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Introduction

The principal objective of this thesis is to give a rigorous and largely self-
contained introduction to the Nash problem, including the requisite theory of
arcs.

Overview of the Nash problem

Resolution of singularities is one of the main devices used in the study of
singular varieties. Roughly speaking, a resolution of a singular variety X is a
proper birational morphism Y — X from a smooth variety Y, and in this case
we say that X and Y are birational. Birational varieties are known to share
many common properties, and the idea is to take a resolution so that these
properties may be examined on a more well-behaved smooth variety instead.

The caveat is that there is often no obvious choice of resolution, and so
the task of extracting meaningful information about the singular variety is still
quite complicated. In this way, the problem becomes one of classification of
resolutions and their mutual properties. Unsurprisingly, more can then be said
about the singular variety than if the focus was on just one possible resolution.

As part of this effort to better understand resolutions, the notion of essen-
tial components was introduced by John F. Nash, Jr. in a 1968 preprint—later
published as [Nasgjs]. Since then the theory has matured considerably, and it is
usually more intuitive to speak of essential divisors instead. A brief description
of these two ideas now follows.

Informally, an essential divisor is an exceptional divisor that appears on
every possible resolution of a given variety X. Then for a resolution Y — X,
the essential components are the images on Y of the exceptional divisors. In
particular, the essential components are all irreducible components of the
preimage of the singular locus of X. For every resolution of X, the essential
divisors are in bijective correspondence with the essential components. So by
definition, the essential divisors depend only on the singular variety X, and
not on any particular resolution.

Nash’s idea was to employ the notion of arcs to study the the essential
divisors. One can think of an arc on X as the infinitesimal analogue of an
element of the tangent space at a point on X—indeed, the arcs are naturally
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constructed according to this very intuition. Then by considering the collection
of all arcs on X, the so-called arc space is obtained, and it turns out that
the arc space possesses a natural scheme structure. This highly geometrical
phenomenon helps in making the theory an extremely powerful piece of
algebro-geometric weaponry.

The modern theory of arcs has undergone a considerable evolution since
the time of Nash’s original preprint, and is today largely scheme-theoretic. The
result is a beautiful piece of mathematical machinery that can operate in a
very general setting. In particular, it is possible to define arc spaces on nearly
arbitrary schemes. Remarkably little is lost through this generalisation.

Formally, an arc on X is defined to be a morphism (of schemes) of the
form SpecK][[¢]] — X, where K is a field extension of the base field £ of X.
A somewhat peculiar aspect of arcs that distinguishes them from their finite
precursors—known as jezs—is that they each can map to {wo points on X rather
than just one. The image of the closed point of Spec K[[¢]] is then said to be
the center of the arc. This provides a kind of mechanism with which to measure
X.

On this basis, Nash focused on the set of arcs centered anywhere on the
singular locus of X. Treated as a subset of the arc space, he took the irreducible
components of this set and discarded those which did not contain an arc with
image partly in the smooth locus of X. He called the remaining components arc
families, although today arc families are commonly known as Nash components.
Finally, he constructed a map

N: { Nash components } - { essential divisors }

and showed it to be injective. Today, the map N is known as the Nash map.
The genesis of the so-called Nash problem is the following question posed in

[Nasg5, p. 36l

Here a question arises. Is there always a corresponding arc family

for an essential component of this class? And, in general, how

completely do the essential components correspond to the arc

families?
More succinctly, the Nash problem asks: Is the Nash map bijective?

Things have come a long way since 1968. Proofs have been offered for

numerous classes of variety, using a rather diverse range of methods. The
problem on varieties of a particular dimension seems to be commonly perceived

as the most important case, and until recently this was still an open problem.
The following table chronicles recent developments.

Recent answers to the Nash problem

Authors Answer Dimension Characteristic Paper
Ishii and Kollar false >4 +2,3 [IKo3]
F. de Bobadilla and Pereira true 2 0 [FdBP12]

de Fernex false >3 0 [dF13]
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In light of these results, a revised Nash problem was proposed in [JK13,
Problem 38] that attempts to compensate for the techniques used in existing
counterexamples. The new problem asks whether the Nash map is surjective
onto the set of very essential divisors, which—as the name suggests—are not as
general as essential divisors. In the same paper, it is pointed out that the Nash
map is still injective in this case, and therefore existing positive results can still
be seen as answers to this new problem.

A comprehensive survey of the Nash problem is given in [PS15].

Structure of the text

The text is divided into two parts. In the first part the theory of arcs is built up
from scratch, starting with the notion of jets and jet schemes. The second part
then describes the Nash problem and examines two significant results. The
relationship between respective chapters is illustrated below.

1. Jets and arcs

]

2. Jet schemes | — | 3. Arc spaces

!

4. The Problem

/ \ Part 1T

5. A proof for 6. A counterexample
toric varieties in dimension 3

Chapter 1 gives a brief description of arcs—the basic object used throughout
the rest of the text. Jets are also introduced.

Chapter 2 lays the foundational theory of jet schemes, from which the
existence of arc spaces is later proved.

Chapter 3 introduces the notion of an arc space. Their existence is proved,
along with a number of fundamental theorems that will be of utility in the
second part.

Chapter 4 defines the Nash map and states the Nash problem.

Chapter 5 offers a proof of the Nash problem in the affirmative for toric
varieties.

Chapter 6 then gives a counterexample in dimension 3, showing that the
Nash map is not always bijective.
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Notes to the reader

A conscious effort has been made to substantiate every claim with either a
proof or a reference to something at least resembling a proof. For the most part,
the standard reference for general algebraic geometry has been Grothendieck’s
[EGA]. Almost all of the theory discussed is documented exclusively in academic
papers, and has not seen much action in actual books yet. The bibliography
should serve as a robust guide to the modern literature on the Nash problem,
although it is by no means exhaustive.

Many of the proofs given are improvements or elaborations on existing
proofs in the relevant literature. Emphasis has been put on clarity of exposition
through the liberal use of commutative diagrams. It is hoped that this will give
the reader a better feeling for how the theory behaves.

Prerequisites

A decent knowledge about schemes and general algebraic geometry is assumed.
Chapter 5 also assumes knowledge of the theory of toric varieties.

Assumptions

A ring is always assumed to be commutative and possess a multiplicative
identity.



Part 1

The theory of arcs



Chapter 1

Jets and arcs

For our purposes the notion of jets is just a stepping stone towards the greater
theory of arcs. The next chapter will build the foundational theory of jet
schemes without reference to arcs and arc spaces. The purpose of this short
chapter is to impart on the reader a vague idea of what an arc is, to keep in
mind throughout the next chapter. It should be understood that this is just a
brief overview.

Assumptions. Unless otherwise stated, £ is an algebraically closed field
of arbitrary characteristic.

1.1 Jets

It is informative to define what a jet is before beginning the discussion:

Definition 1.1. Let X be a scheme over £, and let K be a field extension of £.
For m € Ny, a morphism of schemes of the form

SpecK[¢]/(t™) = X

is called an m-jet on X.
If we don’t care about the value of m for a given m-jet, we just call it a jet.

Given a field extension K 2 £ and m € Ny, what does the scheme Z :=
SpecK[¢]/(¢t™*1) look like? Topologically we have a single-point space Spec(Z)
containing the only prime ideal (¢) of K[¢]/(¢™*1). In this sense Z is not much
more interesting than Spec K, which also contains only one point. However
the structure sheaf Oz of Z carries a lot more information than that of SpecK,
so we can think of the point of Z as “thicker” than the point of SpecK.

Note that Oz = ['(Z,07) = 0z(Z) = K[¢]/(¢™*1) (cf. [Har77, Proposition
II.2.2(c)]). Hence Z supports not only the constant functions ayp € K (which
make up the entire structure sheaf Ospecx = K), but also polynomial functions
up to degree m.
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Then K[¢]/(¢™*1) = K[¢]/(t) = K, so by the functoriality of Spec we have that
SpecK][t]/(¢) = SpecK. Hence the Ojets of X are precisely the morphisms
SpecK — X, i.e. the K-valued points of X. Because X is of finite type over £,
we note that if K = £ then the Ojets correspond precisely to the closed points
of X.

SpecK[¢]/(¢?) — X. It turns out that if K = £, then morphisms of this form
can be regarded as elements of a “tangent bundle” of X. To show this, we start
by defining the (Zariski) tangent space of a given scheme.

Definition 1.3. Let X be a scheme over £ with structure sheaf Ox. For every
point x € X, the local ring Ox at x has a unique maximal ideal m,. Therefore
we may define the residue field of x on X, which is the field £(x) := Ox /m,.

Definition 1.4. Let X be a scheme over £ and consider a point x € X. The
Zariski tangent space of X at x, denoted by Tx, is the dual of the k(x)-vector
space m,/m2. Explicitly, we mean that

Txx := (my/m2)" = Homy( (m,/m2, k(x)).

Proposition 1.5. Let X be a scheme over k and let K be a field extension of k. Then
to give a morphism Spec k[t]/(¢?) — X is equivalent to giving a k-valued point x of
X together with an element of Tx .

Proof (=) Let o : Speck[t]/(t?) — X be a morphism of schemes (a 1jet).
This includes the corresponding morphism of sheaves

aﬁ :0x — O(*(OSpeck[t]/(l.‘Q))'

We have that Spec £[¢]/(¢2) = {(¢)}, so set x := a((t)) € X. Since (¢) is obviously
a k-valued point of Spec £[¢]/(¢?), the composition Spec £ — Spec k[¢]/(¢?) —
X has image x and therefore x is a £-valued point.

Now observe that the ring homomorphism o corresponding to a is such
that

*

o« = a?t) P Oxx = OSpeck[t]/(tQ),(t) = k[t]/(tQ),

where the isomorphism on the right hand side comes from the fact that
Ospec k11/(2)) = T'(Spec k[t]/(tZ)’OSpeck[t]/(tQ)) = k[¢]/(£?).

Our goal here is to construct a k-vector space homomorphism m,/m? — k.
Observe that we have a k-vector space isomorphism (¢)/(t2) = k given by
at — a for a € k. Now let us examine what the image of o looks like.
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Let m, denote the maximal ideal of £[¢]/(¢2). Since o is local, it follows
that a*(m,) C (), where we note that (¢) is the maximal ideal of k[¢]/(¢2).
Moreover, we have that

a*(my) = {a’(8*) | b € my} = {a"(0)* | b € my} = (1)° = (¢%) = 0.
Hence we obtain a k-vector space morphism
of s, /m? = (8)/(1%) =k,

which is an element of the Zariski tangent space Tx, of X at x.

(=) Suppose conversely that we are given a k-valued point x € X and a
k-vector space morphism f : m,/m? — k. In a natural way we shall construct
a morphism of schemes o : Spec k[¢]/(¢?) — X.

The obvious thing to do is define the topological morphism by a((¢)) := x.
The morphism of sheaves o is not so hard either. For any open U C X, we do
the following: If x ¢ U, then note that a*(oSpeck[t]/(tz))(U) = {0}, so we set

a*(U) : 0x(U) = ot(Ospec a2)(U)

to be 0 (what else?). If x € U, then oc*((ﬁ)speck[t]/(,z))(U) = k[]/(¢%). Now take
the decomposition Ox, = k£ ® m,, which is premissible since x is a k-valued
point. Define a ring homomorphism

@ kom, > k[t]/(¢%)
(a,b) — a+ f(b),

and then set af : Ox(U) > a*(OSpeck[t]/(t2))(U) to be the composition

o 1 Ox(U) = Oxx = k @ mixse — K[11/(t2) = tu(Ospec p121/2) (V).
This completes the proof. ]

Roughly speaking, our philosophy is then to take m-jets for m > 1, thereby
thickening the point in Spec K[#]/(¢™*!) and encoding more and more geomet-
ric data into the morphism SpecK[¢]/(¢™*!) — X. This procedure leads us to
the notion of arcs.

1.2 Arcs

Let K be a field extension of £, and observe that

KI[¢]] = limK{2]/ (")

m

This motivates the following definition of an arc:



Definition 1.6. Let X be a scheme over £, and let K be a field extension of £.
A morphism of schemes the form

SpecK][[¢]] = X
is called an arc on X.

The prime spectrum of K[[#]] differs from the prime spectrum of K[¢]/(¢™*1)
in that it has two prime ideals, namely (¢) and (0). Topologically, the ideal (¢)
is a closed point of SpecK[[¢]] and the zero ideal (0) is open. The zero ideal
is also dense, therefore it is the unique generic point of Spec K[[¢]].

Notation 1.7. The generic point (0) of SpecK][[¢]] is denoted by m, and
the closed point (¢) is denoted by 0. Accordingly, the unique point (¢) of
SpecK[¢]/(¢™*1) is denoted by 0 as well.

The difference in topology (as well as the richer scheme structure) of
SpecK[[¢]] makes arcs useful little objects with which to probe a scheme.
point 0, while the ocean of squiggles surrounding it depicts the generic point
1. Informally, you could think of arcs as pastings of such objects onto another
scheme.

Figure 1.1: Mumford-style interpretation of Spec K[[¢]].

Definition 1.8. The center of an arc is the point a(0). For example, one can
speak of “an arc with center (resp. centered on) x € X”. Equivalently, an arc
through x € X means an arc with center x € X.

Although standalone arcs (resp. m-jets) might have something useful to
say about the scheme they are hitting, the real power is harnessed by looking
at the set of all arcs (resp. m-ets), known as arc spaces (resp. m-th jet schemes).
This exercise is also more practical when it comes to building an intuition for
these objects. With that in mind, we conclude this chapter and start to build
the real theory behind arcs and jets.



Chapter 2

Jet schemes

In this section we shall construct—for any scheme X of finite type over an
algebraically closed field—a scheme X,, for each m € Ny in which our m-jets
can reside. The scheme X, is known as the m-th jet scheme of X.

The construction is not as down-to-earth as just taking the set of all m-
jets, but this works to our advantage. Using the flexible notion of functor of
points, m-jets are associated to points of X,, using morphisms of schemes. By
establishing the existence of X,,, a valuable geometric structure is extracted
from the m-jets.

Natural morphisms are then constructed between the respective jet schemes
in preparation for the next chapter in which the analogous arc space is defined.
The arc space will be obtained following the intuition offered in §1.2, namely
by taking limits. As the discussion progresses, things smooth out and the
theory actually becomes a lot easier to work with.

The means by which the existence of the jet schemes is shown is rather con-
ventional in algebraic geometry, but we will require some ideas from category
theory that are worth some attention first. This is where we begin.

Assumptions. Unless otherwise stated, £ is an algebraically closed field
of arbitrary characteristic.

2.1 Representable functors and the Yoneda lemma

The wealth of information encoded within schemes necessitates that we treat
them with some care. For example the underlying topological space reveals
deceptively little about a scheme’s geometric structure, and it is therefore
wholly insufficient to describe it only in this way. This apparent disadvantage
of having to account for a lot of mathematical data motivates what turns out
to be an extremely elegant and powerful description: the functor of points. The
strategy—due to Grothendieck—is to describe a scheme by its “interaction”
with all other schemes.



Although used extensively in algebraic geometry, the functor of points idea
is purely category-theoretic and this is language we shall proceed with. See
also [Mumgq, §II.6], which gives an elegant introduction to its applications.

Definition 2.1. A category C is said to be locally small if for every pair of
objects X,Y € C, the collection Home(X,Y) of all morphisms X — Y is a set.

Definition 2.2. Let C be a locally small category and consider an object X € C.
Define a contravariant functor from C°P to Set as follows:

hx := Home(—,X) : C°P — Set,
carrying
(a) objects Y € € to objects ix(Y) = Home(Y,X) € Set, and
(b) morphisms f : Y — Z in C to morphisms
hx(f) = Home(f,X) : hx(Z) — hx(Y)
grgof
in Set.
We call Ax the functor of points of the object X in C.

Definition 2.3. Consider a locally small category C. A functor F : € — Set is
said to be representable if there exists an object X € € such that

F= }Lx. (2.1)
We have the following additional nomenclature:

(a) A representation of F is the pair (X, 0): an object X € C as above, and an

(b) A representing object of F is an object X € € as above.

Remark 2.4. In the context of this discussion it is not worth dwelling on the
(nevertheless essential) hypotheses above that C is locally small. With the
exception of functor categories, every category mentioned in this text is locally

,,,,,,,,,

ant functors from € to Set. Let us briefly examine what is going on here.

Fix two arbitrary categories A and B, and consider the category [A,B].
Recall that by convention we call a morphism in this category a natural trans-
formation. Similarly an isomorphism is called a natural isomorphism. We shall
write



to mean a a natural transformation o from a functor F to a functor G (both of
which are objects in the category [A, B]). Then a is a family (F(A) &, G(A))

of morphisms in B such that, for each morphism f : A; — Ay in A, the follosv-
ing diagram commutes:

F(f)
F(A1) —2%s F(Ag)

aAll laAZ (2.2)

A A

G(A1) <0 G(Ag)

In this case, we say that a satisfies naturality. Note that in the case of [C°P,Set]
above, the horizontal arrows in |(2.2) are reversed due to contravariance!
See [Lei14, §1.3] and [MLg8, §I.4] for a more rigorous overview of natural
transformations.

This digression is not without reason, as we can now offer the following
result which simplifies the problem of finding representations.
F
TN

Lemma 2.6. A natural transformation A Uﬂ B is a natural isomorphism

A
G

if, and only if, aa : F(A) — G(A) is an isomorphism for all A € A.

Proof- Clear from the discussion in Remark 2.4. O

(2.1) as

F
N

Fxhy =3 €P = Set

N A
hx

ESvYee Tay: FX) S hx(Y) = Home(Y.X).
The last isomorphism is in the category Set, meaning that it is simply a
bijection. So we have distilled a set-theoretic interpretation of the functor of
points, and this will make life much easier in the near future. But although
we are tantalisingly close to describing the main result here, we have a crucial
observation to make first.

Lemma 2.7 (Yoneda). Let C be a locally small category and F : CP — Set a
functor. There is a bijection

y : Nat(hx,F) = F(X)
(O g Otx(Idx)

forall X € C.



Proof. Pick up an X € C. We are going to construct a morphism
371 F(X) = Nat(kx,F).

Choose an arbitrary x € F(X). We wish to assign to x a natural transformation

h
A~
CoP ﬂa Set , i.e. y71(x) = a.. This involves defining a family of morphisms

A
F

(ay : Ax(Y) = F(Y))yce which satisfies naturality. So we require that for each
morphism f : Y9 — Y; in C, the following diagram commutes:

kx(f)
hx (Y1) ELLIN hx(Y3)

a’“l laYQ (2.3)

F(Y1) 0 F(Yg)

(Note that for clarity we have reversed the arrows in € because we are working

The assignment we choose is as follows: for Y € €,
oy : Ax(Y) — F(Y)
g = Fg)(x).

Naturality follows immediately. Pick up a morphism f : Yo — Y7 in C. Then

g 5oz gof
(Y1) = ()
T pe pm
l
F(g)(x) | F(f)F(g)(x)

Since F is a functor, we know that F(f)F(g) = F(g o f), whence the bottom
right equality. Our choice of x € F(X) was arbitrary, so the morphism y~! :
F(X) — Nat(kx,F) is well-defined.

It remains to check that y~! is—as the label suggests—a two-sided inverse
of y. For every x € F(X) we have

30y~ (x) = 5 (0)x(Idx) = FIdx)(x) = Idpex)(x).
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Next, for every a € Nat(4x,F), Y € C, and g € hx(Y) we have

O~ e y(@)v(g) = 0 axIdx))v(x) = F(g)(ax(Idx)) = ax(g).

Here, the last equality can be seen by running Idx € /Ax(X) through the
following commutative diagram:

hx(X) 22, h(Y)

| o

So y is indeed a bijection.
Our original choice of X € C was arbitrary, whence the result. m|

The following corollary is the main result of this section. It crystalises this
idea of constructing objects in a category using the functor of points.

Corollary 2.8. Let C be a locally small category and let X, X' € C. If hx = hx,
then there exists a unique isomorphism X = X'.

Proof. Suppose that a is the natural isomorphism between /£x and Ax/. Then
the main thing to observe here is that we get a morphism

2.7

() =" ax(Idx) € hx/(X),

and that (1)_(1 is a two-sided inverse:
oy (ax(Idx)) = Idx
ox(ox(Idx)) = Idx .

So y(a) is the desired isomorphism. Uniqueness follows from the bijectivity of
y and the uniqueness of the isomorphism /&x = Ax’. m|

As a result, we say that representing objects are unique up to canonical
isomorphism.
The following result will make life easier too:

Lemma 2.9. For any ring R, a scheme over R is determined by the restriction of its
functor of points to the affine schemes over R.

Proof. By glueing. See [EHoo, Proposition VI-2]. ]

Now armed with the above arsenal of category theory, we are ready to
describe jet schemes in their totality. We will use the results stated above freely
and without explicit reference.
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2.2 Construction of jet schemes

As has already been noted, the focus here will be on schemes of finite type
over k. The reason for the finite type condition is purely pratical. Except for
in the final chapter, we will have little utility for a more general theory, and to

correspond precisely to the K-valued points of X. We can then suppose that
the K-valued points of X correspond precisely to the Ojets on X, and similarly
for other values of m € Ny. This leads us to the following definition:

Definition 2.10. Let X be a scheme of finite type over £ and let m € Nj.
Consider the contravariant functor

FX : 8ch/k — Set
Z > Homgepn/k(Z Xspec & Spec k[¢]/(t™1),X).

The m-th jet scheme of X is the the representing object X,, € Sch/k of Fx.
Explicitly, we require X, such that

HomSch/k(ZaXm) = HomSCh/k(Z ><Speck SPeC k[t]/(tm+1),X) (24-)
for all Z € Sch/k.

It is not immediately obvious that such an X,, € Sch/k exists. However
if it does, then we know that it is unique up to canonical isomorphism (cf.

of X,, in the simpler case where X is an affine scheme. This will lead to the
general result for all schemes X through glueing.

Proposition 2.11. Let X be an affine scheme of finite type over k. The m-th jet
scheme X,, exists for all m € N.

Proof. Fix m € Ny. As X is affine, we have X = SpecR for some suitable ring R.
Moreover, X is of finite type, meaning that R is a finitely generated £-algebra.
Hence we can express R as

R = k[x1,...,x,]/L,

for suitable I = (f1,...,f;) and n,r € N.

,,,,,,,,,,

scheme Z = Spec A, where A is a k-algebra.
We wish to show that

Homg.p i (Spec A Xspeck Spec k[e]/(¢™), X) = Homgch/x(Spec A, X;)
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for a suitable X,, € Sch/k. First note that
Spec A Xspec k Spec k[£]/(t™) = Spec (A r k[t]/(t”‘+1)) @)
2.5
= Spec A[¢]/(1™1).

Using this fact, we have that
Homgcn/k (Spec A Xspec & Spec k[t]/(¢™), X)
= Homg.p,/ (Spec A[¢]/(t™*), Spec R)
> Homy_a14(R, A[£]/(:™*)) (2.6)
= Homy—auig(klx1,. .., x,]/LA]/(0"*))
= {9 € Homp_sg(klx1,... x AL/ ) [ 9(f) =0 (£ =1.....0)} .

@(x;) = ai0 + ant + - + aimt™ € A[2]/(t™) (2.7)
for i = 1,...,n and suitable coefficients {a; j}zj]j:{)ﬂ in A (we will drop the

indices for clarity). These coefficients then then uniquely determine ¢.

us to express each @(f;) entirely in terms of the a;;. This works because ¢ is
a k-algebra morphism and is hence linear in k. The coefficients of @(f;) will
then be linear combinations of the a;;, so we can think of them as polynomials
over k in n(m + 1) variables. Explicitly this means writing

@(fe) = Feo({ai;}) + Fn{ai; Pt + -+ - + Fep({ai; D™

for ¢ =1,...,r and suitable polynomials {ng}gz’izg’.

This polynomial interpretation of the coefficients of ¢(f7) makes it clear
that the Fy; are independent of the choice of ¢. To see this, suppose that we

above, using the £-linearity of ¢’. Indeed, we have shown that the F; depend
only on the f;.

Now note the condition that ¢(f;) = 0 for £ = 1,...,r. A polynomial is
identically zero if, and only if, all of its coeflicients are zero. Hence

Ft’s({aij}) =0 (2.8)

for{=1,...,rand s =0,...,m.

So what have we done here? We have taken each element ¢ of the set (2.6)
and expressed it uniquely as collection of elements {a;;} in A. Moreover, we
have said that the condition

¢(fe) =0
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The next step is to reinterpret @ : k[x1,...,x,] = A[t]/(z™*1) as a k-algebra
morphism k[{x; ]}z:f]]:(')" ] — A instead. This is easy, for we have a natural
bijection

Homy_aig([#1,. . ., %], A[£]/(2"*)) = Homy_aig(k[{x:;}],A)

which sends @ to

¢ K[{x;} = A
'xij = a,~]~.

(Again we are dropping indices for clarity.) With this in mind, we continue
(2.6) as follows:

- = {(P € Homg (k[{xi;}].A) | ai; := @(x;), Fos({ai;}) = 0}
= {9 € Homy(k[{x;;}].A) | Frs({q(xi;)}) = 0}
= {(P € Homy (k[{x;;}],A) | @(Fes({xi;})) = 0}
= Homk—Alg(k[{xl‘j}]/({Ffs({xij})})’A),

=Ry,

fori e {1,...,n}, j,s €{0,...,m}, £ € {1,...,r}, and setting X,, := SpecR,,
= Homgp,r(Spec A, X,,).
As a courtesy to the reader, here is the fully indexed definition of R,;:
Ry = K[ 1o (e (i Wy oo T,

Critically, we noted that the F,; depend only on the f;. Hence—by some
definition chasing—the F,; depend only on X. In particular, our choice of X,
is independent of our choice of Z, whence the result. O

Corollary 2.12. All jet schemes of affine schemes (of finite type over k) are affine.

,,,,,,,,,,,,,,

follows: The m-th jet scheme of a scheme X of finite type over £ is the scheme
X € Sch/k such that

Homgcn/(Spec A, X,;) = Homgen i (Spec A[¢]/(¢™*),X) (2.9)

for all A € k-Alg.

This definition ends up being more intuitive and useful for most of our
purposes. Indeed it is the main definition used by many authors on the subject,
for example [DLgg], [Veyo6], and [EMog)].
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Remark 2.14. Noting that A[¢]/(¢) = A for all A € k—Alg, it becomes obvious
that

Homgep/r(Spec A, Xo) = Homgen/(Spec A[t]/(2),X) = Homsgep/r(Spec A, X)

and hence Xy, = X. This fits with our description at the beginning of this
section, rather unsurprisingly. Because this is a unique canonical isomorphism,
we shall usually just write Xy = X.

2.3 Examples of jet schemes

Having undertaken the somewhat laborious task of proving existence in the
affine case, let’s take a break and admire some examples.

Example 2.15 (Affine space). Let X := A7 = Speck[x1,...,x,] for n € Ny.

Then X,, = Spec k[{x,j}zj]j:&n] = AEC"HD" for all m € Ny. This is clear from

*******

construction given above, we then get the general formula

X = {@ = (@1, ., @a) € KL/ )" | fel@) =0 mod ¢ (£=1,...,7)}

for X = Speck[x1,...,x,]/(fi,....f;), m € Ny. This is guaranteed to make
more sense after the next example.

Notation 2.16. Note that in the formula given above, we are abusing notation.
It is implied that we are taking the prime spectrum of the ring described,
and therefore we omit the Spec. Moreover, we will allow ourselves to write
something like

X={x-yp =0} ={(x,9) € k* | x°—y = 0} = {x+yt € k[¢]/t™) | x*—y = 0},

by which we mean the prime spectrum of the far right ring. In particular, these

sets correspond to the closed (or £-valued) points of X, so we get to see the

traditional variety interpretation a bit better by writing things like this.
However, this abuse of notation will only really be done in examples.

Example 2.17 (Parabola). Let X := {x> —y = 0} = Speck[x,y]/(x* - y).
Following the explanation given above, we have:

(a) Xo = {(ao,bo) € k2 | a% —bo = 0} = X. This is trivial, but helps with the
next computations.
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(b) We have

X1 = {(ao + art,by + brt) € (k[£]/(t*))? |
(ag + (l1t)2 —(bp + b12) =0 mod tQ},
so let’s write this out and see what equations we get: (ag+ a1t)®>—by—bit =
ag + 2apayt +%24}[— by — b1t = ag + 2apait — by — b1t. Hence the equation

becomes ag + 2apa1t — by — b1t = 0. In fact the variable ¢ is going to
vanish, as is clear by the following rearrangement:

a% — by +t(2aoa1 - bl) =0.
\ , —
=0 =0

In particular, we fall back to the simple fact that a polynomial is identically
zero if, and only if, its coeflicients are all zero. This gives us two equations:

a(Q) — by =0, (2.10)
(note that this is the condition we had for X,!), and
2apay — b1 = 0. (2.11)

Combining (2.10) and (2.11), we can continue our computation of X;
above:

=< (ap + a1t, by + b1t) € (k[¢]/(£%))? %~ b =0
o+ ait,bp + b1 2apa1 — b1 =0
2
) 4 ao—bo=0
- {(do’“l’bo’bl)Ek 2a0a1 - b1 =0 }

(c) One more. Look at

Xy = {(ao + art + agt®, by + byt + byt?) € (K[21/(*))* |

(ao + art + agt®)* = (bo + byt + byt*) =0 mod £°}.



16

Expanding the left hand side of the equation just like before, we get

(ao+ a1t + agt®)> —bo— b1t — byt = ag +2apait + 2apast® + aft2 + 5% +
A" — by — bt — byt? = a} + 2a0a1t + 2agart? + alt® — by — byt — byt”.
Rearrange:

ag — by + t(2a0ay — b1t) + t*(2apay + a% — by) = 0.
— — N ——
(210 (211) -0

The first two coefficients correspond to the conditions for X; that we
computed above (see the pattern?), and we are left with one new equation

2apay + a3 — by = 0. (2.12)

Putting this together, we then have X3:

2
:{ (d(b)0++a;ft++ab22tt2,) c (/C[t]/(tg))Q

a(Q)—b():O
2a0a1 — b1 =0
2a0a2+a%—b2:0
a(Q)—b():O

2a0a1 — b1 =0 .

Zaoag +a% —b2 =0

= {(do,a1,a2,bo,b1,52) €k°

The next example is given without explicit computation.
Example 2.18 (Cusp). Let X := {x® — y? = 0} = Spec k[x,y]/(x® — y?).

(a) Xo = {(ao,bo) € k2 | ag—bg =0} = Spec k[x,y]/(x®—y?) = X. This agrees

,,,,,,,,,,,

(b)
X1 = {(ao + a1t,bo + brt) € (K[1]/(£%)” |

(ap + alt)3 —(bo + blt)Q =0 mod t2}

3_ 72 _
ao—bO—O }

) 9\\2
= {(ao +ait,bo + b1t) € (k[¢]/(£7)) 3a2a1 — 2bpby = 0

= {(ao,abbo,bl) €kt

a; b2 =0
3agar — 2bob1 = 0
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(c)
Xy = {(ao + art + agt®. by + byt + byt®) € (K[¢1/(*))* |
(ao + a1t + agt®)* = (bo + byt + byt*)* =0 mod £°}
ag - b% =0

3(18&1 - 2b0b1 =0
3a0a% + 3(13(12 — b% — Qbobg =0

_ (a() + a1t + thQ,

3\)\2
= { bo+ bt + byt?) © (k[2]/(27))

ag - bé =0
3618611 - 2b0b1 =0

= 1 (ao, a1, a9, bo, b1, bo) € k°
3a0a% + 3d§d2 - b% — 2boby =0

Although we haven’t said much about these examples yet, we shall revisit
and expand on them as the discussion progresses. But for now, a return to the
general theory.

2.4 Jets from points, and vice versa

From the above discussion we can associate to each point in a jet scheme X,
to an m-jet on X in the following way: For each x € X,,, there exists a canonical
morphism

iy : Speck(x) = X,

with image x (cf. [Mumgqg, p. 116]). By (2.9) it corresponds uniquely to a
morphism

o, : Spec k(x)[¢]/(t™1) — X.

Note that the residue field £(x) is a field extension of £. This follows from the
fact that X,, is a scheme over £, and therefore the diagonal morphism of the
following commutative diagram corresponds to a local and hence injective ring
homomorphism £ < k(x):

Spec k(x) LN X

~

Spec k

So a, is an m-et on X.
Conversely, any met o : Spec K[¢]/(™"!) — X corresponds to a morphism

SpecK — X,

whose image is a point on X,,. This is the inverse operation to the above
mapping x — o,. However, there are of course different m-jets that correspond
to the same point on X,,.
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From now on we shall usually make little distinction between a point on X,,
and an m-jet on X. In particular, we shall refer to a point and its corresponding
jet by the same symbol (typically a). In the above discussion, this means that
x € X,, and o, : Spec k(x)[¢]/(™!) — X are both relabelled a. We then say
that a € X,, is an m-jet on X.

2.5 Truncation morphisms

Having proved the existence of jet schemes in the affine case, it is quite easy
to generalise the result for all schemes of finite type over £. The proof is a
straightforward glueing procedure, but first we must describe the device with
which we shall glue. Namely, we are looking to construct a natural morphism
Xn — X,

Let A be a k-algebra. Consider the natural projection given by truncation
of polynomials

p° AL/ > Ale]/ (e
w . z . (2.13)
ISR WA

for m,n € Ny, m > n. It is clear that this is a ring homomorphism, and hence
corresponds to a morphism of schemes

p i Spec A[¢]/(t") — Spec A[¢]/(t™).

Now suppose that X, exists for some scheme X of finite type over £ (we have
already shown this to be true if X is affine). Given some m-jet a € X,,, i.e. a
morphism

o : Spec Alt]/(t™) — X,

there is an induced morphism given by composition of a with the morphism p

Spec A[¢]/(t"1) —L— Spec A[¢]/(¢"*))

E

and it is an njet on X. This procedure defines what we call the truncation
morphisms, given by

0(|—>Olop

we denote the morphism v, by nt,, for all m € Ny. This gives us an A-valued
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point 7, (a) for every such a. If it is ambiguous which jet scheme the truncation
morphisms correspond to, then we write yx , , and mx, respectively.

If A = K for some field extension K 2 £, then m,,(a) = 0(0). Remember
here that 0 denotes the unique point (¢) of Spec K[¢]/(¢™*1). In particular, given
any subset Z C X, the K-valued points of the preimage 7, (Z) are precisely the
m-jets of X with image in Z.

This is all we need. The following lemma is our glue, and the subsequent
proposition is our desired existence result.

Lemma 2.19. Let X be a scheme of finite type over k, and consider an open subscheme
U C X. IfX,, exists, then U,, exists and U,, = 7, (U).

Proof. Let A € k—Alg be arbitrary. We have the situation
Homgh,/r(Spec A, U,,) = Homgcn i (Spec A[t]/(™),0), (2.15)
and we are going to construct a bijection
Homs.n,/¢(Spec A, 7, (U)) = Homgen i (Spec Al¢]/(t"*1),U) (2.16)

from which it is evident that U,, = x;}(U).
Pick up a morphism o : Spec A[¢]/(¢™*!) — X, which can be regarded as
an element of both Homgp,/:(Spec A, X,,) and Homgp/x(Spec Al¢]/(e™1), X)

the following diagram:

IR

Homg 1 (Spec A, X,,) Homgcn/i(Spec A[¢]/(¢™1),X)

J J

Homgen i (Spec A, 1, 1(U)) —— =19 Homg.n/(Spec A[¢]/(¢™*),U)

w

3 !

Im(m,(a)) CU <<= Im(aop) CU <————= Im(a) C U

*******

Proposition 2.20. Let X be a scheme over k of finite type. The m-th jet scheme X,,
exists for all m € Ny.
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Proof. As X is of finite type, there exists a finite open cover {U;}]_; of affine
schemes U; = Spec A; where each A; is a finitely generated £-algebra. Fix an

ng,(UinU;) = (U; N, = n{ﬁ’m(U,- nU,) (2.17)

forall i,j =1,...,r. Then define X,, € Sch/k to be the scheme obtained by

Is this X,, good enough? We must check that there exists a bijection

Homgen/(Z, X)) = Homgen/x(Z Xspec k Spec k[£]/(t™),X)

77777777777

,,,,,,,,,,,,,

For each 7,j =1,...,r, consider the open affine subschemes
Z; = o ((Ui)w) C Z,
and the open subschemes
Zi;=Z;:=a((U;nU))y) CZ.

Clearly we recover Z by glueing the Z; together along the Z;;. Moreover, a
restricted to Z;; is an element of (U;NU;), and so each restriction corresponds
to a unique o,; € Homgcp/x(Zi; Xspeck Spec k[¢]/(t™ ), U; N U;). Noting that
Z; = Z;;, this also means that o restricted to Z; corresponds to a unique
o; € Homgen/(Z; Xspec k Spec k[¢]/(¢™1),U;).

By glueing the Z;Xgspec £t Spec k[¢]/(¢™+1) along the Z;jXspec kSpec k[t]/(e™+Y),
we obtain Z Xgpec t Spec k[t]/(t™"1). Hence the o, define a unique morphism
a € Homgey/k(Z Xspec & Spec k[t]/(¢™*1),X) and we have an injection

Homgch/(Z, Xn) = Homgen i (Z Xspec & Spec k[¢]/(t™1),X).

Reversing this process follows exactly the same logic and yields the desired
bijection. Therefore X,, is the m-th jet scheme of X. m|

Observe that in the glueing procedure, we took for granted that (U; N U;)y,
is a well-defined object. What are the consequences if we suppose that the
existence of this jet scheme is unknown to us?

If U; N U; is not affine, then we can not argue that its jet schemes exist.
This is a very real threat, for while it is tempting to assume that the intersection
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of two open affine subschemes will be affine, this is in general false." The proof
would then fail.
Fortunately, this was not the case.

Corollary 2.22. All jet schemes (of schemes of finite type over k) are of finite type

over k.

2.6 Further examples

X := A}, we have X,, = Spec k[{x;; },l:;ljj:(;n] = A;mﬂ)” for each m € Ny. What

do the truncation morphisms y,, ,» (m > m’) look like?

Pick up the canonical morphism p : Spec A[#]/(t™*1) — Spec A[¢]/(t™*1)
induced by polynomial truncation, and the truncation morphism y,  : X, —
X,w. Any o € X,, can be regarded as a morphism Spec A[¢]/(t™*!) —» X =
Spec k[x1,...,x,] and hence corresponds to a k-algebra homomorphism

o s k[x1,. .., x.] = A[L]/(e™).
Then note that
(o p) =p oa®:klx,...,x,] X ALY LR AL/,
which corresponds to the morphism of £-schemes
Yy (@) =aop:SpecA — X,,.

Of course this gives an A-valued point on X,,, but more interesting is the
following behaviour:

m+1)n m'+1)n
Vi 1 AT 2 X, o X, = AT

ao -~ aAw - dlm aop -~ 4w

a0 *°° Qum *°° Qpm Ao - Qum'-

This is readily verified by inspection of the corresponding £-algebra homomor-
phism (a o p)*. And by projecting onto only the first (m" + 1)n variables, the
morphism v, , earns its title “truncation”.

With this in mind, it follows that for any subscheme Z C X,,,

W;L,lm’(z) =7 ><Speck Agcm—m )

If X is separated, then an intersection of such affine opens will be affine; see [EGA I, Propo-
sition 5.5.6]. Although non-separated schemes are somewhat pathological objects compared to
their separated cousins, it turns out that to prove existence of their jet schemes did not need
much extra work.
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for all m,m’ € No, m > m’. In particular for every £-valued point x € X,
T, ({x}) = A"

In the next examples, we will work only with closed points. The idea is to
give a general picture of the behaviour, which should serve as inspiration for
the following chapter where the results are formally proven.

Example 2.24 (Parabola, continued). Let X := {x?~y = 0} as in Example 2.17.
For any k-valued point (x,y) € X,

i (x,9) = {(x,a1,9,b1) € A} | 2xa; — by = 0},

which corresponds to a line in the (a1, 41)-plane with equation 2xa; — b; = 0.

Similarly, we see that

0 2 -5 =0
ﬂgl((x’y)) = {(x, (ll,az,y’bl,bZ) € kG xaj 1 } 7

2xa2+af—b2:0

which represents the hypersurface in (a1, ag, b1, b2) with equations 2xa; — b1 =0

and 2xay + af — by =0. If (x,9) = (0,0), then we get

7,((0,0)) = {(0,a1,49,0,0,b9) € k® | a? — by = 0}
> {(a1,a9,b9) € k* | a5 — by = 0}
=X XSpeck Ai

Since the parabola X is smooth, the truncation morphisms vy, -1 are in
fact surjective. Here’s an example of how yg1 maps ngl((x, y)) to 7} L((x,9)):

yo1 1 7y ((x,9)) = 77 ((x,9))

R R
2xa2+af—b2=O y b by y b A ’

We shall see later exactly why this phenomenon is ensured by smoothness.

Example 2.25 (Cusp, continued). Let X := {x — y2 = 0}, which has exactly
one singular point at the origin (0,0). What do the jet schemes look like at the
preimages of certain points of X? Suppose throughout that (x,y) # (0,0). Then

1 (%) = {(x,a1.3,b2) € k' | 3x*a1 - 29b1 = 0}

is the tangent line on X at the point (x,y). It resides in the (a1, b1)-plane.
On the other hand, at the singular point we have

7;1((0,0)) = {(0,a1,0,b7) € k*} = AZ.
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This distinct behaviour continues into higher-order jet schemes:

iyt (x,9)) = {(x7017d2,y,b1,52) € k"

3x%a; — 2951 =0
3xa% + 3x%a9 — b% —29b9 =0

7157((0,0)) = {(0,a1,a2,0,b1,b9) € £ | b1 = 0}
= {(0,a1,9,0,0,y) € £°}
= A%.

The truncation morphism yjy; is surjective onto the fibers of nonsingular
points of X:

a1 175 ((x,9) = 717 (%,9))

3x%a1 — 2961 = 0
, , ; )01 X ap ay| ¥ a1 {3962611 —9yby = 0.
3xaj +3x%ag — by —29by =0 [y b1 by y b

Surjectivity here follows from the fact that for any (x,a1,y,61) € J'ql((x, 7)), we
can choose suitable ag,by € k such that 3xa? — b2 = 3x%ay — 2yby. For any
such choice of ay, by, it follows that (x,a1,as,y,b1,b9) € n;l((x, ¥)). Then clearly
vo1((x,a1,a9,y,b1,b9)) = (x,a1,9,b1).

However, for the fibers of the singular point it is a different story. Look at
the following mapping:

o1 71,1 ((0,0)) = 71;1((0,0)

o B ]

For this to be surjective, we require the image to be the whole (a1, a)-plane.
But instead, we get only the line {#; = 0}. Hence the truncation morphism
o1 is not surjective on the fibers of the singular point.

Smoothness—or lack thereof—has a big effect on both the jet schemes and
the arc spaces. The examples given above serve merely as an illustration of this
phenomenon, and a formal treatment will be given towards the end of the next
section. Later in our discussion regarding the Nash problem, we shall see that
this makes the theory of arcs a very robust tool in the study of singularities.

For now we have said everything that is necessary about jet schemes. For
many of the important results concerning jet schemes, there are analogues
for arc spaces too. It is better therefore to avoid this kind of repetition by
advancing now to the setting of arc spaces.



Chapter 3

Arc spaces

We are now ready to properly learn about arcs, which means studying arc
spaces. This chapter will collect a number of fundamental facts that will be
necessary when we come to study the Nash problem.

Assumptions. Unless otherwise stated, £ is an algebraically closed field
of arbitrary characteristic.

3.1 Existence

In this section we shall be using the notion of direct (resp. inverse) limits and
systems. The details are not very complicated, so we omit them and instead
offer the general references [MLg8, §III] and [Lei14, §5].

The definition of the arc space is as simple as the following:

Definition 3.1. Let X be a scheme of finite type over k. The arc space of X is
the k-scheme X, := £iLnXm.

Just like in the case of jet schemes, we shall be careful to ensure that this
object exists. This time it is much more straightforward, but to avoid any
possibility of doubt we shall be still be rigorous.

Lemma 3.2. (a) Direct limits exist in the category of rings.

(b) Suppose that (X, Ymu)m=n is an inverse system of affine schemes over k, such
that X,, = Spec A,, for A,, € k—Alg. Then limX,, = Spec(limA,,). In
— —
particular, the inverse limit exists in Sch/k and is obviously affine.

Proof- See (a) [Mat86, Appendix A], (b) [EGAIV3, Proposition 8.2.3]. O

Noting that affine schemes (of finite type over £) have affine jet schemes,
we can make an inverse system out of them. The following is then immediate:

24
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Proposition 3.3. The arc space X exists, and is affine, for all affine schemes X of
[finite type over k.

In general, when the arc space X, exists, we also obtain canonical projection
morphisms y,, : X, — X, for m € Ny. Denote the projection morphism
into X by 7 : Xo, — X. Just like before, we will write yx , and mx if it would
otherwise be ambiguous.

Definition 3.4. A morphism f : X — Y of schemes is said to be affine if there
exists an open affine cover {V;} of Y such that f=}(V,) is affine for each i.

Lemma 3.5. Let (X, Wma)m>n be an inverse system of schemes over k such that
each 1y, , is affine. Then the inverse limit Xoo € Sch/k exists, and the corresponding
projection morphisms y,, : Xoo — Xy, are also affine.

Proof. See [Sta1s, Tag 01YX]. m|

The next task for this section is to justify existence of the arc space for
schemes of finite type over £ that are not necessarily affine. Combining the
above lemma with the following result will suffice.

Proposition 3.6. Let X be a scheme of finite type over k. Then the truncation
morphisms Y, form an inverse system (Xp,Ymn)msn, for m,n € Ny. Moreover,
every truncation morphism is affine.

Proof. For the first claim, just note that the v, , are compatible in the sense
that the diagram

Vm+lm Vm,m—-1

Xm+1

Xm

\_/’

Vin+1,m-1

Xp1 — - (3.1)

commutes for all m € N. This is readily verified by inspection of the polynomial
truncation given in (2.13), and the definition of v, , given in |(2.14).

The next claim is also easy: Let m,n € Ny such that m > n, and consider
any open affine cover {U;} of X. We are going to show that y,,, : X,, = X,
is an affine morphism. The open cover {7, }(U,) ggé}g (Ui)n} of X, is affine by

7777777777777777777777

,,,,,,,,,,,,,,,,,,,,,,,,

L2.1g

[l

- 1, - GBI __

\Vm:,ln((Ul)n) = \I!m?n(nnl(Ul)) = Tl:ml(Ui)

is affine for each i. This proves the claim. O
Theorem 3.7. The arc space Xo, exists for all schemes X of finite type over k.

Proof. Take the inverse system (X, Ymn)m>n Of jet schemes of X and apply

Lemma 3.5, which is allowed because of Proposition 3.6. o
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Remark 3.8. While we have restricted our attention to arc spaces of schemes
of finite type over an algebraically closed field, the notions of jet scheme and
arc space hold in much higher generality. See [Vojo7] for what is probably the
most thorough treatment of this matter.

sufficient for our discussion.

Unlike jet schemes, observe that the arc space is not necessarily of finite
type over k. In fact, most of the time it certainly is not:

Proposition 3.9. Let X be a scheme of finite type over k. If dim X > 0, then X is
not of finite type over k.

Example 3.10 (Cusp, continued). Let X := {x® — 2 = 0}, and recall from

. 2 ag - b(z) =0
Xp={ (W AE R g a2 | Sadar - 2boh = 0 :
0 + bt + bat?) 3aoa%+3a§ag—b%—250b2 =0

It was also noted that X3 will be defined by four equations, namely the three
of Xy and one other. Then the arc space X, will be defined by infinitely many
equations, obtained by the same procedure. Namely, we have

ag - bg =0
3agay — 2bob1 = 0

(a0+a1t+a2t2+-~, 2
€ (k[[£1D) BaOa% + 3a3a2 - b% —2boby =0

Xoo = ;
bo + b1t + bot +)

3-2 The universal property

The arc space has a similar characterisation to the jet schemes.
Before proceeding, we need to know a little bit about formal schemes. This
is somewhat of a technicality for us, but to not say anything could be confusing.
Let A be a ring and let I be an ideal of A. There is a natural inverse system
of ring homomorphisms

o A S A2 S AL

and the inverse limit A := lﬂlm A/T™ is called the I-adic completion of A.

Now to transport this to the language of schemes, take a Noetherian scheme
X and let Y be a closed subscheme of X defined by a sheaf of ideals .¥. The
formal completion of X along Y is the locally ringed space X := (Y,Oy), where
Oy := Eln Ox/.F™. Then roughly speaking, a formal scheme is something that
locally looks like a formal completion. Formal schemes are in general not
schemes, and we denote the category of formal schemes over £ by fSch/k.
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In particular, if we take Y = X in the process of formal completion, then
X = X. So the category of formal schemes contains all schemes, and accordingly
the category of formal schemes over k£ contains all schemes over k. Moreover,
one finds that formal schemes typically come up as direct limits of ordinary
schemes, which explains the difference—the category of schemes is not closed
under direct limits. Direct limits are how we shall meet formal schemes as well.

Note however that this description is only for Noetherian rings and schemes.
Things get a bit technical, and there is not much to gain from discussing it in
depth. By comparison, what we have said here is extremely brief—the point is
to just get an idea for what is going on. A very nice introduction to this theory
can be found in [Illos].

So why do we care? Well, now we can do this:

Proposition 3.11. Let X be a scheme of finite type over k. Then
Homgsch/x(Z, Xoo) = Homgschy/i(ZXspec & Spec £[[¢]],X) (3-2)

forall Z € Sch/k. Here, ZXspec . Spec k[[¢]] denotes formal completion of Z Xspec &
Spec k[[t]] along Z Xspecr {0}.

1 1
Homgch/(Z, Xpm-1) Homgch/t(Z Xspeck Spec k[t]/(t™),X)
T 1
Homgp /i (Z, Xm) Homgcn/i(Z Xspec & Spec £[¢]/(t™*),X)
] ]
) 1
HomSch/k(Z’yLnXm) = HomeCh/k(li_r)n(Z ><Speclc SPeC k[t]/(tm+1))’X)

I I
Homgch/1(Z,Xw) Homgsen/r(ZXspec & Spec £[[¢]],X),

1R

1R

IR

which yields the desired result. |

We call (3.2) the universal property of arc spaces. This might seem a bit weird,

Namely, if Z = Spec A for some A € k—Alg, then the universal property gives
us
Homgp /£ (Spec A, Xo) = Homgepn/x(Spec A[[£]], X).

(See [Isho7, Remark 2.14] for further details.)
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Definition 3.12. By virtue of the universal property, a morphism of (formal)
schemes over £ of the form

.t ZXspec k Spec k[[t]] — X
for X,Z € Sch/k is called a family of arcs on X.

For such a family of arcs a, the scheme Z parametrises arcs on X in
the following way: For each z € Z, there exists a canonical morphism i, :
Spec k(z) — Z with image z, where k(z) 2 £ is the residue field at z. Then
composition with o : Z — X, gives a morphism

ao i, : Speck(z) = X,
which by [(3.2) corresponds to an arc
o, : Speck(z)[[¢]] — X.

Corollary 3.13. For all schemes X of finite type over k, there exists a universal
family of arcs
X>A<Speck Speck[[¢]] = X

induced by the identity map Idx_ € Homgepi on the arc space of X.

3.3 General properties

Having established the universal property of arc spaces, we now arrive at the
fun part. In the remainder of this chapter we shall establish the fundamental
theory regarding both jet schemes and arc spaces. Most of these facts arise
very naturally, so the proofs are particularly pleasant to read.

Remark 3.14. Just like when we considered polynomial truncations in order
to construct the truncation morphisms y,, ,, we can now look at the power
series truncation

p" Al - AL/
Z )\.[ti = Z )\.iti
i=0 i=0
for any A € k—Alg and obtain the scheme morphism
p : Spec A[¢]/(t™*) — Spec A[[¢]].

The canonical projection morphisms are then precisely

Yt Xeo = X

o 0op

for all a : Spec A[[¢]] — X. In particular, if A = K is a field extension of £,
then w(a) = a(0).
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Proposition 3.15. For all m € Ny U {oo} there is a canonical isomorphism
(X XSpec k Y)m = Xn XSpeck Yn
for all schemes X,Y of finite type over k
Proof. Let Z € Sch/k be arbitrary. Then

HomSch/k(Z’ Xm ><Speck Ym) = HomSch/k(Z, Xm) X HomSch/k(Z’Ym)

) HomSch/k(Z ><Spec/c SPeC k[t]/(tm+1)’ X)
X
Homgch/£(Z Xspec & Spec k[£]/(t™*1),Y)

[

¢

IR!

IR

HomSch/k(Z XSpeck SPeC k[t]/(tm+1),X XSpec k Y)

[

2.9)

Homsch/k (Z, (X ><Spec k Y)m)

IR

for all m € Ny. If we replace Z Xgspec# Speck[t]/(t””l) by ZXspectk[[¢]] in
this argument, then we also prove the result for m = co by application of the
bijection (3.2). O

Proposition 3.16. Let f : X — Y be a morphism of schemes of finite type over k.
Then for every m € Ny U {oo}, a canonical morphism f, : X,y — Y, is induced such
that the following diagram commutes:

X L Yo
TTX.m

Ty (3-3)

X —>Y

f

Proof. Let m € Ny. It suffices to define the morphism f;, at the level of A-valued
points for all A € k—Alg:

Jn : Xm > Yy

o foa,

regarding o as a morphism Spec A[#]/(¢™*!) — X. It is then obvious that the
diagram [(3.3) above commutes.
To obtain fo : Xeo = Y, look at the following diagram:

Yy21 VY10

Yo e Yo Y; Y

Tfa Tﬁ Tf (34)

Xeo Xo ¥x21 X

1 VX110
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For each m € Ny, we obtain a morphism f,, := f, o txn : Xeo = Y. Then the
following diagram also commutes:

P21 P10

Y: Y

Y., ')

(3-5)

suitable candidate for f is

Jo i Xeoo = Yoo

o foo.
Since f. is unique, this is the only candidate and hence the formal definition.
Corollary 3.18. (a) For all m € Ny,

SChft/k i SChft/k
X X,

is a functor.
(b) Moreover,

Schy/k — Sch/k
X Xo

is a functor.

Definition 3.19. A morphism of schemes f : X — Y is said to be formally
étale if the following property holds: Let Z be a scheme and suppose that
Zy C Z is a closed subscheme defined by a locally nilpotent sheaf of ideals ¥
of Z. Then for any diagram of the form

l l (36)
e El

there exists a unique morphism Z — X such that the whole diagram commutes.
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Remark 3.20. The above definition is sometimes given with the stronger
hypothesis that Z is affine and that ¥ is nilpotent. The two definitions are
equivalent; see [EGA IV, Définition 17.1.1 and Remarques 17.1.2(iv)].

Definition 3.21. A morphism of schemes is said to be étale if it is formally
étale and locally of finite presentation.

Remark 3.22. A morphism f : X — Y of schemes of finite type over £ is
étale if, and only if, it is formally étale. This follows from the fact that £ is
(trivially) Noetherian, in which case f is of finite type if, and only if, it is
of finite presentation (cf. [EGAIV7, §1.4]). In particular it is locally of finite
presentation.

Proposition 3.23. Suppose that f : X — Y is an étale morphism of schemes of
Sfinite type over k. Then X, = Y, Xy X for every m € Ny U {oo}.

Proof- First let m € Ny. Consider the situation described in the commutative
diagram

Z 7

Caw

| Xom L Y, (3-7)
X,m

J/T[Y,m
Y

i
T

X —

f

the same as giving a morphism
Z Xspec k Spec k[¢]/(t"1) — X.

In exactly the same way, we also regard the existing morphism ¢3 : Z — Y, as
g2 * Z Xspeck Spec k[¢]/(t™) = Y.

We have reformulated the situation as described by the following commuta-
tive diagram:

Z 57 Xspeck Spec k[¢]/(e™+Y)

" P (3.8)
P |
x < ‘j} Y

This of course requires some explanation:
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(3.7) commutes.

* Similarly, the top triangle of (3.8) corresponds to the left triangle of (3.7).
To see this, examine the affine case. For Z = Spec A, A € k-Alg, we
have mx,(c) = a0 p for p: Spec A — Spec A[¢]/(z™*!). Then note that

i=p.

* Consider an open affine subscheme U of Z. Since U = UXgpec £ Spec [2]/(2),
it is defined by a sheaf of ideals

F = OUxgpecsSpec kel en)/(£)

of U Xspeck Spec k[t]/(¢™*1). Then F™! = 0, so ¥ is a nilpotent ideal
(of order m). It follows that Z is defined by a locally nilpotent ideal of
Z XSpeck k[t]/(tm+1)-

Since f is étale, it is formally étale. Hence the diagram (3.8) is of the form

the claim for m € Ny.
In the case m = oo, just note that

XoozyLnXm z@(Ym ><YX):(1i£1Ym)><YXEYoo Xy X. O

***********

Corollary 3.24. If U — X is an open immersion of schemes of finite type over k,
then U, = J'E)_(lm(U) forall m € Ny U {oo}.

Proof: An open immersion of schemes is étale (see [EGA IV, Théoréme 17.9.1]).

P3-23 -1
Hence U, = X, xxU =nyg_ (U). O

Corollary 3.25. If\ : Z — X is an open (resp. closed) immersion of schemes of
finite type over k, then the induced morphism o« : Zoo — Xoo is an open (resp. closed)
immersion for all m € Ny U {co}.

that X is affine and that it is defined by some (f;,...,f;) for r € N. Then
Z will be defined by (f1,...,f,....fu) for v € N, u > r. Now recall (cf.

Proposition 2.11) that X,, is defined by suitable ({ng}g:;ig’), and similarly

Z,, will be defined by ({ng}ﬁj’j:é”). Hence Z,, is a closed subscheme of X,,.

Observe that this works not only for all m € Ny, but also m = oo (following the

same logic as Example 3.10). ]
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Proposition 3.26. Let f : X — Y be a proper morphism of schemes of finite type
over k. If the restriction of f induces an isomorphism

X\V=Y\W
for closed subsets V C X and W C Y, then the restriction of fo induces a bijection
X0\ Voo & Yoo \ Wi, (3-9)
Proof. Pick up an arc o0 € Yoo \ Weo. If a(0) € Y \ W then

C3.24 fo

o€ (Y\W) Y\ W) = (X\ Voo,

showing bijectivity of f,, between subsets (Y \ W), and (X \ V).

On the other hand, if a(0) € W then a(n) € Y\W = X\ V. So the restriction
of o to the generic point corresponds to a morphism Spec K((¢)) — X, and we
can form a commutative diagram as follows:

Spec K((¢)) — X

[ b

SpecK[[t]] —— Y

As KI[[¢]] is a valuation ring (cf. [Mat86, §10]) over the field K((¢)), we may
apply the valuative criterion of properness (see [Har77, Theorem II.4.3]; we will
not state it here). It tells us that for the commutative diagram above, there
exists a unique morphism @ : Spec K[[¢]] — X that makes the whole diagram

commute. In particular, a = foa g7 Jfo(@). It is also evident from the
commutative diagram that & € (Xe \ Vo) \ (X'\ V), whence the bijection. O

Remark 3.27. The map (3.9) is continuous, since it is a restriction of f, to

77777777777

for the same reason, but this fact is not of any importance to us. Note however
that the inverse map is notf necessarily continuous.

3-4 Affine space, smoothness, and irreducibility

This section collects some important results regarding smoothness and irre-
ducibility. They will be particularly important in the following chapters, when
we come to study the Nash problem.

Example 3.28 (Affine space, continued). Let X := AY for n € Ny. Then

X = Spec k[{xij}::f:;:(jo] = A7,
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Warning 3.29. Although the set of closed points of A} corresponds to £"
for n € Ny, this property does not hold in general for n = co. That is to
say, the set of closed points of A} does not necessarily correspond to the set
£° :={(a1,a9,...) | a; € k (i e N)}.

Proposition 3.30. Every closed point of A}’ is a k-valued point if; and only if; the
field k is uncountable.

Proof- See [Ishog4, Proposition 2.10 and Proposition 2.11]. |

Since the only condition we are placing on the field £ is that it is algebraically
closed, it is conceivable that £ will be countable. But in spite of this drawback,
we can still do perfectly good mathematics with the arc spaces.

Definition 3.31. A morphism of schemes f : X — Y is said to be (Zariski)
locally trivial with fiber F (for F € Sch) if for every point in Y there exists an
open neighbourhood U C Y such that f~1(U) = U x F, where the restriction of
f to f71(U) corresponds to the projection Ux F — U. In this case, we also say
that f is a locally trivial fibration.

Lemma 3.32 (Pasting of pullbacks). Consider a commutative diagram

| @ | ® |

where (a) (resp. (b)) denotes the left (resp. right) inner square and (ab) denotes the
outside rectangle. Suppose that (b) is a pullback. Then (a) is a pullback if, and only
if, (ab) is a pullback.

Proof- If (b) and (ab) are pullbacks, then it is obvious that (a) is a pullback.
Conversely, suppose that (a) and (b) are pullbacks. Then the proof is indicated
by the following diagram:

O

Proposition 3.33. Suppose that X is a smooth scheme of finite type over k, and that
X has dimension n € No. Then the truncation morphisms Yy 41m : X1 — Xy are
locally trivial with fiber A} for all m € N.
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Proof. First note that X is smooth at a point x € X if, and only if, there exists
an open neighbourhood U € X of x and an étale morphism U — A} for some
r € Ng (by [EGAIVy, Corollaire 17.11.4]). Additionally, since dimX = n we
can require that r = n (cf. [EGAIVy, Proposition 17.15.5]).

With that in mind, pick up a point x € X. Since X is smooth here, there
exists an open affine neighbourhood U C X of x and an étale morphism
U — AZ. Now look at the following commutative diagram:

e —Y) S L R Y Y

Vet (b) (c) l
Up ——— A = AYY  Speck
i (a)

U—%—— A

At this point the proof begins to write itself.
Claim. Uy = Uy, XSpeck AZ

Proof of claim. Clearly (c) is a fiber product by construction. Then we have a
double pasting” of pullbacks, so

\

!’3?23‘ L3-32 \
S
[ab] L3.32  [bc]
[c]
where [a] (and so on) means “(a) is a fiber product”. [ |
Then
Vi (Un) E Uy = U xspeck A7 2 13 (0) xspec A

and the restriction of y,,,1, to this preimage yields the desired projection onto
n,(U). Since we can construct an open cover of X,, using subschemes of the
form 7, }(U), it follows that 41, is locally trivial with fiber Af. O

1A collage?
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we obtain an étale morphism U — A}. It is clear from the discussion in the
above proof that
J-ljr_nl([D =U XSpeck Akmn

for all m € Ny. This extends to 1(U), as we shall now demonstrate. We have
the following inverse systems:

AP e Amn e Spec k
T
Um(U Xspeck Ap™) e U Xspeck AP" X U
Al Al
7 }(U) 7, (U)

In this situation, [EGA IV3, Proposition 8.2.5] states that lln (U Xspeck AP") =
m
U Xspeck Einm A;C’”‘ = U Xspeck Ap - In particular, we have that

J'E_l(U) =0 XSpeck Azo.

Corollary 3.35. If X is a smooth scheme of finite type over k, then the truncation
morphisms Yp, @ Xy — X, and the projection morphisms v, @ Xoo — X, are
surjective for all m,n € Ny, m > n.

Proof- 1t is quite clear from the definition that a locally trivial fibration is
surjective. We just showed that under the given hypothesis, all truncation
morphisms are locally trivial fibrations; therefore they are all surjective.

For the latter claim, let m € Ny. The projection morphism v, is surjective
if, and only if, the truncation morphisms v, , are surjective for all m’ € Ny,
m’ > m. (This is a general fact about inverse systems of schemes; see [EGAIV3,
Proposition 8.3.8(i)].) Hence all the projection morphisms are surjective. 0O

the projection morphisms m,, : X, — X and n : X, — X are surjective.

Proposition 3.36. Suppose that X is a smooth scheme of finite type over k. Then for
any irreducible subscheme Z. C X, w=X(Z) and n,,}(Z) are irreducible for all m € N,,.

Proof. Let m € Ny. Suppose for contradiction that 7, }(Z) = E; UEy, for distinct
nontrivial closed subsets E1,Eq C Jt,‘nl(Z).

For any point of Z C X there exists an open neighbourhood U € X and an
étale morphism U — A} for some r € Ny. Set V := U N Z, which will also be
irreducible and open in Z. The preimage x,,!(V) must intersect either Eq, Eg,
or both.
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If 7, }(V) intersects both then it is not irreducible. This can’t happen
though: The fiber product diagram

1

shows that m;}(V) = V Xspeck Ap". This is a fiber product of irreducible
schemes and (by [EGAIVy, Corollaire 4.5.8(i)]) is therefore itself irreducible.
Hence m,,!(V) intersects only E; or Eq.

Moreover, since Z is irreducible it has a unique generic point 1 which is
also an element of every open subset of Z. So n € V and therefore (without
loss of generality) we can say that ;! (V) C E; and 1 € mt,,(Eg).

Since such a neighbourhood U exists for all points in X, it follows that
E1 NEy = 0 and we conclude that E9 = (0. Contradiction 3. Therefore n#(Z)
is irreducible.

The argument for n1(Z) is exactly the same—we just set m = co. When we
say that Tl (U)=U Xspeck AL is a product of irreducible schemes, it is worth
emphasising that A}> is indeed irreducible. This follows from the fact that
the ring k[x1,x9,...] is integral. Then A} = Spec k[x1,%9,...] is an integral
scheme (cf. [EGA, Proposition 5.1.4]) and hence irreducible. O

Example 3.37. Consider X = {xy+2? = 0} C A3, which has only one singular
point at 0. A simple computation shows that

aob() + Cg =0
X9 = a1b0 + a0b1 + 2¢9¢c1 =0 - Az
asho + a1b1 + apby + 012 + 2¢9c9 =0

We claim that Xy is irreducible. To see this, first note that X \ {0} is a smooth

,,,,,,,,,,,,,,,

have dimension 5. But the irreducible components of Xy must have dimension
> 6, since Xy is defined by three equations in AZ. Therefore thl({O}) does
not contribute any irreducible component of Xy, meaning that Xy must have
precisely one irreducible component—namely, the closure of :rcgl(X \ {0}).

This concludes our preliminary discussion regarding the theory of arcs.
This will put is in good stead for the following chapters, which in a sense can
be seen as a glorified application of this theory. Indeed we shall repeatedly
appeal to the results proven so far, and in the end pratically everything we
have said will have been used in one way or another.



Part 11

The Nash problem
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Chapter 4

The Problem

Assumptions. Unless otherwise stated, £ is an algebraically closed field
of arbitrary characteristic.

4.1 Preliminaries

The Nash problem is one of varieties—I do not know of a fully scheme-theoretic

almost never a variety. Our discussion will therefore continue to be played out
in the realm of schemes, where by “variety” we just mean a scheme with the
following nice properties:

Definition 4.1. A variety is an integral separated scheme of finite type over
an algebraically closed field £.

But the varieties we are concerned with are not exactly perfect, in the sense
that they are singular.

Definition 4.2. Let X be a scheme of finite type over £ and let x € X be a
point. Then X is said to be regular (or nonsingular) at x if the local ring Ox
is regular (cf. [Mat86, §19]). If Ox, is not regular, then X is said to be singular
at x.

If X is regular (resp. singular) at all points, then X is said to be regular
(resp. singular).

For schemes of finite type over £, regularity coincides with the otherwise
stronger property of smoothness. Formally:

Proposition 4.3. Let X be a scheme of finite type over k. A point x € X is smooth
if, and only if, it is regular.

Proof. Finite type over k is equivalent to finite presentation over k£ (cf. Re:

mark 3.22). The claim is then equivalent to [EGA IV, Théoréme 17.5.1].7 O

In fact, the hypothesis can be weakened to locally of finite type.

39
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The definition of smoothness in full generality is somewhat involved, so
we shall use the above equivalence as our definition of smooth—we won’t be
using it more generally anyway.

Definition 4.4. Let X be a scheme of finite type over k. The singular locus of
X is the set Sing X of singular points in x.

Proposition 4.5. The singular locus of a scheme X of finite type over k is a proper
closed subset of X.

Proof. In practice we will only care about this property for varieties; see [Harz7,
Theorem I1.8.16] for that. The general result is due to Zariski; see [EGAIVy,
Théoréme 17.5.1]. O

By virtue of closedness we can endow Sing X with a scheme structure. This
allows us to consider its arc space (Sing X)., which is essential in the construc-
tion of the Nash map. Note that we have a closed immersion (Sing X)., — X

77777777777

Now, for two basic topological notions.
Definition 4.6. Let X be a nonempty topological space.

(a) The space X is said to be irreducible if it possesses the following property:
when X = E; U Ey for closed subsets E1,E9 C X, it follows that E; = X
or EQ =X.

(b) A subset Z C X is said to be an irreducible component of X if it is a
maximal irreducible subset of X, i.e. Z is not strictly contained in any
proper irreducible subset of X.

We also use this terminology for schemes when their underlying topological
space exhibits the given property.
Next, some fundamental facts regarding this definition now follow:

Lemma 4.7. In the following, “topological space” means “Zariski topological space”.
(a) A topological space is the union of its irreducible components.
(b) A scheme of finite type over k has finitely many irreducible components.
(c) An irreducible component is always closed.
(d) An irreducible topological space has a unique generic point.

(¢) Any open subset of an irreducible topological space X must contain the generic
point of X.

Proof. See [EGA oy, §2]. O

In our discussion we shall use the above results freely and without explicit
mention.



41
4.2 Transversal arcs and Nash components

It turns out that the arc space reveals a great deal about the nature of a variety’s
singularities. We would like to examine the parts of the arc space of X that are
in a sense transversal to the singular locus. Consider the following definition:

Definition 4.8. Let X be a singular variety. An arc on X whose image has
nonempty intersection with both Sing X and X\ Sing X is said to be transversal
(with respect to the singular locus of X).

Since the complement of Sing X is open in X, it follows that its preimage
n1(X \ Sing X) under the projection morphism will be isomorphic to the arc

on X that is centered outside the singular locus but whose generic point is
mapped into a singular point. Put another way, we can only “measure” the
singularities of X by considering arcs through its singular points (i.e. contained
in w~1(Sing X)).

The insight that Nash had (cf. [Nasgs]) was to consider irreducible compo-
nents of - !(Sing X) with this kind of transversal property.

Definition 4.9. Let X be variety and consider the preimage
n}(Sing X) = { arcs on X through Sing X }.

An irreducible component of n1(Sing X) is called a Nash component (with
respect to X) if it contains a transversal arc a.

Remark 4.10. Nash components are also known as good components, for exam-
ple in [IKog].

irreducible components C and C’ of 71(Sing X) and are looking at their images
on X. The closed points (denoted by a dots e) of each arc are necessarily
mapped to the singular locus. The generic points (denoted by squiggles os3%% )
could land anywhere.

The component C has two arcs whose generic points are mapped into
X \ Sing X. If we pick up one such arc a and take the closure a(n) in X, we
will recover the image a(0) of the closed point too. So the closed point acts
as a kind of anchor with the generic point encircling it. These two arcs are
transversal, so in particular C is a Nash component.

On the other hand, the component C has no transversal arcs; it is totally
contained in (Sing X)«. This is an example of an irreducible component of
n~1(Sing X) that is not a Nash component.

In fact, since X is irreducible it follows that transversal arcs map the generic
point of Spec K[[¢]] to the generic point of X.

Proposition 4.11. Let X be a variety. If an arca.: SpecK[[t]] — X is transversal,
then the induced ring homomorphism o™ : Ox o) — K[[¢]] is injective.
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Figure 4.1: Visualisation of two irreducible components of
n1(Sing X) mapped onto X. Here, C is a Nash component
but C’ is not.

Proof- Suppose without loss of generality that X = Spec A for some suitable
k-algebra A and suppose that o is transversal. By continuity of the morphism
a, we see that the generic point n of Spec K[[#]] must map to the generic point
of X. Hence the induced ring homomorphism ao* : A — K[[¢]] will be injective,
and in particular so too the ring homomorphism a* : Ox 4y — K[[¢]] will be
injective. O

The notion of a Nash component is not a redundant distinction, as evi-
denced by the following example:

Example 4.12 ([IKog, Example 2.13]). Suppose that £ has characteristic
p > 0 and consider the surface X := {x? — y?z} C Az with singular locus
Sing X = {x = y = 0}. There exists an irreducible C’ C (Sing X), that is not
contained in the closure X, \ (Sing X)«, from which it follows that C’ is an
irreducible component of 7~}(Sing X). Therefore C’ is not a Nash component.

On the other hand, in characterstic zero the situation is much simpler:

Proposition 4.13. Suppose that k has characteristic zero and consider a variety X
over k. Every irreducible component of m1(Sing X) is a Nash component.

Proof This is an immediate consequence of [IKog, Lemma 2.12], which states
that every arc through Sing X is a specialisation of a transversal arc. ]

This gives one side of the Nash map. Before discussing the other side and
the map’s construction, we need a bit more background theory.
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4.3 Some birational geometry

There are two closely related ideas to take away from this section: that of
birationality between varieties, and of resolution of singularities. We are only
giving a brief overview here—for further reading, see [Kolo7].

Definition 4.14. Let X and Y be schemes.

(a) Consider two open dense subsets U,V C X. Two morphisms f : U —Y
and g : V — Y are said to be equivalent if f|w = g|w for some W c UNV
dense and open in X. Note that this is an equivalence relation.

(b) A rational map from X to Y is an equivalence class of the equivalence
relation (a) and is denoted by a dashed arrow X --> Y.

(c) A morphism that is contained in the equivalence class of a rational map
f is said to be a representative morphism of f .

(d) A rational map f : X --» Y is said to be defined at a point x € X if there
exists a representative morphism U — Y of f such that x € U. The set
of all such points x is called the domain of definition of f.

Remark 4.15. (a) The use of terminology and notation for Definition 4.14/(b)
is a little inconsistent between authors. Some simply say map to mean a
rational map (e.g. [KMg8], [Matoz]). Others denote rational maps using
an ordinary full arrow (e.g. [Har77]), or forgo the use of any arrow at all

(e.g. [EGAT]). Our choice is consistent with [Kolo7].

(b) A rational map f : X --» Y does not necessarily admit a representative
morphism U — Y where U is equal to the domain of definition of f.

In general we cannot compose arbitrary rational maps: Pick up two rational
maps f and g. It is conceivable that the image of all representative morphisms
of f have empty intersection with the domain of definition of g. In that case a
composition g o f would not be possible. But, with some additional conditions
we can ensure the compatibility of rational maps.

Definition 4.16. A rational map of irreducible schemes is said to be dominant
if it admits a dominant representative morphism.

Actually, we get something a little stronger from this definition.

Proposition 4.17. Suppose X --> Y is a dominant rational map of irreducible
schemes. Then all its representative morphisms are dominant.

Proof. Denote the (unique) generic point of X (resp. Y) by n (resp. §). Suppose
that f is a suitable dominant representative morphism. Let V C Y be an
open subset of Y, which necessarily will contain & Then § € Im(f) and
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n € f~1(V). Hence f| F1vy 18 also a dense representative morphism. Any other
representative morphism must agree with f]| #-1(v) On some dense open subset

of f~1(V), so in particular on the generic point 1. This makes the image of all
representative morphisms contain &, and therefore they are all dominant. O

Composition of such rational maps is then guaranteed by virtue of the fact
that the intersection of the image of a rational map X --> Y will have nonempty
intersection with the domain of definition of another rational map Y --» Z.

Having demonstrated some of the machinery of rational maps, we don’t
need to be so general anymore. Since we shall only be considering rational
maps between varieties, the rest of this discussion on birational geometry will
be in the context of varieties.

Definition 4.18. (a) A rational map f : X --» Y between varieties is said to
be birational if it has a rational inverse, i.e. a rational map g : Y --» X
such that g o f = Idx and f o g = Idy as rational maps.

(b) Two varieties X and Y are said to be birational (or birationally equivalent,
if speaking verbosely) if there exists a birational map f : X --> Y.

Remark 4.19. We can make a category with varieties as objects and rational
maps as morphisms. Then isomorphisms in this category are the birational

equivalent to saying they are birational.

Definition 4.20. A morphism X — Y of varieties is said to be birational if it
is a birational map.

There’s no trickery in this definition—it serves merely to emphasise that
rational maps can of course also be morphisms.

Remark 4.21. Let f : X — Y be a birational morphism of varieties. There
must necessarily exist some maximal nonempty open subset V C Y such that
f restricted to £~}(V) induces an isomorphism.

Indeed, there is a very special kind of birational morphism:

Definition 4.22. Consider a singular variety X. A resolution of singularities of
X is a proper birational morphism f : Y — X from a nonsingular variety Y
such that f restricts to an isomorphism Y \ f71(Sing X) = X \ Sing X.

For clarity, a resolution of singularities may simply be called a resolution.
However to avoid any confusion, we won’t use this shorthand in the statement
of any definition, proposition, and so on.

A resolution being proper is of extreme value. Indeed, we shall use this

directly in conjunction with Proposition 3.26 to build the Nash map.

Coo T T T QT
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4.4 Construction of the Nash map

Now we are going to construct the Nash map.

Assumptions. X is a singular variety, and resolutions of singularities
of X exist.

have an isomorphism
Y\ f(Sing X) = X \ Sing X

between the nonsingular part of X and its preimage under f. The construction
involves looking at arcs centered outside this part of X and Y, namely the
singular locus of X and its preimage under f.

Let {E]-}}":1 be the irreducible components of f~1(Sing X) (for suitable
tells us that the preimages ;' (E;) will also be irreducible.

We are only interested in the components whose preimages under my
contain at least one arc mapping its generic point outside of f~1(Sing X). This
choice is analogous to what we did in §4.2 with transversal arcs and Nash
components. So set

_ o _ 1sa- arcs centered on E; whose
TCYI(E]) = nYl(Ej)\(f I(Slng X))o = { generic point does not hi]t f~1(Sing X) } ’

which will either be empty, or be a dense open subset of niy!(E;) for each
j =1,...,m. The dense property comes from the fact that every ny!(E;) is
irreducible.

Now we turn our attention to the singular locus of X. Let {C;};cy be the
Nash components with respect to X and set

(4.1)

C = C; \ (Sing X)w = { arcs centered on Sing X whose } .

generic point does not hit Sing X

This time we have already ensured that C; will be nonempty, but just like above
it will be a dense open subset of C; for each i € .5.

nyl lnx (4.2)
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follows that the restriction

£l Yoo \ (fH(Sing X))o = Xeo \ (Sing X)eo

a3t (f (Sing X)) = £} (i (Sing X))
and so

a3t (f~H(Sing X)) \ ( L(Sing X))eo = £ (! (Sing X)) \ (f 1(Sing X))o
= () (i (Sing X) \ (Sing X)ow).
(4-3)

Noting that
73! (E))° = a5 (£ (Sing X)) \ (f 7 (Sing X))o
j=1

and

U C; = miy'(Sing X) \ (Sing X)co,
ie¥
we then conclude from (4.3) that
€)= (£ (U C;’).
Jj=1 i€y

It follows that the restriction of f, to this preimage,

f Lmj m () - ¢,
j=1

ie¥

is also a bijection. Note that £ is still continuous, with respect to the induced
subspace topologies.

The big picture of what we have done so far is now illustrated in the
following commutative diagram:
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Ly (B))° Ures C;
my (f 71 (Sing X)) \ (f ~(Sing X))o bij:;ive ! (Sing X) \ (Sing X)eo
Yoo \ (f 71(Sing X))eo o Xeo \ (Sing X).
iy (f 71 (Sing X)) ny'(Sing X)
v s < /
X
™ f1(Sing X) Sing X
s

The rest of the construction is just a topological argument.

Claim. For every i € .J, there exists a unique 1 < j < m such that
w (§5) =i,
where 1); (resp. §;) is the generic point of C; (resp. J'E)_(I(Ej)).

Proof. Fix an i € F. Since f' is surjective, we know that the preimage
(£)71({n;}) is nonempty. Moreover, by injectivity we know that this preimage
will consist of a single point in 7ty 1(E,)° for some 1 < j < m. Now, by continuity
we have

ni € £ (E)°) = £IHED € fIE)),

meaning that
(SmgX)
= FIE)™
This second closure is being taken in 73! (Sing X), of which C; is an irreducible
component. It follows that £7(E;) = ;.
If§; € i} (E;) for some 1 < j’ < m then j’ = j by construction, whence
uniqueness. |
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So what have we actually done here? Well, since the choice of i € .F was
arbitrary, we have constructed a well-defined map

. generic points of - generic points
" | the Nash components of the n;l(E D))

By construction, the Nash components and the preimages n;l(E ;) all have
distinct generic points. So we can write the map more succintly as

Nash components irreducible components
: - . (4-4)

with respect to X of f~1(Sing X)

This is basically the Nash map, but we would like to be able to speak of it
regardless of the choice of resolution f. So there is a bit more work to do, and
in the mean time we shall informally refer to (4.4) as the proto Nash map.

Remark 4.23. We are using the continuity of the map £ : ;’:1 M (E))° -

Uies C;, but remember that the inverse map is not necessarily continuous (cf.

subsets under (£)~! will be irreducible.

4.5 Essential divisors

Definition 4.24. Let f : X — Y be a birational morphism of varieties, where
V C Y is the maximal open subset such that f induces an isomorphism

FHY\V)of X.

We shall use the following definition of divisors and prime divisors on a
variety. In actuality the notion of a divisor is not as simple—what we describe
is rather the support of a divisor. But for our purposes this will suffice. For
further detail, see for example [Har77, §11.6] or [EGA IV, §21].

Definition 4.25. Let X be a variety.
(a) A prime divisor on X is a closed irreducible subvariety of codimension 1.
(b) A divisor on X is a union of finitely many prime divisors on X.

Definition 4.26. Let f : X — Y be a birational morphism of varieties. A
prime divisor on X is said to be an exceptional divisor of f if its image under f
is of codimension > 2. The exceptional divisors of f will be contained in the
exceptional set of f.

Definition 4.27. Let X be a variety and let

f:¥Y1-X
g: Y9 - X
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be two proper birational morphisms from normal varieties Y; and Y respec-
tively, such that E C Y; is an irreducible exceptional divisor of f.

Following the above discussion regarding rational maps, we see that the
composition g7l o f : Y1 --» Yg is a well-defined birational map. By Zariski’s
main theorem (see below), it is defined on some nonempty open subset E° of
E. Then the closure of g% o f(E°) in Yy is called the center of E on Yy. The
definition is illustrated in the following commutative diagram:

E° « E « Y

N
L

glof(E) — glof(E) — Y,

glof g lof X

We denote the center of E on Yy by centery, (E) := g71 o f(E°).

Remark 4.28. What we call the center of E on Yy is also known as the
birational transform of E with respect to the birational map Y; --»> Yg. See
[Kolo7, Definition 2.1].

There is a possibly nontrivial claim embedded in the above definition.
Having presented some context, the explanation should now go more smoothly
than if it were to precede the definition. Here we go.

birational map
g_l of:Y1->Yy

is defined on some nonempty open subset E° C E. This is an application of
Zariski’s main theorem,” which for our purposes can be formulated as follows:

Zariski’s main theorem. Suppose that ¢ : Y — X is a proper birational
morphism of varieties and that'Y is normal. Then there exists an open subset U € X
such that f induces an isomorphism g1(U) = U. Moreover, the complement of U
(that is, X \ U) has codimension > 2.

(This is a simplified version of [Liuog, Corollary 4.4.3(b)].8)

Then take the closure of the graph of the rational map Y; --> Yy and nor-
malise it (if necessary). Call the result Y3. We then obtain two proper birational
morphisms Y3 — Y; and Y3 — Yy from the corresponding projections. Now,
Zariski’s main theorem tells us that the morphism Y3 — Y7 is an isomorphism
for some dense open subset U C Y1, and its complement has codimension > 2.
Hence there exists some nonempty open E° C U, since E is of codimension

20One of many incarnations, anyway.
3This book [Liuog] has a very nice section on Zariski’s result and its derivatives.
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1. Then since Y3 was obtained by taking the graph of g1 o £, it follows that
g 1o fis defined on E°.

appears on Y if the center of E on Yy is also a divisor. In that case, we identify
E with centery,(E) to form an equivalence class of divisors which we simply
denote by E. Such an equivalence class is called an exceptional divisor over X.

On the basis of the above definition, we will be able to reformulate the

work is still required, though.
Definition 4.31. Let X be a variety.

(a) An exceptional divisor E over X is said to be an essential divisor over X if
for every resolution f : Y — X, the center of E on Y is an irreducible
component of f~1(Sing X).

(b) Given a resolution f : Y — X, the center of an essential divisor over X
is called an essential component over'Y.

Remark 4.32. Necessarily, every essential component over Y is an irreducible
component of f~1(Sing X).

This terminology might seem convoluted, but the next result and its proof
should clarify what is being described. First, a quick lemma.

Lemma 4.33. Let X and Y be varieties and Z C X a subset. A birational morphism
[ : X =Y induces a bijection

generic points of the - generic points of the
irreducible components of Z | ~ | irreducible components of f(Z) |-

Proof. See [Sta1j, Tag 01RN]. O

Proposition 4.34. Let f : Y — X be a resolution of singularities of a variety X.
Then there is a bijection

{ essential divisors over X } = { essential components over Y }.
Proof. We shall use the map

{ essential divisors over X } — { essential components over Y }

E — centery(E)

that we outlined implicitly in the above definitions. The first thing to note is
that this is surjective by definition, so all we have to verify is the injectivity of
this map.
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7
h \X
e

Fe—e—bsY"

Let C C f~!(Sing X) be an essential component over Y and consider the
blow-up g : Y — Y of Y along C.

There exists a unique prime divisor on Y’ whose generic point is mapped
by g to the generic point of C. To see this, first note that blow-ups always
have exceptional divisors. Let E denote this expectional divisor. Taking the

between the generic points of the irreducible components of E and the generic
points of the irreducible components of C. But C is irreducible, therefore E
is also irreducible. We conclude that E is unique a prime divisor with the
required property.

Now take a resolution g : Y — Y’ of Y’. Consider an arbitrary essential
divisor F over X such that centery(F) = C. Then we can consider the divisor

14 -1,
v -y v -y
~ ~ A
| | s
¢ o(oh) | \ / ~ ¢ o(goh) ! jl/ f
I A
Y — X Y —— X
@oh ok

(Here, ¢ := f o g.) On the left we obtain two rational maps just like in

the composition of the two rational maps in the left diagram:

P fogoh=fTo(gog T og)oh.

Given this fact together with the definition of E, it follows that

centery(F) =C = ne€ y(F°) = centery/(F) = E,

So by definition, any exceptional divisor with center C on Y will have its center
on Y” contained in E and hence this exceptional divisor will be identified with
E. It follows that E is the only essential divisor over X with center C on Y.
This establishes the injectivity of our map. ]
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4.6 Statement of the problem
Observe that by definition,
{ essential components over Y } - { irreducible components of f~1(Sing X) } .

Proposition 4.35. The image of the proto Nash map (4.4) consists only of essential
components over Y, ie

Im(N) C { essential components over Y }.

Proof. Fix a resolution f : Y — X and pick some Nash component C with
respect to X. Let E C Y be the irreducible component of f~1(Sing X) corre-
sponding to C, i.e. N(C) = E. We wish to show that E is an essential component
over Y, which means that it is the image of an essential divisor over X.

Pick up another resolution Y’ — X and then let f : Y — X be a resolution
of singularities that factors through both Y and Y’.

Y%YXX
NS

Accordingly, let E’ € Y’ and E C Y be the irreducible components correspond-
ing to C for the respective Nash maps N and N’

First observe that centery(E) = E. To see this, let nj be the generic point of
C, and let & (resp. €) be the generic point of n;l(E) (resp. I[%I(E)). Then by
definition, we have that

NOC)=E < n=fJE)=foE
NOC)=E = n=(fog)l®)=fogok,

hence g o E = E. Moreover we note that by continuity, §(0) (resp. £(0)) is the
generic point of E (resp. E), and so £(0) = g o £(0). Then since g sends the
generic point of E to the generic point of E, it follows that centery(E) = E. So
E is the center of the exceptional divisor E over X, and we identify E and E as
exceptional divisors over X.

What remains to be seen is that E is an essential divisor over X, which
would also make it an essential component over Y. This requires us to show
that centery/(E) = centery/(E) = E’. But this is easily seen by an argument
identical to the one used just above, by virtue of E, E’ and E all corresponding
to the same Nash component C. Therefore E is an essential component over
Y. O



Nash components essential divisors
: — (4.5)

with respect to X over X
is the Nash map.
Lemma 4.37 (Nash [Nasgs, Proposition 2]). The nash map N is injective.

Proof- Pick an arbitrary resolution f : Y — X. Let C and C’ be two different
Nash components with respect to X and suppose that N(C) = E = N(C’).
Denote by 1 (resp. 1) the generic point of C (resp. C’), and denote by & the
generic point of iy'(E). Then

n=fJ€ =",
which means that C = C’. Contradiction . O

It is then natural to ask if this map is surjective (i.e. bijective). This is the
Nash problem.

Problem 4.38 (Nash [Nasgs, p. 36]). Is the Nash map N bijective?



Chapter 5

A proof for toric varieties

This chapter offers an accessible and rather elegant positive solution to the
Nash problem in the case of toric varieties. The process is twofold: bijectivity
of the Nash map is first proved for affine toric varieties, and then a final proof
brings things together to solve the case in full generality for all toric varieties.
The technique and proof of the affine case follows the paper [IKog] in which
the result was first proven. The proof for general toric varieties is new.

This is a particularly nice demonstration because it works for toric va-
rieties of any dimension and over an algebraically closed field of arbitrary
characteristic. In this sense it is quite a strong result.

Assumptions. Unless otherwise stated, £ is an algebraically closed field
of arbitrary characteristic.

5.1 Toric preliminaries

This chapter will be using a lot of stuff from the theory of toric varieties. Our
standard reference here is [CLS11], which will be cited when necessary. The
following definition recalls the main ideas that are needed, along with the
corresponding notation.

Definition 5.1. (a) M is the free abelian group Z" for n > 2.
(b) N:=M" = Homz(M,Z) is the dual of M.
(c) M:=M@®zR and N := N®zR.

(d) A cone t C N is smooth if its generators form part of a Z-basis of N. A
fan X in Ny is smooth if all of its constituent cones are smooth. If a cone
(resp. fan) is not smooth, it is said to be singular.

54



55

(e) Accordingly we denote by (—,—) : NXM — Z the natural paring between
N and M. It extends to a pairing (—,—) : Nr X Mr — R between Nr and
Mg.

(f) X5 denotes the toric variety of a given fan X in Ng.

(g) cone(ey,...,e ) is the cone in Nr generated by e1,...,¢, € N.

(h) We use multi-index notation to write x* := x]"'x5” --- x," for a given

m = (mq,...,m,) € M. Accordingly, we write k[M] := k[{x" }nem].
(i) T := Speck[M] is the open orbit of a toric variety, i.e. the embedded torus.
(j) orb(t) denotes the torus orbit corresponding to a cone T in Ng.

(k) For a cone t € X, U; denotes the affine toric variety of the cone t, and is
an invariant affine open subset of Xs.

(1) D, := orb(p) is the invariant prime divisor on a toric variety Xy for a
given v € N generating a ray p € . By the orbit-cone correspondence
[CLS11, Theorem 3.2.6], the D, are precisely the irreducible components
of X\ T.

5.2 Divisorial resolutions and divisorially essential di-
visors

We now add extra assumptions to a few previous definitions. During the proof
of the affine case, we will then see that these definitions coincide in the case of
toric varieties.

Definition 5.2. A scheme X is said to be of pure dimension n if all irreducible
components of X have dimension z. For a closed subscheme Z C X we say
analogously that Z is of pure codimension m if all irreducible components of Z
have codimension m.

The following definitions all have more general analogues that were pre-
sented in §4.5.

be a divisorial resolution of singularities of X if the exceptional set f~1(Sing X)
is of pure codimension 1.

Remark 5.4. If f : Y — X is a resolution of singularities such that Y is normal,
then f is a divisorial resolution. This is a direct consequence of Zariski’s main
theorem; see [Mumgg, Proposition IIl.g.1]. So in particular, we can always
obtain a divisorial resolution from an existing resolution by composing with a
normalization Y’ — Y.
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**********

(a) An exceptional divisor E over X is said to be a divisorially essential divisor
over X if for every divisorial resolution f : Y — X, E appears on Y, i.e.
centery(E) is a divisor. Additionally, E is then an irreducible component

of £~1(Sing X).

(b) Given a divisorial resolution f : Y — X, the center of a divisorially
essential divisor over X is called a divisorially essential component over'Y.

Remark 5.6. Given an arbitrary variety X, we have the following overview:

{ divisorial resolutions of X } - { resolutions of X }

{ divisorially essential divisors over X } 2 { essential divisors over X }

Warning 5.7. Note the direction of these inclusions! Since we conclude the
latter from the former, the reversing of inclusions is to be expected.

Whether the latter inclusion is actually an equality seems not to have been
established in general; see [IKog]. However in the case of toric varieties, we do
have equality—more on this later.

Definition 5.8. An exeptional divisor E over a toric variety X is said to
be a toric divisorially essential divisor over X if it appears on every equivariant
divisorial resolution of singularities of X.

Remark 5.9. If X is a toric variety, then we have

{ toric divisorially } 5 { divisorially essential } 5 { essential divisors }

essential divisors over X divisors over X over X

5.3 Basic machinery

To begin with we shall consider an arbitrary affine toric variety, along with a
few other fixed objects. They go as follows:

Definition 5.10. (a) o := cone(ey,...,¢;) € Ng is a cone generated by some
primitive vectors e1,...,¢; € Nr (s € N).

(b) X is the fan in Nr consisting of all faces of a cone 0 C Ng.
(c) X := Xy is the affine toric variety of the fan X.

(d) T is the open orbit in X, i.e. the embedded torus.

() W := SingX = U orb(t) is the singular locus of X. The latter

TEX
T singular

equality comes from [CLS11, Proposition 11.1.2].
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(f) S:=Nn U 1°, where 1° denotes the relative interior of a cone

TEX
T singular

T C Ng.

Remark 5.11. Note that T € X\ W. To see this, observe that T = orb({0}),
where {0} is the cone consisting of one point (the origin 0 € N). The cone {0}
is clearly nonsingular, and hence TN'W = 0.

Proposition 5.12. If D, is a toric divisorially essential divisor over X for some
v € NN o generating a ray p € N, then v € S.

Proof. Let f : Y — X be an arbitrary equivariant divisorial resolution of
singularities of X. The image of D, under f will lie in the singular locus W,

f@,) = flobp) c [ ] orb(x),

TEX
T singular

from which it follows that » € |J 1es 7T° by equivariance of f. By the

T singular
hypothesis, p is in N as well, so we conclude that p € S. |

Definition 5.13. (a) For every u,» € N N o, we define the relation

u<yv & veEo+u.

(b) Let A € NNo. An element a € A is said to be minimal in A if there
exists no other element ¢’ € A such that a’ < a.

Proposition 5.14. (a) The relation < given in Definition 5.13 defines a partial
order on N N o.

(b) For anyu,0 € NN o,
u<v & VYmeMno' : (u,m) < (v,m).
Proof.  (a) Omitted.
(b)

u<v & 0<v—u & v—-u€o
= YmeMnac' : 0<{v—um)

= VYmeMno’ : (u,m) < (v,m).
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Definition 5.15. Given an arc o : SpecK[[¢]] — X such that a(n) € T, there
is an associated element u, € N N o defined as follows:

SpecK((¢)) —2— T K((2)) «—“— k[M]
[ I~ ] ] e
SpecK[[¢]] —— X K[[t]] «—— kMnN 0"]

Consider the group homomorphism
M- Z
m — ord(a*x™),
which uniquely determines an element #, € N such that
(g, m) = ord(a*x™) ¥ m € M.

(Here, ord(f) is the order of the formal Laurent series f € K((¢)), i.e. the
smallest power of ¢ with nonzero coefficient.) Moreover, by the commutative
diagram of ring homomorphisms in /(5.1) we see that

(ug,m)>0 YmeMna',
and hence u, € NN o.

Warning 5.16. The above definition introduces %, as a piece of formal notation,

which is derived from a suitable arc a. Unless otherwise stated,”} u, is not

ol
derived from an element u € N.

Proposition 5.17. Consider an arc o € Xo such that a(n) € T, and let Tt < o be
a face of 6. Then
a(0) € orb(t) & uy € °.

In particular, a(0) € T & uy, =0.

Proof- Fix a face T < 0. First note that

orb(t) = Us \ U U

<1

and
=1\ U v,

by the orbit-cone correspondence [CLS11, Theorem 3.2.6]. Therefore to prove
the claim, it suffices to show that

a(0)eU;, & uqg €.

1And trust me, I will avoid this.
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Then we have

U €T &= VYmeMnt’ : (ug,m)>0
= o' k[Mnac'] = K[[¢]] extends to o : k[MN1'] = K[[£]]
& a: SpecK][[¢]] — X factors through U,
— o(0) € U,. O

Corollary 5.18. Consider a subdivision X" of the fan X. Let Y = Yx/ be the toric
variety of X" and let f : Y — X be the corresponding toric morphism. Then given an
arc o € Xo such that o(m) € T, it follows that

(a) the arc o is lifted to a unique arc & € Yo,
) uq = ug, and
(c) for all conest € Z,

a(0) € orb(t) &= uy = ug € 1°.

Proof-  (a) The unique lifting

induced toric morphism of a subdivision is always proper and induces
an isomorphism on T; see [CLS11, §3].

(b) As a(n) € T as well, and toric morphisms are equivariant, it follows that
the corresponding ring homomorphisms of a and & are equal, i.e. a* =

a* : k[M] — K((¢)). Then they define the same group homomorphism as

(c) If we replace X with Y in the statement of Proposition 5.17 then this

claim follows immediately, since X C X’. |

Proposition 5.19. For every element v € S, there exists an arc o : Spec k[[¢]] = X
such that o(m) € T, a(0) e W, and uq = v .

Proof. Consider the ring homomorphism

o 2 K[M] — k()

x™ s O
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Since v € S C o, it follows that (v,m) > 0 for all m € M N ¢". So we can write
a commutative diagram as follows:

k(1) —~— k[M] Spec k((¢)) —> T
NN
E[[]] — kIMNoY] Speck[[t]] —— X

Then choose the morphism o : Spec £[[¢]] — X corresponding to a*. For all
m e M,
ord(a*x™) = ord(x*™) = (v, m)

and hence v = u,.

that a(0) € T. To see that a(n) € W, observe that since v € S, there exists a

P517
singular face T < o such that u, = v € 1°. Hence a(n) € orb(t) € W. O

Proposition 5.20 (Upper semi-continuity). LetZ be a scheme over k and consider

a1 ZXspeck Spec k[[¢]] — X,

where each point z € Z corresponds to an arc o, : Spec k(2)[[¢t]] = X. Ifa.(m) € T
for all z € Z, then the map

Z—->Nno

Z U,
is upper semi-continuous, meaning that for each v € N N o, the subset
Uyi={2€Z|uy, <v}CZ
is open in Z.

Proof. Firstly, observe that the hypothesis a,(n) € T is necessary if the element

,,,,,,,,,,,,

It suffices to verify the affine case, so suppose that Z = Spec A for some
k-algebra A. We have a corresponding ring homomorphism

o k[MnoY] — A[[t]]
with a mapping which we shall write as

2" apo + amat + a,,,,th +e,
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for suitable a,; € A where i € Ny. Then given a point z € Z, the arc a,
corresponds to a ring homomorphism
ol s k[MNncY']— A[[t]] = k(2)[[¢]]
PR Zm0 + Zm1t + Zm72t2 +-ee,

for zy; = ij(am;) € k(z) where i € Ny. (Here, ij : A — k(z) is the ring
homomorphism induced by the canonical morphism i, : Spec k(z) — Z; see

Fix an arbitrary element » € N N ¢ and note that for any z € Z,

P5.i;
zelU, & uq, <v P VmeMno' : (uy,m) < (v,m). (5-3)

The trick then goes as follows: M N 6" is by definition generated by some finite

,,,,,

is equivalent to
Vj=1,...,r : 3¢ < (v,m;) such that Zmy b # 0.
Now it’s actually better to think instead of when z ¢ U,:

j=1...r

t=1,....(v,m;) D Zmye = 0.

z2¢U, < V{

Since Zmy 0 = i, (am/,g), we can then write the complement of U, as a zero locus
as follows:

~ B ) j:l’...,r
Z\Uv—{amff—o L =1, (omy) }

I
—_——
A
Ms
)
3
~.
~
|
(e}
~.
|
=
:
————

This complement is then closed in Z with respect to the Zariski topology, hence
U, is open in Z. Our choice of » € N N o was abitrary, whence the result. O

Corollary 5.21. Let o : ZXspeck Spec k[[t]] — X be a family of arcs for some
Z € Sch/k. Suppose that o..(n) € T for all z € Z. If uq, is minimal in S for some
y € Z, then the subset

{r€Z|uq, =uq} CZ

is nonempty and open in Z.

Proof. This is immediate by the preceding result and the definition of minimality

(Definition 5.13). o
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a: Xoo*Speck Speck[[¢]] — X,
from which we obtain a corresponding family of arcs
a; : Cif(Speck SPeC k[[t]] - X

for each i € 7. In line with the notation used previously, the arc associated to
each point z € C; can be written 0, : Spec k(2)[[¢]] — X. But this coincides
with a,, therefore we drop the additional i and just write

o, : Speck(z)[[¢]] — X.
The following result inherits this notation.

Corollary 5.22. For each minimal element v € S, there exists a Nash component
C; (for suitable i € F) and a nonempty open subset U C C; such that uy, = v for all
zeU.

Proof. Fix an arbitrary minimal element v € S.
B(m) € T, B(0) € W, and ug = ». Since this arc has center on the singular
locus of X, it must belong to some Nash component C; for suitable i € .. In
particular, we have that 3 € C;, where C; := C; \ W (as in (4.1)). Recall that
C; is open in C;. Moreover, the arc § corresponds to a k-valued point y € C;
and so 3 = a,.

Now, observe that we have

Oli(C,- XSpeck {0}) cw

and a,(n) € T. Therefore there exists an open neighbourhood V ¢ C; of a,
such that
(ll'(V XSpeck {0}) cw

(obviously), and that
a(m) €T

forall z e V.

77777777777

V;(Speck Speck[[t]] = X
to obtain a nonempty open subset

U:={zeV]|ug, =0} CCi
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5.4 Affine case

Now we are ready to prove bijectivity of the Nash map for affine toric varieties.
The proof is rather more a collection of unassuming lemmas, followed by a
paragraph and a commutative diagram. This is my favourite kind of proof.

Definition 5.23. For each minimal element v € S, pick up an i, € . such that

Nash components }

F: { minimal elements in S } - { with respect to X

[/ C,’y.

While this map is indeed well-defined, there is a priori no canonical choice
of Nash component for each minimal element of S. What is immediately clear,
however, is that J is an injective map.

Lemma 5.24. The map J is injective.

Proof. Suppose that F(v) = F(w) = C; for two minimal elements v,w € S and
suitable i € .f. Since every open subset of the irreducible component C;
contains the generic point, we have

{zeV,luy, =v}N{zeVy|u, =w}#0

77777777777

,,,,,,,,,,,,

This means that v = w. O

Now recall the Nash map defined in |(4.5):

Nash components
: . P - { essential divisors over X } .
with respect to X

Lemma g5.25. The composition N o F behaves as follows:

NoJF: { minimal elements in S } — { essential divisors over X }
v D,.

Proof. Fix an arbitrary minimal element v € S.

to an arc o : SpecK[[¢]] = X such that a(n) € T and

Uy = 0. (5-4)

Then consider a toric divisorial resolution f : Y — X and let & € Y, be the
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Notice that the Nash map is constructed from the same lifting that we used

just made about N and the lifting of o, the generic point of ny*(E) is then
a. Lastly, by the continuity of my and irreducibility of E we can see that the
generic point of E is a(0).

we shall denote it by E = orb(p) for a suitable ray p € N of the fan of Y. As
a(0) is the generic point of orb(p), it must be that G(0) € orb(p). Then by

,,,,,,,,,,,

5.4
v = ug =ug € p°.

Since p is 1-dimensional and » is a minimal, we conclude that orb(p) = D, and
hence N o F(v) = D,. O

Consider a map

) { toric divisorially } R

essential divisors over X

D, — v.

We are going to show that the image of G contains only minimal elements of S.
First, a lemma.

Lemma 5.26. Every element v € S that is not minimal can be written v = n1 + ny
for my € S and such that ny satisfies either (1) ng € S, or (2) ng € X(1).

Proof. 1t’s useful to recall the definition of the set S:

s=Nn | ) = (5:5)
TeX
T singular

v =mn1+ no
for suitable ng € NN o\ {0}. We shall examine the two possible cases
(1) n9 €8,

(2) ng ¢ S.
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Let’s first consider case (2)—that ng ¢ S. Then by i(5.5), no must be
contained in some nonsingular face T < 0. Without loss of generality, we write

T = cone(ey,. . .,eq)

for suitable primitive vectors e1,...,¢; and d < s. Remember here that 0 =

,,,,,,,,,,,,,

d
ng = Z Aie;
i=1

for suitable elements A, ...,As € Ny, not all of which are zero. Suppose further,
and without loss of generality, that A # 0. Now let ¥ < o be the smallest
face that contains the cone cone(nl,zg’;2 Lie;) (note that we have removed the
M-term!). Clearly n; € v, and since n; € S it must be that vy is a singular face.
Moreover, this means that

d
n1+z7xie,~ ey’ cCcS.
i=2

So if we set
d
ny = n1+2)\ie,~ €S

i=2
né = 7\.181 € 2(1),

then v = n] + nj. By this process we can reformulate, without loss of generality,
the second case to

(2) ng € 2(1)

by ensuring a suitable choice of n1,n9. In words, this case means that ny is a
ray of the fan ¥ and hence a 1-dimensional face of o. |

Definition 5.27. (a) A cone is said to be simplicial if it has linearly inde-
pendent generators over R.

(b) Let T € Ngr be a simplicial cone generated by u1,...,u, € N. The
multiplicity of T is the number of elements in Py N N, where

P, = {z’: i

i=1

Oski<1}.

Lemma 5.28. A4 cone v C Ng is smooth if, and only if, mult(t) = 1.

Proposition 5.29. The image of the map G contains only minimal elements of S.
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Proof. Pick up an element v € S and suppose again that it is #of minimal. By

v=mny+ ng
for n1 € S and such that either
(1) no €8, or
(2) ng € Z(1).

Now, consider the 2-dimensional cone cone(ni,n9) and let A denote the
minimal smooth subdivison of that cone, which by [BGSg5, Proposition 1.8]
we know will always exist. Then v lies in a particular cone t € A, and we shall
write T = cone(v1,v2) for suitable primitive vectors v1,v9 € NN |Al. Since v is
not minimal and A is the minimal subdivision of cone(zn1,ny), it must be that
v € T°. One of the rays of t will also have to be in the interior of a singular
face of 0 and hence in S, so assume without loss of generality that »; € S.

The plan is to construct a smooth subdivision of X that contains t. In this
way, T will “protect” the point » from becoming part of a ray of the subdivision,
and from this we will conclude that D, is not a toric divisorially essential
divisor.

Take the star subdivision Z; of £ with center »;. Next, depending on
whether we are in case (1) or (2), set

T { star subdivision of £; with center v9 (1),
’ 2 (2).
We want Xy to be a simplicial subdivision, i.e. every cone in X is simplicial. If
it’s not, we make a simplicial fan in the following way: Pick up a non-simplicial
minimal-dimensional cone y € X9 and an element n € y°. Then take the star
subdivision of X9 with center n, which splits v into a union of simplicial cones.
Keep doing this for every such non-simplicial minimal-dimensional cone until
we are left with none, and call the result Xs.

We are almost done, but first we must account for the possibility that X3 is
a singular fan. The process by which we resolve this problem is similar to our
approach regarding simlicial cones. Pick up a cone 6 := cone(py,...,ps) with
maximal multiplicity mult(6) for suitable primitive vectors p1,...,ps, d € N.
Since X3 is not smooth, we know that such a cone will have mult(d) > 1 by

the star subdivision of X3 with center »’. Like before, repeat this process until
the multiplicity of every cone is 1, meaning that our fan will be smooth. Call
this smooth fan X,.

Throughout this process we have not altered the cone cone(zny,ny) at all,
and so cone(ny,ng) € X4 as well. This means that the exceptional divisor D,
over X does not appear on the toric variety X5, corresponding to X,. If in



67

addition we find that the corresponding equivariant morphism Xy, — Xis a
resolution of singularities, then the proof is complete.

But this is easy to notice, since we obtained the subdivision X; purely
through a process of repeated star subdivisions inside singular cones. Hence
the morphism Xy, — X is an isomorphism outside the singular locus of X by
[CLS11, Proposition 11.1.2]. Since X, is smooth by construction, it follows that
we have a resolution of singularities. So we are done.

O

Definition 5.30. We therefore define the map G to formally be

G- { toric divisorially

e — { minimal elements in S }
essential divisors over X

D, — v.
The following comes for free by the definition of this map.
Lemma 5.31. The map G is injective.
The main lemma is now remarkably easy to show.

Lemma 5.32 (Ishii-Kollar [IKog, Theorem 3.16]). If X is an affine toric variety,
then the Nash map

.| Nash components . essential divisors
| with respect to X over X

is bijective.

minimal elements in S. The situation can be seen in the following diagram:

) NoF
o L5.25
minimal T Nash components
. _— .
elements in S L5.24 with respect to X
9%5@ I+37lN
toric divisorially o . .
] o R5g essential divisors
essential divisors
over X
over X
P5.29 5-30
L P5.29 + D5.30 ' D,

S
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All maps in the above diagram are therefore bijective, and in particular the
Nash map N is bijective. ]

Corollary 5.33. For any toric variety X, we have a bijection
{ toric divisorially } - { essential divisors }

essential divisors over X over X

5.5 The proof

What follows now is a proof of bijectivity of the Nash map for all toric varieties.
Just like in the affine case, we prove some harmless facts and conclude with a
commutative diagram.

To the best of my knowledge, no proof of this fact has been given before.

Theorem 5.34. If X is a toric variety, then the Nash map

| Nash components . essential divisors
" | with respect to X over X

is bijective.

Proof. Let X = Xy for some arbitrary fan X, not necessarily affine. Let D, be
an essential divisor over X, for a suitable » € N generating the ray p := vRy.
Let 0 € X be the maximal cone containing p and consider the corresponding
affine toric variety X := U,. Note that X < X is an open immersion, and
moreover that X is singular since it contains orb(p). Lastly, let f : Y — X be
an equivariant divisorial resolution of singularities.

Set Y := f}(X) and f := f|y : Y - X. It is clear that f is also an
equivariant divisorial resolution of singularities of X. Moreover, we have that

F(SingX) = f1(Sing X) = fX(Sing X) N Y.

Now let {Ey,...,E,} be the irreducible components of f~!(Sing X). Suppose
without loss of generality that

E,;:=E;nY#£0 VY1<j<m
E,NY=0Vi<j<m

for a suitable m € N.

Claim (1). The {Eq,...,E;} are precisely the irreducible components of £~!(Sing X).

Proof. Pick up a j € N such that 1 < j < 7. Firstly note that all of the following
subsets are endowed with the subspace topology in the obvious sense:

E; o f1(SingX) > Y
i) J
E]- S f‘l(SingX) oY
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We shall use consequences of this fact without reference, so as not to complicate
things. The proof then boils down to the following sequence of propositions.

(a) (E]- is an open subset of E;.) This follows from the fact that Y is an open
subset of Y, and hence E; = E; NY is open in E;.

(b) (I:Zj is a closed subset of f‘l(Sing X).) This is true for the same reasons
as (a), noting that E; is a closed subset of Y.

(c) (Ej is irreducible.) By (a), E]- contains the generic point n of E;. So if
E ; = F1 UFy for closed subsets F; and Fg, then without loss of generality
we can suppose that 1 € F1. But then

- — £, —F,
E;={n} " cF ' =Fy,

meaning that F; = E j» whence irreducibility. In particular, 1 is also the
unique generic point of E;.

(d) (Ej is a maximal irreducible subset of f‘l(Sing X).) Suppose for contra-
diction that there exists another irreducible closed subset F ¢ f~1(Sing X)
such that E; C F, and let £ be the generic point of F. Then F = FNY for
some suitable closed subset F € f~!(Sing X), and € € F. Then

TF T/ SingX)

ne {E} c{& < {&

—f1(Sing X)

cF =F,

1
(Sing X) . .
s C F. This leaves us with two cases:

and hence E; = {n }f

(i) E€E;) = F=E;. ¥
(i) §¢E;) = E € E, for some ¢ # i, meaning that

ingX) _ —/"!(SingX)

E C{E} CE, =E;,. X

Both cases lead to a contradiction, so we are done. The claim then
follows. [ |

Claim (2). For each 1 < j < m, TE%I(E ;) is irreducible and has the same generic
point as ! (E;).%
Proof. Letili < Jiiitﬁsii{lice Y is smooth and E is irreducible (by Claim (1)),

Next since E is an open subset of E;, we see that .Tl?;l(E‘ ;) is an open subset
of JE%l(E ;). Moreover, J'l?{(l(E ;) will inherit the generic point of Jt;(l(E 7)- [ |

2In fact, the work needed to prove the first part of Claim (2) has already been done in the
construction of the Nash map (84.4). It works here too because we have already shown in Claim
(1) that the {Ej };.":1 are precisely the irreducible components of the preimage of the singular

locus of X.



70

ng = “X|(X)w and n)‘.(l(SingX) = 13! (Sing X) N (X)wo. Now let {C;};es be the
Nash components with respect to X. Similarly to above, suppose that

Cii=CiNnX)z20 Vied
CiNX)ow=0 VieF\.F

for a suitable nonempty subset .¥ C .¥.

Claim (3). The {C;},.; are precisely the Nash components with respect to X.

Proof. Just like in Claim (1), we have a situation of the following form:

C; » nd(SingX) » X
] J
Ci o n;.il(SingX) o X

By an identical argument to the kind given in Claim (1), it follows that the
{C,}, 4 are irreducible components of J'l:ﬁi(Sing X). But, they are not necessarily
all of the irreducible components, since we have taken only Nash components
with respect to X and there might be some other irreducible components of
Ic)_(l(Sing X) left over. It remains to show two things: that each C; is a Nash
component with respect to X, and that every Nash component with respect to
X is of this form.

The first of these facts can be easily verified by recalling what was shown in
(c) of Claim (1); namely, that C; and C; will share the same generic point. Then
in particular, these generic points will be arcs on both X and X. Moreover, as
know that they will be transversal as arcs on X. Hence all the C; are Nash
components.

Conversely, any irreducible component C’ of ni3!(Sing X) which is not a
Nash component will contain no transversal arcs. Then clearly the correspond-
ing irreducible component C’ := C’' N (X)., of n;{l(Sing X) will also contain no
transversal arcs. This proves the claim. ]

Claim (4). For each i € .7, C; has the same generic point as C;.
Proof. This was already justified in the proof of Claim (3). ]

Now let’s briefly recall how we constructed the Nash map for X (§4.4). We
took the induced morphism
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and restrcited it to obtain a bijective map
m
. -1 o o
@) - e
j=1 ieyf

Then we defined N(C;) := E;, where j € N is the unique 1 < j < m such that
"/ maps the generic point of y'(E;) to the generic point of C;.

Claim (5). The bijective map

fr OJ‘C%}(E]-)O — U C;
j=1

ie¥
agrees with £’ on the domain of f.

Proof- Just observe that f;, = fo— = fo— and so £/ = f o —. Yes, it’s that
easy! ]

Now suppose without loss of generality that

{El,. .. ,E,;,r} = { essential components over Y } (5.6)
{E1,...,Ew} = { essential components over Y } (5.7)

for suitable m’,m’ € N, where 1 < m’ < m and m’ < m’ < m. Then
{E1,...,.Ew} C { essential components over Y }.

Finally, define the two maps

{ essential divisors } { essential divisors }
B: —

over X over X
P4.34 2l AIP4.34
essential essential

components o ——> § components
over Y over Y
Go n &7

{E1,....,Eww} —— {E1,...,E¢}

and

Nash components Nash components
Y- . S _— .
with respect to X with respect to X

1 Il
{Ci}iej — {Cilies
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Then in particular, suppose that the essential divisor D, corresponds to an
essential component E; over Y for some 1 < j < m'. Then it will correspond

let

N - Nash components N essential components
’ over Y

with respect to X

Then there exists a Nash component C; for i € I such that N(C;) =
Combining this fact with the results of Claim (2), Claim (4) and Claim (5),
we see that the following diagram commutes for C;:

Nash components N essential
- —_— -
with respect to X components over Y
1] Jo

Nash components essential
] —
with respect to X N components over Y

C; | E;

This shows that we can recover E; from the Nash map N for X, which corre-
sponds to the arbitrary essential divisor D, over X that we picked up at the
beginning. Indeed, the diagram is commutative for all Nash components with
respect to X.

Since our choice of essential divisor over X was arbitrary, we have shown

and so N is bijective. O

Example 5.35. Let
61 = (1’0’0)’ €2 = (0’ 1’0)’ e?) = (191’ c)’

be points in N = 73 for some ¢ > 1, and set 0 := cone(ey, 9, ¢3). It is clear that
every face of 0 is smooth, but the whole of ¢ is not smooth, and hence the
toric Variety X of o is singular. Hence S = NN 0°, and the minimal elements

,,,,,,,,,,,,,

the number of essential divisors over X is equal to ¢ — 1.
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5.6 Comments

can be completely generalised for any type of variety, with the assumption that the
Nash map is bijective in the affine case.



Chapter 6

A counterexample in
dimension 3

Our final discussion concerns the recent counterexample offered in [dF13],
which shows that the Nash map is not bijective for all varieties of dimension 3.
Historically this is one of the more important achievements in the study of the
Nash problem, since the technique generalises to any higher dimension as well.
The result was the final step in answering the Nash problem with regards to
dimension.

Some of the details of this proof are beyond the scope of this thesis. I have
tried to give an overview rigorous enough for the reader to appreciate the main
ideas, particularly when it comes to the use of arcs. Where detail is lacking,
the text has been furnished with references that do give said detail.

In particular, the characterisation of the Nash map is slightly different
here. We speak instead of essential divisorial valuations as opposed to essential
divisors. This is a common approach used in the study of the Nash problem,
and therefore it is worth exploring for reasons beyond just this counterexample.

It should be noted that here, we are no longer free to work over fields of
arbitrary characteristic.

Assumptions. k is an algebraically closed field of characteristic 0.

6.1 Preliminaries on divisors

Assumptions. X is a normal variety of dimension n € Ny, and K is the
function field of X.

Definition 6.1. The variety X is said to be factorial (resp. Q-factorial) if every
Weil divisor on X is a Cartier (resp. Q-Cartier) divisor.

74
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Lemma 6.2 ([dF13, Lemma 3.1]). Let f : Y — X be a resolution of singularities
of a normal variety X. If the exceptional set of  has an irreducible component of
codimension > 2 in'Y, then X is not Q-factorial.

Definition 6.3 (cf. Definition 4.25). (a) A prime divisor on X is a closed sub-

variety of codimension 1.

(b) A Weil divisor on X is an element of the free abelian group Div X generated
by the prime divisors on X. We write such elements as finite sums of the

form
D = Z ﬂ,‘Ei
for n; € Z and E; prime divisors on X.

Given a prime divisor E on X, let ) € E be its generic point. Then the
local ring Ox,, is a discrete valuation ring (cf. [Mat86, §11]) and there is a
corresponding discrete valuation (cf. [Har77, §1.6 and §I1.6])

ordg : K* — Z,
which has the properties

ordg(xy) = ordg(x) + ordg(y)
ordg(x + y) > min{ordg(x),ordg(y)}

for all x,y € K* := K\ {0}. Specifically, ordg(x) is the order of vanishing of
x € K* along the generic point of E.

Definition 6.4. Let f € K*. The divisor of f is the divisor

(f)= D orde(f)E.

EeDivX

E prime
By [Har77, Lemma 1.6.1], this is a finite sum and hence a well-defined divisor.
Any divisor of this form is then called a principal divisor on X.

Definition 6.5. Two divisors D and D’ on X are said to be linearly equivalent
if D—D’ is a principal divisor. This forms an equivalence relation on the group
DivX and the corresponding equivalence classes are called linear equivalence
classes.

An important example of a linear equivalence class is the canonical divisor
on X.

Definition 6.6. Suppose that X is also smooth and let w € Qx/; be an n-form
on X (cf. [Har77, 8§11.8]), which we can write locally as

o= f(x1,...,%,) -dx1 A--- Adx,
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for a suitable rational function f and local coordinates x1,...,x,. Then let
(w) be the divisor of w on X, which locally is equal to (f). Now take another
n-form w’ € Qx/; which we can write locally as ®’ = g - w for suitable g. Then
(0") =(g) + (), so (w) and (w’) are linearly equivalent.

The linear equivalence class corresponding to () is called the canonical
divisor on X, and is denoted Kx.",

In fact, the canonical divisor is also defined for singular varieties in the
following way: Suppose that X is singular and let f : Y — X be a resolution of
singularities. The pushforward on f induces a bijection between the canonical
divisors of Y and the canonical divisors of X (see [dFHog, §3]). Then we say that
the canonical divisor Kx is the pushforward of Ky under f, i.e. Kx := fi(Ky).

Definition 6.7. The variety X is said to be Q-Gorenstein if the canonical divisor
Kx is Q-Cartier, i.e. there exists an n € N such that #Kx is a Cartier divisor.

Definition 6.8. Suppose that X is Q-Gorenstein and let f : Y — X be a
birational morphism where Y is normal. Fix a Ky such that Kx = fi(Kx).
Then the relative canonical divisor is

Ky/x := Ky = f*(Kx),
where f*(Kx) is the pullback of Kx.

The reason that we require X to be Q-Gorenstein is so that we can use the
well-defined pullback on Cartier divisors (see [EGAIVy, §21.4]). There exist
constructions of the relative canonical divisor for more general varieties (see
for example [dFHog]), but the above definition is sufficient for our purposes.

Definition 6.9. Let f : Y — X be a birational morphism of varieties where Y
is normal, and let E be a prime divisor on Y. The discrepancy of E over X is the
integer

kp(X) := ordg(Ky/x).

Remark 6.10. The discrepancy does not depend on the choice of f in the
following sense: Pick up another birational morphism f : Y — X with Y’
normal, and let E” be a divisor on Y. Then the birational map Y — X --» Y’ is
an isomorphism at the generic points of E and E’ if, and only if, ordg = ordg .
(This also means that they are in the same equivalence class of divisors over

[KMg8, Remark 2.23].

1Despite the name, the canonical divisor is not actually a divisor, but only a linear equivalence
class. Still, it is often treated as a divisor anyway; see [Kolo7, §1.6 (1.51)]. One can also say that
a canonical divisor is just an element of ¢ke canonical divisor linear equivalence class.
Anyway, it is usually very clear what is meant depending on the use of definite or indefinite
article.
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6.2 Divisorial valuations

smooth normal varieties Y that admit resolutions Y — X. Now we are going
to form an analogous description using the language described immediately
above. We then look at the Nash map in these terms, as is done in [dFD15].

Definition 6.11. Let f : Y — X be a proper birational morphism of varieties
such that Y is normal. Denote the function field of X by K. Given a prime
divisor E on Y, we obtain a discrete valuation

v:=g¢- -valg : K" > Z,
where ¢ := ¢(v) € N is the multiplicity”, of v, and where
valg(h*) := ordg(k o f)

for each £* € K* that is regular at the generic point of f(E).
A discrete valuation of the form v is said to be a divisorial valuation on X.

Divisorial valuations are discussed in detail in [dFEIo8].

Remark 6.12. By definition, it follows that prime divisors in the same equiva-

valuation on X.

Definition 6.13. Let o : SpecK][[¢]] — X be a transversal arc on X. By

an injective homomorphism of fields a* : K(X) — K((¢)), where K(X) is the
function field on X. Then we obtain a discrete valuation

ord, := ord; o™ : K(X)* — Z
" ord;(a*(h")),

and we say that ord,, is the valuation corresponding to a.

Now, let f : Y — X be a resolution of singularities, and let K be the
function field of X. Denote by {C;};cs the Nash components with respect to
X, and for each i € .F let a; € C; be the generic point of C; and let K; be the
function field of C,. Also, denote the irreducible components of f~1(Sing X)
by {E1,....En}.

Since we have field extensions K; 2 K C £, each o; is an arc of the form

a; : SpecK;[[¢]] = X,

®Not to be confused with the notion of cone multiplicity given in Definition 5.27!



78

and we obtain a discrete valuation ord,, on X. Now suppose that N(C;) =
' (E;) for some suitable 1 < j < £. If we let 1 be the generic point of E, then
Joo(mg () = 0; (the generic point of C;). We have the following situation:

Ty () 0%

nt a;(0)

So a;(0) is the generic point of f(E;). Indeed, if E; is of codimension 1 in Y,
we then see that the valuation ord,, corresponding to a; is such that

ordy, (A*) = ord,(a;(h")) = ordg,(g)(h) = ord sy (k) = ordy(k o f) = ordg, (ko f)

for A* € K* regular at a,(0). Hence ord,, is the divisorial valuation valg on X.

Since we can easily pick a suitable resolution f such that f~1(Sing X) is
of pure codimension 1 (e.g. by normalization), it follows that all valuations
corresponding to (the generic point of) a Nash component are divisorial

,,,,,,,,,,

is an irreducible component of f~(Sing X), then it is said to be an essential
divisorial valuation on X.

Thus we obtain the correspondence

{ essential divisorial }

valuations on X

N { essential divisors }
b

over X
and so we consider the Nash map as

| Nash components . essential divisorial
" | with respect to X valuations on X |~

6.3 Some intermediate results

One of the main approaches to the Nash problem involves the use of so-called
wedges on a singular variety, which were first introduced in [L]J80o]. Consider-
ing the depth of our discussion, we only need to comprehend the following
straightforward definition:
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Definition 6.15. Let X be a scheme of finite type over £ (here, £ could also
have positive characteristic). A wedge on X is a morphism of the form

@ : SpecK][s,t]] = X
for a field extension K of k.

We now present two lemmas—without proof—which are necessary for our
explanation of the counterexample.

Lemma 6.16 ([IKog, Lemma 4.2]). Let Y C AZ” be a hypersurface with an
isolated singularity P and suppose that we have a the blow-up Z := Blp Y — Y whose
exceptional divisor E is a hypersurface in the exceptional divisor P} of the blow-up
g Blp AP — AL

Lety : Speck[[t]] — Z be an arc with contact order 1 along E and suppose that
there exists a line L. C E C P} through y(0) such that HY(L,Np/g) = 0. Then the
arc @ := g oy : Speck[[t]] = Y (the image of v on Y) extends to a smooth wedge

@ : Speck|[[s,t]] = Y,

i.e. we have a commutative diagram

Spec k[[s, ¢]]

e

Spec k[[¢]] 5 Y.

Here, Ny /g is the normal sheaf of L in E (see [Har77, p. 182]) and HY(L, Ni/E)
is the first cohomology of L with coefficients in the sheaf Ny, /i (see [Dangb, §2]).
Regrettably, to give a satisfactory treatment of these concepts is beyond the
scope of this text.

The arc y having contact order 1 along E means that the pullback along
y of the sheaf of ideals § € Oz is the ideal 0 = (¢) in £[[¢]]. In particular,
y(n) ¢ E. See [ELMoy].

Lemma 6.17 ([dF13, Lemma 5.2]). Let X be a 3-dimensional variety with an
isolated singularity at a point we shall denote O. Suppose that the blow-up Blo X
of X at O is Q-factorial and has terminal singularities. Suppose further that the
corresponding exceptional divisor of the blow-up is irreducible. Then any essential
divisorial valuation valg over X such that kg(X) = 1 and valg(mp) = 1, is an
essential divisorial valuation.

6.4 The counterexample

Let A; = Spec k[x1,x2,x3,x4] and consider the hypersurface

X={(xf+x§+x§)x4+xf+x§+x§'+xf+x2:0}QA;.
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The hypersurface X has an isolated singularity O = (0,0,0,0) € Aé of
multiplicity 3. First, let’s take the blow-up at the maximal ideal mg of O:

fZYi:B10X—>X,
The exceptional divisor F of f is then given by
F:= {(x%+x§+x§)x4+xf+xg+x§ =0} C P},

defined in the exceptional divisor Pi = Projk[x1,%2,x3,%x4] of the blow-up
Blo Aé — Aj}. Then F has only one singular point, namely P:=(0:0:0:1) €
Pi. So take the neighbourhood

U:= Spec kluy,u9,u3,x4] € Blp A4,

where u; := x;/x4 for i = 1,2,3. On U we have that P = (0,0,0,0), and Y is
defined on U by

2 2 2 2 3 3 3 3 _
{uy +uy +uy +xj +uj +uy +uy +x; = 0}.

From this representation we see that P is an ordinary double point on 'Y, i.e.
it has multiplicity 2 and distinct tangent directions; see [Har77, §I.5]. Then
consider the closure YN U taken in Pﬁ = Projk[uo, u1,u9,u3,x4]. This is a
degree 3 hypersurface inside P: with a single ordinary double point, and from

these facts it is a direct consequence of [Che1o, Theorem 1.4] that YN U is a
factorial variety. It then follows that Y is a factorial variety.
Now take one more blowup

g:Z:=BpY Y,
which has exceptional divisor E given by
E := {uf + u% + ué + x;f =0} (6.1)

defined in the exceptional divisor Pi = Proj k[u1,ug,u3,x4] of the blow-up
Blp U — U. In particular, E is smooth and therefore g : Z — Y and fog:
Z — X are both resolutions. The strategy is to show that E corresponds to
an essential divisorial valuation which is not in the image of the Nash map N
(with respect to X).

Claim (1). The divisorial valuation valg corresponding to E is an essential
divisorial valuation on X.

Proof. This will be very brief. We state as fact, and without computation, the
following:
kEX) =1, k(X)=0, and valg(imp)=1,

where mg is the maximal ideal corresponding to O. (Some additional detail on
this can be found in [dF13, Theorem 5.1].) Then valg, satisfies the hypothesis

of Lemma 6.17, and is therefore an essential divisorial valuation. ]
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Claim (2). valg ¢ Im(N).

Proof- Pick up an arc y : Spec k[[¢t]] — Z with contact order 1 along E, and
let @ := g oy : Speck[[¢]] — Y be its image on Y. Observe from the defining

(6.1) = P; x P (cf. [Haryy, Exercise 1.2.15 and Exercise
I.5.12]), so let L C E be a line through y(0) in one of the two rulings of E.
Then Np g = OP% (see [dF13, Remark 5.3]), where Ny g is the normal sheaf of L

in E (cf. [Har77, p. 182]), and one can conclude that Hl(L,NL/E) =0.

,,,,,,,,,,,,

smooth wedge ® such that the following diagram commutes:

Speck[[s, ¢]]

et
Spec k[[¢]] — Y

defined on more general schemes than those of finite type over an algebraically closed
field. Specifically we are interested in the arc space (Spec £[[s, £]])s of Spec £[[s,¢]],
which is a scheme over £ which is not of finite type. By [Vojo7, Theorem 4.5], we know
that this still exists in the sense that it satisfies (3.2) and all the functorial properties

the proof is essentially the same as the one given.

Now recall from above that Y is factorial, and hence the exeptional divisor
E is a Cartier divisor (cf. Definition 6.1) and the preimage C := ®1(F) is a
curve on Speck[[s,¢]]; in particular it is closed and irreducible. For clarity,
set S := Speck[[s,¢]]. Since ¢(0) € F, we note that ¢(0) € C. We are going to
examine the arcs on S through C and conclude that ¢ is a specialization of
some arc through the generic point of F. Treating ¢ as an arc on S, we see that
§ € ng(C).

Since C is closed and irreducible, it follows from the above remarks3, that
ng!(C) is a closed irreducible subset of S, Let & be the generic point of 7ig!(C)
and observe that -

C c ms({a}) < ms(@).

Hence @ is an arc on S through the generic point of C, and ¢ € {&}, i.e. ¢ is a
specialization of a.
We can transport this specialization to Y, in the following way:

(Spec k[[s,{]])ee —=> Yoo

| lm

Speck[[s, ¢]] —5 Y
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We have that

¢ € Doo({0}) € Peo(@) € Yoo,
and
o= De(d) =DPoad

is an arc on Y such that a(0) = ®(a(0)) € F\ {P}. (The fact that a is not
centered on P is due to the fact that P = Sing X is closed, and so its preimage
Tcgl({P}) will be closed in C; in particular, this cannot be the generic point of
C.) Hence ¢ is a specialization of a, an arc centered on F but not on P.

But now we see that

goo(7 (E)) € il (F\ {P})
= (f 0 9@ (E)) € foolm(F\ {P})) C fio(@i (F \ {P})).

In particular, the generic point of 7, (E) is not mapped by (f © ) to the
generic point of any Nash component with respect to X, and therefore valg, is
not in the image of N. ]

We conclude that the Nash map N is not bijective for X. The following
theorem states the result in more general terms.
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Appendix A

Categories

Set
Sch
Sch/k
Schy /k
f8ch/k
k-Alg
[A,B]
©op

sets

schemes

schemes over a given field £

schemes of finite type over a given field £
formal schemes over a given field &

k-algebras for a given field £

functors between two given categories A and B
opposite category of a given category C
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