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Toric degenerations of projective varieties with an application to equivariant

Hilbert functions
Takuya Murata, PhD

University of Pittsburgh, 2020

A toric degeneration is a flat family over A! that is trivial away from the special fiber
(fiber over zero) and whose special fiber is a variety acted linearly by a torus with a dense orbit;
i.e., the special fiber is a non-normal = not-necessarily-normal toric variety. We introduce
a systematic method to construct toric degenerations of a projective variety (embedded up
to Veronese embeddings). Part 1 develops the general theory of non-normal toric varieties
by generalizing the more conventional theory of toric varieties. A new characterization of
non-normal toric varieties as a complex of toric varieties is given. Given a projective variety
X of dimension d, the main result of the thesis (Part 2) constructs a finite sequence of
flat degenerations with irreducible and reduced special fibers such that the last one is a
non-normal toric variety. The degeneration sequence depends on the choice of a full flag of
closed subvarieties X =Yy D Y] D --- D Y, such that each Y; is a good divisor in Y;_1. The
notion of a good divisor comes from the asymptotic ideal theory in commutative algebra
and the goodness ensures the finite generation of the defining graded ring of the special fiber
in each step. This is a generalization of degeneration (or deformation) to normal cone in
intersection theory and can be regarded as geometric reinterpretation of the construction of
a valuation in [Oko96], the key step in the construction of a Newton-Okounkov body. Part
3 reformulates the main result of [Oko96] in terms of an equivariant Hilbert function; this

reformulation may be thought of as a special case of the equivariant Riemann—Roch theorem.
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0.0 Introduction

Among other things, the present thesis introduces a systematic method to construct a
toric degeneration of a given projective variety. For our purpose, by a (flat) degeneration, we
mean a flat morphism

n:X— Al

that is trivial away from the special fiber = fiber over 0; i.e., X — 71(0) is isomorphic to
X x (A! —0) over A — 0 for some variety X. All the fibers of n other than the special fiber
are isomorphic to one another, namely X; thus, geometrically, n encodes the process of X
degenerating to the special fiber n~1(0). By a toric degeneration, we mean a flat degeneration
where we further require that the special fiber n71(0) is toric in the sense that n=1(0) is a
variety! that has a G’ = torus action with a dense orbit.? If normal, it is then a toric variety.
Toric varieties form an important class of algebraic varieties and their geometry has intimate
connection with geometry and combinatorics of convex polytopes.

Degeneration techniques have a long history in algebraic geometry; in the literature, it is
much more common to consider a degeneration within a fixed ambient projective space; i.e.,

the case when n : X — A factors as

X =PV x Al -5 Al

where the first map is a (closed) immersion and the second map is the projection. One key
property is that the Hilbert function of the homogeneous coordinate ring of each fiber of
n, a closed subvariety of PV, is independent of the choice of fiber. We call it the Hilbert
function attached to X. In particular, the arithmetic genus is constant along the base Al.
This incidentally means that the special fiber of a toric degeneration is generally a non-normal
toric variety, as a normal toric variety has arithmetic genus zero. This motivates us to devote

Part 1 of the thesis to the general theory of not-necessarily-normal toric varieties, as no

!By convention, a variety is geometrically integral (= geometrically irreducible and geometrically reduced).
2Tn the literature, a semi-toric degeneration; i.e., a degeneration whose special fiber is a union of toric
varieties is also called a toric degeneration. Here, we do not use that terminology.



commonly used reference exists on the topic.®> (More substantially, Part 1 is meant to be a
special case of the general theory of toric degenerations as a generalization of a toric variety;
see Remark 0.0.1 below for more on this.)

In this thesis, given a projective variety X C PV, we will construct a toric degeneration of
X up to some Veronese embedding PV < PV, Thus it will be an embedded toric generation
but only going to a Veronese embedding. This is enough for many of the applications we are
interested in; the most important being the reframing of [Oko96]. In fact, our construction is a
variant of the construction in [Oko96] (which is the origin of the theory of Newton-Okounkov
bodies). Thus, to explain the application and the construction, we briefly review [Oko96]
first.

Let X C PV be a projective variety over C and G a connected reductive group acting on
the homogeneous coordinate ring R of X in the grade-preserving manner; i.e., for each n > 0,

there is a finite-dimensional representation
T G = GL(R,).

The paper [Oko96] concerns the asymptotic behavior of 7, as n — oo; more precisely, the
number of times each irreducible representation (i.e., multiplicity) appear in each m,. The
reason for considering the asymptotic behaviors, at least for Okounkov, is that, as n — oo,
one expects (and can show) 7, to exhibit some stable behavior; namely, multiplicities behave
like volumes and thus satisfy classical geometric inequalities such as the Brunn—Minkowski
inequality. As he mentions in the introduction of the paper, Okounkov was motivated by
a similar result in symplectic geometry but he establishes his result without tools from
symplectic geometry at all (so, in particular, it is valid over an arbitrary base field).

As we will do in §9, the above result of [Oko96] can be formulated in terms of a G-
equivariant Hilbert function attached to a toric degeneration. This is already interesting and
in fact this observation was the origin of the thesis. But, in hindsight, the importance of
the reformulation here is that it is an instance of an application of a toric degeneration to

extend some of notions/constructions in sympletic geometry, which takes place over C, to

3See also the webpage https://dacox.people.amherst.edu/toric.html for the list of references on non-normal
toric varieties. As the references there indicate, a non-normal toric variety is typically thought of as an
instance of a scheme over a “generalized ring”.



algebraic geometry over an arbitrary base field. For example, one can define the moment
polytope (the image of a moment map) of a toric degeneration in this way; this is because
the data specifying a not-necessarily-normal toric variety is free of the base field and thus,
without loss of generality, the base field of the special fiber can be assumed to be C. We
note that this phenomenon is very analogous to one in algebraic number theory; there one
considers a flat model of X over a base such that the special fiber is over a finite field and
the generic fiber is over a field of characteristic zero. One then for instance considers a lift or
deformation of a Frobenius action from the special fiber to the generic fiber. In the setup of
a toric degeneration, an analogous procedure is possible because, again, the data defining
a non-normal toric variety is combinatorial. (Here, as an analog of the deformation of a
Frobenius action, one can consider, for example, a deformation of a Hamiltonian group action

via a toric degeneration.)

0.0.1 Remark (flat model). The present thesis has tried but yet not completed introducing
the viewpoint that a toric degeneration is a generalization of a toric variety (or of a toric
scheme over an affine line); it is something that can be studied on its own as opposed to the
means to study a given variety. Indeed, as we will come back to later, we prefer to view a
toric degeneration of X as an example of a flat model of X and, in algebraic geometry, to
study a space (e.g., a variety or analytic space) as well as objects (e.g., sheaves) on the space,

it is a common technique to shift the attention from the space to flat models of that space.*

As in [An13], our construction of a toric degeneration is based on Okounkov’s construction
of a valuation for the function field of a variety X. (This is the most general construction as a
toric degeneration inside a projective space necessarily comes from a valuation; cf. Proposition
7.2.4.) For that, we briefly recall his construction in the form that slightly differs from the

original one. A key piece is:

0.0.2 Lemma (Lemma 7.2.5). Let Y C X be a codimension-one closed subvariety of an

algebraic variety X; i.e., Y is a prime Weil divisor. If

Voik(Y) =72t

4The term “flat mode” is not common; in arithmetic geometry, a flat model is more commonly called an
integral model and in rigid geometry a flat model is called a formal model.



1s a valuation whose image is a free abelian group of rank r — 1, then there exists a not-
necessarily-unique valuation

v k(X)) =17,

such that (1) v(f) =V (f|y) for each f in k(X) that does not have zero or pole along Y, so

that fly is defined and nonzero, and (2) the image of v is a free abelian group of rank r.

The proof of the lemma is short. The lemma is then applied inductively to a given partial
flag of closed subvarieties

X=YoYiD.---DY,,

where each Y; is a codimension-one closed subvariety of Y;_1; i.e., a prime Weil divisor, to
not-uniquely yield the valuation

vik(X) > 7.

See Remark 7.3.1.
Now, if X = ProjR is a projective variety and, for simplicity, if R is an integral
domain and contains a degree-one element s (e.g., a global section of Ox(1)) that does

not vanish on Y,., then v extends to each degree-n piece R, through the open affine chart

{s # 0} = Spec(R[s™o):

vi, : Ry — 0774 RIsTy—0 % 7,
which in turns determines the integral domain (as R is an integral domain and v is a

valuation):

gr, R:i= P EP{f € Rulf =0 0r vg,(f) > a}/{f € Rulf = 0 or vg,(f) > a}.

n=0 a€Z"

If r = dim X; i.e., if the flag is full, then gr, R is a graded semigroup algebra that is an
integral domain; thus, if it is finitely generated, then Proj of gr, R is a not-necessarily-normal
toric variety. By means of a Rees algebra (§5), one can then construct a toric degeneration
X ~ Proj(gr, R) inside PV, N’ = the number of the generators of gr, R. We stress that,
while v is intrinsically constructed only from X, gr, R, obviously, depends on R; i.e., the

question of “finite generation” is a matter of extrinsic geometry of X.



We note that even if gr, R is not finitely generated, when the flag is full, it is still a graded
semigroup algebra and one can attach a convex set to it® and the closure of the convex set
is then called the Newton-Okounkov body of R relative to the flag Y,; [KK12] and [LM09].
(This convex set is a convex polytope if and only if gr, R is finitely generated by Proposition
2.4.10; thus, in that case, the Newton—Okounkov body encodes the Hilbert function of the
normalization of gr, R, a very useful information for many applications.)

For the application, the key property of the above valuation is that, as a graded vector
space, R and gr, R are isomorphic. Hence, we can view the construction as determining a
family of graded ring structures on the same underlying graded vector space; put in another
way, the graded ring structure of R is a deformation of the graded ring structure of gr, R.
In particular, the procedure leaves intact the Hilbert function as the function is agnostic
about the ring structure. More significantly to representation theory, when there is some
graded-linear group action on R by a reductive group G, the valuation can be constructed to
preserve the linear group action; i.e., R and gr, R are isomorphic as graded G-modules.

Now, to address the question of the finite generation of gr, R, in this thesis, we introduce
the notion of a good flag; i.e., a flag giving rise to finitely generated gr, R in the above
construction. In fact, we actually reinterpret the above construction of the valuation in a
manner more familiar to algebraic geometers (specifically to those with some background in
intersection theory). To define a good flag, for simplicity, suppose Y; is an effective Cartier
divisor on Y;_;. We then say that a flag Y, is a good flag if there are homogeneous elements

x1,...,%, in R of positive degree such that, as sets,

X=YyoYVi=V(z1,...,20,) D - DYa=V(v1,...,20,)

where

Ognz—nl,l—lgdlez:d—z, non

(see Example 7.1.2). Geometrically, if R is the section ring of Ox(1), then each z; corresponds

to a hypersurface in the linear system |Ox(¢;)|, ¢; = deg(x;), and so the above condition

SThis convex set is the slice of the cone generated by the defining graded semigroup of gr, R, which may
not be closed. The author personally calls it the Newton—Okounkov convex set of R; but that terminology is
non-standard.



means that Y] is the (set-theoretic) base locus of the sections zy,...,z,,, Y3 is the (set-
theoretic) base locus of the sections xy, ..., x,,, etc. The notion of a good flag can still be
defined without the “Cartier” assumption.

Now, we can state the following summary of Theorem 7.2.1 and Remark 7.3.1:

0.0.3 Theorem. Given a good flag Ys of X as above, we can construct a sequence of flat

degenerations:

X s Xy v o X
so that

(1) X; = Proj(gr,, R) where v; is the valuation given by Okounkov’s construction from
the flag X =Yy D --- DY; and gr,, R is finitely generated. In particular, G, acts on X;
linearly with finite stabilizers.

(2) EachY; is the GIT quotient of X; by the G -action in (1).
Conwversely, if gr,, R is finitely generated, then the flag used to define v is a good flag.

See §2.7.1 for the definition of a GIT quotient as well as its basic properties. The key
component in the proof of the theorem is that a lifting property of a good flag for a GIT

quotient; namely, we prove the following (Proposition 7.1.4):

0.0.4 Proposition (lifting of a good flag). Let 7 : X*° — Y be a projective GIT quotient by
a linear action of a torus G, with no negative weights (the characters of the torus are totally
ordered with respect to the lexicographical ordering on 7" = Hom(G/,, G,,) ).

Then, given a good flagY DY’ of Y, there exists a good flag X D Z of X that is a lift
of it; i.e., M(ZNX*) =Y’ (note Z is generally not an effective Cartier divisor.)

Theorem 0.0.3 is then proved by a repeated application of the above proposition. First,
the theorem is true for a good flag of length one essentially by definition (or defining
characterization of it; Theorem 6.3.1 (ii)). Next, because there is a GIT quotient X7* — Y]
and Y] D Y5 is a good flag, we get a good flag X; D Z, which, by the length-one case,
degenerates X; to X, and so forth. (The proposition itself is, roughly, a consequence of the

compatibility of valuations and a graded Nakayama lemma.)



Okounkov’s original construction uses an analogous tool to inductively construct a
valuation out of a flag (Lemma 7.2.5); the above proposition is then may be thought of as
the geometric version of that.

The construction of a projective GIT quotient crucially relies on the choice (and existence)
of an equivariant ample line bundle®; in particular, the quasi-projectivity of the variety.
Consequently, the construction of Theorem 0.0.3 relies, in particular, on the quasi-projectivity
of the variety (see Conjecture below for a possible resolution to this issue).

We stress that the notion of a good flag is relative to a choice of the defining ring R of
the projective variety X; or equivalently a choice of an ample line bundle on X. To reinforce

this point further, we make the following comment:

0.0.5 Remark (good divisor). Intuitively speaking, a good flag is a flag consisting of good
divisors. Intrinsically, (for simplicity) a good divisor on a projective variety X is simply
an effective Cartier divisor. The difference from an effective Cartier divisor has to do with
extrinsic geometry: when X is equipped an ample effective Cartier divisor H, a good divisor
is an effective Cartier divisor that is relatively in a good position with H; e.g., H itself. For
the purpose of the construction, we assume that each divisor in the flag is geometrically
integral but that itself is incidental to the notion of a good divisor. (Currently, a somewhat
more general theory of good divisors is being worked out in a sequel to the thesis [Mu2X],
that includes in particular Zariski’s theorem on finite generation of a section ring.)

To the readers with some background on geometric invariant theory, a good analogy
would be that of a stable point. Relative to an ample equivariant line bundle, one can speak
of whether a given closed point is a stable point or not. In much the same way, relative to
a given ample line bundle, one can speak of whether a given (effective Cartier) divisor is a
good divisor or not.

Finally, [An13] considers a similar idea that one should identify some distinguished class
of divisors. It is an interesting question to investigate the relationship between Anderson’s

divisor and a good divisor in the sense defined here.

It is known that there exists a smooth projective curve of genus > 2 embedded in a

6An equivariant line bundle is also known as a linearized line bundle.



projective space that does not admit a toric degeneration, without a change of the embedding
other than a change through a Veronese embedding (see Corollary 6.3.2 and [KMM?20, §3]).

This motivates the following:

Problem. If a projective variety X C PV contains a copy of P! perhaps in some “favorable

position”, then show that there exists a good flag of the form X =Yy D --- DYy 1 =P DY},

Note that it is not enough that X contains a singular rational curve; see [[W20]. By an
argument with Bertini’s theorem, without any restriction on the variety X, it is not hard to
construct a partial good flag (Example 7.2.3); hence, the thesis in particular recovers the
main result of [KMM20]. The above problem thus says that this Bertini argument can be
modified to construct a full good flag when there is a copy of P! in X.

There is also a conjecture that we want to propose, which is an analog of Raynaud’s

theorem in rigid geometry.”

Conjecture. Given an algebraically closed field k, there is an equivalence of categories:

’tom’c degenemtions‘ / ~ S ’algebmic varieties over k‘
H

[X] the generic fiber of X

where | ~ refers to a localization (i.e., a quotient) of a category so that if X ~ X', then they
have the same generic fiber.
Moreover, in the above, “proper” is respected in the sense that if a general fiber X of X is

proper (i.e., complete) over the base field, then the special fiber of X is also proper.

In the above, ~ is not explicitly specified and working out the generators of ~ is an
important problem (our working guess is that ~ is generated by admissible blow-ups.)

In a way, Conjecture is a call for a larger program of working out the theory for de-
generations together with morphisms between them. It is quite useful and important to
consider a degeneration of not just of a single variety. That will be clarifying, for example, a
toric degeneration of a closed subvariety of a projective space without changing the ambient

projective space; e.g., Grobner degeneration can be formulated as a degeneration of a closed

"TRaynaud’s theorem in rigid geometry states that the category of (quasi-compact quasi-separated) rigid
analytic k-space is equivalent to the localization of admissible formal schemes over a complete discrete
valuation ring of k with respect to admissible blow-ups.



immersion f : X < P¥. Similarly, the toric degenerations constructed in the thesis can be

viewed as a degeneration of f : X < PV together with a Veronese embedding PV «— PV’

0.1 Convention and notations

The following terminology, notations and conventions are used throughout the thesis.

e A finite module means a finitely generated module.

e An algebraic variety is a geometrically integral scheme that is separated and is of finite
type over a given base field. (Note some authors such as Fulton assume only that an
algebraic variety is irreducible instead of geometrically irreducible and that will cause an

issue when we use Bertini’s theorem for instance.)

e The precise meaning of the often-used phrase “Proj R is a projective variety” is given in

Definition 2.4.7.
e R, the set of nonnegative real numbers.

e £k[S], the semigroup algebra of a unital semigroup S.

Except for Part 3 (where the main concern is representation theory), we have stated
the results for a base field that is not necessarily algebraically closed field. This is because,
as the readers will easily notice, many of the results belong to commutative algebra and
in commutative algebra, it is usually unnatural and unnecessarily to require the base field
is an algebraically closed field (even infinite). Geometrically-minded readers should simply
assume the base field is algebraically closed. Algebraically-minded readers will notice that,
for majority of the results in the thesis, it is not even necessary to assume the base ring is a
field (but is still some nice regular ring like a discrete valuation ring). Geometrically-speaking,
the case when the base ring has higher dimension corresponds to a family-situation; e.g., a
family of toric degenerations.

We should, however, note that most of the nontrivial commutative algebra results here

will fail for general Noetherian rings or Noetherian integral domains (cf. Remark 5.3.3); it is



crucial to limit ourselves to rings that are finitely generated algebras (the reason is closely
related to dimension-theoretic difficulties we encounter when we try to develop intersection

theory only using Noetherian rings).
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1.0 Part 1: Non-normal toric varieties and inverse systems of semigroups

By definition, an affine non-normal toric variety is the Spec of a finitely generated

semigroup k-algebra that is an integral domain:

Xgs = Speck[S].

We define a non-normal toric variety as a variety obtained by gluing such Xg for some given
system of semigroups S satisfying the compatibility conditions. ”Non-normal” refers to the
fact that X is not necessarily normal. If X is normal, we call X a toric variety. For example,
a fan of cones gives rise to such a system of semigroups (by choosing a lattice and then taking
the lattice points of the duals of the cones.)

Given an N-graded finitely generated semigroup S C N x Z?, the variety

Proj k[S]

is called a projective non-normal toric variety. Our concept of a non-normal toric variety
generalizes this notion; such an S determines a system of the semigroups S, so that Proj(k[S])
is obtained by gluing Spec k[S,]; concretely, k[S,]| are localizations of k[S].

The use of a system of semigroups allows us to develop a theory that naturally extends
that of toric varieties developed in the standard texts such as [Ful93]. Theories of non-normal
toric varieties similar to ours are also developed in the papers cited at http://www.cs.
amherst.edu/~dac/toric.html, the webpage for the book ”Toric varieties.”

The present section mainly concerns with the definition and some basic properties of
a non-normal toric scheme. The implication of the presence of the torus action will be

considered in the next section.
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1.1 A non-normal toric variety defined by a system of semigroups

We shall use the following notion (cf. [Rol3]).

1.1.1 Definition. By an inverse system (or a projective system) of semigroups indexed by
a category I, we mean a contravariant functor ¢ — S; from a category I to the category of
unital commutative semigroups. A fancy way is to say that it is a semigroup-valued presheaf

on a category I (we will consider the sheaf condition later; namely, Lemma 1.1.6).

This notion generalizes the properties of a fan (see below) and semigroups arising from it,

as we explain. If o C R? is a nonempty subset, we write

oV ={u e R (u,v) >0,vea}, o ={ucRu,v)=0,v€oac}

A nonempty subset of R is called a convex cone if it is convex and is also stable under
the multiplication by positive real numbers. (Convex cones are often assumed to be closed,
but that assumption is unnecessary in many cases.)

Given convex cones 7,0 in R? we say 7 is a face of 0 if 7 = 0 or 7 = 0 Nu* for some
u € 0. A maximal proper face is called a facet. It can be shown easily (Lemma 2.2.1) that
(1) a finite intersection of faces is a face and (2) ”is a face of” is a transitive relation.

By a fan of convex cones in RY, we mean a nonempty set I consisting of cones in R¢ such

that

(i) if o € I and 7 is a face of 0; i.e., , then 7 € T

(ii) if o,7 € I, then o N7 is a face of both ¢ and 7.

Given o,7 in I, if 7 is a face of o, then we write 7 — . Since a face inclusion is a
transitive relation, this turns I to a category. For each o € I, let S, = 0¥ NZ%. Then o > S,
forms a projective system of semigroups with S, — S, induced by the inclusions of faces
T — 0.

Intuitively speaking, we can think S, consists of ”functions” on o (hence, the use of dual)

and the map S, — S, restricts the functions on o to 7.

12



In practice, one commonly assumes the cones to be (strongly convex!) rational polyhedral
cones so that S, is finitely generated by Gordan’s lemma ([Ful93] Proposition 1).2

Given a field k, we fix the standard algebraic torus

G, = Spec k[Z%] = (Spec k[t, )%

(more general tori and their actions are considered in the next section.)

Note that G¢ (k) = Mor(Spec(k), G¢) = (k*)4, canonically as groups (cf. an example at
Definition A.0.1).

Our first goal in this section is to show a projective system of semigroups determines a non-
normal toric variety and, conversely, such a variety arises that fashion. This will generalize a
fact for toric varieties that says that a fan determines a toric variety and conversely. But there
is a key difficulty. Sumihiro’s theorem says that a normal G¢ -variety admits a G¢ -invariant
open affine cover. In the theory of toric varieties, this theorem is used to show that every
normal toric variety (i.e., a normal G% -variety with an open dense orbit) arises from a fan.
The theorem is not valid without the normality assumption (cf. Example 1.1.12 below). We
shall avoid this difficultly by simply limiting ourselves to those satisfying the conclusion of

Sumihiro’s theorem.

1.1.2 Definition. A non-normal toric variety over a field k is a G¢-variety over k that
admits an open dense GZ -orbit as well as a G -invariant open affine cover. (The latter
condition is automatic if X is normal by Sumihiro’s theorem.)

If a non-normal toric variety is a normal variety, it is called a toric variety.

1.1.3 Example. The torus itself G], is a toric variety; in fact, intuitively speaking, we tend
to view a non-normal toric variety as a partially compactified torus. Also, given an algebraic
variety X with an (algebraic) action of G/, each G! -orbit closure on X is a non-normal toric

variety, assuming the conclusion of Sumihiro’s theorem holds for it.

Here is some other (important) way to think about the notion.

LA convex cone o is said to be strongly conver if o N (—a) = 0.
2In loc. cit., the name is given as ”Gordon” but that is a typo.
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1.1.4 Remark (Cox’s theorem). We assume the definition of a GIT (= geometric-invariant-
theory) quotient is known. Let X be a non-normal toric variety and X" the normalization
of it; then X" is a toric variety. Hence, by [Cox95] Theorem 2.1., X" can be written as a

GIT quotient of an affine space by some torus action; consequently, there is a composition
N N N
(A™)* — X7 = (AM)* /)G, = X

where (A™)* is the semistable locus. In other words, X is a GIT quotient up to a finite map

in the canonical way.

The affine case of the definition can be made concrete (see Theorem 1.2.1 for the projective

case).

1.1.5 Lemma. Let X be an affine G -variety over an algebraically closed field k with an
open dense G2, -orbit O. Then

(i) X = Speckl[S] for some finitely generated subsemigroup S of 7.

(ii) For S in (i), S generates Z¢ < the composition G — O — X is birational.

Proof. (i) Let A be the coordinate ring of X; then A is a G% -algebra through a left-regular
representation.? By a basic result in the theory of linear algebraic groups (Proposition A.0.3),
we can find a finite-dimensional G% -submodule W generating A. Since the linear actions
of elements of G4, (k) = (k*)? are simultaneously diagonalizable on W, W admits a weight
space decomposition and then, since an element of A is a polynomial in weight vectors, A

itself admits a weight space decomposition:
A=A,
X

where y : G¢, — G,, are homomorphisms and A, = {f € A|t- f = x(¢)f}. The inclusion
O — X is birational and it follows that dim A, < 1 (indeed, if f, g are weight vectors of
the same weight, f/g is torus-invariant and (f/g)|o must be constant). Hence, A is the
semigroup algebra of a subsemigroup S C Hom(G¢,, G,,) = Z¢ (cf. §2.1 for the last equality).
Also, S is finitely generated as S is generated by finitely many weights of the weight vectors
in W.

3In [MFK94], a left-regular representation is called a dual action.
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Finally, (ii) holds because S generates Z? if and only if k(X) = Q(k[S]) = Q(k[Z%]) =
k(G2) if and only if G — X is birational. O

Gluing affine non-normal toric varieties gives rise to a non-normal toric variety. This is

done by:

1.1.6 Lemma (gluing lemma). Let I be a category that admits a finite product and we
write i N j for the product of i, j; the notation is because if i,j are cones, the product is the
intersection of 1, 7.

Let i S;, i € I be a projective systems of finitely generated subsemigroups of Z such

that

(i) For any i — j, the induced map Spec k[S;] — Speck[S;] is an open immersion.
(it) For anyl —i,l — j in I, S; is generated by the images of S; and S;.

(11i) I is finite; i.e., it has only finitely many objects.

(iv) I has an initial object iy such that S;, is a group G ~ Z°.

We let
X = lim Spec k[S;i],

that is, X is obtained by gluing Spec k[S;] and Spec k[S;] along Spec k[Sintgi ]

Then X s a non-normal toric variety in the sense of Definition 1.1.2.

Proof. We must show X is an integral scheme that is of finite type and is separated over
the base field k.

We note that X is separated over k if and only if .S; is generated by the images of 5;
and S; for any | — 4,1 — j. Indeed, since a closed immersion is local, X is separated over
k < Speck[S;] — Speck[S;] xj Speck[S;] is a closed immersion for any | — i,l — j <
k[Si] @ k[S;] — K[S)], X" @ x* = x"+" is surjective < S is generated by the images of S;
and S; for any | — 4,1l — j.

Hence, X is separated by (ii). Since X is locally of finite type and is quasi-compact (the
latter by (iii)), X is of finite type. Finally, X is connected, as a consequence of (iv), and so

is irreducible (since local rings are integral domains.) O

4the inductive limit exists as a scheme over k ([Hart77] Ch. II, Exercise 2.12.)
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Here is a prototypical example in which the conditions of the lemma are satisfied.

1.1.7 Example. Let S C Z¢ be an additive subsemigroup. If u € S, then the localization
map

KIS = KISTIX] = KIS + N(—u)]

corresponds to S < S+ N(—u). Geometrically, this localization map corresponds to the open
immersion {x" # 0} = Spec(k[S + N(—u)]) < Spec k[S] and so (i) of the lemma is satisfied.
(Explicitly, for the index category I, we can take the category where the objects are
U, = Spec k[S][x %] and then we have the obvious contravariant functor U, — S,,.)
In the theory of toric varieties, the above assumes the following more convex-geometric
form. Let ¢ C R? be a closed cone and S, = ¥ NZ2 If 7 is a face of o, then 7 = o Nu* for

some u € S,. Since (0 + Ry (—u))Y =" N (Ry(—u))Y = 7, we find:
5; ::‘5} +'F§(__u)'

Thus, by the early discussion, (i) is satisfied for 7 — 0. As for (ii), let 7 be a cone such that 7
is the intersection of the closed cones o, 0’. By the hyperplane separation theorem, we find a
hyperplane ut = {(u, -) = 0} such that rel. int(c) C {(u,-) > 0} and rel. int(¢’) C {(u,-) < 0}.
Shrinking ut, we can also achieve 7 = o Nut = ¢’ Nut Then it is straightforward to see

that S, = S, + S,.

The next theorem is a direct generalization of the analogous statement in the normal

case.

1.1.8 Theorem. Assume the base field k is algebraically closed (for simplicity).
Let T be the category where

e the objects are pairs (I,5.)° of a category I and a projective system S, = {S;|i € I} on I
as i Lemma 1.1.6,
e a morphism ¢ : (I,S,) — (I',S)) consists of a functor [ — I' and semigroup homomor-

phisms SS’D(Z.) — S; indezed by the objects of I such that, for each i — 7, )~ S; — S

/
e(j
coincides with ST, ;) — S, — S; (in short, a natural transformation S,y — Si).

SIntuitively speaking, we can think of a pair (I, S,) as a semigroup-ed-space with the structure sheaf S,
on the space 1.
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Define the functor from T? to the category of algebraic varieties by sending a system
{Sili € I} in T? to lim, Spec k[S;].
Then this functor is well-defined. Moreover, (up to isomorphisms), each non-normal toric

variety with torus G% is in the image of this functor.

Proof. First we describe how the functor maps morphisms. Given a morphism ¢ : S, — S, in
T4, let U; = Speck[S;] and Uj = Speck[S}]. Then, for each i € I, ¢ determines a morphism
of varieties:

X /

given by k[S, )] — k[S;]. We claim that the above maps glue. Note that Uin; = U; N U; and
thus, given 7, j in /, we need to verify that U~; — U; — U;(i) agrees with Ujn; — U; — U;(j).

But, by assumption, the first one is equal to Ujn; — U s/o( — U ;(i) and the similar equality

ing)
holds for the second; whence, the agreement.

To complete the proof, let X be a non-normal toric variety with G¢ -invariant open affine
cover U;’s. Then, by Lemma 1.1.5, we can write U; = Spec k[S;]. With S; — S; induced by

U; — U;, the S;’s form a projective system of semigroups. O

We record:

1.1.9 Proposition. The functor in the theorem specializes to the corresponding functor in

the theory of toric varieties.

Proof. Omitted but is clear since the above theorem is obtained by generalizing the toric-

variety case. O

Here are some simple examples and remarks.

1.1.10 Example. Let S| = Zso, Sy = Z<o. Then {Z, S, Sy} is in T? with the inclusions
S; — Z,i = 1,2. Gluing Spec k[S;],i = 1,2 along G,, = Spec k[Z] results in P'.

1.1.11 Example. Let S; C Z be the subsemigroup generated by 2,3 and Sy = Z<y. Then
gluing Spec k[S;],7 = 1,2 along Spec k[Z] results in a non-normal toric variety X whose

normalization is P!.
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1.1.12 Example ([Oda78|, Ch. I, §2). Let X be a rational curve with a node, obtained by
identifying 0 = (0 : 1) and oo = (1: 0) on P*. Then G,, = k* acts on X but the node has no
Gyp-invariant affine neighborhood. Hence, it is not a non-normal toric variety in the sense of

Definition 1.1.2.

1.1.13 Remark. For further discussion of failure of Sumihiro’s theorem, see also [Br13].

1.2 Projective non-normal toric varieties

We shall next give a theorem describing how a graded semigroup gives rise to a projective
non-normal toric variety and, conversely, every equivariantly-projective non-normal toric
variety is of such a form.

First, we recall the notion of an equivariant line bundle. Let X be an algebraic variety X
with an action of the torus G¢,. By a G¢ -equivariant line bundle, we mean an invertible sheaf
L such that the corresponding line bundle Y;, = Specy (7" (L*)") is a GZ -variety having
the properties

(1) the projection p : Y7 — X is G% -equivariant,
(2) the action induces the linear transformation p~'(z) — p~'(¢t7' - z) for closed points

teGe and z € X.

Or, equivalently, L is a G2 -linearized invertible sheaf in the sense of [MFK94].

The next theorem is a projective analog of Lemma 1.1.5.

1.2.1 Theorem. Let S C N x Z% be a finitely generated subsemigroup and [ : N x Z¢ — N

the coordinate projection (called the level function). Then the projective variety
Proj k[S]

s a non-normal toric variety, where Proj is taken with respect to N-grading. Concretely, it is

guen as:

Proj k[S] = lim Spec k[Su], Su={z —nuln e NJz,u € S,l(x) =nl(u)}

I(u)>0
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where the colimit runs over all elements u of S with I(u) > 0 (a special case of Example
1.1.7.)

Conversely, every complete non-normal toric variety that admits a G], -equivariant ample
line bundle (cf. Question 1.2.2) has such a form; i.e., one can write X = Projkl[S| for some

graded S as above.

Proof. By construction, Proj k[S] has an open affine chart consisting of

Spec(k[S][f]o)

where Ry denotes the zero-th degree piece of a graded ring R and f are various homogeneous
elements of k[S] of positive degree. We can take the f’s here to be the generators of k[S]
and k[S] is generated by x*,{(u) > 0. Thus, the first assertion follows from Lemma 1.1.6 (cf.
Example 1.1.7).

Next, we prove the converse. By assumption, there is a G¢ -equivariant ample line bundle
L on X;so X = Proj R(L) where R(L) = ;" I'(X, L®") is the section ring of L. Then R(L)
is a G4 -algebra. Arguing similarly to the last part of the proof of Lemma 1.1.5, we see R(L)

is a semigroup algebra. O]

1.2.2 Question (of linearization). The author is unaware of a simple answer to the question:
which ample line bundle on a non-normal toric variety with torus G’, is G -linearizable.’
But here is some partial result that is marginally interesting. Let X be a complete
non-normal toric variety, and L a line bundle on it. Then, for the open dense orbit O on X,
Ll|o is trivial. Indeed, since O is a normal variety, writing Cl for the divisor class group, we

have:

Pic(O) c CI(0) ~ CI(G’,) = Cl(Speck[xy, 27", ..., 2., 2. ']) = 0.

Thus, we can write L = Ox (D) for some Cartier divisor D on X (Proof: write L = Ox(E)
for some Cartier divisor F and then take D = E — div(f) for some rational function f on X

such that div(f)|o = E|o.)

6This is one of the reasons that, in Part 2, we take a global approach when we construct a toric degeneration
(so linearization is automatic), as opposed to a local approach.
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We have that Supp(D) is G, -invariant, since each irreducible component of it is an
irreducible component of X — O. Thus, for example, if D is reduced (or more generally
Weil”), then D is invariant. Now, according to Ch. 1, §3., Proposition 1.5. of [MFK94], some
tensor power L®™ is linearizable if and only if some tensor power of L in Pic(X) is G¢ -fixed.
Thus, in that case, some tensor power of L is G -linearizable. (Note: the assumption on D

holds for example if X is Cohen-Macaulay.)

1.3 Saturation of a semigroup

Throughout Part 1, we need the notion of a saturation and some basic facts about it.

1.3.1 Definition. Given a subsemigroup S C Z¢, if G is the subgroup of Z¢ generated by S,

S = (U%S)ﬂG

n>0

then the semigroup

is called the saturation of S. Equivalently, S = R, SNG (use Carathéodory’s theorem). The

semigroup S is said to be saturated if S=38.
The next proposition gives an algebraic characterization of saturation.

1.3.2 Proposition. Let S C Z% be an additive subsemigroup, G the group generated by it
and S = RS NG its saturation. Then

S ={u e G|x" is integral over k[S]}.

Consequently, k[g] is the integral closure of k[S| in the field of fractions of k[S]. (Note: S
need not be finitely generated here.)

Proof. Since k[G] and k[S] have the same field of fractions and since k[G], the localization of

a polynomial ring, is an integrally closed domain, it suffices to show that the integral closure

of k[S] in k[G] is k[S].

"Somehow abusively, we say an effective Cartier divisor is Weil if there is no embedded component.
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If ue §, then nu € S for some positive integer n. Thus, Y™ € k[S]| and so x* is integral

over k[S]. Conversely, suppose x* is integral over k[S]; i.e., we can write
X A guxX"T g0 = 0
for some g; € k[S]. That we can cancel x"™* means we have: for some ¢ > 0,
nu=w+ (n—i)u

where x*,w € S is some monomial appearing in g,_;. Then tu € S. m

1.3.3 Corollary. If S C N x Z% is a finitely generated subsemigroup, then Projk[S] is the
normalization of Proj k[S].

Conversely, if Proj k[S] is normal, then S — S is a finite set.
To give another corollary, we recall the following algebraic fact:

1.3.4 Theorem (Noether’s finiteness theorem and converse). Let A be an algebra over a
field k such that A is an integral domain. Then A is finitely generated as a k-algebra if and
only if the integral closure of A in the field of fractions is finitely generated as a k-algebra.

Proof. The direction (=) is the standard fact in commutative algebra. The converse is a
consequence of the Artin-Tate lemma ([Ei04], Exercise 4.32). Since the integral closure is
integral and of finite type over A, it is finite over A. Thus, the Artin-Tate lemma says that
A is a finitely generated algebra over k. O

1.3.5 Corollary. In the notations of the proposition, S is finitely generated if and only z'f§
is finitely generated.

Proof. Consider C[S] and use Proposition 1.3.2 and Theorem 1.3.4. O

1.3.6 Remark. Let X = lim Spec k[S;] be a non-normal toric variety with the torus Gl =
Spec k[Z9) defined by a system of semigroups S;’s. Then S; = ¢ N Z® for some cone o;

(namely, o; is the dual of R,.S.)
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The Picard group of a torus is trivial. This fact is true more generally. We recall that a
reduced Noetherian ring A is said to be seminormal if there is no element x in the total ring

3

of fractions of A such that 22, 2% are in A but x € A. We say Spec A is seminormal if A is a

seminormal ring.
1.3.7 Theorem. Let Xg = Speck[S] be an affine non-normal toric variety.

(i) (Quillen-Suslin) If Xg is seminormal, then every finitely generated projective module
over k[S] is free; i.e., every vector bundle on Xg is trivial.
(i1) Conversely, if Pic(Xg) = 0; i.e., every line bundle on Xg is trivial, then Xg is

seminormal.

For the proofs of the above as well as the general background on the result, see Chapter

8 of [BGOS].

1.4 Some non-finite examples of semigroups

Here are some examples that do not quite fit into the framework developed in this
section but can be handled by dropping some convention. For example, in Lemma 1.1.6, the
assumption that I is finite is needed only to ensure the resulting scheme is of finite type not
just locally of finite type. In fact, in the original definition of toric varieties, Mumford allows

for an infinite fan.

1.4.1 Example. Let r; be a decreasing sequence of positive rational numbers such that
ry =1and r; — 0 as i — oo. Let 0; C R? be the ray generated by the vector (r;,1) and
;i1 C R? the cone generated by o; and ;1. Then § = {(0,0),0:, 0,411 = 1,2,... } is a
fan and so we get the variety X5 by the same way we construct a toric variety; explicitly, let

Siiv1 = 0341 N Z? and thus
Siiv1 = {u € Z*|rjuy +up > 0, ripyuy +up > 0}

Then Xj is obtained by gluing Spec k[S; ;11] along Spec k[S;], S; = ) N Z? = {u € Z*|ryu; +
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1.4.2 Example (cf. [An13] Example 5.10). We consider the graded semigroup
S={(n,a) e NxZ|0<a<3n-—1},

which is not finitely generated. Let X = Projk[S]. Explicitly, S is generated by
(1,0),(1,1),(4,3i — 1) for all integers ¢ > 0. By definition, X is obtained by gluing
Spec(k[S][x~%],) for the generators u; (cf. Example 1.1.7). We have k[S][x~ 9]y = k[x(®V]
and k[S][x=*Y]o = k[S][x~ ] = k[x®V, x~ V], Also, for each i > 0, we have:

LS~ 1]) = k@Y, x OV,

since (0,1) = (2i,3(2i) — 1) — 2(i,3i — 1). Note that k[x(V, x= O] = k[oV N (0 x Z)] for
o = (0,0) and k[x®VY] = k[¢V N (0 x Z)] for ¢ = R, (0,1). That is, the defining fan is
{(0,0),R,(0,1)}, the acting torus is Spec(k[0 x Z]) ~ G,, and X ~ Al

1.5 Further remarks on toric schemes

(This section is meant for the readers who are familiar with toric schemes.)

Throughout §1, we have limited ourselves to the case when the base ring is a field. This
restriction is easily relaxed but the more substantial reason for this restriction is because in
Part 2, we consider the more general situation; namely, a scheme X — S such that some fibers
of X are non-normal toric varieties. It will be called a toric degeneration. If, for example,
X = Spec R[S] for some k-algebra R and semigroup S C Z%, then, since R[S] = R ®; k[9],
we have:

X = Spec(k[S]) Xspec(r) Spec R — Spec R.

Hence, a toric scheme is a special case of a toric degeneration.
See also [Ogus06] for the theory of schemes arising from monoids in the context of log
geometry (the connection between here and there is an interesting one but is not within the

scope of the thesis).
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2.0 Torus actions and GIT quotients by them

2.1 Torus-lattice correspondence

Given a lattice N, we write N* = Hom(N, Z) for its dual lattice and T = Hom(N*, G,,)
for the torus corresponding to it. By the category of lattices, we mean the category of

finite-rank free abelian groups. It is known and is easy to see that the functor
N +— TN7

that is, the functor Hom(—*,G,,), is an equivalence from the category of lattices to the
category of tori.
Explicitly, if, say, N = Z% and N’ = Z", then we can identify Hom(N, N') =

{(uy,...,u.)|u; € Z%} by writing a Z-linear map as a matrix. Then the bijection
Hom(N, N') — Hom(Tw, Tn')
is given by sending the vectors uy, - -+ ,u, € Z% to the group homomorphism
Ty = () = Ty = (k%) 2 = (21, ..., 2q) — (2, ..., 2")

where we write 2 = 27" ... 23"

2.1.1 Remark. The above discussion can be used to describe an equivariant map between
non-normal toric varieties since such a map is completely determined by the restriction to
the open torus orbit.

For example, we can view P" as a toric variety with the diagonal torus G], . If X is a

non-normal toric variety with torus Ty« = G¢ = (k*)?, then any equivariant map
X =P
has the form: for x € (k*)? C X,
= (T1,...,2q) — (02"
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for some g, . .., u, € Z%. Conversely, every projective non-normal toric variety arises in this
fashion: first give a map from a torus 7" to the standard torus of P" and then take the closure

of the image of 7" in P". (cf. Proposition 1.2.1).

We can also use the above idea to describe a torus action in general in the following way

(cf. [AHO6] §11).

2.1.2 Lemma (standard representation). Let X C AN be an affine variety and GY act
on AN in the usual way. Let a torus T ~ G", act on AN through some ¢ : T — GY C

Aut(AN) = GLy. If X is T-invariant, then the action of T is given as
o) (z1,...,xy) =t 2y, ..., t"VNay)
for some u; € Hom(T',G,,) ~ Z".
Proof. This is a consequence of the preceding discussion. m

Here is an example illustrating the lemma.

2.1.3 Example (cf. Example 11.2. of [AH06]). Let X C A? be the closed subvariety defined
by 23 + x5 + x324 = 0. Let T = G2,

We let G? act on A? in the usual way and consider
T — Gh, t = (ti,ta) = (", ..., t™)

where wu; are chosen so that X is T-invariant; e.g., (4,0), (3,0), (0,1), (12, —1).

2.2 The correspondence between faces and prime torus-invariant ideals

Given a (possibly non-closed) convex cone C' C R%, by a face of C, we mean either C or a
nonempty intersection C' N v+ for some nonzero v in the dual cone CV of C; the hyperplane

vt = ker(u — (u,v)) is called a supporting hyperplane for C.

2.2.1 Lemma. An intersection of at most countably many faces is a face. Also, "is a face

of” is a transitive relation.
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Proof. Let C be a convex cone and u; in CV such that (without loss of generality) |u;| = 1.
For u = ) 277u;, we have: CNu' =N;(C'Nuj). As for the second, if C' = C'Nw* for some
vin C¥ and F = C' Nv'* for some v’ in C"Y, then, for some large a > 0, v/ + av is in CV and

F=Cn(+av)t. O

The last part of the preceding lemma can be used to give a useful characterization of a

face of a convex cone (cf. Proposition 2.2.3).

2.2.2 Lemma. Let C be a (possibly non-closed) conver cone in R and A C C a nonempty
subset. Then A is a face of C' if and only if A is convex and has the property: ©+y € A <
x,y € A for any x,y € C.

Proof. The direction = is trivial and we prove the converse. Note that the assumption
implies A is a convex cone. We shall argue by induction on dim(A~). If dim(A*) = 0, then
A spans the whole space R? and so, for each = in C, we can write = y — z for some y, 2
in A. That is, 4+ z is in A and so z is in A by assumption. Hence, A = C. Next, suppose
A+ £ 0. Without loss of generality, assume C' # R Then we can find a nonzero vector v in
CY N At since, otherwise, R? = (CVN ALY =C + A =C. Note A C C' := Cnuvt. So, by
the inductive hypothesis applied to A C C” in the space v, we get that A is a face of C’;
thus is a face of C' by Lemma 2.2.1. ]

In a semigroup algebra k[S], the torus-invariant prime ideals are parametrized by the

faces of the cone generate by S, as described in the next proposition.

2.2.3 Proposition. Let S C (Z%, +,0) be a subsemigroup. Then there is a natural one-to-one
correspondence between the set of the G¢ -invariant prime ideals of the semigroup algebra

k[S] and the faces of the cone R,.S. Precisely, given a face F, define pr by
0—pp —=k[S] 5 E[SNF] =0

where p sends x* to x" if u is in F' and to 0 otherwise. Then ¢ is a k-algebra homomorphism

and, consequently, pr is a prime ideal. Moreover,

Fi—>pF
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is a bijection from the set of the faces of RS to the set of the G2 -invariant prime ideals of

k[S] that reverses the inclusions.

Proof. Using Lemma 2.2.2; we see that ¢(x“x") = p(x*)¢(x"); hence, ¢ is a ring homomor-
phism.
Suppose p C k[S] is a torus-invariant prime ideal; i.e., as a G -module, we have p =

Duepk - x* for some subset P of S. Then, as a G -module,
k[S] = K[S]/p ® p = (Dues—pk - X") B p.

Since p is a prime ideal, we have u +t € S — P < u,t € S — P.

Now, let F' =R, (S — P). We easily see F satisfies the condition of Lemma 2.2.2 above
and so F' is a face of the cone R,.S. Moreover, we have SN F' = S — P. Indeed, the inclusion
D is trivial. Conversely, if u € S is in F', then nu € S — P for some integer number n > 0.

But then, in £[S]/p, X" # 0 and so x* # 0; i.e., u € S — P. O

2.2.4 Corollary. There is a natural bijection preserving the inclusions:
{ the faces of R,.S } 5 { the G -subvarieties of Speck[S] }.

(cf. Proposition 2.3.4.)
Here is a simple example illustrating the proposition.

2.2.5 Example (projective space). Let X = P? = Proj k[, ..., z4] be a projective space,
where x; = x“. For each subset I C {0,1,2,...,d}, let

pr = (ZL’I|Z < I)

be the ideal, which is G¢ -invariant and corresponds to the face Fy generated by e; with i & I.
Note: klxo,...,zq]/pr ~ k[N? N Fy] as k-algebras.

Let Z; = Projk|xg,...,zq]/pr = Projk[S;]. Then Z; is a projective space with the
homogeneous coordinate z;,7 € I. Then Z; is a toric variety with the open dense orbit

consisting of the points whose coordinates are all nonzero.
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2.3 Orbit-closures

We first note the useful characterization of k-points on non-normal toric varieties (in fact

schemes):

2.3.1 Lemma. Given a subsemigroup S C (Z%,+,0) and a field k, let Xs = Spec(k[S]). Then
the set of k-points Xs(k) on Xg can be identified with the set of semigroup homomorphisms
S — (k,*). In particular, if S is a group, then Xg(k) consists of the group homomorphisms
S — k*.

Next, if G(S) is the group generated by S (which is free of finite rank) and T =
Spec k[G(S)] the torus given by it, then the action of T(k) on Xg(k) is given by: t €
T(k),u€esS,

(t-2)(u) = t(u)o(w).

Proof. The first part is easy; we have: Xg(k) = Morgpecx(Spec k, Xg) = Homy ae(K[S], k).
Then each k-algebra homomorphism ¢ : k[S] — k determines a unital semigroup homomor-
phism ¢" : S — k by ¢'(u) = ¢p(x*), and conversely.

For the "next” part, the torus action 7' x Xg — Xg corresponds to the algebra homo-
morphism

o 1 k[S] = K[G(9)] @k k[S], x* — X" ® x“

(see Definition A.0.1). Now, let ¢ = (t,z) € T'(k) x Xgs(k) = Hom(k[G(9)] ®% k[S], k) be
given. By pullback, o induces o#* : T(k) x Xs(k) — Xg(k). Unwinding the formula,

o () (X*) = (X" @ x*) = t(x")x(x*) = t(w)z(u).
0

2.3.2 Remark (complex points of Xg). Regardless of the base field k, the lemma allows us
to speak of the complex points of Xg:

Xs(C) := Hom(S, C)

as well as the action of the complex torus GJ,(C) = (C*)" on it. In Part 3, this fact will be a

basis for the use of the tools from symplectic geometry.
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When no confusion is possible, we will often write 7" or Xg for their sets of k-points T'(k)

or Xg(k).

2.3.3 Lemma. Assume the base field k is algebraically closed. Let X = Spec(A) be an
affine variety with an action of a torus T ~ G] . Let O C X be an orbit. Then the closure

O = Speck[S] in X is a non-normal toric variety that is a T-invariant subvariety of X .

Proof. 'We know O is open in its closure (e.g., [Sp98] Lemma 2.3.1. (i)). Hence, it follows
from Lemma 1.1.5 (i) that O = Spec k[S] for some semigroup S. O

The next proposition explains how to parametrize the orbits in an orbit closure. (For
simplicity, we only consider the affine case; for the non-affine case, generalize [Ful93] §3.1.).

2.3.4 Proposition. Assume the base field k is algebraically closed. Let X be an affine
T-variety and O = Speck[S] C X an orbit closure. For each face F of R,.S, let

Op = Speck[G(S N F)]

with G(S N F) = the group generated by S N F. Then each OF is a T-orbit of dimension
dim F' such that O = Spec k[S N F] and there is the orbit decomposition:

O=||or
F
where F' runs over all the faces of R..S.

Proof. To see O is an orbit, using Lemma 2.3.1, define the k-point 2 € O = Spec k[S] by

1 fueSNF
wru) = 0 el
else.

Then one can show Op =T - zp (to be precise, the equality of k-points). The remaining

assertion follows from Proposition 2.2.3. O

2.3.5 Corollary. Op C Op < F is a face of F'.

2.3.6 Corollary. The irreducible components of the boundary of O correspond to the facets
Of R+S

2.3.7 Corollary. If O is normal (i.e., is a toric variety), then the orbit closures contained

i O are also normal.

29



2.4 Normal fan and moment polytope

In this thesis, we use the following slightly non-standard notion:

2.4.1 Definition (7T-ring). Let A be a ring and 7' = G’,. Then a T-ring' is, by definition,
a Z"-graded ring.

If the ring A contains a field, then a T-ring is the same thing as a ring together with the
action of T" as Z"-grading preserving algebra homomorphisms such that A admits a weight
space decomposition. The point of the notion is that even when A does not contain a field,
we can treat A as if there is a torus action.? Thus, for example, we write A” for the zero-th

degree component of A and speak on weights as opposed to multi-degrees.
We note:

2.4.2 Lemma (Reynolds operator). Let A be a T-ring. Then there is a AT-linear map
P:A— AT (ie., AT — A is a split injection). Moreover, P is a ring homomorphism if

A= @XZO Ay in particular, in that case, the kernel is an ideal.

Proof. The first assertion is clear. For the second, given f, g in A, we write f = P(f) + f+
and g = P(g) + g1. Then P(fg) = P(P(f)P(9) +---) = P(f)P(9). O

Each graded T-ring comes with the natural convex set:

2.4.3 Definition. Let R be a graded T' = G] -ring. Then the weight convez-set of R is the

convex hull

A(R) = conv{u/n|n e Nyu e Z", R, ,, # 0}

in R".
If R is generated by some finitely many homogeneous T-weight elements x; of degree n;,
then A(R) is the convex hull of x;/n;; thus is a convex polytope and in that case, A(R) is

called the moment polytope of R or the weight polytope of R. The term ”"moment” comes

from a moment map in symplectic geometry. To be pedantic, —/A(R) should be called the

'In this thesis, we never consider non-split T-rings.
2More officially, we can do this by considering torus action over the ring of integers Z but that will involve
formalisms that we prefer to skip.
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moment polytope (since that is the image of a moment map), but we like to ignore this
distinction (except when the distinction matters).

Moreover, if X C PV is a closed subvariety carrying R as a homogeneous coordinate ring,
then the moment polytope Ax of X is A(R). Similarly, if L is a T-equivariant ample line
bundle on X, then we let Ax(L) = Ax(R(L)) where R(L) = @, I'(X, L®") is the section
ring of L.

Each convex polytope gives rise to a fan of convex cones.

2.4.4 Lemma (normal fan; cf. Example 2.4.9). Let P C R be a convex polytope with

nonempty interior. For each face Q of P, let
og=(P+(-Q))" CR%

Then {og|Q is a face of P} is a fan, called the normal fan to P. The mapping Q — oq is
an order-reversing bijection from the set of faces of P to the fan; in particular, op = 0 is the
origin and the facets = mazimal proper faces of P correspond to the rays. Also, it is complete

in the sense that RY = |J, oq.

Proof (after [Ful93] §1.5). Since {0g|@} is unchanged after translating and rescaling P,
without loss of generality, we can assume the interior of P contains the origin.

For each face ) of P, we write é for the cone over 1 x @ in R'*?. Then @ is a proper
face of P. By duality ([Ful93] §1.2), Q — PV N Q' is an order-reserving bijection from the
set of the faces of the cone P to the set of faces of PV. Let 7 : R1+4 — R4 be the projection.
Since 0 is in the interior of P, it is easy to see that oo = W(ﬁv N QVL) and the set {og|Q}
corresponds to the set of faces of PV. This proves the first and second assertion. The last

assertion is not hard to see. O

The above lemma applies in particular to the moment polytope. Before applying the
lemma, we clarify the algebraic meaning of a projective variety. First, we note some basic

properties of Proj:

3that is, either Q = P or Q is nonempty and @ = P N {(-,v) = a} for some real number a and a nonzero
vector v such that P C {(-,v) > a}
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2.4.5 Lemma. Let R be a graded ring and, given a non-nilpotent homogeneous element f
of R of positive degree, let @y be the function from the set of homogeneous ideals of R not
containing f to the set of proper ideals in R[f~']o given by

(1) == IR[f""]o = IR[f'] N R[f']o.

Then

(i) s : {homogeneous prime ideals of R not containing f} — Spec(R[f o) is a bijec-

tion with the inverse

v q— P € Rulg™®! /1" € a}.

n=0

Note: geometrically, ¥y amounts to taking the closure of V(q).
f
(it) @y commutes with primary decomposition away from f in the sense: if I = M;Q); is a
primary decomposition, then ps(I) is the intersection of primary ideals @ ¢(Q;) over all i

such that f € /Q; and
o5 {Qilf & V/Qi} = { primary ideals of R[f™"]o }

15 well-defined and injective.
(iii) For each integer m > 0, the function p — p N RM™ is a well-defined bijection from

Proj R to Proj(R™) with the inverse q — \/qR.

Proof. (i) is [Val7]| Exercise 4.5.E.

(ii) First recall that Assgr(R/I) N{p|f & p} Pl Assp—11((R/I)[f71]) is a bijection
([Bou, Ch. IV, 1, no. 2, Proposition 5.]). By (i) or by a direct argument, given distinct
prime ideals p,p’ of R[f~!], we have that pg,p}, are distinct.

(iii) The "well-defined”-ness is clear. Next, given a homogeneous prime ideal p in Proj R,
let ¢ = pN R™. We claim: p = /qR. Indeed, the inclusion ”D” is because p O qR.
Conversely, since p is homogeneous, we can choose homogeneous generators z;’s of p. Then
™ € R and so 7 € pN R™ = q; thus, 2; € v/qR, proving the claim. The claim implies
that p is uniquely determined by p N RI™; i.e., the function in the assertion is injective. The

surjectivity follows easily from Lemma 2.5.1 (iii) or, alternatively, from (i) and the equality

R™[(f™) o = RIfo- O
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2.4.6 Proposition. Let R be a Noetherian graded ring such that Ry = k is a field, X = Proj R
and Ox () denote the quasi-coherent Ox-module associated to R(l) where R(l) is the Z-graded
R-module whose n-th degree piece is Ry y,.

Then the following are equivalent:

(i) X is a projective variety over Ry = k; i.e., X is a geometrically reduced and geomet-
rically irreducible and for some r,m > 0, X < P" in such a way that Ox(m) is the

restriction of Opr(1).

(ii) There is a graded Noetherian geometrically integral domain S over k* and a finite

injective ring homomorphism S — R that is graded of some degree m (i.e., S; goes to
Rim).

(iii) The zero ideal (0) @1 k = (0) of R ®y k® is either (1) primary or (2) an intersection
of primary ideals Qq, Qs such that \/Qy is the nilradical of R and \/Qs = Ry @y k.

Assuming that R satisfies the above equivalent conditions, if Ry ®x k does not consist of
nilpotent elements (in particular Ry # 0) and (0) ®y k is primary; i.e., the first case in (iii),

then R 1s geometrically an integral domain.

Proof. Throughout the proof, we assume k = k. (i) = (ii): Take S to be the homogeneous
coordinate ring. The converse (ii) = (i) is valid since Proj S ~ X.

(ii) = (iii): By Lemma 2.4.5, given a non-nilpotent homogeneous element ¢ of R, , we
have that either (0) is primary or (0) = Q1 N Q2 is a primary decomposition such that /Q;
is the nilradical and g € \/Q,. Since g is arbitrary, we must have either (0) is primary or
(0) = Q; N Q3 where \/Q, is the nilradical of R and v/Qy = R,.

(iii) = (i): Clear.

To see the last assertion, choose some non-nilpotent degree-one element g € R. Then,
by (i), X, = Spec(R[g~Y]o) is a variety; thus, R[g~!]y is geometrically an integral domain.

Thus, if = is a homogeneous zerodivisor of R of degree n, then, since x is nilpotent as (0) is

4A (commutative associative) k-algebra A is a geometrically integral domain if A ®j k is an integral
domain for the algebraic closure k of k. The authors is aware that ”geometrically” is adverb so the term is
grammatically problematic (but not so mathematically).

°k denotes the algebraic closure.
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primary, we have that z/¢" is zero in R[g~!]y. That is, z is in the kernel of R — R[g~];

i.e., g"x = 0. Since (0) is primary and ¢ is not nilpotent, x = 0. ]

The above proposition prompts us to use the following:

2.4.7 Definition (Proj R is a projective variety). Given a Noetherian graded ring R, we
shall say "Proj R is a projective variety” if the equivalent conditions of the above propositions

are met.

The next proposition describes the relation between the moment polytope and the fan

arising from it.

2.4.8 Proposition. Let X = Proj R be a projective variety over an algebraically closed field
of dimension d and assume T = G2 acts on R as grade-preserving automorphisms. Assume
that the multiplicities are one; i.e., dim R, , <1 for each integer n > 0 and a character x of
T.

Then the normalization X™" of X 1is the toric variety associated to the normal fan to
A(R). Moreover, there is a bijection between the set of the irreducible components of X™"—

the open dense T-orbit and the facets of A(R).

Proof. By Theorem 1.2.1, we can write R = k[S] for some finitely generated subsemigroup
S Cc NxZ Let P = A(R) and P the cone over it. Then P N Z is the saturation of S
and so Proj of k’[ﬁ N Z'*4] is X1, Finally, it is clear that the toric variety determined by
the normal fan to P = A(R) is X" (see [Ful93] §3.4.) O

The next example is closely related to the Delzant construction (that we will discuss

much later in §10).

2.4.9 Example. Let P = [—1,1]> C R? be the square centered at the origin. Then

P = (U7 x [-r,7]?) and PV is the cone over the convex set
{v e R*}(u,v) <l,u€ P} ={veR} +v, v, <1},

called the polar set of P. Thus, the fan looks like the one in [Ful93, page 12] [Ful93] §1.4.
page 21, very bottom and, therefore, the toric variety associated to P is P! x P!,

By exactly the same reasoning, the toric variety associated to the n-cube [—1,1]" is (P!)™.
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We record the following observation:

2.4.10 Proposition. Let S C NxZ% be an additive subsemigroup, which we view as a graded
semigroup with the grading given by the N-factor; i.e., S = @y S, where S, = {z|(n,z) € S}.
Then S is finitely generated if and only if the weight convez set (Definition 2.4.3) attached

to the graded ring R = C[S] is a polytope.

Proof. By Corollary 1.3.5, we can assume S = S is saturated and then the assertion is

clear. 0

2.5 Torus-invariant prime ideals

For later references, we record a few facts on torus-invariant prime ideals. We note the
next lemma applies in particular to a graded ring; in fact, it is a generalization of the graded

case.

2.5.1 Lemma. Let T =G"

m?’

r >0 be a (possibly trivial) torus and A a T-ring.

(i) A T-ideal I of A is a prime ideal if and only if (1) I is a proper ideal and (2) for each
T-weight vectors f,qg, fge I = f,ge 1.

(ii) If p is a prime ideal, then p* = @D, p N Ay is the smallest prime T-ideal contained in
p. In particular, a prime ideal p is a T-ideal if and only if p = p7.

(i4i) We write Spec’ (A) for the set of all prime T-ideals of A. If B C A is a T-equivariant

integral ring extension of T-algebras, then the natural map

Spec’ (A) — Spec’ (B), p—pN B

1S surjective.

(iv) If A is an integral domain that is a finitely generated as a k-algebra, then the map in
(iii) preserves heights; i.e., ht(p) = ht(p N B).
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Proof. (i) and (ii) can be shown easily. For (iii), given a q in Spec’ B, since A is integral
over B, we can find a prime ideal p of A lying over q; i.e., q=pNB. Then qN B, CpN A,
and so q = g C p* N B. Since the opposite inclusion is trivial, we conclude p* N B = q.
(iv) is [HS06] Proposition 4.8.6. More directly, one can show it by Nagata’s altitude
formula ([Ei04] Exercise 13.12.). O

2.5.2 Lemma. In the setup of the preceding lemma, let M be a finite T-equivariant A-module.
Then each associated prime of M, if any, is a T-ideal; i.e., Ass(M) C Spec’ A.

Proof. This is [Ei04] Exercise 3.5. (b) O

2.5.3 Proposition (torus-invariant primary decomposition). Let I be a T-ideal in a Noethe-

rian T-ring A. Then

(i) I is an intersection of a finite number of primary T-ideals.

(11) If I is an intersection of some finite set E of primary T-ideals, then I, is the inter-

section of {Qy|Q € E} where the subscript x means the weight space of weight x.

Proof. (i) We repeat the usual proof® of the existence of a primary decomposition. Replacing
A by A/I, we assume [ = 0. Since we already know Asss(A) is a finite set, we only need
to show the intersection J of all T-primary ideals is zero. Suppose otherwise; then Ass4(J)
is nonempty and by Lemma 2.5.2, it contains a T-invariant prime ideal p. Consider the set
{I|I a T-ideal of A,p & Assa(I)}. Let @ be a maximal element of the set. If @) is not primary,
that is, if A/Q has at least two distinct associated primes (both of which are T-invariant),
then we can find a T-ideal I D @ such that A/p’ ~ I/Q for some prime ideal p’ not p. Since
Assa(I) C Assa(Q) U Assa(1/Q), we have p & Assa(I) and so this is a contradiction to the
maximality of (). Hence, () is a primary ideal and J C Q). But then p € Assy(J) C Assa(Q),

a contradiction.

(ii) Clear. O

6A proof in Bourbaki’s commutative algebra textbook.
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2.6 Graded Nakayama lemma

We record the graded Nakayama lemma for later use. Our presentation is a minor
extension of Melvin Hochster, Math 711: Lecture Note of September 18 from Math 711, Fall
2006.

2.6.1 Lemma (graded Nakayama lemma). Let A be a G,,-ring and I a G,-ideal such that
[ C A+ — ®X>O AX'
For each G,,-equivariant A-module M such that M, =0 for x < 0, the following hold:
(i) IfIM = M, then M = 0.
(ii) Each finite set of T-weight vectors generating the A/I-module M /IM lift to a set of

T-weight vectors generating the A-module M .
In particular, M is finite over A if and only if M/IM is finite over A/I.

Proof. (i) (cf. [Ei04] Exercise 4.6.) Assume I # 0; otherwise there is nothing to prove. We
write I = L, ® (By>yoly) Where I,, # 0 with xo > 0. We shall show M, = 0 for each x € Z.
Choose a large enough n > 0, depending on x, such that M, = 0 for u < x —nxo. Then
My = (I"M)y = &,(I")uMy— = 0.

(ii) is a standard consequence of (i). O

We say a ring homomorphism A — B is finite if B is finitely generated as an A-module

through the homomorphism.

2.6.2 Corollary. Let A, B be G,,-rings such that A, = 0 for x < 0 and similarly for B.
Assume that /By is a finitely generated ideal of B (e.g., B is a Noetherian ring).

Then each G,,-equivariant ring homomorphism A — B is finite if and only if A®m — B®n

is finite and \/JAL B = /By, where we write A, = ®x>0 Ay and similarly for By.

Proof. (=) B/A4B is finite over Ay = A/A,; say, B/JA:B = Y] Aoz;. Thus, for each
> o == max;(wt(T;)), we have (B/A,B), = 0. For I > 0, we then have B}, C B, =
D, (A+B), C AL B. Since Ay B C By trivially, we get that /B, = /A, B.

(<) By assumption, we can choose some large [ > 0 so that B, C \/B+l = \/Z+Bl C

1> o

A, B. Now, choose some G,,-weight vectors z; that generate B as a B®m-algebra and are such
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that wt(z;) < wt(x1). Now, for each u > 0, if y € B, we can write y = > . Fj(x1,...,7,)
for some monomials F; with coefficients in B®™ such that wt(Fj(x1,...,z,)) = u for each j.
Then

p=wt(Fj(xq,...,2.)) < wt(Fj(zq,...,21)) = deg(F};) wt(zq).

That is, for p > [ wt(x;), we have: (B/AyB), = 0. Now, each degree piece (B/A,B), =
B, /(A4 B), is finite over B®" as B, is finite over B (since B, is spanned by finitely many
monomials in z,;’s). Hence, B/A, B is finite over B®"; thus over A®" = A/A,. Hence, B is

finite over A by the graded Nakayama lemma. O

2.7 GIT quotients by torus

This subsection includes few materials on geometric-invariant-theory quotients or GIT

quotients, that will be referred in §7.

2.7.1 Definition. Let X = Proj R be a projective variety and a torus 7' = G/, act on R as
graded automorphisms. Let X = V(RTR) C X be the closed subscheme defined by the
ideal generated by Rz; it is called the unstable locus. Then the inclusion RT C R induces the
morphism

. X% = X//T

where X** is the complement X — X" called the semistable locus.” It is called the GIT or

geometric-invariant-theory quotient of X by T.
Immediately out of the definition, we have:

(i) Since T acts trivially on X//T and 7 is evidently T-equivariant, 7 is T-invariant; i.e.,
m oo = o py for the T-action o : T' x X — X and the projection py : T"x X — X.
In particular, 7(O) is a point if O is an orbit.

(ii) If Z C X is an invariant closed subset, then Z%° = Z N X*°.

The GIT quotient parametrizes equivalence classes by orbit closures on X*°:

"The English language breaks down a bit here: the unstable locus is, more correctly, the non-semi-stable
locus.
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2.7.2 Lemma. In the setup of Definition 2.7.1,

(i) For each invariant closed subvarieties Z,W C X**, w(Z) is closed in X//T and
T(ZNW)=n(Z)Nnn(W).

(ii) For each pair of orbits O,0" on X*°, we have: O N O' N X** # O if and only if
m(0) = 7w(0").

(iii) Each fiber m=1(y) is nonempty and contains a unique orbit O that is closed in X*%;

i particular, T is surjective.

Proof. (i) Let Z, W denote the closures of Z, W in X and I, .J the defining ideals in R of
Z,W. Note 7(Z) is closed since it is defined by the ideal I” of R”. Note that I + .J is then
the defining ideal of ZNW and 7(Z) N 7(W) is defined by I” + JT. On the other hand,
since I,.J are T-modules, (I + J)T =17 + JT.

(ii) By (i), 0ONO' NX* % 0 < 7(0”) Na(0O”) # 0. Since 7(0™) € 7(0) = a
point, 7(0”") = 7(O) and similarly for O’. Thus, 7(0™) N7 (0"") # 0 < 7(0) = 7(0").

closed

(iii) For the "moreover” part, if q, is the defining homogeneous prime ideal of y, then
4, = (q,R)" and so 7 is surjective. The uniqueness of a orbit closed in X** follows from the

first part. n

The next example shows that a GIT quotient may be thought of a generalization of a

vector bundle (when the action is not twisted).

2.7.3 Example. Let A be a graded Noetherian integral domain such that Ay = k is the
base field and let R = A[z] with an indeterminate x having degree one. Let G, act as
grade-preserving automorphisms on R so that A consists of G,,-invariant elements and x has
weight one.

Let X = Proj R and Y = Proj A. On the affine cone level, we have Spec R = Spec A x Al
We have A = R®» X" = V(A,R) and 7 : X** — X//G,, = Y is the GIT quotient.

Explicitly, if g € A is a homogeneous element of positive degree, then we have:

g Xy =Y, =X, //Gy,
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given by® A, = R%)” > R(y. If g has degree m, Ry = A(y)[z™/g] and thus X, =Y, x A
and 7, is a projection; i.e., 7 is a line bundle over Y. In other words, X is a ”compactification”
of a line bundle over Y where X** amounts to the locus of boundary points.

Next, suppose G], act on R in such a way z is G -invariant. Let T'= G], x G,,. Then,
with respect to T, A is spanned by homogeneous weight vectors of weights of the form
(*,...,%,0) while z has weight (0,...,0,1). Also, X“* = V(ALR), since RT = A”. Since
R/ATR ~ A/AY[z], we have: dim X** = dimY™"* + 1, where, if r = 0, then Y is empty and
has dimension —1. We also note that Y** is the same as Y"$®n  the unstable locus on Y

with respect to Gj,,.
The semistable loci behave compatibly under a finite map:

2.7.4 Proposition. Let S C R be graded rings such that S is a subring and S — R is
graded. Assume T = G] act on R, S as graded automorphisms in such a way S — R is

T-linear. If R s integral over S, then

\/STR=\/RIR.

In other words, for f : X = ProjR — Y = Proj S, we have: as sets, f~1(Y"$) = XS,

Proof. Cleary, \/STR C \/RYR and so we need to show RT C \/STR. For that end, let f

be in RY. Since f is integral over S, we can write

fftgf" 4 ga=0

for some g; € S;. Let P : R — R be the projection (Lemma 2.4.2). Then, since P is
R”-linear,

T+ P(g) "+ + Plgn) = 0.

Since R NS c ST, this is to say f" is in SIR. O

We record a few lemmas:

o

SHere we use the notation —(4) = —[g
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2.7.5 Lemma. Let X = ProjR a projective variety such that a torus G, acts on R as
graded automorphisms and 7 : X* — Y = Proj(R®") a GIT quotient. Let m: X** — Y
be a GIT quotient of a projective variety X = Proj R by a torus as in the previous lemma.
Then, for each geometrically connected closed subscheme Y' CY, the pre-image m='(Y") is

geometrically connected.

Proof. Without loss of generality, we assume the base field is algebraically closed. Suppose
7~ 1Y) is not connected; then we can write 7= '(Y’) = Z; U Z, for some disjoint closed
invariant subsets Zi, Zs; namely, one can take Z; to be a connected component and Z,
the union of the rest of the components. Since the Z;’s are invariant, 7(Z;) are closed and
w(Zy) N7(Zy) = n(Zy N Zy) = (Lemma 2.7.2 (i)). Since Y' = 7(Z;) Un(Z,) and since Y’
is connected, we have say Y’ = 7(Z;), which contradicts the fact that 7(Z;) and 7 (Z,) are

disjoint. ]
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3.0 Preparation from intersection theory

The purpose of this section is to collect the definitions and some fundamental facts in
intersection theory for later use; especially in Section 8. In this section, we introduce a group
that can be used as a substitute for a Chow group; the former is sheaf-theoretic as opposed
to cycle-theoretic and is more convenient for our purpose. The theory of this group is fairly

standard; among many references is [Ha09].

3.1 Definition of intersection numbers

Let X be an algebraic scheme (= a scheme that is of finite type and separated over the
fixed base field) and G(X) denote the Grothendieck group of coherent sheaves on X. For
each line bundle L on X, let ¢1(L) be the endomorphism of the group G(X) given by: for
each class [F],

a(L)[F] = [F] - [L7' ® F].
Intuitively speaking, we think the above means we are intersecting F' with L. In fact,

3.1.1 Lemma. Let L be a line bundle on X, Y C X a closed subscheme and D an effective
Cartier divisor on'Y such that Oy (D) ~ L|y. Then

c1(L)[Oy] = [Op].
Roughly speaking, D represents the intersection between L and Y .
Proof. Viewing D as a closed subscheme of Y, we have the exact sequence
0= Oy(—D) = Oy - 0Op —0

where, by abuse, Op above is the pushforward of Op along D — Y. From this we get:
[Oy] = [Oy(—D)] + [OD] = [Lil (9 Oy] + [OD] ]

We cite the following fact.

42



3.1.2 Lemma. For any line bundle L on X and any [F] in G(X),

dim Supp(cy (L) F) < dim Supp F — 1.

Proof. This is [K105] Lemma B.5. O

Now, for any line bundles L and M on X, we have:

a(L)ey(MF=F -L'@F -M'@F+L'@M'@F

= e(L)F + e,(M)F — ¢;(L ® M)F.

Note that the expression in the right-hand side is symmetric in L and M; thus, ¢;(L) and

c1(M) commute.

3.1.3 Definition (Kleiman et al). If L,,..., L, are line bundles on X and F a coherent
sheaf on X whose support is proper over the base field & and whose irreducible components

have dimension at most r, then their intersection number is defined as

(Ly-... Ly F) = x(X,c1(Ly) - er (L) F).

Equivalently, it is the coefficient of []n; in the multi-Hilbert polynomial:

(X, LM @@ LE™ @ F).

(The Riemann-Roch formula gives the explicit form of this polynomial; see Proposition 3.1.8).

If V is a complete subvariety of X of dimension r, then we let

(Ly-... Ly V)= (Ly-...- L, - Oy).

We have the following notion:
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3.1.4 Definition (topological filtration; cf. [Ful98] Example 15.1.5.). We can filter G(X) by
G(X)<r = {[F][ dim Supp F' < r}.

It is an increasing filtration called the topological filtration. We then form the associated

graded group:
gr'? G(X @G )<r/G(X)<p_1.

Because, in this paper, we only use the topological filtration, we will usually drop "top” here.

In view of Lemma 3.1.2, ¢;(L) is also an endomorphism of gr G(X) and the early formula

now reads:

Cl<L (%9 M) = Cl(L) + Cl(M).
The topological filtration is relevant in the following.

3.1.5 Remark (Riemann-Roch theorem in Fulton’s Intersection Theory). Let C be the
category of algebraic schemes = schemes that are of finite type and separated over the base
field. Also, let Cp, be the subcategory of it that has the same set (or class) of objects as C
does but the morphisms there are proper morphisms.

For each algebraic scheme X, we write A(X) for the Chow group of X and Ag(X) =
A(X) ®z Q. If K(X) denotes the Grothendieck ring of vector bundles on X, the Chern
characters determine the K (X)-module structure on Ag(X): namely, if E is a vector bundle
and « is a class in Ag(X), then £ -« = ch(F)a, where we viewed ch(E) as an endomorphism.
Then Ag is a functor from Cp, to Modg(xy = the category of K (X)-modules.

Similarly, G(X) has the structure of a K (X )-module given simply by tensor product and
G : Cyp — Modg(x) is a functor. Then Theorem 18.3. of Fulton’s book says that there is a

unique natural transformation

7:G = Ag,
satisfying the properties generalizing those of the usual Riemann-Roch formula.

The key consequence of the Riemann-Roch theorem in the above remark for us is the

following;:
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3.1.6 Proposition. For each algebraic scheme X, V — Oy induces the isomorphism:

Ag(X) ~ gr Go(X),

where, as before, Gg(X) = G(X) ® Q.

Proof. This is the consequence of one of the properties of 7 (namely, (5) of Theorem 18.3.
of [Ful9g].) O
3.1.7 Remark (G v.s. gr G). As a vector space, gr Gg(X) and Gg(X) are isomorphic.

The next proposition shows our definition (Definition 3.1.3) coincides with the usual one

(up to the difference between A and gr G).

3.1.8 Proposition (Example 18.3.6. in [Ful98]). Let X be a complete variety, F' a coherent
sheaf and Ly, ..., L, line bundles on it. Then

1 A
XXM @@ L @ F) Z —(mei(Ly) + -+ nper (L)) 7 (F);

where Tx (F'); is the j-th component of Tx (F) in Ag(X). In particular, it gives the coefficient
Of H n;.

Proof. By the Riemann-Roch theorem discussed in Remark 3.1.5, for £ = L®™" ® - - @ L&,

we get:

Tx(E X F) = Ch(E)Tx(F)

Note that ch(E) = emallv+-tnrei(ls)  Taking degree; i.e., the pushforward along the

structure map X — *, we get the asserted formula. O
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3.2 A few facts on toric varieties

Finally, we record the following that generalizes the corresponding one for toric varieties.

3.2.1 Proposition. Let F(X) denote either the Chow group of X or gr G(X). Assume X
has a cellular decomposition; i.e., a filtration X = Xq3 D X411 D ... X9 D X_1 =0 by closed
schemes such that X; — X;_; is a disjoint union of U;; isomorphic to affine spaces.

Then F(X) is generated by the classes of the closures Zi; in X of Us; (or of Oz, ).
Proof. This is [Ful98] Example 1.9.1. O

3.2.2 Corollary. If X is a non-normal toric variety, then F(X) is generated by the classes

of the orbit closures.
For the use below, we recall:

3.2.3 Lemma. Let X C P" Y C P™ be closed subvarieties. Suppose there exists a finite

surjective morphism X — 'Y that is given by some projection from P", away from some closed

subset, to P™. Then deg(X) = deg(Y).

Proof. Let R, S be the homogeneous coordinate rings of X, Y, respectively. By assumption,
S is a subring of R such that S < R is grade-preserving and finite. Thus, the S-module R/S
is finitely generated and so we can choose some homogeneous element f such that fR C S.
Thus,

dim R,,_geg(f) = dim(fR), < dim S, < dim R,,.

Since deg(X)/dim(X)! is the leading coefficient of the Hilbert polynomial of R, the assertion
follows. O

The next proposition is a direct generalization of the corresponding fact for a toric variety
(this proposition and related results appear in a greater generality in [KK12].) The results of

Part 3 can be viewed as a multi-graded or T-equivariant generalization of the proposition.

3.2.4 Proposition. Let V' be a finite-dimensional vector space over an algebraically closed
field k and assume the torus T = G% acts on V as linear automorphisms. Then T acts

on the projectivization P(V') of V.. Let X C P(V') be the closure of some T-orbit such that
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dim X = d (so that X is a non-normal toric variety). Then the degree of X in P(V') is given
as

where Ax C R? is the moment polytope of X (Definition 2.4.3) and voly refers to the standard
Fuclidean volume.

In other words, the leading term of the Hilbert polynomial x(X, Opny(n)|x) of X is
VOld(Ax) nd

Proof. By Theorem 1.1.8, we can write R = k[S] for some finitely generated subsemigroup
S of (N x Z% +), where N corresponds to the grading on R. We write S, = {z|(n,z) € S}.
Then we have dim R, = #(S,, N Z4).

Now, by Lemma 3.2.3, without loss of generality, we can assume S is saturated; i.e.,
S, = nP N Z< for some convex polytope P. Then, by the Riemann sum approximation,

— —d _ Yiny —d d
/de—nh_)ﬂgo Z n~ % = lim n #(nP NZ).

n—oo
zePNLzd

]

The last part of the above proposition does not generalize to the lower terms of the
Hilbert polynomial because X is not necessarily normal. This motivates the construction in
the next section.

In the next proposition, it is crucial that X is normal.

3.2.5 Proposition. Let X be a complete (normal) toric variety and L a line bundle generated

by global sections. Then H' (X, L) =0 for each i > 0.
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4.0 A non-normal toric variety as a toric variety with extra data

The normalization of a variety gives the functor

X s X0

from the category of non-normal toric varieties with torus G¢, to the category of toric varieties
with torus G¢ (the functoriality is because the morphisms here are dominant; see the proof
of Theorem 4.1.6). This functor is not an equivalence, of course. The purpose of this section

is to show that the above can be modified to the functor

X — (X" &x)

so that it is an equivalence from the category of non-normal projective toric G% -varieties
to the category of projective toric G¢ -varieties together with eztra data &. Concretely, &
consists of non-normal toric varieties Y7,...Y, of strictly smaller dimensions together with
maps f; from closed invariant subschemes Y, of X to Y.

The construct thus allows one to inductively apply the results in the theory of toric
varieties to non-normal toric varieties. As a example of this, we show the Hilbert polynomial
of a non-normal toric variety equivariantly embedded into a projective space is some finite

sum of Ehrhart polynomials.

4.1 Non-normality data

We introduce the notion of an extra data on a toric variety that can be used to construct

a non-normal toric variety from it. Precisely,
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d

m?

4.1.1 Definition. Given a (normal) toric variety X with torus G¢,, a non-normality data
on X is a triple (Y, Y, f) consisting of a G¢ -invariant closed subscheme Y’ # X of X, a

G? -scheme Y and an equivariant map f : Y’ — Y such that (1) the pushout
Xe=XUpY

is a variety and (2) the natural map X — X is finite, equivariant and surjective and (3)

Y — X is a closed immersion. The data fits into the diagram:

Ye—— X

P

Yo X,

Intuitively, X is obtained by identifying a closed subscheme of X with Y through f. Usually,
f is called the attaching map and X¢ is said to be the result of attaching X to Y via f.

4.1.2 Remark. Some readers might find the following analogy to a construction in algebraic
topology helpful. In algebraic topology, given a space Y, an n-disk D" (called n-cell) with
boundary S” ! and a map f: S" ! — Y, the pushout

D"U;Y

is called the space obtained by attaching D™ to Y along f. For example, one can do such
attaching finitely times to some finite set of points and the resulting space is called a spherical
complez (|[GH81] Part II. Ch. 19)*

As we explained in Example 1.1.3, a torus itself is a toric variety and a toric variety in
general is, intuitively speaking, a partially compactified torus (with the defining fan specifying
boundary components). Hence, by analogy, we can think of a non-normal toric variety as a
complex of toric varieties. We can then compute, for example, homology or cohomology of a
non-normal toric variety is the weighted sum of homology or cohomology over the complex;

see Proposition 4.1.12 for a trivial instance of this observation.

mposing some conditions on it gives the better-known notion of a CW complex.
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The next two simple examples illustrate Definition 4.1.1; in particular they explain what
we mean by ” f identifies an invariant closed subscheme of X with Y”. (The general case

goes essentially the same way.)

4.1.3 Example. Let B = k[t?,t}] C A = k[t] be the rings. Note B = k[z,y]/(y* — 2%) via
klz,y] — k[t], z — 13,y — t2. Since A is integrally closed, A is the integral closure of B. Let
X = Spec A. Let I be the annihilator of the B-module A/B; note it is both an ideal of A
and an ideal of B ([ is usually called a conductor). Let Y’ = Spec A/ and Y = Spec B/I
and f:Y’' — Y given by A/I — B/I. By Lemma 4.1.5 below, X, = Spec B is the pushout
X UpY. Then (Y)Y, f) is a non-normality data on X.

Now, one can see that I is generated by t2,¢3 as an ideal of B and by t? as an ideal of
A. Thus, Y’ = Spec k[t]/t? is the closed subscheme of X defined by the ideal (#?); i.e., it is
a double point on X = A'. Similarly, Y = Speck is the origin on the curve 2® = y2. The
attaching map f : YY" — Y collapses the double point to a (reduced) point. That is, X is
obtained from A! by identifying the double point at the origin.

4.1.4 Example. Let S C Z? be the subsemigroup generated by (1,0),(1,1),(1,3). Note
that k[S] = k[z,v, z]/(y*2 — 2*); cf. Example 6.2.7. Let X; = Spec(k[S]). The saturation of
Sis S = 0¥ NZ2 where o C R? is the dual of the cone generated by (1,0), (1,3). Hence, the
normalization X of X, is X = Spec(k[S]) = Spec k[z,y] ~ A? where z,y have G2 -weights
(1,0), (1,3).

Now, it is easy to see that S is the disjoint union of S and (1,2) + F N Z* where
F =R, (1,3) is a face of 6" (cf. Remark 4.1.9). By Proposition 2.2.3, F' corresponds to the
prime ideal pp = ker(k[S] — k[SNF]). Let I be the annihilator of the k[S]-module k[S]/k[S].
Then I is generated by Y and x('Y) as an ideal of k[S]. As an ideal of k[g], VI = pp but

I # pp, since (x12)2 = xEDy@3) byt 02 & T < k[S]. Note k[S] < k[S] induces:

k[S]/I — k[S]/1

and then X — X restricts to Y’ = Spec(k[S]/I) — Y = Spec(k[S]/I).

The next lemma is [Ei04] Exercise 11.16.
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4.1.5 Lemma. Let B C A be rings and I the annihilator of the B-module A/B. Then B is
obtained from A, B/I and A/l as the fiber product

B=Axa BJI

where A, B/ are given the structures of A/I-modules through the natural maps.
Note: geometrically, the above equation says that Spec B is the pushout of Spec A and
Spec B/I along Spec A/I.

Proof. Let ¢ : B — A x4/; B/I be given by b+ (b,b mod I). It is easy to verify that ¢ is
bijective. O]

We now prove the main result of this section.
4.1.6 Theorem. Let C be the category where

o the objects are pairs (X, &) consisting of (normal) toric G% -varieties with non-normality
data on them.

e a morphism (X1,& = (Y{, Y1, f1)) = (X2, &) consists of a morphism ¢ : X1 — Xo as well
as a morphism Yy — Yy such that o(Y{) C Y] and Y/ EiN Y1 — Y, equals Y — Y] 5 Ys.

Then there is an equivalence of categories
X = (XM €x)

from the category of non-normal toric varieties with torus G2 to C.

Moreover, let X be a complete non-normal toric variety over an algebraically closed field
with torus G%, and L a G% -equivariant line bundle whose pullback to the normalization of X
is a line bundle generated by global sections. Let Ax (L) denote the moment polytope of L
and & = (Y'Y, f) the non-normality data. If Y1, ...,Y, are the irreducible components of Y
with the reduced structures, then there exist some integers ly, ..., l. such that, for each integer
n >0,

V(X L) = #(n (L) VY — 37 x(Ya Ly 2.

i=1

(Note that the formula can be applied recursively.)
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Proof. We first construct the functor X +— (X" £y). Given a non-normal toric variety
X, let Z denote the conductor ideal sheaf of Oy, the dual of 7,0Ox for the normalization
7 : X — X. We note that Z is also an ideal sheaf of O%. Let Y = Specy(Ox/ZI) and
Y’ = Specx(O%/Z). Then they constitute a non-normality data on the toric variety X in
the sense of Definition 4.1.1; indeed, we can assume X,Y are affine and then this follows
from Lemma 4.1.5. Also, X — Z induces a morphism (X", £x) — (2", £z); indeed, the
universal property of normalization says that any dominant morphism from a normal variety
W to a variety X factors through the normalization X" — X.

To see the functor is an equivalence, we construct a quasi-inverse (= inverse up to natural
isomorphisms). Given (X, ¢) in C, we get the non-normal toric variety by forming the pushout
X UrY of X and Y along Y. Moreover, each (X1,& = (Y{ — Y1) — (X3,&2) induces

a morphism X; Uy, Y7 — X5 Uy, Y, as follows. By assumption, we have the commutative

diagram
Vi X,
Y Yy X,

.

Yi—Yo —=Xo Up Vs,
Then, by the universal property of pushout, we get the morphism X; U; Y7 — XU, Y5, Since
the two constructions are clearly inverses of each other, this proves the first assertion of the
theorem.

Next, given X, L in the statement of the theorem, for R = @,°I'(X, L®"), we can
write R = k[S] for some semigroup S C N x Z%. Let S be the saturation of S. Let
M = k[S]/k[S] be the quotient of k[S]-modules. If M # 0, then, by Lemma 2.5.2, we choose
an N x Z%homogeneous prime ideal p of k[S] that is an associated prime of M; then we have
k[S]/p — M with image say M;. Then apply the same argument to M/M; and repeat the

argument. The ascending chain condition ensures the process stops in a finite steps. In the

end, we get the filtration (which is non-unique like any composition series):

M=M.D>M,1D---DM DM, ={0}
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with M;/M;_y ~ (k[S]/p:;)(—1;) as k[S]-modules, where we used the notion R(l), = R4 for
an N x Z%-graded ring R.

Let Y; = V(p;) C X be the subvarieties. Then, for each n > 0, we have:

dim k[S],, = dim k[S],, + dim M,,,

while

dim M,, = dim(k[S]/p)n.

pESx

Putting these together we see the asserted identity holds for large n > 0. Now, let 7 :
X" — X be the normalization of X. By Proposition 3.2.5 and by the assumption on 7*L,

we have dim k[S],, = x (X", #* L®™); thus, dim k[S],, is a polynomial in n. It follows that

the asserted identity holds for every integer n > 0. [
4.1.7 Corollary. A non-normality data on a toric variety is independent of the base field (it
is mot geometric in nature).

4.1.8 Corollary. Every projective non-normal toric variety can be constructed from a convex

polytope together with a non-normality data on the toric variety associated to the polytope.

4.1.9 Remark. In the notation of the above proof, we have the disjoint union

T

§_S:|_|(gi+SﬂFi)

=1

where F; are the faces of the cone R,.S that correspond to the prime ideals appearing in the
filtration.
In particular, ignoring a choice in the construction of the filtration, £ amounts to the set

of the pairs (g;, SN F;).

4.1.10 Question (of Kiumars Kaveh). Is there a proof of the fact in the above remark that

does not use commutative algebra at all. (Probably yes?)

We give an example illustrating (the affine analog of) the above remark.
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4.1.11 Example. Let ¢ C R? be the cone generated by the two vectors (1,2),(2,1).
Let So = 0V NZ* = {u € Z*u; + 2uy > 0, 2u; +uy > 0}. We note that S, =
((2,-1),(-1,2),(1,0),(0,1)) as a semigroup. Let

S = <(27 _1)7 (_17 2)7 (O’ 1))
be the subsemigroup of S,. Note that S generates Z? since (1,0) = (2, —1) + (—1,2) — (0, 1).
Since Ry S = ¢V, we thus have S = S, and S is not saturated since (1,0) ¢ S. Let
F =R, (2,—-1), which is a face of Ry S = ¢". Then SN F = N(2,—1) and

S—8=(1,0) +N(2,-1).
(Indeed, if z is in S — S, then we write z = a(2,—1) + b(—1,2) + ¢(1,0) + d(0,1) with

a,b,c,d € N. Since (2,0) = (2,—1) 4+ (0,1) € S, we can assume ¢ = 1. Similarly, we find
b=d=0.)

For the later use as well as independent interests, we note the following, which says that,

in the one-dimensional case, a non-normal normality data is essentially a genus.?

4.1.12 Proposition. Let X be a non-normal toric variety of dimension one with the non-

normality data § = (Y'Y, f). Let g =1 — x(X, Ox) be the arithmetic genus of X. Then

9=#E
where the right-hand side means: if Y has the irreducible components Y;’s with multiplicity

n;, then #£ =75 n;.

Proof ([Hart77] Ch. IV, Exercise 1.8.) Let m : X" — X be the normalization of X and

Oy, x the local ring of X at Y;. By construction, we have:
0— OX — W*OXnor — @O}/i7x/03/i7x —0
1

where ~ means integral closure. Since H' (X, 7, Oxnor) = H'(X™", Oxnor ), this gives us:
X(Xnor7 OXnor) = X(X, Ox) + Z length(Oth/OYi,X»

]

2Since P! is the only projective toric variety of dimension one, the corresponding result for a toric variety
is uninteresting.
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A sequel to this thesis [Mu2X] will give a more general version of the above.

4.1.13 Question (on Cox’s theorem). Is there a way to combine Remark 1.1.4 and non-

normality data? (Presumably yes, but the precise formulation is unclear.)
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5.0 Part 2: Degeneration given by an ideal filtration

This section introduces some definitions and constructions related to flat degenerations

that are used through the rest of the paper (they are not necessarily original).

5.1 Definition of an ideal filtration

For the purpose of this paper, we use the following definition.

5.1.1 Definition. Given an algebraic variety X, a flat degeneration of X is a flat morphism

of varieties:

f:X'—)A1

together with an isomorphism over A — 0:

X' — f710) = X x (A' —0)
\Al - 0/

(in other words, X’ — f~1(0) is a trivial bundle! over A' —0).
The variety X' is called the total space of the degeneration and f~1(0), which need not

be reduced or irreducible, is called the special fiber or the zero fiber.

5.1.2 Remark. Since f is a regular function on X', each fiber f=!(¢) of f is a principal

effective divisor on X".
Throughout the paper, we are mostly interested in the projective case of a flat degeneration:

5.1.3 Remark (projective case of a flat degeneration). In the above setup, suppose X =
Proj R is a projective variety and X’ is a projective scheme over A! = Spec(k[t]); i.e., X' is
the Proj of a flat graded k[t]-algebra R’ that is an integral domain such that R, = k[t] and

R' is finitely generated as an R{-algebra.

S0, the more natural notion is something that admits flat degenerations locally; the notion that will be
considered in the next paper.
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Suppose, furthermore, that the trivialization lifts in the sense that it is induced by some
isomorphism R'[t™!] ~ R[t,t]. We then have the notion of the initial form given as follows:
if f € R, then we view it as an element of R'[t™] via R C R[t,t7'] ~ R'[t"'] and then
t"f € R —tR' for some n > 0. The initial form f* of f is then the image of t"f in R'/tR'.

Now, suppose S := R'/tR' is Z"-graded in addition to the original grading; in other
words, the torus GJ, acts on it as graded algebra automorphisms. We put the lexicographical

ordering on Z". Then the Z"-grading on S induces a filtration {I,},cz- of R by

I, = {f € R — 0| the least Z"-degree of f* is > a}.

The last part of the above remark motivates the following definition (cf. [Ka07], where
the term ”idealistic filtration” is used and Definition 2.4.14. of [La04]. [Sch85] simply uses

the term "filtration”.)

5.1.4 Definition. An ideal filtration v = {I,}4cz- of a ring A is a family of ideals of A such
that

(i) Io= A,
(ii) I, C I,y for each a,b € Z7,

(iii) I, C I, for each b > a in Z" in the lexicographical ordering.

If A is graded, we also require that I, are homogeneous. The definition also has an obvious

analog for ideal shaves (the ideal-sheaf version will be considered in §8).

5.1.5 Remark. Because a Noetherian ring, by definition, cannot have an infinite ascending
chain of ideals, a descending chain is more convenient (and explains why we use a decreasing
filtration here). Some authors, who are interested in non-Noetherian rings like the coordinate

rings of infinite-dimensional ”varieties”, do however consider an increasing filtration.

A basic example of an ideal filtration is given by powers of ideals: if I is an ideal, then
let I, = A,n <0, I, = I",n > 1 and then {/, },¢cz is an ideal filtration. We usually denote

this ideal filtration by I*°. Here is a very typical example not given by powers of ideals.

2p is mathfrak v; the notation is because the concept is equivalent to that of a quasi-valuation.
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5.1.6 Example. Let X be a smooth projective variety, L an ample line bundle on X and

D C X an effective divisor. Setting

I, = @ F<X7 L®l ® OX<_nD))7
=0

{I,}nez is an ideal filtration of the section ring R = @,2, I'(X, L*"); here, I,, are ideals of R
through Ox(—nD) C Ox.

5.1.7 Remark (fractional ideal filtration). The preceding example suggests there is the
notion of a fractional ideal filtration; namely, when A is an integral domain, in Definition
5.1.4, we require I, to be a fractional ideal of A instead of an ideal. Then, by the same
manner in the above example, a not-necessarily-effective divisor gives rise to a fractional ideal

filtration. This notion is not considered here as not needed.

5.1.8 Example. The base loci of a linear series, which is naturally a filtration of closed

subschemes, gives another example of an ideal filtration; see [La04] Ch. 2, §4.

5.1.9 Example. The irrelevant ideal of a graded semigroup algebra has a natural structure
of an ideal filtration. Indeed, let R = k[S] be a graded semigroup algebra, not necessarily
finitely generated, for some subsemigroup S C N x Z". Then the irrelevant I = R, has a

natural structure of an ideal filtration; namely,
I, = k[S]q == @k - 15(1, a)x ",

where 1g is the indicator function of S.

5.1.10 Remark (a role of an ideal filtration as generalizing a closed subscheme). Given an

ring A and an ideal filtration v = {I,}.cz on A, it easy to see that

ViI.=+1

for every a,b > 0 and the common radical ideal is called the radical of the ideal filtration v.
In particular, V' (I,) C X = Spec(A) all have the same underlying set for a > 0 and I, all
share the same set of minimal prime ideals over it; i.e., the set of set-theoretic irreducible

components of V(1,); cf Remark 5.3.7.
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For each a in Z", let 1., = Upsqlp, which is an ideal and then let

gt, R:= P I/ L,
a€Z"
which is called the (generalized) normal-cone ring along v and the Spec of it is the normal

cone along V(I). It comes with the natural action of the torus GJ,.

5.1.11 Remark (ideal filtration = Z"-graded ring with constant negative terms). Let v be

an ideal filtration on a ring A and then the ring

A=PI
a€Z"
is called the Rees algebra of v; it is a Z"-graded ring (which is positive in the sense that all
negative components are A).

Conversely, suppose we are given a Z'-graded ring A’ with the property A/ = Ay for
every a < 0 (Z" is given the lexicographical ordering). Then it can be written like the above;
namely, we set I, = A, for each a. Then {I,}.c7 is an ideal filtration of A.*> Hence, to give an
ideal filtration is the same as to give a multi-graded ring with constant negative terms. In fact,
since the consideration of a generalized Rees algebra amounts to doing a generalized blow-up
(cf. below), giving an ideal filtration is equivalent to doing a blow-up in some generalized
sense. This is among the reasons why the notion of an ideal filtration has come to being in

the first place (cf. [Ka07]).

Because of the remark below, we can also think of an ideal filtration as an ideal-theoretic

generalization of a valuation.

5.1.12 Remark (ideal filtration = quasi-valuation). Let A be an integral domain. A
quasi-valuation p: A —0 — Z" on A is a function such that for any 0 # f,g € A,

(i) w(fg) > p(f) + ug).
(ii) u(f +g) > min{u(f), u(9)}.
3Proof: AI, = AgA, C A, = I, and so I, is an A-module. Since I, C [,A=1,A_, C Ay = A, I, is an

A-submodule of A; i.e., an ideal. Similarly, for b > a, I, C I;A,_, C I, and the multiplicative property is
trivial.
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Moreover, the quasi-valuation p is called a valuation if the inequality in (i) is the equality.

Each quasi-valuation determines an ideal filtration by setting

I, ={f € Alf =0or pu(f) = a},

that has the property (),., o = 0. Conversely, given an ideal filtration v with (., /., = 0,

a>0-"a

we can define the associated quasi-valuation v by

p(f) = supfa € Z'|f € L}

Among the fundamental questions on an ideal filtration is finiteness.

5.1.13 Definition (finite type). An ideal filtration v on a ring A is said to be of finite type
over A if the Rees algebra @, ;. I, of it is finitely generated as an A-algebra. For simplicity,
“over A” is frequently dropped.

Note for such v, we have that, with I., = Up~.1p, the normal-cone ring

gr, A = @ I,/1,.

a>0
is finitely generated as an A/I.q-algebra.
We note that ”of finite type” is equivalent to "Noetherian” in the following sense:

5.1.14 Proposition. Let A be a Noetherian ring. Then an ideal filtration v = {I,} on A is

of finite type < @,y Lo is a Noetherian ring.

Proof. (=) @1, is a finitely generated algebra over the Noetherian ring A; thus is a
Noetherian ring.

(<) Let A" =@ I,t7*. Since A’ ~ &P I, is a Noetherian ring, the ideal A, = @, ., 1™

a>0
of A’ is finitely generated; say, by g1t™%, ..., gt ™. If a > max{by,...,b,} and f € A, we
can write ft7% = > u;g;t % with u; in A’. Removing the terms that get cancelled, we can
assume u; = h;t%~% with h; in A. Thus, by induction on Z", we see A’ is finitely generated in

large degrees and thus is finitely generated. O

The next proposition generalizes the key property of an (ordinary) normal cone.
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5.1.15 Proposition (cf. [Ful93] Appendix B.6.6.). Let X = Spec(A) be an affine variety
and W C X a closed subset without a scheme structure. Let v = {I,}nen be an ideal filtration
of A of finite type such that, as a set, W = V(v) and we think v is a sort of generalized

scheme structure on W. We write W,, for W together with v. Then the normal cone along

W :

C(Wn/X = Spec (@ In/In—I—l)

n>0

1s of pure dimension; i.e., each irreducible component has the same dimension as the others.

Proof. Consider the generalized extended Rees algebra B = @, ., t "I, where I,, = A if

neL

n < 0. Then ¢B is the defining ideal of Cyy,x in X = Spec(B). Since B is a Noetherian ring,
by Krull’s principal ideal theorem, each minimal prime ideal over ¢B has height one. By the

ideal correspondence, each minimal prime ideal of B/tB has the same height. O

5.1.16 Remark (normal ideal filtration). In the proof, suppose B is integrally closed; in that
case, we call v is normal. Then the same proof shows Cyy, ,x has no embedded component;

i.e., it is of pure dimension in the strong sense.

5.2 Conversion to a one-parameter Rees algebra

For us, the notion of an ideal filtration is relevant because of the following construction

(Theorem 5.2.1) due to Rees, P. Caldero, Brion-Alexeev and D. Anderson.

5.2.1 Theorem (existence of a one-parameter Rees algebra). Let A be a Noetherian ring
and v an ideal filtration of finite type. Then there is a finitely generated A-algebra A" together

with a non-zero-divisor t in A’ such that

(1) A'JtA =gr, A,

(ii) There is a natural ring isomorphism A'[t™1] ~ A[t,t71] that commutes with t.

Proof. Let fi,..., f, be the generators of A such that f; € I,, and the classes f € I,,/I-,,

generate gr, A. The key part of the proof is to choose a linear functional [ : Q" — Q. Given
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such an [, for each integer n > 0, we let

Asn= S AL

l(mia1++mpap)>n

and then form the ring
A=A @t A5 Bt 2 Ass Ot 3 A5 @ -+,

called an extended Rees algebra of A. Since the n-th degree piece of tA" is t 7" A>p 41, We
have A'/tA' = @,y Asn/Aspir. Since A’ C Aft,t71], A" has the required property (ii) and
we will choose [ so that A" also has the property (i).

To choose [, let S = Z[xy, ..., xz,| be a polynomial ring equipped with the Q"-grading such
that deg(z;) = a;. If g € S, by the degree of g, for the purpose of this proof, we shall mean

the least degree of the homogeneous components of g. We have the surjective homomorphism
S —gr, A

given by z; — f*. Likewise, with the definition of A-,, we have the surjection: S —
B gA>n/Asny1 given by x; = f € Aja,)/Aia)+1- Now, for any choice of [ € (Q")*, we
have:

ker(S — @, gAsn/Asni1) C ker(S — gr, A).

Indeed, if g is in the kernel on the left, then for a = deg(g), that means g(fi,..., f,) is in
Asy@y+1- Then g(f1,..., fp) € Isq; since otherwise we have l(g(f1,..., fy)) = l(a).

Now, we want to choose [ so that the above inclusion is the equality. For that, choose
homogeneous generators ¢y, ..., g, of the kernel of S — grp A. Then we can find polynomials
h; in S such that g;(fi,..., fp) = hi(f1,..., f,) and deg(g;) < deg(h;). We then define the
linear functional [ : Q" — Q by

= ZT: e;fNT’j
=1

for the standard dual basis €} of (Q")* and some integer N chosen as follows. Since deg(h;) >
deg(g;) in the lexicographical ordering, for large enough N we have I(deg(g;)) < [(deg(h;)).

Since g; is in the kernel of S — &% (As, /A>p 11, we are done. O
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It is worth formulating the above theorem in the following form:

5.2.2 Corollary. Given a projective variety X = Proj R (with a choice of R), there is a
one-to-one correspondence between the toric degenerations of X (in the appropriate sense*)

and the ideal filtrations of R whose associated graded rings are finitely generated semigroups.

5.2.3 Example (A toric scheme as a toric degeneration). A toric scheme, say over some
base scheme S, can be thought of as a special case of a toric degeneration over S' if, by toric
degeneration,” we mean something quite general: e.g., a family of varieties/schemes over
S whose a distinguished fiber is a non-normal toric variety (=not-necessarily-normal toric
variety). The present thesis may be thought of as an attempt to working out the very special

situation S = A! in details.

We have the notion of an integral closure of an ideal filtration; the terminology is justified

by Proposition 5.3.1 below.

5.2.4 Definition (integral closure of an ideal filtration). Given an ideal filtration v on an
integral domain A such that (,.,f, = 0 and j associated quasi-valuation (Remark 5.1.12),

for each f € A — 0, we let

A(f) = lim p(f")/n.

n—oo

Samuel proved (at least when r = 1) that the limit exists, possibly as infinity, and so 7(f) is

a well-defined point of R" unless infinite. Let v be the associated ideal filtration:

L={feAlf=0ora(f) > a}

for each a € Z". It is called the integral closure of v; or perhaps more precisely the integral

part of the integral closure of v.

4As this corollary is not needed later, we skip giving the precise meaning
5There is also a termonolgical advantage that we can avoid an somehow awkward term ”not-necessarily-
normal toric variety”.
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5.3 Integral closure of an ideal filtration

The next result relates the integral closure in the usual sense with Definition 5.3.1.

5.3.1 Proposition. Let A be an integral domain (the proof goes through without ”Noethe-
rian”). For each ideal filtration v on A, the Rees algebra @aGZT[_a along 1t is the integral
closure of @ czr Ia in @yepr A = At t71].

Proof. (The first part of the proof follows Kawanoue.) Let f be in the a-th component of

D,z A and suppose it is integral over € I,; i.e., we can write
T+ 49 =0, gi € L.

We write & for the quasi-valuation associated to ® (Remark 5.1.12); i.e., f(f) = sup{a €
Z'|f € I,}. Then the above implies that

a(f") = min {u(g:) + (0 —)u(f)} = min {ia + (0 —i)u(f)}-

~ 1<i<n ~ 1<i<n

=

Set A; =1 — (21}, j > 0. If, inductively, u(f) > \;a, then
p(f") > 1+ (n—1)A)a=n\ia.

It easily follows from the definition that 7 is homogeneous; i.e., (™) = nu(f) and so we get
a(f) > Ajma. Since \; — 1 as j — oo, fi(f) > a; i.e., f € I,. Since the integral closure C' of
P I, is a graded subring of

For the opposite inclusion, fix a € Z" and let A" = A[t] ® [,t7' @ Iyt 2> @® --- . Then

wezr A, we conclude that €, ,, I, contains C.

I,. =t"A'N A and it is enough to show that I, is contained in the integral closure of A’.
Thus, without loss of generality, we can assume I, is principal. Now, let f be in I,; i.e.,

(f) > a. Given an integer k > 0, we can find ng such that for all n > ny,

n(f")/n = a(l —1/k);

ie., f*isin Iyaa-1/k) if n > ng and is divisible by k. Now, we recall the fact that the integral

closure C' is the intersection (,(V N A[t,t7!]) over all the valuation rings V' containing
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@ I1,. Fix V and write v for the corresponding valuation. For each ideal J of A, let
v(J) = inf{v(x)|0 # x € J}. Then we see v(J™) = mv(J) for any integer m > 0 and we get

v(f") 2 v(Inaa-1/m) = n(1 = 1/k)v(le).

Or v(f) > (1 —1/k)v(1,). Letting k — oo, we see v(f) > v(I,). Varying v, we conclude f is
in C. [l

5.3.2 Corollary. Assume, in addition, that A is a finitely generated algebra over a field.
Then an ideal filtration v is of finite type if and only if its integral closure v is of finite type.

Proof. This follows from Noether’s finiteness theorem and its converse (Theorem 1.3.4). [

5.3.3 Remark ([Kn05] Knutson’s balanced normal cone). Let v be the ideal filtration given
by powers of ideals: I, = I"™. Then Knutson calls the normal cone along v the balanced
normal cone. Some of the results of the present and two subsequent sections were motivated
by this paper of Knutson.

The above corollary is generally false if A is merely a Noetherian integral domain; see,
for example, §5 of [HGN90]. In §1.1. of [Kn05], Knutson cites Theorem 4.21. of [Re| to
claim the finite generation of a balanced normal cone for an arbitrary Noetherian ring. This
is problematic since the cited theorem only gives a point-wise bound for § — ¢q. Thus, this

corollary takes care of this issue and is the (personal) reason why we wanted to record it here.

5.3.4 Remark (Rees decomposition). One of the main results of [Re| uses the Q-version of
integral closure of an ideal filtration to give a decomposition of an ideal filtration (called a
quasi-valuation there) in terms of valuations. The interested readers are referred to [Re] Ch

4. (In the thesis, we don’t really use valuations; whence, the omission of the discussion).

The significance of having the notion of an ideal filtration is that it allows us to develop
a generalization of the classical ideal theory; in particular, [Re| does just that in a systematic
way. (The resulting theory has a big implication to multiplicity theory and, as we wish to
hint in the present thesis, an implication to intersection theory.)

Among the instances of this generalization is a primary decomposition of integral closures
of ideals, as done in Remark 5.3.7 below. We first recall the key features of a primary

decomposition of an ideal.
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5.3.5 Proposition. Let A be a ring and I an ideal.

(i) Ify is a minimal prime ideal over I, then the pre-image of I A, under the localization
map ¢y : A — A, is the smallest p-primary ideal containing 1.
In particular, if I is p-primary, then I = ¢, (I A,).

(i) Suppose there is a minimal primary decomposition I = (), Q;. If p = /Q; is a minimal
prime ideal over I, then Q; = gb;l([Ap) and is called the p-primary component of I.

Proof. (i) Replacing A by A/I we can assume [ = 0. Let K = ker(A — A,). Since p is a
minimal prime ideal, A, has only one prime ideal; thus, every non-unit there is nilpotent. In
particular, every zerodivisor in the subring A/K C A, is nilpotent and thus K is a primary
ideal. Next, let () be a p-primary ideal. If z € K, then sz = 0 for some s € A — p. Then
sr € Q and so x € ) since s € p. Thus, K C Q.

(ii) This is essentially the second uniqueness theorem of a primary decomposition ([AM94]

Theorem 4.10.). It follows from (i). O

We recall that a ring homomorphism A — B is said to be a pure subring if the natural
map N — N ®4 B is an injection for every A-module N. For example, a faithfully flat ring
homomorphism is precisely a flat pure subring. Also, if A is a direct summand of B, then

A — B is a pure subring.

5.3.6 Lemma. Let A — R be a pure subring (see the above paragraph) and I C A an ideal.
Then
IRNA=T

where the bar = means the integral closure of an ideal (recall: an element x is an integral over

I if, for somen >0, 2" € 2" ' + 2" 2> + .-+ I").

Proof. Let z be in IR N A. For any ideal J of A, since A — R is a pure subring, we
get A/J — A/J®4 R = R/JR; ie., J=JRNA. For any ideals a and b of A, we have
(a4 b)R = aR + bR. Thus, for some n > 0,

"€ (@ R+ -+ I"R)NA= (2" "+ -+ IHRNA=a""T+-- +1"
Hence, IRN A C I. The opposite inclusion is trivial. O
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5.3.7 Remark (primary decomposition). Let A be either the coordinate ring of a normal®
affine variety or a localization of it, v : Iy D I, D --- an ideal filtration of A and A" =
Alt)® Lt @ It 2@ - - - the generalized extended Rees algebra associated to v. Let B be
the integral closure of A’.7 In general, we know that Ass(A/z"A) is independent of n for any
Noetherian ring A and a nonzerodivisor z.8 Also, by Serre’s criterion for normality, the set
Ass(B/tB) has no non-minimal element (embedded prime). Thus, for each n > 0, we have
the unique primary decomposition: t"B = () qevotp) L Bq N B, where Vo(a) denotes the set of
minimal elements of V' (a). Since a nonzero principal ideal in an integrally closed domain is
integrally closed, since "B = I,,B and I, = t"BN A (Lemma 5.3.6), we then get the possibly

redundant primary decomposition:

L= () t"BynA

qeVo(tB)

That each intersection-factor in the right-hand side forms an ideal filtration follows from the

basic properties of an ideal filtration recorded in the lemma below.

5.3.8 Lemma (basic properties of an ideal filtration). Let A be a ring and v an ideal filtration
on it. Then the following hold:
(i) For any subring B C A, vN B = {I, N B}aezr is an ideal filration.
(i) Given a ring homomorphism ¢ : A — B, ¢(0)B = {¢(l,)B}aez, is an ideal filtration
on B. In particular, for any multiplicatively closed subset S C A, vA[S™!] is an ideal
filtration.

(111) In the notion of (ii), if v is of finite type, then p(v)B is of finite type.
Proof. (i), (ii) are immediate. (iii) is also straightforward ([Re] Ch 2. §4.). O

The above (i), (ii) can be combined as in:

6The “normal” assumption here is to simplify the discussion and can be weakened.
"B "can” be called the normalized generalized extended Rees algebra associated to the ideal filtration v.
8Consider 0 — A/z"™ — A/x"T1 — A/z — 0 given in the proof of [Ful98, Lemma A.2.5.].

67



5.3.9 Example (symbolic power of a prime ideal). Let p> = {p"},,~0 be an ideal filtration
given by a power of a prime ideal p in a ring A. Then (i), (ii) of the above lemma say that
p(>) = {p" A, N A}, is an ideal filtration, which we sometimes called the symbolic filtration;

the next section will go deep in the study of this filtration.

5.3.10 Remark (Rees algebra as a base change: an affine blow-up). To visualize Remark
5.3.7, it is useful to have the following view in mind: for an ideal I of a ring A and
X = Spec(A), V(tA’) is the fiber product of V(I) — X and X’ — X, where X’ is the Spec
of A = A[t]@ It @ I*t=2@---. Since a possibly non-principal ideal (i.e., I) is replaced by a
principal ideal (i.e., tA"), this base change is sometimes referred to as an affine blow-up along
I. Thus, if we used an ideal filtration instead of an ideal, it is a sort of an affine blow-up

along a filtration, the key technique used in [Re] throughout.

5.3.11 Lemma (reduction = integral). Let A be a Noetherian ring and J C I ideals. Then

the following are equivalent

(i) The blow-up algebra @y I™ is finite over the *graded subring™ @g° J™. (Note that a
Veronese subring is *not* a graded subring).
(ii) For some m >0, J[™ = [™+1,

(i1i) I is integral over J (cf. Lemma 5.3.6).

When the above equivalent conditions hold, J is then said to be a reduction of I.

Proof. (i) < (ii): Let byA = @, I" and similarly for b;A. We recall the following from
the standard proof of the Artin—Rees lemma: given a decreasing filtration of an A-module
M = My D> M; D ---, wesay M, is an [-stable filtration if IM,, = M,,; for sufficiently large
n > 0. A key observation was that the filtration M, is an [-stable filtration if and only if
brM = @80 M, is a finite module over b;A. Then here, with M,, = I", we have: b;A = b; M
is finite over by A if and only if M,, is J-stable; i.e., JI™ = I"™! for sufficiently large n.

(ii) = (iii): Let z; be the generators of I. Since z; is integral over J, we can choose
large enough m > 0 such that 2" € 2"~ 'J + - - + J™ for each i. Increasing m, that implies

I™ c I™1J, which must be the equality.

9Here, “graded subring” means that @,° I" is a graded module over a graded ring @, J".
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(iii) = (ii): For each z in I, we have xI™ C JI™, which, by the determinant trick, implies

that x is integral over J. O

5.3.12 Remark ([HS06] Exercise 8.12). Note that if T is a reduction of .J, then /T = v/.J
since St =1J"CcICJ.

On the other hand, it need not be the case that an ideal I is a reduction of its radical v/1.
For example, if I? is a reduction of I, then I2I™ = I"™*! for some m > 0 and that would be
a nonsense if [ is a radical ideal generated by a nonzerodiviosr.

It is true that @y I™ is finite over @, I*" (e.g., by Lemma 5.4.1 (ii) below). But in that

case the grading of @ I*" is such that I* has degree two not one.

5.4 Some results from the asymptotic ideal theory

For the remainder of the section, we collect some results in the asymptotic ideal theory
for the use in the next two sections. For the sake of self-containedness and the convenience of
non-expert readers in this theory, we will often give proofs.

The next lemma is standard.
5.4.1 Lemma. Let R be a graded ring such that Ry is a Noetherian ring. Then

(i) If R is Noetherian, then some Veronese subring

n=0

s generated as an Rg-algebra by a finite number of degree-one elements. Explicitly, if
x1,...,%, are homogeneous generators of R, then one can take m = rc where c is the
least common multiple of deg(x;)’s.

(i) Assume either (1) R is an integral domain or (2) the degree components of R are
decreasing: R, D Rny1. If. for some integer m > 0, the Veronese subring R™ is a

Noetherian ring, then R is finite over RI™.
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Proof. (i) Let xy,...,z, be the homogeneous generators of R of degrees d;, ¢ the least
common multiple of d;’s and set m = re. For each i, let e; be a (positive) integer such that
¢ = e;d;. We note that R, is spanned by the monomials z|* ...z such that >  n;d; = n.
Take n = Im. Since Im = > n;d; > m = rc = > e;d;, for some iy, n;, > e; and then
we factor out xle Note the degree of the remaining monomial is then Im — ¢ = (Ir — 1)c.

[terating this procedure r times, we get:
o

where y is a monomial of degree Im — rc = (I — 1)m. Hence, we are done by induction.

We show (ii). First assume the condition (1). We write R = @?:01 M; where M; =
D,~ o Rum+j- If M; # 0, then it contains a nonzero homogeneous element x. Then the
multiplication 2™~ : M; — RI™ is well-defined and injective since A is an integral domain. It
is also a homomorphism of R™-modules. It follows that R is a finitely generated R™-module.

The proof under the assumption (2) is similar. O

5.4.2 Definition (analytic spread; cf. [Ei04] Exercise 12.5.). Given a Noetherian local ring
(A, m) and an ideal I, consider the following graded ring (called the fiber cone ring):

Amol/mieo P/mlPelP/mlPo.-- .

By Nakayama’s lemma, for each n > 0, the dimension of I"™/mI™ as a vector space over
k = A/m is the minimum number of the generators of I". Also, since I is finitely generated,
dimy I™/mI™ is a polynomial in n large, the Hilbert polynomial.

By definition, the analytic spread an(I) of I is one plus the degree of this Hilbert
polynomial or, equivalently, the Krull dimension of ;" I"/mI™. See also Lemma 5.4.5 below
for another characterization. We note that an(7) is bounded above by the minimum number
of the generators of I.

Note also that an(/) = an(I") for each r > 0 by Lemma 5.4.1 (i).

The next proposition is among the main results in asymptotic theory of prime divisors
recall that a prime divisor of an ideal I of a Noetherian ring R is an associated prime of the
g

R-module R/1.)
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5.4.3 Proposition. Let A be either the coordinate ring of an affine variety over a field or a
localization of such a ring (in particular, A is an integral domain) and I,p an ideal and a
prime ideal of A.

If p is a prime divisor of the integral closure I™, then it is a prime divisor of I" for every
r >n as well as a prime divisor of I" for every r > 0.

Moreover, the following are equivalent.

(i) p is a prime divisor of I" for n > 0.

(ii) There exists a prime divisor p' of tA’ such that p = p' N A, where A’ denotes the
integral closure of A" = Alt,t=1].1°

(111) (S. McAdam) ht(p) = an(lA,), where an refers to analytic spread (Definition 5.4.2).

If I is nonzero and principal, then the above conditions are equivalent to

(iv) p has height one.

Proof. For the equivalence among (i) - (iii), see [Mc83] Proposition 3.18. and Proposition
4.1. The equivalence (i) < (iv) is due to [Mc83] Lemma 3.14.
For the first part, from [Mc83, ?], we know Ass(A/I") is increasing in r, giving us the
first item.
For the second item, if p is a prime divisor of I, then by the condition (ii), we have
— qN A for some prime divisor q of tA’. By Nagata’s altitude formula, q N A’ has height
one and thus g A’ is a prime divisor of tA’; it follows that g N A is a prime divisor of I". [

5.4.4 Corollary ([Ra74] Theorem 2.12.). If I is generated by a ht(I) number of elements,
then, for every integer n > 0, I™ is unmized in height; i.e., every prime divisor of I™ has the

same height as the others.

Proof. If p is a prime divisor of I™, then it is a prime divisor of I",7 > 0. Since I Ay is
generated by h = ht(I) elements by assumption, we have: ht(p) = an({"A4,) < h. On the
other hand, by definition, h is the minimum of the heights of prime ideals containing I; thus,
ht(p) > h. O

0We know Ass(R/x™R) is independent of n; see Remark 5.3.7. So, the item (ii) here is equivalent if ¢ is
replaced by some power of ¢.
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5.4.5 Lemma. Let (A,m) be a Noetherian local ring such that A/m is infinite and I an
tdeal. Then the analytic spread of I is the minimal number of elements generating an ideal

over which I is integral.

Proof. Let ¢ = an(l). Let R = @, I" and B = @, I"/mI". We have B = R/mR since
m C A = Ry consists of degree zero elements and so the n-th degree piece of R/mR is
R,/mR, = I"/mI". Recall that, by definition, the Krull dimension of B is the analytic
spread of I. Now, since By = A/m is an infinite field, by [Ma70b] Theorem 14.14., B; contains

elements w7, ...,z such that ,/(x7,...,2}) = By. It is now not terribly hard to show that
R =@, I" is finite over P, (x1,...,,)"

Conversely, if @, I" is integral over @, (z1,...,2,)", then the former is finite over
the latter (since a ring extension is finite if it is integral and is of finite type). Then

V(x7, ..., 2r) = By and then by Krull’s height theorem, we must have r > gq. O

5.4.6 Lemma. Let A be a Noetherian ring, I,J ideals. Using the notation
(I:J®°)={fe€AlJ"fCI, n>0}
if I =, Qi is a primary decomposition, then
(I : J®) = the intersection of all Q;’s such that \/Q; 2 .J

where, by convention, the empty intersection is A.
In other words, (— : J*) removes all primary components whose radicals containing J

and leave the rest of components intact.

Proof. 1t is easy to see: (I : J*°) =(,(Q; : J°°). Thus, without loss of generality, we assume

I = (@ is a primary ideal. First, we have:
JCV/QeJ c@Q n>0s(Q:J%) =(1).

Next, suppose J ¢ /Q. Trivially, Q C (Q : J*). For the opposite inclusion, let f be in
(Q : J*®). Then J™f C @ for some m > 0. Since /@ is a prime ideal, J™ ¢ /@ and so
there is an z in J™ that is not in v/@Q. Then zf € Q and so f € @ since @ is primary. Hence,

(Q:J>)=Q. 0
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5.4.7 Lemma. (pure-subring analog of the Eakin—Nagata theorem) Let A — B be a pure
subring (cf. Lemma 5.3.6). If B is a Noetherian ring, then A is a Noetherian ring.

Proof. Let I C I, C --- be an increasing sequence of ideals of A. Then 1B C IbB C ---
stabilizes since B is Noetherian. Since I; = I; BN A (see the early part of the proof of Lemma

5.3.6), the original sequence stabilizes. O
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6.0 Symbolic normal cone

6.1 Definition of a symbolic normal cone

This section introduces a variant of a normal cone defined in terms of a symbolic power

of a prime ideal as opposed to an ordinary power.

6.1.1 Remark. Let A be a ring. If I C A is an ideal, then we write
ngA _ @In/InJrl
0

where, by convention, I° = A. With the notations X = Spec(A), V(I) = Spec(A/I), the
scheme

Spec(gr; A)

is called the normal cone to V (/) in X.
We can consider the following variant of a normal cone. Given a ring A and an ideal I in
it, let St = {x € Alz is a non-zerovisior on A/I}. Since S; is multiplicatively closed, we can

form the localization S;'A. Let 1™ denote the pre-image of the ideal
I"S;'A

under the localization map A — SI_lA. In this paper, we call 1™ the n-th symbolic power of
I. Suppose I =[] Q; has a minimal primary decomposition. Then the set {/Q;|1 <1i < r}
is the same as the set of the associated primes of A/I and the complement of the union of the
set in A is precisely S; defined above. If I = p is a prime ideal, then S, = A—p and I = p
is the smallest p-primary ideal containing p”™ (Proposition 5.3.5). As [0 ¢ [+ e

can form the associated ring of A
g+ A= @ I(n)/I(n—H)
0

where, by convention, I = A. We then call Spec(gr;e) A) the symbolic normal cone to

Spec A along 1.
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The next proposition collects some properties of symbolic powers for later use. Given a
ring A and an ideal I C A, we call an associated prime of the A-module A/ a prime divisor

of I; it is called an embedded prime divisor if it is not a minimal associated prime.
6.1.2 Proposition. Let A be a Noetherian ring and I an ideal of A.

(i) I =1.
(it) For each prime ideal p, let p, : A — A, be the localization map. Then

™= (N ¢'U"4).

peAss(A/I)

In literature, this is often taken as the definition of a symbolic power.

(i5i) IM™[f~Y = (I[f~1)™ for each integer n > 0 and each nonzerodivisor f € A.

Proof. (i) We have I c IV trivially. Conversely, if 2 € IV, then sz € I for some s € A
that is a nonzerodivisor modulo /. But then z = 0 modulo [; i.e., x € I.

(ii) Clearly, we have ”C”. Let S; be the complement in A of the union of Ass(A/I). Since
each Ay, p a prime divisor of I, is also of the localization S™' A, without loss of generality,
we replace A by S7'A and then assume that A is a ring whose set of maximal ideals is the
set of maximal prime divisors of I = maximal elements of Ass(A/I). We want to show the
injection 1™ < the right-hand side is a surjection; i.e., the cokernel vanishes. For that, it is
enough to show that that is the case at each maximal ideal of A; hence, replacing A by the
localization at a maximal ideal, we can assume A is a local ring whose maximal ideal m is a
maximal prime divisor of I. Then S; = A —m and so I™ = p_1(I"A,). On the other hand,
A — A, factors as A — Ay — A, and thus o' (I"An) C @, (1" A,).

(iii) First, let « be in I™[f~']. Then sfNx € I" for some N > 0 and s € S;; thus,
st € (I[f7'])*. Now, if s & Sy-1), then s € p[f~!] for some prime divisor p of I not

containing f, since

Assai-n(ALf /) = {plf M lp € Assa(A/T), f & p}.

That is, s € S;, a contradiction. Hence, we conclude z is in (I[f~1])™.
For the opposite inclusion, let z be in (I[f~!])®™. Then f¥sx € I" for some s € Sy;-11NA

and N > 0. Let py,...,p, be all (possibly none of) the prime divisors of I containing f.
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We write p; = (I : g;) for some g; € p;. Then the ideal a = (s, g7, ..., gl) is not contained in
each prime divisor of I. Thus, by prime avoidance, a contains an element s’ not in any prime

divisor of I; i.e., s € S;. Then f"Vs'z € I". Thus, x € I™[f~1]. O

The next corollary gives a geometric description of a symbolic power.

6.1.3 Corollary. Let X = Spec A be a normal affine variety. Let I = N{Q); be an intersection
of primary ideals. Let p; = \/Q; and assume that the p;’s all have height one. Let V; =V (p;).
Then Q; = pgmi) for some m; and

™ = NX,Ox(—nmVy — -+ — nm,.V,.))

where Ox (D) for a Weil divisor D is defined as

I'(X,0x(D)) = {f € k:(X)‘f =0 or Y ordy(f)V+D > o}.

Proof. Since A is integrally closed, A, is a one-dimensional integrally closed domain; thus, is
a discrete valuation ring. In a discrete valuation ring, every ideal is a power of the maximal
ideal. Hence, Q;A,, N A = p/"A, NA = pz(»mi) for some integers m; and then, by (i) of
Proposition 5.3.5, Q; = p(mi). The corollary now follows from (ii) of Proposition 6.1.2. [

i

We use the following standard notation and definition.

6.1.4 Definition. For each x € A, if for some n > 0, z € I™ — I"!, we write 2* for the class
of x in I"/I""!; otherwise, we let z* = 0. Then z* is called the initial form of x.

If 1" is replaced by I, we also define the initial form z* in the same fashion.

The next proposition gives an instance when a symbolic normal cone turns out to be

a usual normal cone. We recall that a finite sequence x,...,z, in a ring A is called a
reqular sequence if (1) they generate a proper ideal of A and (2) for each i =1,...,r, z; is a
nonzerodivisor modulo (z1,...,2;-1). The basic fact ([Ful98] Lemma A.6.1.) is: if zy,..., 2,

are a regular sequence generating an ideal I, then the surjective homomorphism of graded
rings

(A/])[t1a7t7"] - ngAa tz = x;k
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is injective (hence, an isomorphism), where z} is the initial form of z;. The explicit meaning
of the injectivity is this: for each homogeneous polynomial f in A[t,...,t,] of degree n, if
f(xy,...,x,) € I"™ then all the coefficients of f are in I.

We now prove the following:

6.1.5 Proposition. Let A be a ring and I an ideal generated by a reqular sequence 1, . .., ;.
Then, for every integer n > 1, I = ™.
In particular, the symbolic normal cone, the normal cone and the normal bundle to

V(I) C Spec A all coincide and

gL A= ngA = (A/I)[ZL'T, SR ,l'*]

r

where x} are the initial forms of x;’s.

Proof. We shall argue by induction on n. The base case n = 1 holds by (iii) of Proposition
5.3.5. Assuming the equality is valid for n — 1, let y be in 1. Since I c [~V = [~ by

inductive hypothesis, we can write

|8l=n—1
where 8 = (f1,...,0,) € N', zg are in A, |f] = . ; and 2¥ = 2 2P Since y € I™,
there is some s € A such that s is a nonzerodivisor modulo I and sy € I". Consider the

polynomial:

f= Z s25t”

|8l=n—1

in Alty,...,t]. It is homogeneous of degree n — 1 and satisfies f(x1,...,z,) = sy € I". Thus,
by the fact noted just before the proposition, the coefficients of f are all in [; i.e., szg € I for
all 8. Since s is a nonzerodivisor modulo /, this implies 23 is in [ for all §; i.e., y is in I".

The last assertion of the proposition holds by the discussion preceding this proposition. [

For the record, we mention the similar results:

6.1.6 Remark. Let A be a Noetherian ring. We have:
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(i) If gr; A is an integral domain, then ™ = I™ for every integer n > 1. (The proof is
easy.)
(ii) Corollary 3 of [Sch85] states the following : Let p be a prime ideal of A such that

grpa, Ap 1s an integral domain; e.g., Ay is a regular local ring. Then
(g1, A)rea is an integral domain < p™ = p7 for all integers n > 1.

Here, —,.q means the quotient by the nilradical and I denotes the integral closure of an

ideal I.
The next lemma relates symbolic powers to a valuation.

6.1.7 Lemma. Let A be a Noetherian ring and p a prime ideal. For each x € A, if there is
a non-negative integer n such that x € p™ — p*+Y then let pu(x) = n; if there is no such n,
let p(x) = oo.

Then grye) A is an integral domain if and only if p is a valuation; i.e., for any x,y € A,

p(zy) = p(x) + p(y) and p(x +y) > min{u(z), u(y)}-

Proof. Note we always have that u(z + y) > min{u(z), u(y)}.
Let 0 # 2*,y* denote the classes of z € p™, y € p(™ in p™ /p(+1) and p™) /p(m+1),

where n = p(x),m = p(y). Then we have:

oyt #0 e xy & pmtm ) o pu(zy) = n 4 m.

A symbolic normal cone can be used to detect regularity, like a usual normal cone.

6.1.8 Proposition. Let A be a Noetherian integral domain and p a prime ideal in it. Then

the localization A, is a discrete valuation ring if and only if

(a) grye A is an integral domain, and
(b) Q"(grye A)o = k(p), where Q"(—) means the homogeneous total ring of fractions (i.e.,

the denominators are homogeneous.
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Proof. (=) Let p be defined as in Lemma 6.1.7 and let v denote the valuation corresponding
to A,. Then p is the restriction of v to A. Consequently, gry.) A is an integral domain by
Lemma 6.1.7. This proves (a).

For (b), we first note that (gr, A)o = A/p. Thus, k(p) C Q"(grywe) A)o. For the opposite
inclusion, let z*/y* be in Qh(grpm) A)p. Note z*,y* have the same degree, say, n. Choose

x,y € A that represent z*, y*. Then

and so sz = ay for some s € A —p and a € A. Since gry«) A4 is an integral domain, it follows
s*x* = a*y*. Hence, 2" /y* = a*/s* € Q"(A/p).

(<) We shall show that dimy,) pA,/p*A, = 1, which implies, by Nakayama’s lemma, that
pA, is principal and thus A, is a one-dimensional regular local ring; i.e., a discrete valuation
ring.

We have p24, C pA, since, otherwise, we get pA, = p?4, = p3A, = - -+, a violation of
Krull’s intersection theorem. Thus, we can choose t € p — p®. Let 7 € pA,/p%4, and = a
lift of it in p under A — A, — A,/p?A,. Since x ¢ p?A,, ¢ p?. Thus, the initial form z*
is in p/p@. Likewise, t* is in p/p®. Hence, 2" /t* € Q"(gry) A)o = k(p) and we can write

/T =a"/s"

for some a,s € A —p. That is, s*2* = a"t* and, since gry) A is an integral domain,

(sx)* = (at)*. That is to say, sz — at € p® and so
v — 2t e p?A,.
s

Since a/s is in k(p), this implies that the images of z and ¢ in pA,/p*4, are proportional
over k(p). O
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6.2 Definition of a good prime

Having some preliminaries, we are ready to introduce:

6.2.1 Definition (good prime). Let A be a ring and p a geometrically prime idea.!
Then we say that p is a good prime if there is a ring homomorphism ¢ : A — O from A
to some discrete valuation ring (O, mo) such that (1) p = ¢~ !(mp) and (2) the generalized

Rees algebra @,° ¢! (mf) is a Noetherian ring.

Note that if A, is a discrete valuation ring and O = A, and ¢ the localization map, then
o1 (mp) is the n-th symbolic power of p. For an integral domain appearing in algebraic

geometry, there is a somehow simpler characterization of a good prime.

6.2.2 Lemma. Let A be either the coordinate ring of an affine variety or a localization of
such a ring and A the integral closure of A, q a height-one prime ideal oszf such that qN A
15 a geometrically prime ideal.

Then p = qN A is a good prime if and only if there exists an ideal I of A such that
for each n > 0, I"AN A is the contraction of the q-primary component Q) of I”/T; i.€.,
I"ANA=QnA.

In particular, when A = A s integrally closed, we have that p is a good prime if and only

if there exists an ideal I such that I™ is p-primary for each n > 0.

Proof. (=) By definition, @, q™ N A is a Noetherian ring and so is finitely generated as
an algebra over the zero-th degree piece. Hence, there is some m > 0 such that "™ N A =
(g™ N A)" for each n > 0. Also, let 2 # 0 in p and [ > 0 such that xgq = qlgq. Set m' = Im

and I = q) N A. Then, since 2™ € I, clearly, we have:

~ /

A, = ' A,

LA prime ideal p of a ring R is geometrically prime if R/p ®k(p) k(p) is an integral domain, where k(p) is
the algebraic closure of the residue field k(p) = Q(R/p).

2This definition of a good prime suggests that we work out the general theory of pre-image of powers of
ideals, of which a symbolic power is a special case. This is beyond the scope of the thesis and here we adopt
somehow more ad hoc approach.
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which is to say ¢ is the g-primary component of I"A. Also, I" = I"AN A since I"
is a contraction of an extension of an ideal. Thus, if 1 nA = NQ; is a minimal primary
decomposition, then N(Q; N A) = Q; N A with Q; = q™™).

(<) Let m > 0 be an integer such that ng = qmgq. Then q™™ is the g-primary
component of I"A and thus, by assumption, ¢™™ N A C I"A. Since I" C QN A, we also

have I C p C q. Consider
BRI C dXq"™ N AC FIMA.

We have that &g°/ " A is finite over @Be°I™; indeed, we can find a nonzero element f € A
such that fA C A and then f embeds 69801”;{ to ®g°I" as an B°I"-module. By Lemma
5.4.1 (ii), @SOI”E is finite (and thus Noetherian) over ©3°1™™ and thus ©°q™™ N A is finite
over @PI™™; hence it is a Noetherian ring. By Lemma 5.4.1 (ii), ©5°q™ N A is a Noetherian

ring. [

We note that the condition on [ in the lemma is trivially satisfied if 1 " 4 itself is primary

for each n > 0. This observation gives:

6.2.3 Example. Let A be the coordinate ring of an affine variety X and H = V(z) C X
a geometrically irreducible but possibly non-reduced hypersurface. Assume also that the
pre-image of H in the normalization of X is irreducible.® Then p = v/zA is a good prime by
Lemma 6.2.2 above with I = xA (because by Serre’s criterion, 2" A has no embedded prime
for each n > 0.)

Similarly, let R be the homogeneous coordinate ring of a projective variety. Let x be
a nonzero homogeneous element of R such that for the integral closure R of R, \/E is a

prime ideal. Then p = vz R is a good prime when it is geometrically prime.
We note that = above is generally not a local equation.

6.2.4 Remark. Let X = Proj R be a normal projective variety. Suppose R is not integrally

closed (in particular, R is not the section ring of Ox(1)).

30ne can show that, for p = vz A, if A, is a discrete valuation ring, then this conditions holds; i.e., V zA
is a prime ideal.
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Let Y C X be the closed subvariety defined by a height-one homogeneous prime ideal
p of R. Suppose Y is a hypersurface in the sense that Y = V(xR) for some homogeneous
element z € R and suppose R/p is integrally closed. Then the equation =R, = pR, would
lead to a contradiction. Indeed, assume this equation holds. Let A be the localization of R
at R;. Then x generates the maximal ideal of A, (this is not obvious but note that if y is a
homogeneous element in p, then sy = 0 mod (x) for some s € R — p. Then s;y = 0 mod ()
for each homogeneous component s; of s.) Since VzA is a prime ideal, the lemma of Hironaka
([Hart77] Ch. III, Lemma 9.12.) then says that p = xA and A is integrally closed (thus R is

integrally closed), a contradiction.
Given the above Remark 6.2.4, we make the following clarification:

6.2.5 Lemma. Let X = Proj R be a projective variety and Y C X a closed subvariety defined
by a homogeneous geometrically prime ideal p of height one. If Y is an effective Cartier divisor
on X, then there exists a homogeneous ideal I C R such that {p} C Ass(R/I") C {p, R;}
for each n > 0.

Let g be a homogeneous element of degree m in R, such that pR[g™] is principal and let
S = RI™ be the m-th Veronese subring and ¢ =pNS. Then Sq s a discrete valuation ring

with the valuation vy and for each n > 0,
p(m) (g — g(ne)

where e = min{y,(z™)|0 # = € p,x homogeneous}.

Proof. Let 7 : Spec(R) — V(R) — X = Proj(R) be the projection from the affine cone to
X. Then 7= }(Y) is a not-necessarily-reduced effective Cartier divisor on Spec(R) — V(R,).
Let I C R be some homogeneous ideal defining the scheme-theoretic closure of 77!(Y) in
X. Note that [ is locally free except at R, ; thus, by Lemma 2.4.5 (ii) and Corollary 5.4.4,
Ass(R/I™) C {p, R, }.

Let @ be a homogeneous element of p such that v(z™) = e. We note that pR[g™]o. is
generated by some element of the form x/g' where x is a homogeneous element of R and
[ > 0 an integer. Since deg(x) is divisible by m, we see that = is a homogeneous element of

S. Then x generates qS[¢~']. Indeed, if y is a homogeneous element in qS[g~!] of degree n,
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then y/g" is in pR[g]o = 2/g'R[g™']o. As deg(x) and deg(y) are both divisible by m, we
have a € S; thus, y is in qS[g™']. Since S[g~'] C S, it follows that 2 generates the maximal
ideal of S; and so Sy is a discrete valuation ring.

It remains to verify the equation p™™ NS = q("¢). First, we have q°S, = 2™S, C p™S, C
p™ R,; it thus follows that g c p(™™) N S. For the opposite inclusion, let y be in p™™ N S.
Then ay € p™ for some a € R — p. Replacing a by a™, we can assume a € S — q. Now,
p™™ is spanned over R by monomials of the form []]™ z; with z; € p. Then, since v is a
valuation, we have: v([[]"z") = >"v(z") > Y™ e = nme. Thus, v([[}" z) > ne.

Since v(y) = v(ay), we have y € q("°). O
The next standard lemma ([Ei04] Exercise 5.3.) is useful for a concrete computation of a
usual normal cone; we omit the (relatively easy) proof.

6.2.6 Lemma. Let A be a ring and J C I ideals. Then

ng/J(A/J) = gr;(A)/J*

where J* is the ideal generated by the initial forms of J with respect to I.

The next example is illuminating. In the next section, we will also give a quadric surface

example: Example 7.1.5.

6.2.7 Example (elliptic curve). Let S = k[z,y, 2], P* = Proj S. Let
R=S/(f), f =y*z — 2> + x2°.

Then R is the homogeneous coordinate ring of the elliptic curve X = Proj R < P?. Let 7,7, 2
be the images of z,y, z in R.

Let D = V(Z) C X the effective Cartier divisor determined by Z and Y = Supp(D). Note
Y =(0:1:0) and is defined by p = 1/(Z) = (T,Z) C R.

We have f = 0 mod (z,z) and f = y?>2 mod (z, 2)?. That is, the initial form of f is y?z.

Since gr, ) S = S, by Lemma 6.2.6, we have:

gr, R = S/(y22).

83



Geometrically, as divisors on the affine space A?, we have:
Spec(gr, R) = 2{y = 0} + {z = 0}.

We shall now identity grye) R = @y p™/p™). We have: 3?2 = 7° — z22 € p* and so
z € p®. Clearly, z ¢ p® and so deg(z) = (1,3). Similarly, we find 7,7 have degree (1,1) and
(1,0) respectively.

Note: geometrically, the calculations correspond to the calculations of order-of-vanishing.
For example, we have: Z = 0 = 7 = 0; i.e., Z vanishes to order 3 at (0:1:0).

We shall show the classes of Z, 7,7 generate gry«) R. Let A C gry«) R be the subalgebra

generated by the classes of Z,7,Zz. On the one hand, we have:

dimy A, = #{n1(1,3) + na(1,1) + n3(1,0)|n; + ny + ng =n, n; > 0}

= 3n.

On the other hand, by the Riemann-Roch theorem, dimy(gr,w R), = dimy R,, = 3n. Hence,

A = gry) R and in fact we have:

grpee) B = S/(y?z — 2®).

Geometrically, X degenerates to the cuspidal cubic curve y?z = x3.

Let I = (Z). Then, by a calculation similar to the one before, we see gr; R = k[x,y, z]/(x?).

Then gr; R — gryeo R is
klo,y, 21/ (2%) — klz,y, 2]/ (y*= — 2%).
Since R/(%) = k[z, y]/(*) and R/p = k[y],
N = Proj((R/p)[="]) = Proj(kly, 2]) ~ P".

We have the finite surjective map



induced by (R/p)[2*] = gry) R. As we have already seen, gr ) R is generated by z*, y*, z*.

3

Since 7° = aZ with a = T2 — 7> € p , we have 7** = 7*?Z and the surjective map k[to, t1, ta] —

gryeo) R, to,t1,ta — T*, 7%, Z* has the kernel generated by tj — t7t5. Hence,

C = V(t§ —t3t3) C P

Thus, the finite map p is given by forgetting x; i.e., (to : t1 : ta) — (t1 : t2). Note p is
well-defined on X.

We note that we also have the degeneration from X to P(Np,x @ 1) = Proj(R/(Z)[z*])
but the latter is not reduced (since R/(Z) = k[z,y]/(z?)).

The next theorem (Theorem 6.3.1) gives a useful characterization of a good prime. The
equivalence between (i) and (ii) is a mild generalization of the idea found in [Sch88]; whence,
the attribution. The equivalence between (i) and (iii) is a result of Kawamata ([Kaw88§]

Lemma 3.1.) without the assumption on normality.

6.3 Criteria for a good prime

6.3.1 Theorem (good prime criterion). Let X = Proj R be a projective variety over an
infinite field* and Y = V(p) C X a closed subvariety such that Y is an effective Cartier
divisor on X.

Then the following are equivalent.
(i) p is a good prime.
(i1) (Schenzel) p is the radical of an ideal generated by at most dim X number of homoge-

neous elements of positive degree.

(11i) (Kawamata) There exists a projective scheme

g:Z — Spec R

4Per usual, we have not investigated the finite field case.
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such that (1) g is small; i.e., the exceptional set has codimension > 2.° and (2) g.Oz(—1)
is the ideal sheaf of V (p(™) C Spec R; i.e., p™ is the space of global sections of g.Oz(—1).

Before proceeding with the proof, we note that, because Y C X is an effective Cartier
divisor, after replacing R by a Veronese subring, R, is a discrete valuation ring (Lemma
6.2.5). Thus, the meaning of a good prime simplifies: p is a good prime < @y p™ is a

Noetherian ring.

Proof of 6.53.1. (i) = (ii): Since p is a good prime, we can find m > 0 such that for every
n >0, pom = (p™)". Let Q = p™). Then Q" is primary for every n > 0. Then Q" is
primary for every n > 0 since, by Proposition 5.4.3, Ass(R/Q") C Ass(R/Q") = {p} for
r > 0. Then, by Proposition 5.4.3 and Lemma 5.4.5, for vt = R, , there exists an ideal a in
R, generated by at most Krull-dim(R) — 1 = ht(r) — 1 elements such that QR, is integral
over a. Then, by Lemma 5.3.11 and the remark that follows, we have pR, = y/a. It follows
that, for some homogeneous element f of R, , we have that pR[f '] is the radical of an ideal
generated by at most ht(t) — 1 elements. Then, by homogenizing the generators, we see that
p is the radical of an ideal generated by at most ht(t) — 1 homogeneous elements.

(ii) = (i): By Lemma 6.2.5, we have a homogeneous ideal I of R such that {p} C
Ass(R/I™) C {p,R.} for each n > 0. Also, by assumption, we can find a homogeneous
ideal a C R generated by Krull-dim(R) — 1 elements such that p = v/a. Let A = Rg, and
m = R, A. To simplify the notations, we will write p, a, etc. for pA, aA, etc. Let m > 0 be
an integer large enough that p™ C I and I"™ C a. By Proposition 5.4.3, for n > 0, m is not a

prime divisor of a”; i.e., taking (— : m*) does nothing (cf. Lemma 5.4.6). Thus, for n > 0,

a”™ C pm?) (T - m™) C (a7 : m™) = o,
which, by an argument similar to one in the proof in Lemma 6.2.2, implies that €, p(7m?) i
a Noetherian ring.
(i) = (iiii): (Sketch) We shall essentially repeat Kawamata’s original proof, also reproduced

at [Ko08, Exercise 90]). First assume that R is an integrally closed domain. Let Z be the

SFor the notion of a small morphism, see for example https://mathoverflow.net/questions/31696/
best-strategy-for-small-resolutions. A small morphism between normal varieties is also called an
isomorphism in codimension one.
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Projof B=R®p®p® @& - - with respect to the grading B,, = p™. Since p is a good prime,
B is a finitely generated R-algebra and, as a consequence, Oz(m) is an ample invertible sheaf
for some m > 0. Let g : Z — Spec R be the structure map. To show that g is small, by
way of contradiction, let E' be an irreducible component of the exceptional set of g that has
codimension 1. Let Zg denote the ideal sheaf of E C Z. Since Oz(m) is ample, for some
integer [ > 0 divisible by m, we have that Z5(l) := Zj ® Oz(l) is generated by global sections,
where Zj, = Homyz(Zg, Oz) is the dual module of Zg. Note that Zj, admits a nonzero global
section; e.g., Zp < Oy is one and since Z}, is torsion-free,® we can find an inclusion Oy < T3,
that is not the identity morphism. It in turn gives an inclusion Oz(l) < Zj(1). Since g,
is left-exact, that gives g.Oz(l) < ¢.Z5(l). To finish, the proof in literature relies on the
normality of Spec(R).

If R is not necessarily integrally closed, then there exists a good prime q of the integral
closure R lying over p. Then, by the early part, we get Z — Spec(R) — Spec R.

(iil) = (i): (Sketch) Let B = @, 9:Oz(—n). The assumption says that I'(Z, Oz(—1)) =
['(Spec R, g.0z(—1)) = p™). Thus, (p"™)" C I'(Z,04(-1))" C q, := ['(Z,0z(—n)) and
then

since the right-hand side is p-primary. To show the inclusion is the equality, let s be in q,,.
Then we can choose s’ in p(™™ such that s — s’ has support contained in the exceptional set
of g, which is a contradiction unless s — s’ is identically zero and proves the claim. We thus
conclude that @7 p™™ = T'(Spec R, B) is a finitely generated k-algebra (since B is finitely

generated as an Ox-algebra). O

6.3.2 Corollary. Let X C P" be a projectively normal smooth projective curve over an
algebraically closed field, R the homogeneous coordinate ring of X and p C R a height-one
homogeneous prime ideal. Then p is a good prime if and only if p™ is principal for some
m > 0.

In other words, p is a good prime if and only if the class of V(p) in the Weil divisor class

group of Spec R is a torsion element.

6In fact, Z is a reflexible sheaf in the sense in Hartshorne, R.: Stable reflexive sheaves. Math. Ann.254
(1980), 1217176.
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Proof. 7 (<) is trivial. (=) Let Q be as in Theorem 6.3.1 (ii). Since R, is a discrete
valuation ring, @ = p(™ for some m. Then @7 Q" is finite (thus integral) over @3 I™ for
some nonzero principal ideal I. But, since R is integrally closed, a nonzero principal ideal

such as I is integrally closed; i.e., p™ = I. O]

6.3.3 Corollary (cf. [Kaw88] Lemma 3.2.). Let X = Proj R be a projective variety and S a
subring of R. Assume that S is a Noetherian graded ring such that Ry = Sy = k is the base
field and S — R is graded of some degree and is finite. Let q be a height-one homogeneous
prime ideal of S such that there is a unique homogeneous prime ideal p of R that lies over q

(i.e., pNS =q). Then q is a good prime if and only if p is a good prime.

Proof. 1t is clear that p has height-one (cf. Lemma 2.5.1 (iv)).

(=) Since q is a good prime, we have g : Z — SpecS as in (iii). Let ¢ : W =
Z Xgpec s Spec R — Spec R be the base change along Spec R — Spec S. Then ¢’ satisfies the
condition of (iii) of the theorem. Hence, p is a good prime.

(<) Omitted for now (as not needed later). O

6.3.4 Remark (divisor with a growth condition). The early version of the thesis gave a
slightly more general version of the above theorem. For the benefits of the interested readers
(and for the purpose of historical records), we explain the idea of the general version.

As the readers of the proof would have noticed, the crux of proof is to estimate how
*badly* V(p) fails to be an effective Cartier divisor at the vertex V(R,). Thus, the idea
behind the proof would still work perfectly in the case when V' (p) is the closure of an effective
Cartier divisor; we estimate the boundary components of V' (p) (i.e., the components of the

non-Cartier locus).
We record the following two simple facts for the use in the next section.

6.3.5 Lemma. Let A be a G -ring. If p is a G| -invariant prime ideal, then, for each n > 0,
the symbolic power p™ is a G7 -submodule of A; in particular, the symbolic normal cone ring

gy A is a Gj,-algebra.

“cf. http://www.math.lsa.umich.edu/~hochster/711F07/L09.07 .pdf
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Proof. By Proposition 2.5.3 (i), we have a primary decomposition p" = Q1 N Q2N ---NQ,
where Q; are G -invariant ideals. If, say, v/Q; = p, then Q; = p{™. n

6.3.6 Lemma. Let R be an integral domain and A C R a subring. If p is a prime ideal of

A such that A, is a discrete valuation ring and q a prime ideal of R lying over p, then
P RN Ay, = p"A,.

Proof. We prove this by induction on n. Let x be a generator of pA,. The base case n =1
holds since pR,; N A, is a proper ideal of A, containing z. For the inductive step, let y be in
the left-hand side. By inductive hypothesis, we can write y = az"~! for some a € A,. Since
A — R — R, factors through A, — Ry, we have: p"R, = 2" R, and thus az"' € 2"R,. By
the basic case, a € xRy N A, = xA,, establishing the claim. n

Alternative proof. A, — Ry is torsion-free and thus is faithfully flat as A, is a principal
ideal domain. In general, for a faithfully flat ring homomorphism S — S’ and an ideal
I C S, we have 1.5'NS = I (cf. the proof of Lemma 5.3.6). Hence, for I = p"A,, we have:
IR, NA, =1. O
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7.0 Construction of toric degenerations

In the previous section, we saw that, given a projective variety X = Proj R, if p is a good
prime (Definition 6.2.1), then there is a degeneration from X to another projective variety.
We shall iterate this degeneration: each degeneration introduces a nontrivial G,,-action and
so, after some finite steps, we reach a projective variety acted by a torus with an open dense
orbit; i.e., a non-normal toric variety. We shall also observe that, by unwinding given a toric

degeneration, each toric degeneration of a projective variety can be reconstructed in this way.

7.1 Definition and lifts of a good flag

For the purpose of the construction, we use the following notion

7.1.1 Definition (good flag). Let X = Proj R be a projective variety and
Y. : X=YyDY1D:---DY,, codimY; =1

a partial or complete flag of closed subvarieties of X.

Suppose Y; = V (p;) for the homogeneous prime ideals p; C R. Then we say the above flag
Y, is a good flag with respect to R if for each i, p;/p;_1 is a good prime of R/p; 1 (Definition
6.2.1).

Also, we say a flag is a good flag with respect to an ample line bundle L if it is a good

flag with respect to the section ring of L.

Depending on applications, it can be easy to tell whether a flag is good or not, because

of the below:

7.1.2 Example (a typical good flag). Let Y, be a flag of a projective variety X = Proj R as
above and d = dim X. Assume that each Y; is an effective Cartier divisor on Y;_;. Then, with
respect to R, the flag Y, is a good flag if and only if there is a finite sequence of homogeneous
elements 1, ...,2,, 0 =ng <ny <--- <n, =n of Rsuch that, as a set, Y; = V(xy,...,x,,)

and n; —n;_1 — 1 < d — i. This immediately follows from Theorem 6.3.1 (ii).
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7.1.3 Remark (good primes under a Veronese embedding). A priori, the notion of a good
prime depends on R. But the notion of a good prime is stable under a Veronese embedding.

In particular, the notion of a good flag is stable under a Veronese embedding.

As mentioned in the beginning of this section, we now want to construction a sequence of
degenerations inductively; the construction runs as follows. Given a good flag Y1 = V(py) D

Yo =V(p2) D ---, we first degenerate X = Proj R to

X, = Proj (grpgw) R),

where Proj is with respect to the grading inherited from R. In addition to the inherited
grading, S := CONES R also has the second grading, the grading due to the defining direct
sum. Thus, X; has a G,,-action, which is linear in the sense that it is induced from the
G,,-action on the affine cone Spec S. The G,,-invariant subring S®» of S is R/p; and so the
GIT quotient takes the form:

7 X{* =Y, =Proj(R/p1).

Since Y5 C Y] is defined by a good prime, we already know we can degenerate Y; along Y5
and we want to lift this property to X, through the above 7.
The next proposition establishes the important lifting property of a GIT quotient map

for good primes.

7.1.4 Proposition (lifting property). Let X = Proj R be a projective variety and let a torus
T = G’ act on R as grade-preserving automorphisms. Let A = RT be the subring of invariant

elements. Assume T acts on R in such a way R =, -, Ry

Given a good prime p of A, there exists a T-invariant homogeneous geometrically prime*

tdeal q that lies over p.

!An ideal I of a k-algebra A is geometrically prime if A/p @ k is an integral domain where k is an
algebraic closure of k.
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Proof. Without loss of generality, we assume R is an integral domain. Let Z, R be the
integral closures of A, R in their respective fields of fractions. Note A is then a subring of RT
and R7 is finite over A.

Let p be a height-one homogeneous prime ideal of A such that D, p™ N A is Noetherian
(which exists as p is a good prime). Choose a height-one homogeneous prime ideal ¢ of R

that lies over p. Then Lemma 6.3.6 says:
PUR:NA=p"NA

Since EE is a discrete valuation ring, for some m > 0, we have: ﬁmﬁa = Eﬁa Thus,
3™ A A=F A A

The proof is now finished by the graded Nakayama lemma (Lemma 2.6.1). Let [ =
@D, -0 11y, which is an ideal (by assumption) and ¢ : R — R/I = A the projection (cf.

Lemma 2.4.2). Consider the surjective ring homomorphism induced by ¢:
B=PE"NR) —»C=PHE™nA).
n=0 n=0

Since A is a direct summand of R, A is a projective R-module; in particular, Torf(—, A) =
0. Hence, C = BrA = B/IB. Also, since p is a good prime, we have that C' is a Noetherian
ring. Choose a surjective grade-preserving ring homomorphism R/I[us,...,u,] — C, which
is a grade-preserving ring homomorphism Rluy,...,u,] — B modulo I; here we do not
insist the degree of each w; is one. Let coker be the cokernel of R[uy,...,u,] — B. Then
coker @A = coker /I coker is the cokernel of R/I[us,...,u,] — C, which is zero. Hence,
coker = 0 by the graded Nakayama lemma (Lemma 2.6.1) applied to the grading inherited
from R. [

The next example is a very good example illustrating the situation to which the proposition

applies.
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7.1.5 Example. Let X = V(sy — tz) C P? = Projk[s, t,z, y] be the quadric surface (over
k = C). It is the image of the Segre embedding

P! x P' 5 X C P3, ((ug : u1), (vo : v1)) = (uovo : uouy : uip : uivy).

Let R be the homogeneous coordinate ring of X and write 7, 7, etc for the images of z,y, etc

in R. We shall use the flag: as sets,
X=Y, o1 =V(z,y) DY, =V(Z,7,5),

which is a good flag by Example 7.1.2. First, let p = (Z,7) C R be the prime ideal defining Y;.
Then, by the same computation as in Example 6.2.7, the initial form of the defining equation
sy — tx with respect to (z,y) C k[x,y, s,t] is sy — tw itself. Hence, R ~ gr, R; in particular,
the latter ring is an integral domain and so p™ = p" for every n (Remark 6.1.6 (i)) and p
is a good prime. Note that the isomorphism says in particular that A = R/p = k[s,t] is a
subring of R.

Next, let po = (s) C R/p. Note that the extension poR is not a prime ideal since
R/psR ~ k[t,x,y]/(tx). In fact, poR = (s,7) N J where J := (s,t)R = A, R is the defining
ideal of the unstable locus X“¢. Note V (s, T) = Proj(k[t,y]) ~ P! and so V(poR) = P U X“s.

Let q = (s,7). Then it lies over py and is a good prime.

7.2 Constructing a good degeneration sequence

We are now ready to give the precise version of the construction described early.

7.2.1 Theorem (good degeneration sequence). Let X = Proj R be a projective variety of

dimension d over an infinite field. Given a good flag

with respect to R, for each 1 < i < r, we can inductively construct a sequence of flat

degenerations

X ~ Xp ~» -+~ X; = Proj(gr' R)

having the following properties:
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(i) The torus G', acts on gr' R as grade-preserving automorphisms and Y; is the GIT
quotient of X;; i.e., Y; = X;//G .

(i1) The quotient map 7 : X — Y; admits a section; i.e., there is a closed embedding
L:Y; = X7° such that mo is the identity.

(iii) The moment polytope of X; with respect to gr' R has dimension i (which implies a

generic stabilizer is finite),

Proof. By Proposition 7.1.4, we can carry out the construction discussed at beginning of
the present section, assuming each resulting degeneration has the asserted properties (i) -
(iii). Thus, here, we only verify those properties.

In the notions of the theorem, the grade-preserving surjection S — R/p; gives
Y, = X,.

Now, for each homogeneous g € (R/p), the above restricts to Y;, — X, , (where the

subscript g means the locus where g doesn’t vanish). Since X* = Uge(R/p)+ homog Niyg: the
above inclusion is in fact:
Y, — X7,
This proves (ii). (iii) is not hard to check by examining the generators of gr’ R.
O

The next example shows that the stable loci of the GIT quotient in the theorem are

usually empty without a twisting.

7.2.2 Example. Let X = P(V) where V is a two-dimensional vector space. With respect to
the action of a trivial group with trivial linearlization, we have X = X% = X?*.

Let R = k[V] be the homogeneous coordinate ring of X = P(V') and p = (z) the prime
ideal generated by some homogeneous element z of degree one. Since p is homogeneous,

8Ty It has a grading inherited from R and then, as a graded k-algebra (we drop p()),
grR=R/(z)® (z)/(x)*®--- ~ R.

In addition to the inherited grading, gr R has another N-grading given by the defining direct

sum and denoted as gr R,; i.e., gr R.,, = (z)"/(z)"*!. One can consider the G,,-action on
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X = Proj(gr R) corresponds to this N-grading; in terms of homogeneous coordinates, the

action is t - (z : y) = (t 'z : y). Since gr RS™ = (R/(x)); ~ yR, we get:

X¥ =Gy (1:1)U(0:1).

Now, if X is nonempty, then, since it is open and invariant, it must be that either X** = X*
or X* = Gy, - (1 :1). The former is not possible since G, fixes (0 : 1). The latter is not
possible either since G, - (1 : 1) is not closed in X*°. Hence, X* is empty.

Thankfully, there is another natural G,,-action that we can use and is induced as follows.
Since gr R is generated as gr R, o = R/(x)-algebra by x and gr R, ¢ is generated as k-algebra

by some degree-one element, say, y, we have an isomorphism of k-algebras:

kluy,us] = gr R, uy — x, ug — y.

Now, SLy acts on klu, us] in the usual way and so does its diagonal torus G,,. In terms of

homogeneous coordinates, this G,,-action is given (up to inverse) by:

te(z:y) = (to: t7'y).

Note, ignoring linearization, this is the same as ¢ - (z : y) = (t2z : y); thus, as far as the orbit
structure is concerned, this action is the same as the early one. On the other hand, it is easy

to see:

X% = X =G (1:1).

The next example works out the special case of a good flag that is a flag of set-theoretic
hypersurfaces. The example relies on the following Bertini’s theorem:

Théoréeme 6.3 (4) of [Jou83]: given a morphism ¢ of finite type from a geometrically
irreducible scheme to P" over an infinite field, if the image of ¢ has dimension > 2, then
o Y(H) is geometrically irreducible for general hyperplanes H on P".

(In loc. cit., the theorem is stated for A™ but can be shown to be valid for P" as well.)
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7.2.3 Example. In the setup of Theorem 7.2.1, suppose the good flag ¥; = V(p;) has the
form p; = m for some homogeneous elements f; € R, 1 <i <r. We also assume
the base field k is infinite? and that each Y;,; is in a general position in Y; (see below
for the precise meaning). Note that, for each i, there is the natural ring homomorphism

R — R/p; — gr' R. We shall inductively show:

(i) There is an injective G', -equivariant graded finite ring homomorphism:
(R/pz)[ulv <. 7ui] — gri R

where u;’s are G’ -weight vectors of nonzero weights.
(i) dim X/ =i—1.
(iii) A lift of p;y1 to gr' R is given as q;41 = +/ fir1 - g R.
Let g2 = /fo-gr! R C gr' R be the lift of p C R given by (iii). Then we form gr’ R =

gL, gr! R. Tt comes with an injective finite homomorphism (gr' R/qs)[us] < gr? R. Since g
2

R/p1
p2/p1

lies over po/p1[us] in R/p;[uq] as easily seen, R/p;[u;] <= gr' R induces R/pa[ui] = [uy] —

gr! R/q,. Composing them we get:

(R/pa)[u1, us) < (gr' R/q2)[us) < gr’ R.

Thus, on the i-th step, we will have (i). The item (ii) is a consequence of (i). Indeed, let
S = (R/p)[u1,...,u) and let g : X; = Proj(gr' R) — X, := Proj S, which is well-defined
and is finite by Corollary 2.6.2. Then it is known (see the end of [MFKO94] Ch. ., §5) that
g (X)) = X7, Hence, dim X; " = dim X**. Now, since S/SE;‘S = k[uq,...,u;] as in the
proof of Proposition 7.1.4, X;us = P~ !: in particular, dim X" = dim P! =4 — 1.

It remains to show (iii). Let 7 : X* — Y¥; be the GIT quotient. If Y, is a general
set-theoretic hypersurface on Y;,® then 7=1(Y;,;) is irreducible of codimension one on X;*
by Bertini’s theorem quoted above. Now, note that the set-theoretic hypersurface H =
V(\/fis1-gr' R) C X, is such that Supp(H N X?*) = Supp(r~(Y;11)). By Krull’s principal
ideal theorem, H consists of the irreducible components of codimension one in X;. Since

codim X** > dim X —i+1 > 2 by (ii), H cannot have an irreducible component disjoint from

2We have not investigated the finite field case.
3By “set-theoretic hypersurface”, we mean a set-theoretic complete intersection of codimension one.

96



X?®. Since H N X;*® is irreducible of codimension one, H = H N X and H is irreducible;

ie., qir1 = v/ fir1 - gr' R is a prime ideal, which is a lift of p; .

7.2.4 Proposition. Let X be a projective variety of dimension d over an infinite field k.
Suppose we are given some flat degeneration X ~» Z to a toric variety Z with the torus

Gd

¢, where the degeneration takes place inside some projective space. Then we can find some

good flag that gives rise to a sequence of degenerations X ~- -+~ Xy with Xy = Z.

Proof. Replacing R by some Veronese subring, we assume R is an integral domain. Then, by
assumption, there is a valuation v : R — 0 — Z% such that Z = Proj(gr, R). The valuation v
determines a flag as follows. Without loss of generality (why?), v(R—0) C N¢. Let p; : Z¢ — Z
be the projection onto the i-th component. Then, for each 1 < j <4, let p; be generated
by {f € R — 0 homogeneous |(p1 o v)(f) == (pj—100)(f) =0< (pjov)(f), 1 <j<i}.
Then clearly 0 C p; C -+ C py is a chain of prime ideals. We check p;/p; 1 is a good prime
in R/p;—1. Consider S = @, a{f € R—0|v(f) > a}, which is Noetherian. Then €, pgn)
is a direct summand of S and thus is a Noetherian ring by Lemma 5.4.7; i.e., p; is a good

prime. ]

Our construction of a sequence of degenerations from a good flag (Theorem 7.2.1) may
be thought of as an extension of the following construction. Okounkov’s original construction
was in an equivariant setup and will be revisited in §9. The key piece of the construction is

the following:
7.2.5 Lemma. Let Y C X be a codimension-one closed subvariety of an algebraic variety
X; e, Y is a prime Weil divisor. If

Vik(Y) =7zt

18 a valuation whose image is a free abelian group of rank r — 1, then there exists a not-

necessarily-unique valuation

v k(X) = 7",

such that (1) v(f) =V (f|y) for each f in k(X) that does not have zero or pole along Y, so

that fly is defined and nonzero, and (2) the image of v is a free abelian group of rank r.
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Proof. Let 7 : X — X be the normalization. Choose an irreducible component Z of
7 1(Y) as well as a generator u of the maximal ideal of the local ring O , C k(X). Let

N =Ny : k(Z2)* = E(Y)* be the norm map. Define v : k&(X)* — Z" by

v(f) = (ordz(f), (" o N)(f"))

where f' = (u= 92 f)| 5. O

7.3 A good degeneration sequence as the Parshin-Okounkov construction

7.3.1 Remark (Parshin-Okounkov construction in [Oko96]). Let X be an algebraic variety

together with a flag of closed subvarieties:
Yo X=YyDY1D.---DY,.
Applying Lemma 7.2.5 inductively then gives a valuation
v k(X)) =7

Namely, first we get a valuation v, : k(Y;)* — Z and from that we get v,_1 : k(Y,_1)* — Z?
and so forth.

If X c PV is a projective variety, then the above construction also applies to the
homogeneous coordinate ring R of X. Indeed, choose a degree-one homogeneous element f
of R such that f that does not vanish on Y, and then, for each n > 0, define v : R, — 0 — Z"

by v(g) = v(g/f"). (Clearly, this valuation is independent of a choice of f).

We note that the above construction depends only the intrinsic geometry of X; i.e., it is
independent of the way X is embedded into a projective space or an affine space. In contrast,

the valuations constructed in the previous section depends on the extrinsic geometry of X .*

4The observation that a sequence of degenerations in Theorem 7.2.1 can be composed into a single
degeneration is originally due to Christopher Manon.
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7.3.2 Proposition. Let us be in the setup of Theorem 7.2.1 and write Y; = V (p;) for each
1 <4 <r. Replacing R by a Veronese subring, assume R is an integral domain.
Then there exists a valuation v : R — 0 — Z" such that (1) gt" R = gr, R and (2) the

valuation

K(X)=0—=2Z" f/lg—v(f)/v(g),

where f,g are homogeneous elements of R of the same degree, coincides with the valuation

constructed by Remark 7.53.1, up to taking a Veronese subring of R.

Proof. Let p = p;. Taking a Veronese subring of R, without loss of generality, we can assume
R, is a discrete valuation ring; let v, be the associated valuation and 7 a homogeneous
element of R that is a generator of pR, (it is easy to check that such a 7 exists). We can also
assume that R —p contains a degree-one element s. For each homogeneous element f of R, we
write f, = f/s%8(/). We note that 7, generates the maximal ideal m of the local ring Oy, x
at Y1; indeed, suppose f, g are homogeneous elements of R of the same degree such that f/g
is in m. We write f = ar) and ¢ = bn**9 for some homogeneous a,b € R — p. Clearly,
vp(f) > 1,(g) and so f/g = a/bx»(D=@) € 1R, and thus f/g € 7,0y, x. In particular,
Vp, (fs) is the same as the order-of-vanishing of f; along Y.

The proposition is now essentially clear. Let a nonzero homogeneous element f be given.
Let a; = ordy, (fs). Then, with ¢; in R — p;, we can write f; = g1 sui* or f = giuj*. Let
f1 be the image of g; in R/p;, which is a nonzero element. Let gy be a lift of p, to gr' R
and Zy := V(q2) C X2 = Proj(gr? R). Then, as above, v, and ordy, agree after taking a
Veronese subring of R if necessarily. The rest of the proof is now clear.

]

We did not have enough time to verify the following example (so we state it as a question).

7.3.3 Question (Bott-Samelson varieties; cf. [An13] §6.4.). Let B C G = GL3(C) be the
Borel subgroup that consists of the upper-triangular matrices. Let a = (1,—1,0),8 =
(0,1,—1) be the two simple roots, P,, P3 the corresponding parabolic subgroups. Set w =
(54, s5) and let Z,, be the quotient P, x® Ps x? P,/B. Let ¢ : Z,, — GL3(C)/B be the
birational morphism induced by the multiplications. Let L = L(p) be the very ample line
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bundle on GL3(C)/B corresponding to p. We have the flag
X=YoYVi={z=0}D>---DYs={z=y=2=0}

Let M = ¢*L ® pr; O(1), where pr; : X — P,/B ~ P! and R the section ring of M.
Then is Y, a good flag?
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8.0 Specialization of ampleness

The style of this section is mostly expository. No particularly new ideas or methods
will be introduced; instead, we try to explain the construction in the previous section in
the context of intersection theory. With no additional efforts, this will allow us to (1) give
a characterization of a good flag in terms of a degeneration of an ample line bundle and
(2) extend the intersection-number formula for non-normal toric varieties in §3 to toric
degenertaions.

This section is also preparatory for Part 3 in which we consider equivariant analogs of

these matters.

8.1 A normal cone in intersection theory

We begin with recalling the use of a normal cone in intersection theory from [Ful93]. First
fix a smooth algebraic variety X, which is thought of as an ambient space. Suppose we wish

to define the intersection product of closed subschemes V., W C X:

V.-x W.

This would be easy if X is a vector bundle over W (and then W < X is the zero-section
embedding). The idea in [Ful98] is to reduce the general case to this special case by a
degeneration: (for simplicity) say W < X is a regular embedding and then the normal cone
Xp to it is a vector bundle Xg — W and then the degeneration X ~~ X along W fixes W in
particular, at least as a set, V' N W remains intact under the degeneration. The degeneration
does deform V' but it does so in such a way the induced degeneration V' ~~ Vj is a rational

equivalence; i.e., V ~ Vj are rationally equivalent. Hence,

V'XWZ:%'XOW
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is a well-defined product, up to a rational equivalence. This approach is quite similar to
the conventional approach that uses the moving lemma, the key difference being: here, the

ambient space X is changed to X, but the intersection V' N W itself is kept throughout.

We add a remark that, as already observed by [Kn05], a normal cone can be replaced by a
generalization of it such as a balanced normal cone of Knutson or a symbolic normal cone of
the present thesis. Indeed, the discussion of an ideal filtration in §5 generalizes in an obvious
way to ideal sheaves, as already noted in Definition 5.1.4. Let X be an algebraic variety and
v = {Z,}senr an ideal filtration. The ideal filtration v determines a closed subscheme with
the filtration V(Z,) or a filtered closed subscheme. For example, if r = 1 and Z,, = Z", the
V(Z") is the n-th infinitesimal neighborhood of V' (Z). Also, if X is normal' and if D C X is
a reduced Weil divisor,? then D C 2D C 3D C - -, where nD = V(Ox(—nD)), is another

example of a filtered closed subscheme.

8.1.1 Remark (affine blow-up). As before, we say an ideal filtration sheaf v = {Z,|a € N"}
on X is of finite type if the associated (sheaf version) Rees algebra P, Z, is finitely
generated as an Ox-algebra. For such an ideal filtration sheaf, because of finiteness, the

obvious sheaf analog of Theorem 5.2.1 is valid: namely, we have
Ro=Ox[t] @oit ' ot 2 -
such that R,/tR, = gr, Ox def @azo v./Up=abs and then it defines the flat morphism:
Ty 1 Specy (Ry) — AL,
which is an affine analog of a generalized extended blow-up. We usually call it a (generalized
extended) affine blow-up. (We ignore the non-uniqueness of the construction of R,.) By

definition, the special fiber 7, *(0) is the generalized normal cone to the filtered closed

subscheme Y, = V (v).

Lénormal” is needed to define Ox (—nD).

2A reduced Weil divisor is a pure-codimension-one closed subset, which we can view as the Weil divisor
that is the formal sum of the irreducible components of the set.
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We note that the definition of a symbolic normal cone in §6 extends to the non-affine
case in a straightforward way: given a closed subscheme Y C X with an ideal sheaf Z, define

M by T(U, M) = I'(U,Z)™ for each open affine subset U C X. Then

8.1.2 Lemma. In the preceding notations, the ideal filtration T = {ZM|n > 0} is well-
defined. It is of finite type, at least, in either of the following two cases (1) Y is an effective
Cartier divisor or (2) X is a quasi-projective variety and Y = X NV (p) is defined by a good

prime p of some graded Noetherian ring whose Proj is the closure of X.

Proof. The first assertion is clear in view of Proposition 6.1.2 (iii). The rest of the assertions

are also clear. O

8.2 Quasi-projectivity of a degeneration and a good flag

It is natural to ask whether or when an affine blow-up “quasi-projective-ness”. It is

answered partially by the following:

8.2.1 Definition (quasi-projective). A flat degeneration 7 : X’ — Al is said to be quasi-
projective if (1) X’ C PV x Al as a closed subscheme and (2) 7 is the restriction of the

projection.
8.2.2 Proposition. If X is a quasi-projective variety and if R, is of finite type, then the

affine blow-up Specy (R,) is quasi-projective in the sense of Definition 8.2.1.

Proof. In view of Theorem 5.2.1, we can assume ideal filtration v is indexed by N. Let L
be an ample line bundle on X, R = @ T'(X, L") its section ring and then set X = Proj R.
For each o € N, let I, = @, ,'(X, L®" ® Z,,), which is a homogeneous ideal of R. Let
R =R[tjle It '@ Lt?*®---. We claim

Specy (Ry) C Proj(R)

in such a way the left-hand side is an open subset of the right-hand side. The claim is seen

by unwinding the construction. O
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8.2.3 Remark (affine blow-up as the semistable locus). Assume for simplicity X = Proj R is
projective. Then the proof of the preceding proposition in fact says the following: Specy(R,)

is the semistable locus of X’ = Proj(R’) with respect to the natural G/ -action on X'.
We also need the next general lemma in the below:

8.2.4 Lemma (constancy of Hilbert polynomial). Let S be an integral Noetherian scheme
and P& =P x S the projective space over it. Then, for each flat closed subscheme X C IP¢,

the Hilbert polynomial of X is constant on fibers.

Proof. This is standard; e.g., [Hart77] Ch. III, Theorem 9.9. O

Having established the preliminary materials on generalized normal cones, we are ready
to state the main results of this section. We recall that the substitute Chow functor gr G as
intersection number was defined in §3. We now consider them in presence of flat degenerations.

Thus, suppose we are given some degeneration X ~~ X, with the total space X’ and the
trivialization X’ — Xy ~ X x (A! — 0) (Definition 5.1.1). Assume that X, X, are complete

varieties. Then we define the specialization homomorphism
a:grG(X) — grG(Xo)
as the composition:

grG(X) = grG(X x (A' = 0)) ~ gr G(X' — Xg) > gr G(X')

Fi—}F‘XO

— " gr G(Xy)

where the first map is the induced by the inclusion, the second by the trivialization and 7 is
given by extending coherent sheaves by means of [Hart77, Ch. II, Exercise 5.15.]. That this
is well-defined, we will confirm that in Proposition 8.2.5 below.

We will usually write Fy = «(F') and call Fy the specialization of F'. The next proposition
collects the key properties of the specialization homomorphism. We note the following

terminology.
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8.2.5 Proposition. Given the specialization homomorphism and the trivialization ¢ : X X

(A' —0) = X' — Xy as above, the following hold:

(i) The specialization map defined above

gr G(X) — gr G(Xo)

1s a well-defined group homomorphism.

(i) If [F] = [Oy], then [Fo] = [Oy,] where Vi is the scheme-theoretic intersection with X,

of the scheme-theoretic closure p(V x (Al —0)) within X'.
(111) If w is quasi-projective in the sense of Definition 8.2.1, then, for each coherent sheaf
FonX,
X(X, F) = x(Xo, Fp).

Moreover, if F = Oy and F = Oy, then V, is connected.
(iv) For each coherent sheaves F,G on X,

[Homo (F, G)o] = [Homo,, (Fo, Go)].

Proof. (i) The argument here was adopted from [FL85, Ch. VI. §3 Appendix.] As we noted
earlier, [Hart77, in Ch. II. Exercise 5.15.], given a coherent sheaf F' on U = X' — X, we can
extend it to a coherent sheaf F’ on X’. First we show this determines a well-defined function
grG(X' — Xy) 5 ar G(X).

Consider the exact sequence 0 — Fy; — Fy, — F3 — 0 of coherent sheaves on X. By (d)
of the same exercise in [Hart77], we can find coherent sheaves G; C Gy such that G;|y = F;.
Set G3 = Go/Gy. Then Gs|y = F3 and we have [Gy] = [G1] + [G5]. Hence, this gives the
well-defined G(X'—Xy) = G(X’). Now, since U is dense in X', dim Supp(F’) = dim Supp(G)
when G is an extension of F. Hence, the map determines 7 : gr G(X' — Xo) — gr G(X'). It
is a group homomorphism: if G, G" are extensions of F, F’  then (G ® G’)|y = F & F’, which

implies

while [G] = n([F]) and (7] = n([F).
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We check F +— F|x, : gr G(X') — gr G(X)) is well-defined. For i : Xy < X, we recall
that, by definition ([Hart77, Ch. II, §5]),

Flx, =i"F =i 'F ®;-10, Ox,.
Thus, given an exact sequence 0 — F' — G — H — 0 of coherent sheaves on X', we have:
0> K — Fy— Gy — Hy — 0,

where the subscript 0 refers to the restriction to Xy and K = ker(Fy — Gp). Then
[Fo] + [K] = [Go] + [Ho]. Note that Fy — Gy is injective on some open dense subset of X
and thus the kernel K has strictly smaller support than that of Fy. Hence, writing gr — for
the class of - in gr G(Xj), we then have: gr[Fo| = gr[Go] + gr[Hp]. (Note that this last part
is an analog of the fact that if a cycle a ~ 0 is rationally equivalent to 0, then its restriction
to Xy is also rationally equivalent to 0.)

(i) Let V' denote the closure of p(V x (A! —0)) in X’. Then Oy|y = Oy and thus
[Oy] is the same as the image of gr G(X) — gr G(X'). Now, Oy/|x, is the same as Oy/nx,.
Hence, the assertion is valid.

(iii) Since F' is coherent (i.e., a finite Ox-module), we can find a filtration F' = Gy D
G1 D -+ D G, = 0 such that G;/G;41 is of the form Oy, with V; C X a closed subvariety.
Since x (X, F) =Y. x(X,Gi/Gi41), without loss of generality, we can assume F' = Oy. Now,
by Lemma 8.2.4, V, V) have the same Hilbert polynomial; i.e., x(X, Ov(n)) = x(Xo, Oy, (n))
for each integer n > 0; in particular, that is the case for n = 1.

For the connnectedness of V4, as a consequence of the theorem on formal functions, we
know that V' — A! has connected fibers (see [Hart77] Exercise ?), where V' is as in the proof
of (ii). In particular, Vp, the fiber over 0, is connected.

(iv) For the extensions n(F),n(G) of F,G from U = X' — X, to X', since the sheaf Hom

commutes with restriction, we have:
Homo,, (n(F),n(G))|lv = Homo, (n(F)|v, n(G)lv) = Hom(F,G),
which is to say Homoe,, (n(F),n(G)) = n(Home, (F, G)). O
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8.2.6 Remark. The proof of (iii) above also shows that gr G(X) is generated by the classes
[Oy]. Explicit, if [F] is a class in gr G(X), then

[F] = Z lengthy, , (F7)[Ov]
where the sum runs over all subvarieties V' C X.
8.2.7 Corollary. (F*)y = (Fy)* where the superscript x refers to the dual sheaf; i.e. F* =
Homoy (F, Ox).

Proof. Take G = Ox and use (iv) of the proposition. O

We note the following result:

8.2.8 Proposition. Let X be an algebraic variety and Yy : X =Yy DY D --- DY, a flag
of closed subvarieties such that each Y;11 is an effective Cartier divisor on Y;.

Then there exists a flat degeneration © : X' — Al of X of finite type such that
771(0) = Spec (Symo, (Z/1%)
where T is the ideal sheaf of Y, — X. Also, if
vik(X)-0—>7Z"

is the valuation constructed from Y, by Remark 7.3.1, then, for each sufficiently small affine
open subset U = Spec A C X,
F(U, wal(o)) = gr, A.

Proof. Since the assertions are all local, without loss of generality, we can assume X = Spec A
is affine and that Z is an ideal of A of height r generated by a regular sequence z1, ..., z,.

Then the assertion is clear (it is precisely a theorem of Rees). ]
The specialization homomorphism can now be used to state the following characterization
of a good flag:

8.2.9 Theorem. Let X be a projective variety, L an ample line bundle on it and 7 : X' — Al
a flat degeneration of X constructed from some flag Yo by Proposition 8.2.8. Then the following

are equivalent:
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(i) X' is quasi-projective in such a way X' C PN x Al as a closed subscheme so that, for
some m > 0, L®™ is the pullback of Opn (1) under X — X'. and w is the restriction of
the projection.

(i1) After replacing L by some tensor power, the specialization Lo is an ample line bundle.

(11i) Ys is a good flag with respect to L.
Proof. This is essentially the restatement of the results of §7. O

It is natural to ask:

8.2.10 Question. Given a flag Y, (with some Cartier-type assumption) on a projective

variety X, can we find an ample line bundle L on X with respect to which Y, is a good flag?

The question is trivially true for a projective curve (since any point on a curve is a
hypersurface with respect to some embedding). We plan to address the question in the

forthcoming [Mu2X].

8.3 (A very special case of) specialization of intersection numbers

Generally speaking, we expect (and can show that) intersection numbers to be preserved
under specialization when the total space of a degeneration is smooth (cf. [Ful93, Corollary
10.1]). However, the degenerations considered in this thesis are almost never smooth and,
accordingly, we do not expect the intersection numbers to be preserved, generally speaking,
in our setup (see also Remark 8.3.3 for the discussion of what is missing). But there is some
exception that is perhaps worth recorded. For the sake of transparency of the discussion, we
state it for curves but the same approach would work in the higher dimension case.

We recall that, in §3, we defined intersection number in terms of Euler characteristic (see
Definition 3.1.3). For example, for a line bundle L and a reducible curve C' on some complete

variety X, we have L - C = x(O¢) — x(L7' @ O¢).

8.3.1 Proposition. Given a quasi-projective degeneration © : X' — Al of an algebraic

variety X (Definition 8.2.1), let L be a line bundle on X such that the specialization Lg is a
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line bundle. Then, for any curve’> C on X,
L-C=1Ly Cy

where the left-hand side L-C' is the intersection number of L and C' on X and that right-hand
side that is on Xj.

Proof. Since L' ®@ F = L* ® F = Home, (L, F), we can write:
c(L)F =F —Hom(L, F).
Then, by (iv) of Proposition 8.2.5,
(c1(L)F)o = Fy — Homo, (Lo, Fo) = c1(Lo) Fy

and thus
X((c1(L)F)o) = x(e1(Lo) Fo).

Since y is preserved by the specialization homomorphism (Proposition 8.2.5 (iii)), this implies

the assertion. N

The next corollary follows from the second part of Theorem 4.1.6. We recall that we

defined the moment polytope A(L) of an ample line bundle at Definition 2.4.3.

8.3.2 Corollary. In the setup of Proposition 8.3.1 above, assume the special fiber Xy s
a complete non-normal toric variety and Ly is a ample line bundle. Let Cy = |JCy; the

decomposition into irreducible components:

L-C:Zmi(...)

where L; is the pullback of L to Cy; req = the reduced structure of Co; and m; the multiplicity
of Coirea in Coj.
In particular, if X is a surface and L = Ox(C), then C? = deg(C) = vol(Ax(C)).

3By a curve on X, we mean a one-dimensional closed subscheme (i.e., a reducible not-neceesarily-reduced
curve) of X.
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Proof. 1In light of Proposition 8.3.1, without loss of generality, we can assume that X is
a non-normal toric variety and that C' is reduced and irreducible. By definition, L - C' =

X(Oc) = x(L7' @ Oc¢). 0

8.3.3 Remark. It is beyond the scope of this thesis but what is needed to weaken the
condition on Ly is to extend the definition of ¢;(L) from a line bundle L to some more general
coherent sheaf. Or, equivalently, to answer what is a divisor that is not a Cartier divisor?
(For a normal variety, we have the notion of a divisorial sheaf and so the equivalent question

is to find the definition of a divisorial sheaf for non-normal varieties.)
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9.0 Part 3: Equivariant Hilbert functions and their leading terms

In this section, we give the reformulation of the result of [Oko96] in terms of characters
of representations that paves the way for a generalization in the next section. This section
requires some background in representation theory, which, for convenience of the readers, is
recalled in Appendix.

Let G be a connected reductive linear algebraic group over an algebraically closed field k
and V' a finite-dimensional representation of G. Let X C P(V') be a G-subvariety and R the
homogeneous coordinate ring of it. Now, G acts on R as grade-preserving automorphism;

i.e., there is a sequence of finite-dimensional representations

Tn : G — GL(R,).

We can then take their traces trm,; i.e., the characters of (m,, R,). Since tr 7,(1) = dim R,
for large n, trm, may be thought of an equivariant analog of a Hilbert function and this is

what we meany by “equivariant Hilbert function” in the title of the present section.

9.1 Representation theory setup

We shall derive the integral formula for the leading term of tr m, (as n — 0o0) by combining
[Oko96] and Weyl’s character formula.

First we need some setup. We fix a maximal torus 7' C GG of dimension r and then let
t = t¢ = Hom(G,,,T) ®z C where Hom(G,,,T) is the group of 1-parameter subgroups of
T written additively. Then the dual space t* is Ay ®z C where Ay = Hom(T,G,,) is the
weight lattice of T, again written additively..! We write (-,-) : t* x t — C for the (usual)
pairing given by the composition. Let C' C t* be some choice of the positive Wely chamber
(see A.0.8).

'Note that if ¥ = C, then t is the Lie algebra of T. In other words, t¢ is the complex points of the Z-Lie
algebra of T" but this type of a general point of view is not needed here.
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Let (7}, V) denote the irreducible representations of G' parametrized by those A € C'N Ay,

(Theorem A.0.9). For each n, according to Corollary A.0.7, we have the decomposition of R,,:

R, ~ @ Homg(V*, R,) @ V.

AeCNAwt

Let
mult,, (\) := dim Homg(V?*, R,)

be the multiplicity of V* in R, the number of times VV* appears in the decomposition.

9.2 Okounkov’s result in terms of an equivariant Hilbert function

The next proposition is a variant of the main result of [Oko96]; we will prove it using the
same idea as in that paper. By a relatively open face of a polyhedral convex cone, we mean

the relative interior of a closed face of the cone.

9.2.1 Proposition (cf. [0ko96)). For each relatively open face F C C of dimension v
(defined just above), there exist a convex compact set Np C RY™E with nonempty interior as
well as a map:

J AF — t*
such that

(i)  is the restriction of an R-linear map RY™E — t* and the image of p is F and

coincides with the convex hull of the bounded set
{\/njn > 0,\ € F N Ay, mult,, () > 0}.
(i) For each z in t,
nlgrolo n_dimFZmultﬂn (nX\)e™) = /AF e M@)2) g

AEF
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Proof. Let B be the Borel subgroup of GG corresponding to our choice of positive Weyl
chamber and U be the unipotent part of B (T is then the semisimple part of B). We know
(see Theorem A.0.9)

mult,, (A) = dim R,

where Rf{’ , denotes the T-weight space of I?,, with weight .

Let v : RY — 0 — Z% be a valuation having the property that: if £ C RY is a finite-
dimensional vector subspace, then #(v(E — 0)) = dim E. Such a valuation exists by [Oko96]
(and also by Remark 7.3.1).

Let

Rp = &b Bl

(n,nA)ENX(FNA)

It is an algebra over the base field k. Let

Sn={mAv()0# f € R\ AEF},

n,n\?

which is a subset of £ x R? such that S, + S,, C Sp..m (since Ry is an algebra).
Define Ar to be the closure

U Sp/n.

n>0

It is known and is also easy to see that Ar is a compact convex set.
Let ¢ = dim F. As in the proof of the lemma in §2.5 of [Oko96] or by Theorem 1.6. of
[KK12], we have: for any open ball U in R",

lim n™ 94 (S, NnU) = vol,(ArNU)

n—o0

where vol, denotes some suitably normalized volume.
As a matter of notation, if £ C R" is a subset, we write 1g for a characteristic function
on . If E is a finite set, we view it also as a discrete measure:
Z 1p(z)0,
zeR”
where ¢, is the point mass measure at x.
With this notation, the above means that the discrete measure n~%1g, /,, converges weakly

to 1a,, up to some normalization constant.
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For any continuous function f on E, we have:

<1Sn/nu f © M> = Z (Z 1Sn(n/\7a)> f()‘)

AEF \a€eR4

=D (#v(RI\—0) FV)

AEF

= multg, (nA)f(A).

For each fixed z in t, dividing both sides by n”, taking f(\) = e and then letting

n — oo gives the assertion. ]

9.2.2 Remark. The proof suggests that A are related to each other, but we omit the

discussion on the relations (as not needed).

The above proposition describes the asymptotic behavior of mult,, (nA) as n — oo but
nothing about the remainder. There is, however, an a priori estimate that we can and shall
give; the more details information, which is the point of this thesis, can be obtained by an
application of a toric degeneration as in the next section §10.

First, we note the following restatement of the Hilbert-Serre theorem (see the proof of

the lemma for the statement of the theorem).

9.2.3 Lemma. Let A be a graded Noetherian ring and A a C-valued additive function on the
class of finite Ag-modules; here “additive” means for each exact sequence 0 — M’ — M —
M" — 0, we have \(M) = AX(M") + X\(M").

Let M be a finite Ag-module and m the least common multiple of the degrees of some

finitely many generators of M. Then, for some integer m > 0 and ¢ an m-root of unity in C,

m—1

A(M,) = Fi(n)¢™

]=

where each F} is a polynomial. A function like the right-hand side is called a quasi-polynomial;

hence, in short, A(M,) is a quasi-polynomial in n.
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Proof. We recall that the Hilbert-Serre theorem ([AM94] Theorem 11.1.) says that for
the Poincare series P(M,t) = 3> A(M,)t" and homogeneous generators x1, ..., zs of M,

n=0

we have: P(M,t) [];_,(1 — t9%) is a polynomial in ¢ with integer coefficients. By partial

fraction, we can write:
P(M,t) =) a;(1—¢'t)7~" mod Qt].
2%

Then, by binomial series, if n is large,

— J
27‘7

We note the following estimate:

9.2.4 Lemma. For each relatively open face F' of the closure of the positive Wely chamber,

if f s a function on t*, then

> multy, (nA)f(\)

AEF
is a quasi-polynomial in n of degree < dim Ap (for the definition of “quasi-polynomial”, see

Lemma 9.2.3 just above).

Proof. The proof consists of two steps.

(i) Show Rp = @D, ¢rer Ry is a finitely generated algebra over the base field k.

(ii) Apply the Hilbert-Serre theorem to the finite kfus, ..., us]-module Rr to conclude the

proof.

By Proposition A.0.10, to do (i), it is enough to show the graded ring @, Ry, is a
Noetherian ring. But that ring is a direct summand of the Noetherian ring R; thus is a

Noetherian ring. O
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The irreducible characters can be computed by the Weyl character formula. Following
[Kac90] §10.6., we define the character of a finite-dimensional G-module (V, 7y ) to be the

function chy : t — C given by

where, for A € C'N Ay, multy ()\) = dim Hom(V*,V); otherwise, multy (\) = 0. Note that
chy (z) = trmy (exp 2) if the base field is k = C and exp : t — T is the exponential map.

Using this definition of a character, the Weyl character formula says: for any z € t,

D(z) chya(z) = Z (—1)w@)lwOtp)=p2)
weW

where

e [(w) is the length of w; i.e., the minimum number of the elements in the decomposition

of w into simple reflections.

o D(z)=]],-0(1 - e~ {2y,
We next mix Proposition 9.2.1 and the Weyl character formula. By linearity,

D(z) chy,(2) = > mult,, (A\)D(2) chya(2)

— (_1)l(w) mult,, ()\)e<w(>\+p)—p,2)

By making the change of a variable A — nw™'\, we have:

D(z/n)chy, (z/n) =Y (=1)") mult,, (nw='X)e=)teemezin,
Aw

This leads to the main result of this section:
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9.2.5 Theorem. In the notations of Proposition 9.2.1, with N\ = AN¢ and fixed z € t, there

1s an integer m > 0 such that for each integer n > 0 divisible by m,

D(z/n) chy, (2/n) = ( /A e<“(x)’z>dyc) "+ e.(n)

where €, is bounded above by a polynomial of degree < r = dimT that depends on z.

Proof. If w is not the identity element, then the W-fixed set is a subcone F' of C' of strictly
smaller dimension and thus, the term involving such w cannot contribute to the leading term.

The estimate on the error term €,(n) comes from Lemma 9.2.4. O
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10.0 The remaining terms in the abelian case

We keep using the notations introduced in the previous section but, for simplicity, we
take G =T to be a torus. It is not essential to limit ourselves to the abelian case, but the
statements of the results will be less transparent. For the same desire for transparency, we
also only consider the saturated case.

We deduce our result as a corollary of the result of Khovanskii and Pukhlikov ([KP92],
[KP92-b]); or more precise following significant refinement due to Brion and Vergne [BV97]
(cf. [Gu97)):

10.0.1 Theorem. (Euler-Maclaurin formula for rational convex polytopes) Let /\ C (R?)*

be a convex polytope given as, say,
A ={r € (RY*|(z,v;)) +a; >0,1<i< N}

for some (v, a;) € Z¢ X 7.
Let t7(xq,...,xN) denote the Todd function associated to I as in [BV97]. Then, for each

linear functional | such that the series below converges, we have:

Z et = ZT[ (0/0h) |h0/ b dy:
I

AeANZA L

where N, = {z € (R)*[{x,v;) + a; + h; > 0,1 <i < N}.

10.0.2 Corollary. In the setup of the previous section, suppose there is a toric degeneration
X ~ Xo = Proj(k[S]) from X to a normal toric variety Xo; i.e., there is a convex polytope

A such that S,, = nA NZ2. Moreover, assume the degeneration is T-equivariant. Then

hr,(2) = 5771 (9/h) o / e .
I; A
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Proof. Since
dim C[S],n = #(nANZI N (N)),

we have:

ch,, (z) = Z dim Rn,Ae<)"Z> = Z dim C[S]n,,\e<’\’z>

AEA AEA

=Y e,

(A\a)eEnANZe
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Appendix Representation theory

This section collects some basic results and facts from representation theory that are
used in Part 3 (and some clarification on group actions that is referred in Part 1). The main

reference is [Br05] (especially the notion of a reductive group).

First we recall the notions of a group action in algebraic geometry and linearization of it

in the form we use.

A.0.1 Definition (group action). Let G be a linear algebraic group! over a field k. Let k[G]
be the coordinate ring of G; i.e., G = Speck[G]. By a group action of G on a scheme X
over k, we mean a morphism o : G x X — X over k that satisfies the two axioms of a group
action (associativity and unitality).

Now, suppose X = Spec A is affine. Then the group action axioms state explicitly that
the algebra homomorphism o# : A — k[G] ® A satisfy:

(1) A it K[G) ® A™S k® A~ Ais the identity map, where ¢ : k[G] — k corresponds to
the identity element of G.
(2) The diagram

A i kG @ A
la# lll@lA
Lgjq @0 %
kG A—9" L kG ® k[G] ® A

commutes, where u : k|G| — k|G| ® k[G] corresponds to the multiplication on G.

For example, if G = G,,, = Speck[t,t™1], then for each k-algebra R, we have, as groups,
R "2 G, (R) := Hom(k[t,t ], R)

where f,.(t) = r and the binary operation on G,,(R) is given by the pullback along t — ¢ ® t.
That is to say, the multiplication on G,, is given by u : k[t,t7!] — k[t,t k[t t71], t — t&t.

Hence, if there is a dominant and equivariant map G,, — X (so k[X] is a subring of k[t, "]

'To be definite, an affine group scheme that is of finite type over the base field
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and the group action of X extends the multiplication of G,,), then the group action on X is
given by k[X] = k[t,t ) @ k[X], f— f® [.

The above is the general definition of a group action. But at least in the thesis, we are
exclusively interested in group actions coming from a linear representation of a group; i.e.,
when the action is linearizable. The next proposition says that an (algebraic) group action
on an affine variety is always linearizable.

We recall that, as usual, a vector space V' is given the structure of a scheme as the Spec

of the ring of polynomial functions on V' (at least when the base field k is infinite).

A.0.2 Proposition. Let G be a linear algebraic group acting on an affine variety X. Then
there exists a finite-dimensional vector space V' such that (1) V is a G-module and (2) there

1s a G-equivariant closed immersion X — V.

A.0.3 Corollary. The coordinate ring A of an affine G-variety, viewed as a left reqular
representation of G, is rational; i.e., for each vector v € A, G - v spans a finite-dimensional

vector subspace.
Here is the projective case of the above.

A.0.4 Proposition. Let G be a linear algebraic group and R a graded ring such that Ry = k
1s the base field and G act on R as grade-preserving automorphisms. Then Proj X is a
G-scheme. Moreover, if R is finitely generated as a k-algebra, then there is a G-module V

such that X — P(V) is a G-equivariant closed immersion.
Next we recall the notion of a reductive group.

A.0.5 Proposition. For a linear algebraic group G over an algebraically closed field k of
characteristic zero, the following are equivalent:
(i) G is reductive; i.e., has no nontrivial closed normal unipotent subgroup.

(i) Every finite-dimensional G-module is semisimple (i.e., a direct sum of simple mod-

ules).?

(111) Every G-module is semisimple.

2Such a G is called linear reductive.
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Moreover, if k = C, then the above conditions are equivalent to saying G contains a Zariski-

dense compact subgroup.
Proof. This is well-known; see for example [Br05] §1. Theorem 1.23. O

Because of the last part of the above proposition, to some extent, the representation
theory of a reductive group is related to that of a compact group; in particular, we have the

theorem below.

A.0.6 Theorem (Peter-Weyl). Let G be a reductive linear algebraic group with the coordinate
ring k|G|, k algebraically closed of characteristic zero. Let G x G act on k[G] by (g,h)- f(x) =
f(g7'zh). Then, as a G x G-module, there is the decomposition

k[G) = @D End(V?)

where each \ denotes the isomorphism class of a simple G x G-module and V* a representative

of \.
Proof. See [Br05] §2. Lemma 2.2. O

Note that Endg(V?) = (V)" @ V.

A.0.7 Corollary (isotypic decomposition). If V' is a G-module, then
V= @Homg(‘/’\, Ve Vv
A
Proof.

K[G] =V ey KIG) = PV @iy (V)" @1 VA
A

— @ Homg (VY V) @ V*
A
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For a finite group, the above theorem reduces to a standard fact on the decomposition
of a regular representation. For a connected reductive group, on the other hand, there is a
convenient and conventional way to parametrize all the simple G-modules: the theorem of
the highest weight. To formulate it, we need some setup.

Let G be as above but now assumed to be connected. Let T be a maximal torus of G. By a
root (relative to G and T'), we mean that a group homomorphism « : T' — G, that is a weight
of the adjoint action of 7" on the Lie algebra g of G. Let E be the real vector space spanned
by the character group of T', the characters written additively; note r = dimT = dim E.
{{a,) = 0}. The

The set ® of roots then forms a root system on F. Let Fiee = F — Ua@

connected components of E,e, are then called the Weyl chambers. The key fact is:
A.0.8 Lemma (Weyl chambers). There are bijections between the following sets

(i) The set of Weyl chambers.
(11) The set of choices of simple roots of ®.
(i1i) The set of choices of Borel subgroups of G containing T

Fix some Borel subgroup B or equivalently choose a Weyl chamber, which is called the
positive Weyl chamber. By the weight lattice Ay C E, we mean that the character group of
T. Let U denote the unipotent radical of B (so that B is the semidirect product of 7" and U).

A.0.9 Theorem (theorem of the highest weight). There is the bijection
CN Ay — the set of isomorphism classes of simple G-modules.
Also, for each G-module V,
dim Homg(V?*, V) = dim VY
where VU is the T-weight space of weight \ in VY.

Proof. This is well-known. O]

The following is the Hilbert’s theorem on the finiteness of an invariant ring for a unipotent

radical.
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A.0.10 Proposition. Let A be a finitely generated algebra over k. Then AY is also a finitely

generated algebra over k.

Proof. This is the theorem of Hadziev and Grosshans (see [Br05] Theorem 2.7.) [
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