latter condition is equivalent to
Rim,Opn (1) 2 R f.Ox (1) for i>0, (4.62.3)

where 7 : ]P’g — S is the natural projection.
Equivalently, we can view £5MV(n, m,PV) as parametrizing objects

(f (X;DY,... D™ L) = S e IsomS(PS(f*L),IPg)) (4.62.4)

consisting of a strongly polarized family of varieties marked with divisors plus a
projective framing ¢ : Pg(f.L) = PY.

4.63 (Comment on seminormality). Hilbert schemes work well over any base
scheme, but in [Kol96] the theory of Cayley—Chow families is developed only over
seminormal bases. In characteristic 0 it might be possible to work over reduced
base schemes (see [Bar75] for key special cases) but examples of Nagata [Nag55]
suggest that in positive characteristic the restriction to seminormal bases may be
necessary.! Thus, in what follows, we work with the above functors over seminormal
bases. We indicate this by adding a superscript " to the notation.

LThe situation is not clear to me. JK
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Thus, for example, we let
S = PMV™(n,m, N)(S) (4.63.1)

denote the restriction of the functor PMV(n, m, N) to seminormal schemes S.

4.64 (Universal family of embedded marked varieties). Let B be a base scheme
(which we may as well assume seminormal for what follows). Fix a projective space
P and integers n > 1 and m > 0. In analogy with the Hilbert scheme and the
Chow variety, we construct a universal family of embedded varieties marked with
divisors in PJ.

Start with the universal family over the Hilbert scheme

Univ,, (PY) — Hilb, (P%). (4.64.1)

We are interested in varieties, these are parametrized by an open subset Hilbj, (Pg ) C
Hilb,, (PY). As before, it is more convenient to work with the smaller open sub-
set where the varieties are geometrically connected, geometrically reduced, Se and
Ox(1) is strongly ample (3.77). That is, we assume that

HY (PN, 0pn (1)) = H (X, 0x(1)) for i>0. (4.64.2)

These conditions give an open subset ESV(n,PY¥) C Hilb;, (P¥) c Hilb, (P¥). So
far ESV(n,PY) is a scheme, but at the next step it needs to be seminormal. So we
take base change to its seminormalization to obtain

Univ(n, P} )" — ESV(n, PY)™. (4.64.3)

(Note that the universal family is obtained by base change, so its total space need
not be seminormal since the fibers are not assumed seminormal.)

So far we have the universal family for the underlying varieties. Next take the
universal family of well defined families of Weil divisors (3.21)

WDiv(Univ(n, P§)™/E*V(n, PY)™). (4.64.4)

Warning. This space is defined and is known to be universal only for families over
seminormal bases. This is why we can not yet work over reduced base schemes.
By (4.30) the latter has an open subset

WDiv® (Univ(n, P} )™/ E*V (n, P} )™) (4.64.5)

parametrizing pairs (X, D) for which X is generically smooth along Supp D. Fur-
thermore, by (4.30.3), there is a universal family of generically Cartier divisors

Univ®® (Univ(n, P§ )™/ ESV(n, P} )™) — WDiv® (Univ(n, PJ )™/ EV(n, P} )™).
Finally take the fiber product of m copies of
WDiv® (Univ(n, PY )™/ E*V(n, P )™) — E*V(n,P})™
and then seminormalize to obtain the moduli space of embedded marked varieties
with a strong polarization
ESMV*™ (n,m,P¥) — B. (4.64.6)

Over ESMV®*"(n,m,PY¥) we have a universal family of strongly polarized varieties
marked with divisors

F:(X,D',...,D™ L) = EMV™(n,m,P}), (4.64.7)
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where we really should have written
<X(n,m,]P’g),D1(n,m,Pg), .., D™ (n,m,PY); L(n,m,IP’g))
but the latter is rather cumbersome.

It is clear from the construction that the spaces ESMV®™" (n, m, PY ) parametrize
polarized families of varieties marked with divisors, where the varieties are equipped
with an extra framing.

PROPOSITION 4.65. Let B be a seminormal scheme and fix n,m, N. Then the
scheme of embedded, marked varieties ESMV®" (n,m,PY) constructed in (4.64) rep-
resents the functor ESMV™ (n, m,PN), defined in (4.62), for seminormal schemes.
That is, for every seminormal scheme S over B, there is a natural one-to-one
correspondence between

(1) Morp (S, ESMV®*(n,m,P¥)) and

(2) families of n-dimensional, geometrically connected, geometrically reduced,
Sy varieties, with a strong polarization and marked with generically Cartier
divisors f : (X;DY,...,D™; L) — S, such that f.L is locally free of rank
N + 1, plus a projective framing Pg(fiL) = ]P’fgv. ([l

4.66 (Boundedness conditions). The schemes ESMV®"(n, m,PY) have infinitely
many irreducible components since we have not fixed the degrees of X and of the
divisors D?. Set

deg, (X;D',...,D™) := (deg, X,deg; D',...,deg; D™) e N™*1.  (4.66.1)

This multidegree is a locally constant function on ESMV®(n,m,P¥) by (3.21),
hence its level sets give a decomposition

ESMV™ (n, m, PR) = Mgeymr BEMVY (n, m, PY). (4.66.2)

The spaces EMV{' (n, m, Pg ) are quasi-projective, though usually non-projective,
reducible and disconnected.

The general correspondence between the moduli of polarized varieties and the
moduli of embedded varieties (?77) gives now the following.

COROLLARY 4.67. Let B be a seminormal scheme and fix n,m, N. Then the
stack [ESMV™ (n,m,PY)/PGLy41(Op)] represents the functor PSMV™ (n,m, N),
defined in (4.61.4) and (4.63.1) for seminormal schemes. O

Already for 1-dimensional marked pairs, the stacks [ESMV** /PGL] are very
complicated. They are not separated and have high dimensional stabilizers. Next
we show that the substacks of stable pairs are much better behaved.

4.7. Moduli of marked slc pairs I

4.68. So far we have studied slc pairs (X, A) but did not worry too much about
how A was written as a sum of divisors. As long as we look at a single variety,
we can write A uniquely as Y a;D; where the D; are prime divisors and there is
usually not much reason to do anything else.

However, the situation changes when we look at families. Assume for instance
that we have an slc family over an irreducible base f : (X,A) — S with generic
point g € S. Then the natural approach is to write Ay = Y~ a; D, where the D
are prime divisors on the generic fiber X,. For any other point s € S this gives
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a decomposition Ay = Y a; D}, where D} is the specialization of D}. Note that
the D! need not be prime divisors. They can have several irreducible components
with different multiplicities and two different D%, DJ can have common irreducible
components. Thus Ag = Y a; D! is not the “standard” way to write A,.

Let us now turn this around. We fix a proper slc pair (X, Ag) and aim to
understand all deformations of it. A first suggestion could be the following;:

Naive definition 4.68.1. An slc deformation of (X, Ap) over a local scheme
(0 € S) is a proper slc morphism f : (X,A) — S whose central fiber (X,A) is
isomorphic to (Xg, Ag).

As an example of this, start with (Piy, (x = 0)) Pick any n > 1 and polyno-
mials a;(t) that vanish at ¢ = 0. Then

(P;_y x AL L(2" + ap_y (D" Ty + - + ag()y" = 0)) (4.68.2)

is a deformation of (P}, (z = 0)) over Aj by the naive definition (4.68.1). We can
eliminate the a,_1(t)2" 1y term, hence we get a deformation space of dimension
n — 1. Letting n vary results in an infinite dimensional deformation space.

For a fixed n and general choice of the a;, the polynomial in (4.68.2) is irre-
ducible over k(t), thus our recipe above says that we should write A = LDy (where
D, is irreducible) and then the special fiber is written as (z = 0) = 1 (2" = 0).

The situation becomes even less clear if we take 2 deformations as in (4.68.2)
for 2 different values n, m and glue them together over the origin to get a family of
pairs over the nodal curve (st = 0). The family is locally stable. One side suggests
that the fiber over the origin should be 1 (2" = 0), the other side that it should be
Lzm=0).

This suggests that, at last over non-normal base schemes, some bookkeeping is
necessary to control the multiplicities. On the positive side, once we control how a
given Q-divisor A is written as a linear combination of Z-divisors, we obtain finite
dimensional moduli spaces. This leads to the following definition.

DEFINITION 4.69 (Marked slc pairs). Fix a finite index set I and real numbers
0<a; <lforiel. A marked slc pair with coefficient vector {a; : i € I} consists
of

(1) an slc pair (X, A) plus

(2) a way of writing A = 3" a;D;, where the D; are effective Z-divisors on X.
We also call " a;D; a marking of A. We allow the D; to be empty; this has the
advantage that the restriction of a marking to an open subset is again is marking.
However in other contexts this is not natural and I will probably sometimes forget
about empty divisors.

Observe that A = > a;D; and A = Y (3a;)(2D;) are different as markings.
This seems rather pointless for one pair but, as we observed in (4.68), it is a
meaningful distinction when we consider deformations of a pair.

Note that, for a given (X, A), markings are combinatorial objects that are not
constrained by the geometry of X. If A = 3" 0;B; and the B; are distinct prime
divisors, then the markings correspond to ways of writing the vector (by,...,b,) as
a positive linear combination of nonnegtive integral vectors.

Comments. Working with such markings is a rather natural thing to do. For
example, plane curves C of degree d can be studied using the log-CY pair (]P’z, Ac =
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%C) as in [Hac04]. Thus, even if C is reducible, we want to think of the Q-divisor
Ac as %C’; hence as a marked divisor with I := {1} and a; = %. Similarly, in most
cases when we choose the boundary divisor A, it has a natural marking.

However, when a part of A is forced upon us, for instance coming from the
exceptional divisor of a resolution, there is frequently no natural marking, though
usually it is possible to choose a marking that works well enough.

In some cases the marking is determined by A. If a; > % for every 7 then there
is at most 1 way of writing A = 3" a;D;, where the D; are effective Z-divisors.
However, if we allow a; = % then a divisor D can have 3 different markings: [D],
112D] or L[D] + 1[D]. The smaller the a;, the more markings are possible.

If I is a finite set then a divisor A has only finitely many possible markings.
More generally, this also holds if I is infinite but the numbers {a;} satisfy the strong
descending chain conditition (there is no infinite sequence a;, > a;, > --- where

the indices i1, i2,... are all different) and we ignore empty divisors.

DEFINITION 4.70 (Marked, locally stable families). Fix a finite index set I and
rational (or real) numbers 0 < a; < 1 for i € I. A marked, locally stable family
of pairs over a reduced scheme S and with coefficient vector a := {a; : 4 € I} is a
family of varieties marked with divisors f : (X; D% :i € I) — S (4.60) such that

(X, X a;D") — S s locally stable (4.45). (4.70.1)

Note that by (4.60.2) the D? are assumed to be well defined families of divisors. In
analogy with (4.61.2) we have the functor

S — MLSP(a)(S) (4.70.2)

that associates to a reduced scheme S the set of all proper, marked families of pairs
f:(X;D:iel)— S for which f: (X,Ya;D) — S is locally stable.
We are mostly interested in the subfunctor of marked, stable pairs

S = MSP(a)(s) (4.70.3)
where, in addition, Kx/g + Sa; D' is assumed relatively ample.

DEFINITION 4.71 (Polarized, marked, locally stable families). If we also have
a polarization, we get a polarized, marked, locally stable family of pairs

f:(X;D":iel;L)—S. (4.71.1)
In analogy with (4.61.2) we have the functor
S — PMLSP(n,a, N)(S) (4.71.2)

that associates to a reduced scheme S the set of all strongly polarized, marked,
locally stable families of pairs

f:(X;D':iel;L)— S (4.71.3)

for which f.L is locally free of rank N + 1. As in (3.78.3), we also need to sheafify
in the étale topology.

As in (4.62.1), we can also define the functor of strongly embedded, marked,
locally stable families

S 5 ESMLSP(n,a,PV)(9). (4.71.4)
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REMARK 4.72. There are some subtle aspects of the notion of marked, slc
families of pairs.

First we claim that every locally stable family of pairs can be viewed as a
marked family. Indeed, let f : (X, A) — S be a locally stable family of pairs. Write
A = >, b;B; where the B; are distinct prime divisors. Assume that the b; are
rational and let N be their smallest common denominator. Then D = 3" (Nb;)B;
is a generically Cartier family of divisors over S. Thus A = %D give a marking of
(X, A); we call this the natural marking. (We discuss real coeflicients in (?77).)

If S is normal then, by (4.21), a marking of (X, A) is the same as a marking of
the generic fiber (X, A,), hence markings are combinatorial objects, corresponding
to ways of writing the coefficient vector (b1, ...,b,) as a positive linear combination
of nonnegtive integral vectors.

However, if S is not normal, then the geometry of (X, A) constrains the al-
lowable markings. The reason for this is that each D? is generically Q-Cartier. In
particular, if S is connected then Supp D? dominates S for every i. For example,
consider the slc family of pairs

S = (St:O)CA2 X::P;yxs, A3:%B1+%Bg,

st

where By := (s = 2" —ty" = 0) and By := (t = 2™ — sy™ = 0). Here D; =
By, Dy = B> is not an allowed marking since the B; are not Q-Cartier. In fact, the
only possible marking is the natural one

A:(n,m)( m)B1+(n 32)7

nm \(n,m n,m)

and its obvious relatives of the form A =}, a;(mB1 +nBs).

As another example, let C' be a nodal curve with normalization (C’,p, q). Fix
4 points ay,...,ay on P, Let D}, D5 C C' x P! be two curves such that D] + D}
has simple normal crossings only, D; — C’ have degree 2, D} meets P, (resp.
JP’;) in the points aq,as (resp. ai,as) while D} meets IP’Zl, (resp. IP’}]) in the points
as,ay (resp. ag,aq). We can now glue P}) to ]P’é to get a locally stable family
f:(CxP! Dy + Dy) — C. Note that Dy + Dy is a Cartier divisor, but neither
Dy nor D, is Q-Cartier. Thus the only possible marking is the natural marking
D = D; + D, (and its obvious variations).

4.73 (Universal family of embedded, marked slc pairs). Fix a base scheme B,
the ambient projective space P, the dimension n and the number of divisors m.
By (4.65) there is a universal family

F:(X,D':iel;0x(1)) = EMV*™(n,|I|,P})

parametrizing embedded marked varieties of dimension n with a strongly ample
polarization. As we noted in (4.63), for now it is necessary to work with the
seminormalization.

Let us also fix a coefficient vector a := (a; : i € I). Since each D' is a family
of generically Cartier divisors (4.25), we can apply (4.46) to obtain a seminormal,
locally closed partial decomposition

j : E'MLSP*"(n,a,P¥) — ESMV*"(n, |I|,P})

which represents the functor of locally stable pull-backs for seminormal schemes.
We have thus proved the following.
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THEOREM 4.74. Fizx a base scheme B, the dimension n, the embedding di-
mension N and the coefficient vector a. Then ESMLSP*"(n,a,PY) represents the
functor ESMLSP™ (n,a,PN) over seminormal base schemes. O

General results about the moduli of polarized and embedded varieties (?77)
give the following.

COROLLARY 4.75. Fiz a base scheme B, the dimension n, the embedding di-
mension N and the coefficient vector a. Then the stack

[ESMLSP*" (n,a,P})/PGLg(N + 1)]
represents the functor PEMLSP™ (n,a, N) over seminormal base schemes. (I

4.76 (Hilbert function of a pair). Let (X, A) be a proper, slc pair. Its canonical
algebra is

R(X,Kx +A) = Y H (X, 0 ([rA])). (4.76.1)

(Observe that the use of rounding down ensures that we do get a ring.) As in
(3.65), the Hilbert function of (X, A) is the function

re (XA, 1) = x (X, WP ([rA])). (4.76.2)

One problem with this is that, unlike for the A = 0 case, the Hilbert function of the
fibers is mot locally constant for stable morphisms f : (X, A) — S for every value
of r; see (2.39) for an example. However, (2.76.2) says that deformation invariance
holds for certain values of r.

Claim 4.76.3. Fix a rational coefficient vector a = (a; : ¢ € I) and let d(a)
denote the smallest common denominator of the a;. Let f : (X,>  a;D;) — S be
a locally stable family of marked slc pairs. Then the Hilbert function of the fibers
s+ x(Xs, Ag,7) is locally constant on S whenever d(a) | 7. O

This leads us to define the open subfunctor
MSP(a,x)(x) C MSP(a)(x) (4.76.3)

of those families f: (X,> a;D;) — S for which
x(X, wgg](LrAJ)) =x(r) for every r € d(a)Z.
Then the stack of marked, stable pairs with coefficient vector a is decomposed as a
disjoint union
MSP(a) = II,, MSP(a, x), (4.76.5)
where x runs through all functions x : §(a)Z — Z.
As in (3.76.5), for technical reasons we also introduce the open subfunctors

MSPom(a, x)(+) C MSP(a, x)(+), (4.76.6)

consisting of those families f : (X,> a;D;) — S for which wggl/]s(mZaiDi) is
locally free and strongly f-ample.

Observe that, as in (3.76.5.b), if my | mg then MSP,,, (a,x) C MSP,,,(a, x)
and

MSP(a, x) = U,, MSP,,(a,x). (4.76.7)
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As in (3.83), fix the Hilbert polynomial h. Then we have a universal family
Univ(h) — E*SV®™(h) parametrizing strongly embedded, marked stable varieties
with Hilbert polynomial h. On Univ(h) we have the ample line bundle O(1) and
the mostly flat divisorial sheaf w!™ (|mA ), where w denotes the relative dualizing
sheaf of Univ(h) — E®SV®"(h). We can next apply (3.61) to this setting to obtain
the following.

COROLLARY 4.77. Fix a base scheme B, a rational coefficient vector a =
(a; : 1 € I), a function x : §(a)Z — Z and m. Set h(t) := x(mt). Then
CMSP: (a, x)(x) is represented by the seminormalization of a locally closed sub-
scheme

CEMSP}! (a, x) — EMSP®(a, h).
Therefore the quotient stack
[CEMSPS: (a, x)/PGLN4+1(0p)], where N = x(m) —1,

represents the functor MSP5 (a, x) defined in (4.76.6). O

Note that the properness of the PGLyi-action (?77) is equivalent to the
following immediate consequence of (2.46) about the scheme of relative automor-
phisms Auts(X,A) — S [Kol96, 1.1.10.2].

PROPOSITION 4.78. Let f : (X,A) — S be a stable morphism. Then the
induced map Autg(X,A) — S is finite. O

We can now combine (4.77) and (4.76.7) with the results of Section 2.4 to obtain
the following restatement of (4.9).

THEOREM 4.79. Fiz a base scheme B, a rational coefficient vector a = (a; : i €
I) and a function x : §(a)Z — Z. Then MSP™(a,x)(x), the functor of marked,
stable pairs with Hilbert function x over seminormal schemes, has a coarse moduli
space MSP(a, x)*® — B. Furthermore
(1) MSP®*"(a, x) is separated,
(2) MSP*"(a, x) satisfies the valuative criterion of properness and
(3) MSP®*"(a, x) is the directed union of its open subspaces MSP3) (a, x), which
are of finite type over B. O

COMPLEMENT 4.80. We see later that in fact
(1) MSP*"(a, x) — B is projective,
(2) MSP*(a, x) = MSP}(a, x) for some m depending on x and
(3) MSP*"(a, x) = red(MSP(a, x)).

Pairs with marked points.

So far we have studied varieties with marked divisors on them. Next we in-
vestigate what happens if we also mark some points. For curves the points are
also divisors and they interact with the log canonical structure. By contrast, in
dimension > 2, the points and the log canonical structure are independent of each
other. This makes the resulting notion much less interesting. However, it gives a
quick and convenient way to rigidify slc pairs, and this turns out to be useful in
Section 5.9.

DEFINITION 4.81. A flat family of r-pointed schemes is a flat morphism f :
X — S plus r sections o; : S — X. This gives a functor of r-pointed schemes.
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We are interested in r-pointed stable pairs. If we fix a rational coefficient
vector a = (a; : ¢ € I) and a Hilbert function x : é(a)Z — Z, we get the functor
MpSP*(a, x, 7)(*).

By (4.78) this has an open subfunctor MpSPiiq(a, x,7)(*) parametrizing
rigid objects, that is marked pairs (X, A, z1,...,x,) where the subgroup scheme of
Aut(X, A) that fixes the points z1,...,z, is trivial.

PROPOSITION 4.82. Using the notation of (4.79) and (4.81), the functor of
marked, r-pointed stable pairs MpSP™ (a, x,r)(*) has a coarse moduli space

MpSP(a, x,r)™ — B,

which is separated and satisfies the valuative criterion of properness.
Moreover, MpSPiiq(a, X, 7)(*) has a fine moduli space with a universal family
Univ(a, X T)i?gid - MPSP(a7 X T)lsr?gid'
Proof. We closely follow the proof of (4.79) and first we construct the moduli
of r-pointed, embedded pairs. This is easy to do. By (4.77) we already have

CEMSP;}) (a, x) with a universal family
Univ — CEMSP := CEMSP;, (a, x)-

Thus the functor of m-canonically, strongly embedded, marked, r-pointed stable
pairs is represented by the r-fold fiber product

CEl\/[pSPSH(a7 X5 7‘) = Univ XCEMSP X *** XCEMSP X Univ — CEMSP .

m

As in (4.79) the quotient stacks
[CEMPSPz(aa X 7q)/PG'LNJrl((93)}7 where N = X(m) -1,

form open substacks of MpSP(a, x, r)®".
The existence of a universal family over MpSP(a, x, r)i{lgid is a general property
of quotients (?77). O

4.8. Stable families over smooth base schemes

All the results of the previous sections apply to families p : (X,A) — S over
a smooth base scheme, but the smooth case has other interesting features as well.
One can then obtain results about families over other base schemes by working over
a resolution of singularities of the base. The following can be viewed as a direct
generalization of (2.3).

THEOREM 4.83. Let (0 € S) be a smooth, local scheme and Dy +---+ D, C S
an snc divisor such that Dy N---N D, = {0}. Letp: (X,A) = (0 € S) be a pure
dimensional morphism and A a Q-divisor on X such that Supp A N Sing Xy has
codimension > 2 in Xo. The following are equivalent.

(1) p: (X,A) = S is sle.

(2) Kx/s+ A is Q-Cartier, p is flat and (XO,AO) is slc.

(3) Kx/s+ A is Q-Cartier, X is Sy and (pure(Xy), Ag) is sle.
(4) (X, A+p*Dy+--- +p*DT) is slc.

Proof. (1) = (2) holds by definition and (2) = (3) since both S and X are
Sa (9.5). If (3) holds then (10.69) shows that p is flat and Xy is pure, hence (3)
= (2). Next we show that (2) < (4) using induction on r. Both implications are
trivial if » = 0.
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Assume (4). Then Kx + A+ p*Dy + -+ + p*D,. is Q-Cartier at = hence so is
Kx + A. Set Dy := p*D,. Adjunction (1.93) shows that

(Dy,Alpy +p*Dilpy + -+ +p"Dy_1|py)

is slc at x, hence (XO, Ay) is slc at = by induction. The local equations of the p*D;
form a regular sequence at x by (4.87), hence p is flat at .
Conversely, assume that (2) holds. By induction

(DY7A|DY +p*D1|DY + +p*D7"—1|DY)

is slc at & hence inversion of adjunction (1.93) shows that (X, A+p*Dy+-- ~+p*Dr)
is slc at x. (]

COROLLARY 4.84. Let S be a smooth scheme and p : (X,A) — S a morphism.
Then p: (X,A) — S is locally stable iff the pair (X, A+ p*D) is slc for every snc
divisor D C S. O

COROLLARY 4.85. Let S be a smooth, irreducible scheme and p : (X,A) = S
a locally stable morphism. Then every log center of (X, A) dominates S.

Proof. Let E be a divisor over X such that a(E,X,A) < 0 and let Z C S
denote the image of F in S. If Z # S then, possibly after replacing S by an open
subset, we may assume that Z is contained in a smooth divisor D C S. Thus
(X,A+p*D) is slc by (4.84). However, a(E, X,A+p*D) < a(E,X,A) -1 < —1,
a contradiction. ]

COROLLARY 4.86. Let S be a smooth scheme and p: (X,A) — S a projective,
locally stable morphism. Let p* : (X*,A") — S denote a weak canonical model
and p®: (X, A°) — S the canonical model of p : (X,A) = S (cf. [KM98, 3.50] or
[Kol13c, 1.19]). Then

(1) p* : (X¥,A") — S is locally stable and
(2) p°: (X A% — S is stable.

Proof. Let D C S be an snc divisor. By (4.84) (X, A + p*D) is lc and p* :
(X, A" + (p*D)™) — S is also a weak canonical model over S by [Kol13c, 1.28].
Thus (X™, A%+ (p*D)") is also sle. Next we claim that (p*D)* = (p*)*D. This is
clear away from the exceptional set of ¢! which has codimension > 2 in X®. Thus
(p*D)¥ and (p*)*D are 2 divisors that agree outside a codimension > 2 subset,
hence they agree. Now we can use (4.84) again to conclude that p* : (X%, A*) — §
is locally stable.

A weak canonical model is a canonical model iff Kxw,g+ A" is p*-ample and
the latter is also what makes a locally stable morphism stable. O

LEMMA 4.87. Let (y cYA+Dy+-- -+ DT) be slc. Assume that the D; are
Cartier divisors with local equations (s; = 0). Then the s; form a regular sequence.

Proof. We use induction on r. Since Y is So, s, is a non-zerodivisor at y.
By adjunction (y € D.,Alp, + D1|p, + -+ Dr,1|DT) is slc, hence the restric-
tions s1|p,,...,8-—1|p, form a regular sequence at x. Thus s1,...,s, is a regular
sequence at y. ([l

The following result of [Kar00] is a generalization of (2.50) from 1-dimensional
to higher dimensional bases. As we see later (?77), it implies that every irreducible
component of the moduli space of stable pairs is proper.
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THEOREM 4.88. Let U be a k-variety and fy : (Xuy,Avy) — U a stable mor-
phism. Then there is projective, generically finite, dominant morphism w:V — U
and a compactification V < V such that the pull-back (Xyr, Ay) xp V extends to
a stable morphism fy : (Xy,Ay) — V.

Proof. We may assume that U is irreducible with generic point g.

Assume first that the generic fiber of fy is geometrically irreducible. Let
(Yg, AY) = (X4, Ay) be a log resolution. It extends to a simultaneous log res-
olution (Yy,, Ay, ) = (Xu,, Ay,) over an open subset Uy C U. By (4.89.2) there
is a projective, generically finite, dominant morphism 7 : V5 — Uy and a compact-
ification Vy < V such that the pull-back (YUmAEO) Xy, Vo extends to a locally
stable morphism gy : (Yy, AY) - V.

We can harmlessly replace V' by a resolution of it. Thus we may assume that
V is smooth and that there is an open subset V' C V such that the rational map
7|y : V --» U is a proper morphism.

Since gy is a projective, locally stable morphism, the relative canonical model
fv : Xy, Ap) = Voof gy : (Yy, AY) — V exists by [HX13] and it is stable by
(4.86.2).

By construction (Xy,Ay) and (Xy, Ay) xy V are isomorphic over Vy C V,
but (2.46) implies that in fact they are isomorphic over V. This completes the case
when the generic fiber of fy is geometrically irreducible.

In general, we can first pull back everything to the Stein factorization of X" —
U where X" is the normalization. Thus we may assume that every irreducible
component of the generic fiber of fi; is geometrically irreducible. The previous step
now gives fi : (X2, A%) — V. Finally (4.85) shows that (2.55) applies and we get
fo (Xy,Ap) = V. O

4.89 (Weakly semistable reduction). A higher dimensional generalization of
the Semistable reduction theorem of [KKMSD73] (see also (2.60)) is proved in
[AKO0O]. The general question is the following.

Problem 4.89.1. Let f : X — S be a morphism. Find a proper, dominant,
generically finite morphism S’ — S and a proper morphism f’ : X’ — S’ such that
X' is birational to the main component of X xg.5’, and the local structure of f is
as “nice” as possible.

If dim S = 1 then, as shown by (2.60), we can achieve that f’ is flat and its
fibers are reduced snc divisors but a similar expectation would be overly optimistic
if dim S > 1 [Kar00].

The methods of [KKMSDT73] are toric, and this suggests to look for a gen-
eralization where f’ is toric. However, if S is not unirational then one certainly
can not take S’ to be toric, so the best one can hope in this direction is that f’ is
toroidal, where a map p : U — V is toroidal if for each point v € U with image
v := p(u), the map of formal completions p : U, — V, is isomorphic to the formal
completion of a toric morphism. The following is proved in [AKO00, Thm.0.3 and
Lem.6.1]; the last claim follows from (4.90).

Theorem 4.89.2. Let S be a scheme of finite type over a field of characteristic 0
and f: X — S a proper morphism. Then there is a proper, dominant, generically
finite morphism S’ — S and a proper morphism f’ : X’ — S’ such that

(a) X' is birational to the main components of X xg S’,
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(b) f’ is flat with reduced fibers,

(¢) f'is toroidal,

(d) S’ is smooth, X' is canonical, Kx- is Cartier and

(e) f’ is locally stable. O

Note on terminology. Such morphism are called weakly semistable in [AKO00];
this is a much stronger condition than being locally stable. The terminology of
[AKO00] does not match ours.

4.90 (Toric varieties). (See [Ful93] or [Oda88] for introductions to toric vari-
eties.)

Let X be a normal, toric variety and D the sum of the torus-invariant Weil
divisors. Then Kx + D ~ 0 and (X, D) is lc. Furthermore the log centers are
exactly the torus-invariant irreducible subvarieties.

To prove these, we may assume that the base field is algebraically closed. Thus
X\ D =G} and

ox = % VANREIWAN dz%
is a torus invariant n-form with simple poles along D. This shows that Kx +D ~ 0.

Next let p : (Y, Dy) — (X, D) be a toric resolution of (X, D). Since Ky + Dy ~
0 ~ p*(Kx + D), we conclude that all exceptional divisors have discrepancy —1.
Thus (X, D) is lc and the log centers are exactly the images of the exceptional
divisors. The latter are the torus-invariant irreducible subvarieties.






CHAPTER 5

Numerical flatness and stability criteria

The aim of this chapter is to prove several characterizations of stable and
locally stable families f : (X, A) — S. An earlier result, established in (3.68), has
two assumptions:

e every fiber (XS, AS) is semi-log-canonical and

o Kx/s+ A is Q-Cartier.
In many applications the first of these is given but the second one can be quite
subtle.

Note that such difficulties arise already for surfaces, even if A = 0. Indeed, we
saw in Section 1.3 that there are flat, projective families g : X — C of surfaces
with quotient singularities that are not locally stable. In these cases every fiber
is log terminal but Kx/c is not Q-Cartier although its restriction to every fiber
KX/C‘XC = K, is Q-Cartier.

In all the examples in Section 1.3, this unexpected behavior coincides with a
jump in the self-intersection number of the canonical class of the fiber. Our aim is
to prove that this is always the case, as shown by the following simplified version
of the main theorem.

THEOREM 5.1 (Numerical criterion of stability, weak form). Let S be a con-
nected, reduced scheme over a field of characteristic 0 and f : X — S a proper mor-
phism of pure relative dimension n. Assume that all fibers are semi-log-canonical
with ample canonical class Kx_. Then

1) s+— (K% ) is an upper semicontinuous function on S and
Xs
(2) f:X — S is stable iff the above function is constant.

If f:X — S is stable then Kx /g is Q-Cartier, hence (K}’() is clearly inde-
pendent of s € S, but the converse is surprising. General theory says that stability
holds iff the Hilbert function x (X, Ox,(mKx,)) is independent of s € S. Thus
(5.1.2) asserts that if the leading coefficient of the Hilbert function is independent
of s then the same holds for the whole Hilbert function. We collect many similar
results in this chapter.

The main theorems are stated in Section 5.1 and related results on simultaneous
canonical models and modifications are discussed in Section 5.2. The key claim is
that, for families of slc pairs, local stability can fail only in relative codimension
two and it can be characterized by the constancy of just 1 intersection number. A
similar numerical condition characterizes Cartier divisors on flat families.

A series of examples in Section 5.3 shows that the assumptions of the theorems
are likely to be optimal in characteristic 0. All the results are expected to hold in
positive and mixed characteristic as well, but very few of the proofs apply to these
cases. Numerical criteria for stability in codimension < 1 are discussed in Section
5.4.

191
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For all of the main theorems the key step is to establish them for families over
smooth curves. This is done in Sections 5.5-2.8. The numerical criterion of global
stability and a weaker version of local stability are derived in Section 5.5. The
existence of simultaneous canonical models is studied in Section 5.6 and we treat
simultaneous canonical modifications in Section 5.7.

Going from families over smooth curves to families over higher dimensional
singular bases turns out to be quite quick, but several of the arguments, presented
in Section 5.9, rely heavily on the techniques and results of Chapters 7?7 and 9.

Assumptions. For all the main theorems of this Chapter we work with va-
rieties over a field of characteristic 0 but the background results worked out in
Sections 5.8-2.8 are established for excellent schemes.

5.1. Statements of the main theorems

We develop a series of criteria to characterize locally stable (4.45) or stable
(2.43) morphisms using a few, simple, numerical invariants of the fibers.

We follow the general set-up of (5.1) but we strengthen it in 3 ways:

e We add a boundary divisor A.

e We assume only that f is flat in codimension 1 on each fiber. The reason for
this is that many natural constructions (for instance flips, taking cones or ramified
covers) do not preserve flatness. Thus we frequently end up with morphisms that
are not known to be flat everywhere. This is rarely a problem when the base space
is a smooth curve, but it becomes a serious issue over higher dimensional singular
bases.

e We deal with local stability as well. A weak variant, involving several inter-
section numbers, is quite similar to the global case but the sharper form requires
different considerations.

For the main results of this Chapter we work with the following set-up, which
is a slight generalization of (3.51) and (4.1).

ASSUMPTION 5.2. Let f : X — S be a proper morphism of pure relative
dimension n (3.34) and Z C X a closed subset with complement U := X \ Z such
that the following hold.

(1) codimx,(Z N X,) > 2 for every s € S,
(2) flu:U — S is flat and
(3) depth, X > 2.

Sheaf versions of these assumptions are studied in Section 5.8.

Given f : X — S and U = X \ Z as above, we also consider effective Q-
divisors A = 3" b;B; on X where the B are generically Cartier divisors (4.25). In
applications to moduli problems we usually know that

(4) flu: (U, Aly) — S is locally stable.
In this case let 7, : (Xs, D, + AS) — (X, Ag) denote the normalization of a fiber
where D; C X is the conductor (1.84). Thus

Kg, +Ds+ A, ~q i (Kx, + Do+ A,) (5.2.5)
and it makes sense to ask whether (X, Dy 4+ A,) is lc or not.

We aim to give numerical criteria applicable to any morphism satisfying (5.2.1-
4). The first such result generalizes (5.1) to pairs.
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THEOREM 5.3 (Numerical criterion of stability). We use the notation of (5.2).
In addition to (5.2.1-3) assume that S is a reduced scheme over a field of charO0.
Assume further that

(1) f|U (U Aly) = S is locally stable,

(2) ( ) is slc for all generic points g € S
(3) every ﬁber has lc normalization g : (X + A, ) — (XS,AS) and
(4) Kx, + Ds+ A, is ample for every s € S.

Then

(5) s— (KXS + D, + As)n is an upper semicontinuous function on S and
(6) f:(X,A)— S is stable iff the above function is locally constant.

The local stability version of (5.3) is the following.

THEOREM 5.4 (Numerical criterion of local stability). We use the notation of
(5.2). In addition to (5.2.1-83) assume that S is a reduced scheme over a field of
char 0 and H is a relatively ample Cartier divisor class on X. Assume further that

(1) flv: (U, Aly) = S is locally stable,
(2) (Xg, Ag) is slc for all generic points g € S and
(3) every fiber has lc normalization s : ()_(571_33 + AS) — (XS,AS).
Then
(4) s (mH" 2 (Kx, + Dy + A,)?) is upper semicontinuous and
(5) f:(X,A) = S is locally stable iff the above function is locally constant.

Under the assumptions of (5.4) the functions (7}H") and (7iH" ' (Kx, +
Dy+A,)) are always locally constant but the functions (72 H" ™" (K g +Ds+A,)")
are neither upper nor lower semicontinuous for 7 > 3.

A key part of the proof of (5.4) is to show that local stability is essentially a
2-dimensional question. The following is a strong form of this claim.

THEOREM 5.5 (Local stability is automatic in codimension > 3). [Koll3a]
Using the notation and assumptions of (5.2.1-3) let S be a reduced scheme of char 0.
Assume that

(1) codimx, (ZNX,) >3 for every s €S,

(2) flu: (U Aly) — S is locally stable,

(3) (Xg.4y) is slc for all generic points g € S and

(4) every ﬁber has lc normalization s : (Xs, Ds + Ay) — (X5, Ay).

Then f: (X,A) — S is locally stable.
One can also restate this as a converse of the Bertini-type result (2.11).

COROLLARY 5.6. Notation and assumptions as in (5.4). Assume in addition
that the relative dimension isn >3 and flg : (H,Alg) — S is locally stable where
H C X is a relatively ample Cartier divisor. Then f : (X,A) — S is also locally
stable. (]

Comment. As we noted in (2.12), (1.93) implies that f : (X, H + A) — S,
and hence also f : (X,A) — S, are locally stable in a neighborhood of H. The
unexpected new claim is that local stability holds everywhere.

A variant of (5.3) holds for arbitrary divisors and for non-slc fibers but we have
to assume that f is flat with Sy fibers. On the other hand, this holds over any field.
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We state the general form treated in [Kol16a] but in this book we prove only the
special case when f : X — S has normal fibers.

THEOREM 5.7 (Numerical criterion for relative line bundles). [Koll6a] Let S
be a reduced scheme over a field, f : X — S a flat, proper morphism of pure relative
dimension n with Sy fibers and Z C X a closed subset such that codimx (ZNX;) >
2 for every s € S. Let H be an f-ample line bundle on X.

Let Ly be an invertible sheaf on U := X \ Z and assume that, for every s € S,
the restriction Ly |y, extends to an invertible sheaf Ls on Xs. Then

(1) s~ (HI=2- L2) is an upper semicontinuous function on S and
(2) Ly extends to an invertible sheaf L on X iff the above function is locally
constant.

Furthermore, if Lg is ample for every s then

(3) s+ (L?) is an upper semicontinuous function on S and
(4) Ly extends to an f-ample invertible sheaf L on X iff the above function
1s locally constant.

Most likely (5.7) holds over any reduced scheme S, but a key step (2.84) is
known only over fields.

5.2. Simultaneous canonical models and modifications

We also aim to get numerical criteria for the existence of simultaneous canonical
models and canonical modifications. That is, given a morphism f : X — S, we
would like to know when the canonical models (or the canonical modifications) of
the fibers form a flat family; see (5.9) and (5.16) for the precise definitions.

There are two distinct definitions of canonical models.

DEFINITION 5.8 (Canonical models). Let (X, A) be a proper lc pair such that
Kx + A is big. As usual (see [KM98, 3.50] or [Kol13c, 1.19]) its canonical model
is the unique lc pair (X¢, A°) such that Kx. + A€ is ample and

> omsoH’ (X,0x(mKx + [mA])) = > omzoH? (X¢,Oxe(mKxe + [mA©])).
There is a natural birational map
o (X, A) --» (X, A%). (5.8.1)

On the other hand, if X is a proper variety with arbitrary singularities, then one
frequently defines the canonical model of X as the canonical model of a resolution
of X. We denote the latter variant by X°.

More generally, let X be a proper, pure dimensional scheme over a field. The
canonical model of resolutions of X, denoted by X, is obtained as follows. We start
with a resolution X" — red X and then take the disjoint union of the canonical
models of those irreducible components that are of general type. With a slight
abuse of terminology, there is a natural map

P X -—» X (5.8.2)

which is birational on the general type components and not defined on the others.
If X has log canonical singularities then both variants are defined but note that
X¢ = X iff X has only canonical singularities.
Aside. One can also define the canonical model of resolutions of a pair (X, A)
as long as none of the irreducible components of the boundary A is contained in
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Sing X. We start with a resolution p : X’ — X such that p_'A has smooth support
and then take the canonical model of (X', p;1A) to get (Xcr, A”).
We see in (5.21) that this notion does not seem to behave well in families.

DEFINITION 5.9 (Simultaneous canonical model). Let f : (X,A) — S be a
morphism as in (5.2) such that every fiber has log canonical normalization , :
(XS, AS) — (Xs, AS). Its simultaneous canonical model is a diagram

x 5 xe

VA (5.9.1)
S

where f5¢: (XSC, ASC) — S is stable and
¢s 0Ty (XS,AS) - (X;C,Azc)
is the canonical model, as in (5.8.1), for every s € S.

Comments. Note that we do not add the conductor of w4 to A,. If the fibers are
normal in codimension 1 then the reduced conductor is 0, hence the above notion
is the only sensible one. In general, however, one has a choice and the simultaneous
slc model, to be defined in (5.44), may be a better concept.

For a pure dimensional proper morphism f : X — S the simultaneous canonical
model of resolutions f5 : X3 — S is defined analogously. Here we require that
¢s + X5 ——» X3 be the canonical model of resolutions (5.8.2) for every s € S.

We give criteria for the existence of simultaneous canonical models in terms of
the volume (10.29) of the canonical class of the fibers. Note that if Y is a proper
scheme of dimension n then vol(Ky+) is independent of the choice of the resolution
Y™ =Y and it equals the self-intersection number ((Kye)™). Similarly, if (Y, A)
is log canonical then vol(Ky + A) = ((Kye + A%)").

THEOREM 5.10 (Numerical criterion for simultaneous canonical models I). Let
S be a seminormal scheme of char0 and f : X — S a proper morphism of pure
relative dimension n. Then

(1) s+ vol(Kxr) is a lower semicontinuous function on S and
(2) f: X — S has a simultaneous canonical model of resolutions iff this
function is locally constant (and positive).

This is a surprising result on two accounts. First, cohomology groups almost al-
ways vary upper semicontinuously; the lower semicontinuity in this setting was first
observed and proved in [Nak86, Nak87]. Second, usually it is easy to generalize
similar proofs from smooth varieties to klt or lc pairs, but here adding any boundary
can ruin the argument and the conclusion as show by the Examples 5.21-5.23.

Example (5.20) shows that S needs to be seminormal.

The following is a similar result for normal lc pairs, but the lower semicontinuity
of (5.10) changes to upper semicontinuity.

THEOREM 5.11 (Numerical criterion for simultaneous canonical models IT). We
use the notation of (5.2). In addition to (5.2.1-3) assume that S is a seminormal
scheme of char 0. Assume furthermore that

(1) flu:U — S is smooth (hence every fiber is irreducible),
(2) every fiber has lc normalization T : (XS,AS) — (XS,AS) and
(3) the canonical models ¢ : (X5, Ag) --» (XS, A) ewist.

reduced enough??
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Then

(4) s+ vol(Kxg, + Ay) is an upper semicontinuous function on S and
(5) f: (X,A) = S has a simultaneous canonical model iff this function is
locally constant.

One should think of (5.11) as a generalization of (5.3) but there are differences.
In (5.11) we allow only fibers that are smooth in codimension 1 and S is assumed
seminormal, not just reduced. (The extra assumption (3) is expected to hold al-
ways.) However, the key difference is in the proofs given in Section 5.9. While the
proof of (5.3) uses only the basic theory of hulls and husks, we rely on the existence
of moduli spaces of pairs in order to establish (5.11).

Both (5.10) and (5.11) apply to f : X — S iff the normalizations of the
fibers have canonical singularities. In this case f is locally stable (2.8) and the
plurigenera—and hence the volume—are locally constant [Siu98, Kaw99].

A key ingredient of the proof of (5.10-5.11) is the following characterization of
canonical models. We prove a more general version of it in (10.34).

PROPOSITION 5.12. Let X be a smooth proper variety of dimension n. Let' Y

be a normal, proper variety birational to X and D an effective Q-divisor on'Y such
that Ky + D is Q-Cartier, nef and big. Then

(1) vol(Kx) <vol(Ky + D) = (Ky + D)™ and
(2) equality holds iff D = 0 and Y has canonical singularities (thus Y is a
weak canonical model (cf. [Koll3c, 1.19]) of X ).

For surfaces, the existence criterion of simultaneous canonical modifications is
proved in [KSB88, Sec.2]. In higher dimensions we need to work with a sequence
of intersection numbers and with their lexicographic ordering.

DEFINITION 5.13. Let X be a proper scheme of dimension n and A, B Q-Cartier
Q-divisors on X. Their sequence of intersection numbers is

I(A,B) := ((A”)7 co (AT BY L (B")) e Q.
DEFINITION 5.14. The lexicographic ordering of length n + 1 real sequences is
denoted by
(ag,...,an) j (bo,...,bn).

This holds if either a; = b; for every i or there is an r < n such that a; = b; for
i < r but a, < b,. For polynomials we define an ordering

f@t) 2g(t) & f(t) <g(t) vt >0.
Note that
Ziaitnii = Zibitnii == (a()7 e ,an) = (bo, R bn)

If we have proper schemes X, X’ of dimension n and Q-Cartier divisors A, B on X
and A’, B’ on X’ then

I(A,B) < I(A',B) & (mA+ B)" < (mA' + B')" ¥m > 0.

We will consider functions that associate a sequence or a polynomial to all
points of a scheme X. Using the above definitions it makes sense to ask if such a
function is lezicographically upper/lower semicontinuous or not.
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DEFINITION 5.15 (Canonical and log canonical modification). Let Y be a
scheme over a field k. (We allow Y to be reducible and non-reduced but in ap-
plications usually pure dimensional.) Its canonical modification p : Y — Y is the
canonical modification of its normalization 7 : Y — Y that is, Y°® has canonical
singularities, Y°*" — Y is proper, birational and Kycan is ample over Y.

Let A be an effective divisor on Y. We define the canonical modification p :
(Ycan, Acan) — (Y, A) as the canonical modification of the normalization (}7, A=
W*A), provided that it makes sense. That is, the pull-back 7*A should be defined
as in (5.2) and its irreducible components should have coefficient < 1. If these
hold then p : Y™ — Y is the unique proper, birational morphism such that
A = (p)TTA, (Yca“, Aca“) is canonical and Ky + A" is ample over Y; see
[Kol13c, 1.31].

The log canonical modification p : (ch, AIC) — (Y, A) is defined similarly. The
change is that (YIC, Al 4 Elc) is log canonical and Kycan 4+ A% + EI¢ is ample
over Y where E' denotes the reduced exceptional divisor of p.

Log canonical modifications are conjectured to exist. Currently this is known
when Ky + A is Q-Cartier; see [0OX12], (4.54) or [Kol13c, 1.32].

DEFINITION 5.16 (Simultaneous canonical modification). Let f: X — S be a
morphism of pure relative dimension n and A = 3" a;D; a generically Q-Cartier
effective divisor on Y. A simultaneous canonical modification is a proper morphism
p: (Y,AY) = (X, A) such that fop: (Y,AY) — S is locally stable and

Ds : (}{Sa (Ay)é) — (X57As)

is the canonical modification for every s € S.
A simultaneous log canonical modification is defined analogously.

In the following result we definitely need to assume that the base scheme is
seminormal; see (5.24) for some examples.

THEOREM 5.17 (Numerical criterion for simultaneous canonical modification).
We use the notation of (5.2). In addition to (5.2.1-4) assume that S is a seminor-
mal scheme of charQ and H is a relatively ample Cartier divisor class on X. For
s €8 let my o (XE0,APM) — (X,,A,) denote the canonical modification of the
fiber (X5, Ag). Then

(1) s = I(miHgs, Kxean + AS") s a lexicographically lower semicontinuous
function on S and

(2) f:(X,A) = S has a simultaneous canonical modification iff this function
1s locally constant.

There is also a similar condition for simultaneous log canonical and semi-log-
canonical modifications (5.45) but these only apply when Kx,s + A is Q-Cartier.

5.3. Examples

Here we present a series of examples that show that the assumptions of the The-
orems in Sections 5.1-5.2 are close to being optimal except that the characteristic
0 assumption is probably superfluous.
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Examples related to Theorems 5.3, 5.4 and 5.7. ¢
The following is the simplest example illustrating the difference between being
Cartier and fiber-wise Cartier.

ExaMPLE 5.18. Consider the family of quadrics
X=@@? -y +22-t?uw?*=0)cP?  xA and D= (r—y=2z—tw=0).

TYzWw
Here X is a quadric cone and X; is a smooth quadric for ¢t # 0. The divisor D is
Cartier, except at the origin, where it is not even Q-Cartier. However Dy is a line
on a quadric cone, hence 2Dy = (x — y = 0) is Cartier. It is easy to compute that

L=0x(-2D)=(z—y,z —tw)*- Ox
is locally free outside the origin, not locally free at the origin but the hull of its
restriction
Léq = OXO(—QD()) = (x — y) . OXO
is locally free. The natural restriction map gives an identification
Ox(=2D)|x, = (2., 2) - Oxy (~2Dy) C Ox,(~2D).

Note that the self-intersection number of the fibers of D also jumps. For t # 0 we
have (D?) =0 but (D?) = 1/2.

It is harder to get examples where the self-intersections in (5.7) are locally
constant yet the divisor is not Cartier, but, as we see next, this can happen even
for the canonical class. Thus in (5.7) one needs to assume that the fibers of f are
Sy and in (5.3) that the fibers are slc.

EXAMPLE 5.19. (See (2.34) or [Kol13c, 3.8-14] for the notation and basic
results on cones.) Let X C PV be a smooth, projective variety of dimension n and
Lx = Ox(1). Let C(X) := Cu(X, Lx) denote the projective cone over X with
vertex v and natural ample line bundle Lg(x). Let H C X be a smooth hyperplane
section and C(H) := C,(H, Ly ) the projective cone over H. Note that

(L%) = (Leix) = (L) = (Lem)-
The canonical class of C'(X) is Cartier iff Kx ~ mci(Lx) for some m € Z. In this
case Ko(xy ~ (m —1)c1(Lox))-

We can think of H as sitting in X C C(X). The pencil of hyperplanes con-
taining H C C(X) gives a morphism of the blow-up p : Y := BgC(X) — P! such
that Y; =2 X for t # 0 and the normalization Yy of Yy is isomorphic to C(H). How-
ever, if H'(X,Ox) # 0 then Y is not normal. For instance, this happens if X is

the product of non-hyperelliptic curves of genus > 2 with its canonical embedding.
Thus, if these hold, then
(1) Y; is smooth and Ky, is ample for ¢t # 0,
(2) Ky, is locally free and ample,
(3) the normalization Yy — Y is an isomorphism except at v,
(4) (Ky) = (K;—ﬁg) (where n = dim X)) yet
(5) Yy is not normal.
This shows that (5.3) needs some assumptions about the singularities of the
normalizations of the fibers. However, in this example Ky is Cartier.
One can get another example where the canonical class of the total space is not
Cartier as follows.
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We can also obtain the family Y — P! by starting with X x P!, blowing up
H x {0} and contracting the birational transform of X x {0}. This construction
shows that if

Assume next that Pic(X) is positive dimensional. After a suitable base change
(c € C) — (0 € PY), there is a line bundle Mo on X x C that is trivial on X x {c}
but only numerically trivial on X x{c’} for general ¢ € C. After blowing up H x {c}
and contracting the birational transform of X x {c} we get (v € Y) — (c € C) and
a line bundle M on Y \ {v} such that M is trivial on Y, \ {v} but only numerically
trivial on Y. for general ¢’ € C.

Let Z — Y be a double cover ramified along a general section of M? ® p} LA™
for m > 1. Then we get a morphism of a normal variety Z to a smooth curve
pz : Z — C such that

(6) Z; is smooth and Kz, is ample for ¢ # 0,
(7) Kz, is locally free and ample,
8) the normalization Zy — Z; is an isomorphism except at a point v,
(9) (K3,) = (K3,) vet
(10) Kz is not Cartier at v.

Examples related to Theorems 5.10 and 5.11.
The next example shows that (5.10) fails if S is not seminormal.

ExXAMPLE 5.20. Let S be a local, reduced but not seminormal scheme with
seminormalization S’ — S. Choose an embedding of S’ into the moduli space
of automorphism-free curves of genus g for some g. Let p’ : X' — S’ be the
resulting smooth family. This induces a family p : X’ — S’ — S that satisfies the
assumptions of (5.10). However, there is no simultaneous canonical model since
p' : X' — S’ does not descend to p: X — S.

The next examples show that there does not seem to be a log version of (5.10)
for families with reducible fibers, not even for families of curves.

EXAMPLE 5.21. Let g : S — C be a smooth family of curves and D; C S a set
of n disjoint sections. Set A := > d;D;. Pick a point 0 € C, the fiber over it is
(So, > di[p;]) where p; = So N D;. The “log volume” is 2g(Sy) — 2+ > d;.

Let 7 : S — S be the blow up of all the points p; with exceptional curves F; and
set Al :=771A. The central fiber of g' : (S1,A) = C'is (53,0) + >, (E;, di[p}]).
Its normalization consists of Sy (with no boundary points) and E; = P!, each with
one marked point of multiplicity d;. Thus the “log volume” of the central fiber is
now 2¢(Sp) — 2; the effect of the boundary vanished.

One can try to compensate for this, as in (5.30), by adding the double point
divisor Dy. This variant of the “log volume” is now 2¢(Sy) — 2 + n. This formula
remembers only the number of the sections, not their coefficients. Even worse, we
can blow up m other points on Sy, then the “log volume” formula gives 2g(Sp) —
24+n+m.

In general, there does not seem to be a sensible and birationally invariant way
do define the “log volume” of degenerations. For families of curves one can use
the degree of the log canonical class; this gives negative contribution for some of
the components. I do not know whether something similar can be done in higher
dimension or not.
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The next series of examples shows that, even for locally stable morphisms, the
canonical models of the fibers need not form a flat family.

ExXAMPLE 5.22. Let f: X — B be a locally stable family of surfaces. Assume
for simplicity that the fibers have only quotient singularities.

Let g : X — Z be a flipping contraction. (For concrete examples, see [KM98,
2.7] or the exhaustive list in [KM92].) Thus there is a closed point 0 € B such
that g is an isomorphism over B\ {0}. Over the special point we have a birational
contraction gg : Xo — Zy that contracts an irreducible curve C' C X to a point.
Moreover (C-Kx,) = (C-Kx) < 0, thus Zj is again log terminal and the contraction
go : Xog — Zp is a step in the MMP for Xj.

However, since g : X — Z a flipping contraction, the special fiber of the flip
gt : XT — Z is another surface X~ — Z; with a new exceptional curve C+ C X
such that (C* - KX(T) = (C* - Kx+) > 0. Thus X is not the canonical model of

Xo and Xg --+ X is not even a correct step of the minimal model program.
It is easy to write down examples when gt : X+ — Z is the canonical model
of g : X — Z; thus we get many examples without simultaneous canonical models.

In the above examples X is log terminal but never canonical. There are further
counter examples when (X, A) is canonical but A # 0.

EXAMPLE 5.23. Set YV := (zy + 22 — s?) C A* and X := By .—s)Y with 4th
projection 7 : X — Al. The central fiber X is the minimal resolution of the quadric
cone Yy := (ry+2z2?) C A3 with exceptional curve Ey C Xg. Let D; be the birational
transform of (y = z + s = 0) C Y. Note that D; is smooth but D;|x, = Eo + Lo
where Lo denotes the birational transform of the line Ly = (y = 2+ s = s = 0).
Thus (Xo, €D1|X0) is canonical if € < % and terminal if € < % Furthermore,

(EO . Dl)X = (EO . Eo)Xo + (EO . LO)X() =-241=-1.
For any 0 < € < 1 the canonical model of (X,eD;) — Y is given by the flop
Xt = B(z,.4+5 Y. Note that Xgr = Xy and under this isomorphism D1+|Xgr = Ly.
Thus Ej is not contained in Supp Dy .

Therefore (X, eDf | XJ) is its own canonical model, but the canonical model
of <X0,5D1|X0) is (Yb, GLy).

We see that the map Xg --» XJ is the identity, the problem is the unexpected
change in the boundary divisor D;.

One can obtain from the above local example a global one as follows. Com-
pactify Y as -

Y = (zy+ 22 — t25?) C Piyzt x Al
with 7 : Y — Al the projection. Set X := B(I,Z_ts)f/ and let D; be the birational
transform of (y = z+ts = 0) C Y. Let Ds, ..., D5 denote the pull-back of 4 general
hyperplanes in P3. Fix 0 < € < % and consider

(X, 8= 4eDi + (3= ) (D2 + -+ Dy)).

Every fiber of X — Al is terminal.

The central fiber is is the minimal resolution of the quadric cone. Since the
pull-back of the hyperplane class is Fo + 2Lg, the boundary divisor Ag is linearly
equivalent to

46(E0 + Lo) + (2 - E)(Eo + 2L0) = (2E0 + 4L0) + 26E0 + E(E() + 2L0)
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The canonical class of the quadric is —2(hyperplane class), thus we get that
KXO + Ao ~ 2€E0 + E(Eo + QL()),

thus (XO, AO) is of general type.
The general fiber is a smooth quadric; choose the two families of lines 4, B
such that D restricts to A. Then the boundary divisor A, is linearly equivalent to

4deA+ (2—¢€)(A+ B) =2(A+ B) +2cA — 2¢B.
Therefore
Kx, + Ay ~ 2¢A — 2B,

hence its Kodaira dimension is —oo.

Examples related to Theorem 5.17.
In (5.17) the base scheme is assumed to be seminormal. The reason for this is
that canonical modifications do have unexpected infinitesimal deformations.

EXAMPLE 5.24 (Deformation of canonical modifications). We give an example
of a normal, projective variety with isolated singularities and canonical modifica-
tion X¢ — X such that the trivial deformation of X can be lifted to a nontrivial
deformation of X°.

Consider the hypersurface

X=X, = (x{++l-:1+m:jrll :0) CAZ+1.

It has an isolated singularity at the origin which is canonical iff r < n.

Let p: Y := ByX — X denote the blow-up of the origin. Then Y is smooth
and, for r > n, it is the canonical modification of X.

We claim that p : ¥ — X has a nontrivial deformation over X xj Spec k[e].
The trivial deformation is obtained by blowing up

(x1 =+ =xp41 =0) C X x4, Spec kle].
The nontrivial deformation is obtained by blowing up
Z:=(x1 ="+ =op ==any1 —€=0) C X xy, Speck[e].

We need to check that X is equimultiple along the blow-up center. This is more
transparent if we introduce a new coordinate y := x,41 — €. Then the equations
become

Z:=(x1=-=x,=y=0)C (a1 4+ +a,+y T+ (r+ ey =0),
thus X xj, Speckle] is clearly equimultiple along Z.

The following examples show that the existence of simultaneous canonical mod-
ifications is more complicated for pairs.

EXAMPLE 5.25. In P? consider a line L C P? and a family of degree 8 curves
C} such that Cj has 4 nodes on L plus an ordinary 6-fold point outside L and C}
is smooth and tangent to L at 4 points for ¢ # 0.

Let 7 : S, — P2 denote the double cover of P? ramified along C;. Note that
Ks, = 77 O(1), thus (K%,) = 2. For each ¢, the preimage 7, 1(L) is a union of 2
curves Dy + Dj. Our example is the family of pairs (S;, D;). We claim that

(1) there is a log canonical modification (S}, D) — (Sy, D;) for every ¢ and

(2) (Ksic + D%C)2 =1 for every t yet
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(3) there is no simultaneous log canonical modification.

If ¢ # 0 then S; is smooth and Dy is smooth. Furthermore Dy, D} meet transver-
sally at 4 points, thus (D, - Dj) = 4. Using ((D; + D;)?) = 2, we obtain that
(D?) = —3. Thus (Ks, + Dy)? = 1.

If t = 0 then Sy is singular at 5 points. Dy, D{, meet transversally at 4 singular
points of type Ay, thus (Dg - D}j) = 2. This gives that (D) = —1. Thus (Kg, +
Dy)? = 3. The pair (Sp, Do) is lc away from the preimage of the 6-fold point. Let
q : Ty — Sp denote the minimal resolution of this point. The exceptional curve F is
smooth, has genus 2 and (E?) = —2. Thus K7, = ¢*Kg, — 2E hence (Ty, E + Dy)
is the log canonical modification of (Sp, Dy) and

(K, + E+ Dy)? = (¢*Ks, — E+ Do) = (Ks, + Do)* + (E?) = 1.

Thus (KS%C + D,ISC)2 =1 for every t.

Nonetheless, the log canonical modifications do not form a flat family. Indeed,
such a family would be a family of surfaces with ordinary nodes, so the relative
canonical class would be a Cartier divisor. However, (th) = 2 for t # 0 but

(K2) = (¢"Ks, — 2E)° = —6.

EXAMPLE 5.26. We start with a family of quadric surfaces Q; C P? where Qg
is a cone and Q; is smooth for ¢t # 0. We take 6 families of lines L such that for
t = 0 we have 6 distinct lines and for ¢ # 0 two of them L}, L? are from one ruling
of the quadric, the other 4 from the other ruling.

Finally S; denotes the double cover of Q; ramified along the 6 lines L} +- - -+ LS.

For t # 0 the surface Sy has ordinary nodes and (K3 ) = 0.

For ¢ = 0 the surface Sy has a unique singular point. Its minimal resolution
q: Ty — Sp is a double cover of Fy ramified along 6 fibers. Thus (K%O) = —4. Thus
the canonical modifications do not form a flat family. The log canonical modification
of Sy is (Ty, Eo) where Ej is the g-exceptional curve. Thus (Kr, + Ep)? = 0.

The numerical condition is satisfied but the log canonical modifications do not
form a flat family since Ty = S is smooth but S}¢ = S; is singular for ¢ # 0.

However, there is a flat family that is a weaker variant of a simultaneous log
canonical modification.

This is obtained by replacing the singular quadric Qg with its resolution Qf =
Fy. Let E C Fy denote the —2-section and |F| the ruling. One can arrange that
L}, L? degenerate to F' + E for F € |F| and the others degenerate to fibers F7.
This way a flat limit of the double covers S; is obtained as the double cover of
Fy ramified along F! + .-+ F® + 2F. This is a semi-log-canonical surface whose
normalization is the log canonical modification of Sp.

5.4. Stability criteria in codimension 1

As a preliminary step we characterize those morphisms that are locally stable
in codimension < 1 on each fiber. In applications this is rarely an issue but it is
instructive to see which arguments work or fail.

EXAMPLE 5.27. Let f : X — C be a projective morphism from a normal variety
of dimension n 4+ 1 to a smooth curve and H a relatively ample divisor class on
X. We would like to understand when f is stable in terms of numerical invariants
of the normalizations of the fibers 7. : X, — X.. The simplest invariant is the
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self-intersection number (7% H)™ which describes the codimension 0 behavior of f.
It is clear that ¢ — (7 H)™ is a

(1) lower semicontinuous function on C' and
(2) it is locally constant iff the fibers are generically reduced.

The following result is a reformulation of [Ko0l96, 1.6.5].

THEOREM 5.28 (Smoothness criterion in codimension 0). Let S be a weakly-
normal scheme, f : X — S a projective morphism of pure relative dimension n
(3.84) and H an f-ample divisor class. Assume that X is reduced and for s € S let
75+ Xy — X, denote the normalization of the fiber. Then s — (7*H)" is a lower
semicontinuous function on S and it is locally constant iff there is a closed subset
Z1 C X such that

(1) dims(Z1 N X5) <n—1 for every s € S and
(2) f:(X\ Z1)— S is smooth. O

The following example illustrates the necessity of the assumptions.
ExXAMPLE 5.29. Consider the family of conics

S:= (2 +ty? +tz2=0)C P2 x A} with H:=0g(1).

TYZ

For t # 0 the fiber is a smooth conic and deg(H|g,) = 2. For ¢ = 0 the fiber is a
double line whose normalization is a line Sy and deg(H|g,) = 1. Projection to A
is not smooth along the fiber Sj.

Let us now take two disjoint copies X := 57 IT S and map them to the corre-
sponding coordinate axes C' = (t;to = 0) C A% to get f: X — C.

For ¢ # (0,0) the fiber is a smooth conic and deg(H|x,) = 2. For ¢ = (0,0) the
fiber is a disjoint union of two double lines whose normalization is a disjoint union
of two lines. Thus deg(H|x,, ) = 2. The degree of the reduced fibers is always 2
yet f: X — C is not smooth along the central fiber X o).

Note that although every fiber of f has dimension 1, f does not have pure
relative dimension 1, thus (5.28) is not contradicted.

One can hope that, similarly, the codimension 1 behavior of f is described by
((mzH)""'-Kx,). We can think of intersecting with (7} H)™ ™! as restricting to the
complete intersection of n — 1 very ample divisors H; C X. Thus, for all practical
purposes, we may work with a normal surface S and a flat, proper family of curves
f S — T where T is the spectrum of a DVR with closed point 0 and generic point
t.

It is again easy to see that deg Kg, < deg Kg, and, if the generic fiber has genus
> 2 then f : S — T is smooth iff equality holds. (Note that rational or elliptic
curves can degenerate to a multiple rational or elliptic curve, thus the genus > 2
assumption is necessary.)

In order to characterize stability, we need to take the singularities of the central
fiber into account. In the stable case the correct formula adds 1 for each point on
Sy whose image is a singular point of the fiber Sy. So let us define the divisor of
singularities Dy C Sy as the sum of all the points p € Sy such that red Sy is singular
at mo(p). Let us say that the fiber Sy is pre-stable if K3, + Dy is ample. We have
the following stability criterion.
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LEMMA 5.30. Let S be a normal surface, (0,T) the spectrum of a DVR and
f S =T a proper morphism with pre-stable central fiber. Then
(1) deg(Kg0 +D0) < deg(Kst) and
(2) f:8 — T is stable iff equality holds.

Proof. In order to prove these write So = >_ e, F; with normalizations 7; : F; —
E;. The key is to understand that we have to work with the divisor Kg+ > F;. We
use that on a normal surface intersection numbers make sense for arbitrary divisors
by [Mum61]. Since > E; is disjoint from the generic fiber,

deg(Ks,) = (Ks-8i) = ((Ks+Y Ei)-5S)
= Y;e((Ks+ X Ei) Ej) (5.30.3)
= Y, ejdegmi(Ks+ ) Ey).
As in (1.90) we can write
TI';(KS +>E;) = Kpj + Diffpj (ZigéjEi)'
Using (1.92) we obtain that
deg i (Ks + Y E;) > deg(Kp, + D;) (5.30.4)

and equality holds iff all singularities of red Sy are ordinary nodes. We can thus
continue the inequalities (5.30.3) to get that

deg(Ks,) >_; € degmi (Ks + 3 i)
;€ deg(Kr, + Dj)

Zj deg(KFj + Dj)
deg(K3, + Do),

and the first inequality is an equality iff all the singularities of red Sy are ordinary
nodes and the second inequality is an equality iff Sy is reduced. O

(5.30.5)

v IV

Although (5.30) is promising, the normality assumption on S makes dimension
induction difficult and the following example shows that its natural analog fails if
T is replaced by a nodal curve.

EXAMPLE 5.31. Let p(z) be a polynomial of degree 2d without multiple roots
and pick a; # as that are not roots of p. Let C; denote the compactification (smooth
at infinity) of the singular hyperelliptic curve (y? = (z — a;)*p(x)) and Cp the
compactification of (y? = (z—a1)*(z —az)*p(z)). (Thus C; has a tacnode at x = a;
for i = 1,2, Cy has 2 tacnodes and they are smooth elsewhere.) For i = 1,2 let
i Sl — A% be a general smoothing of C;. The generic fiber has genus d+1. There
are natural finite maps C; — Cj that pinch the points (az—;, =(a; — az—;)*v/p(a;))
together. Doing the same pinching on S, we get surfaces m; : S; — A,}i where
the central fiber is Cy (plus some embedded points). We can identify the reduced
central fibers to get a reducible surface S = S I, Sz and a morphism 7 : S —
(tit = 0) C A7, . Note that although the S; are not seminormal, S itself is
seminormal and satisfies Serre’s condition S5.

The normalization Cy of Cy has genus d— 1. The divisor of singularities consists
of the 4 preimages of the points (z = a;). Thus for ¢ # (0,0) we have

deg(Ks,) =2d and deg(Kg(O ot Do) =2d—4+4=2d.

Hence the numerical stability criterion of (5.30) does not extend to seminormal, S,
surfaces over nodal curves.
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A satisfactory analog of (5.30) over higher dimensional normal bases is proved
in [Kol11b, 14-15].

We can thus expect that, for families that are locally stable in codimension
1, there are results connecting the intersection numbers (75 H)"~* - (K, + Do)")
with the higher codimension behavior of f. There are two surprising twists.

e The lower semicontinuity in (5.28) and (5.30) switches to upper semicon-
tinuity.

e In most cases we need only one more intersection number to take care of
all codimensions.

5.5. Deformations of slc pairs

So far we have focused on locally stable deformations of slc pairs. The next
result, due to [KSB88], connects arbitrary flat deformations (X;, A;) of an slc
pair (Xo,Ag) to locally stable deformations of a suitable birational model fy :
(YO, AOY) — (Xo0,4p). We then compare various numerical invariants of (Xg, Ag)
and of (X, A¢) by going through (YO, A%/). This implies a weaker version of (5.4).

THEOREM 5.32. [KSB88| Let (X,A) be a normal pair and g : X — C a flat
morphism of pure relative dimension n to a smooth pointed curve (0 € C). Assume
that the fiber Xq is nodal in codimension 1 and its normalization ()_(0, Diff ¢, A) 18
le. Let f: (Y,AY +Yy+ E) — (X, Xo + A) be the log canonical modification as in
(5.15) where AY +Yj is the birational transform of A+ Xo and E is f-exceptional.
Then, possibly after shrinking (0 € C), the following hold.

(1) f is small (that is, E =0) and f(Ex(f)) is precisely the locus where g is
not locally stable.
(2) go f: (Y,AY) — C is locally stable.
(3) For every fo-exceptional divisor F C Yy, the divisor Yy is normal at the
generic point of F' and a(F7 Xo, Diff ¢, A) < 0.
Furthermore, if Kx + A is Q-Cartier on the generic fiber then

(4) f is an isomorphism over C \ {0} and
(5) g is locally stable over C'\ {0}.

Proof. Let 7x : Xo = Xo and 7y : Yy — Yo be the normalizations. Then fo
lifts to fo : Yo — Xo. Write Ky, + Ay, ~q f§ (KX0 + Diff ¢, A). By adjunction,

5 (Ky + AY + Y, + E) ~q Ky, +Diffy, (AY 4+ E)
~g fo KX'O + Diﬂgo A) + (Diffyo (AY + E) — Ayo).
Since X has only nodes at codimension 1 points, X is canonical at codimension 1
points of X, (1.83) and f is an isomorphism near these points. Thus Diffy, (AY +
E) — Ay, is fo-exceptional and fy-ample. By [KM98, 3.39] this implies that
every fo-exceptional divisor appears in Diffy, (AY +E) — Ay, with strictly negative
coefficient.
Every divisor in YoNE appears in Diffy, (Ay—l—E) with coefficient > 1 by (1.92).
On the other hand, since (X'O,Diff <, A) is Ic by assumption, every exceptional
divisor appears in Ay, with coefficient < 1. Thus Yy N E = ) and, possibly after
shrinking C', there are no exceptional divisors in f : Y — X, hence f is small.
Thus Y, is a complete fiber of go f : Y — C. Since (Y, AY +Yp) is lc, this
implies that go f : (Y,AY) — C is locally stable in a neighborhood of Y, by (2.3).
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Let F' C Y, be any fo-exceptional divisor. Since it appears in Diffy, (AY) — Ay,
with negative coefficient, it must appear in Ay with positive coefficient and in
Diffy, (AY) with coefficient < 1. By (1.92) the latter implies that Y{ is smooth at
the generic point of 7wy (F ), proving (3).

Finally let € X \ X be a point where Kx + A is Q-Cartier. Since f is small,
Ky + AY ~q f*(Kx + A) over a neighborhood of z. Since Ky + AY is f-ample,
f is an isomorphism over a neighborhood of x. This proves the second assertion in
(1) and also completes (4-5). O

5.33 (Proof of (5.3)). We prove (5.3) when the base S is the spectrum of a
DVR. By (4.45), this implies the case when S is higher dimensional, provided f is
assumed to be flat with Sy fibers.

As a preliminary step, we replace (X, A) by its normalization. This leaves the
assumptions and the numerical conclusion unchanged. By (2.56), a demi-normal
pair (X, A) — C with slc generic fibers is slc iff its normalization is lc. Thus the
conclusion is also unchanged.

Thus assume that X is normal. The conclusions are local on C, so pick a point
0¢cCandlet f:(Y,AY +Y) = (X, X0+ A) be the log canonical modification
as in (5.32). Let 7y : Yy — Yy be the normalization and fy : Yy — X the induced
birational morphism. We apply (10.30.3—4) to

Dy := Ky, + Diffy, A¥ and Dx := Kg, + Diffx, A = K¢, + Do + Ao.
The assumptions are satisfied since
(f_o),k(Ky0 + Diffy, AY) = Kx, +Diff g, A
and Ky, +Diffy, AY is fo-ample. Using the volume of divisors (10.29), this implies
that
(Kx, + Diff g, A)" = vol(Kx, + Diff g, A) > vol(Ky, + Diffy, AY)
and equality holds iff fy is an isomorphism. Furthermore, since Ky + AY is Q-
Cartier,
vol(Ky, + Diffy, AY) > vol(Ky. + AV |y.) = (Ky, + A.)"

for general ¢ # 0 and (Y., A.) = (X, A.) by (5.32.4). Combining the inequalities
shows that

(KXD + Do+ Ao)n > (KXC + Ac)n for general ¢ # 0
and equality holds iff fy, and hence f, are isomorphisms over 0 € C. (Il

The same method can be used to prove a weaker version of the numerical
criterion of local stability over smooth curves. This establishes (5.4) for families of
surfaces over a smooth curve. I do not know how to use these methods to complete
the proof of (5.4) for higher dimensional families. We will derive (5.4) from (5.7)
instead; see (5.52) for the key step.

PROPOSITION 5.34 (Weak numerical criterion of local stability). Let C' be a
smooth curve of char0 and f: (X,A) — C a morphism satisfying the assumptions
(5.4.1-3). Then

(1) e~ I(WZH, Kx, JrDCJrAC) 1s lezicographically upper semicontinuous and
(2) f:(X,A) = C is locally stable iff the above function is locally constant.
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Note that the first two numbers in the sequence I (7} H, Kx, + D.+ A.) equal
(H™ X.) and (H"'-(Kx +A)-X.), hence they are always locally constant. The
first interesting number is (7}H""? - (K, + D, + A.)?) which is thus an upper
semicontinuous function on C by (1).

Proof. As in (5.33) we may assume that X is normal. Let f: (Y,AY +Y;) —
(X,Xo + A) be the log canonical modification and fy : Xy — Yy the induced
birational morphism between the normalizations. Here we apply (10.30.1-2) to
Ky, + Diffy, AY and Kx, + Diff x, A to obtain that

I(rH,Kx, + Diff g, A) = I(fmH, Ky, + Diffy, AY),
and equality holds iff f is an isomorphism. Since Ky + AY is a Q-Cartier divisor,
I(fonyH, Ky, + Diffy, AY) = I(miH, Ky, + A |y.) = 1(7tH, Kx_+ A.)
for general ¢ # 0. Thus
I(rjH,Kx, + Do+ Ag) = I(miH,Kx, +A.) for general ¢ # 0
and equality holds iff fy, and hence f, are isomorphisms. ([

5.35 (Start of the proof of (5.5)). We prove (5.5) when the base S is the spec-
trum of a DVR. By (4.45), this implies the case when S is higher dimensional,
provided f is assumed to be flat with Sy fibers.

As in (5.33) we may assume that X is normal. Thus, for suitable m > 0 we
have U := X \ {z} and a line bundle L := Oy(mKy + mA) whose restriction to
Up:=UnNXy= Xo\ {z} is trivial. We can not apply (2.89) since depth, Ox may
be only 2.

However, we are in the situation studied in (5.32), hence there is a proper,
birational, small morphism f : Y — X such that Ky + AY is Q-Cartier and
f-ample.

For the rest of the argument it is not important that we are dealing with K x +A.
Thus, for suitable m > 0 we have an f-ample line bundle M := Ox(mKy +
mAY) on Y such that M|;-1 ) = L. The key new additional information is that
dim f~!(z) < dim X — 2.

Next we use reduction modulo p as in (2.89) but we have to keep track of
f:Y — X as well. In our case, in addition to (2.89.1-4) we also have a proper,
birational morphism f7 : Y7 — X7 that is an isomorphism over U’ and an f7-
ample line bundle M such that M7 |;r = LT and dim(f})~!(zp) = dim f~!(z).

As before, (2.88) shows that (L))" = Oyr for some m > 0. Thus (M)™ and
OYPT = (( fg )*Oxpr)m are 2 invertible sheaves on YpT that are isomorphic over the
open subset Y;I'\ (f1)~*(xp). If (fI)~!(zp) has codimension > 2 then (M]I)™ =
OYPT. Since Mg is fg -ample, this is only possible is fg is an isomorphism. Then

fT and hence f are also isomorphisms and so M™ = Oy shows that L™ = Op. O
5.6. Simultaneous canonical models

In this section we consider the existence of simultaneous canonical models.

5.36 (Proof of (5.10) over curves). Let B be a smooth curve of char0 and
f X — B a morphism of pure relative dimension n.
First we prove that b — vol(Kx;) is a lower semicontinuous function on B.
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If we replace X by a resolution X" — X then vol(Kx;y) is unchanged for
general fibers and it can only increase for special fibers. There are two possible
sources for an increase. First, the resolution may introduce new divisors of general
type. Second, if X is not normal, an irreducible component of a fiber may be
replaced by a finite cover of it. The latter increases the volume by (10.36).

Thus it is enough to check lower semicontinuity when X is smooth and all fibers
are snc.

There is nothing to prove if the volume of the general fiber is 0, hence we may
assume that general fibers are of general type.

Let F' be the union of all singular fibers and f¢: X¢ — B the relative canonical
model of (X,red F) — B as in (2.59.2). An irreducible component E C F may get
contracted. However, when this happens, then Kp+ (F — E)|g = (Kx + F)|g, and
hence also Kg, are < 0 on the fibers of the contraction. Such divisors contribute 0
to the volume. Thus we can check lower semicontinuity on f¢: X¢ — B.

Pick b € B, let Y e E; = X; denote the fiber over b and 7; : E; — E; the
normalizations. As in (1.90) write 7} (Kxe + red F¢) = Kp, + D; where D; =
Diff g, (Zj# E;). Let g € B be a point not contained in f¢(F). Then F* is disjoint
from X and we have

(Kx:)" = ((Kxe+red Fo)" - X¢)
= ((Kxe+red F)" - X§) )
= Y.ei(Kg +D)" > (Kg +Di)".

Next we use (5.12) to obtain that (K, + Di)n > (KE;;r)n. Putting these together
we see that

c
g
c

vol(Kxr) = (Kxe)" > 32, (Kper)" = vol(Kx;),
proving the lower semicontinuity assertion. Furthermore, by (5.12), equality holds
iff D; =0, the E; have canonical singularities and e; = 1 for every 4. If D; = 0 then
E; is the only irreducible component of its fiber by (1.92). Thus X is reduced,
irreducible and has canonical singularities. We can now use either [Kol13c, 1.28]
or (2.8) to conclude that f¢ : X°¢ — B is also the relative canonical model of

f X — B, hence a simultaneous canonical model.
d

Next we prove (5.11) when the base is a smooth curve.

5.37 (Proof of (5.11) over curves). Let B be a smooth curve over a field of
char 0 and f : (X, A) — B a flat morphism whose fibers are irreducible and smooth
outside a codimension > 2 subset. We may replace X by its normalization. Thus
we may assume to start with that X is normal and then the generic fiber is lc.

Assume first that f is locally stable. We prove that b — vol(Kx, + Ap) is
an upper semicontinuous function on S and f : (X,A) — B has a simultaneous
canonical model iff this function is locally constant.

To see these let f¢: (X A°) — B denote the canonical model of f : (X, A) —
B, it exists by [Koll3c, 1.30.7]. For every b € B we need to understand the
difference between

— ((X“)s, (A°)p), the fiber of f¢ over b and
— ((X3)°, (Ap)°), the canonical model of the fiber (X, Ay) of f over b.

These two are the same for general g € B but they can be different for some special
points in B.
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Let ¢ : X --» X°¢ denote the natural birational map. Since the fibers of f
are irreducible, they can not be contracted, thus ¢ induces birational maps ¢ :
Xp --+ (X)p. Let Z, denote the normalization of the closure of the graph of ¢
with projections X, & Z, LA (X)p. The key computation, done in (5.39), shows
that

9" (Kx, + Ap) ~g h*(K(xe), + (A)) + F (5.37.1)
where Fj, is effective. This implies that

VOl(KXh-i-Ab) = VOl(g*(KXb-i-Ab)) > VOl(h*(K(Xc)b+(Ac)b)) = VOI(K(Xc)b+(AC)b).

Note further that since f¢: (X¢ A°) — B is flat and Kxc + A€ is f¢ample, its
restriction to different fibers have the same volume. Thus

VOl(K(Xc)b + (Ac)b) = VO](K(Xc)g + (Ac)g) = VO](KXQ + Ag)
for generic g € B. Putting the two together shows that
VO](KXb + Ap) > VOI(KXq + Ag) (5.37.2)

and, by (10.37), equality holds iff F}, is h-exceptional, in which case ((X);, (A%),)
is the canonical model of (X}, Ap). This proves both claims.

In the general case, when f : (X, A) — B is not locally stable, we first use (5.32)
to construct h : (X,A) — (X,A) such that the composite foh : (X,A) — B is
locally stable. Thus (5.37.2) applies and we get that

VO](Kva + Ab) > VOl(Kxg + Ag). (5.37.3)

Note that hy : (Xp, Ap) — (Xp, Ap) is birational by (5.32) and K)zb-l-Ab is hp-ample.
Thus (10.30.1) implies that

VOl(Xb, Ab) Z VOl(Xb, Ab) (5374)

Putting (5.37.3) and (5.37.4) together shows the upper semicontinuity of the vol-
ume.

It remains to show that if equality holds in (5.37.3) and (5.37.4) then there is a
simultaneous canonical model. We already proved that if equality holds in (5.37.3)
then foh : (X,A) — B has a simultaneous canonical model (Xg,Af). Next
we show that if equality holds in (5.37.4) then (Xg, Af) is also the simultaneous
canonical model of f: (X, A) — B. Equivalently, that (X3, A;) and (Xp, A;) have
isomorphic canonical models. The latter follows from (10.37) but it can also be
obtained by applying the simpler (10.30) to the (normalization of the closure of
the) graph of (Xy, Ay) --» (Xg, A). O

Looking at the above proof shows that the existence of simultaneous canonical
models is part of the following more general problem.

QUESTION 5.38. Let (X, D+ A) be an lc pair and (X¢, D¢+ A°) its canonical
model. What is the relationship between

— the canonical model of (D, Diff p A) and

— (D¢, Diff pe A©)?
The following simple example shows that these two are usually different. Start
with a smooth variety X', a smooth divisor D’ € X’ and another smooth divisor
C'" ¢ D’. Assume that Kx: + D’ is ample. Set X := B/ X' with exceptional
divisor E and let D C X denote the birational transform of D’.
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Then (X, D+ F) is an lc pair whose canonical model is (X', D’) and (D', 0) is
its own canonical model.

However, (D,Diff p E) = (D', C") is different from (D’,0).

Note that for suitable choices we can arrange that Kp/ + C’ is ample (in which
case (D', C") is its own canonical model) or that Kp. + C’ is negative on C’ (in
which case the canonical model of (D’, C") is obtained by contracting C” to a point).

First we prove that, under fairly general conditions, the expected discrepancy
inequalities hold; cf. [KIM98, 3.38] or [Kol13c, 1.19 and 1.22]. Then, under much
more stringent restrictions, we establish the existence of simultaneous canonical
models by studying how the boundary divisor changes as we run the minimal model
program.

LEMMA 5.39. Let (X,D + A) be lc where D is a reduced Weil divisor and
A =>"a;D; is a Q-divisor. Let f: X — S be a proper morphism and

x -4 xw

R (5.39.1)
S

a weak canonical model of f : (X, D+A) — S. If none of the irreducible components
of D are contracted by ¢ then we obtain the diagram

D % pw

flo N\ v fv (5.39.2)
S

Dw

where ¢p is birational. Then
(3) a(E,D,Diff p A) < a(E, D" Diff pw A“’) for every divisor E over D and
(4) (¢p), Diffp A > Diff pw A™.

Proof. Let Y be the normalization of the main component of the fiber product
X xg X% with projections X &Y B xw, By definition,
9" (Kx + D+ A) ~g h* (KXw +D¥ + A“’) + F (5.39.5)

where F is effective. Let Dy denote the birational transform of D on Y. Restricting
to Dy we get

(910, )" (Kp + Diff p A) ~q (hlp, )" (Kpw + Diff pw A™) + Fp,
and F|p, is also effective. This proves (3) and (4) is a special case. O

This looks very promising, since (5.39.3) is the main inequality that we require
for weak canonical models, see [Kol13c, 1.19]. There are, however, two problems.

(5.39.6) Although ¢ is a contraction, as in (5.23), this does not imply that ¢p
is a contraction. If G¥ C D" is a “new” divisor, then G" is an exceptional divisor
over D and the coefficient of G* in Diff pw A" is compared with the discrepancy
a(G*,D,Diffp A). If (D, Diff p A) is canonical, then a(G", D, Diff p A) > 0, hence
(5.39.3) implies that the coefficient of G* in Diff pw A" is < 0. Thus it is in fact
zero. This is, however, not enough to conclude that the Kodaira dimension or the
plurigenera and unchanged.

An extra problem is that, as in (5.23), ¢p could be a contraction for one
minimal model ¢ : X --+ X™ but not for another minimal model. We usually
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think of various minimal models as being “essentially the same,” but here we have
to distinguish them carefully.

(5.39.7) Although the divisor F' defined in (5.39.6) is g-exceptional, this does
not imply that F|p, is g|p,-exceptional. Thus (5.39.4) need not be an equality,
not even if ¢p is an isomorphism.

There is one straightforward case where neither of these difficulties appears.

LEMMA 5.40. Notation and assumptions as in (5.39). Assume in addition that
D¥nN EX(¢_1) has codimension > 2 in DY.
Then (Dw,Difwa A“’) s a weak canonical model of (D,DiffD A).

Note that since ¢ is a contraction, codimyw Ex(¢~') > 2 but we assume that
codim pw (D“’ N Ex(qﬁ’l)) > 2.

Proof. It is clear that
(X“\Ex(¢~")) N (¢p), Diff p A = (X \ Ex(¢™")) N Diff pw A™.

If D¥ N Ex(¢~') has codimension > 2 in D™, then D" \ Ex(¢~!) has non-
empty intersection with every divisor in D*. Thus, in this case, ¢p is a con-
traction and (¢D)* Diff p A = Diff pw A™. Together with (5.39.3) these imply that
(Dw, Diff pw Aw) is a weak canonical model of (D, Diff p A). O

Next we show that, in some cases, it is enough to know that ¢ is a local
isomorphism at all generic points of D N Supp A.

LEMMA 5.41. Notation as in (5.39). Assume in addition that that

(1) ¢: X --» XY is obtained by an (X,D + A)-MMP,

(2) none of the irreducible components of A are contracted by ¢,
(3) (X,A) and (D, Diff p A) are canonical and

(4) ¢ is a local isomorphism at all generic points of D N Supp A.

Then

(5) D NEx(¢~') has codimension > 2 in D
(6) ¢p is a contraction and
(7) (Dv,Diff pw A™) is a weak canonical model of (D, Diff p A).

Proof. Let G* C D" be a divisor. Assume to the contrary that ¢ is not a
local isomorphism over the generic point of G*. Using (1) and that discrepancies
increase as we go from X to a weak canonical model (see, for instance, [KIM98,
3.50] or [Kol13c, 1.23]) there is a divisor E over X* such that

a(E,X,D+A) < a(E, X", D" + A™) < 0.

By the definition of canonical (1.78) and (1.93.3) this implies that centerx E is
either one of the irreducible components of A or one of the irreducible components
of DN A. The first is impossible by (2) and the second by (3). This contradiction
with (4) proves (5), which in turn implies (6-7). O

The following is a slight generalization of [HMX13, Sec.4].
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COROLLARY 5.42. Let f: (X,A =) ,.;a;D;) — B be locally stable such that
it has a canonical model

x,8) L (xe,a9)
F N S
B

Assume that
(1) X is Q-factorial,
(2) the fibers (Xb,Ab) are canonical for every b € B and
(3) the fibers of the Stein factorization D; — B; of f|p, : D; — B are reduced
and irreducible for every i.

Then XN Ex((gi)c)*l) has codimension > 2 in X; for every b € B and therefore
(Xzf7 AC|X5) is the canonical model of (Xb, Ab) for every b € B.

Proof. Taking the canonical model commutes with flat base changes B’ — B
(2.44). Thus we may assume without loss of generality that each D; — B has
reduced and irreducible fibers.

For i € I set ¢; := max{0, —a(D;,X¢,A°)} and T := }_,_, ¢;D;. Note that
¢; < a; for every i and equality holds if D; is not ¢¢ exceptional. Thus ¢SA = ¢SI’
and f€: (XC, AC) — B is also the canonical model of f: (X,T') — B by [Koll3c,
1.27]. Let

x,n S (xmm)

RV (5.42.4)
B

be a minimal model of f : (X,T") — B obtained by an (X, I")-MMP. Since ¢ : X™ —
X¢is a morphism (cf. [Kol13c, 1.26.6]), it is enough to prove that X;"NEx((¢™)~!)
has codimension > 2 in X" for every b € B. We check that ¢™ : (X,I') --»
(X™,T™) satisfies the assumptions of (5.41).

We assumed (5.41.1) and (5.41.3) holds since T' < A. In order to see (5.41.2)
note that if ¢; > 0 then ¢; = —a(D;, X¢, A°) = —a(D;, X¢,T) and the latter equals
—a(D;, X™, T™) (cf. [Kol13c, 1.21]). This implies that D; is not contracted by ¢™
(cf. [Kol13c, 1.19.5™]).

The subtle point is (5.41.4). By (3) each D; contributes exactly 1 irreducible
component with coefficient ¢; to Diffx, I' = T'| x,. Thus the sum of the coefficients
of Diff x, " is exactly > ;.; ¢

Since none of the D; gets contracted by ¢™, each D]* contributes at least
1 irreducible component with coefficient ¢; to Diff xp I'. Hence the sum of the
coefficients of Diff x;n I'™ is at least »;_;c;. Combining this with (5.39.3) we
conclude that

(¢5"), Diff x, I' = Diff x,n T™  for every b € B. (5.42.5)

By inversion of adjunction (1.93), the coefficient of a divisor G in the different is also
the minimal discrepancy of a divisor whose center is G. Thus (5.42.5) and [Kol13c,
1.23] imply that ¢™ is a local isomorphism at every generic point of D N A.

Thus (5.42) applies and hence X NEx((¢)!) has codimension > 2 in X for
every b € B. By (5.40), this implies that (Xj, A°|x¢) is the canonical model of
(Xb, Ab) for every b € B. O
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5.7. Simultaneous canonical modifications

If S is smooth then the simultaneous canonical modification of f: (X,A) — S
is also the canonical modification of (X, A). This suggests that one should consider
the canonical modification of (X,A) and try to prove that it is a simultaneous
canonical modification.

5.43 (Proof of (5.17) over curves). Let C be a smooth curve and f : (X,A) —» C
a flat, projective morphism of pure relative dimension n that satisfies the assump-
tions of (5.17).

Each ¢ — (a} HI " (K xean + AF™)?) is a constructible function on C. Thus, in
order to prove (5.17.1) we may assume that C is the spectrum of a DVR with closed
point 0 € C and generic point g € C. We may also assume that X is reduced, thus
f is flat.

By (5.28), (WSHS') < (W;HZ}) and equality holds iff X is generically reduced.
It is thus enough to deal with the latter case. Then X is generically normal along X
and we can replace X by its normalization without changing any of the assumptions
or conclusions. We may now also assume that X is irreducible.

Let : (Y,AY =7 *A) — (X, A) denote the canonical modification.

Write Yy = ), e;E; where eg = 1 and Ej is the birational transform of Xj.
(For now Ej is allowed to be reducible.) Set E :=red Yy = Y. E;. Let 7: Ey — Ej
denote the normalization and write 7* (Ky + E + AY) = Kpg, + Do where Dy =
Diff 5, (E — Eo + AY) as in (1.90). Choose m > 0 such that Ky + E+ AY +mn*H
is ample over C. We claim the following sequence of (in)equalities.

(Kxean + AL +mmyH)"

= (Ky, + AY + mm:H)"
= (Ky + AY + mr*H)" - [V

(Ky + E4+AY +mrH)" - Y]

= (Ky + E+AY + mr*H)" - Y] (5.43.1)
=Y ((Ky + E+AY + mr*H) El)n
> (Kg, + Do +mnyH)"
> vol(K xgan + AG™ + ma H)
= (Kxgn + AF™ + mrgH)".

The first equality holds since (Y, A;’) is the canonical model of (X4, A,), hence
AP = A;/. The second equality is clear. We are allowed to add E in the fourth row
since it is disjoint from Y. We can then replace Y, by Y{ since they are algebraically
equivalent and compute the latter one component at a time. Ky +FE+AY +ma*H
is ample, thus if we keep only the summands corresponding to Fy, we get the first
inequality, which is an equality iff Yy = Ej.

The second inequality follows from (10.34), once we check that o, 1Ay < Dy
where ¢ :=mg o7 : Eyg — Xy is the natural map. Since Dy is effective, this is clear
for o-exceptional divisors. Otherwise, either 7 is an isomorphism over the generic
point of a divisor D (hence D} has the same coefficients in o;*Ag and Dy) or
o 1D} is contained in another irreducible component of red Yy. In this case o 1 D}
appears in Dy with coefficient 1 and in o 'Ag with coefficient < 1 by assumption
(5.16.5). This proves the second inequality and, by (10.34), if equality holds then
Dy = 07 'Ag. The last equality is a general property of ample divisors.
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As we noted in (5.13), the inequality proved in (5.43.1) is equivalent to
I(mHg, Kxean + AS™) = (75 Ho, K xgon + AG™)

g

which proves (5.17.1).

If equality holds everywhere in (5.43.1) then Yy, = Ey, Dy = o, 1Ay and
(EO,DO) is canonical. On the other hand, Dy is the sum of oA and of the
conductor of Ey — Ey = Yy. Thus the conductor is 0, hence Yy is normal and irre-
ducible, Dy = (m);*Ag and (Yo, (m0); *Ao) is canonical. Since Ky, 4+ Dy is ample
over Xy, these show that (Y, (m9);'Ag) is the canonical modification of (Xo, Ag).
Thus the canonical modification of (X, A) is also the simultaneous canonical mod-

ification, proving (5.17.2). O

In close analogy with (5.16), we can define simultaneous log canonical and
semi-log-canonical modifications.

DEFINITION 5.44. Let (X, A) be a pair over a field k. Its log-canonical mod-
ification is a proper, birational morphism 7 : (XIC,AIC) — (X, A) such that
A = 771A + E where E contains every m-exceptional divisor with coefficient
1, Kxi. + Al is 7-ample and (X'¢, Al) is log-canonical. (Note: If X is normal,
this agrees with the usual definition (5.15). If X is not normal and B C Y is a prime
divisor such that X is singular along 7 (B) then E contains B with coefficient 1. In
particular, if (X, A) is slc then its log-canonical modification is the normalization
(X,A+ D) asin (5.2.7).)

Let f : (X,A) — S be a morphism that satisfies the conditions (5.2.1-4).
A simultaneous lc modification is a proper morphism 7 : (Y, AY) — (X, A) such
that fom: (Y,;AY) — S is locally stable and s : (Y5, AY) — (X, Ay) is the lc
modification for every s € S.

If f:(X,A) = S is locally stable then the lc modification of a fiber is its
normalization; usually these do not form a flat family. We introduce the notion of
simultaneous slc modification to remedy this problem.

Let (X,A) be a pair over a field k that is slc in codimension 1. Its semi-log-
canonical modification is a proper, birational morphism 7 : (XSIC, ASIC) — (X, A)
such that 7 is an isomorphism over codimension 1 points of X, A%l = 77 1A + F
where E contains every m-exceptional divisor with coefficient 1, K yac 4+ AS€ is
m-ample and (X sle ASIC) is slc.

If X is normal, then the semi-log-canonical modification is automatically nor-
mal and it agrees with the log-canonical modification.

In general lc modifications are conjectured to exist but there are slc pairs with-
out slc modification, see [Kol13c, 1.40]. In both cases existence is known when
Kx + A is Q-Cartier, see [OX12].

Let f: (X,A) — S be a morphism that satisfies the conditions (5.2.1-4). A
simultaneous slc modification is a proper morphism 7 : (Y,AY) — (X, A) such
that fom: (Y,AY) — S is locally stable and 75 : (Ys,AY) — (X5, Ay) is the sle
modification for every s € S.

As we saw in the Examples 5.25-5.26, the existence question is more compli-
cated for the simultaneous log canonical modification than for the simultaneous
canonical modification.
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THEOREM 5.45. Let C' be a smooth curve, f : (X,A) — C a projective
morphism of pure relative dimension n satisfying (5.2.1-4). Assume that Kx +
A is Q-Cartier and, for every ¢ € C, the semi-log-canonical modification m. :
(X5, ASIe) — (X, A.) exists. Then

(1) ¢ I(msHI 2, Kxac + Afl) is a lexicographically lower semicontinuous
function on C and

(2) f:(X,A) = C has a simultaneous semi-log-canonical modification iff this
function is locally constant.

Proof. Using (2.56) we may assume that X is normal. Next we closely follow
the proof of (5.43).

Let m: (Y, AY) — (X, A) denote the log-canonical modification; this exists by
(5.15). Note that here AY = 771A + F where F is the sum of all m-exceptional
divisors that dominate C.

Write Yy = ), e; E; where eg = 1 and Ej is the birational transform of Xg. Let
7 : Ey — Ey denote the normalization and write 7* (Ky + Yy + Ay) = Kg, + Do.
Choose m > 0 such that Ky + Yy + AY + mz*H is ample over C. As in the proof
of (5.43) we get that

(Kxie + Ay +mmgH)" > (Kg, + Do +mngH)"  and
vol(KXéc + Al +mnjH) = (KXéc + A +mryH)".

It remains to prove that (KEO + Dy + mﬂ{)“H)n > VOI(KX(BC + AF + mmg )

We have o : Ey — X, and we can apply (10.35) provided every g-exceptional
divisor Fy C Ey appears in Dy with coefficient 1.

By the definition of lc modifications, every divisor F; that is exceptional for Y —
X appears in AY with coefficient 1. If Kx + A is Q-Cartier then the exceptional set
of Y — X has pure codimension 1. In this case 7(F}) is contained in a divisor that
is exceptional for Y — X. Thus, by adjunction, Fy appears in Dy with coefficient
1.

If (Xo,4p) is slc at a point zy then (X, A) is also sle at zp by inversion of
adjunction (1.93) hence 7 is a local isomorphism over x5. Thus 7 : (Y, AY) —
(Xo,4p) is an isomorphism over codimension 1 points of Xj.

The rest of the proof works as before. ([l

If Kx + A is not Q-Cartier then it can happen that an exceptional divisor
F, C Ej is not contained in any exceptional divisor of X'© — X. In such cases we
lose control of the coefficient of ' in Dy. This occurs in (5.25) over the 4 singular
points that lie on Dy.

5.8. Mostly flat families of line bundles

So far we have studied morphisms that were known to be stable in codimension
1. Next we turn to investigating sheaves that are known to be invertible in codi-
mension 1; a topic we already encountered in Section 2.6. This leads to the proofs
of (5.7) and (5.4). Many of the results proved here are developed for arbitrary
coherent sheaves in Chapter 9.

DEFINITION 5.46 (Mostly flat families of line bundles). Let f: X — S be a
morphism and L a mostly flat family of divisorial sheaves (3.51). Thus there is a
closed subscheme Z C X with complement j : U := X \ Z < X such that Z N X
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has codimension > 2 in X, for every s € S, f|y : U — S is flat over S with pure,
Sy fibers and L|y is a line bundle.
We say that L is a mostly flat families of line bundles if the Ss-hulls

LY = (j,).(Glv.) (5.46.1)
are locally free over the Ss-hull of the fibers of f
X =Specy, (4s)«(Ov,). (5.46.2)

(If Us is normal, which is the main case, then X is the normalization of Xj.)
We may as well assume that Ox = j.Op (equivalently, that depth, Ox > 2)
and then (10.4) implies that there is a dense open subset S® C S such that L is a
line bundle on X© := f=1(S9).
A mostly flat family of line bundles L on X is called fiber-wise ample if L is
ample for every s € S.

EXAMPLE 5.47. Let f’: X' — A'! be a family of degree 4 surfaces in P such
that X contains a line ¢ but the Picard number of X/ is 1 for some ¢ # 0. Then
¢ C X' can be contracted and we get 7 : X’ — X and f: X — Al (Usually X
is only an analytic or algebraic space.) Here X is a K3 surface with a node. Set
L:=7,.0x(2).

Then L is a mostly flat family of fiber-wise ample line bundles yet f itself is
not projective.

Our aim is to find conditions to ensure that a mostly flat family of line bundles
is a flat family of line bundles. We start with 1-parameter families.

5.48 (Euler characteristic and specialization). Let (0,7") be the spectrum of a
DVR, f: X — T a proper morphism of pure relative dimension n. We can usually
harmlessly assume that X is S3. Thus the generic fiber X, is Sp and the special
fiber X is S;. Let L be a mostly flat family of line bundles on X.

By the assumptions (3.51) L is Sz and there is a subset Zy C X of codimension
> 2, called the degeneracy set of L, such that L is locally free on X \ Zy and X\ Zy
is SQ.

Ly is also Sy, hence Ly — L& is an injection. By semicontinuity we have
h(Xo, L§) = h°(Xo, Lo) > h°(Xy. Ly). Applying this inequality to powers of L
we obtain that

W0 (Xo, (L)) o 1O (Xg, LE™)

Hy _ 1
vol(Ly') = lim oy Y

= vol(L,). (5.48.1)

If L is fiber-wise ample then the volume equals the self-intersection number, thus
((@Hmy = (). (5.48.2)

In order to get more precise information, note that we have an exact sequence

’I“L
0-Lo->LE -Q—0 (5.48.3)

which defines the sheaf () whose support is contained in the degeneracy set Zj.
Thus
X(X07L5{) = X(X(),Lo) +X(X07Q) (5 48 4)
= X(Xg7Lg)+X(X07Q)- o
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Let Ox (1) be an ample line bundle. Twisting (5.48.3) by Ox (m) and taking Euler
characteristic we obtain that

X(Xo, Lg (m)) = x(Xg, Ly(m)) (5.48.5)

and equality holds < Q =0 < 1 : Ly — LI is an isomorphism. If X is Sy then
this is further equivalent to L being locally free.
If the degeneracy set Zj is finite then Q = 0 iff x(Xo, Q) = 0, hence

Lo=L{ & x(Xo,L{) = x(Xg, Ly). (5.48.6)
As before, if X is So then this is further equivalent to L being locally free.

REMARK 5.49. Let f : X — S be a proper morphism of pure relative dimension
n and L a line bundle on X. It is not well understood under what conditions is the
function s — vol(Ls) constructible; see [Les14, PS13].

LEMMA 5.50. Let f: X — S be a proper morphism of pure relative dimension
n, A a relatively ample line bundle on X and L a mostly flat family of fiber-wise
ample line bundles. Then

(1) s (AL (LE)"=") is constructible and upper semicontinuous for every i
and
(2) if (LE)™) is constant (as a function of s) then so is every (AL-(LE)"~).

Proof. As we noted in (5.46), after passing to a dense open subset S° C red S
and normalizing X° := f~1(S°), we may assume that L is a line bundle. Thus the
functions s — (A% - (L¥)"~%) are locally constant on S° and so constructible on
S by Noetherian induction. Together with (5.48.2) this implies semicontinuity for
1=0.

For ¢ > 0 we prove (1) by induction on n. We may assume that S is local and
A is relatively very ample.

Let Y C X be a hypersurface cut out by a general section of A. By a Bertini-
type theorem (10.11) the restriction L]y is a mostly flat family of fiber-wise ample
line bundles on Y — S. Furthermore

(AL (L") = (Yo AT (L)) = ((AR)7 - (L))" (5.50.3)

and the latter is constructible and upper semicontinuous by induction.
In order to see (2) note that L™ ® A™! is also a mostly flat family of fiber-wise
ample line bundles for m > 1 and

m" (L") = 3, (7) (AL - (L@ A7HI)™). (5.50.4)
By (1) all summands on the right are constructible and upper semicontinuous.

Therefore, if the sum is constant as a function of s, then so is every summand.
Finally note that

(17 & A7)E)") = S 0me () (A ). 6505)
If the left side is constant for m > 1, as a function of s, then every summand on
the right is constant. O

5.51 (Proof of (5.7)). The assertions (5.7.1) and (5.7.3) are proved in (5.50.1).
Furthermore, (5.50.2) shows that (5.7.2) implies (5.7.4).

Thus it remains to prove (5.7.2). We start with the case when S is the spectrum
of a DVR; this implies the general case by (4.36).
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Our argument has 3 parts. The first step, when the relative dimension is 2, is
done in (5.53).

The next step is induction on the dimension. We may assume that S is local
and A is relatively very ample. Let Y C X be a general hypersurface cut out by a
general section of A. Then (10.11) ensures that L¥|y = (L|y)¥. The restriction
L|y is a mostly flat family of fiber-wise ample line bundles on Y — S and, as we
noted in (5.50.3),

(A2 (EH)?) = (A2~ ((EI) 1)),

Thus, by induction, L7 |y is a line bundle. This implies that L is a line bundle
along Y. Therefore L7 is a line bundle, except possibly at finitely many points
Z CX.

Finally we need to exclude this finite set Z when the fiber dimension is at least
3. This follows from (2.90), which we have not proved yet.

Alternatively, we can use (2.84) and conclude that L™l is a line bundle for
some m > 0. Then a short global argument given in (5.54) shows that L itself is
locally free. O

5.52 (Start of the proof of (5.4)). Note that (5.4.4) follows from (5.50.1).

Next we consider (5.4.5) when S is the the spectrum of a DVR,; the general
setting is postponed to (5.63).

Thus assume that we have a smooth curve C' and f : (X,A) — C satisfying
the assumptions (5.4.1-3) and such that

e (mPH"? - (Kx, + Do+ A)?)

is a constant function on C. We aim to prove that Kx + A is Q-Cartier.

As a first step, we replace (X, A) by its normalization. This leaves the as-
sumptions and the numerical conclusion unchanged. By (2.56), a demi-normal
pair (X,A) — C with slc generic fibers is slc iff its normalization is lc. Thus the
conclusion is also unchanged.

It would seem that we should use (5.7). However, a key assumption of (5.7) is
that every fiber is Ss; this is true but not obvious in our case. Thus we consider
two separate cases.

If n = 2 then the weak numerical criterion (5.34) implies (5.4). However, for n >
3 the weak numerical criterion also involves the terms (7} H" ¢ (K + D.+A.)*)
for ¢ > 3; these are unknown to us.

Instead, using the already established n = 2 case and the Bertini—type result
(10.11) as in (5.51), we may assume that f : (X, A) — C is locally stable outside
a subset of codimension > 3. We can now apply (5.5), or rather, the special case
proved in (5.35), to complete the argument. O

PROPOSITION 5.53. Let T be an irreducible, reqular, 1-dimensional scheme and
f: X — T a flat, proper morphism of relative dimension 2 with Sy fibers. Let L be
a mostly flat family of line bundles on X. Then
(1) t = (L - L) is upper semicontinuous and
(2) L is locally free on X iff the above function is constant.

Proof. If L is locally free then (L' - L") = (L - L-[X;]) is independent of
t € T. To see the converse we may assume that 7" is local with closed point 0 € T
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and generic point g € T. Note that L is locally free, except possibly at a finite set
Zy C Xg, and Lf =L,
For each t € T', the Euler characteristic is a quadratic polynomial

X(Xta (Ltl{)@)m) = ath + btm + Ct,

and we know from Riemann—Roch that a; = %(Lf . Lf) and ¢; = x(Xt,OXt).
Furthermore, (5.48.4) implies that

agm? + bom + co > agm® + bym + ¢, for every m € Z. (5.53.3)
For m > 1 the quadratic terms dominate, which gives that
(LE - LET) = 2a0 > 2a4 = (Lg - Ly). (5.53.4)
Assume now that (L& - LE) = (L, - L,). Then ag = a, thus (5.53.3) implies that
bom + co > bym + ¢4 for every m € Z. (5.53.5)

For m >> 1 this implies that by > by and for m <« —1 that —bg > —b,. Thus by = by
and co = ¢4 also holds since f is flat. Therefore we have equality in (5.53.3).
Thus L is a flat family of locally free sheaves by (5.48.6). O

Local extension problems.

We are now ready to complete the proofs of (2.90) and (5.7).

In both cases, the only remaining case is when some reflexive tensor power L™
is locally free on X and in Section 2.9 we even settled the case when char k(x) { m.

Below we give first the global argument of [Koll6a] and then discuss how it
was localized in [dJ15].

PROPOSITION 5.54. Let T be the spectrum of a DVR with closed point 0 € T
and generic point g € T. Let f : X — T be a projective morphism with So fibers
and L a mostly flat family of line bundles such that L™ is locally free for some
m > 0. Then L s locally free.

Proof. We claim an equality of the Hilbert polynomials
X (Xo, (LEHE) = x(Xg, LET). (5.54.1)

Since both sides are polynomials in r, it is sufficient to prove that they are equal
for all multiples of m.

Note that LI"™|y, and (L§)®™ are both locally free sheaves that agree outside
a codimension 2 subset, hence they are isomorphic. Thus

X(Xo, (LE*rm) = x(Xo, (L]x,) ™) =
(X, (L]x,)™) = x (X LG™).

where the last equality holds since L, is a line bundle (5.46). In particular we
conclude that

(5.54.2)

x(Xo, L) = x(Xy, Ly). (5.54.3)

Let now Ox,5(1) be an f-ample invertible sheaf. We can apply the same argument
to any L(m) to obtain that

X (Xo, L (m)) = x(Xg, Ly(m)) Vm e Z. (5.54.4)
By (5.48.5) this implies that L is locally free. a
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5.55 (Extension problems). Let (x, X) be a local Noetherian scheme, s € m,
a non-zerodivisor and D := (s = 0). Set U := X \ {z} and Up := UND. Let
F be a coherent sheaf on U such that s is a non-zerodivisor on F. There are
2 natural quotient maps associated to this set-up. First, ry : F — F/sF gives
hy : HY(U,F) — H°(U, F/sF). Second, let j : U < X denote the injection, then
ry extends to a map ry := j.ry : j«F — j«(F/sF). It is clear that hy is surjective
iff rx is, thus we can formulate our question in 2 equaivalent forms.

Local extension problem 5.55.1. When are the above maps

hy : HY(U,F) — H°(U,F/sF) and rx:j.F — j.(F/sF) surjective?

A key observation of [dJ15] is that while j.F — j.(F/sF) is the case we
need, one can run induction on the dimension if j,F and j.(F/sF) are replaced
by suitable subsheaves Fxy C j.F and Fp C j.(F/sF). This leads to the following
definition.

A extension problem associated to ry : F' — F'/sF consists of coherent sheaves
Fx on X and Fp on D plus a map rx : Fx — Fp such that

(?”XZF)(%FD)‘U:(TUIF—)F/SF). (5552)
Observe that rx induces a morphism
rp: Fx|p — Fp (5.55.3)

that is an isomorphism over Up. Thus both its kernel and cokernel have finite
length. Set
0(Fx,Fp) := length(coker rp) — length(kerrp). (5.55.4)

Claim 5.55.5. Using the above notation, assume that = ¢ Ass(Fx). Then
0(Fx, Fp) depends only on Fp and F, not on Fx.

This suggests that the role of F'y is not very important, hence from now on we
will think of an extension problem as a pair (F, Fp) and we choose Fx later in a
convenient way. Thus from now on we write

§(F,Fp) :=0(Fx, Fp) (5.55.6)
for any suitable choice of F'x.

Proof. The assumption x ¢ Ass(Fx) implies that Fx can be identified with a
subsheaf of j.F and if F%, F¥ give such extensions problems then so does their
intersection. Thus it is enough to check that §(F%,Fp) = 6(F%,Fp) where
maFy C FY{ C F%. Then, as we go from Fy — Fp to F§{ — Fp, the length
of the kernel and of the cokernel both increase by length(F% /F¥). O

Next we show that the original question of surjectivity of the restriction map
H°(U,F) — H°(Up, F/sF) between infinite dimensional vector spaces is equivalent
to the vanishing of 4.

Claim 5.55.7. Assume that j,F and j.(F/sF) are both coherent. Then
H°(U,F) — H°(Up, F/sF) is surjective iff §(F, j.(F/sF)) = 0.

Proof. We can choose Fx := j,.F. Then depth,(Fx/sFx) > 1, hence rx :
Fx/sFx — j.(F/sF) is injective. Thus §(F,j.(F/sF)) = 0 iff rx is an isomor-
phism. Every global section of F//sF extends to a global section of j.(F/sF) and
then lifts to a global section of j,F' since X is affine. O
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5.56 (Maps of extension problems). A map of extension problems

a: (F,Fp) — (G,Gp) (5.56.1)
is a pair of maps sitting in a commutative diagram
F B G
rF 1r¢ (5.56.2)
Fp %8 Gp.

We do not assume that ap extends to a map between Fx and Gx. However, we

can always choose Fx and Gx so that such an extension exists. Indeed, ay gives a

map ay : Gx — j«F. We can thus replace G x by d,}l(FX) toget axy : Gx — Fx.
Correspondingly, an ezact sequence of extension problems

0— (F,Fp) — (G,Gp) = (H,Hp) = 0 (5.56.3)
is a commutative diagram of 2 exact sequences

0O - F - G —- H — 0
1 i + (5.56.4)

0 - Fp - Gp — Hp — 0.

As before, we do not assume exactness for Fx,Gx, Hx . However, we claim that
one can always choose Fx,Gx, Hx such that the sequences

0O - Fx — Gx — Hx — 0 and

1 ! ! (5.56.5)
0 — Fx/SFX — Gx/SGX — Hx/SHX — 0

are also exact. Indeed, first we choose Gx, then set Fx := ker [GX — j*H]. A
problem is that there may not be a map Fx — Fp, but such a map exists if we
first replace Gx by m.Gx for some r > 1. Finally set Hy := Gx/Fx.

LEMMA 5.57. Consider an exact sequence of extension problems as in (5.56.3).
Then

5(G,Gp) = 8(F, Fp) + 6(H, Hp).

Proof. Choose Fx,Gx, Hx such that the sequences in (5.56.5) are also exact.
Then the claim follows from (5.55.5) and the snake lemma applied to

0 — Fx/SFX — GX/SGX — Hx/SHX — 0
\ \: \ U

0 — Fp — Gp — Hp — 0.

DEFINITION 5.58. We say that (L, Lp) is a line bundle extension problem if L
is a line bundle on U and Lp is a line bundle on D. Since (x, D) is local, in fact
Lp = OD.

If depth, D > 2 then Lp is uniquely determined by L|y,, thus, in this case,
line bundle extension problems are in one-to-one correspondence with the kernel of
Pic'*°(z, X) — Pic"°“(x, D).

If (F, Fp) is an extension problem then (F RL, Fp® LD) is also an extension
problem. Note that Fp &£ Fp ® Lp, thus we are changing the sheaf on U but
keeping the sheaf on D fixed.

Now we come to the key point: § behaves like a Hilbert polynomial.
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PROPOSITION 5.59. Let (F,Fp) be an extension problem and (L,Lp) a line
bundle extension problem. Then

n—6(F®L", Fp®Lp)
is a polynomial of degree < dim(Supp Fx) — 1.

Proof. We use induction on dim(Supp Fx). If dim(Supp Fx) < 1 then U N
Supp Fx is affine and L is trivial on Specy (Opy/Ann F'). Thus FF @ L™ = F and
Fp ® L}, = Fp shows that (5(F QL™ Fp ® L%) is constant.

Next we claim that for every (F, Fp) there is an exact sequence of extension
problems

0— (F,FD) — (F®L,FD ®LD) — (Q,QD) — 0.
To see this note that U is quasi-affine, so we can choose a global section g of L
that does not vanish at any of the associated points of F' or of F//sF. Thus we get
injections
ly®g: F—>F®L and 1p®g: (F/sF)— (F/sF)® L.

Thus 1p ® g gives a map Fp — j.(F/sF)® Lp whose image need not be contained
in Fp® Lp. However, this can be rectified if we replace g by hg for suitable h € m,.
Thus we get an injection (F,Fp) - (F® L, Fp ® Lp) and (Q,Qp) is defined as
its cokernel.

Tensoring with a line bundle extension problem is clearly exact, thus we also
have

0= (FRL" L FpeLy ') = (FRL", FpoLp) = (QeL" ', QpaLy") —0.
By (5.55.9) and induction this shows that
S(F@L",Fp®Lp) —d(Fe L" ', Fp @ L)

is a polynomial of degree < dim(Supp Fx) — 2. Thus 6(F ® L™, Fp ® L) is a
polynomial of degree < dim(Supp Fx) — 1. O

5.60 (Proof of (2.90)). Let L be a line bundle on U such that L|y, = Oy, and
L™ = O for some m > 0.

We apply (5.59) to the trivial extension problem (Oy, Op). Since depth, D >
2, every isomorphism O, = Oy, is multiplication by a unit, so the actual choice
of the isomorphism Oy |y, = Oy, does not matter.

Thus we obtain that n — cS(L”7 L%) is a polynomial function of n.

If L™ 2 Oy then (L”,L’b) ~ (Oy,Op), thus 5(L”,L’[l,) = 0 whenever m di-
vides n. A polynomial with infinitely many roots is identically zero, thus ¢ (L”, L%) =
0 for every n. In particular 5(L, LD) = 0. Thus the constant 1 section of Lp = Op
lifts to a global section of L by (5.55.5) and so L = Oy by (2.86). O

5.9. Families over higher dimensional bases

Here we complete the proofs of Theorems 5.3-5.17. In all cases the first part
asserts that a certain constructible function on the base scheme S is upper or lower
semicontinuous. For constructible functions semicontinuity can be checked along
spectra of DVR’s and this was already done in all cases.

The remaining part is to show that if our functions are locally constant on S
then certain constructions produce a flat family of varieties or sheaves. Again, in
all cases we have already checked that this holds when the base is a smooth curve.
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Going from curves to arbitrary reduced base schemes is easiest in the following
example.

5.61 (Proof of a special case of Theorem 5.11). We make the extra assumption
that f: (X,A) — S is locally stable. This is rather special but, for applications,
this is one of the main cases.

We may assume that S is connected. Since f : (X, A) — S is locally stable,

there is an 7 > 1 such that w! (rA) is locally free. We claim that f, L) (mrA)

X/s Wx/s
is locally free for all mr > 2 and

Projg Y, sa futly e (mra) (5.61.1)

is the simultaneous canonical model. By Grauert’s theorem [Gra60] it is enough
to show that

RO (Xs,wgzr] (mrAg)) is independent of s € S. (5.61.2)

(Note that [Har77, I11.12.9] states Grauert’s theorem for S integral, but the proof
works for reduced bases as well.)
By assumption, each fiber X, has a canonical model X¢ and

H° (X, w?gzr] (mrA,)) = HO(X¢, Wi (mrAf)), (5.61.3)
by definition (5.8). Thus it is enough to prove that
h° (X;j,wggzr] (mrA¢)) s independent of s € S. (5.61.4)

Since Kxe 4+ A§ is ample, a general form of Kodaira’s vanishing theorem [Fuj14,
1.9] implies that

H° (Xf,,w&?ir] (mrAf)) = X(X;:,wg??] (mrA%)) (5.61.5)
holds whenever mr > 2. Thus it remains to show that
X(X;,wg’g?] (mrA¢)) is independent of s € S. (5.61.6)

This can be checked after base change to every T — S where T is the spectrum of
a DVR.

We have already proved in (5.37) that fr : (XT, AT) — T has a simultaneous
canonical model f§ : (X%, A$) — T that is flat over T, hence the Euler character-
istic over the special fiber equals Euler characteristic over the generic fiber. ([

Note that, instead of using Kodaira’s vanishing theorem, we could have used
Serre vanishing to obtain (5.61.5) for m > m(s). One can use Noetherian induction
to show that a fixed lower bound mg works for all s € S. Asin (5.61.1) we get that

Projg 3 s m, frwx/slml([mA]))

is the simultaneous canonical model.

We are trying to use similar arguments for the other theorems, but there is no
sheaf on X to which Grauert’s theorem could be applied to. We go around this
problem by constructing certain universal flat sheaves and comparing their base
space with S and X. In the next proof this step is hidden in the reference to
(4.45) which ultimately relies on (4.33) where the Hilbert scheme and its universal
family appear explicitly. For some of the other theorems the Hilbert scheme is not
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sufficient. We need the theory of hulls and husks, to be defined in Chapter 9, which
was developed with exactly such situations in mind.

5.62 (Proof of Theorem 5.1). We already proved the case when S is the spec-
trum of a DVR in (5.33). As we noted above, this implies (5.1.1) in general. Thus
it remains to prove that if s — (K;’() is constant then f: X — S is stable.

In view of (5.33) we know that fr : Xy — T is stable for every T — S where
T is the spectrum of a DVR. Thus f: X — S is stable by (4.45). O

Another typical example is the following proof of Theorems 5.3, 5.4 and 5.5.
Note that in these cases we can not apply (5.7) since f is not assumed to be flat
and its fibers are not assumed to be S5.

5.63 (Proof of Theorems 5.3-5.5). By (4.48) there is an m > 0 such that
[m] (mAy) is locally free for every s € S. Let next 7 : H — S denote the fiber
product (over S) of the hulls (9.58)

T - Hull (W (mA)) = S and of o : Hull(Ox) — S.

We aim to show that 7 : H — S is an isomorphism. By (9.59), both 7, and 7 are
locally closed decompositions, hence so is their fiber product.

Let T be the spectrum of a DVR and ¢ : T' — S a morphism that maps the
generic point of T to a generic point of S. We apply (5.33), (5.52) or (5.35) to the
divisorial pull-back fr : (Xr,Ar) — T. We conclude that fr : (Xr,Ar) — T is

stable (resp. locally stable) and hence w&?;]T(mAT) is locally free by (3.62).

Thus g : T'— S factors through 7 : H — S hence 7 : H — S is an isomorphism
by (3.49). In particular, f : X — S is flat with Ss fibers and w[n}] (mA) is locally
free. Therefore all fibers are slc by (1.85) hence f : (X,A) — S is stable (resp.

locally stable). O

5.64 (Proof of Theorems 5.10-5.11). Both claims were already established over
the spectrum of a DVR, see (5.36) and (5.37). This implies the semicontinuity
assertions in both cases.

It remains to show that if the volume is constant then f : X — S (resp.
f:(X,A) — S) has a simultaneous canonical model.

Consider the moduli space of marked stable pairs 7 : MSP® — S and set

= {(XS,AL) s € S} c MSP™.

In order to prove that W is a closed subset, first we claim that it is constructible.
This is clear since the canonical model over a generic point of S extends to a
canonical model over an open subset of S and we can finish by Noetherian induction.
Thus closedness needs to be checked over spectra of DVR’s, and the latter follows
from (5.36) and (5.37).

Thus W is a scheme and the projection 7 induces a geometric bijection W — S
which is finite by (5.36) and (5.37). Thus W — S is an isomorphism since S is
seminormal.

If each (X, AS) is rigid, then W C MSPJ,;

Univi:q — MSP3

rigi

q and there is a universal family

rigid *

Therefore the pull-back of the universal family Univ?;,
canonical model over S = W.

rigid 10 W gives the simultaneous
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In general we make the same proof work by rigidifying f : (X, A) — S. Note
that it is enough to construct the simultaneous canonical model étale locally.

After replacing S by an étale neighborhood (s',5") — (s,S), we may assume
that there are r sections o; : §' — X’ such that (X, Al,,01(s'),...,0.(s')) is rigid
and the o;(s") are smooth points of X\ Supp Ay such that (X.,, AL) --» (X¢, A?)
is a local isomorphism at these points.

By (4.78), after further shrinking S’ we may assume that the same holds at
every t € S’. We can now run the previous argument over S’ using

W= {(X{,Af,01(t),...,00(t) : t € S'} C MpSP*",
as in (4.82), to prove that the simultaneous canonical model exists over S’. (]

5.65 (Proof of Theorem 5.17). The proof follows very closely the arguments in
(5.64).

Both claims were already established over the spectrum of a DVR, see (5.43).
This implies the semicontinuity assertion in general.

In order to complete the proof of (5.17) it remains to show that if s —
I(?T:HS,KX;:an) is constant then f : (X, A) — S has a simultaneous canonical
modification. Since the simultaneous canonical modification is unique, it is suffi-
cient to construct it étale locally over S. So pick a point sg € S, in the sequel we
are free to replace S by smaller neighborhoods of sg.

Choose m > 0 such that K xcan +mm; Hy is ample for every s € S. Next choose
a general D € |mH| such that (X, A% + 72 D, ) is log canonical. We claim
that, possibly after shrinking S, (Xsca“,Aga“ + W;kDS) is log canonical for every
s € S. By (4.48) this condition defines a constructible subset of S and, by (5.43),
it contains every generalization of sg. Thus it contains an open neighborhood of
s0. Thus (X;an, A W:DS) is a stable pair for every s € S.

Consider the moduli space of marked stable pairs 7 : MSP® — S and set

W= {(X& A% 4 71D,) : s € S} C MSP™

In order to prove that W is a closed subset, first we claim that it is constructible.
This is clear since the canonical modification over a generic point of S extends to
a canonical modification over an open subset of S and we can finish by Noetherian
induction. Thus closedness needs to be checked over spectra of DVR’s, and the
latter follows from (5.43).

Thus W is a scheme and the projection 7 induces a geometric bijection W — S
which is finite by (5.43). Thus W — S is an isomorphism since S is seminormal.

If each (X", A 4y D;) is rigid, then W C MSP};4 and there is a universal
family

Univiiiq — MSPLiq -

sn
rigi

Therefore the pull-back of the universal family Univ
canonical modification over S = W.

As in (5.64), we can make the same proof work in general by rigidifying f :
(X,A) — S using étale-local sections. O

q to W gives the simultaneous






CHAPTER 6

Infinitesimal deformations

By Principle 1.43, not every flat deformation of a stable variety should be
allowed in their moduli theory. The “good” deformations should be are compatible
with powers of the dualizing sheaf. Three variants of this compatibility have been
studied in the past.

NOTATION 6.1. We are ultimately interested in schemes with semi-log-canonical
singularities, but for the basic definitions we need to assume only that X is a pure
dimensional, Sy scheme over a field k£ such that

(1.a) there is a closed subset Z C X of codimension > 2 such that wx\z is

locally free and

(1.b) there is an m > 0 such that wy{n] is locally free,
where w[;(n] denotes the reflexive hull of w?}m. The smallest such m > 0 is called
the index of wyx. Both of these conditions are satisfied by schemes with semi-log-
canonical singularities.

Let (0,7) be a local scheme such that k(0) =& k and p : Xp — T a flat
deformation of X & X,. As in (2.6), for every r € Z we have natural restriction
maps

R Wl = Wl (6.1.2)

These maps are isomorphisms over X \ Z and we are interested in understanding
those cases when they are isomorphisms over X. By (9.26) if T is Artinian then
the following conditions are equivalent for any fixed r € Z:

(3.2) R is an isomorphism,
(3.b) RIM is surjective,

(3.¢) w[)Z]T/T is flat over T'.

DEFINITION 6.2. Let p: X — T be a flat deformation as in Notation 6.1.

(6.2.1) We call p : X7 — T a qG-deformation if the conditions (6.1.3.a—c) hold
for every r. It is enough to check these for r = 1,...index(wx). (qG is short for
“Quotient of Gorenstein,” but this is misleading if dim X > 3.)

These deformations were introduced and studied by Kolldr and Shepherd-
Barron [KSB88] as the class most suitable for compactifying the moduli of varieties
of general type. A list of log canonical surface singularities with qG-smoothings is
given in [KSB88]. In the key case of cyclic quotient singularities the list was
earlier established by Wahl [Wah80, 2.7], though he viewed them as examples of
W-deformations (see below).

(6.2.2) We call p : X — T a Viehweg-type deformation (or V-deformation)
if the conditions (6.1.3.a—c) hold for every r divisible by index(wx). It is enough
to check this for » = index(wx). These deformations are used in the monograph

227
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[Vie95]. Actually, [Vie95] considers the—a priori weaker—condition: R is an
isomorphism for some r > 0 divisible by index(wx). One can see that in this case
(6.1.3.a—c) hold for every r divisible by index(wx), at least in characteristic 0; see
(2.92). The two notions are different in positive characteristic by (4.40).

(6.2.3) We call p : Xy — T a Wahi-type deformation (or W-deformation) if
the conditions (6.1.3.a-b) hold for r = —1. These deformations were considered in
[Wah80, Wah81] and called w*-constant deformations there.

(6.2.4) We call p : Xp — T a VW-deformation if it is both a V-deformation
and a W-deformation.

It is clear that every qG-deformation is also a VW-deformation. Understanding
the precise relationship between these 4 classes has been a long standing open
problem. For reduced base spaces we have the following, which is a combination of
(2.76) and (3.68).

THEOREM 6.3. A flat deformation of a log canonical scheme over a reduced,
local scheme of characteristic 0 is a V-deformation iff it is a qG-deformation.

This raised the possibility that every V-deformation of a log-canonical singu-
larity is also a qG-deformation over arbitrary base schemes. It would be enough to
check this for Artinian bases. Here we focus on first order deformations and prove
that these 2 classes are quite different from each other.

DEFINITION 6.4. Let X be a scheme satisfying the conditions (6.1.1-2). Let
T'(X) denote the set of isomorphism classes of deformations of X over Specy, k[e].
This is a (possibly infinite dimensional) k-vector space. Let T o(X) C T'(X)
denote the space of first order qG-deformations, T, (X) the space of first order
V-deformations, Ty, (X) the space of first order W-deformations and Ty, (X) the
space of first order VW-deformations. We have obvious inclusions

Ta(X) € Tyw(X) € Ty(X), Ty (X) € TH(X),

but the relationship between Tj(X) and T}, (X) is not clear.

These T} (X) are the tangent spaces to the corresponding miniversal defor-
mation spaces; we denote these by Def,c(X), Defy (X) and so on. See [Art76]
or [Loo84] for precise definitions and introductions or (2.24-2.28) for details on
surface quotient singularities.

We completely describe first order qG-, V- and W-deformations of cyclic quo-
tient singularities. The precise answers are stated in Section 6.2. The main conclu-
sion is that qG-deformations and V-deformations are quite different over Artinian
bases; its proof is given in (6.42).

THEOREM 6.5. Let Sy 4 := Az/%(Lq) denote the quotient of A% by the cyclic
group action generated by (x,y) — (nz,n%y), where n is a primitive nth root of
unity. Then

dim Ty (Sy,q) — dim Ty (Sh,q) = embdim(S,,4) —4  or embdim(S, 4) — 5.

In particular, if embdim (S, 4) > 5 then S, has V-deformations that are not VW-
deformations, hence also not qG-deformations.

By contrast, qG-deformations and VW-deformations are quite close to each
other, as shown by the next result, proved in (6.44).
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THEOREM 6.6. Let S, 4 := A%/1(1,q) denote the quotient of A? by the cyclic
group action generated by (z,y) — (nx,n%y), where n is a primitive nth root of
unaty.

(1) If (n,q+ 1) = 1 then Defoi (Sn,q) = Defvw (Sn,q) = {0}.
(2) If Sp,q admits a qG-smoothing then Defqq (Sn,q) = Defyw (Snyq).
(3) In general dim T (Sn.q) < dim Tiry (Sp,q) < dim Tiq (Spyq) + 1.

COROLLARY 6.7. The cyclic quotient singularities for which every V-deformation
is a qG-deformation are the following.

(1) Double points: A*/L(1,n —1) forn > 1.
(2) Triple points: A*/——(1,ab—b—1) for a,b > 2.

2)
(3) Quadruple points: Az/m(l, (ab—2)(a—1) —1) fora,b>2.

The list includes all triple points but only some of the quadruple points.

6.1. First order deformations—with Klaus Altmann

In this section we study first order infinitesimal deformations of normal vari-
eties. We describe the deformations of the smooth locus and then try to understand
when a deformation of the smooth locus extends to a deformation of the whole va-
riety. The final aim is to get an explicit obstruction theory for lifting sections of
powers of the dualizing sheaf. This turns out to be given by the classical notion of
divergence.

6.8 (First order thickening). Let k be a field and R a k-algebra. Consider the
algebra R[e] where € is a new variable satisfying ¢ = 0. It is flat over k[e] and
R[e] ®p[q k = R. Thus we can think of R[e] as the trivial first order deformation of
R.

Let v: R — R be a k-linear derivation. Then
oy i1+ erg =+ e(v(ry) 4+ 12) (6.8.1)

defines an automorphism of Rle] that is trivial modulo (€). Conversely, every au-
tomorphism of Rle] that is trivial modulo (€) arises this way. (The product (or
Leibnitz) rule for v is equivalent to the multiplicativity of a,.)

Let X be a k-scheme. The trivial first order deformation of X is

X|e] := X xy, Specy, k[e]. (6.8.2)

As in (6.8.1), every derivation v : Ox — Ox defines an automorphism «, of X|[e]
that is trivial modulo (€). This gives an exact sequence

0 — Hom(Q4, Ox) — Aut(X[e]) — Aut(X) — 1. (6.8.3)

If X is smooth, or at least normal, then Hom (0}, Ox) is the tangent sheaf T'x of
X, hence we can rewrite the sequence as

0— HY(X,Tx) > Aut(X[e]) — Aut(X) — 1. (6.8.4)

Aside. On a differentiable manifold M one can identify the Lie algebra of all
vector fields with the Lie algebra of the automorphism group. If X is a smooth
variety, then this identification works if X is proper but not otherwise. For instance,
an affine curve C of genus > 1 has only finitely many automorphisms but H°(C, T¢)
is infinite dimensional. Infinitesimal thickenings restore the connection between
vector fields and automorphisms.
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6.9 (Locally trivial first order deformations). Let k be a field and X a k-
scheme. A deformation of X over A := Specy, k[e] is a flat A-scheme X’ together
with an isomorphism X’ x4 Speck = X. The set of isomorphism classes of first
order deformations is denoted by T1(X). It is easy to see that T (X) is naturally
a k-vector space whose zero is the trivial deformation X[e], but this is not very
important for us now. See [Art76] or [Har10] for detailed discussions.

We say that X' is locally trivial if there is an affine cover X = U; X; such that
each X/ is a trivial deformation of X;.

We aim to classify all locally trivial first order deformations of arbitrary k-
schemes X, but our main interest is in cases when X is smooth and quasi-projective.

Let X = U;X; be an affine cover. This gives an affine cover X’ = U;X]
and we assume that each X/ is a trivial deformation of X;. Fix trivializations
¢i + X = Xile]. Over Xj; := XN X} we have 2 trivializations, these differ by an
automorphism

Quj = (z)]_l 0@, X'Zj - X{Jw (6.9.1)

which is the identity on X;;. By (6.8.1) the automorphisms «;; correspond to
v € Hom(Qkij,OXij) and these form a 1-cocycle D := {v;;}. Changing the
trivializations changes the cocyle by a coboundary. Thus we get a well defined
element
D =D(X') € H' (X, Hom(Q%, Ox)). (6.9.2)
The construction can be reversed. It is left to the reader to check that D(X")
is independent of the choices we made. The final outcome is the following.

Claim 6.9.3. Let X be a k-scheme. There is a one-to-one correspondence,
denoted by D — Xp, between
(a) elements of H' (X, Hom(Q%,Ox)) and
(b) locally trivial deformations of X over Specy, k[e], up-to isomorphism.

Furthermore, if X is normal then H' (X, Hom (2, 0x)) = H (X, Tx). O

Next we check that every first order deformation of a smooth variety Y is
locally trivial. To see this we may assume that Y is affine. Then Y’ is also affine
and we can fix a vector space isomorphism k[Y’'] = k[Y] ® k[e]. Pick a point
p € Y, local coordinates yi,...,y, and their trivial lifts ¢,...,y, € k[Y’']. Any
other z € k[Y] satisfies a monic, separable equation F(z,y) = 0. We claim that z
has a unique lift 2’ € k[Y”’] such that F(2',y’) = 0. To see this pick any lift z*.
Then F(z*,y’) = €G(z) for some G(z) € k[Y]. We are looking for 2’ in the form
7 = z* + eg where g € k[Y]. Since F(2* + eg,y’) = €G(2) + eg - OF (2,y)/0z, we
see that g = —G(2) (OF (=, y)/@z)_1 is the unique solution. We do this for a finite
set of generators {z;} of k[Y] to get a trivialization in a neighborhood where all the
0F;(z,y)/0z are invertible.

Combining with (6.9.3), this proves the following. (See [Har77, Exrc.11.8.6]
for a slightly different proof.)

Claim 6.9.4. Every deformation of a smooth, affine variety over k[e] is trivial.
O

6.10 (Arbitrary first order deformations). Let k be a field and X a normal k-
variety. Let U C X be the smooth locus, Z C X the singular locus and j : U — X
the natural injection.
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Let X’ — Spec, k[e] be a flat deformation of X. By restriction it induces a flat
deformation U’ of U. Note that U’ uniquely determines X’. Indeed, depth, Ox > 2
since X is normal, hence depth, Ox/ > 2 since Ox is an extension of 2 copies of
Ox. Therefore Ox: = j.Op by (9.7). Thus we have an injection

TY(X) — TYU) = HY (U, Ty).

Following [Sch71], our plan is to study T (X) by first describing T (U) and then
understanding which D € H*(U,Ty) correspond to a deformation of X; see also
[VE90]. The second step is accomplished in (6.13).

DEFINITION 6.11. Let X be a k-scheme. Given v € Hom(Q4, Ox), differenti-
ation by v is defined as the composite

v():0x 5 QL 5 Ox. (6.11.1)

Let x1,...,2, be (analytic or étale) local coordinates at a smooth point of X and
write v =), ”ia%i' Then the above maps are

vife aa—;:dxi =, ”i%~
Thus if X is smooth and v is identified with a section of Tx, then (6.11.1) agrees
with the usual definition.

Next let D € H! (X, Hom (Q, OX)) and choose a representative 1-cocyle D =
{vi;} using an affine cover X = UX;. For any s € H°(X,Ox) the derivatives
{vi;(s]x,,)} form a 1-cocycle with values in Ox. This defines D(s) € H'(X, Ox).
We think of it either as a cohomological differentiation map

D: HX,0x) — H'(X,Ox) (6.11.2)
or as a k-bilinear map
H'(X,Hom(Q%,0x)) x H'(X,0x) = H'(X,Ox). (6.11.3)
If X is normal then we can rewrite this as
HY(X,Tx) x H'(X,0x) = H' (X, Ox). (6.11.4)

Let Xp be the deformation of X corresponding to D. Its structure sheaf sits in an
exact sequence

0—eOx - Ox, > Ox — 0. (6.11.5)
Taking cohomology we see that D in (6.11.2) is the connecting map
H°(Xp,0x,) = H°(X,0x) B H'(X,0x). (6.11.6)

Warning 6.11.7. Note that although H(X, Ox) and H' (X, Ox) are both H(X, Ox)-
modules, the map D is usually not an H°(X, Ox)-module homomorphism. Indeed,
the constant section 1x € H°(X, Ox) always lifts, hence D(1x) = 0. Thus D is an
H%(X, Ox)-module homomorphism iff it is identically 0.

We can summarize the above considerations as follows.

LEMMA 6.12. Let X be a k-scheme, D € H* (X, ’Hom(Q}(,OX)) and Xp the
corresponding deformation of X. Then a global section s € H°(X,Ox) lifts to
sp € H(Xp,Ox,) iff D(s) € HY(X,Ox) is zero. O

COROLLARY 6.13. Let X be a normal, affine variety and U C X its smooth
locus. Let Up be the deformation of U corresponding to D € H*(U,Ty). Then
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(1) Up estends to a flat deformation Xp of X iff D : H°(U,Oy) — HY(U, Oy)
(as in (6.11.2)) is identically 0.
(2) TYH(X) is the left kernel of HY (U, Tyy) x H°(U, Oy) — HY(U, Oy).

Proof. Assume that Up extends to a flat deformation Xp of X. Since X
is affine, so is Xp and so H*(Xp,Ox,) — H°(X,Ox) is surjective. Thus D :
H(U,0p) — HY(U,Op) is identically 0 by (6.12).

Conversely, if D : H*(U, Oy) — HY (U, Op) is identically 0 then H°(Up, Oy, ) —
H%(U, Oyp) is surjective and H°(U, Oy) = H°(X,Ox) since X is normal. We can
then take Xp := Spec, H*(Up,Op,). This proves the first claim and the second
is a reformulation of it. O

REMARK 6.14. If X is not affine, one can restate (6.13) as follows. D €
H'(U,Ty) gives a k-linear map D : Ox = j.Op — R'%j.0p = H%(Ox) where
Z := X \ U is the singular locus. Then Up extends to a flat deformation Xp of X
iff D: Ox — H%(Ox) is identically 0.

6.15 (Lie derivative). Let M be a smooth, real manifold and v a vector field
on M. By integrating v we get a l-parameter family of diffeomorphisms ¢; of M.
The Lie derivative of a covariant tensor field S is defined as

L,S = £(679),_y- (6.15.1)

In local coordinates {y;} write v = ), via%-' The Lie derivatives of a function s
and of a 1-form dy; are given by the formulas

L,s=wv(s) = Eivi% and L, (dy;) = dv,. (6.15.2)

Since functions and 1-forms generate the algebra of covariant tensors, the Lie deriv-
ative is uniquely determined by the formulas (6.15.2). One can extend the definition
to all tensors by duality.

We can transplant this definition to algebraic geometry as follows.

Let Y be a smooth variety over a field k and v € H(Y,Ty) a vector field.
By (6.8.4) v can be identified with an automorphism a,, of Y[e]. We write Qy for
the module of derivations (frequently denoted by ©i.). The covariant tensors are
sections of the algebra Y~ _ Q9™

Let S € H(Y,Y,,5092%™) be a covariant tensor on Y. It has a trivial exten-
sion to Y[e]; denote it by S[e]. Thus a}(S[e]) is a global section of Y~ ., Qgﬁ‘]
Since a, is the identity on X, o (S[e]) — S[e] is divisible by e and we can define
the Lie derivative of S by the formula

o (S[e]) = S[e] + €LyS. (6.15.3)

Expanding the identity o (S1[e] ® Sale]) = aj(Si[e]) ® aj(S2[e]) shows that the
Lie derivative is a k-linear derivation of the tensor algebra

Lyt Yoo ™ = X0 Q8™ (6.15.4)

The Lie derivative preserves natural quotient bundles of Q?}m. Thus we get similar
maps L, for symmetric and skew-symmetric tensors. Our main interest is in powers
of wx. The corresponding map

L, : wy — wy (6.15.5)

is obtained using the identification Q3" — Q% = wy where n = dimY'.
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From (6.8.1) we see that
o (sle]) = s[e] + ev(s) and aj(dy;) = d(a(y;)) = dy; + edv;. (6.15.6)

Comparing with (6.15.2) we see that the algebraic definition coincides with the
differential geometry definition.

6.16 (Cartan formula). This is an identity which holds for exterior forms S
L,(S) = d(’UJS) + vadS, (6.16.1)

where 1 denotes contraction or inner product by a vector field v € H°(Y, Ty) ob-
tained as follows. We have the contraction map 7y ® Qf — Q?}*l, thus every
v € H(Y, Ty) gives the Oy-linear map

v QP — QP (6.16.2)

In (analytic or étale) local coordinates y1,...,y, write v =73, Uia%» Then

va(dyy A+ Adym) = Z(—l)”‘lvr cdyy A A gy\r Ao A dym, (6.16.3)
where the hat indicates that we omit that term.

The prove (6.16.1), one first checks that S+ d(vS)+wv.dS is also a derivation.
Thus it is sufficient to verify (6.16.1) for a generating set of exterior forms. For
functions and for dy; we recover the identities (6.15.2).

6.17. As in (6.11), let Y be a smooth k-variety. Pick D € H!(Y,Ty) and
choose a representative 1-cocyle D = {v;;} using an affine cover Y = UY;. For any
S e HO(Y, Q™) the Lie derivatives {L,,, (S]y,)} form a 1-cocycle with values in
Q™. This defines

Lp(S) € H'(Y,Q9™), (6.17.1)
which we view as a cohomological differentiation map
Lp: Y HO(Y,Q9™) — Y H (Y, QF™). (6.17.2)

As we noted in (6.15), the map Lp respects natural quotient bundles of Q{eﬁm. Thus
we get similar maps for symmetric and skew-symmetric tensors and for powers of
wy

Lp: S HO(Y,wi) — S HY (Y, ). (6.17.3)

For m = 0 the map Lp : H°(Y,w)) — H'(Y,w)) agrees with the map D :
HO(Y,0y) — HY(Y,Oy) defined in (6.11.2).

As in (6.11.7), Lp is a k-linear differentiation which is usually not H°(Y, Oy )-
linear. However, if the map D : H°(Y,Oy) — H(Y,Oy) is zero then Lp is
HO(Y, Oy )-linear; this holds both for the general case (6.17.2) and the special one
(6.17.3).

Arguing as in (6.12) we obtain the following lifting criterion.

LEMMA 6.18. LetY be a smooth k-variety and Yp a first order deformation of
Y. Then S € H°(Y,Q9™) lifts to Sp € H°(Xp,QP™) iff Lp(S) € H* (Y, Q™)
O

1S zero.
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Divergence.
Next we consider what the previous method gives for wy and its powers using

(6.17.3).

6.19 (Divergence). Let Y be a smooth k-variety, o € H°(Y,wi) and v €
HO(Y,Ty). Then o and L,o are both sections of the line bundle w!?, hence their
quotient is a rational function, called the divergence of v with respect to o,

L,
Vov = =22 (6.19.1)
g

(Most books seem to use this terminology only when o is a nowhere 0 section of
wy and o is frequently suppressed in the notation.)

In order to compute this, start with a section ¢ of wy. Since do = 0, Cartan’s
formula (6.16) shows that L, : wy — wy is the composite map

Ly :wy = Q% 200 507 = wy. (6.19.2)
In local coordinates y1,...,y, assume that o = dy; A--- Ady, and v =}, v,;a%i.
Contraction by v sends o to
S (1) dyy A Adys A A dy. (6.19.3)
Exterior differentiation now gives that
Lyo = d(vao) =3, 5% - 0. (6.19.4)
That is, the usual formula holds for the divergence:
Vov = Vyv =3, 5. (6.19.5)

For powers of wy this gives the next formula.

LEMMA 6.20. Let Y be a smooth k-variety of dimension n. Let v € H(Y, Ty)
be a vector field, s € HY(Y,Oy) a function and o € H°(Y,wy) an n-form. Then

som)U = —~ +mV 0. .20.
V( ) v(ss) \% (6.20.1)

Proof. This is really just the assertion that the Lie derivative is a derivation,
but it is instructive to do the local computations.

The claimed identities are local, so we may work with local coordinates y1, ..., yn
and assume that o = dy; A --- A dy,. Write v = >, via%i. We need to compute
how the isomorphism c,, acts on so™. It sends y; to y; + ev(y;) = y; + €v;, thus

ay(dy;) = (1+ 5 ) dy; + €(3, 2, 52 dy; ). (6.20.2)

Next we wedge these together. Any two epsilon terms wedge to 0 since €2 = 0.
Thus (3., 2%dy;) gets killed unless it is wedged with all the other dy;, but the

J#i 0y,
result is then zero in the exterior algebra. Hence the only term that survives is
Hi(l +egZi) cdyr N ANdy, = (1 +ezigZ:) ~dy; A - AN dyy,

(6.20.3)
= (1—|—6Vyv) sdyr A AN dyy.

Thus we get that s¢™ is mapped to
(s+ev(s)) (1 + meVyv) - o™
= (s + ev(s) + mesVyv) - o™ (6.20.4)
=sc™m™+e€- (@ +mVyv) -so™. O
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NOTATION 6.21. Let X be a normal, affine k-variety and Xp a flat deformation
of X over k[e] corresponding to D € T'(X). Let U C X be the smooth locus. By
(6.10) we can think of D as a cohomology class D € H'(U,Ty). By (6.11.2) D
induces a map

D: H(U,Oy) — H' (U, Op) (6.21.1)
which is identically zero by (6.13.2). There is a natural exact sequence
0= wif = wpr, = wif — 0. (6.21.2)
Taking cohomologies gives an exact sequence
HO(Up,wi) — H(U,w) & H (U,w}). (6.21.3)
As we noted at the end of (6.17), &,, is H°(U, Oy )-linear since D in (6.21.1) is 0.

It was observed in [Ste88] that, for cyclic quotients, the deformation obstruc-
tion computed in [EV85] equals the divergence. The next result shows that this is
a general phenomenon.

THEOREM 6.22. Let X, U C X, D = {v;;} € H'(U,Ty) and Xp be as above
(6.21). Assume that wgn] has a nowhere 0 section oy, for some m > 0 such that
charktm. Set Vo, D :={V,, (vi)} € H'(U Ov). Then

(1) VD := 1V, D e H'(U, Oy) is independent of the choice of m and oy,.

(2) The boundary map 0, : HO(U,wﬁ)%Hl (U, w@l) defined in (6.21.3) is
multiplication by mVD.

(3) wgz] is free < it is locally free < VD =0 in H* (U, Oy).

Proof. Choose affine charts {U;} on U such that D = {v;;} and o |v,; = sijo7;
for some 0;; € HO(Uy, wy,;). Any other section of wi} can be written as go,,, where
g € H°(U,Oy). Using (6.20) we obtain that

VoD ={V,, (vij)} = {@ +mV,,, (vij)}. (6.22.4)
ij
Similarly, we get that
vi;(9sij)
o D= 2T oo (Vi) b 6.22.5
Vg m { gslj +mv ij (U])} ( )
Since
vij(98i5) _ vij(9) + Uij(sij)’ (6.22.6)
gSij g Sij
subtracting (6.22.4) from (6.22.5) yields
Vo, D = Vo, D = 1:D(g) € H'(U, Op). (6.22.7)

As we noted in (6.21), D(g) = 0 in H*(U,Oy). Thus V,,, D =V, D (as classes
in HY(U,Oy)). Independence of the choice of m is shown by the formula

vij (s3;) vij(si5)
Vior D = { T 4 rmV,, (uij)} =r {fsijﬂ +mV,,, (vij)}. (6.22.8)
Thus VD is well defined and this proves (1-2).

Finally, wi" is free iff 0, lifts to a section of w{") and VD - g, is the lifting

obstruction. This implies (3). O



236 6. INFINITESIMAL DEFORMATIONS

REMARK 6.23. Let z € X be an isolated normal singularity and U := X \ {z}.
Then H'(U,Op) = H2(X,0x) and H(U,Ty) = H2(X,Tx). Thus if i} = Oy
for some m > 0 then the divergence can be thought of as a map

V:THX) = HX(X,0x).
If depth, Ox > 3 then H2(X,0x) = 0 by Grothendieck’s vanishing theorem
(10.18.5), thus in this case the divergence vanishes and sections of wj} lift to
all first order deformations. This, however, already follows from (6.21.3) since
HY(U,wi) = HY(U,Opy) = H2(X,0x) = 0.

If X is log canonical and wy is locally free, then sections of wx lift to any
deformation by [KK17], see also (2.69). By (6.22) this implies that V : TH(X) —
HY(U,Op) is the zero map.

This should either have a direct proof or some interesting consequences.

Next we give explicit forms of the maps in the general theory for X := A2
and U := A%\ {(0,0)}. At first this seems quite foolish to do since we already
know that a smooth affine variety has only trivial infinitesimal deformations. How-
ever, we will be able to use these computations to get very detailed information
about deformations of 2-dimensional cyclic quotient singularities; a very interesting
subject.

NOTATION 6.24. Let k be a field, X = A2, and U := X \ {(0,0)}. Using the
affine charts Uy := U \ (x = 0), Uy := U\ (y = 0) and Upy := U \ (zy = 0) we
compute that

1
HY(U,00) = <ny i > 1> (6.24.1)
and also that ) 5 ) 5
! = L — i > 1),
AU, Tv) <xiyj ox’ x'yl Oy b= 1>

Note that H'(U, Oy) is naturally a quotient of
HO(UOla OU01) = k[xlyj : Zm? € Z]a

the basis in (6.24.1) depends on the choice of coordinates z,y. Similarly, H!(U, Ty;)
is naturally a quotient of H° (Um7 TU01)~

It is very convenient computationally that the diagonal subgroup G2, C GLg
acts on these cohomology groups and subsequent constructions are G2 -equivariant.
In order to keep track of this action it is better to use the G2 -invariant differential
operators

0
Oy = T and 0, = ya—y (6.24.2)
Thus 0, (2"y®) = ra"y®, 0y (z"y*) = sz"y® and
0 0
1 _ T . . y . .
HY(U, Ty) = <ij i>2,5> 1> @<ny i>1,5> 2>. (6.24.3)
The G2, -eigenspaces in H' (U, Tyy) are usually 2-dimensional
< O Oy > for ,§> 2. (6.24.4.2)
;L'ly] nyJ
The 1-dimensional eigenspaces are
<a—?> and <@> for i,j > 2. (6.24.4.b)
Tty Ty’
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The pairing H* (U, Tyy) x H*(U, Oy) — HY(U, Oy) defined in (6.11.3) is espe-
cially transparent using the bases (6.24.1-4) since

% (z"y®) = (ar — bs) - 2" 'y, (6.24.5)

This is identically 0 as an element of H°(Up1,Oy,,) iff ar — bs = 0. It is more
important to know when this is 0 as an element of H'(U, Oy ). The latter holds iff

(6.a) either ar —bs =0 or
(6.b) r>iors>j.

This easily implies that the left kernel of H'(U,Ty) x H°(U,Oy) — HY(U,Oy) is
trivial, hence T (A2%) = 0 by (6.13.2); but this we already knew.

Combining (6.18) and (6.20) gives the following.

LEMMA 6.25. Using the above notation, let D € H (U, Tyy) and Up the corre-
sponding deformation. Then f(dx A dy)™ lifts to a section of wiy, iff

D(f) +mfVD e H'(U,Oy) wvanishes. O (6.25.1)
We are thus interested in computing the kernels of the operators
(D, f) = D(f) +mfVD.
We start by describing the kernel of V.

6.26 (Computing the divergence). Set D := (ad, — bd,)z~'y~7. By explicit
computation,

v(aaf — ,bay) __ei=h b=l (6.26.1)
'y x'y?

Thus VD is identically zero iff a(i — 1) — b(j — 1) = 0. If D is a nonzero element
of HY(U,Tyy) then i,j > 0 and then VD is 0 as an element of H'(U, Oy ) iff it is
identically zero.

If (i,7) = (1,1) then VD = 0 but then D vanishes in H (U, Ty;). If VD =0
and i = 1,5 > 1 then b = 0 and again D vanishes in H(U, Ty;). Thus we conclude
that

U =10 — (i =1)9,

iyl

ker[H'(U, Ty) % H'(U,0p)] = < Liyj > 2>. (6.26.2)

COROLLARY 6.27. Let D € HY(U,Ty). Then D(xy),VD € HYU,Oy) are
both 0 iff D is contained in the subspace
O — Oy

(zy)’

Proof. Corresponding to the 2 cases in (6.24.6.a—b), the kernel of the map
D+ D(zy) € HY(U,Oy) is a direct sum of 2 subspaces
0z Oy Oy

-0
%ﬂ:i,j22> and Ko := <f, -
'y Yyl x'y

Kyw = < P> 2> c H'\(U, Ty).

K = < Liyj > 2>. (6.27.1)

Combining this with (6.26.2) gives the claim. O
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6.2. Deformations of cyclic quotient singularities—with Klaus Altmann

In this section we discuss what the general theory of the previous section says
about deformations of 2-dimensional quotient singularities. The results are very
explicit for cyclic quotient singularities.

6.28 (Deformation of quotients). Let k be a field, X an affine k-scheme that
is So, x € X a closed point and U := X \ {z}. Let G be a finite group acting on
X such that z is a G-fixed point and the action is free on U. The quotient map
7wy : U — U/G is finite and étale. This extends to a finite map nx : X — X/G
which is ramified at z.

Oy is identified with the G-invariant subsheaf (1.0p) and similarly wy /G
is identified with (m.wy)¥. (For the latter we need that the action is free). Thus
we get that

HO(U/G,0y/c) = H'(U,0p)% = H(X,0x) and

HOU/G, W) = HO(U,wl")% = HO(X, w0

(6.28.1)

If char k 1 |G| then the G-invariant subsheaf is a direct summand, hence by taking
cohomologies we similarly see that

HYU/G,0p)c) = H'(U,0p)¢ and H'(U/G,Ty/q) = H'(U,Ty)%. (6.28.2)
If D € HY(U,Ty) is G-invariant then the deformation Up descends to a defor-
mation (U/G)p of U/G and these give all first order deformations of U/G. If
H°(U/G, Oy ¢) is flat over k[e] then its spectrum gives a flat deformation of X/G

and every flat deformation of X /G that is locally trivial on U/G arises this way.
Thus, using (6.13) we get the following fundamental observation.

THEOREM 6.29. [Sch71] Let k be a field, X a smooth, affine k-variety, x € X
a closed point and U := X \ {x}. Let G be a finite group acting on X such that x
is a G-fized point, the action is free on U and chark {|G|. Then T'(X/G) is the
left kernel of the pairing

HY(U, Ty)¢ x H (U, Oy)¢ — HY(U,0p)¢. (6.29.1)
More generally, if X is normal, the left kernel corresponds to those flat deformations
of X/G that are locally trivial on U/G. O

Next we compute the terms in (6.29.1) for cyclic quotient singularities.

NOTATION 6.30. For the rest of the section we use the following notation.
Set X := A% and U := A?\ {(0,0)}. G denotes a cyclic group of order n with
generator g € GG. The G-action, denoted by %(1, q), is given by

g: (,y) = (nz,n"y),
where 7 is a primitive nth root of unity. Thus chark { n and (n,q) = 1 since the
action is free outside the origin. The corresponding ring of invariants is

Ryq = klz,y]® = k[z'y’ 14, >0, i+¢j =0 mod n], (6.30.1)
and the corresponding quotient singularity is
Snq = A%/1(1,q) = Specy, Rpg. (6.30.2)

While we work with this affine model, all the results apply to its localization,
Henselisation or completion at the origin.
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We can also choose ' = 17 as our primitive nth root of unity. This shows the
isomorphism
Snq = Spy where g¢' =1 mod n. (6.30.3)

Note that ¢ = ¢’ mod n iff n | ¢® — 1.

Various ways of studying such singularities go back a long time. The first
relevant work might be [Jun08| followed by [Hir53]. Most of the following formulas
can be found in [Rie74]; see [Stel3] for an introduction and many examples.

The G-action preserves the monomials, hence R, has a generating set consist-
ing of monomials. A non-minimal generating set can be constructed as follows. For
any 0 < j < mnlet 0 <~; <n be the unique integer such that v; + ¢j =0 mod n.

Then

2 n—1 ,n
Y

™ x My, My Ty
is a generating set of R,,. We know that y; = n—q and y,—; = ¢. This is a minimal
generating set of R,,q as a k[z", y"]-module, but usually not as a k-algebra. Indeed,
iyt divides 277y? if 45 < 7; and i < j. In any concrete case one can use this
observation to get a minimal set of algebra generators.

We label the monomials of the minimal generating set as M; = 2%, ordered

by increasing y-powers
My = z", My = 2" 9y = a¥y" My = z%2y%2 ... M, = y". (6.30.4)

At the same time the a; form a decreasing sequence. Indeed, if b; < b; and a; < a;
then M; divides M; so the sequence would not be minimal.
From (6.31.2) we obtain that there are relations of the form

M,Lcl :Mi—lMi—i-l for i= 1,...77‘71. (6305)
This tells us that the a; and the ¢; are recursively defined by
ap =n,a1 =n—q,¢ = [a;i—1/a;], aip1 = cia; — ai_1. (6.30.6)

Similarly, by = 0,b1 = 1 and b;41 = ¢;b; — b;—1. These imply that (a;,a;+1) =
(bi,bi+1) = 1 for every i and that the ¢; are computed by the modified continued
fraction expansion

n 1

= — 6.30.7

n-q 1 (6.30.7)
Coy —

C3 — 1
Cy — —

The following observations about the a;, b;, ¢; are quite useful. The first 2 follow
from the original construction of the M;, the 3rd from (6.30.5) and the last one is
equivalent to (6.31.3).

(8.a) a;—1 = min{a > 0: I2°y? € R,,, such that 3 < b;} for i > 0.

(8:b) biy1 = min{B > 0: Jz*y? € R,, such that a < a;} for i < r.

(8c) ci—1= %1 = L%J for 0 <i<r.

(8d) CLin_l — (li+1bi =nfor0<i<r.
Note that r 4 1 is the embedding dimension of S,, and r is its multiplicity. Thus
r =2 iff My = M,_; = zy and hence we have the A,_;-singularity A?/X(1,-1).
These are exceptional for many of the subsequent formulas, so we assume from now
on that r > 3.
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6.31 (Cones and semigroups). Let vg,v; € Z? be primitive vectors and C :=
R>ovp + R>ov1 C R? the closed cone spanned by them. Let C(Z) be the closed,
convex hull of (Z2NC)\ {(0,0)} and N(C) the part of the boundary of C(Z) that
connects vg and vy. Let mg = vo, m1,...,mr_1,m, = v1 be the integral points in
N(C) as we move from vy to v;. We leave it to the reader to prove that

(1) the m; generate the semigroup Z2 N C,
(2) there are natural numbers c¢1,...,c¢.—1 > 2 such that ¢;m; = m;—1 +mjipq
holds for every i and
(3) the triangles with vertices {(0,0),m;, m;;1} all have the same area.
Thus R(C), the semigroup algebra of Z2 N C, is generated by mo, ..., ms.

For 1 < ¢ < n and (n,q) =1 consider the cone C,, spanned by vy = (1,0) and

v1 = (¢,n). Then

ZQHqu = <(i,%) 24,5 >0,i4+¢qj =0 mod n>
Thus we see that the semigroup algebra R(C,q) is isomorphic to the algebra of
invariants R, defined in (6.30.1). (It is not hard to see that, up-to the action of

SL(2,Z), every rational cone in R? is of the form Ci,.)

6.32 (Computing 7" (S,,,)). Continuing with the notation of (6.28-6.30) we see
that D € HY(U, Tyy)€ is in TY(S,,) iff D(M;) =0 € H'(U,Oy) for every i.

Since the pairing (6.29.1) is G2 -equivariant, it is sufficient to consider one
eigenspace at a time. As in (6.24.4.a-b), the eigenspaces in H' (U, Ty;)€ are usually
2-dimensional and of the form 5 8

z Oy
<M, M> (6.32.1)
where M is a monomial in the M;-s involving both z,y. The exceptions are 1-
dimensional subspaces. For every s > 0 we have two of them

<M?:Jc\41> and <MalyM> (6.32.2)

Thus we can write D = (a0, — $0,)/M. Note that

zayb

M )
thus if a < ord, M and b < ord, M then this is zero in H'(U,Oyp) iff B/a = a/b.
Thus if M is divisible by at least 2 different monomials M;, M; for 0 < ¢,j < r then
D(M;) = 0 and D(M;) = 0 imply that we need to satisfy both of the equations
B/a = a;/b; and f/a = a;/b;, a contradiction. We get a similar contradiction for
the eigenspaces (6.32.2) if s > 0. We are left with the cases when M = M7 for
some 0 < ¢ < r. If s > 2 then D(M;) = 0 implies that D = (b;0; — a;0,)/M;.
Then b;a; — a;b; # 0 for j # ¢ hence D(M;) = (bia; — a;b;)(M; /M) vanishes in
HY(U,Op) iff sa; < a; or sb; < b;. If j < i then b; < b;, hence sa; < a; must hold.
Since the a; form a decreasing sequence, we need sa; < a;—1. Similarly, sb; < bj4q.
By (6.30.8.c) these are equivalent to s < ¢; — 1.

We have thus proved the following.

PROPOSITION 6.33. [Rie74, Pin77] Let M; = x%y% fori = 0,...,r be the
generators of Ryq as in (6.30.3). Then T'(S,,) C H*(U,Ty) has a basis consisting

of
O Oy Or Oy .
— — :2<1<r— .33,
{M1’Mr1} and {Mi,Mi 2<i<r 2} (6.33.1)

D(z%y®) = (aa — b) (6.32.3)
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plus the possibly empty set
b;0, — a;0 .
{W:lgzgrl,QSSSCil} (6.33.2)

where ¢; = [#=2] = fbﬁ] is defined in (6.30.5).

a;

6.34 (Powers of w). Fix any m € Z. Then H°(U,w/) has a basis consisting of
M (dz A dy)™ where M is any monomial. Thus H° (S’nwwgﬁl) = H° (U/G,w{]”/G)
has a basis consisting of

{x (dz Ady)™:a+qb=—-m(1+¢) modn}. (6.34.1)

For D € T (S,,) let Sp denote the corresponding deformation. By (6.25) z%y®(dzA
dy)™ f lifts to a section of wg”;] iff

D(2%y") + ma®y*VD = 0 € H (U, Op). (6.34.2)

It is enough to check (6.34.2) for a minimal generating set of H° (an,w[;:l) as an

R,4-module. In any given case this can be worked out by hand, but there are 2
instances where the answer is simple.
(6.34.3) If n | (g+1)m then H° (S, wgfw) is cyclic with generator 1-(dzAdy)™
(6.34.4) If m = —1 then zy(dx A dy)~' is G-invariant. Thus every other
ayb(dx A dy)~' is a multiple of it, save for powers of = or y. Thus w;ﬂlq has 3
generating sections:
xy qu+1 yq’+1
dz ANdy' dzxAdy’ dz Ady’

6.35 (V-deformations). If n | (¢ + 1)m then 1- (dz A dy)™ is a generator by
(6.34.3) thus the condition (6.34.2) is equivalent to V.D = 0.

Therefore Ti:(S,q) equals the intersection of T1(S,,) with the kernel of V. The
former was computed in (6.33) the latter in (6.26.2). Thus we see that a basis of
Ty (Snq) is

 —1)0y — (a; — 1
{(bz J0e = (0= 1)y o ;o 2} (6.35.1.2)
M;
and, if M; is a power of zy for some i, then we have to add
Oy — O,
{Misyﬂﬁsﬁci—l}- (6.35.1.b)

6.36 (W-deformations). By (6.34.4), wX/G has 3 generating sections. Thus, by
(6.34.2), D corresponds to a W-deformation iff

(l.a) D(zy) —2yVD =0,

(1.b) D(x9t1) — 29tV D = 0 and D(y4 1) — 4 +1VD = 0.
The first of these conditions is especially strong. We do not compute it here, rather
go directly to the next case where the answer is simpler.

6.37 (VW-deformations). Combining (6.35) and (6.36) we get the description
of VW-deformations. These satisfy the conditions

(l.a) VD =0,

(1.b) D(zy) =0,

(1.c) D(z9t1) =0 and D(y?*+') = 0.
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We computed the subspace Ky where (1.a) and (1.b) both hold in (6.27). It is
spanned by the derivations (9, — d,)(zy) ™" for i > 2. Comparing this with (6.33)
we get the following.

Claim 6.37.2. If Ty, (Sng) # 0 then R,,, has a minimal generator of the form
M; = (zy)”. (]

In order to put this into a cleaner form, assume that (zy)® is the smallest G-
invariant power of zy. Note that (zy)” = MyM, is G-invariant but it is not one of
the M;. We have s(¢+ 1) =0 mod n, thus if s < n then b := (n,gq+1) > 1. We
have thus shown the following.

Claim 6.37.3. Tf (n, g+1) = 1 then T (Snq) = Ty (Sng) = 0 and dim Ty, (S,,q) =
r—3. (]

Claim 6.37.4. Assume that M; = (xy)® for some i (so a; = b; = a). Then the
space of VW-deformations is spanned by

{ag;M?ay 1 <s< min{ci — l,qff,%%l }
Proof. The first restriction on s we get from (6.33.2). The condition D(z9T!) =

0 is equivalent to sa < ¢ + 1 and D(yq,H) = 0 is equivalent to sa < ¢’ + 1. These
give the last 2 restrictions. ([

We thus need to compare the 2 upper bounds occurring in (6.35.1.b) and
(6.37.4). The key is the following general estimate.
LEMMA 6.38. Using the notation of (6.30) we have
a;i—1 by
an St < gyt L

Proof. Note that n = a;b;41 — a;+1b; by (6.30.8.d). Dividing by a;b; we get
that

n__ big1  aiqa
aLbL - bL a;
Since the a; form a decreasing sequence, “: < 1. |
.

The final estimate connecting (6.35.1.b) and (6.37.4) is easier to state using a
different system of indexing the singularities.

NOTATION 6.39. Set b = (n, ¢+1) and write n = ab, ¢+1 = be where (a,c) = 1.
The inverse (modulo ab) of be —1 is written as b’ — 1. We thus have the singularity

Sabe 1= Sng = A%/ L (1,bc — 1) =2 A*/L(1,bc — 1) (6.39.1)

Note that (zy)® is the smallest G-invariant power of zy but it need not be among
the generators M;; see (6.41).

COROLLARY 6.40. Assume in addition that M; = (zy)® for some i. Then
1b) <min{e; — 1,95 CHY <o 1< (2] 41, (6.40.1)
Proof. First we claim that

b<omin{aist bt gL gL} o g fims bun ) by (6.40.2)

a; 7 b; a ’ a

To see this note that ¢ = bc— 1,4’ = bc’ — 1. Thus b < g+ 1,q¢" + 1, so it is enough
to show that

b sofai—1 bipa
a Smln{ a; 7 b;

b<bi1
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Since n = ab and a = a; = b;, the latter is equivalent to (6.38). Taking the
round-down gives (1) using (6.30.8.c). O

EXAMPLE 6.41. Assume that 2%y® is G-invariant. From a + B(bc — 1) = 0
mod ab we see that a = § mod b. Thus if 0 < a, 5 < 2b then either a = 5 or
a=p=+tb.

It turns out that if @ < b then we can write down these invariants explicitly.
Corresponding to the first case we have (zy)® (and its square). In order to get the
other cases, let 0 < e < a (resp. 0 < ¢ < a) be the unique solution of ec = —1
mod a (resp. ¢’¢’ = —1 mod a). Then (b+e) +e(bc — 1) =b(ec+ 1) =0 mod ab
and €'(bc’ — 1) + (b+¢) = b(e'd +1) = 0 mod ab. Thus we get the minimal
generators

Mi—l — xb+eye7 Mi — xaya’ Mi+1 _ xe,ybﬂ,_
This gives that
ci—1= [t = b,

a

Fixing a,b we can choose any 0 < e < a such that (a,e) = 1 and then solve for
c. Thus we see that if b = 0 mod a then LEJ =¢; — 1 for every e and if b = —1
mod a then ng = ¢; — 2 for every e but otherwise both are possible for suitable
choice of e.

We see in (6.43) that the condition a < b holds iff S,p. has a nontrivial qG-
deformation, so this is a natural class to consider.

6.42 (Proof of (6.5)). Comparing (6.35) and (6.37) we see that the derivations
listed in (6.35.1) give V-deformations but not W-deformations. The only possible
exception occurs if M; = (xy)? for some i. Thus we have 2 cases.

If M; = (zy)® does not occur then dim T3 (Syq) = dim Ty, (Sng) +7 — 3.

If M; = (zy)® for some i then (6.35.1) gives r — 4 basis vectors that give V-
deformations but not W-deformations. By (6.40), there is at most 1 derivation as
in (6.35.2) that gives a V-deformation that is not a W-deformation. O

6.43 (qG-deformations). From (6.25) and (6.30.4)) we see that D corresponds
to a qG-deformation iff D(z'y?) + ma'y’ VD = 0 whenever i + j(bc — 1) = —mbc
mod ab.

First we use this for 1- (dz A dy)®® to conclude that VD = 0. Second, we note
that since (a,c) = 1, the congruence i + j(bc — 1) = —mbc mod ab holds for some
m iff i = j mod b. The ring of such monomials is generated by x°, zy,y®. Thus D
gives a first order qG-deformation iff

(l.a) VD =0,

(1b) D(ay) =0,

(1.c) D(x%) =0 and D(y*) = 0.

We thus get that T&G(Sabc) is spanned by the derivations

0 — 3y : S a
{ R 1<s<|b/ J}. (6.43.2)

The corresponding deformations were written down in [Wah80, 2.7]. The canonical
cover of Sype is

(w —w® =0) 2 A%/1(1,bc — 1) = A%/ 1(1,-1), (6.43.3)
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b

hence u =z, v =y, w = 2y and

Sape = (uv — w® = =0)/1(1,bc—1,c). (6.43.4)
Thus we get explicit qG-deformations of Sgp.:
T~ T = 0) /(1 be — 1, 0). (6.43.5)

To make this GZ,-equivariant, the G2,-action on ¢; should be the same as on (zy)*
Thus (6.43.5) describes a smooth subscheme T' of Defyq(Sape) C Def(Sqpe) and
dimT = [b/a]. By (6.43.2), the tangent space of Defqc(Sqsc) has dimension |b/a],
so T = Def 4G (Sabc) and Defyg(Sape) is smooth.

In particular, there is a nontrivial 1-parameter qG-deformation iff a < b and
there is a qG-smoothing iff alb. Note that a < b is equivalent to ab < b* and we
have proved the following.

Claim 6.43.6. The singularity Sy, has

(a) a qG-smoothing iff n|(g + 1)? and
(b) a nontrivial qG-deformation iff n < (n,q + 1)?. Furthermore,

(wv — w® — tyw®

(¢) dim T (Sng) = [b/a) = [(n,q+1)*/n]. O
If a|b then write b = ad. We get the singularities
Wade = z37(1,adc — 1) = (uv — w = 0)/%(1,-1,¢). (6.43.7)

In this case b/a = ¢; — 1 hence the above arguments give the following.

Claim 6.43.8. For the singularities Woq. = A?/—5(1,adc — 1) every VW-
deformation is a qG-deformation. O

6.44 (Proof of (6.6)). Note that (6.6.1) follows from (6.37.3) and (6.6.2) from
(6.43.8) for first order deformations. Since Defqg(Sn,q) is smooth by (2.28) or

by the explicit description (6.43.5), equality of the tangent spaces TO}G (Sn,q) =
T‘l/W (Sn,q) implies that Defyq (qu) = Defyw (qu).
In order to prove (6.6.3) we consider 2 cases. If R,, does not have a minimal
generator of the form M; = (zy)® then Ty, (Sng) = Ty (Sng) = {0} by (6.37.4).
Otherwise, we have proved in (6.43) that
dim Tl (A% 25(1,be — 1)) = [
and (6.40) shows that

dim Ty, (A?/ L (1,bc — 1)) = min{e; — 1, 451 ‘H‘l} <lt]+1. O

Next we list those cyclic quotients singularities for which every V-deformation
is a qG-deformation.

EXAMPLE 6.45 (Double points). These are the A,, singularities; every defor-
mation is a qG-deformation.

EXAMPLE 6.46 (Triple points). For cyclic quotient triple points the minimal
generators of its coordinate ring are z”, ™ %y, xy"*ql, y™. Thus ni_q has a 2-step
continued fraction expansion involving cj,cy. Setting ¢y = e,co = d we have the
singularities

A/ 2 —(1,ed—d—1). (6.46.1)

with invariants
241 gy aye gt (6.46.2)
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By (6.35) we have Ty, = T,y = 0.

EXAMPLE 6.47 (Quadruple points). By (6.6), every cyclic quotient singularity
of multiplicity 4 has a V-deformation that is not a qG-deformation, unless M5 is a
power of xy. Thus in this case the minimal generators of its coordinate ring are
x”,x”*qy,x“y“,xy”*q’,y". (6.47.1)
The equation Ms? = M;Ms now implies that ¢ = ¢/. Thus ni_q has a 3-step
continued fraction expansion involving ¢y, ¢, c3 = ¢1. By expanding it we see that
c¢1 = a. Setting co = d the singularity is

AQ/m (1,(ad = 2)(a — 1) — 1) (6.47.2)

and the minimal generators of the ring of invariants are
xa(ad—2)’ xad—ly’ ‘,ana7 xyad—l’ ya(ad—2). (6473)

Thus [(ad —2)/a] = d -1 = ¢y — 1 and hence, by (6.35) and (6.43), Ty, = T is
spanned by

{a””_a”: 1§s§d—1}. (6.47.4)
(zy)es
These singularities admit a qG-smoothing iff @ = 2. Then, after replacing d — 1 by
d, the normal form becomes

A?/L(1,2d - 1). (6.47.5)
Together with the A, -series, these are the only cyclic quotient singularities with a
qG-smoothing for which every V-deformation is a qG-deformation.

EXAMPLE 6.48 (Higher multiplicity points). By (6.6), every cyclic quotient
singularity of multiplicity > 5 has V-deformations that are not qG-deformations.






CHAPTER 9

Hulls and Husks

Given a coherent sheaf F' over a proper scheme, the quot-scheme—introduced
by Grothendieck—parametrizes all quotients F' — @ of F. In many applications
it is necessary to understand not only surjections F — ) but also “almost surjec-
tions” F' — G. The precise notion should depend on the application; for us the
most important is to study morphisms F' — G from F to a pure sheaf G that are
surjective at all generic points of Supp G. Such objects are called quotient husks.
Special cases appeared in [Kol08a, PT09, AK10, Kol11b]. The aim of this chap-
ter is to study quotient husks, prove that they have a fine moduli space QHusk(F)
and then apply this to families of hulls.

In Section 9.1 we recall basic results on S sheaves; the proofs are based on
[Gro60, Gro62a].

Then we turn to the study of hulls of coherent sheaves. The notion of Ss-hull
(or hull for short) is the proper generalization of the concept of reflexive hull of a
module over a normal integral domain. In Section 9.2 we discuss the absolute case
and in Section 9.3 the relative case. For many applications the key is the following.

QUESTION 9.1. Let f: X — S be a proper morphism and F' a coherent sheaf
on X. Do the hulls FS[**] of the fibers F, form a coherent sheaf that is flat over S?

If the answer is yes, the resulting sheaf is called the universal hull of F' over S.
Local criteria for its existence are studied in Section 9.4.

In order to get global criteria, husks and quotient husks are defined in Section
9.5. In Section 9.6, the first main result of the Chapter proves that if X — S is
projective and F' is a coherent sheaf on X then the functor of all quotient husks
with a given Hilbert polynomial has a fine moduli space QHusk,(X) which is a
proper algebraic space over S. The proof closely follows the arguments given in
[Kol08a].

This is used in a global study if hulls in Section 9.7. A third answer to our
question is given in Section 9.8 in terms of a decomposition of S into locally closed
subschemes. This can be viewed as a generalization of the Flattening Decomposition
Theorem [Mum66, Lect.8].

Moduli spaces of hulls of powers of the relative dualizing sheaf w?% were used
to define moduli spaces of stable varieties and pairs.

These results are partially extended to algebraic spaces in Section 9.9.

9.1. S, sheaves

In this section we collect some well known results about pushing forward and
Sy sheaves.

Assumptions. In this section we work with arbitrary Noetherian schemes.

247
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DEFINITION 9.2. Let F' be a quasi-coherent sheaf on a scheme X. Its annihi-
lator, denoted by Ann(F), is the largest ideal sheaf I C Ox such that I - F = 0.
The support of F' is the zero set Z(I) C X, denoted by Supp F.

The dimension of F at a point x, denoted by dim, F', is the dimension of its
support at x. The dimension of F' is dim F' := dim Supp F'.

The set of all associated points (or primes) of a quasi-coherent sheaf F' is
denoted by Ass(F'). An associated point of F' is called embedded if it is contained
in the closure of another associated point of F. Let emb(F) C F' denote the largest
subsheaf whose associated points are all embedded points of F. Thus F/emb(F)
has no embedded points hence it is Sy (9.6). Informally speaking, F' — F/emb F'
is the best way to associate an S sheaf to an arbitrary coherent sheaf.

If F' is coherent then it has only finitely many associated points and Supp F' is
the union of their closures.

Let Z C X be a closed subscheme. Then torsz F' C F' denotes the subsheaf of
all local sections whose support is contained in Z. There is a natural isomorphism
torsz F = HY (X, F).

Assume that X has a dimension function. Then we use tors(F) C F to denote
the subsheaf of all local sections whose support has dimension < dim Supp F'. A
coherent sheaf F' is called pure (of dimension n) if (the closure of) every associated
point of F' has dimension n. Thus pure(F) := F/tors(F) is the maximal pure
quotient of F'.

If Supp F is pure dimensional then emb(F') = tors(F'). If X is pure dimensional,
F' is coherent and dim F' = dim X, then our terminology agrees with every usage
of torsion that we know of.

9.3 (Regular sequences and depth). Let A be aring and M a nonzero A-module.
Recall that x € A is M -regular if it is not a zero divisor on M, that is, if m € M
and xm = 0 implies that m = 0. Equivalently, if « is not contained in any of the
associated primes of M.

A sequence x1,...,x, € Ais an M-regular sequence if z1 is not a zero divisor
on M and z; is not a zero divisor on M/(z1,...,z;—1)M for all i =2,... 7.

Let rad A denote the radical of A, that is, the intersection of all maximal ideals.
Let I C rad A be an ideal. The depth of M along I is the maximum length of an
M-regular sequence x1,...,x, € I. It is denoted by depth; M.

It turns out that if A is Noetherian and M is finite over A then all maximal
M-regular sequences 1, ..., 2, € I have the same length; see for instance [Mat86,
p.127] or [Eis95, Sec.17]. (Note that in [Eis95, 17.4] the necessary assumption I C
rad A is left out.) This is a quite subtle result which makes the depth computable
in practice: Pick any x; € I that is not contained in any of the associated primes
of M, then depth; M =1+ depth;(M/z1M).

Among other useful consequences we see that depth; M depends only on VT and
it is the minimum of the depths computed for the localizations A,,. Furthermore,
if A is finite over B and J C B is an ideal then depth ; M = depth ;4 M. (Here the
first depth is computed over the ring B and the second over the ring A.)

Warning. While the above definition of depth makes sense for arbitrary rings
and ideals, it can give wrong results. For instance, take A = k[z,y], I = (x) and
M = A/(z —1). Then both x and zy, x are maximal M-regular sequences.



9.1. S SHEAVES 249

DEFINITION 9.4. Let F be a coherent sheaf on X. The depth of F' at x, denoted
by depth, F', is defined as the depth of its localization F, along m, x (as an O x-
module). For a closed subscheme Z C X we set

depth, F := inf{depth, F': z € Z}. (9.4.1)

If X = Spec A is affine, Z = V(I) for some ideal I C rad A and M = H°(X, F)
then depth, F' = depth; M.

Warning. This definition is for coherent sheaves only. See [Gro68, Exp.III] for
the correct definition of depth for quasi-coherent sheaves.

A coherent sheaf F is called Sy, (or it is said to satisfy Serre’s condition Sy,) if
depth, F' > min{m, codim(z, Supp F)} for all x € Supp F. (9.4.2)

We say that F' is S, at x if the localization Fy is Sy, (as an O, x-module).

Comments. Frequently condition (9.4.2) is stated for all x € X. For the
purposes of the latter version, one should say that the zero module has infinite
depth. This, however, messes up other conventions, so we just ignore this problem.

In practice there are two cases that are especially interesting and useful. If
m > dim F then S, is equivalent to CM; see, for instance, [Koll3c, 2.58]. This
is pretty much the ideal situation, but if it does not hold, usually one can not do
anything about it. The other very useful case is condition S5. Not every sheaf is Sy,
but, as we see in (9.14), to any coherent sheaf one can usually associate a coherent
So sheaf in a natural way, and this is very helpful in many proofs.

Warning. It is important to note that being S,, at x is not the same as
depth, F' > m; neither implies the other. The difference is clear already for m = 1:

e depth, F' > 1 iff = is not an associated point of F' (cf. (9.6)) and
e ['is Sy at z iff z is not contained in the closure of an embedded associated
point of F.

As another example, let (r € X) be the localization of k[z1,...,z4] at the origin
and M = k[z1,...,24] + k[21,...,24]/(x3,24). Then depth, . M = 2 but
depth,, .y M = 0. Thus M is not even Sj.

By contrast, if F' has maximal depth at z, that is, if depth, F' = dim, F', then
depth, F' = codim(z, Supp F') holds for every point z € X. This is one reason why
being CM is much better behaved. (See (10.15) for a discussion of the general case.)

.....

9.5 (Depth and flatness). Let p : Y — X be a morphism and G a coherent
sheaf on Y that is flat over X. It is easy to see that for any point y € Y we have

depth, G = depth,,y X + depth, G, ). (9.5.1)
Similarly, assume that p : Y — X is flat and let F' be a coherent sheaf on X. Then

depth, p"F' = depthy,,) ' + depth, Y. (9.5.2)

p(y y

In particular, if p : Y — X is flat with .S, fibers and F' is a quasi-coherent S,
sheaf on X then p*F is also S,,. The converse also holds if p is faithfully flat.

The assumption on the fibers is necessary and a flat pull-back of an S,,, sheaf
need not be S,,; not even for products. Let X1, X5 be k-schemes. Then X; x X5
is S,, iff both of the X; are S,,.

Condition S7 can be described in terms of embedded points.
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LEMMA 9.6. Let F' be a coherent sheaf on a scheme X and Z C X a closed
subscheme. Then depth, F' > 1 iff none of the associated points of F' is contained
in Z. In particular, F is Sy iff it has no embedded associated points.

Proof. An element x1 € m C A is not a zero divisor on a module M iff it is
not contained in any of the associated primes of M. If M has only finitely many
associated primes, then there exists such an xy iff m is not an associated prime of
M. O

We will repeatedly use the following lemma which gives several characteriza-
tions of Sy sheaves.

LEMMA 9.7. Let F be a coherent, Sy sheaf and Z C Supp F' a nowhere dense
subscheme. The following are equivalent.

(1) depth, F' > 2.

(2) Let Q be a quasi-coherent sheaf such that Supp Q C Z. Then every exact
sequence 0 — F — F' — @Q — 0 splits.

(3) Let 0 = F — F' — @Q — 0 be an exact sequence such that SuppQ C Z
and Q # 0. Then F' has an associated prime contained in Supp Q.

(4) F = j.(F|x\z) where j : X \ Z < X is the natural injection.

Proof. By assumption torsz F' = 0. Thus, if there is a splitting locally then
the unique splitting is given by torsz F' C F’'. We can thus work with a module
M over a local ring (A, m).

Let 1 € m be M-regular. If depth,, M < 2 then depth,, M/x1 M < 1, hence
there is a submodule 1M C N C M such that N/zq M has codimension > 2. Then
M’ =z M’ > M gives an extension violating (2). Clearly (2) = (3).

Let 0 = M — M’ — @Q — 0 be an extension and set N’ torsz M'. If N’ — Q
then the extension splits. Thus we can replace M’ by a suitable M"” c M’/N’
to get an extension 0 — M — M"” — Q" — 0 where Q" # 0 is cyclic and
Ass M = Ass M. By localizing at a generic point of Supp Q”, we may even assume
that m@" = 0.

Now take any x1 € m that is not a zero divisor on M and M". By assumption
x1M"” C M and thus M/x1 M has a nonzero submodule supported on Supp Q”.
Thus depth,, M < 2.

Finally, since F' has no associated primes contained in Z, there is an injection
F <, (F|X\Z). The quotient is supported on Z, thus (4) is equivalent to (3). O

COROLLARY 9.8. Let F' be a coherent, So sheaf and G any coherent sheaf. Then
Homx (G, F) is also Ss.

Proof. It is clear that every irreducible component of Supp Hom x (G, F') is also
an irreducible component of Supp F'.
Let Z C Supp F be a closed subset of codimension > 2 and j : X \ Z < X the
injection. Any homomorphism ¢ : G|x\z — F|x\z uniquely extends to
35 : 3= (Glx\z) = j« (Flx\z)-

Since F'is So, the target equals F'. We have a natural map G — j. (G|X\Z) (whose
kernel is the subsheaf of suctions whose support is in Z). Thus

HomX(G,F) :j*(%mX(G; F)lX\Z)?
hence Homx (G, F) is Ss. O
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An important property of So sheaves is the following, which can be obtained
by combining [Har77, I11.7.3] and [Har77, II1.12.11].

PROPOSITION 9.9 (Enriques—Severi—Zariski lemma). Let f : X — S be a pro-
jective morphism and F a coherent sheaf on X that is flat over S with Sy fibers of
pure dimension > 2. Then f.F(—m) = R'f.F(—m) =0 for m > 1.

Therefore, if H € |Ox(m)| does not contain any of the associated points of F
then the restriction map f.F — (f|g)«(F|g) is an isomorphism. O

9.2. Hulls of coherent sheaves

Let X be an integral, normal scheme and F' a coherent sheaf on X. The reflexive
hull of F is the double dual F** := Homx (HomX(F, Ox), (’)X). We would like to
extend this notion to arbitrary schemes and arbitrary coherent sheaves. For this
the key properties of the reflexive hull are the following.

o [**is S5 and

e F** ig the smallest Sy sheaf containing F'/(torsion).
These are the properties that we use to define the hull of a sheaf. Note, however,
that for this we need to agree what the torsion subsheaf of a sheaf should be. Two
natural candidates are discussed in (9.2):

e emb F', the subsheaf corresponding to embedded points and
e tors F', the largest subsheaf whose support has dimension < dim F'.

These are the same if Supp F' is irreducible but quite different in general. For
example, if X is a disjoint union of normal schemes of different dimensions, then
emb Ox = 0 while tors Ox is the structure sheaf of the lower dimensional compo-
nents. A theory of hulls using emb F' is developed in [Koll5].

Here we work with tors F. An advantage is that F'/ tors F'; and hence the hull,
are pure dimensional; this is quite important in our applications. A disadvantage
is that for this to make sense, one needs the dimension function to be quite well
behaved. In all final applications we work with schemes of finite type, so this will
not be a problem.

ASSUMPTION 9.10. In this section we consider schemes X such that

(1) dim W is finite for every irreducible subscheme W C X and
(2) it Wy C Wy is a maximal (with respect to inclusion) irreducible subscheme
of the irreducible W5 C X, then dim W; = dim W5 — 1.

These hold for schemes of finite type over a field (by standard dimension theory)
and also for schemes of finite type over a local CM scheme; see [Stal5, Tags 00NM
and 02JT]. However, these conditions are not satisfied by many naturally occurring
schemes; a typical example is the localization of k[z,y] at (x,y) U (x — 1).

(More generally, one could work instead with any scheme that admits a dimen-
sion function, see [Kol15].)

A useful property of pure sheaves is the following.

LEMMA 9.11. Letp: X — Y be a finite morphism and F a coherent sheaf on
X. Then F is pure and Sy, iff p«F is pure and S,.

Proof. The last remark of (9.3) implies that the depth is preserved by push-
forward. Thus the only question is whether (co)dimension is preserved or not; this
is where (9.10) is used. O
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DEFINITION 9.12 (Hull of a sheaf). Let X be a scheme as in (9.10) and F a
coherent sheaf on X. Set n := dim F. The Sy hull, or pure hull, or simply hull, of
F is a coherent sheaf FI[**! together with a map ¢ : F — F** such that

(1) Supp(ker ¢) has dimension < n — 1,
(2) Supp(coker g) has dimension < n — 2 and
(3) F* is pure and S,.
We see below that a pure hull is unique and it exists if X is excellent.

By definition, FI**] = (F/tors F)l**], hence it is enough to construct pure hulls
of pure, coherent sheaves.

The notation F[**! is chosen to emphasize the close connection between the pure
hull and the reflexive hull F**; see (9.13) for the precise statement. We introduce
a relative version, denoted by F# in (9.17). If X — Speck is a k-scheme then
Fb = pH,

The following property is clear from the definition.

(4) Let G be a pure, coherent, Sy sheaf and F C G asubsheaf. Then G = F[**]
iff dim(G/F) < dimG — 2.
From (9.11) and (9.5) we obtain the following base change properties of hulls.

(]

(5) Let p: X — Y be a finite morphism. Then p, (F[**]) = (p*F) )
(6) g: Z — X be flat and pure dimensional with Sy fibers. Then g* (F[**}) =

In many cases the pure hull coincides with the usual reflexive hull.

ProPoOSITION 9.13. Let X be an irreducible, normal scheme and F a torsion
free coherent sheaf on X such that F** := Homx (”r’-[omx(F7 Ox), C’)X) 18 coherent.
Then Fl) = Fr*,

Proof. F is locally free outside a codimension > 2 subset Z C X. Thus the
natural map F — F** is an isomorphism over X \ Z. Since F** is Sy by (9.8), it
satisfies the assumptions of (9.12). O

This can be used to construct the pure hull over finite type schemes. Indeed,
we may assume that X is affine and X = Supp F. By Noether normalization
there is a finite surjection p : X — A™. Thus, by (9.12.5) and (9.13), FI**l can be
identified with (p*F ) ™. Next we prove that pure hulls exist over excellent schemes;
see [Kol15] for a more general result.

PROPOSITION 9.14. Let X be an excellent scheme and F' a pure, coherent sheaf
on X.

(1) There is a closed subset Z C Supp F of dimension < dim F — 2 such that
F is Sy over X\ Z.

(2) Let Z C Supp F be any closed subset of dimension < dim F' — 2 such that
F is Sy over X \ Z. Then the following hold.
(a) F*) = j,(F|x\z)-
(b) Let G O F be any coherent sheaf such that G|x\z = F|x\z. Then

F — F¥ uniquely extends to G — FU**l,

Proof. The first claim follows from (10.17). To see (2.a), note that j. (F|x\z)
is coherent by (10.16), Sy over X \ Z by assumption and depth, j. (F|X\Z) > 2 by
(9.7). Thus j, (F|x\z) is a hull of F.
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If G as in (2.b), then we get G — j. (G|x\z) = j« (Flx\z)-

Let FU**] be any hull of F. Then FI**J|x\ 7 is a hull of F|x\z; let W C X \ Z
be the support of their quotient. Then codimyxy W > 2 hence F[**]|X\Z = Flx\z
by (9.7.2). Thus we get a map FI**1 — j, (F|x\z). Applying (9.7) again gives that
Fl = . (Flx\z)- O

9.15 (Quasi-coherent hulls). The formula (9.14.2.a) suggests that one should
define the hull of a quasi-coherent sheaf I’ as

Pl = lim (Jz)«(Flx\z),
where Z runs through all codimension > 2 closed subsets of Supp F. It is easy to
see that FI**| is always Sy (as defined in [Gro68, Exp.IIl]) and it agrees with our
definition whenever both are defined.

Since j, is left exact, we obtain that the formation of the hull is also left exact.

COROLLARY 9.16. Let 0 — Fy — Fy — F3 be an exact sequence of coherent
sheaves of the same dimension. Then the hulls also form an exact sequence 0 —
N N O

9.3. Relative hulls

Next we develop a relative version of the notion of hull for coherent sheaves on
a scheme X over a base scheme S.

In the absolute case, the hull is an S5 sheaf that we can associate to any coherent
sheaf on X, in particular, the hull does not have embedded points.

In the relative case, assume for simplicity that f : X — S is smooth; then Ox
should be its own “relative hull.” Note, however, that the structure sheaf Ox has
no embedded points if and only if the base scheme S has no embedded points. Thus
if we want to say that Ox is its own “relative hull” then we have to distinguish
embedded points that are caused by S (these are allowed) from other embedded
points (these are forbidden).

The distinction between these two types of embedded points seems to be mean-
ingful only if F' is flat over a sufficiently large open subset of Supp F. Further
restrictions need to be imposed if we want to allow base changes.

DEFINITION 9.17 (Hull over a base scheme). Let f : X — S be a morphism
of finite type and F' a coherent sheaf on X. Let n denote the maximum fiber
dimension of Supp F' — S.

A hull (or relative hull) of F over S is a coherent sheaf F¥ together with a
morphism ¢ : F — F¥ such that

(1) Supp(kerq) — S has fiber dimension < n — 1,
(2) Supp(coker¢q) — S has fiber dimension < n — 2,
(3) there is a closed subset Z C X with complement U := X \ Z such that
(a) Z — S has fiber dimension < n — 2,
(b) (F/kerq) — F is an isomorphism over U.
(c) FH|y is flat over S with pure, Sy fibers and
(d) depth, F > 2.
Note that Supp(coker ¢) C Z by (3.b) hence in fact (3.a) implies (2). We state the
latter separately to emphasize the parallels with the definition of the absolute hull
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(9.12). Tf S is the spectrum of a field then clearly F# = FI**1. Note, however, that
while the hull is always defined, the relative hull frequently does not exist.

For instance, let f : X := A2, — S := A} be the projection and FF C Oy the
ideal sheaf of the point (0,0). Then FI**/ = Ox but F — Oy is not a relative hull
since coker(F' — Ox) has codimension 1 on the fiber Xj.

(It would have been more consistent to denote the hull by F", but a superscript
h is frequently used to denote the Henselization.)

Relative hulls are easy to understand if the base scheme is 1-dimensional and
regular.

LEMMA 9.18. Let (0,T) be the spectrum of a DVR, f: X — T a morphism of
finite type and q : F — G a map between pure, coherent sheaves on X that are flat
over T. Then G is a relative hull of F iff the following hold.

(1) Gy is the hull of Fy,

(2) Go 18 Sl,

(3) qo : Fo — Gy is an isomorphism outside a subset Zy C Supp Go of codi-
mension > 2.

Proof. Assume that G = FH and let Z C X be as in (9.17). By assumption
G|x\z has Sy fibers thus G|x\z is S2. Hence G is S5 since depth, G > 2 and so
Gy is S1 and qg : Fy — Gy is an isomorphism outside Xo N Z.

Conversely, if (1-3) hold then G is Sy by (1-2). By (9.14) there is a closed subset
Zy; C Xg of codimension > 2 such that Fy is Sy over Xg \ Zp. Thus ¢ : FF — G
satisfies the conditions (9.17.1-3) where Z is the union of 3 closed sets: Zy, Z; and
the closure of Supp(coker g,). O

As a special case, we get the following characterization of relative hulls.

COROLLARY 9.19. Let (0,T) be the spectrum of a DVR, f : X — T a morphism
of finite type and F a pure, coherent sheaf on X that is flat over T. Then F = FH
& Fis Sy & Fy is Sp and Fy is 1. O

COROLLARY 9.20 (Bertini theorem for relative hulls). Let (0,T") be the spectrum
of a DVR, X C P} a quasi-projective scheme and F a coherent sheaf on X with
relative hull g : F — FH. Then q|p : F|p — FH| is the relative hull of F|p for a
general hyperplane L C P7}..

Proof. We use (10.9) both for the special fiber X, and the generic fiber X,.
We get open subsets Uy C Bj and U, C I?’Z such that
(1) FHlLO is Sy for Lo € Uy,
(2) (F/tors F)|r, = (F|L,)/ tors(F|r,) for Lo € Uy,
(3) (F|L,)/ tors(F|L,) — Gr, is an isomorphism outside a subset of codimen-
sion > 2 for Loy € Uy and
(4) FH|p, is the hull of F|, for Ly € U,,.
Let Wp C ]Iv”% denote the closure of ]Iv”g \ Uy. For dimension reasons, Wy does not
contain Pg. Thus any hyperplane corresponding to a section through a point of
Up \ Wr works. (See (9.29) for some examples with non-general hyperplanes.) [

Next we state the precise conditions needed for the existence of relative hulls.
Then we show that a relative hull is unique and does not depend on the choice of
Z C X, generalizing (9.14).
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LEMMA 9.21. Let f : X — S be a morphism of finite type and F a coherent
sheaf on X. Then F has a relative hull iff

(1) there is a coherent subsheaf torss F C F such that Supp(torss F) — S
has fiber dimension < n —1 and

(2) a closed subset Z C X such that f|z : Z — S has fiber dimension < n—2
such that

(3) (F/torss F)|x\z is flat over S with pure, Sy fibers.

Furthermore, if these conditions are satisfied then

(4) FH = j,((F/torss F)|x\z) is the unique relative hull of F over S.

(5) Let G O F be any coherent sheaf such that G|x\z = F|x\z. Then F' —
FH uniquely extends to G — FH.

Proof. If ¢ : F — F* is a relative hull then the conditions (9.21.1-3) are
satisfied and torsg(F') = ker(q).

Conversely, assume that the conditions (9.21.1-3) are satisfied. We can harm-
lessly replace F' by F/torsg(F). Write U := X \ Z. Then j.(F|y) is coher-
ent by (10.16), F — j,(F|v) is an isomorphism over U by construction and
depthy j.(F|u) =2 by (9.7).

The last claim follows from the universal property of the push-forward and it
implies that F'¥ is independent of the choice of Z. ([

We see from the above construction that the torsion subsheaf torsg(F') plays
essentially no role and one can always work with the quotient F/torsg(F) instead
of F. This leads to the following generalization of (5.46).

DEFINITION 9.22 (Mostly flat families of S sheaves). Let f : X — S be a
morphism and F' a coherent sheaf on X. We say that F' is a mostly flat family of
Sy sheaves if there is a closed subscheme Z C X with complement U := X \ Z such
that

(1) Zn X, has codimension > 2 in Supp F; for every s € S and

(2) F|y is flat over S with pure, S fibers.
By (9.21), if these hold then F has a hull F¥. Conversely, if F has a hull then
F/torsg F' is a mostly flat family of S sheaves.

The following is a direct analog of (9.12.4).

COROLLARY 9.23. Let f : X — S be a morphism of finite type and G a coherent
sheaf on X that is flat over S with pure, Sy fibers of dimension n. Let F C G be a
subsheaf. Then G = FH iff the fiber dimension of Supp(G/F) — S is <n—2. O

9.4. Universal hulls

For many applications a key question is to understand the behavior of relative
hulls under a base change.

NOTATION 9.24. Let f: X — S be a morphism of finite type and F' a coherent
sheaf satisfying the conditions (9.21.1-3). For any g : T'— S we have a base-change
diagram

Xr & X
frl v (9.24.1)

T s s
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By pull-back we obtain Z7 := g3 (Z), Ur := g5 (U) and Fr := g% F. Note that
fr: Xr — T, Zr and Fr again satisfies (9.21.1-3).
In general g% (FH ) is not the relative hull of Frr. Thus we need to distinguish

(F7), = g% (FT) and (Fr)" = (g5 F)". (9.24.2)
Since the two sheaves agree over Urp, (9.21.5) implies that there is a natural map
rE e (FTY, = (Fr)"” (9.24.3)

We call 7“5 the restriction map, especially when T is a subscheme of S. We see in
(9.26) that 7L is an isomorphism along g;(l (x) if F is flat with pure, Sy-fiber at x.

DEFINITION 9.25. Let f : X — S be a morphism of finite type and F' a coherent
sheaf on X satisfying (9.21.1-3).

We say that F is a universal hull of F at € X if the restriction map ¥
(9.24.3) is an isomorphism along g;(l(x) for every g : T — S. We say that FH
is a universal hull of F if it is a universal hull at every € X. That is, F¥ is a
universal hull iff g% (F) is the hull of g% F for every g : T — S. Equivalently, iff
the functor F — FH commutes with base change.

We say that F +— FH is universally flat if (Fr)® is flat over T for every
g:T—S.

The following theorem gives several characterizations of universal hulls.

THEOREM 9.26. Let f : X — S be a morphism of finite type, F' a mostly
flat family of Sa sheaves (9.22) and F — FH the relative hull of F over S. The
following are equivalent.

1) FH is a universal hull of F.

2) F s FH is universally flat.

3) FH is flat over S and has pure, Sy fibers.

4) FH is flat over S and has pure, Sy fibers over closed points of S.

5) For every closed point s € S the restriction map rf' : FH — (F)H is
surjective.

(6) (Fa) is a universal hull of Fa for every Artin scheme A — S.

Proof. The only obvious implications are (3) = (4) and (1) = (5) but (4) =
(3) directly follows from the openness of the Sy-condition (10.2).

Note that the properties in (3) are preserved by base change, thus (F ), is flat
over T and ((F7)r), is Sa for every point ¢ € T. By (9.23) this implies that (F*)p
is the relative hull of Fr. Therefore (F7)r = (Fr)f, so F — FH is universally
flat and commutes with base change. That is, (3) = (2) and (3) = (1) both hold.

If (4) holds then (FH)s = (F,)" by (9.12.4), thus (4) = (5). Applying (10.68)
to every localization of S at closed points shows that (5) = (4).

Next we show that (2) = (6). We may assume that S = Spec A where (A, m)
is local, Artinian. Choose the smallest r > 0 such that m™™* = 0; so m" = @; A/m,
the sum of certain number of copies of A/m. This gives an injection j, : ®;Fx — F
which then extends to jX : @;(Fy)# — FH.

Since FH is flat over A, the image j (®;(F)") is also isomorphic to (m") ® .4
FH which is the same as @;(F%),. Thus (F,)¥ = (FH), and, by the above
arguments, (2) implies the properties (1-5) for local, Artinian base schemes.
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In order to see (6) = (5) we may replace S by its completion at s. For r € N
set A, := Specg Og/m}. By base change we get f, : X, — A, and F, := F|x,.
By assumption (F,.) is flat over A, and we have proved that F + F commutes
with base change over Artin schemes. Set

F = lim(FT)H
H
Then F is flat over S, coherent (cf. [Har77, 11.9.3.A]), agrees with F over U and
F — FH is surjective. Thus ' = F by (9.23), giving (5). d
We can restate the characterization (9.26.3) as follows.

COROLLARY 9.27. Let f : X — S be a morphism of finite type, q : F — G
a map of coherent sheaves on X. Let n denote the mazimum fiber dimension of
Supp(F) — S. Then G is the universal hull of F over S iff the following hold.

(1) ¢gs : Fs — Gg is an isomorphism at all n-dimensional points of X for

every s € S.
(2) G is flat with purely n-dimensional, Sa fibers over S and
(3) Supp(coker(q)) — S has fiber dimension < n — 2. O

Combining (9.27) and (10.3) shows that a relative hull is a universal hull over
a dense open subset of the base. Thus Noetherian induction gives the following. A
much more precise form will be proved in (9.59).

COROLLARY 9.28 (Universal hull decomposition, weak form). Let f : X — S
be a proper morphism and F a coherent sheaf on X. Then there is a locally closed
decomposition j : S — S such that j%F has a universal hull. (I

The following example illustrates several aspects of (9.26).

EXAMPLE 9.29. Let X be a projective variety with ample line bundle Ox (1)
and C(X) the corresponding affine cone over X with vertex v. Set C*(X) :=
C(X) \ {v} with natural injection j : C*(X) — C(X). If F is a coherent sheaf on
X then by pull-back we get a coherent sheaf C(F') on C*(X) and

H(C*(X),C(F)) =3,,czH° (X, F(m)). (9.29.1)
Next let g : X — S be a flat family of projective varieties and F' a coherent sheaf

on X that is flat over S and of pure relative dimension > 1. We get the relative
cones

C5(X) :=Specg Y ,,e29+Ox(m) and Cg(X) := Specg ), cng«Ox(m)
with natural injection j : C§(X) < Cg(X). Note that C§(X) is a G,,-bundle over
X, thus C%(X) is flat over S but Cg(X) need not be flat over S.

Let C's(F) denote the coherent sheaf on C§(X) corresponding to ), 9. F'(m);
then Cs(F)H = j,.Cs(F) by (9.21).

By (9.26), Cs(F) is a universal hull iff the restriction map 7, : j.Cs(F) —
(js)«C(Fy) is surjective for every point s € S. Using the grading given by the cone
structure this holds iff the restriction map ry(m) : g.F(m) — H°(X,, Fs(m)) is
surjective for every point s € S and every m € Z. Using the Cohomology and base
change theorem we conclude that

Cs(F) is a universal hull < g, F(m) is locally free V m € Z. (9.29.2)

In order to get some concrete examples, let E1, E5 be elliptic curves and A = Ey x Fy
with projections m; : A — E;. Let L; be line bundles of degree d > 3 on E;; these
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give a very ample line bundle O4(1) := 77 Ly @ 5 La. Let C € |O4(1)] be a smooth
curve. Note that (C?) = 2¢(C) — 2 = 24>

Set S := Pic*!(E;) x Pic’(Ey) and X := A x S with projection g : X — S.
H := C xS gives a hyperplane section Cs(H) C Cg(X). The universal bundles give
F =i M ®73T. We check that C%(F) is not universal along Pic**(E;) x {Op,}
but if we choose T = Op, and M general then the restriction of Cs(F) to the
hyperplane section Cg(H) C Cx(X) has a universal hull.

By (9.29.2) these claims are equivalent to computing some cohomologies on A
and on C. So let M be a line bundle of degree 2d on F; and T a line bundle of
degree 0 on E5. One easily computes that h°(A, (7{ M ® 73T)(m)) is independent
of M, T if m # 0 but

RO (A, mfM @ m3T) = 2d - h°(E», T)

jumps at T = 0. Similarly we obtain that h°(C, (r{ M @73T)(m)|c) is independent
of M, T if m # 0, —1but h°(C, (1} M@73T)¢) jumps iff h°(C, (1 M&@m3T)(—1)|c)
jumps iff (77 M @ m3T)|c = we.

This shows that the hull C%(F) is not universal along Pic**(F;) x {Op,} but
if we choose T' = Op, and M general then then the restriction of Cs(F) to the
hyperplane section Cg(H) C Cx(X) has a universal hull.

The following result is a restatement of (10.70), see also [Kol95a, Thm.12].

THEOREM 9.30. Let f : X — S be a morphism and F a mostly flat family of
Sy sheaves (9.22). Assume that, for every s € S, the hull (Fs)® is coherent and
depthy (F,)® > 3. Then FH is the universal hull of F over S. O

9.5. Husks of coherent sheaves
AssSUMPTION 9.31. In this section we continue with the assumptions (9.10).

DEFINITION 9.32. Let X be a scheme and F a coherent sheaf on X. An
n-dimensional quotient husk of F' is a quasi-coherent sheaf G together with a ho-
momorphism ¢ : F' — G such that

(1) G is pure of dimension n and
(2) q: F — G is surjective at all generic points of Supp G.

A quotient husk is called a husk if n = dim F' and
(3) ¢: F — G is an isomorphism at all n-dimensional points of X.
If h € Ann(F) then h- F =0, hence h- G C G is supported in dimension < n,
thus it is 0. Therefore G is also an Ox/ Ann(F') sheaf and so the particular choice

of X matters very little.
Any coherent sheaf F' has a maximal husk

M(F) = lim (jz)«(Flx\z),
where Z runs through all closed subsets of Supp F' such that dim Z < dim F. If
dim F' > 1 then M(F') is never coherent, but it is the union of coherent husks.
Thus a coherent sheaf has many different coherent husks and there is no maximal
coherent husk.

LEMMA 9.33. Let F be a coherent sheaf on X and q : F — G an n-dimensional
(quotient) husk of F.
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(1) Let g : X — Z be a finite S-morphism. Then g.G is an n-dimensional
(quotient) husk of g.F'.

(2) Let h : ' Y — X be a flat morphism of pure relative dimension r with S
fibers. Then h*G is an (n + r)-dimensional (quotient) husk of h*F.

Proof. If g is a finite morphism and M is a sheaf then the associated primes
of g.M are the images of the associated primes of M. This implies (1). Similarly,
if h is flat then the associated primes of h*M are the preimages of the associated
primes of M. Since h*G is Sy by (9.5), we get (2). O

9.34 (Bertini theorem for (quotient) husks). Let F' be a coherent sheaf on a
quasi-projective variety X C P"® and ¢ : F — G a coherent (quotient) husk. Let
H C P™ be a general hyperplane. Then G|y is pure by (10.9). If, in addition, H
does not contain any of the associated primes of G/F then q|g : F|lg — G|y as
also a (quotient) husk.

DEFINITION 9.35. Let X be a scheme and F' a coherent sheaf on X. Set
n:=dimF. Ahusk ¢: F — G is called tightif ¢ : F'/ tors F — G is an isomorphism
at all (n — 1)-dimensional points of X.

Thus the hull ¢ : F — F[*] defined in (9.12) is a tight husk of F. We see below
that the hull is the maximal tight husk.

LEMMA 9.36. Let X be a scheme and F a coherent sheaf on X with hull q :
F — P,
(1) Letr: F — G be any tight husk. Then q extends uniquely to an injection
qc : G — FI¥1,
(2) FI**1 is the unique tight husk that is Ss.

Proof. After replacing F' with F/tors F' we may assume that F' is pure. Set
Z := Supp(G/F) U Supp(F**1/F). Then Z has codimension > 2 and F is Sy on
X \ Z. Thus, by using (9.14.2) for F' we get that

G C j(Glx\z) = js(Flx\z) = FI*,
proving (1). If G is also Sy, then, (9.14.2) gives that G = FI**]. O

LEMMA 9.37. Let X be a projective scheme, F' a coherent sheaf of pure dimen-

sionn and F — G a quotient husk. The following are equivalent.
(1) G = Pl
(2) G is Sy and x(X, F(t)) — x(X,G(t)) has degree <n — 2.
(3) x(X,Ft(1)) = x (X, G(1)).

Proof. The exact sequence 0 - K — F — G — @ — 0 defines the sheaves
K,Q and

X(X,F(t)) — X(X,G(t)) = X(X7K(t)) — X(X7Q(t)).
Note that K has pure dimension n and ) has dimension < n — 1.

If G = FI** then K = 0 and dim Q < n — 2 which implies (2) and (1) = (3) is
obvious.

Conversely, assume that x (X, F(t)) — x(X,G(t)) has degree < n — 2. Since
degx(X, Q(t)) <mn—1, we see that degx(X,K(t)) <n — 1. However, K has pure
dimension n thus in fact K = 0 and so G is a tight husk of F. If G is S5 then (9.36)
implies that G = FI**) hence (2) = (1).
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Finally, if (3) holds then x (X, F(t)) — x(X,G(t)) has degree < n — 2, hence,
as we proved, G is a tight husk of F. By (9.36.1) G is a subsheaf of FI**/. Thus
G = F*! since they have the same Hilbert polynomials. ([

DEFINITION 9.38 (Husks over a base scheme). Let f : X — S be a morphism
and F' a coherent sheaf on X. A quotient husk of F' over S is a quasi-coherent sheaf
G together with a homomorphism ¢ : F — G such that

(1) G is flat and pure over S and
(2) ¢s: Fs — Gy is a quotient husk for every s € S.

A quotient husk is called a husk if
(3) g¢s: Fs — G5 is a husk for every s € S.
As before, G is also an Ox/ Ann(F') sheaf and so X matters very little.

Warning. The notion of a (quotient) husk over S does depend on f: X — S.
If S is pure, Sy and f : F — G is a (quotient) husk over S then it is a (quotient)
husk as defined in (9.32), but the converse does not hold. The two notions are even
more different if the base scheme is not Ss.

Our main interest is in the relative case; we sometimes omit “over S” if our
choice of S is clear from the context.

Husks and quotient husks are preserved by base change. That is, let ¢ : FF — G
be a (quotient) husk over S amnd g : T'— S a morphism. Set X7 := X xg T and
let gx : X7 — X be the first projection. Then g% q : g% F — g% G is a (quotient)
husk over T

9.39 (Openness of husks). Let 7 : X — S be a morphism and ¢ : F' — G a map
of coherent sheaves on X. Assume that G is flat and pure over S. By the Nakayama
lemma, for a map between sheaves it is an open condition to be surjective and for
a surjective map with flat target it is an open condition to be fiber-wise injective
(cf. [Mat86, 22.5]). Thus the set of points

{z € X 1 Gn(a) : Fr(z) = Gr(s) 1 a local isomorphism at x}
is open in X. In particular, if 7 is proper then
{s € S :¢qs: Fs — G is a (quotient) husk}

is open in S.

9.6. Moduli space of quotient husks

DEFINITION 9.40. Let f : X — S be a proper morphism and F a coherent
sheaf on X. Let QHusk(F)(x) (resp. Husk(F)(*)) be the functor that to a scheme
g : T — S associates the set of all coherent quotient husks (resp. husks) of g% F,
where gx : T xg X — X is the projection.

By (9.39) Husk(F)(x) is an open subfunctor of QHusk(F)(x).

If f is projective, H is an f-ample divisor class and p(t) is a polynomial,
then QHusk,(F)(x) C QHusk(F)(x) (resp. Husky,(F)(x) C Husk(F)(x)) denotes
the subfunctor of all coherent quotient husks (resp. husks) of g% F with Hilbert
polynomial p(t). That is, quotient husks F' — G such that f. (G ® H m) is locally
free of rank p(m) for all m > 1.

The main existence theorem of this section is the following.
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THEOREM 9.41. Let f : X — S be a projective morphism and F a coherent
sheaf on X. Let H be an f-ample divisor class and p(t) a polynomial. Then
QHusk, (F') has a fine moduli space QHusk,(F) — S which is a proper algebraic
space over S.

Our construction establishes QHUSkp(F ) as an algebraic space. When S is a
point, the projectivity of QHusk,(F") is proved in [Linl5], see also [Wan15] for
earlier results.

As we noted, Husk(F') is an open subfunctor of QHusk(F'), thus Husk,(F) is
represented by an open subspace Husk,(F) C QHusk,(F'), which is usually not
closed. There are, however, many important cases when Husk,(F') is also proper
over S.

DEFINITION 9.42. Let f : X — S be a morphism and F' a coherent sheaf on
X. Let n = maxges dim(Fs) We say that F is generically flat on every fiber (or,
more precisely, on every fiber of Supp F' — S) if F is flat at every n-dimensional
point of every fiber Xg. If F'is coherent, then this is equivalent to the following.
There is a subscheme Z C X such that

(1) F|x\z is flat over S, and

(2) dim(X; N Z) <n for every s € S.
If f is proper and F' is coherent, then Supp F' — S is also proper. If, in addition,
F is generically flat on every fiber then s — dim(X; N Supp F) is locally constant.
To simplify notation we always assume that it is actually constant.

COROLLARY 9.43. Let f : X — S be a projective morphism and F a coherent
sheaf that is generically flat on every fiber. Let H be an f-ample divisor class and
p(t) a polynomial. Then Husk,(F') has a fine moduli space Husk,(F) — S which
is a proper algebraic space over S.

We start the proof of (9.41) by establishing the valuative criteria of proper-
ness and separatedness. Then we define certain open subfunctors QHusk,'(F) C
QHusk, (F') and construct their moduli spaces QHusk,'(F') using quot-schemes
(9.48). At the end we check that QHusk,(F) = QHusk,' (F) for m > 1. The
rest of the section is devoted to the details of these arguments. The implication
(9.41) = (9.43) is proved at the end of (9.44).

As a preliminary step, note that the problem is local on S, thus we may assume
that S is affine. Then f, X, F' are defined over a finitely generated subalgebra of
Og, hence we may assume in the sequel that S is of finite type.

9.44 (The valuative criteria of separatedness and properness). More generally,
we show that QHusk(F') satisfies the valuative criteria of separatedness and proper-
ness whenever f is proper.

Let T be the spectrum of an excellent DVR with closed point 0 € T and
generic point t € T. Given g : T — S let gx : T xg X — X denote the projection.
We have the coherent sheaf g% F and, over the generic point, a quotient husk
q : gx Fr = g% G¢. We aim to extend it to a quotient husk ¢ : g% F — G.

Let K C g% F be the largest subsheaf that agrees with ker g, over the generic
fiber. Then g% F/K is a coherent sheaf on X; and none of its associated primes
is contained in Xg. Thus g% F/K is flat over T. Let Zy C X, be the union of the
embedded primes of (g% F/K)o.
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By construction ¢, descends to a morphism ¢; : (¢9%F/K); — g%Gi. Let
Zy C Supp(gix F/K): be the closed subset where ¢; is not an isomorphism and
Zp C X its closure. Finally set Z = Zy U (Z7 N Xp).

g% F/K restricted to X\ (Zo U ZT) is flat and pure over T" and g% G, is pure
on X; = X7 \ Xo. Furthermore, when restricted to Xt \ (Xo U Zr), both of these
sheaves are naturally isomorphic to g% F/K. Thus we can glue them to get a single
sheaf G’ defined on Xp \ Z that is is flat and pure over T.

Let j : X7\ Z — Xr be the injection. By (9.45) G := j.G' is the unique
extension that is flat and pure over T hence

q:95xF — gxF/K -G
is the unique quotient husk extending ¢; : F; — Gy. Thus QHusk(F') satisfies the
valuative criteria of separatedness and properness.

Furthermore, if f is projective then G has the same Hilbert polynomial as Gy.

Finally note that if F' is generically flat over S and ¢, : g% F; — g% G is a husk
then K C g% F is zero at the generic points of Xo N Supp g% F, thus ¢ : gx F —
g5 F/K — G is a husk.

This shows that if F' is generically flat over S then Husk(F) is closed in
QHusk(F') hence (9.43) follows from (9.41).

The following extension result is the key to understanding flat families of co-
herent sheaves over spectra of discrete valuation rings.

COROLLARY 9.45. Let T be the spectrum of an excellent DVR with closed point

0 €T, generic point t € T and g : X — T a morphism. Let Z C Xq be a closed
subscheme and j : X \ Z < X the natural injection. Let G be a coherent sheaf on
X\ Z. Assume that

(1) G is flat over T,

(2) Z does not contain any of the generic points of (W)O for any associated

prime W of G.

Then F = j,.G is the unique extension of G to a coherent sheaf on X such that

(3) F is flat over T and
(4) Fy has no associated primes contained in Z.

Note that assumption (2) is automatic if dim Z < dim W; for every associated
prime W; of G;.

Proof. If Fy has no associated primes contained in Z then depth, Fy > 1
hence depthy F' > 2 and so F' = j.G by (9.7)

Conversely, j.G is coherent by (10.16) and depth, F' > 2 by (9.7) which implies
that depchO Fy>1. O

9.46 (Construction of bounded open subfunctors). For a given m € N let
QHusk;”(F) C QHusk,(F) be the open subfunctor of all quotient husks Fy — Gy
such that G4(m) is generated by global sections and its higher cohomologies vanish.

Let E be any coherent sheaf on X that is flat over S with proper support. If
HY(X,,E,) =0 for some s € S and all i > 0, then this vanishing holds in an open
neighborhood of s € S. Thus all sections of F; lift to nearby fibers, hence, if Ey is
globally generated then so are the nearby Ey. Thus we expect that, for every m,
the moduli space QHusk,"(F’) is an open subscheme of QHusk,(F).

We prove later that QHusk,' (F) = QHusk,(F') for m > 1.
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9.47 (Construction of QHusk,"(F')). We use the existence and basic properties
of quot-schemes (9.48) and hom-schemes (9.49).

By assumption, each G4(m) can be written as a quotient of O?@f ™) Let

Qu(e) = Quot, (0F""™) € Quot(0F7™)

be the universal family of quotients g, : (’)??: (M) _, M, that have Hilbert polynomial

p(t), are pure, have no higher cohomologieé and the induced map
g5 : HO(X,, 097" — H°(X,, M)

is an isomorphism. Openness of purity is the m = 1 case of (10.3), the other two
properties were discussed in (9.46).

Let m : Qut) — S be the structure map, mx : Qp) xs X — X the second
projection and M the universal sheaf on Q) xs X.

By (9.39), the hom-scheme Hom (7% F, M) (9.49) has an open subscheme W,
parametrizing maps from F' to M that are surjective outside a subset of dimension
<n—1. Let o: Wyy — Qpu be the structure map, and ox : Wy x5 X —
Qpt) Xs X the fiber product.

Note that W,,;) parametrizes triples

w = [Fw Iy Gy Pl (,)wa(_m)@p(m))}

where r,, : F, — G, is a quotient husk with Hilbert polynomial p(¢) and ¢, (m) :
O?@Z (™), G,(m) is a surjection that induces an isomorphism on the spaces of
global sections.

Let w" € Wy be another point corresponding to the triple

w' = {Fw/ Tﬂ; Gw/ z(u_r’ OXw/(_m)@p(m))]
such that
0 ~ Tw!
[Fu ™ Gu| = [Fu % Gu].
The difference between w and w’ comes from the different ways that we can write
G = Gy as quotients of Ox,, (—m)®P®). Since we assume that the induced maps

Guw(m), G (m) : HO(Xw,(’)g’éi(m)) = H (X, Gy(m)) = H*(Xy, Gy (m))
are isomorphisms, the different choices of ¢, and ¢, correspond to different bases
in H(X,, Gyw(mH)). Thus the fiber of Mor(x, W) — QHusky,(F)(*) over m o
o(w) = roo(w') =: s € S is a principal homogeneous space under the algebraic
group GL(p(m), k(s)) = Aut(H°(X,,Gs(m))).

Thus the group scheme GL (p(m), S) acts on W) and

QHusk)" (F) = Wiy /GL(p(m), )
by (727).

9.48 (Quot-schemes). Let f : X — S be a morphism and F' a coherent sheaf
on X. Quot(F)(x) denotes the functor that to a scheme g : T — S associates
the set of all quotients of g% F' that are flat over T with proper support, where
gx T xg X — X is the projection.

If FF = Ox, then a quotient can be identified with a subscheme of X, thus
Quot(Ox) = Hilb(X), the Hilbert functor.
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If H is an f-ample divisor class and p(t) a polynomial, then Quot,(F)(x) de-
notes those flat quotients that have Hilbert polynomial p(t).

By [Gro62b], Quot,(F) is bounded, proper, separated and it has a fine moduli
space Quot,(F'). See [Ser06, Sec.4.4] for a detailed proof. If FF = Ox, then
Quot(Ox) = Hilb(X), the Hilbert scheme of X.

Note that one can write F as a quotient of Opn(—m)" for some m,r, thus
Quot,(F) can be viewed as a subfunctor of Quot(Op.). The theory of Quot(Of.)
is essentially the same as the study of the Hilbert functor, discussed in [Mum66|
and [Kol96, Sec.I.1].

9.49 (Hom-schemes). Let f : X — S be proper morphism and F,G coherent
sheaves on X. Hom(F,G)(*) denotes the functor that to a scheme g : T — S
associates the set of all homomorphisms of g% F' to g5 G where gx : T xg X — X
is the projection.

As a special case of [Gro60, I11.7.7.8-9], if G is flat over S then Hom(F, G)(x)
is represented by an S-scheme Hom(F,G). That is, for any g : T — S, there is a
natural isomorphism

Homy (g% F, g% G) = Morg (T, Hom(F, G)).
To see this, note that there is a natural identification between

(1) homomorphisms ¢ : F' — G, and
(2) quotients @ : (F' + G) — @ that induce an isomorphism ®|g : G = Q.
Let 7 : Quot(F + G) — S denote the quot-scheme parametrizing quotients of
F + G with universal quotient u : 7% (F + G) — @, where mx denotes the induced
map 7y : Quot(F +G) xg X — X.
Consider now the restriction of u to ug : 7% G — Q. By (9.39) there is an open
subset
Quot’(F + G) € Quot(F + G)
that parametrizes those quotients v : F'+ G — @ that induce an isomorphism
vg : G = Q. Thus Hom(F, G) = Quot’(F + G). O

9.50 (A boundedness condition). Let X C PV be a projective scheme over a
field. As a temporary convenience, let us say that a coherent sheaf G on X satisfies
condition B(m) if

(1) HY(X,G(r)) =0 for i > 0 and r > m,

(2) HY(X,G(r)) ® H*(X,0x(1)) - H°(X,G(r + 1)) for r > m.
Note that (2) implies that G(m) is generated by global sections. Thus it can be
written as a quotient of Oé’((m) where p(m) = h%(X,G(m)) (and p(t) is the Hilbert
polynomial of G). In particular, all sheaves G that satisfy B(m) and have Hilbert
polynomial p(¢) form a bounded family by (9.48).

While we care about the latter conclusion, the assumptions (1-2) are better
suited for inductive arguments.

Condition B(m) should be thought of as a crude version of Castelnuovo-Mumford
reqularity; see [Laz04, Sec.1.1.8] for a detailed treatment.

PROPOSITION 9.51. Let X C PN be a projective scheme over a field and G
a pure, coherent sheaf of dimension > 2 on X with Hilbert polynomial p(t). Let
H C X be a hyperplane section such that Gy := G® Oy is also pure. Assume that
Gp satisfies condition B(mp).
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Then there is an mx, depending only on myg and on p(t), such that G satisfies
condition B(mx).

Proof. Using the cohomology sequence of
0—>G(r—1)—>G(r) = Gg(r) =0

we conclude that H*(X,G(r — 1)) = HY(X,G(r)) for i > 2 and r > my + 1. Thus,
by Serre’s vanishing, H*(X,G(r)) =0 for i > 2 and r > my + 1.
For ¢ = 1 we have only an exact sequence

HO(X,G(r) "% HO(X, G (r)) — HY(X,G(r — 1)) W BHY(X,G(r) = 0,

which shows that b(r) is onto iff ¢(r) is an isomorphism.

If b(r) is onto for some r > my then b(r + 1) is also onto by (9.52). Thus ¢(r)
is an isomorphism for every r > mpy. By Serre’s vanishing, this again gives that
HY(X,G(r)) =0 for every r > my.

Otherwise h! (X, G(r — 1)) > h1(X,G(r)). In either case we get that

HY(X,G(r)) =0 forr>my+h'(X,G(mg)).
Since h'(X,G(my)) = h°(X,G(mpy)) — p(my), we are done if we can bound
h(X,G(mg)) from above. Since G and G are pure,
WX, G(r) < s WX, Gr(r — 1)),
thus it is enough to bound the sum on the right. Note that h%(X,Gy(my)) =
X(X, Gu(mu)) = p(mu) — p(mu — 1) and
(X, Gpu(r) #0=r(X,Gu(r—1)) < h®(X,Gu(r)).

This bounds h°(X, G(mg)) and h*(X, G(my)) from above. O

LEMMA 9.52. Let X C P¥ be a projective scheme, H := (s = 0) C X a

hyperplane section. Let G be a coherent sheaf on X such that s is not a zero divisor
on G and set Gg := G ® Og. Assume that

(1) H(X,G) - H°(H,Gg) and
(2) HY(H,Gg)® H°(X,0x (1)) » H°(H,Gr(1)).
Then, for every m > 1 we have
(3) HY(X,G(m)) » H°(H,Gp(m)) and
(4) H°(X,G) ® H°(X,0x(m)) » H°(X,G(m)).
Proof. By induction it is enough to show this for m = 1. Consider the following
diagram.

HOX,G)® H'(X,0x) =  HX,G)
4 b
HOX,G)® H(X,0x(1)) — HO(X,G(1))
{ {

HO(H,Gp)® H(X,0x(1)) — HO(H,Gy(1)).

Here the right vertical sequence is exact and the assumptions say that the lower
left vertical and bottom horizontal arrows are surjective. The conclusion follows by
an easy diagram chasing. |

We are now ready to prove the boundedness of QHusk;”(F).
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ProproOSITION 9.53. Let f : X — S be a projective morphism, H an f-ample
divisor class , p(t) a polynomial and F a coherent sheaf on X. Then there is an m
such that for every point s — S, every quotient husk of Fs with Hilbert polynomial
p(t) satisfies the condition B(m).

Proof. The proof is by induction on n := degp(t) which is also the dimension
of the husks. If n = 0 then dim G, = 0 and B(m) holds for every m.

Next consider the case n = 1. Let d be the leading coefficient of p(t). We may
assume that X C ]P’fgv , H is the hyperplane class and F' is a quotient of a direct sum
®;0pn (—q) for some gq. Set Cs := Spec Opn/ Ann(Gy) and note that deg Cs < d.
We have a morphism @;O¢, (—q) — G that is surjective at all 1-dimensional points.
This gives surjections

O (Cs, Oc, (r = q) = H' (X, Gs(r))-

Thus H'(X,,Gs(r)) =0 for r > g+d —m —1 by (9.54).

Finally assume that n > 2. Let Fy, — G, be a quotient husk and Hy, C X a
hyperplane section. As long as H, does not contain any of the associated primes
of Fs,Gs,Gs/Fs and Gg|g, is pure (10.9) we see that Gs|g, is a quotient husk of
Fy| g, with Hilbert polynomial p(t) — p(t — 1).

If X C Pg then the restrictions F|p, are fibers of a coherent sheaf on

X XS ]P)g — ]P;NS
where ]P’g is the dual projective space bundle parametrizing all hyperplanes in IP’g .

Therefore, by induction, the G| g, satisfy B(m;) for some m; by induction. Thus,
by (9.51), the G satisfy B(m) for some fixed m. O

LEMMA 9.54. Let X C P" be a subscheme of dimension m and degree d. Then
H™(X,0x(r)) =0 forr>d—m—1.

Proof. Choose coordinates on P™ such that (xg = --- = z,, = 0) is disjoint
from X and set L := (2,41 = -+ = 2, = 0) with ideal sheaf I;,. Consider the
G,,-action

pri(To: - ixp) = (oot Ty g1 1o s Ey).

As t — 0, the flat limit of the schemes p;(X) is a subscheme Xy whose support is L.
By semicontinuity it is enough to prove that H™(Xy, Ox,(r)) = 0 for r > d—m—1.
The top cohomology is unchanged by removing embedded points, thus we may
assume that Xy is pure, in particular Ox, is a quotient of Opn /I¢.

Note that Opn /I¢ is a successive extension of line bundles of the form Oy (b)
where 0 > b > 1 —d. Thus H™(P", (Op»/1¢)(r)) =0 for r+1—d > —m. O

9.7. Hulls and Hilbert polynomials

Let f : X — S be a projective morphism with relatively ample line bundle
Ox(1). For a coherent sheaf F' on X we aim to understand flatness of F' and of
its hull F¥ in terms of the Hilbert polynomials x(XS, F, (t)) of the fibers F. Note

that the X(XS7 F (t)) carry no information about the nilpotents in Og.

THEOREM 9.55. Using the above notation, assume that S is reduced. Then
S > X(XS,FS(*)) is an upper semicontinuous function on S and F is flat over S
iff this function is locally constant.



9.7. HULLS AND HILBERT POLYNOMIALS 267

Proof. By generic flatness [Eis95, 14.4], there is a dense open subset S° C S
such that F is flat over S°. Thus the function s X(Xs, Fs(t)) is locally constant
on S°, hence constructible on S by Noetherian induction.

It is thus enough to prove upper semicontinuity when (0, .5) is the spectrum of
a DVR with generic point g. Let ¢o(F) C F denote the largest subsheaf supported
on Xo. Then F/to(F) is flat over S hence

X(Xg, Fy(t) = x(Xg, (F/to(F)) () = x(Xo, (F/to(F)) (1))

Furthermore, a moments thought shows that there is an exact sequence
0— to(F)O — FO — (F/tQ(F))O — 0,

hence x(Xo, Fo(%)) = x(Xo, (F/to(F)),(*)) and equality holds iff ¢,(F) = 0.
The last claim is proved (although not stated) in [Har77, I11.9.9]. O

We have similar results for the Hilbert polynomials of hulls.

THEOREM 9.56. Let f : X — S be a projective morphism with relatively ample
line bundle Ox (1) and F a mostly flat family of coherent, Sa sheaves. Assume that
S is reduced. Then s — X(XS,FS[**](*)) is an upper semicontinuous function and
FH s a universal hull iff this function is locally constant on S.

Proof. As in the proof of (9.55) we obtain that s — X(XS7FS[**] (t)) is con-
structible and it is enough to prove upper semicontinuity when (0,.5) is the spec-
trum of a DVR with generic point g. The argument closely parallels (5.48.3-5)).

We may replace F' by its hull, hence we may assume that F' is Sy and flat over
S. In particular, X(XO,FO(t)) = X(Xg,Fg(t)).

Furthermore, Fy is Sy, hence the restriction map (9.24) 7" : Fy — FH is an
injection. The exact sequence

0 Fy—=F -Qo—0
defines Yy and

X(XOa F()H(t)) = X(XOa Fo(t)) + X(X()a QO(t))
This gives that

X (Xo, Fy' (1)) = x(Xo, Fo(1)) = x(Xy, Fy(t))

and equality holds iff rf" : Fy — F{! is an isomorphism. By (9.26), in this case F'¥
is a universal hull.

We have thus proved that if s — x(Xs, FS[**] (t)) is locally constant and S is
regular and 1-dimensional then F*! is a universal hull of F. We show in (9.60) that
this implies the general case. O

PROPOSITION 9.57. Let f : X — S be a projective morphism with relatively
ample line bundle Ox (1) and F a mostly flat family of coherent, So sheaves. Then
FH s a universal hull iff for every local, Artinian ring (A,ma) with residue field
k= A/ma and every morphism Spec A — S we have

X(Xa, (Fa)™ (1)) = x (X, (Fr)™ () - length A.

Proof. We show that the condition holds iff (Fa) is flat over A and then
conclude using (9.26.6).
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Pick a maximum length filtration of A and lift it to a filtration
0=Gy cGYc---cGY = Falp,

such that G¥,,/GY = Fi|y, and r = length A. By pushing it forward to X4 we
get a filtration

0:G0CG1C"'CG7A:(FA)H
such that G;y1/G; C (Fy)®. Therefore
X(Xa, (Fa)™ (1) = x (X, (Fx)™ (1)) - length A
and equality holds iff G;+1/G; = (Fy) for every i, that is, iff F& is flat over A. O

9.8. Moduli space of universal hulls

DEFINITION 9.58. Let f : X — S be a morphism and F' a coherent sheaf on
X. For a scheme g : T'— S set Hull(F)(T) = 1 if g% F has a universal hull and
Hull(F)(T) = 0 if g% F does not have a universal hull, where gx : 7' xg X — X is
the projection.

The following result is the key to many applications of the theory.

THEOREM 9.59 (Flattening decomposition for universal hulls). Let f: X — S
be a projective morphism and F a coherent sheaf on X. Then

(1) Hull(F) is bounded, separated and it has a fine moduli space Hull(F).
(2) The structure map Hull(F) — S is a locally closed decomposition (3.48).

Proof. Let n be the maximal fiber dimension of Supp F' — S and S,, C S the
closed subscheme parametrizing n-dimensional fibers. We construct Hull,, (F'), the
fine moduli space of n-dimensional universal hulls and then repeat the argument
for S\ S,.

Let 7 : Husk(F) — S be the structure map, mx : Husk(F) xg X — X the
second projection and Guniv : ™% F — Guniv the universal husk. The set of points
y € Husk(F') such that (Guniv)y is S2 and has pure dimension n is open by (10.3).
The fiber dimension of

Supp coker[r% F' — Guniv] = Husk(F)

is upper semicontinuous. Thus there is a largest open set W,, C Husk(F') parametriz-
ing husks Fy — G, such that G is Sa, has pure dimension n and dim Supp G/ Fs <
n — 2. By (9.27), Hull,,(F) = W,.

Since hulls are unique (9.21), Hull(F) — S is a monomorphism (3.47). In
order to prove that each Hull,(F) — S is a locally closed embedding, we check the
valuative criterion (3.49).

Let (0,7) be the spectrum of a DVR with generic point g and p: T — S a
morphism such that the hulls of F,;, and of Fy have the same Hilbert polynomials.
Let G, denote the hull of Fy; and extend G, to a husk Fr — G7. By assumption
and by flatness

X(Xo, (Gr)o(t)) = X(Xg, (Gr)g (1)) = X (Xy, (F))™ (1)) = x(Xo, (Fo)" (1))

Hence (Gr)o = (Fo)® by (9.37) and so Gr is the relative hull of Fr. Thus Gr
defines the lifting 7' — Hull, (F'). O
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9.60 (End of the proof of (9.56)). Let T' be the spectrum of a DVR and p :

T — S a morphism. We have already proved in (9.56) that if s — X(XS,FS[**] (t))
is locally constant then p*F has a universal hull. Thus p : T' — S lifts to p :
T — Hull(F) and so Hull(F) — S is proper. As we show in (3.47), a proper
monomorphism is a closed embedding. Since Hull(F') — S is also surjective, it is
an isomorphism if S is reduced. O

For non-projective morphisms we have the following variant of (9.59).

THEOREM 9.61. Let (S, mg) be a complete local ring, R a finite type S-algebra
and F a finite R-module that is mostly flat with Sy fibers over S (9.22). Then there
is a quotient S — S™ which represents Hull(F') for local S-algebras.

Equivalently, we claim that for every local morphism h : (S,mg) — (T, mr)
the hull (Fr)f is universal iff there is a factorization h : S — S* — T. Compared
with (9.59), we only identify the stratum containing the closed point of Spec S.

Proof. By (9.26), (Fr)* is a universal hull iff (F4)* is a universal hull for every
Artin quotient g4 : T'— A, and h factors through S iff g4 o h factors through S*
for every A. Thus it is enough to construct S — S* that has the required property
for every Artin algebra h : S — A.

We follow the usual method of deformation theory [Art76, Ses75, Har10].
As a first step we construct S™.

For an ideal I C S set F; := F ® (R/IR). First we claim that if (F;)¥ and
(F;7)H are universal hulls then so is (Frns)®. To see this, start with the exact
sequence

0—S/INJ)—S/I+S/J—8S/(I+J)—0. (9.61.1)

F'is mostly flat over S, thus (9.61.1) stays left exact after tensoring by F' and taking
the hull. Thus we obtain the exact sequence

0= (Fin)) — (FD)" + (F)" = (Frop)™. (9.61.2)

(F))H — (Fry5)f is surjective since (F;)¥ is a universal hull, hence (9.61.2) is
also right exact.

Set k := S/mgs. Since (F7) is a universal hull, (F;)? @ k = (F,,)H, and the
same holds for J and I+ J. Thus tensoring (9.61.2) with k yields an exact sequence

(Finn)? @k = (Fo)? + (B2 5 (F)H = 0. (9.61.3)

Since kerp 2 (F,,) we see that (Frny)? @ k — (F,,)*" is surjective. By (9.26)
this implies that (F7n7) is a universal hull.

Let I* C S be the intersection of all those ideals I such that (F7) is a universal
hull and S* := S/I*. By (9.62) we obtain that (Fs.) is a universal hull.

By construction, if h : § — W := S/l is a quotient such that (Fy ) is a
universal hull then I'* C Iyy. We still need to prove that if (A, m4) is a local Artin
S-algebra such that (F4)f is a universal hull then h : S — A factors through S*.

Let K := A/m 4 denote the residue field. Working inductively we may assume
that there is an ideal J C A such that J = K and b’ : S — A/J factors through
S%. Therefore h : S — A factors through S — S/mgI*, thus we may replace S
by S/mgI* and assume that in fact mgI* = 0. In this holds then I* is a finite
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dimensional k-vector space and we have a commutative diagram

O - " - S = S =0
$A lh LA (9.61.4)
0o - K —» A4 = A - 0

for some k-linear map A : [* — K. If A = 0 then h factors through S, thus we
need to get a contradiction if A # 0.

Set X := Specg R and let i : U — X be the largest open set over which F' is
flat over S. For any S — T by base change we get i : Ur — Xp. Let Gr denote
the restriction of the sheaf Fiy to Up. Then i,Gp is the sheaf associated to (Fr)H
and we have a commutative diagram

1

0 — I"®ii.Gr — i*gs — Z‘*gsu — I"®y RIZ*gk
1A Ih N LA (9.61.5)

Note that A = 0 since i,G4 is a universal hull. The right hand square can be
factored as

§rigse —  iOr 5 I'op R'i.Gk

L I hy el (9.61.6)

AriGy = Gk =¥ K@ R'WiG.
By assumption A = 0. Thus by (9.63) there is a nonzero p : I* — k such that
pwod, =0. Set §' := S/kerp and J := I'*/ker . The extension J — §' — S
gives the exact sequence

0 = J&risGr — i.Gs — iGge ™% J@p RYi,Gp. (9.61.7)

Since pod =0 the map .G — i,.Ggu is surjective, and so is the composite

i*gS’ — i*gS“ — Z*gk:

Thus i.Gg  is a universal hull by (9.26). This contradicts the maximal choice of
SH. |

The next lemma says that on a complete local ring, all topologies given by
m-primary ideals are equivalent. Note that this does not hold for non-complete
rings. For example, the intersection of the ideals

I.:= (y —sinz, (mvy)r) - k[xa y](z,y)
is trivial, yet none of them is contained in (z,y)2.

LEMMA 9.62. Let (S, m) be a complete local ring and Iy D Is D --- m-primary
ideals such that N;I; = {0}. Let J C S be an m-primary ideal. Then there is a
k= k(J) such that J D Ij.

Proof. It is enough to prove this for the ideals J = m?. For any j, the
(I +m?)/m? form a descending chain of ideal in the Artin ring S/m?. Thus the
chain stabilizes at some F; C S/m/ and the natural maps F; 1 — F} are surjective.
If F; # 0 for some j then we get an inverse system of elements r; € F; for i > j.
Since S is complete, they have a limit s € S and s € I +m’ for every k,j. By
Krull’s intersection theorem I, = Ng(Ix + m?®), thus s € Iy for every k. This is
impossible since NI, = {0} by assumption. O

The following is a simple linear algebra lemma.
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LEMMA 9.63. Let k C K be a field extension, M, N (possibly infinite dimen-
stonal) k-vector spaces and §; : M — N linear maps. The following are equivalent:
(1) There are \; € K (not all 0) such that ), \id; : KQM — K® N s zero.

(2) There are p; € k (not all 0) such that )", n;6; : M — N s zero. O

One can see that (9.61) does not hold for arbitrary local schemes S, but the
following consequence was pointed out by E. Szabé.

COROLLARY 9.64. The conclusion of (9.61) remains true if S is a Henselian
local Ting which is the localization of an algebra of finite type over a field or over
an excellent DVR.

Proof. There is a general theorem [Art69, 1.6] about representing functors
over Henselian local rings, we check that its conditions are satisfied.

Let S denote the completion of S. Let F be the functor from local S-algebras
to sets defined as follows:

1 if (Fr)H is a universal hull,

() otherwise.

]-"(h:S—>T):{

It is easy to see that if F(h: S — T) = 1 then there is a factorization S — 77 — T
such that 7" is of finite type over S and F(h' : S — T”) = 1. By definition this
means that F is locally of finite presentation over S (see e.g. [Art69, 1.5]). The
universal family over (§ )“ gives an effective versal deformation of the fiber over
mg. The existence of S* now follows from [Art69, 1.6]. O

9.9. Hulls and husks over algebraic spaces

The previous proofs used in an essential way the projectivity of X — S. Here
we present an alternate approach that does not use projectivity, works for algebraic
spaces but leaves properness unresolved. The proofs were worked out jointly with
M. Lieblich.

THEOREM 9.65. Let S be a Noetherian algebraic space andp : X — S a proper
morphism of algebraic spaces. Let F be a coherent sheaf on X. Then QHusk(F) is
separated and it has a fine moduli space QHusk(F').

Proof. Let f: X — S be a proper morphism. The functor of flat families of
coherent sheaves Flat(X /S) is represented by an algebraic stack Flat(X/S) which
is locally of finite type but very non-separated; see [LMBO0O0, 4.6.2.1].

Let o : Flat(X/S) — S be the structure morphism and Ux/g the universal
family over Flat(X/S). By (10.3), there is an open substack

Flat"(X/S) C Flat(X/S)
parametrizing pure sheaves of dimension n. Let U% /s be the corresponding univer-
sal family.
Consider X xg Flat™(X/S) with coordinate projections 71, mo. The stack
Hom(r{ F,m3U% /5)
parametrizes all maps from the sheaves F, to pure, n-dimensional sheaves Nj.
We claim that Husk(F) is an open substack of Hom (7} F, m3U% ). Indeed, as

in the proof of (9.49), for a map of sheaves M — N with N flat over S, it is an
open condition to be an isomorphism at the generic points of the support.
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As we discussed in (9.44), Husk(F') satisfies the valuative criteria of separat-
edness and properness. Thus the diagonal of Husk(F') is a monomorphism. Every
algebraic stack with this property is an algebraic space; see [LMBO0O, Sec.8]. O

In the projective case, the Hilbert polynomial was used to write QHusk(F) as a
disjoint union of subschemes QHuskp(F ) that are proper over S. In the proper but
non-projective case we do not have Hilbert polynomials, but one could still hope
that the connected components of QHusk(F') are proper over S. This fails even
for the quot-scheme but the following weaker variant should be true. (The proof
claimed in [Kol08a] is incorrect.)

CONJECTURE 9.66. Every irreducible component of QHusk(F) is proper.

The construction of Hull(F') given in (9.59) applies to algebraic spaces as well
but it does not give boundedness. Nonetheless, we claim that Hull(F') is of finite
type. First, it is locally of finite type since QHusk(F') is. Second, we claim that
red Hull(F') is dominated by an algebraic space of finite type. In order to see this,
consider the (reduced) structure map red Hull(F') — red S. It is an isomorphism
at the generic points, hence there is an open dense S C red S such that S° is
isomorphic to an open subspace of red Hull(F'). Repeating this for red S\ S, by
Noetherian induction we eventually write red Hull(F’) as a disjoint union of finitely
many locally closed subspaces of red S. (We do not claim, however, that every
irreducible component of red Hull(F) is a locally closed subspace of red S.)

These together imply that Hull(F) is of finite type. (Indeed, if U — V is a
surjection, U is of finite type and V is locally of finite type then V is of finite type.)

As in (9.21.5), the structure map Hull(F) — S is a monomorphism. However,
in the non-projective case, it need not be a locally closed decomposition (9.68). We
can summarize these considerations in the following theorem.

THEOREM 9.67 (Flattening decomposition for hulls). Let f : X — S be a
proper morphism of algebraic spaces and F a coherent sheaf on X. Then

(1) Hull(F) is separated and it has a fine moduli space Hull(F'),
(2) Hull(F) is an algebraic space of finite type over S and
(3) the structure map Hull(F) — S is a surjective monomorphism. O

EXAMPLE 9.68. Let C, D be two smooth projective curves. Pick points p,q € C
and r € D. Let X be the surface obtained from the blow-up B, ,)(C x D) by
identifying {q} x D with the birational transform of {p} x D. Note that X is a proper
but non-projective scheme and there is a natural proper morphism = : X — C’
where C’ is the nodal curve obtained from C' by identifying the points p, g.

Then Hull(Ox) = C \ {¢} and the natural map C \ {¢} — C’ is a surjective
monomorphism but not a locally closed embedding.
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Ancillary results

10.1. Flat families of S,, sheaves

Here we consider how the S,,, property varies in flat families of coherent sheaves.

DEFINITION 10.1. Recall that a coherent sheaf F' on a scheme X satisfies Serre’s
condition S,, if

depth, F' > min{m, dim, F'} for every z € X.
F is called Cohen-Macaulay or CM if
depth, F' = dim, F for every x € X.

It is easy to see that if X is CM then Supp F' is locally pure dimensional. We will
usually assume that Supp F' is pure dimensional.

THEOREM 10.2. [Gro60, IV.12.1.6] Let 7 : X — S be a morphism of finite
type and F a coherent sheaf on X that is flat over S. Fix m € N. Then the set of
points

{z € X : Fr(y) is pure and S, at x}
is open in X
This immediately implies the following variant for proper morphisms.

COROLLARY 10.3. Let m : X — S be a proper morphism and F a coherent
sheaf on X that is flat over S. Fix m € N. Then the set of points

{s €S : Fy is pure and Sy, }
is open in S. O
For non-proper morphisms we get the following.

COROLLARY 10.4. Let S be an integral scheme, m : X — S a morphism of
finite type and F a coherent sheaf on X. Assume that F is pure and S,,. Then
there is a dense open subset S° C S such that Fy is pure and S,, for every s € SY.

Proof. Let Z C X denote the set of points © € X such that either F is not flat
at & or Fy(,) is not pure and Sy, at . Note that Z is closed in X by (10.2) and by
generic flatness [Eis95, 14.4].

The local rings of the generic fiber of 7 are also local rings of X, hence the
restriction of F' to the generic fiber is pure and S,,,. Thus Z is disjoint from the
generic fiber of m. Therefore w(Z) C S is a constructible subset that does not
contain the generic point, hence S\ 7(Z) contains a dense open subset S° ¢ S. [0

273
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10.5 (Nagata’s openness criterion). In many cases one can check openness of a
subset of a scheme using the following easy to prove test, which is sometimes called
the Nagata openness criterion.

Let X be a Noetherian topological space and U C X an arbitrary subset. Then
U is open iff the following conditions are satisfied.

(1) If 1 € o and 21 € U then x5 € U.
(2) If z € U then there is a nonempty open V C & such that V C U.

Assume now that we want to use this to check openness of a fiber-wise property
P for a morphism 7: X — S.

We start with condition (10.5.1). Pick points 1,25 € X such that z1 € Z».

Let T be the spectrum of a DVR with closed point 0 € 7', generic point t, € T'
and ¢ : T'— X a morphism such that ¢(0) =z and ¢(t;) = 2. After base change
using w o ¢ we get Y — T. Usually one can not guarantee that the residue fields
are unchanged under q. However, if property P is invariant under field extensions,
then it is enough to check (10.5.1) for Y — T. Thus we may assume that S is the
spectrum of a DVR.

As for (10.5.2), we can replace S by the closure of m(x). Then 7(z) is the
generic point of S and, by passing to an open subset, we may assume that S is
regular.

We can summarize these considerations in the following form.

PROPOSITION 10.6 (Openness criterion). Let P be a property of coherent sheaves
over local rings over fields that is invariant under field extensions. The following
are equivalent.

(1) Let w: X — S be a morphism of finite type and F a coherent sheaf on X
that is flat over S. Then the set of points

{z € X : Fr(y)satisfies property P at x} is open in X.

(2) The following 2 special cases of (1) hold, where o : S — X denotes a
section.
(a) S is the spectrum of a DVR with closed point 0, generic point g and
P holds for o0(0) € Xo then P holds for o(g) € X,.
(b) S is the spectrum of a regular ring with generic point g and P holds
for a(g) € X4 then P holds for all points in a nonempty open subset
UcCoa(9). O

10.7 (Proof of (10.2)). By (10.6) we may assume that S is affine and regular.
We may also assume that 7 is affine and X = Supp F.

First we check (10.6.2.a) for m = 1. (Note that pure and S; is equivalent to
pure.) Let W C X be an associated prime of F. Then W N Xj is an associated
prime of Fy. Since Fy is pure, W N X is an irreducible component of Supp Fyy hence
W is an irreducible component of Supp F'. Thus F} is also pure.

Next we check (10.6.2.a) for m > 1. We already know that every fiber of F' is
pure. By (10.8) there is a subset Z C X of relative codimension > 2 such that F'
is CM over X \ Z. Let Z C H C X be a Cartier divisor that does not contain any
of the associated primes of Fy. Then F|y is flat over S and (F|x), = Folu is pure
and S;,—1. Thus, by induction, F'|g is pure and S,,_1 on the generic fiber, hence
F, is pure and S, along H. It is even CM on X \ H, hence F;, is pure and Sy,.
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The proof of (10.6.2.b) follows a similar pattern. We start with m = 1. We
may assume that F  is pure. By Noether normalization, there is a finite surjection
p: X — A% for some n. Note that p,F is flat over S and it is pure on the generic
fiber by (9.11), hence torsion free. Using (9.11) in the reverse direction for the other
fibers, we are reduced to the case when X = A% and F is torsion free at z := o(g)
on the generic fiber. Thus there is an injection of the localizations F, — O;'x.
By generic flatness [Eis95, 14.4], the quotient O}y /F; is flat over an open, dense
subset SY C S. Thus if s € SY then we have an injection F|y < Of. Thus every
fiber Fj is torsion free over U N w—1(S9).

For m > 1 we follow the same argument as above using Z C H C X and
induction. O

LEMMA 10.8. Let m : X — S be a morphism of finite type and F' a coherent
sheaf on X that is flat over S. Assume that Supp F' is pure-dimensional over S.
Set

cm-locus(F) := {z € Supp F': Fy(,) is CM at x}.
Then, for every s € S,
(1) XsNecm-locus(F) is dense in Supp Fs and
(2) if Fs is pure then X \ cm-locus(F) has codimension > 2 in Supp Fi.

Proof. We may assume that « is affine and X = Supp F'. By Noether normal-
ization, there is a finite surjection p : X — Y := A% for some n.

Since p, F is flat over S, it is locally free at a point y € Y iff the restriction of
p«F' to the fiber Y, is locally free at y. The latter holds outside a codimension
> 1 subset of each fiber Y. If F' is pure then p, F is torsion free on each fiber, and
then local freeness holds outside a subset of codimension > 2. [l

Let F be a coherent, S, sheaf on P™. If a hyperplane H C P™ does not
contain any of the irreducible components of Supp F' then F|p is Sp,—1, essentialy
by definition. The following result says that F'|g is even S,, for general hyperplanes,
though we can not be very explicit about the meaning of “general.”

COROLLARY 10.9 (Bertini theorem for S,,). Let F be a coherent, pure, Sy,
sheaf on a finite type k-scheme and |V| a base point free linear system on X. Then
there is a dense open subset U C |V| such that F|g is also pure and Sy, for H € U.

Proof. Let Y C X x |V| be the incidence correspondence (that is, the set of
pairs (point € H) with projections = and 7. Note that 7 is a P"~!-bundle for
n = dim |V, thus #*F is also pure and S,, by (9.5).

By (10.4) there is a dense open subset U C |V| such that F'|y is also pure and
Sm for H € U. For a divisor H, the restriction F|g is isomorphic to the restriction
of m*F to the fiber of % over H € |V]. O

COROLLARY 10.10 (Bertini theorem for hulls). Let |V| be a base point free
linear system on a finite type k-scheme X. Let F be a coherent sheaf on X with
hull g : F — F¥*1. Then there is a dense open subset U C |V| such that

(FFN |y = (Fl)™ for HeU,

Proof. If H € |V is general then dim(tors )|y = dim tors F'—1 and (F'/ tors F)|g
is S1 by (10.9). Similarly, (F**))|y is Sy and (F/tors F)|y — (F*1) |y is an iso-
morphism outside H N coker q. (]
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COROLLARY 10.11 (Bertini theorem for S,,, in families). Let T be the spectrum
of a local ring, X C P a quasi-projective scheme and F a coherent sheaf on X
that is flat over T with pure, Sy, fibers.

Assume that either X is projective over T or dimT < 1. Then F|gnx is also
flat over T' with pure and Sy, fibers for a general hyperplane H C P7.

Proof. The hyperplanes correspond to sections of P% — T. If X is projective
over T then we use (10.9) for the special fiber Xy and conclude using (10.3).

If dimT = 1 then we use (10.9) both for the special fiber Xy and the generic
fibers X,,. We get open subsets Uy C P¢ and U,, C IP’;. Let W; C P denote
the closure of ]P’Zi \ U,,. For dimension reasons, W; does not contain Pj. Thus any
hyperplane corresponding to a section through a point of Up \ (UiWi) works. [

10.12 (Associated points of restrictions). Let X be a scheme, D C X a Cartier
divisor and F' a coherent sheaf on X. We aim to compare Ass(F') and Ass(F|p). If
D does not contain any of the associated points of a sheaf G then Torl(G, Op) =0.
Thus if 0 = F}, C --- C F, = F is a filtration of F' by subsheaves and D does not
contain any of the associated points of F;/F;_1 then 0 = Fi|p C --- C Fr|p = F|p
is a filtration of F|p and F;|p/F;_1|p = (F;/F;—1)|p- In particular

ASS(F‘D) C U; ASS((FZ/Flfl)‘D)

By (10.22) we can choose the F; such that Ass(F;/F;_1) is a single associated
point of F' for every i. Thus it remains to understand Ass(G|p) when G is pure.
Let G > G denote the hull of G and set Q := G¥ /G. As we noted above, if
D does not contain any of the associated points of @ then G¥|p > G|p, thus
Ass(GH|p) = Ass(G|p). Finally, since GH is Sy, the restriction G|p is S; hence
its associated points are exactly the generic points of D N Supp G. We have thus
proved the following.

Claim 10.12.1. Let X be an excellent scheme and F' a coherent sheaf on X.
Then there are finitely many points x; € X such that the following holds.
Let D C X be a Cartier divisor that does not contain any of the ;. Then
(a) the associated points of F|p are exactly the generic points of DN Z for all
x € Ass(F) and
(b) (F/ emb(F))\D ~ (F|D)/(emb(F|D)). O

ExaMPLE 10.13. If dim T > 2 then (10.11) does not hold for non-proper maps.
Here is a similar example for the classical Bertini theorem on smoothness. Set

Xi=@?+y?+22=s)\(z=y=2=5=0) CA3 _xA?

TYz
with smooth second projection f : X — A2,. Over the origin we start with the
hyperplane Hyy := (x = 0), it is a typical member of the base point free linear
system |ax + by + cz = 0|.

A general deformation of it is given by Hy; := x+b(s, t)y+c(s,t)z = d(s,t). It
is easy to compute that the intersection Hg; N X is singular iff s(1+ b+ 02) = d2.
This equation describes a curve in A2, that passes through the origin.

The next result describes how the associated points of fibers of a flat sheaf fit
together. The proof is a refinement of the arguments used in (10.7).

THEOREM 10.14. Let f : X — S be a morphism of finite type and F' a coherent
sheaf on X. Then the following hold.
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(1) There are finitely many locally closed subschemes W; C X such that for
every s € S the associated points of Fs are exactly the generic points of
the (Wz)s

(2) If F is flat over S then we can choose the W; to be closed and such that
each flw, : W; — f(W;) is equidimensional.

Proof. Using Noetherian induction it is enough to prove that (1) holds over
a non-empty open subset of red S. We may thus assume that S is integral with
generic point g € S.

Assume first that X is integral and F' is torsion free. By Noether normalization,
after again passing to some non-empty open subset of S there is a finite surjection
p: X — AZ. Then p,F is torsion free of generic rank say r, hence there is an
injection j : p,F — (’)g,sn. After again passing to some non-empty open subset we
may assume that coker(j) is flat over S, thus

Js 1 P (Fs) = (piF)s = Ofm

is an injection for every s € S. Thus each Fj is torsion free and its associated points
are exactly the generic points of the fiber Xj.

In general, we use (10.21) for the generic fiber and then extend the resulting
filtration to X. Thus, after replacing S by a non-empty open subset if necessary,
we may assume that there is a filtration 0 = FY C --- C F™ = F such that each
FmTL/F™ is a coherent, torsion free sheaf over some integral subscheme W,,, C X.
As we proved, we may assume that the associated points of each (F mtl/p m)s are
exactly the generic points of the fiber (W,,)s. Using generic flatness we may also
assume that each F™+1/F™ is flat over S. Then the associated points of each Fy
are exactly the generic points of the fibers (W,,)s for every m. This proves (1).

In order to see (2), consider first the case when the base (0 € T) is the spectrum
of a DVR. The filtration given by (10.21) for the generic fiber extends to a filtration
0=F%C..-C F* = F over X giving closed integral subschemes W,,, C X. Since
T is the spectrum of a DVR, the F™*!/F™ are flat over T, hence the associated
points of Fy are exactly the generic points of the fibers (W,,)o for every m.

To prove (2) in general, we take the W; C X obtained in (1) and replace
them by their closures. A possible problem arises if f|w, : W; — f(W;) is not
equidimensional. Assume that W; — f(W;) has generic fiber dimension d and let
(W;)s be a special fiber. Pick any closed point z € (W;), and the spectrum of a
DVR (0 € T) mapping to W; such that the special point of 7" maps to « and the
generic point of T' to the generic point of W;. After base change to T" we see that
F; has a d-dimensional associated subscheme containing . Thus (W;); is covered
by d-dimensional associated subschemes of F. Since Fy is coherent, this is only
possible if dim(W;)s = d and every generic point of the (W;)s is an associated point
of F§. O

10.15 (Semicontinuity and depth). Let X be a scheme and F' a coherent sheaf
on X. As we noted in (9.4), the function x — depth,, F'is not lower semi continuous.
This is, however, caused by the non-closed points. A quick way to see this is the
following.

Assume that X is regular and let 0 € X be a closed point. By the Auslander—
Buchsbaum formula (cf. [Eis95, 19.9]) F, has a projective resolution of length
dim X — depth, F'. Thus there is an open subset 0 € U C X such that F|y has a
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projective resolution of length dim X — depthy F'. This shows that
depth, F' > depthy ' —dimz Vz € U. (10.15.1)

That is, z — depth, F' is lower semi continuous for closed points. In general, we
have the following analog of (10.2).

Proposition 10.15.2. Let w : X — S be a morphism of finite type and F a
coherent sheaf on X that is flat over S with pure fibers. Let 0 € X be a closed
point. Then there is an open subset 0 € U C X such that

depth, Fr(z) > depthy Fr(o) — tr-degy((s)) k(z) Yz €U,

where Fr (. is the restriction of F' to the fiber X, (,) and tr-deg denotes the tran-
scendence degree. Hence x + depth, F(;) is lower semi continuous on closed
points.

In order to see this, using Noether normalization and (10.8.1) as in (10.7),
we can reduce to the case when X = A% for some n. Next we take a projective
resolution of the fiber F () and lift it to a suitable neighborhood 0 € U C X using
the flatness of F'. O

10.2. Cohomology over non-proper schemes

The cohomology theory of coherent sheaves is trivial over affine schemes and
well understood over proper schemes. If X is a scheme and j : U — X is an open
subscheme then one can study the cohomology theory of coherent sheaves on U
by understanding the cohomology theory of coherent sheaves on X and the higher
direct image functors R'j,. The key results are (10.16) and (10.19).

We start with the basic coherence result for push-forwards.

PROPOSITION 10.16. [Gro60, IV.5.11.1] Let X be an excellent scheme, Z C X
a closed subscheme and U := X \ Z with injection j : U — X. Let G be a coherent
sheaf on U. Then j.G is coherent iff codimy, (Z N W) > 2 for every associated
point W of G.

The case of arbitrary Noetherian schemes is discussed in [Kol15].

Proof. This is a local question, hence we may assume that X is affine. By
(10.22) and (10.24), G has a filtration 0 = Gy C --- C G, = G such that each
Gt1/Gm is isomorphic to a subsheaf of some Oy, where W is an associated prime
of G. Since j, is left exact, it is enough to show that each j,Oyy is coherent.

Let W C X denote the closure of W and p : V. — W, p : V. — W the
normalizations. Since X is excellent, p and p are finite. Oy is So (by Serre’s
criterion) and so is p.Oy by (9.11). Thus

where the equality follows from (9.7) using codimy, (Z N W) > 2. Thus j,Ow is
coherent. 0O

It is frequently quite useful to know that coherent sheaves are “nice” over large
open subsets. For finite type schemes this was established in (10.8).

PrOPOSITION 10.17. Let X be a Noetherian scheme. Assume that every integral

subscheme W C X has an open dense subscheme W° C W that is regular (or at
lest CM). Let F be a coherent sheaf on X.
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(1) There is a closed subset Zy C Supp F' of codimension > 1 such that F is
CM on X\ Z;.

(2) If F is Sy then there is a closed subset Zy C Supp F' of codimension > 2
such that F is CM on X \ Z5.

Proof. The question is local, hence after removing the intersections of different
irreducible components of Supp F' we may assume that Supp F' is irreducible. Since
an extension of CM sheaves of the same dimensional support is CM (cf. [Kol13c,
2.60-62]), using (10.22) we may assume that F' is torsion free over an integral
subscheme W C X. Then F is locally free over a dense open subset W% C W and
we can take Z; := W \ W*, where W* is the regular locus of W?9.

In order to prove (2), we may assume that X is affine. Let s = 0 be a local
equation of Z;. We apply the first part to F/sF to obtain a closed subset Zy C
Supp(F/sF') of codimension > 1 such that F/sF is CM on X \ Z. Thus F is CM
on X \ ZQ. O

10.18 (Cohomology over quasi-affine schemes). (See [Gro67] for details.)

Let X be an affine scheme, Z C X a closed subscheme and U := X \ Z. Here
our primary interest is in the case when Z = {z} is a closed point.

For a quasi-coherent sheaf F' on X, let HY(X, F) denote the space of global
sections whose support is in Z. There is a natural exact sequence

0— HY(X,F)— H(X,F) = H°(U,F|y).
This induces a long exact sequence of the corresponding higher cohomology groups.

Since X is affine, H'(X, F') = 0 for i > 0, hence the long exact sequence breaks up
into a shorter exact sequence

0— HYX,F) - H°(X,F) = H(U,Fly) — Hy(X,F) = 0 (10.18.1)
and a collection of isomorphisms
HYU,Fly) 2 HSY(X,F) fori>1. (10.18.2)

The vanishing of the local cohomology groups is closely related to the depth of the
sheaf F. Two instances of this follow from already established results. First, for
coherent sheaves (9.6) can be restated as
HY(X,F)=0 < depth, F > 1. (10.18.3)
Second, (9.7) tells us when the map H°(X,F) — H°(U, F|y) in (10.18.1) is an
isomorphism. This implies that, for coherent sheaves,
HY(X,F)=HL,(X,F)=0 < depth, F > 2. (10.18.4)

More generally, Grothendieck’s vanishing theorem (see [Gro67, Sec.3] or [BH93,
3.5.7]) says that

Hy,(X,F)=0 fori< depthy, F. (10.18.5)
Combined with (10.18.2-3) this shows that
H'(U,Fly) =0 for1<i<depthy F —2. (10.18.6)

All the above groups are naturally modules over H(X,Ox) and we need to un-
derstand when they are finitely generated.

More generally, let G be a coherent sheaf on U. When is the group H*(U,G) a
finite H°(X, Ox)-module? Since X is affine,

HY(U,G) = H°(X,R'j.G),
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where j : U < X denotes the natural open embedding. Thus H*(U, Q) is a finite
H°(X,Ox)-module iff Rj,G is a coherent sheaf. For i > 1, the sheaves R'j,G are
supported on Z, which implies the following.

Lemma 10.18.7. Notation as above. Assume that 7 > 1.

(a) Every associated prime of H* (U, G) (viewed as an H°(X, Ox)-module) is
contained in Z.

(b) If Z = {x} then H'(U, Q) is a finite H°(X, Ox)-module iff H(U, G) has
finite length. O

The general finiteness condition is stated in (10.19); but first we work out the
special cases that we use. We start with H°(U,G); here we have the following
restatement of (10.16).

Lemma 10.18.8. Let X be an excellent, affine scheme, Z C X a closed sub-
scheme, U := X \ Z and G a coherent sheaf on U. Assume in addition that Z N W;
has codimension > 2 in W; for every associated prime W; C U of G. Then H°(U, G)
is a finite H°(X, Ox)-module. O

It is considerably harder to understand finiteness for H!(U, G). The following
special case is used in Section 5.8.

Lemma 10.18.9. Let X be an excellent scheme, Z C X a closed subscheme,
U:= X\ Z and G a coherent sheaf on U. Assume in addition that
(a) G is S,
(b) there is a coherent CM sheaf F' on X and an injection G — F|y,
(¢) Z has codimension > 3 in Supp F'.

Then R'j,G is coherent.

Proof. Set Q@ = F|y/G. Since G is Ss, it has no extensions with a sheaf
whose support has codimension > 2 by (9.7), thus every associated prime of @ has
codimension < 1 in Supp F. Thus @ satisfies the assumptions of (10.16) and so
Jj«@ is coherent. By (10.18.4) R'j,(F|y) = 0, hence the exact sequence

0= .G = j.(Flv) = j.Q = R'j.G = R'j,(F|y) =0
shows that R'j,G is coherent. |
Not every Ss-sheaf can be realized as a subsheaf of a CM sheaf, but this can
be arranged in some important cases.

Lemma 10.18.10. Notation as above. Assume in addition that

(a) X is embeddable into a regular, affine scheme R as a closed subscheme.
(b) Supp G has pure dimension n > 3 and Z = {z} is a closed point.
(¢) Gis Ss.
Then H'(U,G) has finite length. Thus, if X is of finite type over a field k, then
H'(U,G) is a finite dimensional k-vector space.

Outline of proof. X plays essentially no role. Let Y C R be a complete inter-
section subscheme defined by dim R — n elements of Ann G. Then Y is Gorenstein,
we can view G as a coherent sheaf on Y\ {z} and H*(X \{z},G) = H (Y \ {z}, Q).
Thus it is enough to prove vanishing of the latter for ¢ = 1.

By (10.18.11) there is an embedding G — Oy (., hence (10.18.9) applies. [



10.3. DEVISSAGE 281

Lemma 10.18.11. Let U be a quasi-affine scheme of pure dimension n and G a
pure coherent sheaf on U of dimension n. Assume that

(1) either U is reduced
(2) or U is Gorenstein at its generic points.

Then G is isomorphic to a subsheaf of O} for some m. (]

Outline of proof. Assume that such an embedding exists at the generic points.
Then we have an embedding G < O over some dense open set UY C U. Pick
s € Oy invertible at the generic points and vanishing along U \ U°. Multiplying by
s" for r > 1 gives the embedding G — OF}.

The remaining question is, what happens at the generic point. The existence
of the embedding is clear if U is reduced.

In general, we are reduced to the following algebra question: given an Artin ring
A, when is every finite A-module M a submodule of A™ for some m? Usually the
answer is no. However, local duality theory (see, for instance, [Eis95, Secs.21.1-2])
shows that every finite A-module is a submodule of w’ for some m. Finally A is
Gorenstein iff A 2 wy. O

Much of the following result can be established by the above methods, but it
is easier to prove it using local duality theory; see [Gro68, VIII1.2.3] for details.

THEOREM 10.19. Let X be an excellent scheme, Z C X a closed subscheme,
U:=X\Z and j: U — X the open embedding. Assume in addition that X is
locally embeddable into a reqular scheme. For a coherent sheaf G on U and n € N
the following are equivalent.

(1) R'j.G is coherent fori < n.
(2) depth, G > n for every point u € U such that codimg(Z Na) = 1. O

10.3. Dévissage

Dévissage is a method that writes a coherent sheaf as an extension of simpler
coherent sheaves and uses these to prove various theorems. There are many ways
to do this, different ones are useful in different contexts.

NoTATION 10.20. Let X be a Noetherian scheme and F' a coherent sheaf on
X. Let {w; :i=1,...,m} be the associated points of F' in some fixed order.

Let Z C X be a closed subscheme. As in (9.2) we write torsz F' C F for the
largest subsheaf whose support is contained in Z.

F' is called torsion free on X if every associated point of F' is a generic point
of X.

LEMMA 10.21. Using the notation of (10.20), assume in addition that w; ¢ W;
fori < j. Then F admits a unique filtration 0 = Go C G1--- C Gy, = F such that
G;/Gi—1 is (isomorphic to) a coherent sheaf that is supported on W; and is torsion
free (as a sheaf on W;) for i = 1,...,m. Moreover, the natural map torsy, F' —
G;/G;—1 is an isomorphism at w; fori=1,...,m.

Proof. It is easy to see that we must set Gy = torsy, F. Then pass to F/G;
and use induction on the number of associated points. ([l

For an arbitrary ordering of the w; the filtration still exists but it is not canon-
ical and not even the generic rank of the graded pieces is unique, see (10.23).
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LEMMA 10.22. Using the notation of (10.20), F admits a finite filtration 0 =
Gy C Gy C Gy, = F such that G;/Gi—1 is (isomorphic to) a coherent sheaf that
is supported and torsion free on W; fori=1,... ,m.

Proof. First set G’ := torsy, F. Then the associated points of F'/G’ are those
w; that are not contained in W;. Let G” C G’ be the largest subsheaf whose
support is not dense in Wi. Set Z = SuppG”. A power of Iz kills G”, hence,
by the Artin—Rees lemma, G” N I;G' = 0 for some r. By Noetherian induction,
there is a coherent subsheaf H C (F /1,G’ ) such that none of the w; are associated
points of H and every associated point of (F/IEG’) /H is among the w;. Finally
let Gy C F be the preimage of H. Every associated point of F/G; is among the
{w; : © > 2} by construction. The associated points of G; are w; and possibly
a few others that are distinct from the {w; : i > 2}. However, since G; C F), its

associated points are a subset of {w; : i = 1,...,m}. Thus w; is the only associated
point of G.
Next we pass to F'/G; and finish by induction as before. O

EXAMPLE 10.23. The graded pieces G;/G;_1 depend on the ordering of the w;
in (10.22), even their generic rank can change. For example, let X = Spec k[z,y]
and F the sheaf corresponding to k[z,y]/(zy,y?). The associated points are (y)
and (z,y). If we take (z,y) first, we get the most natural filtration

0=k % K[z, y]/(zy,y*) = k[z,y]/(y) — 0.

If we take (y) first then for every n > 1 we get different possibilities

0 — kl[z,yl/(y) = klz,y]/(zy,v*) = klz,y]/(zy, =", y*) = 0.
The above filtration can be further refined.

LEMMA 10.24. Let W be an irreducible, Noetherian scheme and F a torsion
free, coherent sheaf on W. Then F admits a finite filtration 0 = Gy C G1--- C
G = F such that G;/G;—1 is a torsion free, coherent sheaf on red W of generic
rank 1 fori=1,...,m.

Proof. Let J C Ow be the nil-radical. Let U C W be a dense, open, affine
subset and s € H(U, F|iy) a nonzero section such that J - s = 0. We can take Gy
to be the subsheaf of local sections ¢ such that ¢|y C Oy - (s|y) for some dense,
open subset V' C W. We then pass to F'//G; and repeat the process. ([l

Over a quasi-affine scheme, any global section of G shows the following con-
sequence, which is also easy to prove directly.

COROLLARY 10.25. Let X be a Noetherian, quasi-affine scheme and F a co-
herent sheaf on X with associated points {w; : i =1,...,m}. For every i there are
injections Ow, — F where W; := w;. O

The following is probably the best known variant of dévissage and it is sufficient
for most applications.

COROLLARY 10.26. The K-group of coherent sheaves on a Noetherian scheme
is generated by the structure sheaves of closed, integral subvarieties.
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Proof. Using (10.21) and (10.24) we need to deal with the case when F is a
torsion free sheaf of generic rank 1 on an integral scheme W. There is a nowhere
dense subscheme Z C W and an injection Oy (—Z) < F. Thus

[F] = [Ow(=2)] + [F/Ow(=2)] = [Ow] — [OZ] + [F/Ow (= Z)],

where the bracket denotes the class of a sheaf in the K-group of coherent sheaves.
By Noetherian induction the claim holds for F/Ow (—2). O

This is probably as far as one can go on a general Noetherian scheme. On an
integral quasi projective scheme every torsion free, coherent sheaf of generic rank
1 has a subsheaf that is a line bundle. If X is quasi affine, we can choose the line
bundle to be trivial. The quotient has smaller dimensional support but we do not
know its associated points. Thus we get the following, where the Z; need not be
closures of associated points of F'.

LEMMA 10.27. Let X be a quasi-projective scheme and F' a coherent sheaf on
X. Then F admits a finite filtration 0 = Gog C G-+ C G,y = F such that
G;/G;—1 is isomorphic to a line bundle on a closed, integral subvariety Z; C X for
1=1,...,m. (Il

LEMMA 10.28. Let X be a Noetherian, quasi affine scheme and F a coherent
sheaf on X. Then F admits a finite filtration 0 = Gy C Gy--+ C Gy = F such
that G;/Gi—1 is isomorphic to the structure sheaf of a closed, integral subvariety
Z; CX fori=1,...,m. O

10.4. Volumes and intersection numbers

We have used several general results that compare intersection numbers and
volumes under birational morphisms.

DEFINITION 10.29. [Laz04, Sec.2.2.C] Let X be a proper scheme of dimension
n over a field k and L a divisorial sheaf on X (3.50). Its volume is defined as
hO(X, Llm]
vol(L) := lim ¥
m”" /n!

This defines the volume of any divisor that is Cartier at its generic points, and the
notion extends to Q-Cartier divisors. If L is nef then vol(L) = (L").

ProprosITION 10.30. Let p : Y — X be a birational morphism of normal,
proper varieties of dimension n. Let Dy be a p-nef Q-Cartier Q-divisor such that
Dx :=p.(Dy) is also Q-Cartier. Then

(1) vol(Dx) > vol(Dy) and

(2) if Dx 1is ample then equality holds in (1) iff Dy ~g p*Dx.
Furthermore, let H is an ample divisor on X. Then

(3) I(H,Dx) = I(p*H, Dy) where and

(4) equality holds in (3) iff Dy ~q p*Dx.

The general case when equality holds in (1) is considered in (10.37).

Proof. Write Dy = p*Dx — E where E is p-exceptional. By assumption —F
is p-nef, hence E is effective by [KM98, 3.39]. Thus vol(Dx) = vol(p*Dx) >
vol(Dy ), proving (1).
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Set 7 = dim(p(Supp E)). For any Q-Cartier divisors A; on X the intersection
number (p*A1 ceprA; - E) vanishes whenever j > r. Thus, if 7 > r then

(p*H7 - Dy ) = (p"H? - (p*Dx — E)"79) = (p*H? - p* D7) = (H7 - DY)
and for j = r we get that
(p*Hr . D;—T) — (Hr . D;L(—T) + (p*Hr . (_E)n—r).

Thus we need to understand (p*HT . (—E)"_T). We may assume that H is very
ample. Intersecting with p* H is then equivalent to restricting to the preimage of a
general member of |H|. Using this r-times, we get a birational morphism p’ : Y' —
X’ between varieties of dimension n — r and an effective, nonzero, p-exceptional
Q-Cartier Q-divisor E’ such that —E’ is p’-nef and p’(E}) is 0-dimensional. Thus,
by (10.31), (p*H™ - (—E)"~") = (—E')"~" < 0 which proves (3-4).

If Dx is ample then we can use this for H := Dx. Then (H’“ . D}fr) = (D})
and we get (2). O

LEMMA 10.31. Let p : Y — X be a proper, birational morphism of normal
schemes. Let E be an effective, nonzero, p-exceptional Q-Cartier Q-divisor such
that p(E) is 0-dimensional and —F is p-nef. Set n = dim E.

Then —(—E)"*! = (-E|g)" > 0.

Proof. Assume that there is an effective, nonzero, p-exceptional Q-Cartier Q-
divisor F such that p(F) = p(E), —F is p-nef and —(—F)"*! > 0. Note that E, F’
have the same support, namely p~* (p(E)), thus E — eF is effective for 0 < € < 1.
Thus 0 > (—eF)"” > (—E)™ by (10.32).

Such a divisor F' exists on the normalization of the blow-up B,z X. Let now
Z — X be a proper, birational morphism that dominates both Y and Bjg)X. We
can apply the above observation to the pull-backs of F and F to Z. ([

LEMMA 10.32. Let Ny, Ny be Q-Cartier divisors with proper support on an
n-dimensional scheme. Assume that there exists an effective divisor with proper
support E such that E ~g N1 — No and the N;|g are both nef. Then (N7') > (NJ).

Proof. (NJ*) — (NJ) =FE- Z;;_ol NiNp—1-t, .

The next results compare the volumes of different perturbations of the canonical
divisor.

LEMMA 10.33. Let X be a normal, proper variety of dimension n and D an
effective Q-divisor such that Kx + D is Q-Cartier, nef and big. LetY be a smooth,
proper variety birational to X. Then

(1) vol(Ky) < (Kx +D)" and
(2) equality holds iff D =0 and X has canonical singularities.

Proof. Let Z be a normal, proper variety birational to X such that there are
morphisms ¢: Z — Y and p: Z — X. Write
Kz~ ¢ Ky +FE and Kz ~qp*(Kx+D)—p,'D+F (10.33.3)

where E is effective, g-exceptional and F' is p-exceptional (not necessarily effective).
Thus

¢ Ky ~gp*"(Kx +D) —p,'D+ F - E. (10.33.4)
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Write F—FE = GT—G~ where G, G~ are effective and without common irreducible
components. Note that G is p-exceptional. If m > 0 is sufficiently divisible then
H®(Z,0z(mp*(Kx + D) +mG")) = H(Z,05(mp*(Kx + D)))

and hence also
H%(Z,0z(mp*(Kx + D) — p; *(mD) + mG*T — mG™))
= H(Z,O0z(mp*(Kx + D) — p;}(mD) — mG™)).

Thus
vol(Ky) = vol(p*(Kx +D)—p,'D+ Gt —G7)
= vol(p*(Kx + D) —p;'D - G")
< vol(p*(Kx + D))

(p*(Kx + D))" = (Kx + D)™
Furthermore, by (10.37) equality holds iff p; 1D + G~ = 0, that is, when D = 0
and G~ = 0. In such a case (10.33.4) becomes
Ky ~gp*Kx + G and G7 is effective.
Thus a(E,X) > a(E,Y) for every divisor E (cf. [Kol13c, 2.5]), hence X has

canonical singularities. O

A similar birational statement does not hold for pairs in general, but a variant
holds if Y is a resolution of X. We can also add some other auxiliary divisors; these
are needed in our applications.

LEMMA 10.34. Let X be a normal, proper variety of dimension n and A a
reduced, effective Q-divisor on X. Let A be a Q-Cartier Q-divisor and D an effective
Q-divisor such that Kx + A+ A+ D is Q-Cartier, nef and big. Letp:Y — X be
any log resolution of (X,A). Then

(1) vol(Ky +p;*A+p*A) < (Kx + A+ A+ D)" and
(2) equality holds iff D =0 and (X, A) is canonical.
Proof. As usual, write
Ky +p;'A ~gp"(Kx + A+ D) —p;'D— F, + F (10.34.3)
where the F; are p-exceptional, effective and without common irreducible compo-
nents. If m > 0 is sufficiently divisible then
H°(Y,Oy (mp*(Kx + A+ A+ D) +mF)) = H*(Y,Oy (mp*(Kx + A+ A+ D)))
and hence also
HO(Y, Oy (mp*(Kx + A+ A+ D) — p;*(mD) — mF; + mF,))
= H(Y,Oy (mp*(Kx + A+ A+ D) — p;*(mD) — mF)).
Thus
vol(Kz + py 'A + p*A)

vol(p*(Kx + A+ A+ D) —p,'D+ F, — Fy)
vol(p*(Kx + A+ A+ D) —p;'D — Fy)
vol(p*(Kx + A+ A+ D))
(p*(Kx +A+A+ D))" =(Kx +A+ A+ D)™
Furthermore, by (10.37) equality holds iff p,*D + Fy = 0, that is, when D = 0 and
Fy = 0. Thus (10.34.3) becomes

Kz +p.'A g p(Kx +A) + B

where F; is effective. This says that (X, A) is canonical. O

A
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Essentially the same argument gives the following log canonical version.

LEMMA 10.35. Let X be a normal, proper variety of dimension n, A a reduced,
effective Q-divisor on X and A a Q-Cartier Q-divisor on X. Letqg: X — X be a
proper birational morphism, E the reduced g-exceptional divisor, A := q7'A and D
an effective Q-divisor on X such that K ¢ + A+ E+ D +q* A is Q-Cartier, nef and
big. Let p:Y — X be any log resolution of singularities with reduced exceptional
divisor E. Then

(1) vol(Ky +p;'A+E+p*A) < (Kx + A+ E+D+q*A)" and
(2) equality holds iff D = 0 and (X,A + E) is log canonical. O

We have also used the following elementary estimate.

LEMMA 10.36. Let p : Y — X be a separable, generically finite morphism
between smooth, proper varieties. Then vol(Ky) > deg(Y/X) - vol(Kx).

Proof. This is obvious if vol(Kx) = 0, hence we may assume that Kx is big.
Pulling back differential forms gives a natural map p*wyx — wy. This gives an
injection

wh ® pawy < ps (with).
Since p,wy has rank deg(Y/X) and K is big, H° (X, wh ®p*wy) grows at least
as fast as deg(Y/X) - HO(X,w%). O

The following result describes the variation of the volume near a nef and big
divisor. The assertions are special cases of [FKL16, Thms.A-B].

THEOREM 10.37. Let X be a proper variety, L a big Q-Cartier divisor and E
a nonzero effective divisor. The following are equivalent.
(1) vol(L — E) = vol(L) and
(2) H°(Ox(|mL —mE])) = H°(Ox(|mL])) for every m > 0.
If L is nef then these are further equivalent to
(3) E=0.

Note that the implications (3) = (2) = (1) are clear but the converse is some-
what surprising. It says that although the volume measures only the asymptotic
growth of the Hilbert function, one can not change the Hilbert function without
changing the volume. For proofs see the original paper.

10.5. Double points

We used a variety of results about hypersurface double points. For the rest of
the section we work with rings R that contain % In this case, all the definitions
that we have seen are equivalent to the ones given below. If % ¢ R, there are
differing conventions, especially if char R = 2.

The following results on normal forms, deformations and resolutions of double

points are well known, but not easy to find in one place.

DEFINITION 10.38. A quadratic form over a field k is a degree 2 homogeneous
polynomial ¢(z1,...,z,) € k[z1,...,2,]. The rank of ¢ is defined either as the
dimension of the space spanned by the derivatives

<ﬂ .. ﬂ>7 (10.38.1)

IR ) Oxy,
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or as the rank of the Hessian matrix

Hess(q) := (0;228(1@@]-)7 (10.38.2)

or as the number of variables in any diagonalized form
qg=ay? +---+ay? where a; €k*. (10.38.3)

More abstractly, if V' is a k-vector space, we can think of ¢ as an element of its
symmetric square S?V. (With this convention, V = (x1,...,z,). It is also natural
to think of W := Spec,, k[z1,...,2,] to be the basic object, then quadratic forms
are elements of S?(W*).)

DEFINITION 10.39. Let (S,m) be a regular local ring with residue field & such
that chark # 2. We can identify m?/m? with S?(m/m?). Thus, for any g € m?,
we can view go := g +m3 € m?/m3 as a quadratic form.

We say that S/(g) is a double point if g # 0, a cA point if rank go > 2 and an
ordinary double point if rank g, = dimy, m/m?.

An ordinary double point is also called a node, especially if dim S/(g) = 1.

10.40 (cA-singularities of hypersurfaces). Let Y be a smooth variety over a
field of characteristic # 2 and X = (¢ = 0) C Y a hypersurface. If y1,...,y, are
étale coordinates on Y then we can compute the Hessian as

82
Hessy (g) = (ﬁ) (10.40.1)
Since the rank is lower semicontinuous, we see that, for every r,
{p € Sing X : rank, go > r} isopenin SingX. (10.40.2)

For us the most interesting case is cA-singularities, that is, » = 2. The relative
version of (10.40.2) is then the following.
Let f:Y — S be smooth and X C Y a relative Cartier divisor. Then

{p€ X :pis cA (or smooth) on X;,)} C X is open. (10.40.3)

This implies that if X — S is proper and X, has only cA-singularities (and smooth
points) outside a closed subset Z; C X of codimension > m for some s € S then
then same holds in an open neighborhood s € S° C S.

COROLLARY 10.41. Let w: X — S be a flat and pure dimensional morphism.
Then the set of points {x : Xr(a) 18 demi-normal at x} is open in X.

Proof. Being S; is an open condition by (10.3). A proper S; scheme is geo-
metrically reduced iff it is generically smooth and smoothness is an open condition.
Thus being So and geometrically reduced is an open condition.

It remains to show that having only nodes in codimension 1 is also an open
condition. If all residue characteristics are # 2, this follows from (10.40.3) since
having only cA-singularities in codimension 1 is an open condition.

See [Kol13c, 1.41] for the right definition and the universal deformation space
of a node in characteristic 2. (I
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Morse lemma.

Let f be a function on R™ that has an ordinary critical point at the origin. The
Morse lemma says that in suitable local coordinates y1,...,y, we can write f as
+y? £ £y2; see [Mil63, p.6] and [AGZV85b, ?7] for the precise differentiable
and analytic versions. Algebraically the best is to work with formal power series.

LEMMA 10.42 (Formal Morse lemma). Let k be a field of characteristic # 2 and
g € k[[z1,...,2zn]] a power series of multiplicity > 2 such that rankg Hess(g) = r.
Then there are local coordinates y1,...,Yn Such that

g=ayi +- -+ ay; +h(Yri1, o Yn),
where a; € k* and mult h > 3.

We state and prove a more general version of this next.

Let (R, m) be a local ring and g € R[[x1,...,2,]] a power series. Reduction
modulo m is denoted by g. Thus g(z1,...,2,) € (R/m)[[x1,...,z,]]. We aim to
understand those cases when mult g = 2. The next result is stated in a form that
also works if char(R/m) = 2.

LeEMMA 10.43 (Formal Morse lemma with parameters). Let (R, m) be a com-
plete local ring and G € R[[z1,...,zN]] a power series of multiplicity > 2. Assume
that there is a quadratic form q(x1,...,x,) such that

(1) dim<8(j/8x1, o acj/axn> =n and

(2) G(z1,.. .y 20,0,...,0) = q(1, .., 20, 0,...,0) € (T1,...,25)3.
Then there are local coordinates y1,...,Yn, Tnt1,--.,TN Such that
(1) y; =2; mod (x1,...,2N5)% +m[z1,...,25]] and
(2) G=q(y1,---,Yyn) +b for someb € (Tpi1,...,2N)> +m[[Tpi1,...,2N]]

Proof. Replacing R by R[[Zn+1,.-.,2znN]] reduces everything to the case when
N = n; we assume this from now on.

Let us start with the case when R = k is a field. Set x2,; := x;. Assume induc-
tively (starting with r = 2) that there are local coordinate systems (s 1,...,Zsn)
for 2 < s < r such that

Ts; = xs-1; mod (z1,...,2,)° ! and
G = q@r,... 2pn) mod (z1,...,2,)"
Next we choose ;41 := @, ; + h,; for suitable h,; € (x1,...,2,)". Note that
9
Q@115 Trtn) = @(@r1, o Trn) + e ige mod (21, LT )T
(We use this only modulo (1, ...,7,)""2.) Since ¢ is nondegenerate,
9
Zi??(xl’ vy )" = (21, @) T
Thus we can choose the h,; such that
42
G — q(xr+1’1, - ,xr+1’n) S (3?1, - ,.”L'n)7+ .

In the limit we get (Zoo,1,- - - s Too,n) as required.
Applying this k = R/m we can assume from now on that

G —q(z1,...,2n) € MR[[z1, ..., 24]]-
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Working inductively (starting with r = 1) that there are local coordinate systems
(Ys,1y---+Ys,n) for 2 < s <r such that

Ysi = Ys—1, mod m*IR[[ry,...,2,]] and
G = qWr1,.-,Yrn) mod m+m'R[[z1,...,z,]].
Next we choose Y11, := yr; + ¢, ; for suitable ¢, ; € m"R[[z1,. .., z,]]. Note that

AYr+115 - Yr+10) = 4WUr1s -5 Yrn) + Zicr,ia% mod m?" R[[z1,. .., 2,]].

(We use this only modulo m" ! R[[z1,...,z,]].) Since ¢ is nondegenerate,
S iokm Rl .., wn]] = (@1, ., 2n)m R, .. 2]

Thus we can choose the ¢, ; such that

G—qYr41,15-- -, Yrt1n) EM+ m M R[[z1, ..., z,]].

In the limit we get (Yoo,1, - - - Yoo,n) a8 required. d

In (1.28) we used various results on resolutions of double points of surfaces that
contain a pair of lines and double points of 3—folds that contain a pair of planes.
The normal forms can be obtained using the method of (10.43) but we did not
follow how linear subvarieties transform under the (non-linear) coordinate changes
used there. However, in the next examples one can be quite explicit about the
coordinate changes and the resolutions.

10.44 (Ordinary double points of surfaces). Let S := (h(z1,22,23) = 0) C A3
be a surface with an ordinary double point at the origin that contains the pair of
lines (z122 = 23 = 0). Then h can be written as

h = f(z1, 72, 23)7172 — g(¥1, T2, 3)T3.
If the quadratic part has rank 3 then f(0,0,0) # 0 and we can write g = x191 +
Tago + r3g3 for some polynomials g;. Thus
h= f(z1— [ g123) (x2 — [ g2x3) — (95 + f ' 9192) 23,

Here g3 + f~1g1go is nonzero at (0,0,0) and we can set

_ _ _ -1
y1 =21 — gz, yo o= fza— f gows) (93 + f ' g192) and y3:= T3
to bring the equation to the normal form S = (y;y2 — y2 = 0). The pair of lines is

still (y1y2 = Y3 = 0)
Now we consider 3 ways of resolving the singularity of X. First, one can blow
up the origin 0 € A3. We get
BoA® C A x P2
defined by the equations {y;s; = y;s; : 1 < 1,5 < 3}. Besides these equations, ByS
is defined by y1y2 — y5 = 5152 — 55 = Y152 — Y353 = s1Y2 — y3s3 = 0.
One can also blow up (y1,y3). We get

B(yl’yz»)Ag = A?’ x Pllnu?,
defined by the equation yjus = yzu;. Besides this equation, By, ,,)S is defined by
Y1Y2 — Y3 = u1y2 — uzys = 0.

These two blow-ups are actually isomorphic, as shown by the embedding

A X Py e A X P2 ((y1, 92, 3), (wrius)) = ((y1, 92, ys), (ufugiug us))
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restricted to By, y.)S-
The same things happen if we blow up (y2,y3)-

10.45 (Ordinary double points of 3-folds). Let X := (h(z1,...,z4) =0) C C*
be a hypersurface with an ordinary double point at the origin that contains the
pair of planes (z1x2 = x3 = 0). Then h can be written as

h=flzi,...,za)z120 — 9(21, ..., Za)T3.

The quadratic part has rank 4 iff f(0,...,0) # 0 and x4 appears in g with nonzero
coeflicient. In this case we can set

yi=a; fori=1,2,3, and yy:=f"'g

to bring the equation to the normal form X = (y1y2 — ysys = 0). The original pair
of planes is still (y152 = y3 = 0).

Now we consider 3 ways of resolving the singularity of X. First, one can blow
up the origin 0 € A*. We get

BoA* C Ay x P2

defined by the equations {y;s; = yjs; : 1 < 4,j < 4} and p : BoX — X by the
additional equations

Y1Y2 — YaYa = S152 — S384 = YiS3—i — Y;57—; =0 i € {1,2},j € {3,4}.
The exceptional set is the smooth quadric (s1s2 = s354) C P3 lying over the origin

0€ At
One can also blow up (y1,y3). We get

B(yl,ys)A4 C A;l, X Ptlu?’
defined by the equation yjuz = yzu;. Besides this equation, B, ,,)X is defined
by y1y2 — ysys = u1y2 —usys = 0. The exceptional set is the smooth rational curve
E =P} . lying over the origin 0 € A*.

Note furthermore that the birational transform Py, of the plane Pyy := (yo =
y4 = 0) is the blown-up plane ByPs4, but the birational transform Py of the plane
Piy = (y1 = ya = 0) is the plane (y1 = u; = 0). The latter intersects E at the
point (u; = 0) € E, thus (Py, - E) = 1. Since Py, + Pj, is the pull-back of the
Cartier divisor (y4 = 0), it has 0 intersection number with E. Thus (P, E) = —1.

We claim that the rational map p : Ay x P2 -—-» A} x P}, given by

p1: (ylv"’7y4781:"'184) = (y17~~»y4751133)

gives a morphism p1 : BoX — By, 4,)X.

To see this note that the quadric @ := (s152 — s3s4 = 0) is isomorphic to
P! x P. with the isomorphism given as

j: ((uozul), (vozvl)) — (uovozuovlzulvozulvl).

Thus the map (s1:---:84) — (s1:53) is the inverse of j followed by the 1st coordinate
projection. Thus p; restricts to a morphism on A;‘, x @ and BpX C A;l, X Q.

Similarly, we obtain py : BoX — By, ,,)X. Putting these together, we get an
isomorphism

P1 X p2: BoX = B(ylxyB)X XX B(yz’yz)X'

(The above considerations show that this is an isomorphism of reduced schemes,
and this is all we need. However, by explicit computation, the right hand side is
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reduced, so we have a scheme theoretic isomorphism.) In particular, this shows
that the two maps p; : By, 4,)X — X are not isomorphic to each other.

Finally, set S := (y3 = y4) C X. By the computations of (10.44), the p; restrict
to isomorphisms p; : BoS = By, 4,)S. Thus p~ 1S = BySUE and ByS is the graph

of the isomorphism ps o pl_1 : By VS = By, y)S-

Y1,Y3

10.6. Flatness criteria

Let f: X — S be a morphism that we would like to prove to be flat. If f is of
finite type then flatness is an open property. Let U C X denote the largest open
set over which f is flat and set Z := X \ U. The situation is technically simpler
if Z is a single closed point. To achieve this, one can use a Bertini-type theorem
(10.46) to pass to a general hyperplane section of X and repeat if necessary. At
the end we arrive at a finite type morphism ¢ : X’ — S that is flat except possibly
at a finite set of points. Localizing at any one of them we have a local morphism
of local schemes

@, X — (s,8
that is flat over X'\ {2’} and k(z')/k(s’) is finite field extension.

Alternatively, we can localize at a generic point of Z and then use (10.47) to
reach the same situation.

If f is not of finite type then we have to be more careful since flatness is not an
open property for morphisms of arbitrary Noetherian schemes. A morphism is flat
iff it is flat at all points and the latter can be checked after localization. A local,
Noetherian scheme is finite dimensional, there is thus a point of largest dimension
where f is not flat. Localizing at that point we again get [’ : (', X’) — (¢/,.5)
that is flat over X'\ {a'}.

If k(2')/k(s") is finitely generated then we can again use (10.47) but the situa-
tion is more complicated in general. We wrangle with this issue in (10.73).

We can also complete X’ and S, thus we are reduced to the case when we have
a local morphism of complete, local, Noetherian schemes. Note, however, that some
of our results hold only over base schemes that are normal, seminormal or reduced.
These conditions are preserved by completion if S’ is excellent but not in general.

PROPOSITION 10.46. Let (z,X) — (s,S) be a local morphism of local schemes

and F' a coherent sheaf on X. Assume that r € my x is a non-zerodivisor both on
F and on Fs. Then F is flat over S iff F/rF is flat over S.

Proof. By assumption we have an exact sequence
0= F5F— F/rF—0.
Tensoring with k = k(s) gives
Tor' (k, F) 5 Tor'(k, F) — Tor'(k, F/rF) — F, 5 Fy — (F/rF), — 0.

By the second assumption r : Fy — Fs is injective, hence we get a shorter exact
sequence

Tor' (k, F) 5 Tor'(k, F) — Tor'(k, F/rF) — 0.
F is flat over S iff Tor'(k, F) = 0 by the local criterion of flatness (see [Mat86,
Sec.22] or [Eis95, Sec.6.4]) hence Tor' (k, F/rF) = 0 and so F/rF is flat over S.
Conversely, if F/rF is flat over S then Tor'(k, F/rF) = 0 hence 7 : Tor' (k, F) —
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Tor' (k, F) is surjective. Thus Tor'(k, F) = 0 by the Nakayama lemma and so F is
flat over S. ([

10.47. Let f: X — S be a morphism, € X a point and s := f(z) its image.
Assume that ¢y, ..., ¢, € k() generate the field extension k(x)/k(s). These define
a point s" € Ay ) such that k(z) = k(s').

Consider next the trivial lifting f x 1,, : X x A™ — S x A™. We also have points
(s,8') € S x A™ projecting to s and (z,s’) € X x A" projecting to x Thus we have
a commutative diagram of pointed schemes

(z,s) e X x A" 5% zeX
Fxl, Lf (10.47.1)
(s,8) e Sx A" % s¢c8

such that 7% : k(x) — k(z,s') and (f x 1,)* : k(s,s’) — k(z,s’) are isomorphisms.
The projections wx,mg are both smooth, hence flat. In particular

Claim 10.47.2. f is flat at = iff f x 1, is flat at (x,s’). O

This reduces most flatness questions for local morphisms f : (z, X) — (s,95)
with finitely generated residue field extension k(x)/k(s) to the special case when
the residue fields are isomorphic.

I do not know a similar simple trick that works for non-finitely generated
residue field extensions. A different method, discussed in (10.73), applies when-
ever k(x)/k(s) is separable, but non-finitely generated purely inseparable extensions
cause numerous problems.

Flatness is usually easy to check if we know all the fibers of a morphism. For
projective morphisms there are criteria using the Hilbert function; see [Har77,
I11.9.9] or (3.44). In the local case we have the following.

LEMMA 10.48. Let S be a reduced scheme and f : X — S a morphism that is

essentially of finite type, pure dimensional and its fibers are geometrically reduced.
Then f is flat.

Proof. By (3.46) it is enough to show this when (s,.S) is the spectrum of a
DVR. In this case f is flat iff none of the associated points of X is contained in Xj.
By assumption X is reduced, so only generic points of X, could occur. Then the
corresponding irreducible component of X is also an irreducible component of X,
but we also assumed that f has pure relative dimension. O

In many cases we have some information about the fibers, but we do not fully
understand them. Thus we are looking for flatness criteria that do not require
complete knowledge of the fibers.

10.49 (Format of flatness criteria). Let 7 : X — S be a morphism of Noetherian
schemes, (s,5) local. Let F' be a coherent sheaf on X and Z C Supp F; a nowhere
dense closed subset such that F'|x\ 7 is flat over S. We aim to prove various flatness
theorems with assumptions

(1) on pure,(F),
) on depth, F,
) on F|x\z and
) on S.
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Our main focus is on pure,(Fy), the assumptions (2-3) are then chosen as needed.

Let G be another coherent sheaf on X such that G| x\z is flat over S and
XsNSuppG C Z. Then purey, Fy = pure, (Fs + G,), so assumptions of type (1-2)
do not give control over G. Thus we have to make sure that the assumptions of
type (2) exclude G.

There are two ways of achieving this. Let xg € Supp G be a generic point and
set sg := m(zg). Then z¢ is an associated point of the fiber (F + G);, and XN
Tg C Z. Thus the presence of G is excluded by the assumption: depth, (F,r(m)) >
1 whenever X, NZ C Z. A similar argument with extensions suggests that we
frequently need the stronger variant

(3)) depth, (Fr(s)) = 2 whenever X,NZ C Z.

This is a quite mild restriction and probably the best one can do for Noetherian
schemes. It has a geometrically transparent reformulation if there is a “good”
dimension function for 7 : X — S. A precise definition is not important, we
mean by this a function z — dimg x that is upper semicontinuous on X, strictly
decreasing under specialization and if a coherent sheaf G is flat over S° C S then
s+ Supp{dimg z : z € Supp(G;)} is locally constant on S°.

The prime example for this is the usual dimension function if X — S is of finite
type. If we have a “good” dimension function and codim(Z, Xs) > 2 then we can
replace (3’) by the more convenient assumption

(3”) the fibers of F over S\ {s} are pure and Ss.

The key step in the following proofs is to exclude {z} as an associated point
of various sheaves associated to X — 5. We start with the case when dim X, = 0.
With each increase of dim X the results become more general.

Flatness in relative codimension 0.
The basic result is the following, proved in [Gro71, I1.2.3].

ProrosITION 10.50. Let f : (z,X) — (s,5) be a local morphism of local,
Noetherian schemes of the same dimension such that f~1(s) = x holds scheme
theoretically, that is, my x = mssOx. Assume that

(1) k(x) D k(s) is separable and
(2) S, the completion of S, is normal.
Then f is flat at x.

Note that if S is normal and excellent then S is normal.

Proof. We may replace S and X by their completions. As we discuss in (10.73),
we can factor f as

fi@X) 5 3Y) S (2,8)

where (y,Y) is also complete, local, Noetherian, k(x) = k(y), mys x = ms,sOx and
q is flat.

Thus f* : myﬁy/miy — my x/m? x is surjective, hence p* : Oy — Ox is
surjective by the Nakayama lemma. Equivalently, p : X — Y is a closed embedding.
It is thus an isomorphism, provided dim X = dimY and Y is integral.

In order to ensure these properties of Y we need to know more about ¢. If
k(z)/k(s) is finitely generated then ¢ is the localization of a smooth morphism
(10.73.3). Thus Y is normal and dimY = dim S, as required. The general case
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is technically harder. We use that ¢ is formally smooth and geometrically regular
(10.73.4) to reach the same conclusions as before.
Thus p is an isomorphism, so f = ¢ and f is flat. O

The next examples show that the assumptions in (10.50), and later in (10.53),
are necessary.

EXAMPLE 10.51. 10.51.1. Assume that chark # 2 and set C := (y? = ax?+23)
where a € k is not a square. Let f : C — C denote the normalization. Then the
fiber over the origin is the spectrum of k(y/a), which is a separable extension of k.
Here C' is not normal and f is not flat.

10.51.2. The extension Clz, y] C C[F,y](y) is not flat yet (2,y)-C[L,y]() is the
maximal ideal and the residue field extension is purely transcendental. However,
the dimension of the larger ring is 1.

A similar thing happens with the injection C[z,y] < C[[t]] given by (x,y) —
(t,sint). The fiber over the origin is the origin with reduced scheme structure.

10.51.3. On C[z,y] consider the involution 7(z) = —z,7(y) = —y. The invari-
ant ring is C[z?, 2y,y?) C Clxz,y]. The fiber over the origin is Clx,y]/ (2%, 2y, y?);
it has length 3 and embedding dimension 2. The fiber over any other point has
length 2. Thus the extension is not flat.

10.51.4. As in [Kol95a, 15.2], on S := k[x1, 22, Y1, y2] consider the involution
7(x1, T2, Y1, Yy2) = (T2,21,Y2,y1). The ring of invariants is

R = k[x1 4+ x2, x122, Y1 + Y2, Y1Y2, T1Y1 + T2y2].

The resulting extension is not flat along the invariant locus (z1 —x3 = y1 —y2 = 0).
If char k = 2 then 1 — 29, y1 — yo are invariants. Set P := (x1 — x2,y1 — y2)R.
Then S/PS = S/(x1 — x2,y1 — y2)S = k[z1,vy1] and R/P = k[2?,y?].
Thus Sp D R, is a finite extension whose fiber over P is k(z1,y1) D k(2%,y?).
This is an inseparable field extension, generated by 2 elements.

These examples leave open only one question: what happens with curvilinear
fibers.

DEFINITION 10.52 (Curvilinear schemes). Let k be a field and (A, m) a local,
artinian k-algebra. We say that Spec;, A is curvilinear if A is cyclic as a k[t]-module
for some ¢. That is, if A can be written as a quotient of k[t]. It is easy to see that
this holds if

(1) either A/m is a finite, separable extension of k and m is a principal ideal,
(2) or A is a field extension of k of degree = char k.

Let B be a semi-local artinian k-algebra. Then Spec, B is called curvilinear if
all of its irreducible components are curvilinear. If k£ is an infinite field, this holds
iff B can be written as a quotient of k[t]. If K/k is a separable field extension and
Spec,, B is curvilinear then so is Specy (B ® K).

Let 7 : X — S be a finite type morphism. The embedding dimension of fibers
is upper semicontinuous, thus the set {x € X : X(, is curvilinear at x} is open.

THEOREM 10.53. Let f : X — S be a finite type morphism with curvilinear
fibers. Assume that S is normal and every associated point of X dominates S.
Then f is flat.

Proof. We start with the classical case when XS are complex analytic, f is
finite and X C S x C. Let s € ™ be a smooth point. Then S x C is smooth along
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{s} x C thus X is a Cartier divisor near X;. In particular, f is flat over S™s. Set
d := deg f. For each s € S™ there is a unique monic polynomial % +a4_1(s)t?~! +
-+ ap(s) of degree d whose zero set is precisely Xy C C. As in the proof of the
analytic form of the Weierstrass preparation theorem (see, for instance, [GH94,
p.8] or [GR65, Sec.I.B]) we see that the a;(s) are analytic functions on S™. By
Hartogs’s theorem they extend to analytic functions on the whole of S; we denote
these still by a;(s). Thus

X =(t"+ag_1(s)t" 4+ +aog(s) =0) c SxC

is a Cartier divisor and f is flat. This completes the complex analytic case.

In general we argue similarly but replace the polynomial t? 4+ a4 (s)t?! +
-++ 4+ ap(s) by the point in the Hilbert scheme corresponding to X.

Assume first that f is finite. Again set d := deg f and let S° C S denote a
dense open subset over which f is flat. Since f is finite, it is (locally) projective,
thus we have

Univg(X/S) 2 X
) Lf
Hilby(X/S) -~ S

parametrizing length d quotients of the fibers of f. If s € S then Ox, has length
d, hence its sole length d quotient is itself. Thus 7 is an isomorphism over S°.
Let now s — S be an arbitrary geometric point. Then

X, = Speck(s)[t]/(TT,(t — a;))™)

for some a; € k(s) and m; € N. Thus the fiber of p over s is a finite set corresponding
to length d quotients of k(s)[t]/(IT;(t — a;)™), equivalently, to solutions of the
equation ), m; = d where 0 < m < m;. We have not yet proved that Hilby(X/S)
has no embedded points over Sing S, but we obtain that pure(Hilbg(X/S)) — S
is finite and birational, hence an isomorphism since S is normal. Furthermore, the
natural map

pure(p) : Univy(X/S) X Hilby (X/S) pure(Hilbd(X/S)) — X

is a closed immersion whose image is isomorphic to X over SY. Thus pure(p) is an
isomorphism and so f is flat and Hilbg(X/S) = S.

Finally we reduce the general case to the finite one. (Note that any finite type,
quasi-finite morphism can be extended to a finite morphism, but there is no reason
to believe that the extension still has curvilinear fibers.)

Flatness is a local question on X, thus pick z € X. Set s := f(z) and use
(10.73.6) to get a diagram

@, X) 5 (z,X)
gl Lf
(wY) 5 (5,9),

where 7 is étale, g is finite, g~!(y) = {2} and h is also étale. The latter implies
that (y,Y") is also normal. As we noted in (10.52), ho g = f o has curvilinear
fibers since 7 is étale. Thus g has curvilinear fibers, hence g is flat by the already
established finite morphism case. Therefore f is also flat at . (]
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REMARK 10.54. Let f : X — S be a finite morphism with curvilinear fibers
such that every associated point of X dominates a generic point of S. Assume that
it has the same degree d over all generic points of S. The above proof shows that
7 : pure(Hilbg(X/S)) — S is

e finite and birational over each irreducible component of S and

e an isomorphism over the locus where f is flat.

There are 3 further cases where one can conclude that 7 is an isomorphism.
The first follows from (9.7).

Claim 10.54.1. Assume in addition that there is a closed subset W C S such
that f is flat over S\ W and depthy, S > 2. Then f is flat. g

Claim 10.54.2. Assume in addition that S is weakly normal and f is a well
defined family of 0-cycles (3.19). Then f is flat.

Proof. By (4.16.8) the assumptions implies that there is a unique subscheme
[Xs] of Xs—possibly defined over a purely inseparable extension of k(s)—whose
class is the Cayley-Chow fiber of f : X — S. Thus 7 : pure(Hilbd(X/S)) — Sis
geometrically injective and an isomorphism over a dense, open set of S. Since S is
weakly normal, these imply that 7 is an isomorphism (3.29). (]

Claim 10.54.3. Assume in addition that S is seminormal and f is a well defined
family of O-cycles that satisfies the field of definition condition (3.19). Then f is
flat.

Proof. As before we get that 7 : pure(Hilby(X/S)) — S is geometrically
injective and an isomorphism over a dense, open set of S. The field of definition
condition says that the fiber over s is defined over k(s). Since S is seminormal, 7
is an isomorphism (3.24). O

This result has a quite interesting consequence for unique factorization in power
series rings. The first example of a unique factorization domain A such that A[[t]]
is not a UFD was constructed in [Sam61] and the situation was further clarified in
[Sto69, Dan70]. An example of a complete, local UFD A such that A[[¢]] is not a
UFD is given in (10.58). By contrast, the following result shows that many height
1 ideals in A[[t]] are principal.

THEOREM 10.55 (Principal ideals in power series rings). Let (R, m) be a nor-
mal, complete, local ring and P C R[[x1,...,x,)] a height 1 prime ideal that is not
contained in mR[[x1,...,x,]]. Then P is principal.

Proof. We start with the case n = 1. Then R|[[z]]/P is finite over R and its
fibers are curvilinear. Thus R][x]]/P is flat over R by (10.53). Since (R/m)[[z]] is a
DVR, the reduction of P modulo m is a principal ideal and its generator lifts back
to a generator of P as in (4.20).

Next consider the case when n > 2 and R/m is infinite. Pick g € P\
mR[[x1,...,2,]] and let § € (R/m)[[x1,...,2,]] denote its reduction by m. By
assumption g is not identically zero, thus it contains a nonzero monomial a;z’. Let
Z2,...,2n be indeterminates and consider

g(xth + 22%1,. .., Tn + ann)

The coefficient of 3:‘1” is a nonzero polynomial of degree < |I| in the variables z;.

If |R/m| > |I| then we can choose a; € R such that after the linear change of
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. N . . I

coordinates y; = x1, ¥; = x; + a;x1, the power series g contains the monomial yl1 3
This means that

P ¢ (may27 s 7yn)R[[y17 s 7y77”

Set R* := R|[[ya, - - -, Yn]], its maximal ideal is m* := (m, ya,...,yn). Thus P is not
contained in m* R*[[y1]]. We have already proved that in this case P is principal.
If R/m is finite then (10.74.2) guarantees that there is a normal, local ring
(R',m’) faithfully flat over R such that m’ = mR’ and |R'/m/| > |I|. We already
proved that PR’ is principal. Finally note that if PR’ is principal then so is P by
(4.22). O

REMARK 10.56. The property proved in (10.55) almost characterizes normal
rings. Indeed, let (R, m) be a non-normal, complete, local ring with algebraically
closed residue field k. Then its normalization (R,m) is also a complete, local ring
with the same residue field k, so m # m. Pick any ¥ € m \ m. Then R[] C R is a
quotient of R[[z]]. The kernel of R[[z]] — R[7] is a height 1, non-principal, prime
ideal P C R][z]] which is not contained in mR[[z]].

There is a strong similarity between (10.55) and Hensel’s lemma. It is, however,
not clear to us how to derive either one from the other.

COROLLARY 10.57 (Unique factorization in power series rings). Let (R,m) be
a normal, complete, local ring and g € R[[x1,...,x,]] a power series not contained
in mR[[x1,...,x,]]. Then g has a unique factorization as g = [], pi where each
(pi) is a prime ideal.

Proof. Let P; be a height 1 associated prime ideal of (g). Then (P;) is not
contained in mR[[z1,...,x,]] thus it is principal by (10.55). O

REMARK 10.58. A lemma of Gauss says that if R is a UFD then R[] is also a
UFD. More generally, if Y is a normal scheme then Cl(Y x A™) = CI(Y). If A™ is
replaced by a smooth variety X then there is an obvious inclusion

CL(Y) x CL(X) — CLY x X),

but, as the example below shows, this map is not surjective, not even if CI(Y') =
Cl(X) =0.

Let E C P? be a cubic defined over Q such that Pic(E) is generated by a degree
3 point P := ENL for some line L C P2. Let S C A? be the affine cone over E and
E?:= E\ P. Then CI(S) = 0 and C1(E®) = 0. However, we claim that C1(S x E°)
is infinite.

To see this pick any ¢ € End(FE). (For any m we have multiplication by 3m+ 1
which sends p € E(Q) to the unique point ¢(p) ~ (3m + 1)p — mP.) The lines
{€,x{¢(p)} : p € E} sweep out a divisor in Sx E, where £, C S denotes the line over
p € E. It is not hard to see that this gives an isomorphism End(E) = C1(S x E?).

As another application, let R denote the complete local ring of S at its vertex.
The above considerations also show that R is a UFD but R[[t]] is not.

Flatness in relative codimension 1.

The following result is stated in all dimensions, but we will have even stronger
theorems when the codimension is > 2. The proof works well if char k(s) = 0 or if
the morphism is essentially of finite type, so we state the 2 versions separately.
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THEOREM 10.59. Let f: X — S be a morphism of Noetherian schemes, s € S
a closed point and Z C Xg a nowhere dense closed subset such that f is flat on
X\ Z. Assume that
1) purey,(X;) is regular,
(2) if XsNZT CZ thenx & ASS(XW(Z)>,
(3) depth, X >1,
(4) {s} is not an associated point of S and
()

Then f is flat and X is regqular.

THEOREM 10.60. Let f : X — S be a morphism of Noetherian schemes that is
essentially of finite type, s € S a closed point and Z C X5 a nowhere dense closed
subset such that f is flat on X \ Z. Assume that

(1) pure,(Xs) is geometrically regular,

(2) the fibers of f over S\ {s} are pure and S,
(3) depth, X > 1 and

(4) {s} is not an associated point of S.

Then f is flat and X, is geometrically regular.

Proof. We start with (10.59). After localizing at a generic point z € Z, we
may assume that Z = {«}. The completion of a local ring preserves depth and the
completion of a regular local ring is again regular, hence we may replace S and X by
their completions at s and x. In particular, pure,(Xs) = Specy, ) k(z)[[t1, - - ., ts]]
for some n > 1; here we use that char k(s) = 0.

By (10.73.4) we can factor f as

Fr@X) 5 @y) S (s,9),

where (y,Y) is complete, k(x) = k(y) and q is faithfully flat, formally smooth and
regular. We need to prove that f’ is flat.
Lifting the ¢; back to sections of Ox gives a finite morphism

7 X — A,

see (10.63) for the notation. We aim to prove that 7 is an isomorphism. For now we
know that it is a local isomorphism along X\ {«}. Thus there is a closed subscheme
W C A} such that 7 is a local isomorphism outside W and W N AZ = (0,y). In
particular, 7|y : W — Y is finite.

We show next that 7 is a local isomorphism outside (0,y) € A’} To see this
pick any point p € S\ {s}. Then 7 restricts to a finite morphism 7, : X, — (AZ),
whose target is regular (since g is regular) and which is a local isomorphism outside
the nowhere dense set W N (A%)p Thus 7, has a unique irreducible component
that maps isomorphically onto (A’{,)p and all other associated points of X, are
contained in 7, ' (W). Such associated points are excluded by (2). Thus m, is an
isomorphism. Since X — S is flat over p, we see that 7 is a local isomorphism

along X, by (10.62). Finally,
depth, ) A} = n +depth, Y =n + depth, S > 1+1 =2,

and X has no associated points supported on Z by (3). Hence 7 is an isomorphism
by (9.7). This proves (10.59).
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The proof of (10.60) is quite similar. We use (10.73.3) to factor f as

Fr@X) L v S (s, 9),

where (y1,Y7) is complete, k(x)/k(y1) is finite, purely inseparable and ¢ is obtained
from a smooth morphism by localization and completion. By (10.74) there is a
finite, flat morphism (y,Y) — (y1,Y1) such that k(y) = k(x). By base change
we reduce everything to the fiber product X xy, ¥ — Y. Geometric regularity
of pure(X;) is preserved by finite field extensions. The rest of the proof goes as
before. |

REMARK 10.61. There should be a common generalization of the above theo-
rems to morphism of Noetherian schemes assuming that pure, (Xy) is geometrically
regular and (10.59.2-4) hold. Trying to follow the above proof, at the end we need to
deal with an infinite purely inseparable extension k(x)/k(y1). Then k(z)®py,) k(z)
and X xy, Y = Y are not Noetherian, hence the rest of the argument completely
breaks down. However, I do not have any counter examples.

We have used the following easy lemma, cf. [Mat86, 22.5].

LEMMA 10.62. Let (s,S) be a local Noetherian scheme and m: X —'Y a finite
morphism of Noetherian S-schemes. Assume that X is flat over S. Then m is an
isomorphism iff mg : Xs — Yy is an isomorphism. O

NOTATION 10.63. Let R be aring and Y = Spec R. We denote Spec R[[z1, ..., Ty
by A’{, If X — Y is a finite morphism then A’}( = X Xy AT{, However, A{} is not
the product of A" with Y in any sense.

For example, if R is an integral domain with quotient field K then the generic
fiber of Ag} — Y is the spectrum of the ring of power series over K that have
bounded denominators. That is, power series of the form

{ZIaIxI:QIGK and Jr € R such that mleRVI.}

This ring is regular (see [Gro60, 0.19.3.5, 0.19.7.1, 0.22.5.8] or [Stal5, Tag 07PM)])
but in general more complicated than K[[z1,...,2,]]. For example, it can happen
that the generic fiber is not a UFD, see (10.58).

EXAMPLE 10.64. We construct an example f : X — S to show that geometric
regularity is needed in (10.60), even if X and S are affine varieties.

Let (s,5) be a 1-dimensional scheme such that S\ {s} is regular and g : ¥ —
(s,5) a flat morphism such that Yy is regular. Let W C Y be a closed subset such
that Z := Y; N W is not empty and nowhere dense in Ws. Let 7 : X — Y be a
finite, birational morphism such that Supp (TF*OX / (’)y) =W.

Then 7, : X, — Y5 is a finite morphism that is an isomorphism over Y, \ W.
Since Y is regular, we get an isomorphism pure, X, = Y,. Thus the composite
X — S satisfies (10.59.1-4) but X, is not regular.

In order to get such an X — S, let k be a field of characteristic p > 0, ¢ € k\ kP
and set v = ¢!/P. Consider the ring extensions

klu,v]/(uP — cvP) C Ek[u,v, z,t]/(uP — cvP, 2P — c — vtP).

Taking their spectra will give Y — S.
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Over the origin (u,v) the fiber is k[z,t]/(2P — ¢) = k(y)[t] hence regular. If
v # 0 then we can invert v and the rings become

Kl v, 071/ (u? — co?) 2 kfu, 0,071/ ((u/0)? — ¢) = k(y)[v,v71] and

k[u7 v, ’0717 Zy t]/(up - Crupa 2P —c— rUtp) = k’(’}/)[’U, 0717 Zy t]/((z - ’Y)p - »Utp)'

The former is regular while the latter is not normal along (z—-,t). Its normalization
is obtained by setting w := (z — «)/¢; it is the ring

k(’Y)[va_la Zata w]/(wp —UV,Z2=79= wt) = k(’y)['IU,U)_17ﬂ-
Let F' be the largest coherent, torsion free sheaf over Y that agrees with Oy on

Y\ (z — v =t = 0) and with the normalization of Y over Y \ (u = v = 0). As we
noted above, X — S has the required properties.

In codimension 1, an slc pair is either smooth or has nodes. Next we show that
a close analog of (10.60) holds for nodal fibers if the base scheme is normal; the
latter assumption is necessary by (10.67.1).

THEOREM 10.65. Let (s, S) be a normal, local, excellent scheme, (x, X) a local,
So scheme and f : X — S a finite type morphism of pure relative dimension 1.
Assume that the purified central fiber pure(Xy) has only nodes.

Then f is flat with reduced fibers that have only nodes.

Proof. It is sufficient to prove flatness after a faithfully flat base change. By
assumption k(x)/k(s) is a finite extension, generated by n elements. (We can choose
n = 1 if k(x)/k(s) is separable.) Choosing generators gives s’ € Aj () such that
k(x) = k(s').

Consider next the trivial lifting (™) : A% — A% and the points (s',s) € A%
projecting to s and (s’,z) € A% projecting to z. After localization and completion
we get

(s, 2), X)) = ((,5),9),
where all the assumptions hold and also k(s',x) = k(s,s). Thus it is sufficient to
prove the original claim when, in addition, k(z) = k(s).

By (10.75.4) and (10.43) there is a finite, birational morphism onto a hyper-

surface

m: X = H:= (q(ml,xg)—l—c:O) CA%
where ¢ € mg. If ¢ # 0 then H is normal by (10.76), hence 7 is an isomorphism
and we are done. If ¢ = 0 then the normalization of H is

H":= AL, where S :=(q(t,1)=0) C A}.
Note that 7 : S — S is an étale double cover, and we have a natural exact sequence
0— Og = 71.05 — L —0,
where L is a line bundle on S. Thus we have an exact sequence
0— 0Oy — 71.0gn — L —0,

so there is a coherent subsheaf L' C L such that 7,.Ogn /7. Ox = L/L'.

If I’ =0 then X = H" and if I/ = L then X = H; the projection to S is flat
in both cases. Otherwise Supp(7.Opn» /m.Ox) = Supp(L/L’) has codimension > 2
in H which is impossible since X is assumed to be Ss. (]

With different methods, the following generalization of (10.65) is proved in
[Kol11b]. The projectivity assumption should not be necessary.
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THEOREM 10.66. Let (s,S) be a normal, local scheme and f: X — S a projec-
tive morphism of pure relative dimension 1. Assume that X is So and the purified
central fiber pure(Xs) is

(1) either seminormal
(2) or has only simple, planar singularities.

Then f is flat with reduced fibers that are seminormal in case (1) and have only
simple, planar singularities in case (2). |

See [AGZV85b, 1.p.245] for the conceptual definition of simple, planar singu-
larities. For us it is quickest to note that a plane curve singularity ( flz,y) = O) is
simple iff (22 + f(x,y) = 0) is a Du Val surface singularity.

EXAMPLE 10.67. The next examples show that (10.66) does not generalize to
most other curve singularities.

10.67.1 (Deformations of ordinary double points) Let C' C P? be a nodal cubic
with normalization p : P! — C. Over the coordinate axes S := (zy = 0) C A?
consider the family X that is obtained as follows.

Over the z-axis take a smoothing of C, over the y-axis take P' x A} and glue
them over the origin using p : P! — C to get f: X — S.

Then X is seminormal and Ss, the central fiber is C' with an embedded point
yet f is not flat.

10.67.2 (Deformations of ordinary triple points) Consider the family of plane
cubic curves

Ci= (2 — y*)(x +1) + (" +y°) = 0) C AZ, x Al

For every t the origin is a singular point, but it has multiplicity 3 for ¢ = 0 and
multiplicity 2 for ¢t # 0. Thus blowing up the line (x = y = 0) gives the nor-
malization for ¢ # 0 but it introduces an extra exceptional curve over t = 0. The
normalization of C is obtained by contracting this extra curve. The fiber over t = 0
is then isomorphic to 3 lines though the origin in A3.

10.67.8 (Deformations of ordinary quadruple points) Let C, — P'# be the uni-
versal family of degree 4 plane curves and Cy; — S12 the 12-dimensional subfamily
whose general members are elliptic curves with 2 nodes. We normalize both the
base and the total space to get

T 64,1 — 5§12,
We claim that the fiber of T over the plane quartic with an ordinary quadruple
point Cy := (z%y — xy® = 0) is Cp with at least 2 embedded points. Most likely,
the family is not even flat, but I have not checked this.

We prove this by showing that in different families of curves through [Cy] € S'2
we get different flat limits.

To see this, note that the seminormalization C3" of Cy can be thought of as 4
general lines through a point in P4. In suitable affine coordinates we can write it
as

kla,yl/(a%y — 2y®) < kluy, .. ual /(w0 # j)
using the map (z,y) — (u1 + uz + uq,us + uz — ug). Any 3-dimensional linear
subspace

(u1,...,uq) D Wy D (u1 + us + ug, us + usz — uq).
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corresponds to a projection of C§" to P3; call the image C C P3. Then C) is 4
general lines through a point in P3; thus it is a (2,2)-complete intersection curve
of arithmetic genus 1. (Note that the C) are isomorphic to each other, but the
isomorphism will not commute with the map to Cy in general.) Every C) can be
realized as the special fiber in a family Sy — B of (2,2)-complete intersection
curves in P2 whose general fiber is a smooth elliptic curve.

By projecting these families to P?, we get a l-parameter family S}, — B of
curves in S2 whose special fiber is Cy .

Let now 5’3\ - C_34$1 be the preimage of this family in the normalization. Then
S} is dominated by the surface Sy. There are two possibilities. First, if S5 is
isomorphic to Sy, then the fiber of C41 — S'2 over [Cy] is Cy. This, however,
depends on A, a contradiction. Second, if S'ﬁ\ is not isomorphic to Sy, then the
fiber of S} — B, over the origin is Cp with some embedded points. Since Cy has
arithmetic genus 3, we must have at least 2 embedded points.

10.67.4. The above example also shows that the proposed inequality (3.57.3)
does not always hold. We take L to be the pull-back of Opz(1). The generic fiber
Cy is a curve in P3, thus h°(Cy, Ly) = 4. The pure special fiber is the plane curve
Co, thus hO(CO, Lo) = 3.

Flatness in relative codimension > 2.

Once we know flatness at codimension 1 points of the fibers, the following
general result, valid for coherent sheaves, can be used to prove flatness everywhere.
We no longer need any restrictions on the base scheme S.

THEOREM 10.68. Let f : X — S be a morphism of Noetherian schemes, (s,.S)
local, Z C Supp Fs a nowhere dense closed subset and F a coherent sheaf on X.
Assume that

(1) depthy (F/ torsz(Fy)) > 2,
(2) F is flat over S along X \ Z and
(3) XeNZT & Z for every x € Ass(Fy(y)).
Then F is flat over S and torsz(Fs) = 0.
Moreover, if [ is of finite type then we can replace (3) by

(3%) the fibers of F' over S\ {s} are pure and depth, F' > 1.

Proof. Set X, := Specy(Ox/f*m{sOx), Fy = F|x, and m = m, 5. We
may assume that S is m-adically complete. There are natural complexes

0— (m"/m™™) . Fy = Foy1 - F, — 0, (10.68.4)

which are exact on X \ Z but not (yet) known to be exact along Z, except that r,
is surjective. We also know that

(m"/m" 1) - (Fy/ torsz Fy) — kerr,,/ torsz(kerr,,) (10.68.5)

is an isomorphism on X \ Z. Since depth, (Fo/torsz FO) > 2, this implies that
(10.68.5) is an isomorphism on X by (9.7). Next we show that the induced map

Tp i torsy F41 — torsz F,, s surjective. (10.68.6)
Set Kyyq =11 (torsz Fn) We have an exact sequence

0 — kerr, /torsy (kerr,) — K1/ torsz(kerr,) — torsz F,, — 0. (10.68.7)
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Using that (10.68.5) is an isomorphism, we have depth , (kerr,, / torsz (kerry,)) > 2,
hence the sequence (10.68.7) splits by (9.7). We know that lim(torsz F,,) is a
subsheaf of F, let w be a generic point of its support. Then w € Ass(Fy(,)) by
(10.72.3) and Supp(w N X,) C Z by construction. Thus @(torsz F,) =0 by (3)
hence torsz F;, = 0 for every n by (10.68.6).

Thus (10.68.5) now says that (m™/m"*?1)-Fy = kerr,,. Therefore the sequences
(10.68.4) are exact, F' is flat and torsz Fy = 0. O

Putting together the above flatness criteria (10.50), (10.65), (10.66.1) and
(10.68) gives the following strengthening of [Hir58].

THEOREM 10.69. Let (s,S) be a normal, local, excellent scheme, X an Sy
scheme and f : X — S a finite type morphism of pure relative dimensionn. Assume
that pure(Xs) is

(1) either normal
(2) or seminormal and Sa.

Then f is flat with reduced fibers that are normal in case (1) and seminormal and
Sy in case (2). O

Flatness in relative codimension > 3.
We get an even stronger result in codimension > 3; see [Kol95a, Thm.12].
[LN16] pointed out that the purity assumption in (3’) is also necessary.

THEOREM 10.70. Let f : X — S be a morphism of Noetherian schemes, (s,.S)
local, Z C Supp Fs a nowhere dense closed subset and j : X; \ Z — X, the natural
injection. Assume that

(1) ju(Fslx,\z) is coherent and depthy (j.(Fs|x,\z)) = 3,
(2) F|x\z is flat over S and depthy, F' > 2,
(3) depth, (F,r(w)) > 2 whenever XsNT C Z and x ¢ X.
Then F is flat over S and Fs = j.(Fs|x\z)-
Moreover, if f is of finite type then we can replace (3) by
(3%) the fibers of F over S\ {s} are pure and Ss.

Proof. Set m := myg, X, := Specx(Ox/f*m"Ox) and F,, := F|x,. We
may assume that Og and Ox are m-adically complete. Set G, := F},|x,\z and let
j denote any of the injections X,, \ Z < X,,. By assumption (2) we have exact
sequences

0 — (m"/m"™) .Gy = Gpy1—Gn — 0. (10.70.4)
Pushing it forward we get the exact sequences
0 — (m"/m™*) ® j.Go = §.Gni1 = j.Gp —
— (m"/m"*) ® RYj.Gy.
The first part of assumption (1) says that j.Go is coherent and the second part
implies (in fact is equivalent to) R'j.Go = 0 by [Gro68, I11.3.3, I1.6 and 1.2.9] or

10.18).

( T})lus the r,, are surjective. This shows that G := @1 j+«Gy is a coherent sheaf
on X that is flat over S and depth,, (Gr(z)) > 1 whenever X,NZ C Z and z ¢ X,.
Furthermore, the natural map p : F — G is an isomorphism along X, \ Z. Thus
(10.71) implies that it is an isomorphism. So F = G is flat with central fiber
j*GO :j*(Fs|XS\Z)~ g

(10.70.5)
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LEMMA 10.71. Let f : X — S be a morphism of Noetherian schemes, (s,S)
local and Z C X5 a nowhere dense closed subset. Let F,G be coherent sheaves on
X and ¢ : F — G a morphism. Assume that

(1) G and F are flat over S along X \ Z,
(2) ¢ is an isomorphism along X\ Z and
(3) for every point x € X\ X, such that X,Nx C Z, we have depth, G ¢,y > 1
and depth, Ff(z) > 2.
Then ¢ is an isomorphism.
Moreover, if f is of finite type then we can replace (3) by

(3%) the fibers of G over S\ {s} are pure and the fibers of F' over S\ {s} are
pure and Ss.

Proof. Set W = Supp(ker (;5) and let w € W be a generic point. It is
also an associated point of Fy(,) by (10.72.3). Furthermore, X, Nw C Z hence
depth,, Fruy > 1 by (3), a contradiction. Next set V := Supp(coker ¢) and let
v € V be a generic point. As before, X; N v C Z, hence depth, Fy,y > 2 by (3).
Thus

0— F, — G, — cokerg, — 0

splits by (9.7), so coker ¢, is a subsheaf of G s, but this contradicts depth, G ¢,y >
1 as before. O

10.72 (Flatness and associated points). Let f : X — S be a morphism of
Noetherian schemes and F' a coherent sheaf on X.

Claim 10.72.1. If F is flat over S then f(Ass(F)) C Ass(9).

Proof. Let € X be an associated point of F' and s := f(x). Assume that s
is not an associated point of S. Then there is an r € m, g such that r: Og = Og
is injective near s. Tensoring with F' shows that r : F' — F is injective near Xj.
Thus none of the points of X is in Ass(F). O

Claim 10.72.2. Assume that F' is flat with pure fibers over S. Then every
x € Ass(F) is a generic point of Supp (Ff(_r)).

Proof. Set s := f(x). By (1) the annihilator of m;_ g is a nonzero ideal J C ms g
which is also a k(s)-vector space. By assumption JF' has nonzero sections supported
on Z. On the other hand, since F'is flat, JF' = J ®y () Fs and the latter is assumed

pure. Thus z is a generic point of Supp (FS). (]

Claim 10.72.3. Assume that F' is flat over S and = € Ass(F'). Then every
generic point of Supp (:E N XS) is an associated point of F.

Proof. Let G C F be the largest subsheaf supported on Z. After localizing at a
generic point of Supp (i‘ N XS) we may assume that Supp (5: N XS) = {w}, a single
closed point. There is a smallest n > 0 such that G C mz’ gFbut G ¢ mgjglF .
Thus m{ SF/m:‘;ClF = (m? g /m?'gl) ® Fs has a nonzero subsheaf supported on

w. O

Note that flatness is needed for (10.72.3) as illustrated by the restriction of
either of the coordinate projections to the union of the axes (xy = 0).
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10.7. Noether normalization

Noether’s normalization theorem says that if X is an affine k-variety of di-
mension m then it admits a finite morphism onto A}*. Equivalently, the structure
morphism X — Speck can be factored as

X it A" — Speck.

We aim to generalize this to arbitrary morphisms. That is, we would like to factor
an arbitrary morphism p: X — S as

Xy s,

where p; has “finiteness” properties and ps has “smoothness” properties.

In (10.73.7) we give an example of a morphism of pure relative dimension one
p: X — S from an affine 3-fold X to a smooth, pointed surface s € S that can not
be factored as ]

pr X AL S S,

not even over a formal neighborhood of s. Such examples are quite typical and,
although the projective version of Noether’s normalization theorem is easy to gen-
eralize to the relative setting, there does not seem to be any sensible global affine
analog over base schemes of dimension > 2. There are, however, very useful local
versions.

10.73 (Noether normalization, local version). Let f : (z,X) — (s,5) be a
morphism of local, Noetherian schemes. We would like to factors f as

fi(z,X)B (5,83 (s,5) (10.73.1)
where p has “finiteness” properties and ¢ has “smoothness” properties. The most
useful version is (10.73.5), but let us start with the case when k(z) D k(s) is a finitely
generated field extension. Pick any transcendence basis 1, . .., g, of k(z)/k(s) and

lift these back to y1,...,y, € Ox. We can then take S’ to be the localization of
% at the generic point of the fiber over s € §. Thus we have proved the following.

Claim 10.73.2. Let f : (x,X) — (s, S) be a local morphism of local, Noetherian
schemes such that k(z) D k(s) is a finitely generated field extension. Then we can
factors f as

fi(@X) B (s 8) % (s,9) (10.73.2.a)
where k(z)/k(s") is a finite field extension, ¢ has relative dimension 0 and it is the
localization of a smooth morphism. O

Combining this and (10.74) shows that if k(z) D k(s) is arbitrary then we get
a factorization (10.73.2.a) where k(z)/k(s") is an algebraic field extension and ¢ is
formally smooth.

For flatness questions we can freely replace (z, X) and (s, S) by their comple-
tions and in the complete case we can do better.

Pick § € k(x) that is separable over k(s’) with separable, monic equation
g(g) = 0. If Ox is complete, Hensel’s lemma tells us that we can lift § to y € Ox
such that y satisfies a separable, monic equation g(y) = 0. We can now replace
S’ with the completion of Og[y]/(g(y)) along the central fiber and obtain the
following.
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Claim 10.73.3. Let f : (z,X) — (s,5) be a local morphism of local, complete,
Noetherian schemes such that k(z) D k(s) is a finitely generated field extension.
Then we can factors f as

fi(@X) 5 (s, 8) % (s,9) (10.73.3.a)
where p is finite, k(x)/k(s) is a purely inseparable field extension, ¢ has relative
dimension 0 and it is the localization of a smooth morphism. O

Combining this with (10.74.3) gives the following.

Claim 10.73.4. Let f : (z,X) — (s,5) be a local morphism of local, complete,
Noetherian schemes. Then we can factors f as

fi(z,X)B (5,83 (s,5) (10.73.4.a)
where k(z)/k(s’) is a purely inseparable field extension and g is formally smooth,
faithfully flat, regular and of relative dimension 0. (]

For flatness criteria the following form is the most useful.

Claim 10.73.5. Let f : (x,X) — (s,.5) be a local morphism of local, complete,
Noetherian schemes such that k(x)/k(s) is separable. Set n := dim X,
Then we can factors f as

o X) B ((s,0),A%) 5 (5,5) % (5,9) (10.73.5.a)
such that
(b) p is finite, k(z) = k(s',0) = k(s'),
(¢) 7 is the coordinate projection,
(d) ¢ has relative dimension 0 and
(e)

e) ¢ is the localization of a smooth morphism if k(z)/k(s) is finitely generated
and formally smooth, faithfully flat and regular in general.

Proof. By (10.73.4) we have ¢ : (s/,S")—(s,.S) such that k(z) = k(s’). Since
Ox, has dimension n, there are #1,...,t, € Ox, that generate an ideal that is
primary to the max}mal ideal. Lift these back to tq,...,t, € Ox. These define
p: (a:,X)—)((s’,O),Ag,). By construction

Ox/(ms,tl,...,tn) = OXS/({l,...,{n)
is finite over k(s’). Thus p is finite. O

The following variant is due to [RG71]; see also [Stal5, Tag 052D]. A related
factorization theorem is proved in [AFH94].

Claim 10.73.6. Let f: X — S be a finite type morphism. Pick s € S, x € X
and set n = dim, X,. Then there is a commutative diagram
(@, X) = (z,X)
g1 Lf
(,Y) 5 (59),
where 7 is étale, g is finite, g7 *(y) = {2’} and h is smooth of relative dimension
n. (I

Ezample 10.73.7. Let S denote the localization (or completion) of A2, at the
origin and consider the affine scheme

X = ((@"+y*+1)(1+ta) +sy=0) CAZ, x S.
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Then 7 : X — S is a family of curves. We claim that there is no quasi-finite
morphism of it onto A x S.

Assume to the contrary that such a map g : X — A! x S exists. Then g can
be extended to a finite morphism g: X — P! x S.

Here )_((0’0) is a compactification of X ), hence a curve of geometric genus 1.

For ¢ # 0 the line (1 + tz = 0) gives an irreducible component of X(O,t) that is
a rational curve. As t — 0, the limit of these rational curves is a union of rational,
irreducible, geometric components of X (0,0), & contradiction.

10.74 (Residue field extensions). Let (s,S) be a Noetherian, local scheme and
K/k(s) a field extension. We would like to find a Noetherian, local scheme (z, X)
and a flat morphism ¢ : (z,X) — (s,5) such that g*m, g = m, x (that is, the
scheme theoretic fiber g71(s) is the reduced point {z}) and k(x) = K. The answer
is given in [Gro60, 0777.10.3.1].

Claim 10.74.1. Such a g : (z, X) — (s, 5) always exists.

Outline of proof. Let us start with extensions with 1 generator K = k(s)(¢).
If ¢ is transcendental over k(s), we can take X to be the localization of A} at the
generic point of the fiber over s € S. If ¢ is algebraic, let g(z) € k(s)[z] be a monic
minimal polynomial of ¢. Lift it back to a monic polynomial g(z) € Og[z] and
take X to be the localization of (g(z) = 0) C A§ at the central fiber. Combining
these steps gives a solution for any finitely generated field extension K/k(s). In the
separable case the proof gives the following stronger form.

Claim 10.74.2. Tt K/k(s) is a finitely generated separable extension then we
can choose g : (z,X) — (s,5) to be the localization of a smooth morphism. In
particular, if S is normal then so is X. O

The general case is proved by iterating the same steps but one also needs a
somewhat tricky limit argument to show that the resulting scheme is Noetherian.
See [Gro60, 0777.10.3.1] for details. Combining it with [And74] we get the follow-
ing.

Claim 10.74.3. If K/k(s) is an arbitrary separable extension then we can choose
g: (z,X) — (s,5) to be formally smooth. If S is complete then g is also regular.
In particular, if S is normal then so is X. [

The following example illustrates some of the subtle aspects.

Ezample 10.74.4. Let k be a field. Fix a prime p and a € k\ kP. Set S =
k[2](z—q) with maximal ideal m = (z — a)S. Then S/m = k. Set K = k(al/?" :
n=12,... ) Then Kt];_,) is a solution, but here is a more interesting one.

Start with k[:cl/”” tn o= 1,2,...]. This is not Noetherian since the ideal
(ml/ Pin=1,2,. ) is not finitely generated. However, x — a is irreducible in
k[z'/P"] for every n (equivalently, z?" — a is irreducible in k[z]) hence also in
k:[wl/p" n=12,.. ] Thus k[ml/p" n=12.. .](z_a) is a DVR with maximal
ideal (z — a).

As a concrete example, take k = Q. Then Q[t'/” : n = 1,2,...] is not Noether-
ian and the polynomials ¢, — 1,¢ + 1 all have infinitely many divisors. However, it
seems that these are the only ones and Q[tl/” n=12,..., ﬁlft] is Noetherian.
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Note also that if char k = p then K [z/P" :n =1,2,...
as shown by the ideal (z!/P" —al/?" :n=1,2,...).

](Iia) is not Noetherian,

Remark on inseparable extensions 10.74.5. Infinite inseparable extensions do
cause problems in the above arguments, leading to finite type assumptions in (10.60)
and its consequences in positive characteristic. However, I do not know whether
these restrictions are actually necessary or not.

From the technical point of view, one difficulty is that infinite inseparable
extensions can lead to non-excellent schemes. For example, let k be a perfect field
of characteristic p > 0 and K := k(x1,x2,...), a purely transcendental extension
in infinitely many variables. Then K? = k(z7,2%,...) is abstractly isomorphic to
K. Now start with K?[[t]] and try to get a residue field extension K/KP?. The
above method gives R := U L[[t]] C K][[t]], where L runs through all finite degree
subextensions of K/K?. Note that R # K[[t]] since Y, z;¢' is not in R.

It is easy to see that R is a DVR and its completion is K[[t]], which is purely
inseparable over R. Thus R is not excellent. It is the source of many counter
examples in [Nag62].

10.75 (Noether normalization, birational version). An affine form of Noether’s
normalization theorem says that every geometrically reduced affine variety admits
a finite, birational morphism onto a hypersurface. Over an infinite base field this
can be obtained by a general linear projection.

More generally, we have the following relative version.

Claim 10.75.1. Let S be an affine, integral, positive dimensional scheme and
X — S a finite, dominant morphism. The following are equivalent.

(a) The generic fiber X, is curvilinear (10.52) over k(S5).

(b) There is a Cartier divisor H C A} that is finite over S and a morphism
7 : X — H such that 7 is an isomorphism outside a nowhere dense closed
subset of H. (If X is integral then this says that 7 is birational.)

Proof. It is clear that (b) implies (a). To see the converse, let K denote the
function field of S and A the semi-local ring of the generic points of X. If (a)
holds then A = K[t]/(g(t)) for some monic polynomial g(¢) of degree m. Thinking
of t as an element of A, there is a non-zero ¢ € Og such that x := ¢t € Ox and
cg(t) € Ogt]. Thus we can take H := (c™g(z/c) = 0) C Af. O

A construction as in (10.73.7) shows that the relative version of (10.75.1) fails
for morphisms of finite type, but, as in (10.73.3-5), we can generalize (10.75.1) to
morphisms of complete local schemes.

Thus let f : (z,X) — (s,S5) be a local morphism of complete, Noetherian
schemes. Assume that there is a finite, birational morphism onto a hypersurface

mo: Xy — Hy C AL (10.75.2)

By lifting the coordinate functions 77 (x;) arbitrarily to Ox, 7, extends to a mor-
phism

T X — ARt (10.75.3)
Note that 7 is finite since 7~ (s,0) = 75 *(0). Let us denote its image by H A%,
The intersection of H with the central fiber AZH'l is Hg. Thus, if f is flat at the
generic points of X, then 7 : X — H is a local isomorphism at the generic points
of Hs and so H — S is also flat at the generic points of Hj.
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Furthermore, if S is normal then H is a relative Cartier divisor in Ag“ by
(10.55) hence we have proved the following.

Claim 10.75.4. Let f : (x,X) — (s,5) be a local morphism of complete,
Noetherian schemes. Assume that S is normal and f is flat at the generic points of
X,. Let g : Xy — Hy C AZ(JS be a finite, birational morphism onto a hypersurface.

Then there is a relative Cartier divisor H C Ag“ such that 7, extends to a
finite, birational morphism of S-schemes 7 : X — H. ]

Informally speaking, normalizations of hypersurfaces describe all deformations
over normal base schemes. (Normality of S is necessary by (10.67.1).)

This is a seemingly very useful observation, but in most cases it turns out
to be extremely hard to understand the central fiber of the normalization. Next
we discuss some examples where this approach leads to a complete answer. More
delicate applications of this method are in [dJvS91].

PROPOSITION 10.76. Let (R, m) be a complete, normal, local ring, q(x1, ..., 2,)
a nondegenerate quadratic form over R and ¢ € m. Then R[[z1,...,x,]]/(q+ ) is
normal if n >3 orn =2 and ¢ # 0.

Proof. Set S := SpecR, X := Spec R[[z1,...,2,]]/(q + ¢) with projection
m:X — S. Let W C X denote the locus where 7 is not regular. Thus X \ W is
normal and, by Serre’s criterion, X is normal if depthy, X > 2.

The fiber of W over Spec(R/m) has codimension n — 1. Thus if w € W then

depth,, X > depth,,,y S + codim(w, Xp(w)) > depth,,,,) S +n — 1.

We are done if n > 3 or if n = 2 and p(w) is not a generic point of S. We finish by
noting that if ¢ # 0 then the generic fiber is regular by the Jacobian criterion. [

LEMMA 10.77. Let (R, m) be a normal, complete, local ring such that the char-
acteristic of R/m is # 2. Let f € R|[[z1,...,%,]] be a power series such that f is
not identically zero. By (10.57) we can write f = g>h where h is square-free. Then
Yy — gz gives the normalization map

Ry, x1,...,2,)]/(¥* — f) = R[[z,21,...,2,]]/(z* = D).

Proof. It is clear that the ring extension is finite and birational. Thus we need
to show that R[[z,x1,...,7,]]/(2% — h) is normal. Projection to R[[x1,...,z,]] is
étale away from (h = 0), hence R][[x1,...,2,]] is normal away from (h = 0).

To check normality along (h = 0) we localize at a generic point of (h = 0). Then
we have a DVR A with maximal ideal (h)A, otherwise we would have a multiple
factor of h. The unique maximal ideal of A[z]/(2% — h) is (2, h) and it is generated
by z, thus A[2]/(2? — h) is a DVR, hence normal. O






[AFHO4]

[AGZV8b5a]

[AGZVS5b]

[AH12]
[AJP16]

[AK70]

[AK00]
[AK10]
[Ale93]
[Ale96]
[Ale02]
[Ale08]

[AM69]

[Amb03]

[Amb11]

[AMRT75)

[And74]

[Art69]

[Art74]

[Art76]

Bibliography

Luchezar L. Avramov, Hans-Bjgrn Foxby, and Bernd Herzog, Structure of local ho-
momorphisms, J. Algebra 164 (1994), no. 1, 124-145. MR 1268330

V. I Arnol’d, S. M. Gusein-Zade, and A. N. Varchenko, Singularities of differentiable
maps. Vol. I-II, Monographs in Mathematics, vol. 82-83, Birkhduser Boston Inc.,
Boston, MA, 1985, Translated from the Russian by Ian Porteous and Mark Reynolds.
MR 777682 (86{:58018)

, Singularities of differentiable maps. Vols. I-1I, Monographs in Mathemat-
ics, vol. 82, Birkhauser Boston Inc., Boston, MA, 1985, Translated from the Russian
by Ian Porteous and Mark Reynolds. MR MR777682 (86{:58018)

Valery Alexeev and Christopher D. Hacon, Non-rational centers of log canonical
singularities, J. Algebra 369 (2012), 1-15. MR 2959783

N. A’Campo, L. Ji, and A. Papadopoulos, On the early history of moduli and Te-
ichmiiller spaces, ArXiv e-prints (2016).

Allen Altman and Steven Kleiman, Introduction to Grothendieck duality theory,
Lecture Notes in Mathematics, Vol. 146, Springer-Verlag, Berlin, 1970. MR 0274461
(43 #224)

D. Abramovich and K. Karu, Weak semistable reduction in characteristic 0, Invent.
Math. 139 (2000), no. 2, 241-273. MR MR1738451 (2001f:14021)

Valery Alexeev and Allen Knutson, Complete moduli spaces of branchvarieties, J.
Reine Angew. Math. 639 (2010), 39-71. MR 2608190 (2011e:14020)

Valery Alexeev, Two two-dimensional terminations, Duke Math. J. 69 (1993), no. 3,
527-545. MR MR1208810 (94a:14013)

, Moduli spaces Mg (W) for surfaces, Higher-dimensional complex varieties
(Trento, 1994), de Gruyter, Berlin, 1996, pp. 1-22.

, Complete moduli in the presence of semiabelian group action, Ann. of Math.
(2) 155 (2002), no. 3, 611-708.

, Limits of stable pairs, Pure Appl. Math. Q. 4 (2008), no. 3, part 2, 767-783.
MR 2435844 (2009§:14020)

M. F. Atiyah and I. G. Macdonald, Introduction to commutative algebra, Addison-
Wesley Publishing Co., Reading, Mass.-London-Don Mills, Ont., 1969. MR 0242802
(39 #4129)

Florin Ambro, Quasi-log varieties, Tr. Mat. Inst. Steklova 240 (2003), no. Birat-
sion. Geom. Linein. Sist. Konechno Porozhdennye Algebry, 220-239. MR 1993751
(2004£:14027)

, Basic properties of log canonical centers, Classification of algebraic varieties,
EMS Ser. Congr. Rep., Eur. Math. Soc., Ziirich, 2011, pp. 39-48. MR 2779466

A. Ash, D. Mumford, M. Rapoport, and Y. Tai, Smooth compactification of locally
symmetric varieties, Math. Sci. Press, Brookline, Mass., 1975, Lie Groups: History,
Frontiers and Applications, Vol. IV. MR 0457437 (56 #15642)

Michel André, Localisation de la lissité formelle, Manuscripta Math. 13 (1974),
297-307. MR 0357403

Michael Artin, Algebraization of formal moduli. I, Global Analysis (Papers in Honor
of K. Kodaira), Univ. Tokyo Press, Tokyo, 1969, pp. 21-71. MR MRO0260746 (41
#5369)

, Algebraic construction of Brieskorn’s resolutions, J. Algebra 29 (1974),
330-348.
, Deformations of singularities, Tata Institute, Bombay, 1976.

311



312

[Art77]

[AWT1]

[Bar75]

[BCHM10]

[BdJ14]

[BET77]

[BH93)

[Bom?73]
[Bor91]
[Bou7g]
[BP83]
[BPV&4]
[Bri68a]
[Bri68b)
[Cay62]

[CHLO6]

[CKP12]

[Con00]
[Dan70]
[DBS81]

[dF05)

[DJ74]

[dJ96]

[dJ15]

BIBLIOGRAPHY

, Coverings of the rational double points in characteristic p, Complex analysis
and algebraic geometry, Iwanami Shoten, Tokyo, 1977, pp. 11-22. MR MR0450263
(56 #8559)

M. Artin and G. Winters, Degenerate fibres and stable reduction of curves, Topology
10 (1971), 373-383. MR 0476756 (57 #16313)

Daniel Barlet, Espace analytique réduit des cycles analytiques complexes compacts
d’un espace analytique compleze de dimension finie, Fonctions de plusieurs variables
complexes, IT (Sém. Francois Norguet, 1974-1975), Springer, Berlin, 1975, pp. 1-158.
Lecture Notes in Math., Vol. 482. MR 0399503

Caucher Birkar, Paolo Cascini, Christopher D. Hacon, and James McKernan, Exis-
tence of minimal models for varieties of log general type, J. Amer. Math. Soc. 23
(2010), no. 2, 405-468.

Bhargav Bhatt and Aise Johan de Jong, Lefschetz for local Picard groups, Ann. Sci.
Ec. Norm. Supér. (4) 47 (2014), no. 4, 833-849. MR. 3250065

David A. Buchsbaum and David Eisenbud, Algebra structures for finite free resolu-
tions, and some structure theorems for ideals of codimension 3, Amer. J. Math. 99
(1977), no. 3, 447-485. MR 0453723 (56 #11983)

Winfried Bruns and Jiirgen Herzog, Cohen-Macaulay rings, Cambridge Studies in
Advanced Mathematics, vol. 39, Cambridge University Press, Cambridge, 1993.
MR 1251956 (95h:13020)

E. Bombieri, Canonical models of surfaces of general type, Inst. Hautes Etudes Sci.
Publ. Math. (1973), no. 42, 171-219. MR 0318163

Armand Borel, Linear algebraic groups, second ed., Graduate Texts in Mathematics,
vol. 126, Springer-Verlag, New York, 1991. MR 1102012 (92d:20001)

Jean-Francois Boutot, Schéma de Picard local, Lecture Notes in Mathematics, vol.
632, Springer, Berlin, 1978. MR 492263 (81j:14008)

W. Barth and C. Peters, Automorphisms of Enriques surfaces, Invent. Math. 73
(1983), no. 3, 383-411. MR 718937 (85g:14052)

W. Barth, C. Peters, and A. Van de Ven, Compact complex surfaces, Ergebnisse der
Mathematik und ihrer Grenzgebiete (3), vol. 4, Springer-Verlag, Berlin, 1984.
Egbert Brieskorn, Rationale Singularititen komplexer Flichen, Invent. Math. 4
(1967/1968), 336-358. MR 0222084 (36 #5136)

, Die Auflosung der rationalen Singularitdten holomorpher Abbildungen,
Math. Ann. 178 (1968), 255-270. MR 0233819 (38 #2140)

A. Cayley, A new analytic representation of curves in space, Quarterly J. Math. 5
(1862), 225-236.

Hung-Jen Chiang-Hsieh and Joseph Lipman, A numerical criterion for simulta-
neous normalization, Duke Math. J. 133 (2006), no. 2, 347-390. MR 2225697
(2007m:14003)

Frédéric Campana, Vincent Koziarz, and Mihai Paun, Numerical character of the
effectivity of adjoint line bundles, Ann. Inst. Fourier (Grenoble) 62 (2012), no. 1,
107-119. MR 2986267

Brian Conrad, Grothendieck duality and base change, Lecture Notes in Mathematics,
vol. 1750, Springer-Verlag, Berlin, 2000. MR 1804902 (2002d:14025)

V. L. Danilov, Rings with a discrete group of divisor classes, Mat. Sb. (N.S.) 83
(125) (1970), 372-389. MR 0282980

Philippe Du Bois, Complexe de de Rham filtré d’une variété singuliére, Bull. Soc.
Math. France 109 (1981), no. 1, 41-81. MR 613848 (82j:14006)

Tommaso de Fernex, Negative curves on very general blow-ups of P2, Projective
varieties with unexpected properties, Walter de Gruyter GmbH & Co. KG, Berlin,
2005, pp. 199-207. MR 2202253 (2006k:14018)

Philippe Dubois and Pierre Jarraud, Une propriété de commutation au changement
de base des images directes supérieures du faisceau structural, C. R. Acad. Sci. Paris
Sér. A 279 (1974), 745-747. MR 0376678 (51 #12853)

A. Johan de Jong, Smoothness, semi-stability and alterations, Inst. Hautes Etudes
Sci. Publ. Math. (1996), no. 83, 51-93. MR 1423020 (98e:14011)

, Lecture at the AMS Summer Institute, Salt Lake City, UT, 2015.




[dJvS91]

[DM69)]
[Dol84]

[Dol03]

[Dur79]
[DV34]

[Ear71]

[Eis95]

[Ekes8)
[Elk81]
[EV85]
[FKL16]

[FM13]

[Fujoo)]
[Fujo7)
[Fujo9)]

[Fuj12]
[Fuj14]

[Ful93)

[GHY4]

[GHK15]

[Gonl3]

[GR65]

[Gra60]

BIBLIOGRAPHY 313

Theo de Jong and Duco van Straten, On the base space of a semi-universal defor-
mation of rational quadruple points, Ann. of Math. (2) 134 (1991), no. 3, 653-678.
MR 1135880

P. Deligne and D. Mumford, The irreducibility of the space of curves of given genus,
Inst. Hautes Etudes Sci. Publ. Math. (1969), no. 36, 75-109.

Igor Dolgachev, On automorphisms of Enriques surfaces, Invent. Math. 76 (1984),
no. 1, 163-177. MR 739632 (85;:14076)

, Lectures on tnvariant theory, London Mathematical Society Lecture Note
Series, vol. 296, Cambridge University Press, Cambridge, 2003. MR 2004511
(2004g:14051)

Alan H. Durfee, Fifteen characterizations of rational double points and simple crit-
ical points, Enseign. Math. (2) 25 (1979), no. 1-2, 131-163.

P. Du Val, On isolated singularities of surfaces which do not affect the conditions
of adjunction I-II., Proc. Camb. Phil. Soc. 30 (1934), 453-465, 483-491.

Clifford J. Earle, On the moduli of closed Riemann surfaces with symmetries, Ad-
vances in the theory of riemann surfaces (Proc. Conf., Stony Brook, N.Y., 1969),
Princeton Univ. Press, Princeton, N.J., 1971, pp. 119-130. Ann. of Math. Studies,
No. 66. MR 0296282 (45 #5343)

David Eisenbud, Commutative algebra, Graduate Texts in Mathematics, vol.
150, Springer-Verlag, New York, 1995, With a view toward algebraic geometry.
MR 1322960 (97a:13001)

Torsten Ekedahl, Canonical models of surfaces of general type in positive character-
istic, Inst. Hautes Etudes Sci. Publ. Math. (1988), no. 67, 97-144. MR 972344

R. Elkik, Rationalité des singularités canoniques, Inv. Math. 64 (1981), 1-6.
Hélene Esnault and Eckart Viehweg, Two-dimensional quotient singularities deform
to quotient singularities, Math. Ann. 271 (1985), no. 3, 439-449. MR MR787191
(86h:32032)

Mihai Fulger, Jdnos Kollar, and Brian Lehmann, Volume and Hilbert function of
R-divisors, Michigan Math. J. 65 (2016), no. 2, 371-387. MR 3510912

Gavril Farkas and Tan Morrison (eds.), Handbook of moduli. Vols. I-I1I1I, Advanced
Lectures in Mathematics (ALM), vol. 24, 25, 26, International Press, Somerville,
MA; Higher Education Press, Beijing, 2013. MR 3157475

Osamu Fujino, Abundance theorem for semi log canonical threefolds, Duke Math. J.
102 (2000), no. 3, 513-532. MR 1756108 (2001c:14032)

, What is log terminal?, Flips for 3-folds and 4-folds, Oxford Lecture Ser.
Math. Appl., vol. 35, Oxford Univ. Press, Oxford, 2007, pp. 49-62. MR 2359341

, Introduction to the log minimal model program for log canonical pairs,
arXiv.org:0907.1506, 2009.

, Semipositivity theorems for moduli problems, ArXiv e-prints (2012).

, Fundamental theorems for semi log canonical pairs, Algebr. Geom. 1 (2014),
no. 2, 194-228. MR 3238112

William Fulton, Introduction to toric varieties, Annals of Mathematics Studies, vol.
131, Princeton University Press, Princeton, NJ, 1993, The William H. Roever Lec-
tures in Geometry. MR 1234037

Phillip Griffiths and Joseph Harris, Principles of algebraic geometry, Wiley Classics
Library, John Wiley & Sons Inc., New York, 1994, Reprint of the 1978 original.
MR MR1288523 (95d:14001)

Mark Gross, Paul Hacking, and Sean Keel, Mirror symmetry for log Calabi-Yau
surfaces I, Publ. Math. Inst. Hautes Etudes Sci. 122 (2015), 65-168. MR 3415066
Yoshinori Gongyo, Abundance theorem for numerically trivial log canonical divi-
sors of semi-log canonical pairs, J. Algebraic Geom. 22 (2013), no. 3, 549-564.
MR 3048544

Robert C. Gunning and Hugo Rossi, Analytic functions of several complex variables,
Prentice-Hall Inc., Englewood Cliffs, N.J., 1965. MR 0180696 (31 #4927)

Hans Grauert, Ein Theorem der analytischen Garbentheorie und die Modulrdume
komplexer Strukturen, Inst. Hautes Etudes Sci. Publ. Math. (1960), no. 5, 64.
MR 0121814 (22 #12544)




314

[Gro60]
[Gro62a)]

[Gro62b]

[Gro67]

[Gro68]

[GroT71]
[GTS0]
[Hac04]

[Har66]

[Har77]
[Har10]

[HHY2]

[HH13]

[Hir53)

[Hir58]

[HL97]

[HMX13]

[HMX14]

[HP47)

[Hum75]
[HX13]

[HX16]

[Tit71]

BIBLIOGRAPHY

Alexander Grothendieck, Eléments de géométrie algébrique. I-1V., Inst. Hautes
Etudes Sci. Publ. Math. (1960), no. 4,8,11,17,20,24,28,32.

, Fondements de la géométrie algébrique. [Extraits du Séminaire Bourbaki,
1957-1962.], Secrétariat mathématique, Paris, 1962. MR MR0146040 (26 #3566)

,  Techniques de construction et théorémes d’existence en géométrie
algébrique. IV. Les schémas de Hilbert, Séminaire Bourbaki, Vol. 6, Paris, 1962,
pp- 249-276, Exp. No. 221. MR 1611822

_, Local cohomology, Lecture Notes in Mathematics, Vol. 41, Springer-Verlag,
Berlin, 1967. MR 0224620 (37 #219)

, Cohomologie locale des faisceaux cohérents et théorémes de Lefschetz lo-
cauz et globauzr (SGA 2), North-Holland Publishing Co., Amsterdam, 1968, Aug-
menté d’un exposé par Michele Raynaud, Séminaire de Géométrie Algébrique du
Bois-Marie, 1962, Advanced Studies in Pure Mathematics, Vol. 2. MR 0476737 (57
#16294)

, Revétements étales et groupe fondamental., Lecture Notes in Mathematics,
vol. 224, Springer Verlag, Heidelberg, 1971.

S. Greco and C. Traverso, On seminormal schemes, Compositio Math. 40 (1980),
no. 3, 325-365. MR 571055 (81j:14030)

Paul Hacking, Compact moduli of plane curves, Duke Math. J. 124 (2004), no. 2,
213-257.

Robin Hartshorne, Residues and duality, Lecture notes of a seminar on the work
of A. Grothendieck, given at Harvard 1963/64. With an appendix by P. Deligne.
Lecture Notes in Mathematics, No. 20, Springer-Verlag, Berlin, 1966. MR 0222093
(36 #5145)

, Algebraic geometry, Springer-Verlag, New York, 1977, Graduate Texts in
Mathematics, No. 52. MR 0463157 (57 #3116)

, Deformation theory, Graduate Texts in Mathematics, vol. 257, Springer,
New York, 2010. MR 2583634

Melvin Hochster and Craig Huneke, Infinite integral extensions and big Cohen-
Macaulay algebras, Ann. of Math. (2) 135 (1992), no. 1, 53-89. MR 1147957
(92m:13023)

Brendan Hassett and Donghoon Hyeon, Log minimal model program for the moduli
space of stable curves: the first flip, Ann. of Math. (2) 177 (2013), no. 3, 911-968.
MR 3034291

Friedrich Hirzebruch, Uber vierdimensionale Riemannsche Flichen, mehrdeutiger an-
alytischer Funktionen von zwei komplezen Verdnderlichen, Math. Ann. 126 (1953),
1-22. MR 0062842 (16,26d)

Heisuke Hironaka, A note on algebraic geometry over ground rings. The invariance
of Hilbert characteristic functions under the specialization process, Illinois J. Math.
2 (1958), 355-366. MR 0102519 (21 #1310)

Daniel Huybrechts and Manfred Lehn, The geometry of moduli spaces of sheaves,
Aspects of Mathematics, E31, Friedr. Vieweg & Sohn, Braunschweig, 1997.
MR 1450870 (98g:14012)

Christopher D. Hacon, James McKernan, and Chenyang Xu, On the birational au-
tomorphisms of varieties of general type, Ann. of Math. (2) 177 (2013), no. 3,
1077-1111.

, Boundedness of moduli of varieties of general type, ArXiv e-prints (2014).
W. V. D. Hodge and D. Pedoe, Methods of Algebraic Geometry. Vols. I-III., Cam-
bridge, at the University Press, 1947. MR 0028055 (10,396b)

J. Humphreys, Linear algebraic groups, Springer, 1975.

Christopher D. Hacon and Chenyang Xu, Existence of log canonical closures, Invent.
Math. 192 (2013), no. 1, 161-195. MR 3032329

, On finiteness of B-representations and semi-log canonical abundance, Min-
imal models and extremal rays (Kyoto, 2011), Adv. Stud. Pure Math., vol. 70, Math.
Soc. Japan, [Tokyo], 2016, pp. 361-377. MR 3618266

Shigeru Ilitaka, On D-dimensions of algebraic varieties, J. Math. Soc. Japan 23
(1971), 356-373. MR 0285531 (44 #2749)




[m171]

[Jun08]

[Kar00]
[Kaw85]
[Kaw99]
[Kaw07]
[Kaw13]
[KK10]
[KK17]
[KKMSD73]
[KM83]
[KM92]
[KM97]

[KMOS]

[Kol90]
[Kol92a]

[Kol92b]

[Kol95a]
[Kol95b)
[Kol96]
[Kol97]

[Kol08a)]
[Kol08b)

[Koll1la]

[Koll1b]

[Koll1c]

BIBLIOGRAPHY 315

Luc Illusie, Complexe cotangent et déformations. I-1I, Lecture Notes in Mathemat-
ics, Vols. 239, 283, Springer-Verlag, Berlin, 1971. MR 0491680 (58 #10886a)
Heinrich W. E. Jung, Darstellung der Funktionen eines algebraischen Kérpers zweter
unabhdngigen Verdanderlichen x,y in der Umgebung einer Stelle v = a, y = b, J.
Reine Angew. Math. 133 (1908), 289-314. MR 1580742
Kalle Karu, Minimal models and boundedness of stable varieties, J. Algebraic Geom.
9 (2000), no. 1, 93-109. MR MR1713521 (2001g:14059)
Yujiro Kawamata, Minimal models and the Kodaira dimension of algebraic fiber
spaces, J. Reine Angew. Math. 363 (1985), 1-46. MR MR814013 (87a:14013)
, Deformations of canonical singularities, J. Amer. Math. Soc. 12 (1999),
no. 1, 85-92. MR 1631527 (99g:14003)
Masayuki Kawakita, Inversion of adjunction on log canonicity, Invent. Math. 167
(2007), no. 1, 129-133. MR 2264806 (2008a:14025)
Yujiro Kawamata, On the abundance theorem in the case of numerical Kodaira
dimension zero, Amer. J. Math. 135 (2013), no. 1, 115-124. MR 3022959
Janos Kollar and Sandor J Kovécs, Log canonical singularities are Du Bois, J. Amer.
Math. Soc. 23 (2010), no. 3, 791-813. MR 2629988
, in preparation, 2017.
G. Kempf, F. F. Knudsen, D. Mumford, and B. Saint-Donat, Toroidal embeddings. I,
Lecture Notes in Mathematics, Vol. 339, Springer-Verlag, Berlin, 1973. MR 0335518
(49 #299)
J. Kollar and T. Matsusaka, Riemann-Roch type inequalities, Amer. J. Math. 105
(1983), no. 1, 229-252.
Janos Kollar and Shigefumi Mori, Classification of three-dimensional flips, J. Amer.
Math. Soc. 5 (1992), no. 3, 533—-703. MR 1149195 (93i:14015)
Sedn Keel and Shigefumi Mori, Quotients by groupoids, Ann. of Math. (2) 145
(1997), no. 1, 193—213.
Janos Kolldr and Shigefumi Mori, Birational geometry of algebraic varieties, Cam-
bridge Tracts in Mathematics, vol. 134, Cambridge University Press, Cambridge,
1998, With the collaboration of C. H. Clemens and A. Corti, Translated from the
1998 Japanese original.
Jénos Kollar, Projectivity of complete moduli, J. Differential Geom. 32 (1990), no. 1,
235-268.
, Cone theorems and bug-eyed covers, J. Algebraic Geom. 1 (1992), no. 2,
293-323. MR 1144441 (93e:14022)
Jénos Kolldr (ed.), Flips and abundance for algebraic threefolds, Société
Mathématique de France, 1992, Papers from the Second Summer Seminar on Al-
gebraic Geometry held at the University of Utah, Salt Lake City, Utah, August
1991, Astérisque No. 211 (1992).
, Flatness criteria, J. Algebra 175 (1995), no. 2, 715-727. MR 1339664
(96j:14010)
, Shafarevich maps and automorphic forms, M. B. Porter Lectures, Princeton
University Press, Princeton, NJ, 1995. MR 1341589 (96i:14016)
, Rational curves on algebraic varieties, Ergebnisse der Mathematik und ihrer
Grenzgebiete. 3. Folge., vol. 32, Springer-Verlag, Berlin, 1996.
, Quotient spaces modulo algebraic groups, Ann. of Math. (2) 145 (1997),
no. 1, 33-79.

, Hulls and husks, 2008. MR arXiv:0805.0576
, Is there a topological Bogomolov-Miyaoka-Yau inequality?, Pure Appl.
Math. Q. 4 (2008), no. 2, part 1, 203-236.
, A local version of the Kawamata-Viehweg vanishing theorem, Pure Appl.
Math. Q. 7 (2011), no. 4, Special Issue: In memory of Eckart Viehweg, 1477-1494.
MR 2918170

, Stmultaneous normalization and algebra husks, Asian J. Math. 15 (2011),
no. 3, 437-449. MR 2838215
, Two examples of surfaces with normal crossing singularities, Sci. China
Math. 54 (2011), no. 8, 1707-1712.




316

[Kol13a]
[Kol13b]

[Kol13c]

[Kol14]

[Kol15]
[Kol16a]

[Kol16b]

[Kol16¢]
[Kon86]

[Kov99]

[KP17]

[KSB8Sg]

[KSC04]

[Lau77]

[Laz04]
[Les14]
[Lin15]
[LM75]

[LMBOO]

[LN16]

[Loo84]

[LPO7]

[Luo87]
[LW86]

[Man80]

BIBLIOGRAPHY

, Grothendieck-Lefschetz type theorems for the local Picard group, J. Ra-
manujan Math. Soc. 28A (2013), 267-285. MR 3115196

, Moduli of varieties of general type, Handbook of moduli. Vol. II, Adv. Lect.
Math. (ALM), vol. 25, Int. Press, Somerville, MA, 2013, pp. 131-157. MR 3184176
, Singularities of the minimal model program, Cambridge Tracts in Mathe-
matics, vol. 200, Cambridge University Press, Cambridge, 2013, With the collabo-
ration of Sdndor Kovacs.

, Semi-normal log centres and deformations of pairs, Proc. Edinb. Math. Soc.
(2) 57 (2014), no. 1, 191-199. MR 3165020

, Coherence of local and global hulls, ArXiv e-prints (2015).

Jénos Kollar, Maps between local Picard groups, Algebr. Geom. 3 (2016), no. 4,
461-495. MR 3549172

, Sources of log canonical centers, Minimal models and extremal rays (Kyoto,
2011), Adv. Stud. Pure Math., vol. 70, Math. Soc. Japan, [Tokyo], 2016, pp. 29-48.
MR 3617777

, Variants of normality for Noetherian schemes, Pure Appl. Math. Q. 12
(2016), no. 1, 1-31. MR 3613964

Shigeyuki Kondo, Enriques surfaces with finite automorphism groups, Japan. J.
Math. (N.S.) 12 (1986), no. 2, 191-282. MR 914299 (89¢:14058)

Sandor J Kovécs, Rational, log canonical, Du Bois singularities: on the conjec-
tures of Kolldr and Steenbrink, Compositio Math. 118 (1999), no. 2, 123-133.
MR MR1713307 (2001g:14022)

Sédndor J. Kovacs and Zsolt Patakfalvi, Projectivity of the moduli space of stable
log-varieties and subadditivity of log-Kodaira dimension, J. Amer. Math. Soc. 30
(2017), no. 4, 959-1021. MR 3671934

Janos Kolldr and N. I. Shepherd-Barron, Threefolds and deformations of surface
singularities, Invent. Math. 91 (1988), no. 2, 299-338.

Janos Kolldr, Karen E. Smith, and Alessio Corti, Rational and nearly rational vari-
eties, Cambridge Studies in Advanced Mathematics, vol. 92, Cambridge University
Press, Cambridge, 2004.

Henry B. Laufer, On minimally elliptic singularities, Amer. J. Math. 99 (1977),
no. 6, 1257-1295. MR 0568898 (58 #27961)

Robert Lazarsfeld, Positivity in algebraic geometry. I-1I, Ergebnisse der Mathe-
matik und ihrer Grenzgebiete. 3. Folge., vol. 48-49, Springer-Verlag, Berlin, 2004.
MR 2095471 (2005k:14001a)

John Lesieutre, The diminished base locus is not always closed, Compos. Math. 150
(2014), no. 10, 1729-1741. MR 3269465

Yinbang Lin, Moduli spaces of stable pairs, ArXiv e-prints (2015).

D. Lieberman and D. Mumford, Matsusaka’s big theorem, Algebraic geometry (Proc.
Sympos. Pure Math., Vol. 29, Humboldt State Univ., Arcata, Calif., 1974), Amer.
Math. Soc., Providence, R.I., 1975, pp. 513-530. MR MR0379494 (52 #399)
Gérard Laumon and Laurent Moret-Bailly, Champs algébriques, Ergebnisse der
Mathematik und ihrer Grenzgebiete. 3. Folge., vol. 39, Springer-Verlag, Berlin, 2000.
MR 1771927 (2001£:14006)

Y. Lee and N. Nakayama, Grothendieck duality and Q-Gorenstein morphisms, ArXiv
e-prints (2016).

E. J. N. Looijenga, Isolated singular points on complete intersections, London Math-
ematical Society Lecture Note Series, vol. 77, Cambridge University Press, Cam-
bridge, 1984. MR 747303 (86a:32021)

Yongnam Lee and Jongil Park, A simply connected surface of general type with
pg = 0 and K? = 2, Invent. Math. 170 (2007), no. 3, 483-505. MR 2357500
(2008m:14076)

Zhao Hua Luo, Kodaira dimension of algebraic function fields, Amer. J. Math. 109
(1987), no. 4, 669-693. MR 900035 (88i:14029)

Eduard Looijenga and Jonathan Wahl, Quadratic functions and smoothing surface
singularities, Topology 25 (1986), no. 3, 261-291. MR 842425 (87j:32032)

Mirella Manaresi, Some properties of weakly normal varieties, Nagoya Math. J. 77
(1980), 61-74. MR 556308 (81e:13011)




[Mat64]
[Mat72]

[Mat86]

[Mil63]

[MM64]
[Mor75]
[Mumé61]
[Mumé65)

[Mum66]

[Mum77)

[Nag55]

[Nag62]

[Nak86]

[Nak87]

[Odagg]

[Ogul6]

[Ols16]

[0X12]

[Pat13]

[Pat14]
[Pin74]

[Pin77)

[PPS09a]

BIBLIOGRAPHY 317

Teruhisa Matsusaka, Theory of Q-varieties, The Mathematical Society of Japan,
Tokyo, 1964. MR 0186673 (32 #4131)

, Polarized varieties with a given Hilbert polynomial, Amer. J. Math. 94
(1972), 1027-1077. MR MRO0337960 (49 #2729)

Hideyuki Matsumura, Commutative ring theory, Cambridge Studies in Advanced
Mathematics, vol. 8, Cambridge University Press, Cambridge, 1986, Translated from
the Japanese by M. Reid. MR 879273 (88h:13001)

J. Milnor, Morse theory, Based on lecture notes by M. Spivak and R. Wells. Annals
of Mathematics Studies, No. 51, Princeton University Press, Princeton, N.J., 1963.
MR 0163331

T. Matsusaka and D. Mumford, Two fundamental theorems on deformations of
polarized varieties, Amer. J. Math. 86 (1964), 668-684. MR 0171778 (30 #2005)
Shigefumi Mori, On a generalization of complete intersections, J. Math. Kyoto Univ.
15 (1975), no. 3, 619-646.

David Mumford, The topology of normal singularities of an algebraic surface and a
criterion for simplicity, Inst. Hautes Etudes Sci. Publ. Math. (1961), no. 9, 5-22.

, Geometric invariant theory, Ergebnisse der Mathematik und ihrer Grenzge-
biete, Neue Folge, Band 34, Springer-Verlag, Berlin, 1965.

, Lectures on curves on an algebraic surface, With a section by G. M.
Bergman. Annals of Mathematics Studies, No. 59, Princeton University Press,
Princeton, N.J., 1966. MR 0209285 (35 #187)

__, Stability of projective varieties, Enseignement Math. (2) 23 (1977), no. 1-2,
39-110. MR 0450272 (56 #8568)

Masayoshi Nagata, On the normality of the Chow variety of positive 0-cycles of
degree m in an algebraic variety, Mem. Coll. Sci. Univ. Kyoto. Ser. A. Math. 29
(1955), 165-176. MR MR0096668 (20 #3151)

, Local rings, Interscience Tracts in Pure and Applied Mathematics, No. 13,
Interscience Publishers a division of John Wiley & Sons New York-London, 1962.
MR MRO155856 (27 #5790)

Noboru Nakayama, Invariance of the plurigenera of algebraic varieties under mini-
mal model conjectures, Topology 25 (1986), no. 2, 237-251. MR 837624 (87g:14034)
, The lower semicontinuity of the plurigenera of complex varieties, Algebraic
geometry, Sendai, 1985, Adv. Stud. Pure Math., vol. 10, North-Holland, Amsterdam,
1987, pp. 551-590. MR 946250 (89h:14028)

Tadao Oda, Convex bodies and algebraic geometry, Ergebnisse der Mathematik und
ihrer Grenzgebiete (3) [Results in Mathematics and Related Areas (3)], vol. 15,
Springer-Verlag, Berlin, 1988, An introduction to the theory of toric varieties, Trans-
lated from the Japanese. MR 922894

K. Oguiso, Isomorphic quartic K3 surfaces in the view of Cremona and projective
transformations, ArXiv e-prints (2016).

Martin Olsson, Algebraic spaces and stacks, American Mathematical Society Collo-
quium Publications, vol. 62, American Mathematical Society, Providence, RI, 2016.
MR 3495343

Yuji Odaka and Chenyang Xu, Log-canonical models of singular pairs and its appli-
cations, Math. Res. Lett. 19 (2012), no. 2, 325-334.

Zsolt Patakfalvi, Base change behavior of the relative canonical sheaf related to
higher dimensional moduli, Algebra Number Theory 7 (2013), no. 2, 353-378.
MR 3123642

, Semi-positivity in positive characteristics, Ann. Sci. Ec. Norm. Supér. (4)
47 (2014), no. 5, 991-1025. MR 3294622

Henry C. Pinkham, Deformations of algebraic varieties with Gy, action, Société
Mathématique de France, Paris, 1974, Astérisque, No. 20. MR 0376672 (51 #12847)
, Deformations of quotient surface singularities, Several complex variables
(Proc. Sympos. Pure Math., Vol. XXX, Part 1, Williams Coll., Williamstown, Mass.,
1975), Amer. Math. Soc., Providence, R. 1., 1977, pp. 65-67.

Heesang Park, Jongil Park, and Dongsoo Shin, A simply connected surface of general
type with pg = 0 and K? = 3, Geom. Topol. 13 (2009), no. 2, 743-767. MR 2469529
(2009m:14057)




318

[PPS09b]
[PS13]

[PSST1]

[PT09)]
[Ray70]

[Rei80)]

[RG71]

[RieT4]
[Sai74]
[Sam61]
[Sch71]
[Sch91]
[Ser56]

[Ser06]

[Ses75]

[ShaT4]
[Shi72]
[Sim93]
[Siu9g]
[Smy13]
[SS17]
[Stalb]
[Stes3]
[Ste88]

[Ste98]

BIBLIOGRAPHY

, A simply connected surface of general type with pg = 0 and K? = 4, Geom.
Topol. 13 (2009), no. 3, 1483-1494. MR 2496050 (2010a:14073)

L. Pan and J. Shen, An ezample on volumes jumping over Zariski dense set, ArXiv
e-prints (2013).

I. I. Pjateckii-Sapiro and I. R. Safarevi¢, Torelli’s theorem for algebraic surfaces of
type K3, Izv. Akad. Nauk SSSR Ser. Mat. 35 (1971), 530-572. MR 0284440 (44
#1666)

R. Pandharipande and R. P. Thomas, Curve counting via stable pairs in the derived
category, Invent. Math. 178 (2009), no. 2, 407-447. MR 2545686 (2010h:14089)

M. Raynaud, Spécialisation du foncteur de Picard, Inst. Hautes Etudes Sci. Publ.
Math. (1970), no. 38, 27-76. MR 0282993

Miles Reid, Canonical 3-folds, Journées de Géometrie Algébrique d’Angers, Juillet
1979/ Algebraic Geometry, Angers, 1979, Sijthoff & Noordhoff, Alphen aan den Rijn,
1980, pp. 273-310. MR 605348 (82i:14025)

Michel Raynaud and Laurent Gruson, Critéres de platitude et de projectivité. Tech-
niques de “platification” d’un module, Invent. Math. 13 (1971), 1-89. MR 0308104
(46 #7219)

Oswald Riemenschneider, Deformationen von Quotientensingularititen (nach zyk-
lischen Gruppen), Math. Ann. 209 (1974), 211-248. MR 0367276 (51 #3518)
Kyoji Saito, Finfach-elliptische Singularitdten, Invent. Math. 23 (1974), 289-325.
MR 0354669 (50 #7147)

Pierre Samuel, On unique factorization domains, Illinois J. Math. 5 (1961), 1-17.
MR 0121382

Michael Schlessinger, Rigidity of quotient singularities, Invent. Math. 14 (1971),
17-26. MR 0292830 (45 #1912)

David Schubert, A new compactification of the moduli space of curves, Compositio
Math. 78 (1991), no. 3, 297-313. MR 1106299 (92d:14018)

Jean-Pierre Serre, Géométrie algébrique et géométrie analytique, Ann. Inst. Fourier,
Grenoble 6 (1955-1956), 1-42. MR 0082175 (18,511a)

Edoardo Sernesi, Deformations of algebraic schemes, Grundlehren der Mathe-
matischen Wissenschaften, vol. 334, Springer-Verlag, Berlin, 2006. MR 2247603
(2008e:14011)

C. S. Seshadri, Theory of moduli, Algebraic geometry (Proc. Sympos. Pure Math.,
Vol. 29, Humboldt State Univ., Arcata, Calif., 1974), Amer. Math. Soc., Providence,
R. L., 1975, pp. 263-304. MR MR0396565 (53 #428)

Igor R. Shafarevich, Basic algebraic geometry, Springer-Verlag, New York, 1974, Die
Grundlehren der mathematischen Wissenschaften, Band 213.

Goro Shimura, On the field of rationality for an abelian variety, Nagoya Math. J.
45 (1972), 167-178. MR 0306215 (46 #5342)

Carlos Simpson, Subspaces of moduli spaces of rank one local systems, Ann. Sci.
Ecole Norm. Sup. (4) 26 (1993), no. 3, 361-401. MR 1222278

Yum-Tong Siu, Invariance of plurigenera, Invent. Math. 134 (1998), no. 3, 661-673.
MR 1660941 (99i:32035)

David Ishii Smyth, Towards a classification of modular compactifications of Mg n,
Invent. Math. 192 (2013), no. 2, 459-503. MR 3044128

Ichiro Shimada and Tetsuji Shioda, On a smooth quartic surface containing 56 lines
which is isomorphic as a K3 surface to the Fermat quartic, Manuscripta Math. 153
(2017), no. 1-2, 279-297. MR 3635983

The Stacks Project Authors, Stacks Project, http://stacks.math.columbia.edu, 2015.
J. H. M. Steenbrink, Mized Hodge structures associated with isolated singularities,
Singularities, Part 2 (Arcata, Calif., 1981), Proc. Sympos. Pure Math., vol. 40, Amer.
Math. Soc., Providence, RI, 1983, pp. 513-536. MR 713277 (85d:32044)

Jan Stevens, On canonical singularities as total spaces of deformations, Abh. Math.
Sem. Univ. Hamburg 58 (1988), 275-283. MR 1027448

, Degenerations of elliptic curves and equations for cusp singularities, Math.
Ann. 311 (1998), no. 2, 199-222. MR 1625766 (99k:32064)




[Stel3]

[Sto69]
[Teidd]

[Uen75]

[Vak06]
[VE9OQ]

[Vie95]

[Wah80]
[Wah81]
[Wan15]

[Weid6]

[WX14]

BIBLIOGRAPHY 319

, The versal deformation of cyclic quotient singularities, Deformations of
surface singularities, Bolyai Soc. Math. Stud., vol. 23, Jdnos Bolyai Math. Soc.,
Budapest, 2013, pp. 163-201. MR 3203578

Uwe Storch, tiber die Divisorenklassengruppen normaler komplex-analytischer Alge-
bren, Math. Ann. 183 (1969), 93-104. MR 0257070

Oswald Teichmiiller, Verdnderliche Riemannsche Flachen, Deutsche Math. 7 (1944),
344-359. MR 0018762 (8,327c¢)

Kenji Ueno, Classification theory of algebraic varieties and compact complex spaces,
Lecture Notes in Mathematics, Vol. 439, Springer-Verlag, Berlin, 1975, Notes written
in collaboration with P. Cherenack.

Ravi Vakil, Murphy’s law in algebraic geometry: badly-behaved deformation spaces,
Invent. Math. 164 (2006), no. 3, 569-590. MR 2227692 (2007a:14008)

Hartwig von Essen, Nonflat deformations of modules and isolated singularities,
Math. Ann. 287 (1990), no. 3, 413-427. MR 1060684

Eckart Viehweg, Quasi-projective moduli for polarized manifolds, Ergebnisse der
Mathematik und ihrer Grenzgebiete (3), vol. 30, Springer-Verlag, Berlin, 1995.
MR 1368632 (97j:14001)

Jonathan M. Wahl, Elliptic deformations of minimally elliptic singularities, Math.
Ann. 253 (1980), no. 3, 241-262. MR MR82d:14004

, Smoothings of normal surface singularities, Topology 20 (1981), no. 3,
219-246. MR MR83h:14029

Malte Wandel, Moduli spaces of semistable pairs in Donaldson-Thomas theory,
Manuscripta Math. 147 (2015), no. 3-4, 477-500. MR 3360753

André Weil, Foundations of Algebraic Geometry, American Mathematical Society
Colloquium Publications, vol. 29, American Mathematical Society, New York, 1946.
MR 0023093 (9,303c)

Xiaowei Wang and Chenyang Xu, Nonexistence of asymptotic GIT compactification,
Duke Math. J. 163 (2014), no. 12, 2217-2241. MR 3263033




	Chapter 1. Introduction
	1.1. Short history of moduli problems
	1.2. From smooth curves to canonical models
	1.3. From stable curves to stable varieties
	1.4. Examples of bad moduli problems
	1.5. Compactifications of Mg
	1.6. More unexpected examples
	1.7. Coarse and fine moduli spaces
	1.8. Singularities of stable varieties

	Chapter 2. One-parameter families
	2.1. Locally stable families
	2.2. Locally stable families of surfaces
	2.3. Examples of locally stable families
	2.4. Stable families
	2.5. Cohomology of the structure sheaf
	2.6. Families of divisors I
	2.7. Boundary with coefficients >12
	2.8. Grothendieck–Lefschetz-type theorems
	2.9. Torsion in Grothendieck–Lefschetz-type theorems

	Chapter 3. Families of stable varieties
	3.1. Chow varieties and Hilbert schemes
	3.2. Representable properties
	3.3. Divisorial sheaves
	3.4. Local stability over reduced schemes
	3.5. Stability is representable I
	3.6. Moduli spaces of stable varieties I

	Chapter 4. Families over reduced base schemes
	4.1. Statement of the main results
	4.2. Examples
	4.3. Families of divisors II
	4.4. Generically Q-Cartier divisors
	4.5. Stability is representable II
	4.6. Varieties marked with divisors
	4.7. Moduli of marked slc pairs I
	4.8. Stable families over smooth base schemes

	Chapter 5. Numerical flatness and stability criteria
	5.1. Statements of the main theorems
	5.2. Simultaneous canonical models and modifications
	5.3. Examples
	5.4. Stability criteria in codimension 1
	5.5. Deformations of slc pairs
	5.6. Simultaneous canonical models
	5.7. Simultaneous canonical modifications
	5.8. Mostly flat families of line bundles
	5.9. Families over higher dimensional bases

	Chapter 6. Infinitesimal deformations
	6.1. First order deformations—with Klaus Altmann
	6.2. Deformations of cyclic quotient singularities—with Klaus Altmann

	Chapter 9. Hulls and Husks
	9.1. S2 sheaves
	9.2. Hulls of coherent sheaves
	9.3. Relative hulls
	9.4. Universal hulls
	9.5. Husks of coherent sheaves
	9.6. Moduli space of quotient husks
	9.7. Hulls and Hilbert polynomials
	9.8. Moduli space of universal hulls
	9.9. Hulls and husks over algebraic spaces

	Chapter 10. Ancillary results
	10.1. Flat families of Sm sheaves
	10.2. Cohomology over non-proper schemes
	10.3. Dévissage
	10.4. Volumes and intersection numbers
	10.5. Double points
	10.6. Flatness criteria
	10.7. Noether normalization

	Bibliography

