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Introduction

A complex algebraic variety X is a subset of complex affine n-space C™
or of complex projective n-space CP" defined by polynomial equations.

A point x € X is called a smooth point if, up to a complex analytic
local coordinate change, X looks like a linear subspace near x. Otherwise,
a point is called singular. At singular points X may have self-intersections,
it may look like the vertex of a cone, or it can be much more complicated.

Roughly speaking, resolution of singularities asserts that an arbitrary
singular variety X can be parametrized by a smooth variety X’. That is,
all the points of X’ are smooth, and there is a surjective and proper map
f : X’ — X defined by polynomials.

The whole history of algebraic geometry is intertwined with the de-
velopment of resolution of singularities. One of the first deep results in
algebraic geometry is Newton’s proof of resolution for curves in the com-
plex plane C?, that is, for zero sets of two variable polynomials f(x,y) = 0.

The next two centuries produced many more proofs of resolution for
curves, and by the early part of the twentieth century the resolution of
algebraic surfaces was also settled. See [Bli23, Zar71, Gar88] for some
historical accounts.

After much effort, Zariski proved resolution for 3-folds [Zar44], and
finally Hironaka settled the general case in a 218-page paper in 1964 [Hir64].

Since then resolution has had an unusual role in algebraic geometry.
On the one hand, it is a basic result and almost everyone working in the
field uses it; many of us use it regularly. On the other hand, the proof was
generally viewed as too long and complicated to fathom in detail, and few
people actually read all of it. (I must confess that I have not been among
these few until recently.)

The lingering perception that the proof of resolution is very hard grad-
ually diverged from reality. While Hironaka’s original arguments are indeed
very subtle and lengthy, during the last forty years a small group of initi-
ates has been improving and simplifying the proof. In particular, all the
technical machinery has been removed.

I gave a graduate course devoted to resolution of singularities at Prince-
ton University during the 2004/05 academic year. The first semester gave
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ample time to explore many different approaches for curves and surfaces.
It is quite interesting to see how the nice methods for curves become much
harder for surfaces before a clear and simple proof emerges for the general
case. Finally it is feasible to prove resolution in the last two weeks of a
beginning algebraic geometry course.

Chapter 1 is devoted to resolution of curve singularities. It was very
enjoyable to work through thirteen methods, read some old papers, and
see the roots of many later techniques. This chapter is very elementary,
and many of the proofs could be presented in a first course on algebraic
geometry.

Chapter 2 studies resolution for surfaces. Several pretty ideas work for
surfaces but seem to fall short in higher dimensions. In addition, the proofs
need more technical background.

By contrast, the methods of the general case presented in Chapter 3 are
again elementary. The actual proof occupies only thirty pages in Sections
7-13, and most of Chapter 3 is devoted to motivation and examples. The
approach is based on the recent work of Wlodarczyk [Wo05], which in turn
is built on the earlier results of Hironaka [Hir64, Hir77], Giraud [Gir74] and
Villamayor [Vil89, Vil92]. See the introduction to Chapter 3 for an overview
and a description of the new features of the proof.

Other important advances in the Hironaka method are in [BM97, BV01,
EHO02], whose connections with the present proof are more indirect.

It is worth noting that before the appearance of [Hir64] it was not
obvious that resolutions existed, much less that they could be achieved by
repeatedly blowing up smooth subvarieties. The 1950s saw several wrong
proofs, and even Zariski—the grandfather of modern resolution—seems to
have doubted at some point that the Hironaka method would ever work.
See [Rei00] for the history of these years.

This short book is aimed at readers who are interested in the subject
and would like to understand one proof of resolution in characteristic 0 but
do not (yet) plan to get acquainted with every aspect of the theory. Any
thorough treatment of resolutions should encompass many other topics that
are barely mentioned here. Some of these are the following;:

e Abhyankar’s methods in positive characteristic [Abh66],

e Bierstone and Milman’s work developing Hironaka’s “idealistic”
paper [Hir77, BM89, BM91, BM97, BM03],

e Bravo and Villamayor’s strengthening of resolution [BVO01],

e computer implementations [BS00b, BS00a, FKP05],

e de Jong’s construction of alterations and their application to res-
olutions [4J96, BP96, AdJ97, AW97, Par99],

e Deligne’s theory of simplicial resolutions [Del71, GNAPGPS&3],

e desingularization of vector fields [Sei68, Can87, Can04],
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e Encinas and Hauser’s method using mobiles [EH02, Hau03],

e Lipman’s work on excellent surfaces [Lip78, Art86a],

e Mumford’s semi-stable reduction theorem and its higher dimen-
sional versions [KKMSD73, Kar00, AK00, Cut02],

e Néron desingularization [Nér64, Art86b, BLR90],

e simultaneous resolution [Tei82, Lau83, KSB88, Lip00, Vil00, GP03,
ENVO03],

e toric and toroidal methods [KKMSD73, AMRT75], and

e Wiodarczyk’s results on factorization of birational maps and its
variants [W1o00, W1o03, HK00, AKMWO02, Kar05].

ACKNOWLEDGMENTS. These notes owe a lot to the active participation
of my audience at Princeton University. The comments of S. Grushevsky,
A. Hogadi, D. Kim, F. Orgogozo and C. Xu have been especially helpful.
Various parts of the manuscript have been in circulation, and I received
many useful corrections and suggestions from D. Abramovich, J. Lipman,
K. Matsuki, Ch. Rotthaus and E. Szabd. I am especially grateful for the
long lists of comments from E. Bierstone, H. Hauser, S. Kleiman, P. Milman
and J. Wiodarczyk.

The final version of Chapter 3 was completed in connection with a lec-
ture series at the University of Utah in 2006. I thank A. Bertram, C. Hacon
and J. McKernan for good questions and comments, N. Beebe for TEX help
and the Department of Mathematics for its hospitality.

Partial financial support was provided by the National Science Foun-
dation under grant numbers DMS-0200883 and DMS-0500198.



This page intentionally left blank



CHAPTER 1

Resolution for Curves

Resolution of curve singularities is one of the oldest and prettiest topics
of algebraic geometry. In all likelihood, it is also completely explored.

In this chapter I have tried to collect all the different ways of resolving
singularities of curves. Each of the thirteen sections contains a method,
and some of them contain more than one. These come in different forms:
solving algebraic equations by power series, normalizing complex manifolds,
projecting space curves, blowing up curves contained in smooth surfaces, bi-
rationally transforming plane curves, describing field extensions of Laurent
series fields and blowing up or normalizing 1-dimensional rings.

By the end of the chapter we see that the methods are all interrelated,
and there is only one method to resolve curve singularities. I found, how-
ever, that these approaches all present a different viewpoint or technical
twist that is worth exploring.

1.1. Newton’s method of rotating rulers

Let F(z,y) be a complex polynomial in two variables. We are interested
in finding solutions of F' = 0 in the form y = ¢(x), where ¢ is some type of
function that we are right now unsure about.

Following the classical path of solving algebraic equations, one might
start with the case where ¢(z) is a composition of polynomials, rational
functions and various mth roots of these. As in the classical case, this will
not work if the degree of F' is 5 or more in y.

One can also try to look for power series solutions, but simple examples
show that we have to work with power series with fractional exponents. The
equation y™ = x + x2 has no power series solutions for m > 2, but it has
fractional power series solutions for any €™ = 1 given by

1 .
yzexl/m<l+ E </m>x]> fori=1,...,m.
iz Y

As a more interesting example, y™ — y™ + x = 0 for m > n also has a
fractional power series solution

y= ZiZlaixl/na

5
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where a; = 1 and the other a; are defined recursively by
n - as = coefficient of z(st7=1/n in (Zf;llaixi/”)m — (Z::_llalx””)n

After many more examples, we are led to look for solutions of the form

oo
y_ Ci.’I)/ I
=0

where M is a natural number whose dependence on deg F' we leave open
for now. These series, though introduced by Newton, are called Puiseuz
series. We encounter them later several times.

THEOREM 1.1 (Newton, 1676). Let F'(z,y) be a complex polynomial or
power series in two variables. Assume that F'(0,0) = 0 and that y™ appears
in F(z,y) with a nonzero coefficient for some n. Then F(xz,y) = 0 has a
Puiseux series solution of the form

oo
)= Y e
i=1
for some integer N.

REMARK 1.2. (1) The original proof is in a letter of Newton to Olden-
burg dated October 24, 1676. Two accessible sources are [New60, pp.126—
127] and [BK81, pp.372-375].

(2) Our construction gives only a formal Puiseux series; that is, we do
not prove that it converges for |z| sufficiently small. Nonetheless, if F' is a
polynomial or a power series that converges in some neighborhood of the
origin, then any Puiseux series solution converges in some (possibly smaller)
neighborhood of the origin. This is easiest to establish using the method
of Riemann, to be discussed in Section 1.2.

(3) By looking at the proof we see that we get n different solutions
(when counted with multiplicity).

The proof of Newton starts with a graphical representation of the “low-
est order” monomials occurring in F'. This is now called the Newton poly-
gon.

DEFINITION 1.3 (Newton polygon). Let F' = >~ a;;z'y? be a polyno-
mial or power series in two variables. The Newton polygon of f (in the
chosen coordinates « and y) is obtained as follows.

In a coordinate plane, we mark the point (¢,7) with a big dot if a;; #
0. Any other monomial 2%/ with ¢ > 4,5 > j will not be of “lowest
order” in any sense, so we also mark these. (In the figures these markings
are invisible, since I do not want to spend time marking infinitely many
uninteresting points.)
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The Newton polygon is the boundary of the convex hull of the resulting
infinite set of marked points.

The Newton polygon of
Y7+ P + a2 + y3a® 4 yat + 2

Assume now that F' contains a nonzero term ag,y™ and n is the smallest
possible. This means that the Newton polygon has a corner on the y-axis
at the point (0,n). Look at the nonvertical edge of the Newton polygon
starting at (0,mn). Let us call this the leading edge of the Newton polygon.
(As Newton explains it, we put a vertical ruler through (0,n) and rotate it
till it hits another marked point—hence, the name of the method.)

1.4 (Proof of (1.1)). We construct the Newton polygon of F and con-
centrate on its leading edge.

If the leading edge is horizontal, then there are no marked points below
the 7 = n line, and hence, y™ divides F' and y = 0 is a solution.

Otherwise, the extension of the leading edge hits the z-axis at a point
which we write as nu/v where u,v are relatively prime. The leading edge
is a segment on the line (v/u)i + j = n. In the diagram below the leading
edge hits the z-axis at 7/2, so u =1 and v = 2.

The leading edge of the
Newton polygon of
° Y7+ 0z + yPa? + P 4 yat + 2

We use induction on the leading edge, more precisely, on its starting
point (0,n) and on its steepness v/u.

Our aim is to make a coordinate change and to obtain another poly-
nomial or power series Fj(z1,y1) with leading edge starting at (0,n1) and
steepness v1 /u; such that

e cither ny < n,
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e or ny =n, and vy /u; < v/u.

Moreover, we can write down a Puiseux series solution of F'(x,y) = 0 from
a Puiseux series solution of Fj(x1,y1).

Then we repeat the procedure. The first case can occur at most n-times,
so eventually the second case happens all the time. We then construct a
Puiseux series solution from this infinite sequence of coordinate transfor-
mations.

In order to distinguish the two cases, we consider the terms in F' that
lie on the leading edge

f(z,y) = Z(U/u)i-i,-j:naijxlij
and we think of this as the “lowest terms” of F. If a;;z%y7 is a nonzero
term in F(x,y), then (v/u)i+j > n, so f(x,y) indeed consists of the lowest
degree terms in F if we declare that degz = v/u and degy = 1.
In the above example, f(z,y) =y + v’z + y322.
Note that (v/u)i + j = n has an integer solution only if v|n — j; thus
we obtain the following.

Claim 1.4.1. We can write
f(la y) = Eogkgn/yakyn_kv-

In particular, if v # 1, then f(1,y) does not contain the term y"~! and so
f(1,y) is not an nth power of a linear form. O

We distinguish the two cases based on how f(1,y) factors.

Case 1. f(1,y) is not an nth power.
Let « be a root of f(1,y) with multiplicity n1 < n. Then we make the
substitutions
x:=2a], y =y} + azy.
Note that if a;jz'y’ is a nonzero term in F(z,y), then (v/u)i+j > n; thus
aijr'y’ = aijzt ™ (g1 + )
and vi + uj > nu with equality only if (v/u)i 4+ j = n. Thus F(z},y12} +
azy) is divisible by 7%, and we set
F1(5U1, yl) = xl_nuF(xll)a ylxill + axif)
Note furthermore that
Fl(ovyl) = f(17y1 + a)v
ny

and so y;'' appears in F with nonzero coefficient.
Furthermore, any Puiseux series solution y; = ¢(x1) of F; = 0 gives a
Puiseux series solution

y = d)(xl/v)xu/v +Oéxu/v
of F=0.
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Case 2. f(1,y) is an nth power.
By (1.4.1) this can happen only for v = 1. Write f(1,y) = ¢(y — )™,
and make a coordinate change

J— — u
r=2x1, Yy=1y +ax;.

Under this transformation, z'y/ becomes a sum of monomials % y{,, where
(1/u)i’ + 7 = (1/u)i + j. Thus we do not get any new terms below the
leading edge of f, and we kill every monomial on the leading edge save y™,
which is now y7.

Hence ny = n, but the leading edge of the Newton polygon of

Fi(21,y1) = F(21,y1 + aat)
is less steep than the leading edge of the Newton polygon of F(x,y).

Next we repeat the procedure with Fy(x1,y1) to get Fa(x2,y2) and so
on.

As we noted, the only remaining question is, what happens when the
second case happens infinitely often. This means that we have an infinite
sequence of coordinate changes

Ys = Ys+1 T O‘s+1xg'§+17 Ys+1 = Yst+2 + 0434_233?5‘*'27 cee

Here usy1 < ugsqo < ---; thus we can view this sequence as converging to
a single power series substitution

Ys = Yoo + as+1$g‘“’“ + as+2xgs+2 + - )
and then

Fs(Zs, Yoo + @sp1205t + gyoxist? + .- ) =y (invertible power series),

giving the power series solution y, = —(as417s° " + aspors™™ +---). O

1.2. The Riemann surface of an algebraic function

The resolution of singularities of analytic curves is due to Riemann.
When he constructs the Riemann surface of a function, he goes directly
to the smooth Riemann surface, bypassing the singular model; see [Rie90,
pp.39—41]. His method is essentially the one given below.

In more contemporary terminology, here is the result.

THEOREM 1.5 (Riemann, 1851). Let F(x,y) be an irreducible complex
polynomial and C = (F(z,y) = 0) C C? the corresponding complex curve.
Then there is a 1-dimensional complex manifold C and a proper holomor-
phic map

o:C — C,

which is a biholomorphism except at finitely many points.
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Proof. Since F' is irreducible, F' and OF/0Jy have only finitely many
points ¥ C C in common. By the implicit function theorem, the first
coordinate projection w : C — C is a local analytic biholomorphism on
C\ X

We start by constructing a resolution for a small neighborhood of a
point p € ¥. For notational convenience assume that p = 0, the origin.

Let B. C C? denote the ball of radius € around the origin. By choosing
e small enough, we may assume that C' N (y =0) N B = {0}.

Next, by by choosing n small enough, we can assume that

T:CNB.N7 ' (4,) — A,

is proper and a local analytic biholomorphism except at the origin, where
A, C C is the disc of radius 1. Set

Cp:=CnB.Na ' (A;) and C}:=Cy\{0}.
We thus conclude that
m:Cy — A} is a covering map.
The fundamental group of A} is Z; thus for every m, the punctured disc
A} has a unique connected covering of degree m, namely,
pm + A7 — AL given by z — n2™.

Let Cy; C C} be any connected component and m; the degree of the

covering m : C ; — A7, We thus have an isomorphism of coverings

A L O
Pmi N\ ST
Ay
More precisely, topology tells us only that o is a homeomorphism. How-
ever, the maps p,,, and 7 are local analytic biholomorphisms; thus we can
assert that ¢ is a homeomorphism that is also a local analytic biholomor-
phism, and hence a global analytic biholomorphism.
The image of o} lands in the ball B, and hence the coordinate functions
of o} are analytic and bounded on Aj. Thus by the Riemann extension
theorem, o} extends to a proper analytic map

oi : A — Oy
Doing this for every connected component C7; : ¢ € I, we obtain a
proper analytic map
o [lie;A1 — Cy such that o : [[,c ;A7 — Cp

is an isomorphism, where [],_; denotes disjoint union.
This proves the local resolution for complex algebraic plane curves.
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To move to the global case, observe that ¥ C C is a discrete subset.
Thus for each p; € ¥ we can choose disjoint open neighborhoods p; € C; C
C. By further shrinking C;, we have proper analytic maps o; : C; — C;,
where C; is a disjoint union of open discs and o; is invertible outside the
singular point p; € C;.

We can thus patch together the “big” chart C'\ ¥ with the local reso-
lutions C; to get a global resolution C. O

1.6 (Puiseux expansion). The resolution of the local branches
ag; . A1 — Cn,i

is given by a power series on Aj, and the local coordinate on A; can be
interpreted as z'/™.

Thus we obtain that each local branch C,, ; has a parametrization by a
convergent Puiseux series

o0
Yy = Zajxj/M7 where M =m; < deg, F.
j=0

REMARK 1.7. There is lot more to Puiseux expansions than the above
existence theorems.

Let 0 € C C C? be a curve singularity and S2 a 3-sphere of radius
¢ around the origin. Then C' N S? is a real 1-dimensional manifold for
0 < € < 1, and up to diffeomorphism, the pair (C' N S2 C S2) does not
depend on e. It is called the link of 0 € C.

C N 83 is connected iff C' is analytically irreducible, in which case it
is called a knot. One can read off the topological type of this knot from
the vanishing of certain coefficients of the Puiseux expansions. See [BK81,
Sec.8.4] for a lovely treatment of this classical topic.

The resolution problem for 1-dimensional complex spaces can be han-
dled very similarly. The final result is the following.

THEOREM 1.8. Let C' be a I-dimensional reduced complex space with
singular set . C C. Then there is a 1-dimensional complex manifold C
and a proper holomorphic map

o:C—C
such that o : 071(C'\ X) — C \ ¥ is a biholomorphism.

Proof. As before, we start by constructing a resolution for a small
neighborhood of a singular point.

Let 0 € C C C™ be a 1-dimensional complex analytic singularity. That
is, 0 € C is reduced, and there are holomorphic functions fi,..., fx such
that

CAB.=(fi=-=f=0)NB,
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where B, C C" denotes the ball of radius € around the origin.

A general hyperplane 0 € H C C” intersects C' in a discrete set of
points, and hence by shrinking € we may assume that C N H N B, = {0}.

Let w : C* — C denote the projection with kernel H, and choose
coordinates x1, ..., x, such that 7 is the nth coordinate projection.

By the implicit function theorem, the set of points where 7 : C — C is
not a local analytic biholomorphism is given by the condition

rank (gfz

Lj

:1§i§k,1§j§n—1)§n—2.

It is thus a complex analytic subset of C'. By Sard’s theorem it has measure
zero and, hence, is a discrete set.
Thus by choosing n small enough, we can assume that

T:CNB.N71 Y (4,) — A,

is proper and a local analytic biholomorphism except at the origin, where
A, C C is the disc of radius 1. Set

C,=CnB.N7r'(4A,) and C, = Cy \ {0}
We thus conclude that
m:C, — A} is a covering map.

The rest of the proof now goes the same as before. O

1.3. The Albanese method using projections

In algebraic geometry, the simplest method to resolve singularities of
curves was discovered by Albanese [Alb24a]. This relies on comparing the
singularities of a curve with the singularities of its projection from a singular
point.

In order to get a feeling for this, let us consider some examples.

EXAMPLE 1.9. (1) Let p € P" be a point and P"~! =2 H C P" a
hyperplane not containing p. The projection mp g : P* --» H of P" from
p to H is defined as follows. Pick any point ¢ # p. Then the line through
D, q intersects H in the image point m, r(q).

We can choose coordinates on P such that p=(0:0:---:0:1) and
H = (2, =0). Then

TpH(To 1 1) = (Tt Tp_1).

(2) Assume that p € C C P" is a singular point, where m smooth
branches of the curve pass through with different tangent directions. Pro-
jecting C' from p separates these tangent directions, and the singular point
p is replaced by m points with only one local branch through each of them.



1.3. THE ALBANESE METHOD USING PROJECTIONS 13

(3) Let C C A™ be given by the monomials ¢ +— (¢™1 ™2 ... ¢™n).
We assume that my < m; for i > 2.

Projecting from the origin to P!, the origin is replaced by a single
point (1 : 0 : --- : 0), and in the natural affine coordinates we get the
parametric curve ¢ — (¢ L g T,

This is quite curious. The new monomial curve looks simpler than the
one we started with, but it is hard to pin down in what way. For instance,
its multiplicity min{m; — m;} may be bigger than the multiplicity of the
original curve, which is m;.

(4) Projection may also create singular points. If a line through p
intersects C' in two or more points or is tangent to C in one point, we get
new singular points after projecting.

For n > 4 these do not occur when p is in general position, but the
singular points of C' are not in general position, so it is hard to determine
what exactly happens. The best one could hope for is that such projections
do not create new singular points for general embeddings C' — P".

It is quite surprising that for curves of low degree in P" we do not have
to worry about general position or about ways of measuring the improve-
ment of singularities step-by-step. The intermediate stages may get worse,
but the process takes care of itself in the end.

ALGORITHM 1.10 (Albanese). Let Cy C P™ be a projective curve. If
C; C P is already defined, then pick any singular point p; € C; C P* ¢
and set
Ciy1 = mi(Cy),

where 7; : PP~ ——» P71 is the projection from the point p;.

THEOREM 1.11 (Albanese, 1924). Let Cy C P™ be an irreducible, re-
duced projective curve spanning P™ over an algebraically closed field.

If deg Cy < 2n, then the Albanese algorithm eventually stops with a
smooth projective curve Cp, C P"™™  which is birational to Cy.

COROLLARY 1.12. Every irreducible, reduced projective curve C over an
algebraically closed field can be embedded into some P™ such that deg C < 2n
and C spans P™.

Thus the Albanese algorithm eventually stops with a smooth projective
curve Cp, C P*"™™ which is birational to C. The inverse map Cy, --+ C
is a morphism, and thus C,, — C is a resolution of C'.

Proof. All we need is to find a very ample line bundle L on C' such that
deg L < 2(h°(C,L) — 1) or, equivalently, h°(C,L) > %degL + 1.

Let us see first how to achieve this using the Riemann-Roch theorem for
singular curves (which is way too advanced for such an elementary conse-
quence).
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The Riemann-Roch theorem says that if L is any line bundle on an
irreducible, reduced projective curve, then

ho(C,L) — h'(C,L) = deg L + 1 — pa(C),
where the arithmetic genus p,(C) is easiest to define as p,(C) := h!(C, O¢).
Thus any very ample line bundle L of degree > 2p,(C) + 1 works. [

For those who prefer a truly elementary proof of resolution for curves,
here is a method to find the required line bundles.

1.13 (Very weak Riemann-Roch on curves). We claim that for any very
ample line bundle L,

RY(C,L™) > mdeg L + 1 — (degszl) for m > deg L.

Indeed, embed C' into P™ by L, and then project it generically to a plane
curve of degree deg L, 7 : C' — €’ C P2. Now, for m > deg L,

rO(C,L™) > ho(C’, Op: (m)|cr)
> hO(P2, Op2 (m)) — AR (IP’Q, Op2(m — deg L))
= mdegL+1— (‘&L
Taking any m > deg L is sufficient for the Albanese method. O

Before we start the proof of (1.11), we need some elementary lemmas
about space curves and their projections.

LEMMA 1.14. Let C C P™ be an irreducible and reduced curve, not
contained in any hyperplane. Then degC > n. Furthermore, if p1,...,pp
are n distinct points of C, then degC > >, mult,, C.

Proof. Pick n points p1,...,p, € C, and let L C P™ be the linear span
of these points. Then dim L < n — 1.

By assumption C is not contained in L, and thus there is a hyperplane
H C P” containing L but not containing C. Thus the intersection H N C
is finite, and it contains at least n points. This implies that deg C > n.

If some of the p; are singular, then we can further improve the estimate
to degC' > >, mult,, C, (cf. (1.20)). O

1.15 (Projections of curves). Let A C P™ be any irreducible, reduced
curve and p € A a point. Let 7 : P* --» P*»~! denote the projection from
p as in (1.9).

7 is not a morphism, but it becomes one after blowing up p. Let A’ C
BoP" be the birational transform of A and let Aj, C A" denote the preimage
of p. The closure A; of the projection of A is the union of 7(A4 \ {p}) and
of the image of A,

Claim 1.15.1. Let the notation be as above.
(i) If A spans P, then A; spans P~ 1.
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(if) If A --» A; is birational, then
deg Ay = deg A — mult, A.
(iii) If A --» A; is not birational, then
deg Ay - deg(A/A;) = deg A — mult, A.

Proof. If Ay C H for some hyperplane H, then A C 7~ !(H), a contra-
diction, proving (i).

In order to see (ii), let H C P"~! be a general hyperplane. It intersects
A in deg Aq points. If H avoids all the points over which 7 : A\ {p} — A,
is not a local isomorphism, then 7~ (H) intersects A in the points H N A
and also at p. Here 7~ '(H) is a general hyperplane through p thus the
intersection number of A and 7= (H) at p is mult, A by (1.20).

Finally, the same argument as before shows (iii), once we notice that
deg(A/A1) points of A lie over a general point of A;. We have to be a
little more careful when A — A; is inseparable, when the total number of
preimages is the degree divided by the degree of inseparability. However,
the local intersection multiplicity goes up by the degree of inseparability
(1.20), and so the two changes cancel each other out. O

1.16 (Proof of (1.11)). Starting with Cy C P™ such that degCy < 2n,
we get a sequence of curves C; C P"~,

If the projection C;_; --+ Cj is birational, then deg C; < degC;_1 — 2
by (1.15.1), and thus deg C; < 2(n — ).

If C; --» Ci41 is not birational and we project from a point of multi-
plicity m; > 2, then
deg C; — m; deg C; — my
deg(Ci/CiH) - 2

On the other hand, degC;11 > n —i — 1 by (1.14), a contradiction.

Thus all the projections are birational. The sequence of projections
must stop after at most n — 1 steps, so at some stage we get C,,, C P~
without any points of multiplicity at least 2. Therefore, C},, is smooth. [

1.17 (The Albanese method over nonclosed fields). Let C be an irre-
ducible and reduced curve over a field k, which is not algebraically closed,
and choose an embedding C' C P™ such that deg C' < 2n.

If p € C(k) is a singular point defined over k, then we can proceed
without any change and project from p as before.

What happens with singular points p € C(k) that are defined over an
extension field k' D k7

If k' /k is separable (for instance, if chark = 0), then the point p has
several conjugates p = p, ..., pq and the linear space L = (p1,...,pq) C P"
spanned by them is defined over k. Thus we can project from L to get

degCiy1 = <n—1i-—1.
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7r, : P" ——» P?~? and everything works out as before. (Note that L # P"
by (1.14).)

(As long as the p; are in general position, over k we can also realize 7z,
as projecting from the points p1, ..., pq successively.)

From this we conclude the following.

COROLLARY 1.18. Let k be a perfect field and C' an irreducible, reduced
projective curve over k.

Then C' can be embedded into some P" such that deg C' < 2n and the
Albanese algorithm eventually stops with a smooth projective curve, which
is a resolution of C. O

1.19 (Curves over nonperfect fields). The typical example of nonperfect
fields is a one-variable function field K = k(t), where k is any field of
characteristic p.

Over K consider the hyperelliptic curve C' := (y?> = 2P —t). After
adjoining ¢'/? this can be rewritten as (y? = (x — t'/P)?), which is singular
at the point (t'/7,0).

Nonetheless, the original curve C' is nonsingular; that is, its local rings
are regular. Indeed, the only point in question is (£'/7, 0), and over k it is
defined by the equations y = 2P — ¢t = 0. The maximal ideal of this point
in K[x,y]/(y?> — 2P +1t) is thus (y,2? —t)/(y*> — 2P +t), which is generated
by y alone.

Even worse examples appear over a two-variable function field K =
k(s,t). T leave it to the reader to check that (saP + ty? + 2P = 0) C P? is
nonsingular over K, but over the algebraic closure K it becomes the p-fold
line since

szP + tyP + 2P = (sYPx + 1Py + 2)P.

Curves like this certainly cannot be made smooth by projections since
they are not even birational to any smooth projective curve. Of course
here the relevant question is, does the Albanese algorithm produce the
nonsingular model of C' over nonperfect fields?

The basic inductive structure of the proof breaks down in some exam-
ples, and I am not sure what happens in general.

1.20 (Review of multiplicities, I). Almost every introduction to alge-
braic geometry discusses the order of zero or pole of a rational function on
a smooth curve, but very few consider these notions for singular curves.
Here we give a short sketch of the general case.

Let k be a field, C' an irreducible and reduced curve defined over k and
P = {p1,...,pn} C C a finite number of closed points. Let R = Op ¢ be
the semi-local ring of P; that is, we invert every function that is nonzero
at all the p;. Then R is a 1-dimensional integral domain with finitely many
maximal ideals m; = m,, and dimy R/m; < co. For us the best definition
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of 1-dimensional is that dimy R/(r) < oo for every r € R* := R\ {0}. Let
K D R denote the quotient field with multiplicative group K* := K \ {0}.

More generally, everything works if R is a 1-dimensional semi-local
ring without nilpotent elements, R* C R is the group of non—zero divisors,
K D R is obtained by inverting R* and K* C K denotes the subgroup of
invertible elements.

If R = k[x],) and f = 2™ (unit), then m = dimy R/fR is the usual
order of vanishing or multiplicity of f. Based on this, for any R and any
f € R* we call eg(f) := dimy R/fR the multiplicity of f.

If R/m is bigger than k, then one may think that this is the “usual”
order of vanishing times dimy R/m. A typical example is C = (y? =
x? — 1) C A2 and P corresponds to the maximal ideal (). We compute
that dimg Opc/(xz) = 2. Looking at it over C, we see that x vanishes
at two points (0, £4), with multiplicity 1 at each. Thus the total order of
vanishing is 2, and our definition works well after all.

It is convenient to think of a function with a pole as having a negative
order of vanishing. With this in mind, we define the multiplicity of any
f € K* as follows. Write f = r1/ra, where r; € R*. Thus R/riR and
R/roR are both finite dimensional. Set

ep(f) :==er(f) := dimy R/r1 R — dimy R/ R, (1.20.1)
and call it the multiplicity of f at p. If we write f = (r173)/(r2r3), then

dimy, R/rirsR — dimy R/rarsR
= dimg R/r1 R + dimy r1 R/rir3R — dimg R/ro R — dimy ro R/rar3 R
=dimy R/r1 R — dimy R/r2 R,

where the last equality holds since multiplication by ro/r; gives an iso-
morphism 7 R/rirsR — roR/rorsR. So the notion is well defined. As
we change field from &k to k' D k, the k-vector space R/r;R is replaced
by a k’-vector space of the same dimension (namely, ¥’ ®) R/r;R), so the
multiplicity does not depend on k.

Note however that ep(f) = 0 does not imply that f is a unit at P, not
even if P consists of a single point. For instance, f = x/y has multiplicity
0 at the origin of the irreducible cubic (zy + 23 + y* = 0).

The multiplicity is additive; that is,

ep(fg) =ep(f) +epr(g). (1.20.2)
Indeed, write f =r1/re and g = s1/s2. Then
ep(fg) = dimy R/r1s1 R — dimy, R/ras2R
= dimy R/r1 R + dimy r1R/r1$1 R — dimg, R/ro R — dimy, ro R/r2s2 R
= dimy R/r1 R + dimy R/s1R — dimy R/roR — dimy, R/s2R
=ep(f) +epr(9).

Another important property of multiplicity is semi-continuity.
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Lemma 1.20.3. For fi1,...,fn, € K*, the (partially defined) function

k™ — Z given by
Ztifi - BR(Z tifi)
takes its minimum on an open subset of k™.

Proof. Multiply through the common denominator to assume that
fi € R. Fix r € mr N R*. For every natural number s,

BR(Z tifz') = dimk R/(Z tﬂ"i)R Z dimk R/(TS, Z ti’l“z')R
= dimy R/r°R —ranky [} tiri : R/r°R — R/r°R].

The rank is a lower-semi-continuous function for families of k-linear maps of
finite-dimensional k-vector spaces. We are done if we can prove that there
is a fixed s such that r® € (D> t;r;)R for every (¢1,...,¢,) in a suitable
dense open subset of k.

To show this, introduce new independent variables T;, and work over
the field k¥’ = k(T4,...,T,). The new ring Ry is still 1-dimensional and
local, and so r* € (3> T;r;) Ry for some s. This means that

&i(Th, .. T)
rt = (3T Z¢j T

for some b; € R and ¢;,v¢; € k[T1,...,T,]. For t1,...,t, in the open set
[1; ¥ # 0 we can substitute T; = t; to obtain r* € (3_t;r;)R. O

When P = p is a single point and k is an infinite field, we define the
multiplicity of p € C' by
1

t,Ci=—o—
R dimy, Op.c/myp

min{e,(f): f € mp}. (1.20.4)
Thus mult, C' =1 iff m;, C O, ¢ is a principal ideal.

Assume for example that C' C A? is defined by an equation (g = 0) and
p € C is the origin. We show that mult, C coincides with the multiplicity
of g at the origin, that is, the degree of the lowest monomial in g.

If mult, g = m, then g € (z,y)™, and hence we get a surjection O¢c —
klx,y]/(x,y)™. We can assume that f = y + (other terms) and then

ep(f) = dimy klz,y]/ (f, (z,)™) = dimy, k[z]/(@™) = m.

Conversely, choose a general linear function for f. After a coordinate
change we can assume that f = y, and the generic choice assures that x™
appears in g with nonzero coefficient. Thus we can write ¢ = yu + x™v,
where v(p) # 0 and set L := (y = 0). Then

Op,c/(f) = Op.a2/(9:9) = Op,1./(9) = Op,r/(x™v) = Elz]/ (™).

This shows that e,(f) < m; thus in fact e,(f) = m.
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If k is finite, a dense open subset of A} need not have any k-points, so
the above definition does not work. See Section 2.9 for a general definition.

Lemma 1.20.5. Let C' be a reduced, irreducible projective curve. Then
> _pec ep(f) = 0 for every nonzero rational function f € k(C).

Proof. If C' is smooth, then f : C — P! is everywhere defined. If C
is singular, then we only get a rational map f : C' --» P! and this causes
problems. Our first step is to reduce to the case where f : C — P! is a
morphism.

To do this, let h be a rational function on C, which is contained in
the local ring of every singular point. Then fh® is also in the local ring of
every singular point for s > 1. Writing f = (fh®)/h® and using additivity
(1.20.2), it is enough to prove the assertion for those functions f that are
contained in the local ring of every singular point. Such an f can be viewed
as a finite morphism f : C — P! Let Cy := C\ (polar set of f) and
Co := C\ (zero set of f). Then k[Cy] is a finite and torsion-free k[f]-
module, and hence free. Similarly, k[Cw] is a free k[f~!]-module. Thus

Spec, ep(f) = dimy k[Co]/ fk[Co] = ranky(s k[Co], and
— > pec enl(f) dimy k[Coo]/f ™ k[Coc] = rankys-1) k[Cuc).

Since rankys k[Co] = rankys y-11 k[Co N Coo] = rankys-17 k[Coo], we are
done. O

Let L be a line bundle on C' and s; any nonzero rational section of

L. At each point p € C' we can identify the O, c-module L with O, ¢

and define the multiplicity e,(s1). The degree of L on C' is defined by the
formula

dege L := Zep(sl). (1.20.6)

P
If s9 is another section, then by (1.20.2) and (1.20.3) we get that

Zep(sl) - Z%(SZ) = Zep(51/52) =0,

p

so deg L is well defined and does not depend on k.

From the definition we see that if L has a nonzero section, then deg L >
0. If s is a nonzero section of L and p € C a k-point such that s(p) # 0
then in passing from L to L(—p) we lose one section and lower the degree
by 1. If k is algebraically closed, then we have plenty of points such that
s(p) # 0. Repeating this if necessary we get the basic inequality between
degrees and the space of global sections:

dimy, H(C, L) < deg, L+ 1 if deg L > 0. (1.20.7)
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This holds for arbitrary k£ as well, since both sides remain unchanged under
field extensions. (For the left-hand side, this is explained in [Sha94, I11.3.5].)

Remark 1.20.8. Lemma (1.20.5) also holds for invertible rational func-
tions if C is 1-dimensional and projective, with no embedded points. This
can be used to define the degree of any line bundle. The inequality (1.20.7),
however, no longer holds in general, since even O¢ can have many sections.

1.4. Normalization using commutative algebra

These days, commutative algebra is part of the familiar foundations of
algebraic geometry, and it is hard to imagine that the relationship between
resolutions and normalization was not always obvious. So we start this
section by trying to explain how one may be led from complex analytic
resolutions to normalization. Then we prove that normalization does give
the resolution for 1-dimensional integral domains that are finitely generated
over a field.

1.21 (Why normalization?). Let C' be a complex analytic curve with
resolution n : C — C. Let ¥ C C denote the set of singular points and
CY C C the open subset of smooth points. Let ¥ = n~1(X) and C° =
n~1(C?) denote their preimages. Then n : C° — C° is an isomorphism.

By restriction we obtain the maps below, where the first one is an
isomorphism by the Riemann extension theorem and the second is an iso-
morphism since C? = C0:

. holomorphic holomorphic
holomorphic ~ . =0 ~ . 0
functions on O (= functions on C, = functions on C'

bounded near X bounded near ¥

Looking at the right-hand side, we obtain an intrinsic way of defining
the ring (or sheaf) of holomorphic functions on C' as the ring (or sheaf) of
holomorphic functions on C? that are bounded near the singular points.

It is quite natural to expect that a similar description would hold in
the algebraic setting as well.

Thus let C' be a complex, affine algebraic curve with singular set X
and let CY := C'\ ¥, be the set of smooth points. In analogy with the
holomorphic case, one arrives at the conjecture

regular -
functions on C

This looks pretty good, but boundedness is not really a concept of algebraic
geometry. To understand it, let us look again on C.

regular
functions on C°
bounded near X

1R+
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If n : C — C is a resolution, then n is birational; thus every (regular
or rational) function on C is also a rational function on C.

Let f be a regular function on C? that is not bounded along ¥. Since f
is a rational function on C, it must have a pole at one of the points p € X.
Thus by looking at Laurent series around p, we get a homomorphism

rational Laurent series
s { functions on C' } - Z { around p } ’
peEX

which has the property that a rational function f is bounded around 3 iff
its Laurent series expansion has no pole for every p € X.

For algebraic varieties one could keep working with Laurent series, but
in general it is more convenient to change to arbitrary DVRs.

DEFINITION 1.22. A discrete valuation ring or DVR is a Noetherian
integral domain R with a single maximal ideal that is also principal; that
is, m = (t) for some t € R.

This easily implies (cf. [AM69, 9.2]) that every element of the quotient
field Q(R) can be written uniquely as t"u, where n € Z and u € R\ m is a
unit. Hence, just as in Laurent series fields, we can talk about an element
having a pole of order —n (if n < 0) or a zero of order n (if n > 0).

We can now state the first definition of normality, which is inspired by
the above considerations.

DEFINITION 1.23. Let S be an integral domain with quotient field Q(SS).
The normalization of S in Q(S), denoted by S, is the unique largest subring
S € Q(S) such that every homomorphism ¢ : S — R to a DVR extends to
a homomorphism ¢ : S — R.

Note that ¢ has a unique extension to a partially defined homomor-
phism @ : Q(S5) --+ Q(R) between the quotient fields given by

D(s1/s2) := ¢(s1)/¢(s2), whenever ¢(s2) # 0.
Thus S = ﬂ¢;,5_>R<I)_1(R).

In general, it is quite difficult to use this definition to construct the
normalization, but here is a useful case that is easy.

LEMMA 1.24. A unique factorization domain is normal. In particular,
any polynomial ring k[x1,...,x,] over a field is normal.

Proof. If p; € S are the irreducible elements, then every element of
Q(S) can be uniquely written as a finite product w[[, pi"", where u € S is
a unit and m; € Z.

For every p; we define

Sp, = {qu;"f :mj >0} C Q(S).
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Then S, is a DVR whose maximal ideal is generated by p; and § =
Np; Sp; - 0

The following observation leads to a quite different definition of nor-
mality, which comes more from the study of algebraic number fields.

LEMMA 1.25. Let the notation be as in (1.23). Assume that t € Q(S)
satisfies a momnic equation
" 4 St 4 59 =0, where s; € S.
Thent e S.
Proof. Pick any ¢ : S — R, and consider its extension ®. We get that
()™ + ¢(5m—1)()™ " + -+ + B(s0) = 0.
If ®(t) has a pole of order r > 0, then ®(¢)™ has a pole of order mr, while

all the other terms of the equation have a pole of order at most (m — 1)r.
This is impossible, and hence ®(t) € R. O
DEFINITION 1.26. Let S C S’ be a ring extension. We say that s € S’
is integral over S if one of the following equivalent conditions holds.
(1) s satisfies a monic equation

S™ 4 rpmo18™ 4 419 =0, wherer; € 85.
(2) The subring S[s] C S’ is a finitely generated S-module.

It is easy to see that all elements integral over S form a subring, called the
integral closure or normalization of S in S’.

DEFINITION 1.27. Let S be an integral domain. The normalization of
S is its integral closure in its quotient field Q(.S).

This is now the standard definition in commutative algebra books. See,
for instance, [AM69, Chap.5.Sec.1] for the basic properties that we use.

REMARK 1.28. The fact that these definitions (1.23) and (1.27) are the
same is not obvious. One implication is given by (1.25).

The easy argument that every normal integral domain S is the inter-
section of all the valuation rings V sitting between it and its quotient field
S CcV cQ(S)isin [AM69, 5.22]. Working only with discrete valuation
rings is a bit harder. The strongest theorem in this direction is Serre’s
criterion for normality; see [Mat70, 17.1] or [Mat89, 23.8]. We do not need
it for now.

1.29 (Is normalization useful?). With the concept of normalization es-
tablished, we have to see how useful it is. In connection with resolutions,
two questions come to mind.

(1) If C is an affine curve whose coordinate ring k[C] is normal, does
that imply that C' is smooth?
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(2) Does the normalization give the resolution?
The answer to the first question is yes, as we see it in (1.30). This of course
begs another question, how do we see smoothness in terms of commutative
algebra?

Just look at a plane curve C' with coordinate ring k[z,y]/(f(z,y)) and
let m C k[z,y]/(f(x,y)) be the ideal of the origin. The following are easily
seen to be equivalent.

(i) C is smooth at the origin.
(ii) f(0,0) =0 and f contains a linear term.

(iii) dimgm/m? = 1.

In general, we say that a 1-dimensional ring is regular if for any maximal
ideal m C R the quotient m/m? is 1-dimensional as an R/m-vector space.
We end up proving that every 1-dimensional normal ring is regular. (The
converse is easy.)

The second question is more troublesome. When constructing resolu-
tions, we need f : C — C to be surjective. By the going-up and -down
theorems (cf. [AM69, 5.11, 5.16]) we are in good shape if k[C] is finite over
k[C]. (That is, k[C] is finitely generated as a module over k[C].) This is
nowadays adopted as a necessary condition of resolution. For coordinate
rings of algebraic varieties, the normalization is finite (1.33).

It should be noted though that finiteness of normalization fails in some
examples (cf. (1.103) or (1.105)), but one could reasonably claim that the
normalization is nonetheless the resolution.

The following is the nicest result relating normalization to resolutions.

THEOREM 1.30. Let R be a 1-dimensional, normal, Noetherian integral
domain. Then R is reqular. That is, for every maximal ideal m C R, the
quotient m/m? is 1-dimensional (over R/m.).

1.31 (Nuts-and-bolts proof). For C a singular, reduced and affine curve
over an algebraically closed field k, we construct an explicit rational function
in k(C) \ k[C] that is integral over k[C]. Besides proving (1.30), this also
gives an algorithm to construct the normalization.

Pick p € C, and assume that mp/mfj is at least 2-dimensional. Pick
any x,y € m,, that are independent in m,,/m?.

Claim 1.31.1. There are a € k and u € k[C] \ m,, such that

Y .
ey ayu ¢ k[C] is integral over k[C].

Proof. An element of this form is definitely not in k[C]. Indeed, other-
wise we would have that
Y
T+ ay

uy = (& + ay)——u € ( + ay)k[C],



24 1. RESOLUTION FOR CURVES

so uy would be a multiple of x + ay in m,/ mg, a contradiction.

x,y can be viewed as elements of the function field k(C), which has
transcendence degree 1 over k. Thus x,y satisfy an algebraic relation
f(z,y) =0. Let fi,(x,y) be the lowest degree homogeneous part.

Make a substitution z — x+ay. The coefficient of y™ in f,,(x,y) is now
fm(a,1). We can choose a different from zero such that after multiplying
by a suitable constant we achieve that

f(z,y) =y™ + (other terms (z + ay)’y’ of degree at least m).
We can rewrite this as

Y (L + gm(,y)) +y" (@ + ay)gm-1(z,y) + -+ (z + ay) " go(z,y) = 0,

where g, (z,y) € (z,y) C m. Hence u := 1+ g (z,y) is not in m, and
gi € k[C] for i < m. Thus over k[C] we get the integral dependence relation

(x fayu)er(mfay“)m_l (gm-1(@, )+ -+ (" go(z,y)) = 0. O

1.32 (Slick proof). By localizing at m, we are reduced to the case
where (R, m) is local. Pick an element x € m\ m2. If m = (z), then we are
done. Otherwise, m/(z) is nonzero. Since R has dimension 1, R/(z) is 0-
dimensional, so m/(z) is killed by a power of m. Thus there is a y € m\ (z)
such that my € (x). Equivalently,

ngR.
x

If £m contains a unit, then £z = u for some z € m and a unit u; thus
x =yzu~' € m?, which is impossible.

Thus £m C m. Now we can run the beautiful proof of the Nakayama
lemma (cf. [AM69, 2.4]), which is worth repeating.

Write m = (1,...,%,). Then there are r;; € R such that

Y N

=S ra,

T J : J]
K3

Thus the vector (z1,...,x,) is a null vector of the matrix

%1n = (riz),
and hence its determinant is zero. This determinant is a monic polynomial
in £ with coefficients in R, and hence ¥ € R since R is normal.

This, however, means that y € (z), contrary to our choice of y. O

THEOREM 1.33. Let S be an integral domain that is finitely generated
over a field k, and let F D Q(S) be a finite field extension of its quotient
field. Then the normalization of S in F is finite over S.
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Proof. One’s first idea might be to write down any finite extension
S’/S whose quotient field is F' and reduce everything to the case where
F = Q(S). We will see how this works for curves, but in general it seems
better to go the other way around, even when F' = Q(S) to start with.

By the Noether normalization theorem (1.35), S is finite over a poly-
nomial ring R. So it is enough to prove (1.33) for a polynomial ring
R = k[x1,...,2,]. The key advantage of this reduction is that R is normal.

A short argument proving (1.33) in the case where F//Q(S) is separable
and S is normal is in [AM69, 5.17]. Thus we are done in characteristic
zero, but in positive characteristic we still have to deal with inseparable
extensions.

F is a finite extension of k(x1,...,2,), so there is a finite purely in-
separable extension E/k(x1,...,2,) such that EF/E is separable. Every
finite purely inseparable extension of k(x1,...,x,) is contained in a field

K (:v’f_m7 ...,x2™"), where k’/k is finite and purely inseparable. The nor-

m

malization of k[z1,...,z,] in k’(xjfim, I S Ty [xV s, xh "] since
the latter is a unique factorization domain, hence normal by (1.24).
Thus every finite extension of k[z1,...,z,] is contained in a finite and

separable extension of &'[x} _m, ...,z "], and hence it is finite by the first
argument. O

1.34. Here is another approach to (1.33) for projective curves.

Let C be an irreducible, reduced projective curve over an algebraically
closed field k. If Cy := C is not smooth, then as in (1.31) we can write
down another curve C'; and a proper birational map 7 : C7 — Cp, which
is not an isomorphism. We prove that after finitely many iterations we get
a smooth curve.

In (1.13) we constructed a line bundle L on C' such that

hY(Co, L™) > mdeg L+1—p(Co, L) for some p(Co, L) >0 and m > 1.

Choose that smallest possible value for p(Cy, L). (This is the arithmetic
genus, but we do not need to know this for the present argument.) The line
bundle 7 L™ is very ample for m > 1, so not all of its sections pull back
from Cy. Thus

RO(Cy, i L™) > h2(Co, L™)  for m > 1.
Hence there is a p(C1, L) < p(Cop, L) such that
RO(Cy, i L™) > mdeg L +1 —p(Cy, L) for m > 1.
Iterating this procedure, we get curves 7; : C; — Cy such that

RO(Cy, i L™) > mdeg L +1 —p(Co, L) +i for m > 1.
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Since h°(D, M) < deg M + 1 for any irreducible and reduced curve D and
for any line bundle M, we conclude that we get a smooth curve C; for some
Jj< p(COa L) U

In the proofs above we have used the following theorem, due to E.
Noether. It is traditionally called the normalization theorem, though it
has nothing to do with normalization as defined in this section. Rather, it
creates some sort of a “normal form” for all rings that are finitely generated
over a field k. This form is not at all unique, but it is very useful in reducing
many questions involving general affine varieties to affine spaces.

THEOREM 1.35 (Noether normalization theorem). Let S be a ring
that is finitely generated over a field k. Then there is a polynomial ring
klxy,...,z,] =2 R C S such that S is finite over R (that is, finitely gener-
ated as an R-module).

Proof. By assumption S can be written as k[y1, ..., ym]/(f1,- -, fs)-

Look at the first equation fi, say, of degree dy. If y41 appears in f; with
nonzero coefficient, then f; shows that y,, is integral over k[yi, ..., Ym—1]
and we finish by induction.

Otherwise we try to make a change of variables y; = ¥} + gi(ym) for
1 < m to get a new polynomial equation

f{ = fl (yll + gl(ym)7 . ,y:n_l + gmfl(ym)a ym)v

which shows that y,, is integral over k[y],...,y5,_1]-
If k is infinite, then we can get by with a linear change y; = y} + a;ym.
Indeed, after this change the coefficient of y4! in f] is f1 4, (a1,...,am-1,1),

where f1 4, denotes the degree d; homogeneous part of f;. This is nonzero
for general ay,...,am_1-
For finite fields such coordinate changes may not work, and here we use
— o M4
Yi = Yi + Yy -
Assume that fi contains a term zi!---z% with nonzero coeflicient,

and this is lexicographically the largest one. (That is, a; is the largest
possible, among those with maximal a;, then as is the largest, etc.)

As long as the sequence nq, ..., n,, satisfies n; > din;+1, the highest
Ym-power in fi is y% "% “and it occurs with nonzero constant coefficient.
So ym, is integral over k[y!, ..., yn,_1]- O

1.5. Infinitely near singularities

Let C C C? be a plane curve given by an equation f(x,y) = 0. In
order to study the singularity of C' at the origin, we write f as a sum of
homogeneous terms

f(x,y) = fm(x,y) +fm+1(x,y) + .-
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The degree of the lowest nonzero term f,, is the multiplicity of C' at 0 € C2.
It is denoted by multg f or by multg C'.

The multiplicity is pretty much the only invariant of the singularity
that is easily computable from the equation, but it is not a really good
measure of the complexity of the singularity. M. Noether realized that one
should view a curve singularity together with all other singularities that
can be obtained from it by blowing up. These are the so-called infinitely
near singularities. The basic observation is that the true complexity of the
singularity can be computed from the multiplicities of all infinitely near
singularities.

This idea also leads to several nice methods to resolve singularities.

1.36 (Blowing up a smooth surface). Let 0 € S be a point on a smooth
surface, and let x, y be local coordinates. Assume for simplicity that z,y do
not have any other common zero outside 0. (This can always be achieved
by replacing S by a smaller affine neighborhood of 0 € S.)

The blow-up of 0 € S, denoted by By.S, is the surface

ByS := (vu—yv=0)C S x P}

(w)
Let m : BpS — S denote the first coordinate projection. The curve E =
(r =y =0) C ByS, called the exceptional curve, is contracted by 7 to the
point 0, and 7 : ByS \ E = S\ {0} is an isomorphism.

It is usually convenient to work with an affine covering of ByS. On the
v # 0 chart, we can use y; := u/v as a coordinate, and then we have

BoSyzo0 = (zy1 —y=0) C S x A, .

Thus if S = Spec R, then ByS,xo = Spec R[%]. Similarly, the u # 0 chart
can be represented as Spec R[£]. From this we see that ByS is smooth.
See [Sha94, Sec.I1.4] for more details.

1.37 (Digression on fields of representatives). If X is an algebraic vari-
ety over a field k and € X is a point, then we have a corresponding local
ring O, x with maximal ideal m,. O, x is a k-algebra, but its residue field
Oy x/my is usually bigger than k if k is not algebraically closed or if x is
not a closed point.

In general O, x does not contain any field K that maps isomorphically
onto Oy x/my. For instance, if k = C and z =Y C X is a subvariety, then
the existence of such a field K is equivalent to a rational “retraction” map
X --» Y, which is the identity on Y.

There is no such map if X = C? and if Y C C? is a nonrational plane
curve.

This is somewhat awkward since in any local ring (R, m) it is very con-
venient to imagine that the elements of m®/m?®*! are degree s homogeneous
polynomials in a basis of m/m?.
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Although we do not have any natural section of the quotient map R —
R/m, we just pick any set-theoretic lifting R/m --» R (which is neither
additive nor multiplicative in general), and this allows us to write things
like o(a)z'y? for any a € R/m and z,y € m. This will be unique modulo
mititl,

One has to be careful not to get carried away, but occasionally this
makes it easier to see the analogy between the classical case and more
general rings.

1.38 (Infinitely near singularities). Let the notation be as in (1.36).
Consider a curve 0 € C' C S with equation (f = 0). There is a largest power
(z,y)™ of the maximal ideal that contains f; this m is the multiplicity of
Cat0€S,ch (1.20.4).

Thus f modulo (x,y)™*! can be identified with a degree m homoge-
neous polynomial f,,(z,y), called the leading term of f.

What happens to C' under the blow-up?

On the chart ByS,z0 = Spec R[], the pullback of f € R is again f €
R[%] = R[y1]. The change is that y = y1x, and thus (z,y)™ C 2™ (y1,1)™.
This means that we can write f as f = 2™ f! for some f! € R[y1].

Thus the pullback of C' contains the exceptional curve F with multi-
plicity m (defined by (z™ = 0) on the v # 0 chart), and the birational
transform of C, denoted by C1, is defined by (f! = 0) on the v # 0 chart:

7C = (multo C) - E + C. (1.38.1)

DEFINITION 1.39. The singularities of C; lying above 0 € C' are called
the infinitely near singularities in the first infinitesimal neighborhood of
0edC.

Similarly, the singularities in the first infinitesimal neighborhood of
771(0) C Oy are called the infinitely near singularities in the second infini-
tesimal neighborhood of 0 € ', and so on.

Thus starting with a singular curve 0 € C C 5, we get a towering
system of infinitely near singularities on various blow-ups of S.

It is very easy to convince yourself through examples that each blow-
up improves the singularities—that is, the infinitely near singularities are
“better” than the original one—but it is nonetheless hard to come up with
a good general statement about what actually improves. We will see sev-
eral ways of doing it, but for now let us just see some simple results and
examples.

LEMMA 1.40. Let the notation be as above. The intersection points
C1 N E are the roots of (fm = 0) C PL 22 E. More precisely, when counted
with multiplicities, C1 N E = (f;, = 0). Thus,

(1) the intersection number (Cy - E) equals multg C, and
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(2) Z;DEC& NE mult;n C1 <multgC.

Proof. Write f = f,, + 7, where r € (x,y)™ "1 (cf. (1.37)).

In the v # 0 chart f' = f,,(y1, 1) +271; hence the intersection points of
Cy and E, that is, the solutions of f; = x = 0, are the points f,,(y1,1) =0
on E, proving (1). Furthermore, by (1.20.4), the multiplicity of C; at
(y1 = a,z = 0) is < the multiplicity of y; = a as a root of f,,(y1,1) = 0,

which gives (2). O
EXAMPLE 1.41. Consider the singularity C' := (z® = y®). If a < b,
then on the first infinitesimal neighborhood we find C; = (z§ = 2~ %).

If @ < b — a, then on the second infinitesimal neighborhood we get
Cy = (2§ = 4°72%) and so on.

Eventually we reach a stage where b — ka < a. Here we reverse the
role of x and y and continue as before. Thus we see the usual Euclidean
algorithm for the pair a, b carried out on exponents.

At some point we get an equation z¢ = yS. After one more blow-up we

get ¢ different smooth points. The singularity is thus resolved and we stop.

Thus far the resolutions constructed were abstract curves. In some
cases the existence was only local, and in some other cases we ended up
with a smooth curve or Riemann surface without any specific embedding
into C" or P”. In the Riemann surface case it is not even obvious that C
has any embeddings into some C™.

It is frequently very useful to have a resolution that takes into account
the ambient affine or projective space containing the curve C.

We summarize the above examples into an algorithm. Later we prove
several cases when the algorithm does work.

ALGORITHM 1.42 (Weak embedded resolution algorithm). Let Sy be a
smooth surface over a perfect field and Cy C Sy a curve.

If C; C S; is already constructed then pick any singular point p; € Cj,
let S;+1 — S; be the blow-up of p;, and let C;11 C S;11 be the birational
transform of C;.

For now we only state the weak embedded resolution theorem. The
next six sections contain seven versions of its proof.

THEOREM 1.43 (Weak embedded resolution). Let S be a smooth surface
over a perfect field k and C C S a reduced curve. After finitely many steps
the weak embedded resolution algorithm (1.42) stops with Sy, — S such that
Cin C Sy is smooth.

It is often convenient to have an embedded resolution where not only is
the birational transform of C' smooth, but all the exceptional curves of the
blow-ups behave as nicely as possible. We cannot make everything disjoint,
but we can achieve the next best situation, simple normal crossing.
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DEFINITION 1.44. Let X be a smooth variety and D C X a divisor.
We say that D is a simple normal crossing divisor (abbreviated as snc
divisor) if every irreducible component of D is smooth and all intersections
are transverse.

That is, for every p € X we can choose local coordinates z1,...,x,
and natural numbers my, ..., m, such that D = ([[, ;" = 0) in a neigh-
borhood of z.

REMARK 1.45. A frequently occurring variant of this concept is that
of a normal crossing divisor. Here we assume that for every p € X there
are local analytic or formal coordinates x1,...,z, and natural numbers
my,...,my such that D = ([[, 2] = 0) in a local analytic or formal
neighborhood of p.

Thus the nodal curve y? = 2% + 22 is a normal crossing divisor in C2
but not a simple normal crossing divisor. Indeed, we can write

v -2 —a2? = (y— V1 + o)y +av1l+a)

as a power series, but y? — z3 — 22 is irreducible as a polynomial.

Be warned that in the literature the distinction between normal crossing
and simple normal crossing is not systematic. In most cases the difference
between them is a small technical matter, but occasionally it can cause
difficulties.

ALGORITHM 1.46 (Strong embedded resolution algorithm). Let Sy be
a smooth surface over a perfect field k and Cy C Sy a curve.

If m; : S; — S is already constructed, then pick any point p; € Wi_l(C())
where 7, 1(00) is not a simple normal crossing divisor, let o; 1 : Si+1 — 5;
be the blow-up of p; and let ;41 := m; 00,11 : S;+1 — So be the composite.

THEOREM 1.47 (Strong embedded resolution). Let S be a smooth sur-
face over a perfect field k and C C S a curve. After finitely many steps the
strong embedded resolution algorithm (1.46) stops with 7, @ Sy — S such
that w1 (C) is a simple normal crossing divisor.

1.48 (Proof of (1.43) = (1.47)). The algorithm (1.46) does not specify
the order of the blow-ups, but let us be a little more systematic first.

Starting with C' C S, use (1.43) to get Cy,, C Sy, such that Cy, is
smooth. Let E,, C S,, be the exceptional divisor of S,, — S. Then C,,
is smooth and FE,, is a simple normal crossing divisor, but C,, + E,, need
not be a simple normal crossing divisor.

Let us now apply (1.43) again to C,+E,, C Sy,. We get S¥, — Sy, with
exceptional divisor F* such that the birational transform C}, + E¥, C SF,
is smooth.

Since every irreducible component of C,, + F,, is smooth, we see that
every irreducible component of C, + E has only simple normal crossings
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with F*. As C} + E?, is smooth, this implies that C}, + E, + F* is a
simple normal crossing divisor, and thus we have achieved strong embedded
resolution.

We still need to show that blowing up in any other order also gets
to strong embedded resolution. Even more, we claim that we always end
up with a surface S,, — S that is dominated by S7,. That is, there is
factorization S}, — S, — S.

Assume that we already know that S}, dominates some ;. If we blow
up p; € S; as the next step of the algorithm (1.46), then 7; *(C) does not
have simple normal crossing at p, and hence the point p; is also blown up
when we construct S, but maybe at a later stage. For blowing up points
on a surface it does not matter in which order we blow them up, so S}, also
dominates S;11, and we are done by induction. O

Note that in getting S}, — S we may have performed some unnecessary
blow-ups as well. Indeed, if C' C S has some simple normal crossing points,
then these were blown up in constructing S;,, — S but there is no need to

blow these up in the algorithm (1.46).

1.49 (Digression on blow-ups over imperfect fields). I heartily recom-
mend avoiding blowing up over imperfect fields unless it is absolutely nec-
essary. Here are two examples to show what can happen.

Let v and v be indeterminates over a field k of prime characteristic p.
Consider the affine plane A? over the field k(u,v).

Let P € A? denote the closed point corresponding to (0, ¢/v). The
ideal of P is (z,y” —v). Thus the blow-up is given in A2 x P}, by the
equation xs — (y? — v)t = 0. Over the algebraic closure we can introduce a
new coordinate y; = y — ¢/v, and the equation becomes zs — y{t = 0. The
resulting hypersurface is singular at z = s = y; = 0.

Let Q € A? denote the closed point corresponding to (¢/u, ¢/v). The
ideal of @ is (2P — u,y? — v), and the blow-up is given by the equation
(2P —u)s — (y? — v)t = 0. Over the algebraic closure we can introduce
new coordinates x1 = ¥ — Yu,y1 = y — ¥/v and the equation becomes
s —y't = 0. The corresponding hypersurface is singular along the line
1 =Y = 0.

On the other hand, both of the blow-ups are nonsingular hypersurfaces;
that is, their local rings are regular.

In the first case, the only question is at the point with maximal ideal
(z,y? — v, $). The equation of the blown-up surface is £ = y?” — v, so =
and % are local coordinates on BpA?Z.

In the second case, look at any point along the exceptional curve, say
with maximal ideal (2? — u,y? — v, § — a). The equation of the blown-up
surface is

(@ —u)(3 — @)+ ala? —w) =y ~ o,
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and thus 2 — v and 3 — a are local coordinates on BQAQ.

1.6. Embedded resolution, I: Global methods

Another observation of M. Noether is that it is easier to measure the
singularities of a global curve. In effect, he considered the arithmetic genus
of the curve. (Working on P2, he used the closely related intersection
number between the affine curve f(z,y) = 0 and its polar curve df /0y = 0.)

In hindsight it is not difficult to localize the proof, as we see in Section
1.8, but we start with the global version. For anyone familiar with basic
algebraic geometry, the global version is faster, and the proof is a very
nice application of intersection theory on surfaces. The local proofs are,
however, more elementary.

We use the basic properties of intersection numbers of curves on smooth
projective surfaces and of the canonical class of a surface. We start by
recalling the relevant facts.

1.50 (Intersection numbers on smooth surfaces). Here is a summary of
the properties that we use. For proofs see [Sha94, IV.1 and IV.3.2].

Let S be a smooth projective surface over a field & and C, D divisors
on S. Then one can define their intersection number, (C'- D) which has the
following properties. (In fact, it is defined by the properties (1.50.1-3).)

(1) (C- D) € Z is bilinear.
(2) If Cy ~ Cy are linearly equivalent, then (Cy - D) = (Cs - D).
(3) If C, D are effective and C N D is finite, then

(C-D) = Z dimy Op,s/(fp,gp).

PeCnD

where fp (resp., gp) is a local equation for C' (resp., D) at P.

(4) Let h : 8" — S be a birational morphism. Then (h*C - h*D) =
(C- D).

(5) Let h : S — S be a birational morphism and £ C S’ an h-
exceptional divisor. Then (f*C - E) = 0.

(6) Let h : S — S be the blow-up of a smooth k-point and E C S’
the exceptional curve. Then (F - E) = —1.

The number (C - D)p = dimy Op s/(fp,gp) is called the local intersection
number of C and D at P. (The local intersection number is defined only if
P € CN D is an isolated point.)

1.51 (Canonical divisor). Let X be a smooth variety of dimension n.
Divisors of rational differential n-forms on X are linearly equivalent, and
they form the canonical class denoted by Kx; see, for instance, [Sha94,
Sec.II1.6.3]. It is a long-standing tradition to pretend sometimes that Kx
is a divisor, but it is only a linear equivalence class.
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One checks easily that Kpn = —(n + 1) - (hyperplane class).

Let h : S — S be the blow-up of a k-point P of a smooth surface
defined over k and E C S’ the exceptional curve. Choose local coordinates
(z,y) at P. An affine chart of S’ is given by y; = y/z, 21 = x and

h*(dx A\ dy) = dxy ANd(x1y1) = 21 - dzy A dys.-

Thus we conclude that
Ks=h*Kg+ E. (1.51.1)

THEOREM 1.52 (Weak embedded resolution, I). Let Sy be a smooth
projective surface over a perfect field k and Cy C Sy a reduced projective
curve. After finitely many steps, the weak embedded resolution algorithm
(1.42) stops with a smooth curve Cp, C Sp,.

Proof. We look at the intersection number C'- (C'+ Kg) and prove two
properties:
(1.52.1) Ciy1 - (01'4_1 + Ksi_H) < C;- (Cz + KSi), and
(1.52.2) C; - (C; + Kg,) is bounded from below.
These two imply the termination of the blow-up process, and they even
give a bound on the number of necessary steps.

Another variant of this method uses h!(C, O¢) instead of C'- (C + K);
cf. [Har77, V.3.8].

The proof of (1.52.1) is a straightforward local computation using
(1.53).

The proof of (1.52.2) is again not difficult. We discuss two methods
that do not need the knowledge of resolution of curves.

Method 1 using duality theory. If you know enough duality theory (say,
as in [Har77, Sec.IIL.8]) then you know that Og(C' + Kg)|c is isomorphic
to the dualizing sheaf we. Then we claim that

degwe > (—2) - #{irreducible geometric components of C'}.

(With a little more care one could sharpen this to the number of connected
geometric components.) This is easy if we know that C has a resolution,
but here is an argument that does not rely on this.

If C is irreducible over an algebraically closed field k, pick two smooth
points p,q € C. From

0—O0c(-p—q) > Oc —kp+ky—0

we conclude that h*(C, Oc(—p —q)) > 0. Since H(C,Oc(—p —q)) is dual
to Hom(Oc(—p—q), we), we conclude that degwe > deg Oc(—p—q) = —2.
(It is here that we use that C' is reduced, and hence we has no nilpotents.
Otherwise, the homomorphism Oc(—p — ¢) — we could not be used to
bound the degree.)



34 1. RESOLUTION FOR CURVES

If C' = UC; are the irreducible geometric components, then

(C-(C+Kg) =D (Ci-(Ci+Kg))+ > (Ci-Cj) =Y (Ci- (Ci + Ky))
i i£] i
and we are done. O
The next method is entirely elementary but gives a weaker bound.

Method 2 using differential forms. We prove two assertions.
(1.52.3) There is an injection Q¢ /(torsion) — Og(C + Kg)|c-
(1.52.4) Let f: C — P! be a separable morphism of degree n. Then there

is an injection f*Op1(—2) & f*Qp1 — Qc.

Assuming these, take a separable morphism fy : Cy — P!, say, of degree
n. Since C; — Cjy are birational, we get degree n separable morphisms
fi : C; — P! for every i. Thus degQc¢,/(torsion) > —2n, and so C; - (C; +
Kg,) > —2n, proving (1.52.2).

The proof of (1.52.4) is easy since differential forms can be pulled back
and the pullback map is injective for a separable map.

Let us study the map in (1.52.3) in local coordinates z,y. Here Qg is
generated by dz, dy and Q¢ is generated by the restrictions dz|c, dy|c.

What about Os(C + Kg)|c? The local generator is f~'dxz A dy, and
then we take its residue along C. That is, we write

1 17}
—d:v/\dy:—f/\a7

f f
and then o|¢ is the local generator of Og(C+Kg)|c. Thus we see that along
the smooth points of C' we can identify Og(C + Kg)|c with Q¢, and even
near singular points, dz|c,dy|c give rational sections of Og(C + Kg)|c.
We only need to prove that they do not have poles. (In fact we see that
they have zeros of quite high order.)
Since df = (0f/0x)dx + (0f /0y)dy, we get that
1 df dy df A dz

de Ndy = — N =
7 YT

offox —f " 0f/oy’
and hence the local generator of Og(C + Kg)|c is
dy dz

~0fjox ~0f /oy’
Therefore, dx|c = —(0f/0y)oc and dy|c = (9f/0x)oc both have zeros.
O

0’|c

LEMMA 1.53. Let S be a smooth surface over a perfect field k and
C C S a projective curve. Let p € C be a closed point of degree d; that is,
p is a conjugation-invariant set of d points in C(k). Let m = mult, C' be
its multiplicity. Let m : S’ — S denote the blow-up of p and C' C S’ the
birational transform of C. Then
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(1) (C"-C")=(C-C) —dm?,
(2) (C"-Kg/)=(C-Kg)+dm, and
(3) (C"-(C"+ Kg)) = (C-(C+ Kg)) —dm(m —1).

Proof. Over k, the blow-up of p is just the blow-up of d distinct points,
so it is enough to compute what happens under one such blow-up. Thus
assume that k is algebraically closed.

We have already computed in (1.38.1) that #*C = C’ + mFE, where
E C B,S is the exceptional curve. Thus by (1.50.4-6) we get that

(c'-cy = (@*C—mE)- (7*C —mkE)
= (7*C-7m*C) = 2m(r*C - E) + m*(E?)
= (C-0)—m?.

Similarly, using (1.51.1) we get that

(C" Kg) = ((7*C—mE)-(r*"Kg+ E))
= (C-Kg)—m(E-E).

Finally (3) is a combination of (1) and (2). O

1.7. Birational transforms of plane curves

If we start the embedded resolution process of the previous section
with a plane curve C' C P2, the method produces a smooth curve that
sits in a plane blown up in many points. Classical geometers were foremost
interested in plane curves, and from their point of view the natural problem
was to start with a projective plane curve fi(xo : 1 : x2) = 0 and to
perform birational transformations of P? that “improve” the equation step-
by-step until one gets another equation f,,,(zo : 1 : 2) = 0, which is the
resolution of the original curve.

This is, however, too much to hope for, since many curves are not
isomorphic to smooth plane curves at all (for instance, because a smooth
plane curve of degree d has genus (d — 1)(d — 2)/2). Therefore, we have
to settle for a model f,,(xo : 1 : 2) = 0, which has “relatively simple”
singularities.

From our modern point of view, the method and its difficulties are the
following.

Starting with C' C P2, as a first resolution step in (1.52) we get C; C
B,P2. Usually C; is not even isomorphic to any plane curve, but we want
to force it back into the plane P2. There are two complications.

e In our effort to put C; back into P2, we have to introduce new
singular points.

e There is no “canonical” way of creating a plane curve out of C,
and we have to make some additional choices. This makes the
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process somewhat arbitrary, and it can happen that over finite
fields there are no suitable choices at all.

With these limitations, there are two very nice classical solutions.

The one by M. Noether uses birational transformations P2 --» P2 to
create a curve C,, C P2, which is birational to C' and has only ordinary
multiple points (1.54), that is, any number of smooth branches intersecting
pairwise transversally.

The method of Bertini uses degree 2 maps P? --s P2 to create a curve
C,, C P2, which is birational to C' and has only ordinary double points.

The Bertini method is lovely geometry, but now it survives only as
a curiosity. The Noether method, however, still lies at the heart of our
understanding of birational transformations between algebraic varieties.

DEFINITION 1.54. A singular point of a plane curve p € C'is an ordinary
multiple point if C has smooth branches intersecting pairwise transversally
at p. Equivalently, in local coordinates (z,y) the equation of C is written
as [[;(aiz + byy) + (higher terms) = 0, where none of the a;x + by is a
constant multiple of another.

DEFINITION 1.55 (Cremona transformation). Consider P? with coor-
dinates (x : y : z). The standard Cremona transformation or quadratic
transformation of P? is the birational involution

o:P?-»P? givenby (z:y:2)— (z 'yt 27Y) = (yz 2z ay).

Thus o is not defined at the three coordinate vertices (0 : 0 :1),(0: 1 :
0),(1:0:0), and the three coordinate lines are contracted to points.

Alternatively, o can be viewed as first blowing up the three coordinate
vertices to get B3P?, and then contracting the birational transforms of the
three coordinate lines.

Consider a curve C' = (f(x : y : z) = 0), which has multiplicity a at
(0:0:1),bat (0:1:0) and cat (1:0:0). Then the birational transform
of C=(f(x:y:2)=0)Iis

0,.C = (x_cy_bz_“f(yz cxzay) =0). (1.55.1)

More generally, let p,q,r € P? be three noncollinear points. We can
choose a coordinate system such that p,q,r are the three coordinate ver-
tices. Thus there is a quadratic transformation o, 4, with base points p, ¢, .
We blow up the points p, ¢, 7, and then contract the birational transforms
of the three lines ¢, ¢, and ¢, through any two of p, g, r.

1.56 (The singularities of 0,C). Let C C P? be a plane curve of degree
n and p, ¢, noncollinear points with multiplicities a,b,c on C. (We allow
a,b or ¢ to be zero.) What are the singularities of the resulting new curve

(0p,g,r)+C?
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First, we perform the blow-up of the three points to get By 4 ,P?. Here
the singularities outside {p,q,r} are unchanged, and the singularities at
each of these 3 points are replaced by the singularities in their first infini-
tesimal neighborhood.

Then we contract the birational transforms of the three lines ¢,, ¢, and
£,.. This creates new singularities.

Assume now that the line ¢, is not contained in the tangent cones of
C at q and r, and has only transverse intersections with C' at other points.

Then the birational transforms of C' and of ¢, intersect transversally,
and so (0p,q,r)«C has an ordinary (n — b — ¢)-fold point at the image of £,,.

ALGORITHM 1.57 (Birational transformation algorithm). Let k be an
algebraically closed field and Cy C P? an irreducible plane curve. If C; C P?
is already defined, pick any nonordinary point p € C' and choose ¢,r € P?
in a general position.

Let 0,4, : P2 -5 P? be the quadratic transformation with base points
p,q,r, and set Cit1 := (0p,q.r)+Ci.

A slight modification may be needed in positive characteristic. In order
to avoid some inseparable projections, before each of the above steps we
may have to perform an auxiliary quadratic transformation, where p is
either a general point of P? or a general point of C' and ¢,r € P? are in
general position.

The algorithm first appears in [Noe71] but without any proof. The
first substantial proof is in [N6t75]. (The first paper spells his name as M.
Noether, the second as M. Nother. Most of his papers use the first variant.)

THEOREM 1.58 (M. Noether, 1871). Let k be an algebraically closed
field and C C P? an irreducible plane curve. Then the algorithm (1.57)
eventually stops with a curve C,, C P2, which has only ordinary multiple
points (1.54).

Thus the composite of all the quadratic transformations of the algorithm
is a birational map ® : P? --» P? such that ®.(C) C P? has only ordinary
multiple points.

We give two proofs. The first one assumes that we already know em-
bedded resolution as in (1.52). The second, following Noether’s original
approach, gives another proof of embedded resolution.

Proof using resolution. Pick any point p € C, and let 7 : C — P! be
the projection from p. In characteristic zero or if the characteristic does
not divide deg C' — mult, C, the projection 7 is separable. Thus we can
take two general lines through p such that they are not contained in the
tangent cone of C at p and they have only transverse intersections with C'
at other points. Take also a third line (not through p) that intersects C
transversally everywhere.
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The genericity conditions of (1.56) on the corresponding quadratic
transformation are satisfied. Thus we get a curve C such that

e the singularities of C' outside p are unchanged,

e the singularity at p is replaced by the singularities in its first
infinitesimal neighborhood, and

e we have created one new ordinary multiple point of multiplicity
deg C' and two new ordinary multiple points of multiplicity deg C'—
mult, C.

Thus we can follow along the resolution algorithm (1.42) and end up
with a curve C,,, C P? with only ordinary multiple points.

In positive characteristic, we first perform an auxiliary quadratic trans-
formation, where p is either a general point of P2 or a general point of C
and ¢, € P? are in general position. In the first case, we get a curve of
degree 2deg C, in the second case a curve of degree 2degC' — 1. Either
2degC' — mult, C' or 2degC — 1 — mult, C' is not divisible by the charac-
teristic, and then we can proceed as above. O

Noether’s proof. We start as above, but we prove that eventually we
get a curve with ordinary multiple points without assuming the existence
of resolution.

We use a first approximation of the genus of the curve, which is called
the apparent genus or deficiency in the classical literature. If C C P2 is a
curve of degree d with singular points of multiplicity m;, then this number

= (1) 32 (%)

Starting with C' as above, let d = degC', mo = mult, C and m; : i > 0 be
the multiplicities of the other multiple points of C. Using (1.55.1) and the
above analysis of the singular points of C, we obtain that

e deg C1 = 2d — my,

e the other singular points of C give singular points of C7 with the
same multiplicity m;,

e we get three new ordinary singularities with multiplicities d,d —
mo,d — myg, and

e if p € C is not ordinary, then there is at least one new singular
point corresponding to p.

If we ignore the points of the last type in the computation of the deficiency
of C'1, then we get that

gapp(cl) < (Qd_mo_l) Ez> )7(3)72(d_2m0)
= ( ) > (WQLL): Gapp(C),
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where the middle equality is by explicit computation. The sequence of
quadratic transformations thus stops if we show that gapp(C) > 0 for any
irreducible plane curve C.

Look at the linear system |A| of all curves of degree d — 1 that have
multiplicity m; — 1 at every singular point p; € C. If C = (f(z,y,2) = 0),
then the curve (0f/0z = 0) is in |A|, so |A] is not empty. For any A € |A],
the intersection A N C consists of the points p;, each with multiplicity
> m;(m; — 1) and a residual set R. These form a linear system |R| on C.
By Bézout’s theorem (cf. [Sha94, IV.2.1]), the degree of |R| is

deg |R| = d(d — 1) — Zmi(mi —1) = 2gapp(C) +2(d — 1).

On the other hand,
. . d+ 1 m;
d1m|R|—d1m|A|—< 5 )—1—2(2>:gapp(6')+2(d—1).

Since dim |R| < deg|R| by (1.20.7), we conclude that 0 < gapp(C). O

REMARK 1.59. Following the proof of (1.58) easily leads to Noether’s
genus formula for plane curves:

so=("3") —Z(’Z)

where the sum runs through all infinitely near singular points of C.

ALGORITHM 1.60 (Bertini algorithm). Let &k be an algebraically closed
field and Cy C IP’% an irreducible plane curve. If C; C ]P’i is already defined,
pick any point p; € C, which is neither smooth nor an ordinary node, and
five other points pa, ..., ps € P? in general position.

We use some basic properties of cubic surfaces; see [Rei88, §7] or [Sha94,
Sec.IV.2.5].

The blow-up of P? at these six points is a cubic surface S. Pick a
general point s € S, and let 7, : S --» P? be the projection from s. Let

o:P? -5 5Ty p2

be the composite of the inverse of the blow-up followed by projection from
s. Note that o : P2 --» P? has degree 2. In coordinates, o is given by three
general cubics through the six points p1, ..., ps-

Set Ciy1 1= 0.C;.

The following result is proved in [Ber94], but an added remark of F.
Klein says that it was already known to Clebsch in 1869.

THEOREM 1.61 (Clebsch, 1869; Bertini, 1894). Let k be an algebraically
closed field and C' C P} an irreducible plane curve. Then the algorithm
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(1.60) eventually stops with a curve C,, C P2, which has only ordinary
nodes.

Proof. As in the proof of (1.58) we again follow the resolution algorithm
(1.52), and we only need to check the following lemma.

LEMMA 1.62. Let C C S C IP3 be a reduced curve on a smooth cubic
surface and w : S --» P2 the projection from a general point s € S. Then
mC C P? has the same singularities as C, plus a few ordinary nodes.

Proof. We have to find a point s € S such that

(1) s is not on the tangent plane of C at any singular point of C,

(2) s is not on the tangent line of C' at any smooth point of C,

(3) s is not on any secant line of C' connecting a singular point of C
with another point,

(4) s is not on any secant line of C' connecting two smooth points of
C with coplanar tangent lines, and

(5) s is not on a trisecant line of C'.

The last condition would mean that the trisecant line of C' is also a
quadrisecant of S and hence one of the twenty-seven lines on S. For the
first four cases we prove that the points in P? where they fail is a subset of
a union of linearly ruled surfaces. Since S is not ruled by lines, a general
point on S satisfies all five conditions.

For (1) we have to avoid finitely many planes, for (2) the union of all
tangent lines and for (3) the cones over C' with vertex a singular point of
C.

Condition (4) needs a little extra work, and I do it only in characteristic
zero. The general case is left to the reader. For any smooth point ¢ € C,
let L. be the tangent line. Projecting C' from L. is separable, and hence
there are only finitely many other points c} € C such that the tangent line
at c; is coplanar with L.. Thus s has to be outside the union of all lines

(c,c}) as c runs through all smooth points of C. O

If C C P? is defined over a field k, in general the singular points are
not defined over &, and so the steps of the algorithm (1.57) are not defined
over k. A suitable modification works over any infinite perfect field. The
proof uses some basic results about ruled surfaces.

THEOREM 1.63. Let k be an infinite perfect field and C C P an irre-
ducible plane curve. Then there is a birational map ® : P2 --» P2 such that
®,.(C) C P2 has only ordinary multiple points.

Proof. Pick a point p € P2\ C that does not lie on any of the singular
tangent cones of C' and such that projection from p is separable.

As a first step, we blow up p and then we blow up all the nonordinary
singular points of C. Then we contract the birational transforms of all
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lines passing through p and any of the nonordinary singular points of C.
If there are m nonordinary singular points, we end up with a minimal
ruled surface F,,11 and C' C Fy,1 such that all the nonordinary singular
points of C' have been replaced by the singularities in their first infinitesimal
neighborhoods.

If £ C Fy,41 denotes the negative section and F' C F,,41 the fiber,
then |E + (m 4 1)F| is very ample outside E, and hence a general member
D € |E + (m + 1)F| intersects C’ transversally.

Pick m + 2 general fibers F1, ..., Fp, 2 that intersect C’ transversally,
and blow up the intersection points F; N D.

The birational transforms of F; and of D are now all —1-curves, thus
they can be contracted, and we get P2 after contraction.

Thus we get C; C P? such that all the nonordinary singular points of C
have been replaced by the singularities in their first infinitesimal neighbor-
hoods, and we have a number of new ordinary singular points. Moreover,
everything we did is defined over the ground field k.

Iterating this procedure eventually gives a curve with only ordinary
singular points. O

EXAaMPLE 1.64. Let C C ]P’]%q be an irreducible curve with ordinary
multiple points. There are only ¢ + 1 different tangent directions defined
over F, at any point of P2, and hence we conclude that the normalization
of C has at most (¢ + 1)(¢*> + ¢ + 1) points in F,.

On the other hand, every irreducible curve C' over F, is birational to a
plane curve. Indeed, its function field F,(C) is separable over some F(x)
(cf. [vdW91, 19.7]), and so it can be given by two generators F,(C) =
Fy(x,y). This provides the birational map of C' to the affine plane over F,,.
There are curves over F; with an arbitrary large number of Fy-points, and
so (1.63) fails for finite fields.

The following example, due to B. Poonen, gives very nice explicit curves
with this property.

Claim 1.64.1. Let C,, be any curve over F, of the form

H (y — zf(z)) (unit at (0,0)) + 2" (unit at (0,0)) = 0.
deg f<m—1

Then the normalization of C,,, has ¢™ points over (0,0) if n > ¢™ +¢™ 1 +
o1

Indeed, let us see what happens under one blow-up. In the chart y; =
y/x,x1 = x we get

H (y1 — f(21)) (unit at (0,0)) + 77" (unit at (0,0)).
deg f<m—1
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m—1

The terms where f(0) # 0 can be absorbed into the unit, so we have ¢
points sitting over (z1,y1) = (0,0) and the same happens over any other
point (z1,y1) = (0, ¢).

Claim 1.64.2. The polynomial

H (y—af(x)) +a" (qufl +x—1) is irreducible.
deg f<m—1
We use the Eisenstein criterion [vdW91, 5.5] over F,(z)[y] and the
prime x — 1. Setting z = 1 we get

m—1 m—1 m—1 m
I[I —r)+y" =@"—n* +y" =y,
deg f<m—1
so all but the leading coefficient (in y) is divisible by  — 1. The constant
term (in y) is ™ (z — 1), which is not divisible by (z — 1)2.

Thus
Co=( TI (-of@)+a"(y"" " —2+1)=0) A’

deg f<m—1
is an irreducible curve defined over [F, whose normalization has at least ¢"
points in F,.

1.65 (Aside on birational transforms of (P2, C)). In both of the above
methods we have considerable freedom to choose the birational transforma-
tions, and a given curve C' has many models with only ordinary multiple
points. It is natural to ask if the method can be sharpened to get a nodal
curve using birational maps of P2.

In the rest of the section we show that this is usually impossible. More
precisely, we prove that if C' C P2 is a curve of degree at least 7 such that
every point has multiplicity < %degC and ¢ : P? --s P? is any birational
map, then ¢,C is not nodal, save when C' itself has only nodes and ¢ is an
isomorphism.

The methods of the proof have more to do with the birational geometry
of surfaces, so one may prefer to come back to this part after reading Section
2.2. See [KSC04, Chap.V] for further applications of this method.

Theorem 1.65.1. Let C1, Cy C P? be two plane curves, and assume that
mult, C; < % deg C; for every p € C;.

Then every birational map ® : P2 --» P? such that ®,C; = Cy is an
isomorphism.

Proof. Assuming that (P?,C}) is birational to (P2, Cy), by resolution
for surfaces there is a common resolution
(5,C)

./ N2
(PZ,CI) (PQ,CQ)a



1.7. BIRATIONAL TRANSFORMS OF PLANE CURVES 43

where C' = (¢;);1C;. Set d; = deg C;, and assume that d; > dy. Consider
the linear system |d1d2Ks + 3d1C).
We can first view this as

|dydaK s + 3d1C| = dy|da K5 + 3(q2); ' Oy

and use (1.65.2) to conclude that it has a unique effective member whose
support is exactly the exceptional curves of ¢s.
On the other hand, we can also view this as

|d1dy K5 + 3d,C| D da|di Ks + 3(q1); 1C1| + 3(dy — da)C,

and thus again by (1.65.2) it has a member that contains C' if d; > da,
a contradiction. If d; = da, then |d1d2Kg + 3d1C| has a unique effective
member whose support is exactly the exceptional curves of ¢ .

Thus ¢ and g2 have the same exceptional curves, and so S is the blow-
up of the graph of an isomorphism. O

Lemma 1.65.2. Let C C P? be a plane curve such that mult, C' <
%degC’ for every p € C. Let ¢ : S — P? be any birational morphism,
S smooth. Then the linear system m|(deg C)Kg + 3¢-'C| has a unique
effective member for m > 1. Its support is exactly the exceptional curves
of q.

Proof. For any curve C, the intersection number of (degC)Kg +
3¢ 'C with a general line in P? is zero, and thus every effective mem-
ber of m|(deg C)Ks + 3¢, *C| is supported on the exceptional curves of q.
Exceptional 1-cycles cannot move in a linear system, so the linear system
m|(deg C)Ks + 3¢, *C| is at most zero-dimensional.

The effectiveness of m|(deg C)Ks + 3¢, *C| follows from basic general
results on singularities of pairs (see, for instance, [KSC04, Chap.VI]) applied
to (S, &C’). Here is a short proof.

Lemma 1.65.3. Let S be a smooth surface and A an effective Q-divisor
such that mult, A < 1 for every p € S. Let f : S’ — S be a proper
birational morphism, S’ smooth, and let A’ C S’ denote the birational
transform of A. Then the divisor Kg» + A’ — f*(Kg + A) is effective.
Furthermore, if mult, A < 1 for every p € S, then its support is the whole
exceptional divisor.

Proof. By induction (and using (2.13)) it is enough to prove this for
one blow-up. Let 7 : B,S — S be the blow-up of the point p € S with
exceptional curve E. Then

Kp,s=m"Ks+FE and 7m"A= A’ + (mult, A) - E.

Thus
Kg +A'=7"(Ks+ A)+ (1 — mult, A)E.
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To continue with the induction we also need to show that
mult, (A" + (1 — mult, A)E) <1 for every g € B,S.
This is obvious for g & E. If g € E, then by (1.40)

mult, (A’ + (1 — mult, A)E) (E-A")+ (1 —mult, A)
mult, A+ (1 —mult, A)=1. O

[ IA

Ezample 1.65.4. Let C; C P? be a general degree 6 curve with three
nodes p, q,r. The Cremona transformation with base points p, g, r creates
another degree 6 curve with three nodes.

The methods of the proof of (1.65.1) have been developed much fur-
ther, and they lead to a general understanding of birational maps between
varieties that are rational or are close to being rational. See [KSC04] for
an elementary introduction to these techniques and results.

1.8. Embedded resolution, II: Local methods

Here we study the resolution of embedded curve singularities by di-
rect local computations. We explicitly compute the chain of blow-ups and
deduce a normal form for the singularity in case the multiplicity has not
dropped in a sequence of blow-ups.

With each successive blow-up, these normal forms become more and
more special, but they all require a suitable coordinate change. The fi-
nal analysis is then to show that eventually such a coordinate change is
impossible. The last step is actually quite delicate.

One could say that this approach relies on brute force, rather than a
nice general idea. It is, however, extensions of this approach that have
proved most successful in dealing with higher-dimensional resolution prob-
lems, so a careful study of it is very worthwhile.

1.66 (Idea of proof). Assume for simplicity that S = A2, the affine
plane over a field k, and C is given by an equation f(z,y) = 0. We can
write f as a sum of homogeneous terms

f(xvy) = fm(xvy) +fm+1($7y) + -

If the lowest term f,, is not an mth power of a linear form, then by (1.40)
the multiplicity drops after a single blow-up. Thus we can complete the
proof by induction on the multiplicity.

The hard case is when f,, is an mth power, f,,(z,y) = c(y —arx)™. If
k is a perfect field, then a; € k and by a linear change of coordinates we
may assume that f,, = y”". We call such an f to be in normal form.

(If the field k is not perfect and m is a power of the characteristic, it
may happen that a1 is not in k£ but in some inseparable extension of it. We
will not deal with this case.)
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To get the blow-up, set y = y1x1, = 1. The birational transform of
C is given by the equation

(fl(xl,yl) = O) where f1(z1,11) := 27" f(z1,y121)-

At the next blow-up we have a multiplicity drop unless f! also has multi-
plicity m and its degree m part is the mth power of a linear form. We are
now faced with a linear change of coordinates

(x1,y1) — (21,91 — az221).

It turns out that if we make a quadratic coordinate change
(%y) = (l'7y — 41T — a2x2)a

then f and f! are both in normal form.
More generally, if the multiplicity does not drop for k& blow-ups in a
row, then there is a degree k coordinate change
(z,y) — (z,y — a1x — agx® — - - — apx®)
such that the inductively defined f, f',..., f*~! are all in normal form.
If the multiplicity stays m for infinitely many blow-ups, then we would
need a coordinate change

(x,y) — (x,y—alx—anQ_...).

This is not a polynomial change, and hence we have to work now in the
power series ring C[[z, y]].
It is easy to see that if f, f, f2,... are all in normal form then

f=Wy—azx— asz? — - - )™ (unit),

this of course only in C[[z, y]].
We are thus left with the question, is it possible that f is divisible by
an mth power in C[[z, y]] but not divisible by an mth power in C[z,y]?
This is easily settled using the differential criterion of smoothness (1.72),
but it is precisely this question that causes the most trouble when we try
to replace a surface over k with the spectrum of a 2-dimensional regular
local ring; see (1.103).

THEOREM 1.67. Let Sy be a smooth surface over a perfect field k and
Co C Sy a reduced curve. Then the embedded resolution algorithm (1.42)
terminates with C,, C S,,, where C,, is smooth

Proof. The question is local, so we may assume that py € Cj is the
only singular point.

As a first step, we use induction on the multiplicity. Let mult,, Co = m.
As we saw in (1.40), >° o pmult, C1 < multg C, where summation is
over all infinitely near singularities in the first infinitesimal neighborhood
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of pg € Cy. Thus we can use induction, unless there is only one singularity
after blow-up and it also has multiplicity m.

We repeat the procedure. If the multiplicity drops after some blow-ups,
then we can use induction. Thus the proof of (1.67) is complete if we can
prove the following.

LEMMA 1.68. Let the notation be as above. There is no infinite sequence
of blow-ups
(Po € Co C Sp) « (p1 €C1 CS1) « (p2 € C2 C Sa) -+
where
(1) multy,, C; = m > 2 for every i,
(2) Ciy1 is obtained from C; by blowing up p;, and
(3) pit1 is the unique singular point of Ciy1 lying above p;.

A sequence as in (1.68)
(po € Co C Sp) «— -+« (pr € Ck C Sk)
is called a length k blow-up sequence of multiplicity m.

Let us now pass to the algebraic side. Let Ry be the local ring of Sy at
po and f° € Ry a local equation of Cp.

As we noted in (1.40), if the multiplicity does not drop then one can
choose local parameters =,y € Rg such that the leading term of f9 is y™.
That is, f° € (y™) + (z,y)™ 1.

The following is the key computation.

PROPOSITION 1.69. With the above notation, there is a length k blow-
up sequence of multiplicity m iff there are local parameters (x,yx) such that

O e @ y)m.
Moreover, if the above length k blow-up sequence extends to a length k + 1

blow-up sequence of multiplicity m, then we can choose Y11 = yp — apx”
for some ai, € Ry such that f° € (a:k+2, Yet1)™.

Proof. If O € (zF1 yx)™, then after k blow-ups Cy lies on the affine
chart Spec Ry, where Ry = Ro[%]. Indeed,

(" )™ = b (x z—i) ;
thus we can write f0 = ™% f¥and the unique singular point of C, = (f* =
0) is at the maximal ideal (=, £f). What happens at the next blow-up?
Here we get the ring Rpy1 = Ro[;¥+] and by assumption Cy41 has
multiplicity m at some point of the exceptional curve, say, at the maximal

ideal (z, %5 — apq1). Thus f**! € 2™ (z, 25 — apy1)™, which gives

0 k1 Yk m k42 k1
[re gt )(x, okl _ak+1) =(z + y Yk — Q41T + )"
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This is exactly what we wanted, but sloppy notation helped us here. Indeed,
we need that fO € (2%+2, y. — apy12"TH)™ Ry, but we proved that

Yk
fO e (@ ye — appra) ™ Ry [m’““]

Fortunately, these two are equivalent by (1.70). O

LEMMA 1.70. Let R be a unique factorization domain and x,y € R
distinct primes. Then

RN (a:b,y)R[j—a} = (z%,9).

Proof. Every element of (z°, y) R[] can be written as

c

Y b, Y
rac e+ rad T2y,

S =

where 2% frq if ¢ > 1 and 2% fro if d > 1.

Assume that s € R. If ¢ = 0, then zy—,ilrgy € R, which happens only for
d =0, and then s € (2%, y).

If ¢ > 1, then we can write s = ys1, where

c—1

d
1
rlxb—k%m ER[ }

1= xec 5

Multiplying by y cannot cancel out a denominator that is a power of x;
thus s1 € R, and so s € (y) C (2%, y). O

These coordinate changes can all be put together if we pass from the
ring R to its completion, denoted by R. See [AM69, Chap.10] for the
definition and its basic properties.

COROLLARY 1.71. Let Sy be a smooth surface over a perfect field k
and Ry its local ring at a point py with completion Ro. There is an infinite
blow-up sequence of multiplicity m iff there are local parameters x and Yoo =
Y= D p>1 apz® € Ry such that

fo € (Yoo)™-

Proof. Applying (1.69) we get that fO € (K1 y, )™ for every k.
Thus, working in Ro/(ys0)™, we obtain that f0 € Ng(x**1), and the latter
intersection is zero by Krull’s intersection theorem (cf. [AM69, 10.17]). O

1.72 (Going back from Ro to Ry). By assumption Sy is a smooth surface
and Cy a reduced curve; thus it has an isolated singularity at pg. That is,
po is an isolated solution of O = 9f°/0x = df°/0y = 0. Thus

R/(f°, 50, 90) = R/(£°. 55 4L
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is finite dimensional. On the other hand, if f = y™ (unit), then
0 af° af° -1
(f°, % %) < ™),
a contradiction. O

It is straightforward to see that the method of the proof gives the
following stronger result.

THEOREM 1.73. Let S be a 2-dimensional regular scheme over a field
and C C S a reduced curve. Assume that C has finitely many singular
points ¢; € C and the residue fields k(c;) are perfect. Then

(1) either the weak embedded resolution algorithm terminates with
Cimn C S, where Cyy, is smooth,
(2) or the completion O, ¢ is nonreduced for some i.

We will use this result when S = SpecR is the spectrum of a 2-
dimensional complete regular local ring with perfect residue field. Then
(5%0 = O,,.c, so the second case never happens, and we always get a
strong embedded resolution.

1.9. Principalization of ideal sheaves

So far we have dealt with a single curve C' C S, but now we consider
linear systems of curves on S. Equivalently, we are considering a finite-
dimensional vector space of sections V' C H?(S, L) of a line bundle L on
S. Let Ly C L be the subsheaf that they generate. Then Iy := Ly @ L™!
is an ideal sheaf, and the main result says that after some blow-ups the
pullback of any ideal sheaf becomes locally principal.

THEOREM 1.74 (Principalization of ideal sheaves). Let S be a smooth
surface over a perfect field k and I C Og an ideal sheaf. Then there is
a sequence of point blow-ups w : S, — S and a simple normal crossing
divisor F,, C Sy, such that

I = Og,, (—Fn),

where 71 C Og,, denotes the ideal sheaf generated by the pullback of local
sections of I. (This is denoted by 7*1-Og, or by I-Og, in [Har77, p.163].)

Applied to V. C H°(S,L) and I = Iy as above, we get that V, as
a subspace of HY(S,7*L) = H°(S, L), generates the subsheaf 7*L(—F},),
which itself is locally free. Thus V, as a subspace of H(S,7*L(—Fy,)),
gives a base point—free linear system, and we obtain the following.

COROLLARY 1.75 (Elimination of base points). Let |D| be a finite-
dimensional linear system of curves on a smooth surface S defined over a
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perfect field k. Then there is a sequence of point blow-ups 7 : Sy, — S such
that

7T*|D|:}?WL_|_|]\4|7

where F, C Sy, is a simple normal crossing divisor and |M| is a base
point—free linear system. O

Let f : S --» P™ be a rational map and |H| the linear system of
hyperplanes. The base points of f*|H| are precisely the points where f is
not a morphism. Thus using (1.75) for f*|H| we conclude the following.

COROLLARY 1.76 (Elimination of indeterminacies). Let S be a smooth
surface defined over a perfect field k and f : S --+ P™ a rational map. Then
there is a sequence of point blow-ups 7 : S, — S such that the composite

fom: Sy — 8 --+P" is a morphism. O

1.77 (Proof of (1.74)). For a projective surface over an infinite field, a
simple proof is given in [Sha94, IV.3.3]. Here we give a local argument in
the spirit of Section 1.8.

There are only finitely many points where I is not of the form Og(—D)
for some simple normal crossing divisor D. The problem is local at these
points, so we may assume that S is affine. Write I = (g1,...,9:) and set
D; = (gi = 0).

First we apply the strong embedded resolution theorem (1.47) to Dy +
---+D; C S. (To avoid too many subscripts, we keep denoting the blown-up
surface again by S.) Thus we are reduced to the case where D1+ --+D; C S
is a simple normal crossing divisor.

At a smooth point of Dy + --- 4+ D; with local equation z = 0, the
pullbacks of the g; are locally given as ™ (unit), so the pullback ideal is
locally principal with generator 2™, where m = min{m;}.

We now have to look more carefully at the finitely many nodes of
red(D1 + -+ + Dy).

If s € S is such a node, we can choose local coordinates x, y and natural
numbers A;, C; such that 24y = 0 is a local equation for D;. I is locally
principal at s iff there is a j such that

After one blow-up, we get two new nodes, and the new local equations are

(2) " ytrC =0,

Ai+C; Ci _
: +e(n)% Z g,

resp., T p

We need to prove that in any sequence of blow-ups we eventually get a
locally principal ideal. The condition (1.77.1) shows that this is a purely
combinatorial question, which is settled by (1.79) when we use ks = 0 for
every s. ]
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REMARK 1.78. This proof of (1.74) works for any 2-dimensional regular
scheme S, where strong embedded resolution holds. In particular, by (1.73),
it holds when S = Spec R is the spectrum of a 2-dimensional complete
regular local ring with perfect residue field.

Hironaka proposed some combinatorial games that aim to describe the
above process where player one chooses a subvariety to blow up and player
two decides which chart of the blow-up to consider next [Hir72]. In the
simplest case we need, we have only the origin to blow up, so player one
has no choices at all, and the game is not very exciting. (The numbers k,
are added with later applications in mind (2.68).)

LEMMA 1.79 (2-dimensional Hironaka game). Let ks be a sequence of
rational numbers and (A;, C;) finitely many pairs of rational numbers. We
define inductively a sequence (A;(s),C;(s)), where A;(0) = A;, C;(0) = C;
and

(Az‘(s—&-l),Ci(s—&—l)):{ cither (ﬁi(s) Ci(s) + ke, Ci(s)) Vi,

+
or  (Ai(s), Ai(s) + Ci(s) + ks) Vi

Then, for s > 1, there is a j such that for very i, A;(s) < A;(s) and
Cj(s) < Ci(s).

Proof. The simplification under blow-ups is more transparent if we
set a(s) := min;{A;(s)}, c(s) := min,{C;(s)} and write a;(s) = Ai(s) —
a(s), c¢i(s) = Ci(s) — c(s). If we set m(s) = min{a;(s) + ¢;i(s)}, then the
transformation rules are

(ai(s +1),ci(s +1)) = { either  (a;i(s) + ci(s) —ma, ci(s)) Vi,

or (ai(s), a;(s) + ci(s) — ms) Vi.

We see that min;{a;(s + 1) + ¢;(s + 1)} < min;{a;(s) + ¢i(s)}, and strict
inequality holds unless the minimal value mg is achieved only for a pair
(0,m) if we use the first rule and for a pair (mg, 0) if we use the second rule.
By our definitions, there is also a pair of the form (ax(s),0) or (0, ck(s)).
For these the above rules give

(ar(s+1),cr(s+1)) = (ar(s) —ms,0) or
(ar(s+1),cr(s+1) = (0,ck(s) —my).

Thus we see that for min;{a;(s) + ¢;(s)} > 0 the pair

(minfas(s) + cs(s)}, min {ai(s)} + min {ei(s)})

i i:ci(8)=0 i:ai(s)=0

decreases lexicographically at each step. As we have positive rational num-
bers with bounded denominators, we get that (a;(s),c;(s)) = (0,0) for
some j for s > 1. Thus A,(s) < A;(s) and Cj(s) < Ci(s) for every i. [
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1.10. Embedded resolution, ITI: Maximal contact

Let S be a smooth surface and C C S a reduced curve, singular at a
point p. As we saw at the beginning of the proof of (1.67), in order to resolve
the singularities of C, it is enough to reduce mult, C by repeated blow-ups.
The situation was completely analyzed in (1.67). The main difficulty was
that we had to adjust our coordinate system at p € S repeatedly to put
the equation into normal form for more and more blow-ups. At the end we
needed a formal or analytic coordinate change to take care of all possible
blow-ups.

The method of maximal contact allows us, at least in characteristic
zero, to write down an “optimal” coordinate system at the beginning. Even
better, we write down a smooth curve p € H C S, which plays the same
role as the formal curve (yo. = 0) played in the proof of (1.67), and we do
not need to worry about coordinate systems any longer.

The method of maximal contact plays a crucial role in the proof of the
higher-dimensional resolution theorems in Chapter 3.

DEFINITION 1.80. Let S be a smooth surface, C C S an irreducible
curve and p € C a point of multiplicity m. A smooth curve p € H C S is
called a curve of maximal contact of C at p if the following holds.

Let S’ be a smooth surface and 7 : S’ — S a birational morphism.
Denote by C’ (resp., H') the birational transform of C' (resp., H) on S’.
Then H’ contains every point p’ € m~!(p) such that mult, C’ > m.

The following two theorems show how to use maximal contact curves
for resolution.

THEOREM 1.81. Let S be a smooth surface, C C S an irreducible curve
and p € C' a point of multiplicity m. Assume that C' has a curve of mazximal
contactp € H C S, and let M := (C - H),, be the local intersection number.

Then after at most M/m blow-ups the multiplicity of the birational
transform of C' is less than m at every preimage of p.

THEOREM 1.82. Let S be a smooth surface over a field of characteristic
zero and (x,y) local coordinates at a pointp € S. Let C = (f(x,y) =0) C S
be an irreducible curve of multiplicity m, and assume that y™ appears in
f(x,y) with nonzero coefficient. Then

m—1
H = (8 !
8ym—1
Proof of (1.81). Let (po € Cop C Sp) «— -+ «— (pr € Cy C Sk) be
a length k& blow-up sequence of multiplicity m as in (1.68). Let H; C S;

denote the birational transform of H. By assumption p; € H; for every
i < k. By (1.53.1),

m < (Cip1 - Hig1)p,oy < (Ci-Hy)p, —m  forevery 0 <i <k —1,

= 0) is a curve of mazimal contact for C at p.
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which implies that k¥ < M/m. O

Proof of (1.82). On the blow-up 7 : B,S — S consider the coordinate
chart given by x1 = z,y1 = y/x. The equation of the birational transform
CiLof Cis

fHa,p) = a7 ™ f (e, zi).
By the chain rule, this gives that

O _ om0 me)

=2 . =
gyt oy oy ! 9y
That is, the y-derivative of the birational transform is the birational trans-
form of the y-derivative. Repeating this (m — 1)-times, we get that
amfl 1 B amfl
oyy oy™

($17$1y1)~

This shows that the birational transform of H is
m—1 1
)]

Yy
If f! has multiplicity m at some point p; € B,S, then its (m — 1)st partial
derivatives are all zero at p;. Thus H; passes through every preimage of p,
where C; has multiplicity m. (We know by (1.40.2) that there is at most
one such point.)

If C; again has a point of multiplicity m, then f(0,y1) = c(y1 — a)™.
Thus after a coordinate translation (1, y1) — (21,y1 — @) (which commutes
with differentiations) the equation of C* is (f! = 0), and y! appears in
fY(z1,y1) with nonzero coefficient.

Hence H; is defined by the equation ™~ f1/9y" " = 0 and we can
repeat the argument for further blow-ups.

Thus H is a curve of maximal contact for C. |

REMARK 1.83. It should be stressed that the above curve of maximal
contact H depends on the coordinate system (z,y). The partial derivatives
of f are not coordinate invariants, but for every j the ideal D’ (f) generated
by all jth partial derivatives of all elements of the ideal (f) is well defined.
The H in (1.82) is the zero set of a typical element of D™~ 1(f). Any other
smooth curve defined by some ¢ € D™~ !(f) also has maximal contact with

C.

1.11. Hensel’s lemma and the Weierstrass preparation theorem

As we saw already in Newton’s method, resolving curve singularities is
very closely related to solving algebraic equations f(z,y) = 0. In general
there are no power series solutions, only Puiseux series solutions.
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In this section we deal with two results—Hensel’s lemma and the Weier-
strass preparation theorem—that show how far one can go in simplifying
power series F'(x,y) if we do not want to pass to Puiseux series.

Let us start with the simplest case, which is also easy to derive from
Newton’s method.

LEMMA 1.84. Let F(z,y) € K[[z]][y] be a polynomial in y whose coeffi-
cients are power series in x. Assume that « is a simple root of F(0,y) = 0.
Then F(x,y) =0 has a unique power series solution

o0
Yy = Zbixi with by = .
i=0

Proof. We try to find the coefficients of the assumed power series
solution y = by + b1z + bax® + - - - inductively.

That is, first, we solve modulo x; this amounts to solving the ordinary
polynomial equation

F(0,y) =0 or, equivalently, F(x,y)=0 mod (x).

By assumption, by = « is a solution. Then we try to get a linear term by x
such that

F(z,bp +biz) =0 mod (z?).

Next comes the quadratic part bez? and so on.
Assume that we already found by + b1z + - - - + by, 2™ such that

F(x,bg +biz+ - +bpa™) =0 mod (™).
Next we want to get b,,41 such that
F(z,bo + b1z + -+ bpa™ + by1z™™) =0 mod (xm”).

Set ym(x) :=bg + b1 + -+ + byx™. By Taylor’s theorem
OF
F(xa ym(x) + bm+1xm+1) = F(x,ym(x)) + 8_y (Z‘, ym(x))bm+1xm+1a

modulo (z2(™+1). By assumption

F(x,ym(x)) = CmemH mod (xm+2)
for some constant Cy,11 and

OF OF
a—y(m,ym(x))xm+1 = 8—2,,(0,()0)367”'H mod (z™?2).
Thus we need to solve the equation
OF

Crm —(0,b0)bpma1 = 0.
+1+ay( 0)bm+1
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This has a unique solution if 9F/9y(0,by) # 0, that is, when by is a simple
root of F(0,y) = 0. Thus inductively we find a unique power series solution

y=2 b’
i=0
If, however, OF/0y(0,bg) = 0, that is, when by is a multiple root of F(0,y) =
0, then we have no solution in general. O

REMARK 1.85. The Newton iteration method for finding roots of a real
or complex polynomial f(z) is the rule

f (i)
(i)
One should recognize the method of (1.84) as following this iteration and

truncating at each step. We work in a ring K[[z]] instead of a field, and
hence the invertibility of f'(z;) is a bigger problem than usual.

Tiyl = Ti —

If F(0,y) has only multiple roots, we have no power series solutions in
general, but we can separate the different roots of F(0,y) from each other
without passing to Puiseux series. This is the content of Hensel’s lemma.

THEOREM 1.86 (Hensel’s lemma). Let F(x,y) € K|[z]][y] be a polyno-
mial in y whose coefficients are power series in x. Assume that

F(0,y) = g(y)h(y),

where g and h are relatively prime. Then we can write
F(z,y) = Gz, y)H(z,y), where G(0,y) = g(y) and H(0,y) = h(y).
Moreover, there is a unique solution G, H such that
deg, (G(x,y) — g(y)) < deg, g(y).
Proof. As before, we try to find inductively

Gm(x7 y) = Zgi(y)xl and Hm(xa y) = Z hz(y)xl
i=0 i=0

such that
G (2, y)Hp(2,y) = F(z,y) mod (™).

The starting case is Go(x,y) = g(y) and Ho(z,y) = h(y). In order to
go from m to m + 1, we need to solve, modulo (z™%2), the equation

(G (@, 9) + gma1()2™ ) (Him (2,y) + hing1 ()™ ) = F(2,y).

By assumption,

G (@, y)Hin(2,y) = F(2,9) + frua(y)2™ " mod (a™7)
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for some f,,+1(y), and thus we are down to solving

IWhm+1(y) + Y)gm1(Y) = fm1(y)- (1.86.1)

Since g and h are relatively prime, g(y)a(y) + h(y)b(y) = 1 is solvable, so
we can take hm1(y) = a(y) fm+1(y) and gm41(y) = b(Y) fn+1(y)-

Moreover, if u(y)g(y) + v(y)h(y) = fm+1(y) is any solution, then we

can uniquely write v(y) = g(y)s(y) + gms1(y), where deggmi1 < degg.

This gives a unique solution of (1.86.1) with degg,,+1 < degg for every

m > 1. In this case (1.86.1) implies that deg, H < deg, F' — deg, g; thus

H is also a polynomial in y.
Thus there is a unique solution where deg, (G(z,y) —g(y)) < deg, g(y).
O

It is worthwhile to look at the above proof to see if one can replace the
polynomial ring K[[z]][y] by some other ring. The first observation is that
we used only that K[[z]][y]/(«™) is a polynomial ring in y, and so we could
have worked in the ring K[y|[[z]] to start with. (Note that this is indeed
a bigger ring. For instance, > 2%y’ € K[y][[z]] N K[«][[y]], but it is not in
K|[[z]][y].) Without any change in the proof, we get the following general
form.

PROPOSITION 1.87 (Abstract Hensel lemma). Let R be a ring and
F(z) = Y ;2 rx’ a power series in x with coefficients in R. Assume
that

ro = goho and goR + hoR = R.
Then we can write

F(z) = G(x)H(z), where G(0) = go and H(0) = hy.

Moreover, if we fix representatives r* for every residue class R/(go), then
there is a unique solution where G(x) = go + Y ;> 95 2". O

As a simple consequence, we obtain the Weierstrass preparation theo-
rem. which shows that any power series F'(x,y) can be made into a poly-
nomial in one of the variables.

COROLLARY 1.88 (Weierstrass preparation theorem). Let F(z,y) €
K[z, y]] = K[[y]][[x]] be a power series. Assume that y™ appears in F with
nonzero coefficient and n is the smallest such exponent. Then one can write
F(z,y) uniquely as

F(z,y) = (yn + g1 (z)y™ 4 go(x)) - (unit),
where g; € K[[z]].

Proof. We apply (1.87) to R = K[[y]]. Here we can write F'(0,y) =
y™ - u(y), where u(y) is a unit; set go := y™ and hg := u. The unit hg
alone generates K[[y]], and every ¢(y) € K|[[y]] can be written uniquely as

n
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o(y) = y™ - s(y) + uly) - t(y), where degt < n. Indeed, t(y) is the sum of
the first n terms of ¢(y) - u(y) . O

1.89 (Embedded resolution using Weierstrass’ theorem). Let 0 € C be
a singular point of a curve on a smooth surface S. If multo C = m, then
we can choose local coordinates such that y™ appears in the equation of
C with nonzero coefficient. Thus by (1.88) in the completion @O,S we can
write the equation as

C= "+ gm1(@)y™ "+ +go(z) =0).

If the characteristic does not divide m, then by a change of coordinates
Yy — % gm—1 we get the simpler equation

C = (Y + am—a(@)y"™ % + ams(@)y™ > + -+ ap(z) = 0). (1.89.1)

This means that (y = 0) is a curve of maximal contact (1.80), and the
computation of the blow-ups is especially easy in this case.

The assumption multy C' = m means that multg a,,—; > j. On the first
blow-up everything happens on the chart with coordinates y1 = y/x,z1 =
z. The birational transform of C' is

Cr = (Y +a 2 am—a (@)Y 2+ 2y 2am—s (@)Y 2+ -+ 2y Mag(a1) = 0).

The form of the equation is unchanged, and multg C’1 > m iff multo Am—j >
2j for every j. Thus after k& blow-ups we have coordinates y;, = y/z%, 2, = x
and the birational transform Cjy of C is given by the equation

(y? + Xy am—2(xk)y2n72 + 371;3]6@7n—3(33k)y2n73 +-+ xlzmkao(xk) = O)'

From this we conclude that

. 1t i
multg Cp, = m iff kgmin{w:i—z...,m}.

Thus we can read off the precise number of blow-ups needed to lower the
multiplicity from the equation (1.89.1).

This is the simplest illustration of the general theory of coefficient
ideals, which is used in the proof of resolution in higher dimensions.

In order to make this approach into a proof of resolutions, one needs
to analyze the relationship between blowing up the completion (’A)O’S and
blowing up S. Everything works out as expected, and the easy details are
left to the reader.

ASIDE 1.90 (Weighted blow-ups). One can achieve the first k steps
of the above blow-up sequence by just one weighted blow-up. In this case
this amounts to blowing up the ideal (y,2*). The resulting surface has
a singular point, but the birational transform of the curve does not pass
through it, so it does not interfere with the resolution of the curve.
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Weighted blow-ups and more generally toric methods (see [Ful93]) work
very efficiently if we know beforehand the optimal choice of the coordinate
system or if the equation has only a few monomials. See [KSC04, Sec.6.5]
for a nice example and for complete definitions.

The proof of the following form of Hensel’s lemma is also left to the
reader.

PROPOSITION 1.91. For F(z,y) € K[[z]][y], let yapp(z) € K[[z]] be an
approximate solution; that is,

F (2, Yapp(z)) =0 mod (z™*)
for some m. Assume that
m > 2n, where n:= mult, %—5 (2, Yapp ().
Then there is a solution y(x) such that
Y(T) = Yapp(®) mod (z™ 7). O

It is straightforward to generalize the results of this section to the case
where instead of one variable x we have several variables x1, ..., x,.

THEOREM 1.92 (General Hensel lemma). Let R be a ring and
F(xy,...,xy) = Zih..
a power series in xi,...,T, with coefficients in R. Assume that

ro,...0 =gh and gR+hR=R.

7‘7'17“-7177/1"1 xﬁn

'7ZTL

Then we can write
F(x) =G(x)H(x), where G(0,...,0)=g and H(0,...,0) = h.

Moreover, if we fix representatives r* for every residue class R/(g), then
there is a unique solution, where g;, i, = g7, ; whenever (i1, ... in) #
0,...,0). O

As before, applying this to K[[y]][[z1, ..., zx]] we get the following.

THEOREM 1.93 (Weierstrass preparation theorem). Let K be a field
and
F(z1,...,2n,y) € K[[z1,...,%n, Y]]

a power series. Assume that y™ appears in F with nonzero coefficient and
m is the smallest such. Then one can write F' uniquely as

F = (ym + g1 (XY™t go(x)) - (unait),
where g;(x) € K[[z1,...,zy]]. O
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1.12. Extensions of K((t)) and algebroid curves

In this section we describe finite field extensions of the field of formal
Laurent series K ((t)) over an algebraically closed field K. Equivalently, we
solve equations f(t,y) = 0, where f(t,y) € K((t))[y].

This is the setting of Newton’s method of the rotating ruler, and it is
straightforward to rewrite it in a more algebraic setting.

More generally, we can work with germs of formal curves; that is, we
consider F(z,y) = 0, where F(x,y) € K[[z,y]] is a formal power series.
These are also called algebroid curves or singularities.

THEOREM 1.94. Let K be an algebraically closed field and K((t)) the
field of formal Laurent series. Let L D K((t)) be a finite degree field exten-
sion. Assume that char K does not divide deg|L/K((t))].

Then L = K((t*/™)), where m = deg |L/K((t))].

Proof. First we establish that L c K((t'/M)) for some M, using in-
duction on deg|L/K((t))|.
Pick any y € L'\ K((¢t)). It satisfies a minimal equation

n
Zai(t)yi =0, where a;(t) € K((t)) and char K’ /n.
=0

We can multiply through by a large power of ¢ to assume that a;(t) € K[[t]].
Then multiply the equation by a,(t)"~!, and substitute y — a,(t)~'y to
get a monic equation

Y+ b1 (Y™t + -+ bo(t) =0, where by(t) € K[[t]].

Finally, since the characteristic does not divide n, we can substitute y —
Yy — bn1(t) to get

F(t,y) ==y + cnot)y" 2+ - -4 co(t) =0, where ¢;(t) € K[[t]].

(This last transformation is a seemingly minor convenience, but the proof
really hinges on it. We use it through the following elementary observation:
A polynomial y" + a,_2y" "2 + -+ 4+ ag € Kly] is not an nth power of a
linear polynomial if char K fn, unless a,—2 = -+ = ag.)

Let us look now at the leading part in ¢, which is F(0,y) € KJy], and
distinguish two cases.

Case 1. If F(0,y) has at least two distinct roots, then it can be written
as F(0,y) = F1(0,y)F2(0,y), where Fy and Fy are relatively prime. Thus
by the Hensel lemma (1.86), F' has a corresponding nontrivial factorization
F(t,y) = Fi(t,y)Fa2(t,y), contradicting the assumption that F' is a minimal
polynomial of y.

Case 2. If F has only one root, then F(0,y) = (y—a)™ for some a € K.
Comparing the coefficients of y"~! we see that a = 0, and so F(0,y) = y™.
Thus t divides every ¢;(t).
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If by chance t"("=9|¢;(t) for some r > 0 and every i, then we can
substitute y — t"y and divide by t"" to get the equation

(y )” + cn—2(t) (y )"‘2 N o(t) =0, where ci(?) € K{[t]].

t_'r t2r t_r nr $r(n—1)

The previous argument with the Hensel lemma now shows that ¢|c;(t) /t" ("%
for every i.

We do not get much out of this if we take r to be an integer, but
allowing r to be rational turns out to be very useful.

The largest value of r allowed without ending up with poles in some

ci(t)/t7 =1 is
, { multg ¢; (t) }
r=min{ ——— 5.
7 n—1
The minimum is achieved for some iy < n — 2, and then r = u/v with
vln—ip < n—2. By setting s = t'/¥, y; = y/t" and d;(t'/?) = ¢;(t) /t"D,
we get an equation

G(y1,8) ==yl + dn,g(s)y”*2 + - +do(s) =0.

As before, the d;(s) are power series in s, and d;, (s) has a nonzero constant
term.

This means that G(y1,0) is different from y7". Hence by the argument
in Case 1, G(y1, ) factors nontrivially over K ((s)) = K((t'/*)). (It is not
hard to see that char K fv, but let us not worry about this right now.)

In any case, at least one of the factors has a degree that is not divisible
by char K, so by induction on the degree, we conclude that y € K ((t'/M))
for some M. More precisely, at first we know this only for some conjugate
of y, but K((t'/M))/K((t)) is a normal extension, so in fact we get y €
K((t21).

This implies that the degree of L(t'/M)/K((t'/M)) is a proper divisor
of the degree of L/K((t)). By induction we conclude that L C K((t'/M))
(for a possibly larger M).

In characteristic zero, K((t'/™))/K((t)) is a Galois extension with
cyclic Galois group, and so every intermediate field is of the form K ((t'/™))
for some m|M. Hence, L = K ((t'/™)), where m = deg |L/K((t))|.

In positive characteristic write M = M’p®, where p = char K and p
does not divide M’. Then K((t'/M")) is the unique maximal separable
subextension of K ((t'/M)). Since char K does not divide deg |L/K((t))|,
L/K((t)) is separable, and thus L ¢ K ((t'/M")). Now we can complete the
argument as in the characteristic zero case. O

By contrast, degree p extensions in characteristic p have no simple
description. First of all, there is a unique inseparable extension of degree
p, obtained by adjoining all pth roots.
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In many problems, however, the main difficulty is caused by degree p
separable extensions and wild ramification.

1.95 (Artin-Schreier theory). cf. [Ser79, X.3] Let k be a field of char-
acteristic p and k’/k a degree p Galois extension. Then £’ is the splitting
field of a polynomial y?» —y — a, and a € k is unique modulo elements of
the form {b? —b: b € k}.

Assume next that k = K((¢)) and K is perfect. If g € tK][[t]], then

—g= (Zi219pi)p - (21219101)7

but only the ¢7P¢ terms can be eliminated from the negative exponents.
Thus we conclude that a degree p Galois extension of K ((t)) can be uniquely
written as the splitting field of a polynomial

yP —y — Z a;t™,  where a; € K and a; = 0 if pli.

This is in sharp contrast with the characteristic zero case, where there is a
unique extension of a given degree if K is algebraically closed.

It is instructive to see what happens with y? —y —t~! if we try to follow
the method of the proof of (1.94). We have to rewrite it as a power series.
This is achieved by multiplying by t” and substituting y — yt~! to get

yP —tP Ly — Pl = 0.

At the first step we substitute s = ¢t1/7 to get y? — sP(P~ 1y — sP(P—1)  After
p — 1 blow-ups we get the equation

P
() o)
sp—1 sp—1

Thus we keep adjoining the roots /7", but the equation stays irreducible
all the time.

We can also restate our results in terms of Puiseux expansions.

THEOREM 1.96 (Puiseux expansion). Let F(x,y) € K|[[z,y]] be an ir-
reducible formal power series with F(0,0) = 0. Assume that y™ appears
in F(z,y) with nonzero coefficient and m is the smallest such. Assume
furthermore that char K does not divide m.

Then F(x,y) =0 has a solution of the form

(oo}
Y= Zaixi/m e K[[z'/™]],

i=1
called the Puiseux expansion of y.
In particular,

x>ty — Z;’ilaiti giwe an injection K[z, y]]/F(z,y) — K][t]],
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which makes K[[t]] into the normalization of K|[z,y]]/F(z,y). Alterna-
tively,

Specy K[[t] — Spec K|z, y]]/(F) given by (t™, 327, ait’)
is the resolution of singularities of the algebroid curve F(xz,y) = 0.

Proof. By the Weierstrass preparation theorem (1.88), up to a unit, we
can write F' in the form

Y+ amo1 (@)Y + - 4 ao().

By assumption this is an irreducible, and hence K ((x))(y)/K((x)) is a field
extension of degree m. Therefore, by (1.94), K((z))(y) = K((z'/™)). In
other words, y can be written as a power series in /™.

The normalization of K[[z]] in K ((z'/™)) is clearly K[[z'/™]], which
shows the second assertion. O

1.13. Blowing up 1-dimensional rings

In this section we deal with the most general case of resolution in
dimension 1. Can one resolve arbitrary 1-dimensional schemes?

Already in dimension 1 we run into the foundational mess of commu-
tative ring theory. Starting with the works of E. Noether and Krull, for a
few decades it seemed that Noetherian rings form the right abstract setting
for affine algebraic geometry. Especially after the pathological examples of
Nagata discovered in the 1950s, it became evident that many of the finer
properties of the coordinate rings of algebraic varieties fail for general Noe-
therian rings. These discoveries culminated in a long series of proposed
classes of rings, none of which seemed to have taken care of all problems
completely.

At the end of the section we give three examples of 1-dimensional Noe-
therian integral domains, which show how bad the situation can get.

On the positive side, we deal with the resolution of 1-dimensional rings
with only finitely many maximal ideals, called semilocal rings.

Even in this special case the answer is not always positive, but we
show that any example where the blowing-up process goes on forever also
has other bad properties.

DEFINITION 1.97. Let S be a 1-dimensional semi-local ring with max-
imal ideals my,...,mg. Set I(S) := my N --- N mg. The blow-up of all
maximal ideals is the scheme

BysySpec S := Projg(S + 1+ 17 +--+).

If I has n generators, then By(g) SpecS C ]P’g;elc g is a closed subscheme.
The fiber of By(s)SpecS — Spec S over the closed point Spec(S/m;) is

PrOjSpec(S/mi)(S/mi + mz/m? + .. )7
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which is zero-dimensional. Thus Bj(g)SpecS — Spec S is finite, and so
Bi(sySpec S is affine with coordinate ring denoted by BS. The ring BS is
again semi-local and finite over S.

We do not have to worry about embedded points when we blow up.

LEMMA 1.98. Let M be a zero-dimensional ideal. Then Bpg) SpecS
has no embedded points and By(sySpec S = By(s/m) Spec(S/M).

Proof. By the Artin-Rees lemma (cf. [AM69, 10.9]), I(S)* N M = 0 for
k> 1. Thus only finitely many of the summands in }_ - 1(S)7 contain a
nonzero element of M, and so the natural map B

ST IS) — S ((s)/M)
i>0 i>0
is an isomorphism in all but finitely many degrees. Hence, they have the
same projectivization.
Similarly, embedded points on By gy Spec S would come from embedded
primes in I(S)* for every k, and thus the blow-up has no embedded points
supported on the preimage of Supp Og; ;. g

LEMMA 1.99. Let S be a I-dimensional semi-local ring without zero-
dimensional torsion. Then BS = S iff S is reqular.

Proof. The blow-up Bjy(g)SpecS — Spec S is an isomorphism on the
complement of the closed points, and hence the kernel of S — BS' consists
of elements whose support is zero-dimensional. These do not effect the
blow-up, and hence S — BS is injective iff Spec S has no embedded points.

The fiber of Bj(s)SpecS — Spec S over Spec(S/m;) is

PrOjspec(s/my) S/mi +mi/mi + -+,

and thus the fiber is isomorphic to Spec(S/m;) iff m? /m ™" = S/m; for
7 > 1; that is, iff mf is a principal ideal for j > 1.

Assume that m! = (y;) and m{“ = (yj41) are both principal ideals.
Thus y;m; = (y;+1). Pick any y1 € m; such that y;51 = yj41. If m; is not
principal, take any € m; \ (y1). Then y;z = 2y;41 for some z € S, and
thus y;(x — zy1) = 0 but = — zy; # 0.

As y; generates a power of a maximal ideal, it is invertible at every
generic point, and thus x — zy; has zero-dimensional support, a contradic-
tion. g

ALGORITHM 1.100 (General blow-up algorithm). Let Sy be a semi-local
ring of dimension 1. If S; is already defined, set S;11 := B.S;.

The main theorem is the following description of those 1-dimensional
semi local rings that have a resolution.
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THEOREM 1.101. [Kru30, Satz.7] Let S be a I-dimensional, semi-local
ring without embedded points. The following are equivalent.
(1) The blow-up sequence Sog = S, 51,59, ... of (1.100) stabilizes after
finitely many steps, and the rings Sy, = Sma1 = -+ are regular.
(2) S is reduced, and the normalization S is finite over S.
(3) The completion S is reduced.

Proof. We prove the equivalences in five steps.
(1) for S < (2) for S,
(1) for S & (2) for S,
(1) for S & (1) for S,
(2) for S = (3), and
(3) = (2) for S.
As we noted, each S; is contained in S and by (1.99) S; — S;41 is an
isomorphism iff S; is regular. Thus (1) and (2) are equivalent both for S

and S, proving the first two steps.

By the Artin-Rees lemma (cf. [AM69, 10.9]) BS = BS, and this implies
that the blow-up sequence starting with S is the completion of the blow-up
sequence starting with S. A semi-local ring is regular iff its completion is
regular (cf. [AM69, 11.24]), and thus one of these sequences stabilizes after
m blow-ups iff the other stabilizes after m blow-ups, proving step three.

To see then fourth step, assume that S is finite over S. By the Artin-
Rees lemma, the I(S)-adic topology on S agrees with the topology induced
by the I(S)-adic topology on S. Thus Sisa subring of the completion of
S.

The completion of a semilocal ring is the sum of the completions of
the localizations. In our case S is regular by the equivalence of (2) and (1)
and the completion of a regular local ring is again regular, and hence an
integral domain (cf. [AM69, 11.24]) since they have the same m/m?. Thus
the completion of S has no torsion, and the same holds for its subring S.

Finally, the last step is a special case of a general result of Nagata that
for any complete local ring R its normalization R is finite over R. We sketch
a proof of it below. O

THEOREM 1.102. [Nag62, Sec.32] Let S be a complete, local, Noetherian
integral domain and F D Q(S) a finite field extension of its quotient field.
Then the normalization of S in F is finite over S.

Outline of the proof. By and large we follow the method of (1.33).

First, this is easy if F/Q(S) is separable and S is normal; see [AMG69,
5.17]. Thus we can assume that Q(S) has positive characteristic. A hard
step is to show that S can be written as an S/mg-algebra (cf. [Mat89,
Sec.29]). Another easy result (cf. [AM69, Ch.11.Exrc.2]) shows that S
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is finite over a complete regular local ring. This reduces us to studying
the normalization of k[[x1,...,,]] in finite purely inseparable extensions.
Every such extension is contained in one of the form

[ N
but this is finite over k[[z1, .. .,z,]] only if kP~ /k is finite.
This covers completions of local rings of an algebraic variety but fails in
general. See [Nag62, Sec.32] on how to fix this problem or [Mat70, Sec.31]
for a different approach. O

ExAMPLE 1.103. [Nag62, App.Exmp.3] Here we give an example of a
DVR S and a degree p field extension of its quotient field Q(S) such that
the normalization of S in F' is not finite over S.

This also leads to an example of 1-dimensional, Noetherian local do-
main R such that R is not finite over R.

Let k be a field of characteristic p, and let F' = k(z1,22,...) be gen-
erated by infinitely many algebraically independent elements. Set K =
k(z},25,...). Note that F? C K and F has infinite degree over K. Let S
be the union of all the power series rings E[[t]], where E runs through all
subextensions K C F C F that have finite degree over K.

S is a l-dimensional regular local ring with maximal ideal (¢) and
residue field S/(t) = F.

Set R := S[y]/(y? — >~ 2tP). Note that Y, 2tP" € S since 2¥ € K
for every i, but its pth root >, x;t' & S since its coefficients 1, xo, . . .

generate the whole F. This implies that y? — ", a¥ tP? is irreducible in S[y],
and thus R is an integral domain.

CLAIM 1.104. The normalization of R is not finite over R, and hence
the normalization of S in the degree p extension Q(R)/Q(S) is not finite
over S.

Proof. The quotient field of S is Q(S) := U,t~™S, and the quotient
field of R is the p-dimensional Q(S) vector space

(Unt™™8) + y(Upt™™S) + - - + 4P (Ut S).

Every finitely generated R-submodule of it is also finitely generated as an
S-module, and these are all contained in one of the modules

My, =t "™[S+yS+- -+ yp—ls].
On the other hand, for every n, we can write our equation as

n i\ P
_ v K )
(7’1/ Lt ) = Y ey,

i>n+1
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and this shows that
n
8y 1= — inti—n—l + t—n—ly
i=0

is integral over R. Since s, € M,, only if n < m + 1, the S-submodule
generated by all the s, cannot be finitely generated. O

It is also instructive to see how the attempt to resolve this singularity
using the blow-up process would work for R.
The maximal ideal of R is generated by (¢,y), and we see that

RIA = S/ (2 = 3 o),

Here we should make the coordinate change y; := % — x1 to get that

RI¥) = S/ — 3 a?,, 7).
i>1
Aside from a reindexing of the variables, this is just like the original ring
R, and from now on the process repeats forever.

ExXAMPLE 1.105. (cf. [Nag62, App.Exmp.1]) Here we give an example
of a Noetherian integral domain of dimension 1 with infinitely many singular
points.

Let K be any field and K[x1, z2,...] the polynomial ring in infinitely
many variables. Consider the subring R := K[z3, 23,23 23,22 23,...],
where we have cusps along the hyperplanes z; = 0. Set P; := (22, 23) and
M := R\ (U;B;), and let S := R be the localization of R at M.

The maximal ideals in S are P;S, and the localizations are all isomor-
phic to an ordinary cusp K'[y, z]/(y?—23), where K’ is the rational function
field of infinitely many variables over K.

Thus we see that every closed point is a singular point.

Each of these points can be resolved by a single blow-up, but we need
infinitely many of them. The normalization of S is the localization of
K[x1,x2,...] at the multiplicative set K[z, 22,...]\ U;i(z;). It is an easy
exercise to check that S is Noetherian (cf. [AM69, Ch.11.Exrc.4]).
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CHAPTER 2

Resolution for Surfaces

Surface singularities are much more complicated than curves, and re-
solving them is a rather subtle problem. It seems that surfaces are still
special enough to connect resolutions directly to various geometric proper-
ties but not general enough to predict which methods generalize to higher
dimensions.

One culprit is the existence of a minimal resolution, which is studied in
Section 2.2 after some introductory examples in Section 2.1. While minimal
resolutions provide a powerful tool for the study of surface singularities,
from the point of view of a general resolution method they have been a
distraction so far.

Three ways of resolving surface singularities are studied in this chapter.

Riemann’s approach using topology (Section 1.2) reappears in Section
2.3 as Jung’s method for surfaces. It shows that every surface is birational
to a surface with cyclic quotient singularities. These are classified and
resolved in Section 2.4.

The Albanese proof for curves (Section 1.3) is generalized to any variety
in Section 2.5. It shows that every n-dimensional variety is birational to a
variety whose singularities have multiplicity < n!. The relevant background
material on multiplicities is reviewed in Section 2.8. In the surface case we
have only double points left to deal with, and these are relatively easy to
resolve, at least when the characteristic is different from 2. This is done in
Section 2.6.

These two approaches should be viewed as but fragments of general
resolution methods that simplify the singularities but do not fully resolve
them. For surfaces the remaining problems can be settled, though we will
need a variety of techniques of algebraic geometry. Thus this chapter ends
up technically much more complicated than Chapter 1 or even Chapter 3.
It seems that, after all, the best resolution methods are the simplest ones.

The technical continuity between curves and the general results of
Chapter 3 is provided by the method of maximal contact and Weierstrass
equations. Here we use it, in Section 2.7, to prove embedded resolution
for surfaces in characteristic zero. The Weierstrass preparation theorem
allows one to choose local coordinate systems that are optimally adapted

67
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to resolution. Such coordinate systems are needed only at the finitely many
“worst” points, so there is no need to worry about their compatibility. In
higher dimensions, compatibility becomes a serious problem, and one of
the important steps in Chapter 3 is to eliminate the use of the preparation
theorem.

2.1. Examples of resolutions

When resolving in practice, we frequently start with a surface sitting
in a smooth variety and wish to understand how it transforms under a
birational map of the ambient smooth variety.

DEFINITION 2.1. Let g : X --» Y be a rational map that is defined on
an open set X C X, and let Z C X be a subvariety such that Z N X° is
dense in Z. Then the closure of g(ZNX?Y) is called the birational transform
of Z and denoted by g¢.(Z). (In [Har77, Sec.IL.7], this is called the strict
transform.)

If D = Y m;D; is a divisor, its birational transform is g¢.(D) :=
>_mig«(Di).

Frequently, g is the inverse of a birational map f :Y --+ X, in which
case the birational transform is denoted by f,1(Z) C Y.

2.2 (Computing blow-ups). Let S := (f(z,y, z) = 0) C A3 be a surface
singularity of multiplicity m, and let us consider what happens when we
blow up the origin. The blow-up is covered by three affine charts, and we
get the respective equations

—m

xy " f(x1, y121, z121) = 0, where r = x1, ¥y = 1171, 2 = 2171,
—m

Yo " f(x2y2, Y2, 22y2) = 0, where © = xay2, Yy = y2, 2 = 2292,
—m

23 " f(w323,Yy323,23) = 0, where © = w323, y = Y323, 2 = 23.

These equations define the blow-up or birational transform of S at the origin
0 € A3. We frequently write it as ByS C BoA3.

If we perform further blow-ups, we need double subscripts like x;;, but
the notation gets even worse if we have to blow up points that are not at
the origin of any of these charts.

I find that these computations are perfectly manageable when done
alone, where a certain sloppiness of notation is no problem, but they get
hopelessly messy when I try to do them in public and to keep track of all
the indices.

Instead of trying to name the new coordinates all the time, I sometimes
write them down as rational functions in z,y,z. As long as we blow up
only smooth subvarieties, all the local charts are surfaces in A3, so three
coordinates and one equation are enough.
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For example, the blow-up sequence for the curve singularity 2% = 38

can be represented as
=t (5 =y () =0 () = (£
3

at which point we have the equation x5 = y3, where z3 = y% and y3 = L.
Usually it is more useful to see the inverse of the coordinate change; here
it is given by z = x3y? = z3y3 and y = yz3.

It is best, however, to look at the examples in this section as tour guides
only, not as complete proofs.

2.3 (Resolving 22 = f,,(z,y)). Consider singularities of the form
S := (2% = fm(z,y)) C A},

where f,,, is homogeneous of degree m without multiple roots.

We can view S as a double cover of the (z,y)-plane, branched along
the curve B := (f,, = 0). The branch curve B has an ordinary m-fold
point at the origin, which can be resolved by a single blow-up. Let this be
7 : BoA? — A? with exceptional curve E C S. Let B’ C ByA? denote the
birational transform of B.

Correspondingly, let

S1 C Ai X B()AQ

be the birational transform of S. Note that S7 can be obtained from S by
blowing up the ideal (z,y) C Og. (This is not the maximal ideal since it
does not contain z.)
Over one of the standard local charts on ByA?, S, is given by an equa-
tion
22 = x’infm(L yl)'

Thus we see that its normalization S; is given by an equation

bjl = (z% = fm(l,yl)) if m is even, and
Sy = (z% =z fm (1, yl)) if m is odd,

—|m/2]
1

where zo = zx . The blow-ups can be summarized as

m Y z 2 € Y
2= fm($7y) =2 =g fm(LE) — (xV”—/QJ) =x fm(17;)7

where € = 0 if m is even and € = 1 if m is odd.
We can also obtain these by first blowing up the origin in A% to get (in
an affine chart)

4 2 m—
()" =2"""fm(1,Y)
and then normalizing.

From now on we have to treat two cases separately, depending on the
parity of m.
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Even case. If m is even, then S; is smooth and the composite I S, —
S is a resolution.

The exceptional curve Eg of S; — S is a double cover of the exceptional
curve E C ByA?, ramified at the intersection points £ N B’. Thus Eg is
hyperelliptic of genus %m — 1. Since Eg is the pullback of E C ByA? by a
double cover, we conclude that E% = -2.

The canonical class Kg, can be computed two different ways.

We know that Kg = f*Kg + (exceptional curves). Here there is only
one exceptional curve Eg, and so Kg, = f*Kgs — aEg and the coefficient
of Eg can be computed using the adjunction formula

2pa(Es) —2 = (Es - (Es + Kg,)).

We get that 2(%m — 1) — 2= -2(1 —a), which gives a = %m —1.

I usually find it easier to work out these coefficients from the Jacobian
of f. Assume for simplicity that chark # 2.
A local generator of Kg is given by
dx N\ dy _drANdy
6(2'2 - fnL)/az a 2z

Similarly, a local generator of Kg, is given by

dl‘l N dyl
222 ’

/2

. m
Since x = x1,y = y121,2 = 222, ', we conclude that

Ldr Ndy 1—m  dxy Adyg
f =X _—

2
Thus we get a pole of multiplicity 4 — 1 along Eg, and so

2z 1 222
Kg = f*Ks— (& —1) Es.

Odd case. If m is odd, then S; has m ordinary double points at the
intersection points of E and B’. The exceptional curve Eg of S; — S is
isomorphic to E = P!, Since 2Eg is the pullback of E C ByA? by a double
cover, we conclude that Egv = —%.

We can resolve each of the double points by a single blow-up to obtain
the smooth surface g : So — S1 — S. The exceptional curves are the

birational transform of Eg (again denoted by Eg) and m new rational

curves C1, ..., C,, with self-intersection —2. Thus we see that
K5'3 = f*KS — aEs — bZCi;
and a computation as in the first case gives that a = mT_?’

In order to compute b, after a coordinate change, we can assume for
simplicity that f.,(x,y) = yg(x,y). Then the relevant sequence of blow-ups
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is
2 =ygry) 22 =a"Lg(LY) ~ (sotnm) =alg(1 L)

2
(gc(m+1>/2) Lg(l,ak).
Thus at the end we have
25 = ysg(l,z3y3) and x =3,y =ysa3,2 = zg%é’”“” :
Therefore,

Iz dx A dy _ o (m=3)/2 dxz A dy3‘

2z 3 223

- P — (252) Bs - (250 Y C
Note. Instead of blowing up each singular point of S; separately, it
may be easier to resolve S; by blowing up Es. (On a smooth surface we
do not change anything by blowing up a curve. More generally, nothing
changes if we blow up Cartier divisors. In our case, however, S is singular,
and Eg is not Cartier at the singular points.) We get two charts; the more
interesting one is

2
2?2 = f(%y) 22 = :L'mf(L %) = (m('mfl)/2) = :L’f(l, %)
2 2
= (x—<m+1>/z) r=f(1l,z%).

Thus we see that

At the end we have

Z?%‘:US = fm(lay?)); where x = T3, Y = T3Y3, 2 = 23 x(m+1)/2

2.4 (Resolving 2% + y + 25 = 0). Assume that char k # 2,3. After one
blow-up, we get one singular point with equation

S1 = (;Uf + yle + zi‘ =0), wherexz=2x121, y=9y121, 2 = 21.
The exceptional curve is C' = (21 = x; = 0), and hence it is a smooth
rational curve. Furthermore,

dy ANdz  dy; ANdz
f1 = 9
1

shows that Kg, = f{Ks. The smgularity of 57 is of the type studied in
(2.3) for m = 4. Thus we know how to construct a resolution fs : Sy — Sj.

Putting the information together, we obtain a resolution f : S; — S
with two exceptional curves C,E C Sy where C' is smooth and rational,
E is smooth and elliptic with (E?) = —2 and the two curves intersect
transversally at a single point. Moreover,

s, =foKs, —E=f"Ks—E.

This implies that (C' - Kg,) = —1, and thus C' C S3 is a —1-curve. In order
to get the minimal resolution (2.16), we need to contract C as in (2.14).
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Hence the minimal resolution is fiin : Smin — S with a single exceptional
curve E C Spin, which is smooth and elliptic with (E?) = —1.

2.5 (Resolving 22 +y3+27 = 0). We leave it to the reader to check that
this singularity can be resolved the same way as 22 +y3 + 26 = 0. We need
two blow-ups and a normalization. Again the resolution is nonminimal.
The minimal resolution is fuin : Smin — S with a single exceptional curve
E C Spmin, which is a rational curve with a single cusp and (E?) = —1.

2.6 (Dual graphs). It is frequently very convenient to represent a re-
ducible curve C = UC; on a surface by a graph whose vertices are the
irreducible components of C' and two vertices are connected by an edge iff
the corresponding curves intersect. Depending on what one has in mind,
extra information is frequently added to the graph. This may include the
self-intersection number or the genus of the curve C; for each vertex and the
intersection number (C; - C;) for each edge. This graph, with various extra
information added, is called the dual graph of the reducible curve C = UC;.

This description has been especially useful when 0 € S is a normal
surface singularity with resolution f : S’ — S and UC; = f~1(0) c S
is the exceptional curve. In many examples we get dual graphs with few
edges, so the picture is rather transparent. (On the other hand, for S :=
(2™ +y™ + 2™ = 0), the dual graph of the minimal resolution—obtained
by blowing up the origin—is the complete graph on m vertices, so the dual
graph is not always the best way to describe a resolution.)

We see in (2.12) that the self-intersection numbers (C; - C;) are always
negative, and usually one uses the number —(C; - C;) to represent a vertex.
In our examples most of the exceptional curves C; are smooth and rational.
I put a box around the number if the curve is not smooth or not rational.

For example, the resolutions constructed in (2.3) are represented by
the graph if m > 4 is even (here we would clearly benefit from adding
the genus to the notation), and for m = 3 and m = 5 we get

2 2 2 2

| and NS
2 - 2 = 2 2 - 3 - 2

EXAMPLE 2.7 (Du Val singularities). The reader may enjoy working
out the resolutions of the Du Val singularities. They are also called rational
double points of surfaces or simple surface singularities. These are the only
normal surface singularities 0 € S with a resolution f : S’ — S such that
Kg = f*Kg. See [KM98, Sec.4.2] or [Dur79] for more information. (The
equations below are correct in characteristic zero. The dual graphs are
correct in every characteristic.)

Ap: 2 + 9% 4+ 2"t =0, with n > 1 curves in the dual graph:
2 - 2 — - =2 = 2
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D,: 2% + 4?2+ 2z""! =0, with n > 4 curves in the dual graph:

2 - 2 - - = 2 = 2
Eg: 22 + 1% + z* = 0, with six curves in the dual graph:

2

|
2 — 2 — 2 — 2 — 2

E7: 22 + 1% + 923 = 0, with seven curves in the dual graph:

2
|

2 - 2 - 2 - 2 - 2 — 2
Eg: 22 4+ 3% + 2% = 0, with eight curves in the dual graph:
2

|
2 — 2 — 2 — 2 — 2 — 2 — 2

2.8 (Resolving in practice). There seems to be a very wide gulf between
our theoretical understanding of resolutions and practical computations. As
(2.4) shows, for a surface singularity, various resolution algorithms may give
a nonminimal resolution. In fact, this happens in many cases.

For concrete surfaces, it is frequently easier to use some special features
to get a quick and efficient way of resolving them.

For instance, one notices right away that the equation 22 + %4 2% = 0
becomes homogeneous if we declare that degxz = 3,degy = 2 and deg z = 1.
Such equations are called weighted homogeneous.

In order to resolve weighted homogeneous varieties, it is almost always
better to take the weights into account. This approach is best codified using
toric geometry and toric blow-ups [Oda88, Ful93].

2.2. The minimal resolution

Before we start resolving in earnest, we assume that resolutions exist,
and we study the relationship between the various resolutions of a surface.
We investigate birational morphisms between surfaces and show that there
is a minimal resolution.

We start with some auxiliary results on birational maps in general.

LEMMA 2.9. Let f : X — Y be a projective and generically finite
morphism, X,Y normal and quasi-projective. Then there is an effective
Cartier divisor W on X such that —W is f-ample.
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Proof. Let H be an effective, ample divisor on X. Its push-forward
f(H) CY is a Weil divisor on Y7 it is thus contained in an effective Cartier
divisor D since Y is quasi-projective. Thus W := f*(D)—H is effective, and
if C C X is any curve contracted by f, then (W-C) = (f*D-C)—(H-C) =
—(H-C), so =W is f-ample. O

COMPLEMENT 2.10. One can choose W to be f-exceptional in the fol-
lowing cases:

(1) f is birational and Y is smooth (or Q-factorial),
(2) f is birational, X is smooth and dim X = 2.

Proof. If f is birational and Y is smooth, then we can take D = f(H)
and so W = H — f*(f(D)) is f-exceptional. Note that this argument
only needs that f*(f(D)) makes sense as a cycle with rational coefficients,
which is the case if mf(H) is Cartier for some m > 0. This holds if YV is
Q-factorial.

If dim X = 2 and X is smooth, write W = W’ + F, where W' consists
of all f-exceptional components and F the rest. F' is a Cartier divisor if
X is smooth. If dim X = 2, then f does not contain any exceptional curve
C C X , and thus (F - C) is nonnegative. Hence, W' is also f-ample and
consists of exceptional divisors only.

See (2.19) for comments on the existence of such W' in general. O

COROLLARY 2.11. Let f : X — Y be a projective and generically fi-
nite morphism, X,Y normal and quasi-projective. Let Z be an exceptional
Cartier divisor such that —Z is not effective. Then there is an exceptional

curve C such that (C - Z) < 0.

Proof. Choose the maximal a € Q such that aZ < W, where W is as in
(2.9). Then W —aZ is effective, and there is an exceptional curve C' that is
not contained in Supp(W —aZ). Then a(C-Z) = (C-W)—(C-(W —aZ)) <
0. O

THEOREM 2.12 (Hodge index theorem). Let f: X — Y be a projective
and generically finite morphism, Y quasi-projective and X a smooth sur-
face. Then the intersection form (C;-Cj) is negative-definite on exceptional
curves.

Proof. Consider the function f(z1,...,2m) = O x:C; - > x;C;). Tt is
enough to prove that, in any cube 0 < x; < N, f has a strict maximum at
the origin. Since

5L (2) = 2(Ci - 7),

we see from (2.11) that f increases as we move toward the origin parallel
to one of the coordinate axes. 0
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THEOREM 2.13 (Factorization of birational morphisms). Let f : X —
Y be a projective, birational morphism between smooth surfaces. Then f is
the composite of blowing up smooth points.

Proof. The traditional proof (cf. [Sha94, Sec.IV.3]) starts with a point
y €Y, where f~!is not defined and proves that f can be factored through
its blow-up X — B,Y — Y. Thus we get the factorization by starting at
the bottom.

Here is another proof, in the spirit of Mori’s program, which starts at
the top. (See, for instance, [KM98] for an introduction to Mori’s program,
also called the minimal model program.)

Differential forms can be pulled back, and thus there is map f*wy —
wx. Written in terms of divisors, we get that Kx ~ f*Ky + E, where E
is effective and f-exceptional.

By (2.11) there is an exceptional curve E; such that (E;-E) < 0. From
(2.12) we conclude that (E; - E1) < 0. The adjunction formula now gives

2pa(E1) —2= (E1 -Kx +E1) = (El E) + (El 'El) < 0.
Thus p.(E1) = 0, By 2 P! and (B, - E) = (E1 - E1) = —1. Thus E; is
contractible to a smooth point by (2.14). O

THEOREM 2.14 (Castelnuovo’s contractibility criterion). Let X be a
smooth projective surface and P! 2 E C X a curve such that (E-E) = —1.

Then there is a smooth projective pointed surface y € Y and a birational
morphism f : X — Y such that f(E) =y and f: X\ E — Y \ {y} is an
isomorphism.

Proof. Pick a very ample divisor H on X such that H*(X,Ox (nH)) =
0 for n > 1. Using the sequences
we see that
(1) |nH + iE]| is very ample on X \ E for n,i > 0,
(2) HY(X,Ox(nH +iE)) =0 if ((nH +iE) - E) > —1,
(3) HY(X,0x(nH + iE)) - H°(E,Op((nH + iE)|g)) is onto if
(nH +4E)-E) >0, and
(4) |nH + iFE] is base point free if ((nH +iFE) - E) > 0.
Set m = (H-E). Then (H+mE-E)=0and (H+(m—-1)E-E) =1,
and hence by (3) there is a curve D € |H + (m — 1)E| that intersects E

transversally in a single point. By (4) we can choose D’ € |H +mE)| disjoint
from E. From the sequence

Ox((n—1)(H + mE) + E) — Ox (n(H + mE)) - Op(n(H + mE)|p)

we conclude that H%(X,Ox(n(H +mE))) - H°(D,Op(n(H + mE)|p))
is onto. Moreover, n(H + mE)|p is very ample for n > 1.
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Let f : X — Y be the morphism given by |n(H +mE)| for some n > 1.
As we saw, f contracts E to a point y, |[n(H +mE)| is very ample on X \ E,
and |n(H 4+ mFE)| is also very ample on D.

Thus f(D+(n—1)D") = f(C+D+(n—1)D’) C Y is a curve, which is
smooth at y. It is also a hyperplane section of Y since C+ D+ (n—1)D’ €
|n(H + mE)|, and thus Y is smooth at y. O

REMARK 2.15. It is easy to modify the above proof to show that any
curve P! & F C X such that (F - E) < 0 can be contracted to a point,
though for (E - E) < —2 the resulting point is singular.

THEOREM 2.16 (Minimal resolutions). Let Y be a surface. Then there
s a unique birational morphism f : X — 'Y from a smooth surface X toY,
which is characterized by either of the following properties.

g

(1) Every resolution g : Y' —'Y can be factored as g: Y' — X Ly,
(2) Kx is f-nef, that is, (Kx - E) > 0 for every f-exceptional curve
EcX.

Proof. For now we prove this under the additional assumption that
there is at least one resolution g : S — Y. Once we prove that resolutions
exist, we will have a complete proof of (2.16).

Let g : S — Y be aresolution. If Kg is not f-nef, there is an exceptional
curve £ C X such that (E- Kx) <0. (E-FE) <0 by (2.12); hence, using
the adjunction formula as in the proof of (2.13) we conclude that F is a
—1-curve and it can be contracted by (2.14). As the number of exceptional
curves is finite, we eventually get a resolution f : X — Y such that Kx is
f-nef.

In order to prove uniqueness, let f; : X; — Y be two resolutions such
that Kx, is fi-nef. Let S be the normalization of the closure of the graph
of the birational map between X; and X5 with birational projections g; :
S — Xi.

(One could take instead a resolution of S and use the factorization
theorem (2.13) to get our result. Our aim here is to give a proof that does
not use resolution and generalizes well to higher dimensions.)

Let s € S be a smooth point with local coordinates z1, zo and z;,y;
local coordinates at g;(s) € X;. Then

g7 (dx; Ndy;) = Jac(M) ~dz1 N dzo.

Z1,22
Thus we can write Ks = g7 Kx, + E;, where E; is effective and its support
is the whole g;-exceptional locus. Write Fy — Fy = Fy — F5, where F; and
F5 have no components in common. Here Kg need not be Cartier, but we
get an equality of Cartier divisors

Ei—-Ey=F—F =g¢Kx, — 91 Kx,.
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If Fy # 0, then by (2.11) there is a gj-exceptional curve C such that C -
(F1 — FQ) < 0.
On the other hand, since ¢1,C' = 0,

(C-(g3Kx, — 91 Kx,)) = (92.C - Kx,) — (91.C - Kx,) = (92.C - Kx,) > 0.

This is a contradiction. Thus F; = 0 and similarly F5 = 0; hence Fy = Fs.

Since S is the normalization of the closure of the graph of the birational
map between the X;, no curve in S can be exceptional for both ¢g; and gs.
Thus the g; are both isomorphisms. O

ASIDE 2.17. In higher dimensions, the proof of (2.16) gives the fol-
lowing. (See [KM98, Sec.2.3 and Sec.3.8] for the definition of canonical,
terminal and related results.)

THEOREM. Let f; : X; — Y be two proper morphisms such that Kx, is
fi-nef and the X; have canonical singularities. Let g; : X — X; be proper
birational morphisms. Then g7 Kx, = g5Kx,.

If, moreover, X1 has terminal singularities, then every g-exceptional
divisor is also gs-exceptional.

For any normal surface, the construction of a resolution is local around
the singular points in the strongest possible sense.

PrROPOSITION 2.18. Let S be a normal surface with singular points

P1y---,Pn € S. There is a one-to-one correspondence between
(1) resolutions f: X — S and
(2) resolutions f; : X; — Sp, for every i, where Sp, := Spec Oy, s s

the completion of S at p;.

Proof. If f : X — S is a resolution, then by base change we get
resolutions of the completions f; : X, — Spi.

Conversely, assume that we have resolutions f; : X; — S’m for every i.
By (2.10.2) and (2.19.1) we can get X; by blowing up an ideal .J; C @Sm
such that ésm / J; has finite length. All such ideals come from an ideal J! C
Os,,, and these in turn come from ideal sheaves J; C Og whose cosupport
is at p;. Take now J :=NJ;. Then f: B;S — S is a projective, birational
morphism, which is an isomorphism above S\ {p1,...,ps}, and over Spi it
gives the original resolutions f; : X; — Spi. Thus X is nonsingular, and so
f: X :=DBjS — S is the required resolution. a

2.19 (Antiample exceptional divisors). In (2.9), if f is birational and Y’
is smooth, then we can take D = f(H) to obtain an f-exceptional divisor
W such that —W is f-ample. In general, however, no f-exceptional divisor
is relatively antiample. This fails even for surfaces. Let Y = (23 + 3 +
23 = 0) C A3 be an elliptic cone. Blow up the origin to get a resolution
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f1 Y7 := BgY — Y whose exceptional divisor is the elliptic curve E =
(x3+y3+23 = 0) C P2, Pickapoint p € E C ByY such that Op2(1)|z(—3p)
is not torsion in the Picard group of E. Blow up p to get Y5 := B,Y; with
new exceptional curve C. Then contract the birational transform of E to
get h : Yo — X and g : X — Y. g has one exceptional divisor, which is
a smooth rational curve Cx, and no multiple of Cx is Cartier. Indeed,
if mCx is Cartier, then h*(mCx) ~ mC + nE can be moved away from
E, and thus Oy,(mC + nE)|g & Og. Thus Og(—mp) is isomorphic to
Oy, (nE)|g = Opz(—n)|g. By our assumption this implies m = n = 0, and
so there are no f-exceptional Cartier divisors.
In general, we have the following characterization.

Claim 2.19.1. Let f : X — Y be a projective, birational morphism.
The following are equivalent.

(i) There is an exceptional divisor W on X such that —W is f-ample.
(ii) X can be obtained from Y by blowing up a subscheme Z C Y of
codimension at least 2.
(iii) There is a sequence of blow-ups X =Y,, — --- — Yy =Y where
each fiy1 @ Yiz1 — Y; is obtained by blowing up a subscheme
Z; CY; of codimension at least 2.

Proof. If X = BzY, then f~1(Iz) gives an f-ample locally free ideal
sheaf on X. Thus f~1(Iz) = Ox(~W) for some Cartier divisor W. Since
f(W) C Supp Z, W is f-exceptional.

Conversely, f is the blow-up of f.Ox(—eW) for e > 1 (cf. [Har77,
I1.7.17.Step 2]), and so take Oz = Oy /f.Ox(—eW).

Finally, assume that we have f; : Y; — Y;_; and effective f;-exceptional
divisors W; C Y; such that —W; is f;-ample. Then Wa+c1(f3W1) is f10 fo-
exceptional and —(Wa + ¢1(f5Wh)) is fi o fa-ample for ¢; > 1. Repeating
this we eventually get a Cartier divisor W C X, which is exceptional over
Y and such that —W is relatively ample. O

ASIDE 2.20 (Geometric genus of a surface singularity). As an illustra-
tion on how to use resolutions in the study of singularities, we define the
geometric genus of surface singularities and derive the basic duality that is
central to its usefulness.

This is the only part of these notes where we seriously use the cohomol-
ogy theory of varieties and some of its harder results presented in [Har77,
Chap.II1].

Foundational comments. Although [Har77, Sec.IIL.7] defines wx only
for projective schemes, by restriction it can be defined on any quasi-projec-
tive scheme. There is a possible problem of independence of the compacti-
fication; this can be settled using (3.39). We also need that wy is reflexive,
which is easy to derive from the basic definition. For X projective, let
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wx — wx be the reflexive hull. Then H"(X,wx) = H"(X,wx) = k since
wx /wx is supported in dimension < n. This gives an inverse wx — wx of
the injection, and thus wx = wx.

We start with the 2-dimensional Grauert-Riemenschneider vanishing
theorem, which is the only case that holds in positive characteristic. (See
[KM98, Sec.2.5] for generalizations to higher dimensions.)

Theorem 2.20.1. Let f: X — Y be a projective and generically finite
morphism, Y normal and quasi-projective and X a smooth surface. Then
le*wx =0.

Proof. Pick any 1-cycle Z whose support is the whole exceptional set.
By the theorem on formal functions (cf. [Har77, Sec.I11.11])
R' fuwx = lim H' (mZ,wx|mz)-

Thus it is enough to prove that H'(mZ,wx|mz) = 0 for every m > 1.
Rewrite the restriction as

wx|mz = wx(MZ)(—mZ)|mz = wmz ® Ox(—mZ).
Note also that Ox (mZ)|mz = Ox(mZ)/Ox. By Serre duality on mZ (cf.
[Har77, Sec.II.7]), we thus need to prove that
H(mZ,0x(mZ)|mz) = H'(mZ,0x(mZ)/Ox) = H*(X,0x(mZ)/Ox)
vanishes. The latter is (2.20.2). O

Lemma 2.20.2. With the above notation, let Z be an effective excep-
tional cycle. Then H°(X,Ox(mZ)/Ox) = 0.

Proof. By (2.11) there is an exceptional curve C such that (C'-Z) < 0.
Then C' C Supp Z, and we have an exact sequence

0= Ox(Z —C)/Ox — Ox(2)/Ox — Ox(2)/Ox(Z — C) — 0.

Since Ox(Z)/Ox(Z — C) =2 Ox(Z)|c is a line bundle of negative degree
on a reduced curve C, H*(X,Ox(Z)/Ox(Z — C)) = 0 and we are done by
induction. O

Corollary 2.20.3. Let f : X — Y be a projective and birational mor-
phism, and let X, Y be quasi-projective and normal surfaces. Assume that
R!'f.wx = 0. Then wy /f.wx is dual to R'f.Ox.

Proof. Note that wy is reflexive, and so f.wx is naturally a subsheaf
of wy. The two agree except possibly at the image of the exceptional set
of f. In particular, f.wx(Z) = wy whenever Z is a sufficiently large f-
exceptional cycle. For any such Z, the exact sequence

0— wxy »wx(Z) s wz—0

gives
0— f*wX — Wy — HO(Z, wz) — le*wx =0.
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By duality on Z, H*(Z,wz) is dual to H'(Z,0z) and R* f.Ox = HY(Z,Oz)
for Z sufficiently large, again by the theorem on formal functions. Thus

0— fiwxy — wy — (R f.O0x)* =0
is exact, where ( )* denotes the vector space dual. O

Definition 2.20.4. Let y € Y be a normal surface singularity and f :
X — Y a resolution of singularities. Then

length(wy / fiwx) = length R' f,Ox

is independent of X and is called the geometric genus of y € Y.

In order to see independence, let ' : X’ — Y be another resolution of
singularities. As in [Har77, 11.8.19] every global section of wy pulls back
to a global section of wx (even though f’_1 o f need not be a morphism).
Thus fiwx = flwx:.

2.3. The Jungian method

Jung’s approach to resolution, introduced in [Jun08] and fully devel-
oped in [Wal35, Hir53] shows that strong embedded resolution for curves
implies resolution for surfaces.

It can be generalized to show that strong embedded resolution for
(n — 1)-dimensional varieties implies that every n-dimensional variety X
is birational to a variety X’ with abelian quotient singularities (2.22).

In its original form, there were two problems.

First, in dimension n we get resolution, but we need embedded resolution
to continue to higher dimensions. This obstacle was overcome by [BP96,
Par99].

Second, one still has to deal with abelian quotient singularities. Res-
olution of abelian quotient singularities is understood locally using toric
methods (see [Oda88, Ful93]), and toroidal methods allow one to patch the
local resolutions together, see [Par99, KKMSD73].

Both of these would lead us too far, so we focus on the surface case.
We need strong embedded resolution for curves; this was proved in (1.47).
We classify and resolve abelian quotient singularities in Section 2.4 and as
shown in (2.18), there is no patching problem in dimension 2.

2.21 (Jung’s method). Let k be a field of characteristic zero and Z C P&
a projective surface. We intend to resolve its singularities in four steps.

(1) By repeatedly projecting from points outside Z, we get a finite
and dominant morphism 7 : Z — P2. Let B C P? be the branch
locus of 7.

(2) Apply strong embedded resolution (which we already know by
(1.47)) to the pair B C P2. Thus we obtain a smooth surface
Y and a birational morphism h : Y — P? such that h=1(B) is a
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simple normal crossing divisor. Let X be the normalization of Y in
the rational function field k(Z) and g : X — Y the corresponding
morphism.

(3) We prove that X has very special, namely, abelian quotient singu-
larities (2.22).

(4) Finally, we need to resolve abelian quotient singularities of sur-
faces. In (2.25.2) we show that this is equivalent to resolving sin-
gularities of the form A%/G, where G acts linearly. In the abelian
case, explicit resolutions are constructed in (2.32).

DEFINITION 2.22. Let X be a normal k-variety. We say that X is the
quotient of the normal variety Z by the finite group G if there is a Galois
extension K/k(X) with Galois group G such that the normalization of X
in K is Z. We write this as X = Z/G. G also acts on the ring of regular
functions k[Z]. Let k[Z]¢ denote the ring of invariants.

Claim 2.22.1. Let the notation be as above. Z is affine iff X = Z/G is,
and then k[X] = k[Z]¢

Proof. Since Z — X is finite and surjective, Z is affine iff X is (cf.
[Har77, IIL.Exrc.4.2]). Set |G| = m and let k[Z] = k[z1,...,z,]. For any

J» let o3(x;),i=1,...,m, be the elementary symmetric polynomials of the
{g9(z;) : g € G}. Then
kloi(xj)] C k[xho--,xn]G Cklz1, ..., zp)

is finitely generated. Moreover, each x; is integral over k[o;(z;)] as it
satisfies the equation

i —|—§ Yoi(zj)z mz:O.

Thus k[z1,...,2,] is a finite k[o;(2;)]-module; hence, k[z1,...,z,]¢ is also
a finite k[o;(x;)]-module. Therefore, it is also finitely generated as a ring.
O

We say that X has (algebraic) quotient singularities if there is an open
affine cover X = UXj such that each X; is the quotient of a smooth affine
variety Z; by a finite group G;. If all the G; are abelian, we say that X has
abelian quotient singularities.

Warning. Standard usage rarely distinguishes between a variety with
algebraic quotient singularities as above and a variety with quotient sin-
gularities, by which one usually means that the complete local rings @x X
can be written as rings of invariants of a finite group G acting on a com-
plete regular local ring. (As a further problem, in positive characteristic
one could allow finite group schemes acting or one may want to exclude
some wild nonlinear actions.) If X has quotient singularities, then X is
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covered by étale local charts, which are quotients of smooth varieties by
finite groups, but it is not true that X has algebraic quotient singularities.

THEOREM 2.23. Let g : X — Y be a finite and dominant morphism
from a normal variety X to a smooth variety Y, all defined over C. Assume
that there is a simple normal crossing divisor D C'Y such that g is smooth
over Y\ D.

Then X has algebraic abelian quotient singularities.

Proof. Let us start with a local analytic picture, which is an exact
analog of Riemann’s method (1.5).

Pick a point 0 € Y, and choose an open polydisc A™ 2 B C Y centered
at 0 with coordinate functions yi, ..., y, such that DNB C (y1 - yn = 0).
Let Bx C g~ *(B) be a connected component. Set B® := B\ (y1 -+ yn = 0)
and B := Bx Ng~'(B°).

The fundamental group of B? is Z". B} — BY is a covering space,
corresponding to a finite quotient Z" — H. If m is a multiple of |H|, then
(mZ)™ C ker[Z™ — H]. The covering of BY corresponding to (mZ)" can
be written down explicitly. It is

. n 3 * — m
Tm 2 Ay, ., — B, given by m} y; = v

By the Riemann extension theorem we get a factorization

n g
Avh...,vn — Bx

Y

| lg
A ™ B

VlyeeyUn .

Thus Bx is the quotient of A™ by the abelian group ker[(Z/mZ)"™ — H].
So we conclude that X has analytic quotient singularities.

It is not hard to globalize the construction. Pick a point 0 € Y. One can
choose local coordinates y1, ..., ¥y, and an affine neighborhood 0 € U C Y
such that DNU C (y1 -+ yn =0) and (y1,...,yn) : U — C" is smooth. Set
Ux = g_l(U) C X.

Let d = degg. The various local degrees Bx — B are < d; thus
choose m = d! (or any multiple of it). The replacement for the local covers

ma s
V= —v'=-=y,—v, =0)CUxA}

VlyeeeyUn*
Note that V is smooth and V is the normalization of U in the field extension
(V) = k(U™ .yl ™) k()

which is an abelian Galois extension.
Let K = k(V) 4+ k(X) be the composite of the two field extensions of
kE(U). Then K/k(X) is Galois with an abelian Galois group. Let Z be the
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normalization of U in K; thus Z is also the normalization of V in K. We
have a basic diagram

zZ % Ux
hl lg
v 5 U,

where all maps are finite, dominant and Galois.

It is a nontrivial theorem that if an algebraic variety over C is normal,
then the corresponding analytic space is also normal. This is a special
case of the so-called GAGA-type results (after the acronym of the title of
[Ser56]), which compare properties of a complex algebraic variety and of
the corresponding analytic space.

Once we know that Z is normal as an analytic space, the local compu-
tation done at the beginning shows that h : Z — V has an analytic inverse
in an analytic neighborhood of every point. Thus Z is smooth, and so Ux
has algebraic quotient singularities. O

ASIDE 2.24 (Varieties finitely dominated by smooth varieties). There
is an interesting open problem related to quotient singularities.

Congecture 2.24.1. Let f: X — Y be a finite and dominant morphism
from a smooth variety X to a normal variety Y. Then Y has quotient
singularities.

This is known and relatively easy in dimension 2 [Bri68] but open al-
ready in dimension 3. Many partial results are in [Gur03].

One reason why this is hard is that f itself need not be a quotient
map, not even locally. For instance, there are many complicated finite and
dominant morphisms A2 — A2, which are not invariant under any group
action.

By thinking of a smooth point as a cone over P*~!, one is led to a
projective version of the conjecture, which is known.

Theorem 2.24.2 [Laz84, CMSBO02] Let f : CP™ — Y be a finite and
dominant morphism to a normal variety Y. Then Y is isomorphic to a
quotient P"/G for some finite subgroup G C PGL(n + 1,C).

I emphasize again that f itself need not be a quotient map.

2.4. Cyclic quotient singularities

2.25 (Quotients by linear actions). Let G be a finite group acting on
an affine variety X and Y = X/G. Let y € Y be a point and 1, ..., Z, its
preimages in X. Let G; C G be the stabilizer of x;. The subgroups G; are
conjugate to each other and
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Assume now that we are over an algebraically closed field k, chark 1 |G|
and z; € X is a closed point.

Let (R,m) be a complete local k = R/m-algebra with a G-action. If
chark 1 |G|, the G-action on m is completely reducible, and thus m —
m/m? has a G-equivariant inverse. This gives a G-equivariant map from
the polynomial ring k[m/m?] to R.

Claim 2.25.1. If R is regular, then it is G-equivariantly isomorphic
to the completion of k[m/m?]. Furthermore, R is the completion of
k[m/m?)%.

Proof. k[m/m?] — R gives surjections S*(m/m?) — m’/m**1. If R
is regular, then the two sides have the same dimension, so the maps are
isomorphisms. A power series is G-invariant iff each of its homogeneous

parts are G-invariant. Thus we get that taking invariants commutes with
completion. O

By (2.18), this implies the following.

Claim 2.25.2. Let k be an algebraically closed field of characteristic
zero. Then resolving quotient singularities of algebraic surfaces over k is

equivalent to resolving quotients A?/G by linear G-actions. |

Let k be a field and G € GL(n, k) a finite subgroup. Then G acts
on the affine space A} and on the polynomial ring k[z1, ..., z,] by linear
transformations.

There is the usual problem that two actions come naturally. If g =
(gi5) € G, then one action is matrix multiplication

(21,00 1) (gi5) - (1, ... )t

On the other hand, if we think of k[x1,...,z,] as functions on A}, then
the natural action is pulling back by the G-action. This corresponds to

(1'1,. .. 7$n)t — (911)71 . (Z‘l, . ,xn)t,

which is not an action of G but of the opposite group where we have a new
multiplication rule g o h := hg.

Since here we are interested in abelian group actions, this distinction
is rather pointless and we ignore it.

2.26 (Classification of abelian quotients). Let k be an algebraically
closed field and H C GL(2,k) a finite abelian group, chark { |H|. Our aim
is to classify quotient singularities of the form A%/H.

After a change of coordinates we can assume that H is diagonal; that
is, every element is of the form

diag(e,n) := ( 8 2 ) ,  where €, 7 are roots of unity.
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Equivalently, H C py, + pn, where p,, C k* denotes the group of nth roots
of unity and n = |H|.
Assume that diag(e,1) € H, where € is an mth root of unity. Then

A2, /(diag(e, 1)) = A2

x,y ™,y

and so we can represent A2/ H as a quotient by a smaller group
AZ JH = A2, /(H/(diag(e,1))).

Repeating this procedure, we eventually obtain the following.

Claim 2.26.1. Every abelian quotient singularity A?/G is isomorphic to
some A?/H, where for every 1 # h € H both eigenvalues of h are different
from 1. O

This puts strong restrictions on H. First, for any prime ¢, the only
diagonal subgroup of GL(2, k) isomorphic to Z/q + Z/q is pq + pq, which
contains many elements with 1 as an eigenvalue. Thus H does not contain
any subgroup of the form Z/q + Z/q, and hence H is cyclic. Choose a
generator h € H and a primitive nth root of unity €, where n = |H|. Then
h = diag(e®, €’) for some a,b € Z/n. As a shorthand, we use =(a,b) to
denote this group. The corresponding quotient is denoted by

A%/ (a,b) == A?/(diag(e", ).

n
(Our notation does not keep track of the choice of e. We can, however,
describe the group 1 (a,b) more invariantly as

5 (a,b) = imlpn — pn + o 2= (07, 0°)].
Thus it is independent of the choices that we made.)
If (n,a) # 1, then A"/ (™) contradicts (2.26.1) and similarly if (n, b) #
1. Finally, if (n,a) = 1, then we can solve ac = 1 mod n and 1(a,b) =
%(17 bc). Thus we proved the existence part of the final result.

THEOREM 2.27. Let k be an algebraically closed field and H C GL(2,k)
a finite abelian group, charp{ |H|. Then
(1) A?/H s isomorphic to a quotient of the form A?/L1(1,q) where
(2) A?/1(1,q) = A%/L(1,¢") iff g=¢ modn orq¢ =1 mod n.

Proof. We already saw the first part.

For the second part we need a geometric way to recover the group
%(17 q) from the quotient Az/%(l, q). The two possibilities for ¢’ then come
from

+(1,9) = (', qd") = 7 (d, ).
Assume for simplicity that we are over C. Since C2\ (0,0) is connected
and simply connected, we conclude that C? \ (0,0) is the universal cover
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of (C2\ (0, O))/%(l7 q). This gives an intrinsic way to recover C2 and the
group action from the quotient.

The same idea works in general once we work out the relevant notion
of fundamental group. One has to be careful, though, since in positive
characteristic A2 itself is not simply connected, but its completion at any
point A? is. O

AsIDE 2.28 (Classification of all quotient singularities). For a good
general introduction, see [Ben93] or [Smi95].

Let G C GL(n,k) be a finite group, again assuming chark { |G|. An
element 1 # g € GL(n, k) is called a quasi-reflection if all but one of its
eigenvalues are 1.

Theorem 2.28.1. [ST54] Let G C GL(n, k) be a finite subgroup gener-
ated by quasi-reflections. Then A™/G = A™.

For any G C GL(n, k), the subgroup G4 C G generated by quasi-
reflections is normal, and so

A"/G = (A" [Gyr)[(G)Gyr) = A" (G Gy ).

Thus it is enough to classify quotients by subgroups containing no quasi-
reflections. As in (2.27) we obtain the following.

Theorem 2.28.2. Let k be an algebraically closed field and G1, G2 C
GL(n, k) two subgroups containing no quasi-reflections. If chark t |G|,
then the following are equivalent:

(1) A"/Gy = A" /G,
(2) A"/G1 = A™/Go, and
(3) Gy and Gy are conjugate in GL(n, k). O

2.29 (How not to resolve quotient singularities). The most straightfor-

ward idea to resolve a quotient singularity A%y / %(a, b) is to blow up A?

at the origin and see what happens. The group action lifts to the blow-up,
and we get two affine charts

A2 u/La,b—a) and AL /L(a—b,b).

Y

We represent this step symbolically as
%(aa b) — (%(av b— a)v %(a - bv b))

It looks like we may get a Euclidean algorithm on the pair (a,b). In some
cases, we get a resolution right away, as in

%(a,a) — (%(a, 0), %(O,a)).
Furthermore, Z/2,7Z/3 and Z/4 quotients are all resolved this way. For
instance, starting with %(1, 2) we get

%(172) — (%(17 1)7 %(272))7
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and both of the latter are resolved with one more blow-up. Similarly we
have

1(1,3) — (3(1,2) = 5(1,1), §(2,3) = 3(1,1)),
and both of the latter are resolved with one more blow-up. More generally,
we have the following.

Claim 2.29.1. Any Z/(2™3"™)-quotient is resolved this way.

Proof. By (2.27) we may assume that the singularity is of the form
A%/ (1,b) with (2™3",b) = 1. If m > 1, then b is odd and the first
blow-up is

A%t (1,b) — (A% 5w (1,0 — 1), A%/ 5 (1 — b, b))
Since b — 1 is even, using (2.26.1) we have Z/(2™13")-quotients on the
right-hand side.

Similarly we see that after two blow-ups we can reduce 3" to 3"~ 1. O

The above process, however, breaks down for Z/5 quotients. Consider
the blow-up

1(1,2) — (L(1,1), 1(4,2)).
The first of the new singularities is resolved by one more blow-up, but the
second one is
1(4,2)=1(3-4,3-2) = 1(2,1) = £(1,2).
Thus we get back our original singularity. More generally, this happens for
every p > 5.

Claim 2.29.2. Let p > 5 be a prime. The only Z/p-quotient resolved as
above is %(1, 1).

Proof. Starting with %(1,;0 — 1), we get a sequence of blow-ups, where
we write only one of the charts:

Lip—1) = L(1,p-2) — -« L(1,2).

We have run through all Z/p-quotients save %(1, 1). At the next blow-up
we get

%(172) — (%(17 1)a ;,%(p - 1a2) = ;}(Lp - 2))
We are back in the first sequence and from now on go through the loop
forever. 0

EXAMPLE 2.30 (Failure of simultaneous resolution). Let p > 5 be a
prime and 2 < a < p. There is no commutative diagram

x L C2
h| !
y % c?/ia),
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where f, g are proper and birational, & is finite and X,Y are both smooth.

Indeed, k(X) = k(C?) and k(Y) = k‘((CQ/%(l,a)). Thus k(X)/E(Y) is
a Galois extension, and the Galois action descends to a Z/p-action on X
since X is the normalization of Y in k(X). By (2.13) X is obtained from
C? by a sequence of blow-ups, but we just computed that we can never get
rid of singularities of the form C2/ 119(17 b) on the quotient by blowing up
points.

2.31 (Resolving quotient singularities). A2 /L(1,¢) is smooth only for
q = 0, that is, if the action is trivial on one of the coordinates. With this in
mind, it may be helpful to blow up A2 in such a way that we get a trivial
action on the exceptional curve. The simplest blow-up with this property
is B(mq’y)Az. We can define this blow-up as
BlgayA® = (sz? =ty) C A2, x P},

and take the trivial group action on P!. It is covered by two affine charts.
One of them has coordinates x,y, w = s/t, and here the equation becomes
wz? = y. Thus we can eliminate y and get a smooth quotient

3 1 _ 1 ~ A2 /1 ~ A2
Am’y’w/ﬁ(l7 q, O) 2 (wxq - y)/5(17 q, O) - Ay,w/ﬁ(q7 O) - Ay"’w
The other chart has coordinates x,y, z = t/s, and we get the quotient
22/ 5 (1,4.0) D (27 = yz)/5(1,4,0).

Even before taking the quotient we have a singular surface with equation
29 = yz. This itself can be written as a quotient

(29 =yz) = Afw/%(l, —1), where z = uv,y =v9,z =ul.

By luck, the

L(1,¢,0)-action on (29 = yz) lifts as the =(0,1)-action on
Ai,v. Thus

(27 = y2)/5(1,¢,0) = A7,/ (5(1,=1) x 3(0,1)).

We can compute the right-hand side by first taking the quotient by the
%(O7 1)-action, giving

Ai,v/%( ) AIQL v
Thus
(xq = yz)/%(lv q, O) = Ai,v/%(la _n)'
In order to bring this into our normal form, write
—n = —big+r, or,equivalently % =b -z

where 0 < r < ¢q. Thus we obtain the following.
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PROPOSITION 2.32. The partial resolution X; — AQ/%(l,q) obtained
as the quotient
Xy = (B(xq,y)AQ)/%(LQ) - AQ/%(LQ)
has a unique singular point isomorphic to

Ag/%(l,r), where 0 <r < q and 7 =by — 7.

Iterating this procedure gives a resolution of the singularity A%/ (1,¢). O

The above resolution process is thus governed by the modified continued
fraction expansion

n 1
- = by— -
b1 — X N
g  — ————
by — —
Let by, ..., bs be the entries in the above continued fraction. It is not hard
to compute that one gets the minimal resolution, there are s+ 1 exceptional
curves Fy, ..., E, and the nonzero intersection numbers between them are

(E; - E;)) = =b;fori =0,...,s, and (E; - E;y1) = 1for i =0,...,s — 1.
Thus the F; form a chain of rational curves with dual graph:

bO - bl - = bsfl - bs~

Conversely, one can see that every normal surface singularity whose dual
graph is a chain of rational curves is a cyclic quotient singularity, see [Bri68].

2.5. The Albanese method using projections

The higher-dimensional version of the method of Albanese (Section 1.3)
proves that every projective variety X is birational to another variety X',
where every point of X’ has multiplicity < (dim X)!. For surfaces this was
proved in [Alb24b]. A modern exposition was given in a 1963 lecture by
Artin and later generalized to higher dimensions in [Abh66, Sec.12]. Our
treatment is close to [Lip75, p.200].

If dim X = 1, then we get that X’ is smooth. If dim X = 2, then X’
has only double points, and we see in Section 2.6 that these are quite easy
to resolve, at least in all characteristics different from 2.

If dim X = 3, then X’ has points of multiplicity at most 6. Points of
multiplicity at most 6 are no doubt rather special among all singularities,
but they do not seem to be any easier to resolve in characteristic zero than
any other singularity. In positive characteristic, one gets some advantage,
though. Points of multiplicity m can, at least after completion, be realized
as sitting on a degree m cover of A™. If m is less than the characteristic,
then the results of Section 1.12 show that we avoid complications due to
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wild ramification. The method of maximal contact also works when the
multiplicity is less than the characteristic; see (2.57).

This enabled Abhyankar [Abh66] to prove resolution of 3-dimensional
varieties in characteristic > 3!.

We start with the geometric version of the algorithm. The abstract case
is discussed in (2.44). The notion of multiplicity and its basic properties
are reviewed in Section 2.8.

ALGORITHM 2.33 (Albanese algorithm). Let Xo C PV be an irreducible
and reduced projective variety of dimension n. Assume that X; ¢ PV—?
and 7; : Xo --» X; are already defined. Pick any point p; € X; C P!
such that

deg(Xo/X;) - mult,, X; > n! +1,
and let m; : PN=% ——» PN==1 be the projection from the point p;. Set
Xit1 = m(Xy),
and let 7,41 :=m; 07 ¢ Xo --» X;41 be the composite.

REMARK 2.34. It seems very surprising that the Albanese algorithm
can be used to improve nonisolated singularities. If we think of a projection
as a variant of blowing up a point, then it is quite hard to imagine how it
could eliminate nonisolated singularities.

There is, however, a slim chance that this might work. Let Zy C X
be a positive dimensional component of the singular locus and Z; C X; its
image in Xj.

With each projection the degree of Z; drops, and so if we are very
lucky, then eventually Z; becomes a linear subvariety of X;. At the next
step, when we project from a point of Z;, Z; gets contracted to a lower-
dimensional subvariety. Thus eventually we could eliminate all high-multi-
plicity components of the singular locus.

The final version of the method actually should have a very good chance
of doing just this. Here we start with X C P* and embed it by the global
sections of Ops(m) for m > 1.

If Z C X is any subvariety, then under such an embedding the image
of Z spans a linear space L(Z) whose dimension grows asymptotically as

deg Z dim Z
dmz)!"

Thus for m > 1, the image of the singular locus of X sits inside L(Z),
whose dimension is very small compared to the dimension of the ambient
space. Since we always project from a point of L(Z), we expect that L(Z)
eventually gets mapped to a point if there are enough projections to do.
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On the other hand, each time we blow up, we usually create new sin-
gularities that lie outside the image of L(Z), so the above argument is not
a proof of anything.

THEOREM 2.35 (Weak Albanese theorem). Let Xo C PN be an irre-
ducible, reduced projective variety of dimension n spanning P defined over
an algebraically closed field.

Ifdeg Xo < (n!+1)(N +1—mn), then the Albanese algorithm eventually
stops with a variety X; and a map 1; : Xo --+ X; such that

(1) either deg(Xo/X;) - mult, X; < n! for every p € X;,
(2) or X; is a cone and deg(Xo/X;) < nl.

COROLLARY 2.36. Fvery irreducible, reduced projective surface X over
an algebraically closed field is birational to a normal surface X' whose sin-
gularities are finitely many double points.

Proof. As in the curve case (1.12), first we need to get an embedding
X — PV where the Albanese algorithm (2.33) can start. This is easy in
all dimensions using (2.37).

By (2.35), the sequence of projections eventually stops, and we have
four possible outcomes.

(1) 7 : X --» X; is birational, and every point of X; has multiplicity
at most 2. Let X’ be the normalization of X;. It has only finitely
many double points by (2.72.2), and it is birational to X.

(2) 7;: X --» X, has degree 2, and every point of X; has multiplicity
1. Let X’ be the normalization of X; in the quotient field of
X. It has only finitely many double points by (2.72.2), and it is
birational to X.

(3) 7 : X --» X, is birational, and X; is a cone over a curve C;. Let
C} — C; be a resolution of singularities. Then X is birational to
the smooth variety P! x C/.

(4) 7 + X --» X, has degree 2, and X; is a cone over a curve Cj;.
Let X’ be the normalization of P! x C! in the quotient field of
X. Tt has only finitely many double points by (2.72.2), and it is
birational to X. O

LEMMA 2.37. Let X be a projective variety of dimension n and L an
ample line bundle on X. Then

0 @m (Ln) n n—1
Proof. This follows from the Riemann-Roch theorem on singular va-

rieties (see, for instance, [Ful84, Chap.18]). Indeed, the Riemann-Roch
theorem states that y (X, L®™) is a polynomial in m whose leading term is
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(L L mn. This is all we need since y(X, L&™) = hO(X, L®™) for m > 1 by
Serre s vanishing theorem.

One can also use the asymptotic Riemann-Roch theorems for coherent
sheaves (see, for instance, [Kol96, VI1.2.15]).

It is, however, worthwhile to note that there is a completely elementary
argument giving this inequality.

We may assume that L is very ample and embed X into PV by L. Then
project it generically to a hypersurface of degree (L™) to get m: X — X' C
P+l For m > (L"),

hO(X, Lm) hO(X/,O[pn+1(m)|X/)
B0 (B, Opnss () — RO (B, Ops (m — (L")
(n+m+1) _ (n+m+17(L")).

n+1 n+1

This can be further estimated from below as

() = () = S )

v Iv

> (Ln)(n+m+1 (™ )) > (Ln) (m+17$L"))". 0
ASIDE 2.38 (Effective Riemann-Roch). We do not need it here, but it
is sometimes useful to know the following effective version of the Riemann-
Roch theorem.

Theorem 2.38.1. [KM83| There is an effectively computable C(z,y, )
such that if X is a normal projective variety of dimension n and L an ample
line bundle on X, then

(L") (Kx - L")

0 @my n n—1 . n—2
h° (X, L®™) T + 2= 1), m <C-m

for every m > 1, where the constant C' depends only on n, (L"), (K x-L™"1).

As far as I know, C(z,y,z) was never actually computed, and it is
quite large. In applications the uniform asymptotic behavior seems the
most important. There does not even appear to be conjectures about the
nature of the optimal bound C(z,y, 2).

Before we start the proof of (2.35), we need some elementary lemmas
about varieties and their projections.

2.39 (Projections of varieties). Let X C PV be any irreducible, reduced
variety and p € X a point. Let 7 : PV --s PN~1 denote the projection
from p and X7 := 7(X) the closure of the image of X. Assume that X is
not a cone with vertex p.

Tt is straightforward to generalize (1.15) to higher dimensions, and we
obtain that

(1) if X spans PV, then X; spans PV 1,
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(2) deg X1 - deg(X/X1) = deg X — mult, X.

LEMMA 2.40 (Bertini). Let k be an algebraically closed field. Let X C
]P’év be reduced, of pure dimension n, with r irreducible components and not
contained in any hyperplane. Then deg X > N +1 —rn.

Equivalently, if L is a very ample line bundle on X, then h°(L) <
(L™) + rn.

Proof. It is enough to prove that r =1 case.

If X is a cone with vertex p, then we can project from p and use
induction on dim X.

If X is not a cone with vertex p, then let 7 : X --+ X be the projection
from p. By induction on N and using (2.39) we get that

deg X > degX;-deg(X/X1)+ mult, X
> (N—n)-deg(X/X1)+1>N—-n+1. 0O

Note also that X being reduced is an important condition. There are double
lines in P™ that are not contained in any hyperplane.

ASIDE 2.41 (Minimal degree varieties). The above argument also shows
that if X is a variety of minimal degree, that is, if deg X = N +1 —dim X,
and X is not a cone, then X is smooth and its projection is also a variety
of minimal degree.

Starting with this observation, Del Pezzo in 1886 for surfaces and
Bertini in 1907 in general classified all varieties X C P™ such that deg X =
N +1—dim X. These are

(1) P,
(2) quadric hypersurfaces @ C P™,
(3) the Veronese surface P? C P°, embedded by |Opz(2)|,
(4) scrolls, Projp: (> Opi(a;)) for a; > 0, embedded by their |O(1)],
(5) cones over one of the examples in (3) or (4).
We recommend the survey paper [EH87] for a leisurely introduction to their
study.

It is harder to show that the inequality h°(L) < (L™) 4+ n holds if L is
ample (but not very ample) and to prove that if h%(L) = (L") + n, then L
is very ample, and so we have a variety on the Del Pezzo-Bertini list.

It is also possible to classify those pairs (X, L) for which h%(L) =
(L") +mn — 1 or h°(L) = (L™) +n — 2. These lists are longer, but they
contain many geometrically interesting varieties. The lecture notes [Fuj90]
provide an introduction to this and related topics.

2.42 (Proof of (2.35)). Starting with Xo C PV such that deg Xy <
(n! +1)(N + 1 —n), we get a sequence of varieties X; C PV ~%.
We prove by induction on i that

deg(Xo/Xi) -deg X; < (n' + 1)(]\7 —14+1- ’I’L) (2.42.1)
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In order to get X;t1, pick a point p; € X; such that

and let m; : PN=% ——» PN==1 be the projection from the point p;.
If X; is not a cone with vertex p;, then 7; : X; --+ X, is generically
finite and

deg X;11 - deg(X;/Xi+1) = deg X; — mult,,, X;
by (2.39). Thus

deg(Xo/Xit1) - deg Xiy1 =
= deg(Xo/X;) - deg(Xi/Xit1) - deg X1
< deg(Xo/Xz) -deg X; — deg(Xo/Xz) multpi X,
< deg(Xo/X;) deg X; — (n! +1)
<(M+1DIN—-i+1—-—n)—(n+1)
=+ 1)(N=(G+1)+1—n).

The sequence of projections eventually must stop, so we either stop with
X such that deg(Xo/X;) - mult, X; <n! for every p € X; or we stop when
X; becomes a cone.

Since X; spans PN~% deg X; > N — i+ 1 — n by (2.40), and together
with (2.42.1) this shows that deg(Xo/X;) < n!, as needed. O

2.43 (Abstract projection). Mostly for the experience rather than for
any intrinsic reason, let us rewrite the Albanese algorithm (2.33) in ab-
stract terms. Instead of working with projections X; --» X;;1 that are
not birational, we want to stay with birationally equivalent varieties all the
time.

Fix a field k. We work with pairs (X, L), where X is a normal k-
variety and L is ample and generated by global sections. Later we also
need to assume that Xz is reduced, which always holds as long as k is
perfect. What is the analog of a projection?

Given a point p € X, we want to create a pair (X', L) such that
HO(X', L') is naturally isomorphic to the subspace of sections of H°(X, L)
that vanish at p.

If L is very ample and p is a k-point, the first approximation is given by
B, X. In general, if we look at all the sections of H°(X, L) that vanish at p,
they do not generate the maximal ideal at p and they may vanish at other
points as well. Thus the natural thing to do is to blow up the subsheaf of
L generated by these sections, that is,

J:=im[H*(X,L®m,) ® Ox — LJ.

Let B;jX = Projy ) ,5,J° be the blow-up of J with projection 7 :
BjX — X. Essentially by definition, M := 7~ 1J C 7*L is locally free,
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generated by global sections and
RY(B;X,M) = h°(X,L®m,) > h°(X, L) — degp,

where degp = dimy, k(p) is the degree of the point p. We can compute the
self-intersection (L™) by using n general sections in H°(X, L ® m,). The
“same” sections can be used to compute the self-intersection (M™), but we
lose all the local contributions coming from the support of L/J. This gives
that
(M™) = (L") —mult; X,
where mult; X is defined in (2.69). The only problem is that M may not
be ample on B;X. By Stein factorization, there is a unique f : By X — X’
such that f,Op,x = Ox: and M = f*L’ for some ample and globally
generated line bundle L’ on X'.
Then (X, L) --+ (X', L’) is the required analog of the projection.

ALGORITHM 2.44 (Abstract Albanese algorithm). Let & be a field and
c1,c2 > 0 constants. Let X be an irreducible and reduced projective k-
variety of dimension n such that Xj is reduced and has r irreducible com-
ponents. Let L be an ample and globally generated line bundle on X such
that

RO(X, L) > e (L") + rn.
Set Xg := X, Lo := L. Assume that we have already defined an irreducible
and reduced projective variety X; and an ample and globally generated line
bundle L; on X;.

Pick any point p; € X; such that mult,, X; > codegp;. Following
(2.43), set

Ji = im[H(X;, L; ® my,) ® Ox, — Li,

and let Y; := Projy, > .~ J; be the blow-up of J; with projection ; :
Y;‘ — Xi-

Asin (2.43), M; := 7TZ-_1Ji is locally free, generated by global sections,

WO(Yi, m; tJi) = hO(Xi, Li) — degpi
and
(M) = (L) — multy, X; < (L}') — co degp;.

Finally let Y; — X;11 be the Stein factorization of the map given by M;
and L;y; the corresponding line bundle on X .

THEOREM 2.45 (Strong Albanese theorem). Let the notation be as
above. Assume that

(1) h°%(X,L) > ¢; (L™) + rn and
(2) (C-L)>crea/(ca — c1) for every curve C C Xp.

Then the Albanese algorithm (2.44) eventually stops with a variety X; such
that mult, X; < codegp for every p € X;.
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Proof. The algorithm constructs a sequence of pairs (X;, L;), and
h%(X;, L;) drops at each step. Thus eventually the procedure stops, be-
cause

(3) either mult, X; < codegp for every p € X; (and so we are done),
(4) or dim X ;¢ < dimX; =dim X.
We only have to exclude the latter possibility.
Set D := Zgzo deg p;. By construction
h(Xjt1, Lj1) = h%(Xo,Lo) =D and 0= (L}y;) < (Lf) — e2D.
The latter implies that D < ¢, *(L}). Thus
W (Xjs1,Ljs1) = h%(Xo,Lo) — D
> o (L) +rn— e (LF) = (e — & )(LE) +rn.
On the other hand, if dim X1 = m < n, then by (2.40),
(L1) = W (X1, Ljgn) + 1 = rm.

This means that, over k, an intersection of m general members Hy, ..., H,, €
|Lj+1] consists of at least

(L) > hO(Xig1, Lig1) —rm > (¢ ' — e )(LE)

distinct m-dimensional subvarieties { F; : s € S}. The birational transforms
of Hj are Hy, ..., H], € |Lo|, and their intersection consists of the birational
transforms F! of Fy plus an unknown subscheme along which X --» X; is
not a local isomorphism. Let Cs C F! be the intersection of m — 1 members
of |Lg| restricted to Fs. By (2.46) we get that

C1C2

ny > /. > . : . -1_ -1 ny . — ny.
(1) 2 3G L) 2 181 uig (C+Lo) > (6" =5 ML) 7225 = (48)
This contradiction proves that (2.45.4) is impossible. O

LEMMA 2.46. Let X be an n-dimensional variety and L a nef line
bundle on X. Let g1,...,g9n—1 be global sections of L. Let {Cs : s € S} be
the I1-dimensional irreducible components of (g1 =+ = gn—1 =0). Then

> (Co- L) < (LM,
sES

Proof. This is clear for n = 1. Next we use induction on n > 2. If
all the g; = 0, then S = @) and we are done since 0 < (L"). So we may
assume that g,_1 # 0 and let Yj : j € J be the irreducible components of
(gn—1 = 0). Then, by induction,

S-S (CD) <3 L = (1Y), O

seS i C.CY; J
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COROLLARY 2.47. FEwvery irreducible, reduced projective variety X over
a perfect field k is birational to a normal variety X' such that

mult, X' < (dim X)!  for every p € X' (k).

Proof. Set Xy = X, and let L be any ample line bundle on X. By
(2.37), we can take ¢; = n! + ¢, and then (2.45.1) holds for Lo := L®™ for
every m > 1. Take cg = n!+ 1.

Note that every curve in X has degree at least m with respect to L®™;
thus if m > c1ca/(c2 —c1) = (n! +€)(n! + 1)(1 — €)1, then (2.45.2) is also
satisfied.

Thus we get a normal variety X’ such that mult, X’ < (dim X)! for

every p € X'(k) by (2.45). O

2.6. Resolving double points, char # 2

Let S be an algebraic surface over an algebraically closed field k&, and
assume that S has only points of multiplicity 1 and 2. By (2.72.3), its
normalization S — S also has only points of multiplicity < 2, and it has
only finitely many singular points py,...,p, € S. By (2.18) we need to
construct resolutions of the completions of S at the points p;. We start
with the following result describing double points of normal varieties.

PROPOSITION 2.48. Let k be an algebraically closed field, X a normal
variety of dimension n and v € X a point of multiplicity m. Then its
complete local ring can be written as

Oz, x = normalization of k[[x1,...,zn,y]]/f(21, ..., 2n,Y),
where f(x,y) = y™ +r1(xX)y™ L+ +rp(x) and ri(x) € k[[x1, ..., 25]].

Proof. The question is local so we may assume that X is affine. Let
7: X — A"! be a general projection. The image 7(X) is a hypersurface,
and the projection 7 : X — m(X) is finite and birational. By (2.77), 7(X)
has multiplicity m at 7(x), which we choose as the origin.

The equation of 7(X) contains a monomial of degree m, and after a
general coordinate change we may assume that y™ appears with nonzero
coefficient. Thus the Weierstrass preparation theorem (1.93) shows that
after completion 7(X) is given by an equation

Y4 ()" (%) = 0.

We still need the result that the complete local ring of a normal point is
again normal (cf. [Mat89, 32.2]) and so the completion of O, x is the same
as the normalization of the completion of Or(z) »(x)- O

While this is a very useful result, in practice it may be very difficult to
compute the normalization of a ring, except for double points.
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PROPOSITION 2.49. Let k be an algebraically closed field with char k #
2, X a normal variety of dimension n and x € X a point of multiplicity 2.
Then its complete local ring can be written as

Oux = k[[x,9l/ (v* — r(x)) = k[X]][Vr(x)].
Proof. By (2.48), @w,X is the normalization of a ring of the form
k[[x, z]]/(z2 +p1(x)z —|—p2(x)).

Since char k # 2, we can complete the square and obtain the simpler form
k[[x, 2]]/ (2* = pa(x)).
1

Write psx = r(x)s(x)?, where r(x) is square free. Then y := 257! is
integral, and we get the simpler ring

kllx, y]]/ (v — r(x)).

The singular set of (y? — r(x) = 0) is given by the equations
y=r=0r/0x; =---=0r/0z, =0,

which is also the singular set of the (n — 1)-dimensional hypersurface (y =
r = 0). Since r has no multiple factors, Sing(y = r = 0) has dimension
<n — 2, and so Sing(y? — r(x) = 0) also has dimension <n — 2.

Thus k[[x,y]]/(y? — r(x)) is normal by Serre’s criterion ([Mat70, 17.1]
or [Mat89, 23.8]), and hence, O, x = k[[x, v/ (v = r(x)). O

2.50 (Resolving R[/r], chark # 2). Let k be an algebraically closed
field and chark # 2. Let (R, m) be a regular local k-algebra of dimension
2 such that strong embedded resolution (1.73) holds for Spec R. (For in-
stance, R can be the local ring of a smooth point of a k-variety or the power
series ring k[[z, y]].)

Use (1.73) for the curve C' := (r = 0) in the smooth surface S := Spec R
to get a projective birational morphism f : S’ — S such that C' := (f*r =
0) C S’ has simple normal crossings only. The pullback of the surface S[y/7]
gives the surface S'[/f*r]. Let S — S’[v/f*7] denote its normalization.

In order to determine the singularities of S, pick any closed point s €
S’. Since C’ has simple normal crossings only, there are local coordinates
2,y € my such that f*r = 2%y’ (unit). Thus over a neighborhood of s € S’,
we can write S as the normalization of

Os.50[]/ (2" = a*y"u),
where u is a unit. Set
2= g2y =02 o= g~ 2]a/2), d:=b—2[b/2].

Then 0 < ¢,d <1, z is integral over O, s/ and S is also the normalization
of

O, 5[]/ (2% — 2yu).
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This ring is regular if ¢ = 0 or d = 0. Indeed, if ¢ = 0,d = 0, then we have
one or two maximal ideals generated by (z,y); if ¢ = 0,d = 1, then we have
one maximal ideal generated by (z,z); and if ¢ = 1,d = 0, then we have
one maximal ideal generated by (z,y).

If c=d =1, then O; s[2]/(2* — zyu) is singular. However, if we blow
up the origin once, we get a nonsingular surface. In the three charts we
have

Os.s0(21]/ (21 —au), Oss122]/(25 — au), O g:(z3]/(1 — 3ysu).

The first two of these cover the blow-up, and we can eliminate y; (resp.,
Z9) to see that the quotients are regular.

Thus S may be singular, but blowing up each singular point once results
in a nonsingular surface. O

REMARK 2.51. In characteristic 2 we still know that the completion of
the local ring of a double point can be written as the normalization of a
ring R[z]/(2% + r1z + ra).

In order to resolve such a singularity, a natural idea is to apply embed-
ded resolution to the pair C' := (ryry = 0) C Spec R. Just as in (2.50), we
are then reduced to studying the normalization of rings of the form

R'[2]/ (2% + 2"y’ (unit) + 2y (unit)).

If ¢ > 2a > 2 or if d > 2b > 2, then we can replace z by zz~ %~ ? to get
simpler normal forms. In general, we can reduce to the special cases where
a=0orc<landb=0ord<1.

This leaves quite a few cases open, but the main problem is that very
innocent-looking polynomials produce complicated singularities. Let us just
see some examples.

22 + 22 + (1 + x + y3). The ramification locus is z(1 + x + y3) = 0,
which is smooth near the origin. Despite this, we get a singularity as seen
by rewriting the equation as (z + 1)? + 2(z + 1) + y3, which is singular at
r=y=2z+1=0.

22+ 13%z4y*. This is not even normal, but we need a coordinate change
to see this. Indeed, we can rewrite it as (z +y?)? + 23(z +4?) + 23y2. Thus
we can introduce z1 := (z + yQ):U_1 to get a new equation z% + 222 + ny,
which is now normal.

It is possible to get a good description of the situation, but it is quite
complicated. See [Abh66] for details.

ASIDE 2.52 (Local rings of small multiplicity). The Albanese algorithm
(2.33) shows that every surface is birational to a projective surface with
points of multiplicity at most 2. This leads us to the study of low multi-
plicity points on algebraic varieties. We start by some examples showing
what cannot be seen from the multiplicity alone.
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(2.52.1) Let S C A® be a surface, s € S a point and C' C A? any curve.
Then by (2.71.3 and 4), mults(SUC) = mult, S. More generally, embedded
points and lower-dimensional irreducible components do not contribute to
the multiplicity, and thus it is sensible to restrict to the pure dimensional
case.

(2.52.2) For any f € (z,y)?, the surface S = (22 = f(x,y)) C A3 has
multiplicity 2 at the origin. The coordinate ring of S is R = k[z, y]+zk[z, y].
Let us now consider the nonnormal ring

R; = klz,y] + 2(z,y)’ C R.
As an exercise, show that R; still has multiplicity 2 but its embedding
dimension goes to infinity with j.

(2.52.3) Here we give an example of a Noetherian local integral domain
of multiplicity 1, which is not regular.

Let K be a field and let P = (z1) and Q = (x2,x3) be prime ideals
in K[z1,x2,23]. Let R be the localization R := K[z1, 22, 23]pug. R has
two maximal ideals PR and QR with residue fields R/PR = K (3, x3) and
R/QR = K(x1).

Choose now K = k(t1,tz,...), where the ¢; are infinitely many alge-
braically independent variables over k. The point of this strange choice is
that now there is a k-isomorphism ¢ : R/PR = R/QR. We can use ¢ to
“pinch together” the two closed points. That is, set

S:={feR:¢(f mod PR)=(f mod QR)} C R.

We see that R is the normalization of .S, and thus R is not normal and,
hence, certainly not regular. S and R both have dimension 2, and so
mult § = mult Rg = 1.

This could not have been done if we viewed R as a K-algebra, and
S cannot be made into a K-algebra because there is no K-isomorphism
between K (z2,z3) and K(z1). The change from K-algebras to k-algebras
means that S is not “geometric,” meaning for instance that it is not the
localization of a finitely generated k-algebra.

(2.52.4) Even in characteristic 2, the complete local ring of a normal
double point is of the form

Ellz1, .. 2n, 9]/ (V7 + ri(x)y + r2(x)),

but I do not know any elementary proof.

(2.52.5) An algebraic version of the Bertini bounds (2.40) says that the
embedding dimension of a Cohen-Macaulay local ring R is bounded from
above by dim R + mult R — 1 (cf. [Sal79]).

I do not know what happens for normal rings. In particular, I do not
know whether the embedding dimension of a normal triple point « € X is
at most 2 + dim X.
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2.7. Embedded resolution using Weierstrass’ theorem

This section shows how the embedded resolution of curves using the
Weierstrass theorem (1.89) can be generalized to surfaces.

Let S C X be a reduced surface in a smooth 3-fold X. Our aim is to
perform a sequence of blow-ups centered at points and smooth curves to
obtain a smooth surface S’ C X’ sitting inside a smooth 3-fold X’. We start
with the highest multiplicity points and reduce the maximal multiplicity
step-by-step.

DEFINITION 2.53. Let S C X be a reduced surface in a smooth 3-fold
X. The set of points z € X, where mult, .S > m, is a closed subvariety,
denoted by Sing,,, S. (We consider it with reduced scheme structure.)

Let m be the maximum multiplicity of S. A blow-up sequence of order
m starting with (X, .5) is a sequence

TTpr—1 Tr—2

Im: (X,,S,) — (Xp—1,5-1) — -~
5 (X1, 81) = (Xo, 80) = (X, 9),
with the following properties.
(1) Each m; : X;41 — X; is a blow-up with center Z;, which is either
a point in Sing,, S; or a smooth curve in Sing,, S;.

(2) The S; are defined recursively by the formula S;1; = Bz, S;. Al-
ternatively, S; is the birational transform of S C X in Xj;.

The main result of this section is the following.

THEOREM 2.54 (Multiplicity reduction). Let S C X be a reduced sur-
face in a smooth 3-fold X defined over an algebraically closed field of charac-
teristic zero. Let m > 2 be the maximum multiplicity of S. Then there is a
blow-up sequence I : (X, S,) — (X, S) of order m such that the mazimum
multiplicity of Sy is less than m.

By repeatedly applying (2.54) we eventually drop the multiplicity to 1
and obtain the following.

COROLLARY 2.55 (Embedded resolution). Let S C X be a reduced
surface in a smooth 3-fold X defined over an algebraically closed field of
characteristic zero. Then there is a composite of smooth blow-ups 11 : X' —
X such that the birational transform S’ C X' of S is smooth. O

The key step is to understand that multiplicity reduction for S C X
follows from a variant of embedded resolution for curves. This is achieved,
at least locally, using coefficient curves.

DEFINITION 2.56 (Maximal contact and coefficient curves). Let S C X
be a reduced surface in a smooth 3-fold X. Pick a point 0 € S, where
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multy .S = m. Choose suitable local coordinates x, y, z and apply the Weier-
strass preparation theorem (1.93) to get an equation

2™ + al(‘ra y)szl +e am(l'vy) =0.

We can kill the 2™~ ! term by a substitution z — z — %al(x,y) to get
another local equation

fr=2" 4 ba(w,y)e™ P 4+ b, y) = 0. (2.56.1)

Here multg b; > i since multyg S = m. Note that we have to use either
complex analytic or formal power series coordinates. The complex analytic
case is easier to imagine since we still have many closed points left, but
formal power series coordinates work just as well.

From now on we forcibly separate the z coordinate from the (z,y)-
coordinates. That is, we fix z and also the coordinate projection to the
plane H := (z = 0). The equation in (2.56.1) will be the normal form that
we aim to keep through the resolution process.

The smooth surface (z = 0) will be a surface of mazimal contact, and
the curves (or rather curve germs) B; := (b; = 0) are called the coefficient
curves of S in the coordinate system (z,y, 2).

Unfortunately, the coefficient curves depend on the coordinate system.
(For instance, we can view the surface ud 4+ vw? + v® as 2% + xy? + 23
or as 2> + zy? + 2%.) For surfaces, we have to deal with only finitely
many “special” points, and one can choose the local coordinate systems
independently. Starting with dimension 3, however, one has to deal with
serious compatibility problems among the various local coordinate systems.
Solving this difficulty is one of the tasks accomplished in Chapter 3.

REMARK 2.57 (Maximal contact in positive characteristic). There are
two places where we use the characteristic zero assumption.

First, in order to get the normal form (2.56.1), we use a substitution
Z >z — %al. This is only possible when the characteristic does not divide
m.

Second, in proving (2.59.1) we use that certain numerical coeflicients
coming from differentiating (m — 1)-times are not zero. This holds if m is
less than the characteristic.

Thus (2.54) also holds whenever the characteristic is larger than the
multiplicity.

The key idea of maximal contact can be summarized as follows.

PRINCIPLE 2.58. Multiplicity reduction for S C X near s € S is equiv-

alent to a modified version of embedded resolution for Bs,...,B,, C H :=
(z=0).

2.59 (Local computations). Before any blow-ups, note that one can
read off Sing,, S from the B;.
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Claim 2.59.1. f = 2™ + by(x,5)2™ 2 + -+ + by (z,y) has multiplicity
> m at a point p iff z(p) = 0 and mult, b; > ¢ for every i.
Proof. A polynomial has multiplicity > m at a point p iff all the
(m — 1)st partials vanish at p. In particular
amflf
gpm=1(P) =m!-z(p) =0.
Thus all points of multiplicity > m of S are on the plane (z = 0).

After restricting to (z = 0), the other (m — 1)st partials of f can be
written as

O™ (F,m) Cy Obiy g (xy)
dray .1 le=0 = (m—i=J)-—5 5
All of these vanish at p iff multy, bi4j11 > 9+ j + 1 for every ¢, j. O

Next we investigate how the normal form changes when we blow up
points and curves.

2.59.2 Point blow-up. Let us blow up the point 0 to get 7 : BoX — X,
and consider the chart 1 = x,y1 = y/x, 21 = z/x. The equation of ByS is

F =24 a2y (w1, 11210) 2 2 4 -+ 2] " (@1, 121). (2.59.2.2)
We get a similar equation in the chart xo = z/y,y2 = y, 220 = z/y:
25" + 4 2ba(way2, y2) 252 4 -+ Yy " (w2y2, y2) = 0, (2.59.2.y)
while in the third chart x5 = x/z,y3 = y/z, 23 = z, we get
24 z5 "o (T323,y323) = 0. (2.59.2.2)

The last equation (2.59.2.z) is of the form 1 + g(zs,ys,23) = 0, where
g € (x3,y3); hence, the origin (0,0, 0) is not a solution. This means that the
first two charts (2.59.2.2—y) cover the whole birational transform of S, and
we use only these in the sequel. These in turn are completely symmetrical,
and hence, it is enough to see what happens in the first chart (2.59.2.z).

We can apply (2.59.1) to the equation (2.59.2.x) to conclude that all
points of multiplicity > m of ByS are on the birational transform of the
hyperplane (z = 0). Hence all the points on the exceptional divisor of T,
where BpS has multiplicity > m, are on the curve (21 = ;1 = 0). By a
coordinate change y; — y1 + ¢, any such point can be made into the origin
and the equation (2.59.2.z) stays in our normal form. This coordinate
change corresponds to y — y+cx, and hence it keeps the original separation
of the z and (z,y)-coordinates.

1+ 23 2bo (2323, y323) 25"

2.59.3 Curve blow-up. Let 0 € C be a smooth curve (germ) along which
S has multiplicity > m. Then C C H := (z = 0), and by changing the
x,y coordinates we can assume that C' = (z = x = 0). This means that x?
divides b; for every i.
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Let us blow up C to get m : BocX — X. In the chart z; = z,y1 =
y, 21 = z/x, the equation of B¢S is

F:=z"+ xf2b2(x1, yl)z{’“2 + ] b (T, 1), (2.59.3.2)
and in the chart x3 = x/2z,y3 = y, 23 = z, we get
1+ 2’3_21)2(1'3237 yg,;zg)z{n_2 + -4 23 "bm (2323, y323) = 0. (2.59.3.2)

As before we see that the first chart covers B¢S.

For both types of blow-ups, the normal form (2.56.1) is preserved, and
every further blow-up is computed the same way. By induction, we obtain
the following.

Claim 2.59.4. Let X be a smooth 3-fold and S C X a reduced surface.
Pick a point s € S and a local (analytic or formal) neighborhood = € X
such that Sy := Xy NS is defined by a local equation

2™ + by(z, )22 4 by(2,y) = 0.

Further, let

Tr—1 Tr—2

II: (X, S) — (Xp—1,8-1) — -
SUEN (Xl,Sl) -, (X(),So) C (X7 S)

be a smooth blow-up sequence of order m starting with (X, S). Then we
have the following.

(i) All points of all the S; have multiplicity < m.

(ii) All points of multiplicity = m of S are on the birational transform
H; C X, of the plane Hy := (z = 0).

(iii) For each point s € mult,, S; we have specified local coordinates
(xs,ys, #s) such that the equation of S; is in normal form.

(iv) There are globally defined coefficient curves B; ; C H; that agree
with the locally defined coefficient curves in every coordinate sys-
tem.

Moreover, the coefficient curves are computed by the following rules.

(v) (Point blow-up) Let 7; : Hjy1 — H; be the blow-up of s; € H;
and Fj11 C Hj;1 the exceptional curve. Let (m;)7'Bi; C Hjt1
denote the birational transform of B; ;. Then

Bijy1 = ()7 " Bij + (multy, B;j —i)Ejq1.

(vi) (Curve blow-up) Let 7; : Hj11 — H; be the blow-up of C; C H;.
Then Hj+1 = Hj and

Bijt1 = Bij —iCj. U
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REMARK 2.60. The maximal contact surfaces H; exhibit a curious lo-
cal/global nature. We start with the original choice Hy, which is only
locally defined near the point s € S. After blow-ups, however, we do not
make new local choices but always use the birational transform of the orig-
inal Hy. So H behaves like a local object on X but as a global object with
respect to blow-up sequences.

For surfaces this double nature can be avoided, but in higher dimensions
this seems to be necessary. See (3.6) for one aspect of this phenomenon.

ALGORITHM 2.61 (Reduction to monomial coefficients).

Step 0 (Preparing local charts). Let S C X be a reduced surface inside a
smooth 3-fold, all defined over an algebraically closed field of characteristic
zero. Let m be the maximum multiplicity of S. Let s',...,s* € S be
points such that either Sing,, S is 1-dimensional and singular at s?, or s’
is an isolated point of Sing,, S. Throw in a few other a points to achieve
that every irreducible component of Sing,,, S contains at least one point /.
These are “special” points of S, and we have to pay close attention to these
in the resolution.

For each such s’ choose local (analytic or formal) coordinates x;,y;, 2;
such that near s’ the surface S can be given by an equation

7 (g yy) 2 ) (2, y5) = 0 (2.61.1)
with coefficient curves
Bl = (2 =bY) =0) c H := (z; = 0).

Note that S is an actual surface, but H J is only a germ of a surface around
s7 and the coefficient curves B are germs of curves.

Remark 2.61.2. These are not the only points that one needs to look at
carefully during resolution, and it would have been advantageous to specify
the right set of “special” points in advance.

The following example shows that even the ideal of (m—1)st derivatives
does not always tell which points of Sing,, S need special attention. Let
S := (23 + 228 + 293 = 0). The ideal of the triple locus is (z,2"), and the
origin is not a “special” point. After blowing up (z = x = 0) three-times,
we get the equation

(2/2°)° + (2/2°)2 +y* = 0,

which has an isolated triple point at the origin.
It seems easier to repeat a loop of the algorithm twice rather than to
worry about the correct selection of “special” points at the beginning.

Step 1 (Making the coefficient curves normal crossing). By performing
point blow-ups over each s',...,s' , wegetII: X, - X andII: S, — S
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such that over each s/ € S the coefficient curves sz,r cross normally at
every point of Sing,,, S, NTI~1(s7).

Indeed, by (2.59.1), for p € II71(s7) we have mult, Bg,r > i for every
i iff mult, S, = m. In particular, every blow-up we make over s/ in the
blow-up sequence II : X, — X is also a possible blow-up in the embedded
resolution for (B3 + -+ BJ, C H’). Thus by (1.73) we have to stop after
finitely many such blow-ups.

In particular the 1-dimensional part of Sing,, S, is a curve with only
ordinary nodes. Since we have worked with local analytic equations, we
cannot tell if a node is an intersection of two different irreducible compo-
nents or the self-intersection of one irreducible component. However, if we
blow up each node one more time, we get S,+1 — S, and Sing,, Sy4+1 is a
union of smooth curves, which intersect transversally.

Step 2 (Blowing up m-fold curves). We blow up first the II-exceptional
m-fold curves. With each such blow-up, the multiplicity of the coefficient
curve B] decreases by i, and so eventually we run out of Il-exceptional
m-fold curves.

Next we look at the birational transform of Sing,, .S, which is smooth
by Step 1.

Let C' C Sing,, Sr+1 be an irreducible component. Then II(C) C S
may appear on several of the local charts H7, and it is not obvious that
on different charts it appears with the same multiplicity in the local co-
efficient curves. This, however, does not matter. As we blow up C, the
multiplicity of any local coefficient curve Bg contained in C' decreases by 1
at each step. So the procedure eventually stops. Moreover, the blow-ups
stop when the multiplicity of the birational transform of S,.; along the
birational transform of C' drops below m, so it does not matter which chart
we consider.

After all these blow-ups we get II' : X, — X such that Sing,, S,/ is
zero-dimensional. There are two types of points in Sing,, S,-.

First, as we blow up the curves corresponding to Sing,,, S, we eventually
eliminate all m-fold curves but may have some m-fold points left over that
do not lie on any H?,, as in (2.61.2). We have made no preparation to deal
with these “accidental” points. For these points we have to repeat all the
steps. Thus we can reduce these to the next case. Second, there may be
m-fold points on the maximal contact surfaces H;,. By construction, the
coeflicient curves form a simple normal crossing divisor.

We have reached the end of the first reduction step, and it is time to
codify the resulting class of singularities.
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DEFINITION 2.62 (Monomial coefficients). We say that f(x,y,z) has
monomial coefficients if

f(xa Y, Z) =2z" + bg((E, y)zm—Q +-+ bm(l'vy)a

where b; = z%y“wu,; and the wu; are units. Geometrically this is equivalent
to assuming that the local coefficient curves Bs + - -+ + B, form a normal
crossing divisor.
Note that the origin is an isolated m-fold point of (f = 0) iff
(1) a; + ¢; > i for every i,
(2) a; < j for some j, and
(3) ¢; < j for some j.

REMARK 2.63. The Jungian method discussed in Section 2.3 reduced
the resolution of arbitrary surface singularities to the resolution of singu-
larities of the form (2™ = z%%). More intrinsically put, these are the
singularities that admit a projection to a plane whose branch locus is a
normal crossing divisor (cf. [Lip83]).

In (2.62) we allow other monomial coefficients as well; this leads to
much more complicated singularities. The branch divisor of the coordinate
projection to the (z,y)-plane is given by the discriminant of f. For m > 3,
the discriminant of a polynomial with monomial coefficients need not be a
normal crossing divisor. For instance, the discriminant of 23+ zz + ¥ is the
cuspidal curve 27y? + 423 = 0.

2.64 (Blow-up formulas). Consider
m + xa2y02u22m—2 R xamycmum.

What happens under a multiplicity m blow-up?
y z

If we blow up the origin, then in the chart (z, %, 2) we get

(z)m +xa2+02—2(g)@u2(i)m—2 T _|_xam+cm—Tn(g)Cm —o,

x x x x

and symmetrically in the (%, Y, 5) chart. These two charts cover the whole
blow-up.
If we blow up (z = z = 0), then in the chart (z,y, Z) we get

(z)m —+ $a2—2y02U2(§)m72 4ot l’am_myCm —0

xr
and this chart covers the whole blow-up.

Before we go on to resolve these, we should look at some examples.

EXAMPLE 2.65. It can easily happen that the blow-up has an m-fold
singularity along the exceptional curve. For instance, for

24+ ay®2% + 2%z + 2%y° (2.65.1)
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the z2-term shows that its multiplicity along (z = z = 0) is < 4 and the
z-term shows that its multiplicity along (y = z = 0) is < 4. After one
blow-up, in the (z1 = z,y1 = ©/y, 21 = z/x)-chart we get

2t + ¥yl 4+ 2lyiz + 25y3, (2.65.2)
which has multiplicity 4 along x1 = 21 = 0. If we blow up the exceptional
curve, we get in the xo = x1,y2 = y1, 22 = 21 /1 coordinates

2y + SYS 25 + T5y2ze + TIYS, (2.65.3)
which now has an isolated m-fold point, but along (x = z = 0) this is shown
by the constant term. This makes it hard to keep track of improvements.
Indeed, is (2.65.3) any better than (2.65.1)?

Everything is much easier if one of the terms is smallest in both x and
y powers, but we have to be careful with this. Start with

24+ 2By32? 4 255, (2.65.4)
Here the z2-term is the smallest in both = and y powers. After one blow-up
we get

24 a2 4 by, (2.65.5)
followed by
2y + X3Y5 25 + T3Y3, (2.65.6)

where now the constant term has the smallest x and y powers.
The problem is that in the blow-up we transform the z7-terms by the
rule
2% ij N Z‘aj+cj —ijj7
which depends on j. The following definition corrects this problem.

DEFINITION 2.66. We say that the 27 term dominates
flx,y,2) = 2™ +bp2™ 2+ -+ by, where b; = 2%y iu,
ifa;/j <a;/iViand ¢;/j < ¢;/i Vi.
From the blow-up formulas (2.64) we read off the following.
LEMMA 2.67. Assume that 2™ + 292y 2Up2™ 2 4 - Oyt s
dominated by its z7 term. After any sequence of blow-ups of points or

curves of multiplicity m, the resulting local equations are all dominated by
their 27 term. O

ALGORITHM 2.68 (Multiplicity reduction for monomial coefficients).
We start with S C X, where S has only finitely many points s’ of maxi-
mal multiplicity m and at each s’ it has a local equation with monomial
coeflicients

zyt + by)(xg, y)z™ i 44 b%) (xe,ye), where bl(-z) =z Y .
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We deal with the points separately, and so we drop the index ¢ from the
notation.

Step 1 (Reduction to dominated equations). From the blow-up formulas
(2.64) we see that under a blow-up the sequence of exponents undergoes a
transformation

(as,ci) — (a;+ ¢ —i,¢;) and  (ai,¢) — (a;,a; + ¢; — 7).

These look similar to the steps in (1.79). A key difference is that here the
pairs (a;, ¢;) are transformed by a rule that depends on . In order to get
rid of this dependence, we can switch to the pairs

(5, %) (52 %)
to get the transformation rules

(3.2) = (#+2-12) md (3.5) = (3%+5-1).
Now we can apply (1.79) with ks = —1, and after finitely many blow-ups
we get II : X,, — X such that at every point of multiplicity m of S, the

local equation
2™ 22y 2z T2 4 gy,

is dominated by its 27 term for some j (where the a;,c; and j all depend
on the point).

Step 2 (Blowing up m-fold curves). Exactly as in Step 2 of (2.61), we
blow up the Il-exceptional m-fold curves. With each such blow-up, the
multiplicity of the coefficient curve B, ; decreases by i, and so eventually
we run out of II-exceptional m-fold curves.

By (2.67) now we have only finitely many m-fold points, and at each
of them one of the 27 terms dominates.

Step 3 (Blowing up m-fold points). Assume that we have an isolated

m-fold point
2 xazycquzm72 N xamycmum
and the z/-term dominates. Thus a; < j, b; < j and 2j > a; +b; > j.
After a blow-up we get
2™+ xa2+CQ—2y02u22m—2 L xam+cm—mycmum.
The dominant term went from x%y%u; to x%+¢~Jy%u;. Observe that
aj+c;—j+c=a;+¢—(—c¢)<a;+c

Thus after at most j blow-ups the multiplicity of the dominant z7-term
drops below j, and so the multiplicity of the surface drops below m. We
are done. 0
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2.8. Review of multiplicities

If X = f(x1,...,2,) C A" is a hypersurface, then its multiplicity at
the origin is the lowest degree of monomials occurring in f. How do we
define the multiplicity of an arbitrary algebraic variety or a scheme at a
point? The answer is not at all clear, but there are various possibilities.
Here are three of them.

Let X C A” be an affine scheme of dimension d and = € X a point.
The following are three possible ways to define the multiplicity mult, X.

(1) Take a general curve section X N Hy N---N Hy_1, and consider
its multiplicity.

(2) Take a general projection 7 : X — A9t! and consider the multi-
plicity of 7(X) at 7(x).

(3) Take the tangent cone of X at x, and consider its degree.

It turns out that these three versions are equivalent, and this is not
very difficult to prove. So we are clearly on the right track.

Note, however, that all three approaches present difficulties when we
want to compute the multiplicity.

In the first two cases one really needs general hyperplanes or a general
projection. For instance, 22 + y3 + z* = 0 has multiplicity 2 at the origin,
but its intersection with the (z = 0)-plane

(> + ¥+t =0N(z=0) = (y® +2* =0) C A?

has multiplicity 3 at the origin. Similarly, the curve given parametrically
by t — (#2,t3,t%) has multiplicity 2 at the origin, but the projection to the
last two coordinates gives t — (¢3,¢%) and a multiplicity 3 curve. General
equations are hard to write down, and this makes the first two variants
sometimes hard to use in practice.

The degree of the tangent cone is easy to compute once we know what
the tangent cone is. It is the variety defined by the leading terms (in their
Taylor expansion around z) of all elements of the ideal of X. The trouble
is that usually the ideal of X is given by generators Ix = (f1,..., ft), and
it is not enough to use the leading terms of the f;’s. If

Z(leading term of g;) - (leading term of f;) = 0,

then the leading term of )’ g;f; depends on the higher-order terms of the
gi and the f;.

It turns out that we get a more flexible theory if we define the multi-
plicity for any sheaf or module and not just at a point but with respect to
any ideal sheaf that defines a O-dimensional subscheme.
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DEFINITION 2.69 (Hilbert-Samuel multiplicity). Let R be a ring and
I C R an ideal such that R/I is Artinian. Equivalently, I defines a 0-
dimensional subscheme in Spec R. Let M be a finite R-module. Then

gy Mi=> griM:=>» I°M/T"*'M
5>0 5>0
is a finite gr; R-module, and so by [AM69, 11.2] there is a unique polynomial
H(gr; M, s) such that
lengthp gr; M = H(gr; M,s) for s > 1.
This implies that there is a polynomial HS;(M, s) such that
lengthy ,,, M/I°*'M = HS;(M,s) for s> 1.
It is clear that
H(gr; M,s) = HS[(M,s) — HS;(M,s —1).

The operation of going from HS;(M,s) to H(gr; M, s) could be thought
of as a discrete version of differentiation. Thus the leading coefficients
of HS1(M,s) and of H(gr; M, s) determine each other, except when R is
Artinian, that is, when deg HS;(M, s) = 0.

The polynomial HS;(M,s) is called the Hilbert-Samuel polynomial of
M with respect to I. As in [AM69, 11.2] one easily checks that

deg H(gr; M,s) <dimR—1 and degHS;(M,s)<dimR.
We define the multiplicity of M with respect to I to be
mult; (M) := (dim R)! - (the coefficient of s¥™# in HS;(M,s)).
If dim R > 1 then we can also compute it as
mult; (M) = (dim R — 1)! - (the coefficient of s%™#~1 in H(gr; M, s)).

(In the literature, the multiplicity is also frequently denoted by e(I, M)
or by pu(I,M).) It is easy to prove directly from the definition that the
multiplicity is a natural number.

EXAMPLE 2.70. (1) Let R = k[z1,...,2,) and m = (z1,...,2y), oOr
more generally, (R, m) can be a regular local ring with maximal ideal m
and dimpg,, m/m? = n. Then

gry. R 2 (degree s homogeneous polynomials),

and thus
s+n—1

H(gr,, R,s) = ( ) ) and so  mult,,(R) = 1.
n—
(2) For a hypersurface point, we get back the usual notion of multi-

plicity. Indeed, here S = R/f, where (R,m) is a regular local ring with
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maximal ideal m = (z1,...,2,) and f € m? \ m4*+! with leading term f,.
Then
grs S =ors R/fier 9 R,
and thus
—1 —d+n-1
H(gr,, S,s) = stn —(° n and so  mult,,(S) =d.
n—1 n—1

(3) If R is 0-dimensional, that is, Artinian, then M has finite length
and I°M = 0 for s > 1. Thus mult; M = length M is independent of I.

The basic properties of the multiplicity are gathered in the following
lemma.

LEMMA 2.71. Let R be a ring, I C R an ideal such that R/I is Artinian
and M, M; finite R-modules.

(1) If I > J, then mult; M < mult; M.

(2) If 1 =nI; and I;+1Ix = R for j # k, then mult; M = ) multy, M.

(3) If dim Supp M < dim R, then mult;(M) = 0.

4) If 0 —- My — My — Ms — 0 is exact, then mult;(Ms) =
mult;(M7) + mult; (Ms).

(5) If R is an integral domain, then mult;(M) = mult;(R) -rankg M.

(6) If S/R is finite, dim S = dim R and M is a finite S-module, then
we have mult;s(M) = mult; (M).

Proof. (1) is clear. If I = NI; and I; + I; = R for j # k, then by the
Chinese remainder theorem M /T5+1M = > M/I;HM7 proving (2).

If dimSupp M < dim R, then M is also a module over the smaller
dimensional R/ Ann(M), and hence deg HS;(M, s) < dim R, giving (3).

The exact sequence 0 — M; — My — M3 — 0 gives

0 — My /(My N I°My) — My/I° My — M3 /I° M3z — 0.

Clearly I*M; C M; N I°Ms, and by the Artin-Rees lemma (cf. [AM69,
10.9]), there is an s such that M; N I°Ms C I°~50M; for every s > sp.
This gives (4) right away.

We prove (5) by induction on the rank. If rankg M = 0 then M is a
torsion module, and so mult;(M) = 0 by (3). If rankg M > 1, then take
any injection j : R < M. Using (4) and induction we see that

mult;(R) + mult; (M/j(R))
mult;(R) + (rankg M — 1) mult;(R) = rankg M - mult;(R).

Let S/R be a finite ring extension and M a finite S-module. Then
IM = (IS)*M, and so the Hilbert-Samuel polynomial of M as an R-
module is the same as the Hilbert-Samuel polynomial of M as an S-module.
This implies (6). O

mult; M
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We can translate these results to the language of varieties to see how
multiplicities behave under finite morphisms.

THEOREM 2.72. Let Y be an irreducible and reduced variety and X a
scheme, both of pure dimension d. Let f : X — Y be a finite morphism,
y €Y a closed point and I C Oy y an my-primary ideal. Then we have the
following.

(1) Zmeffl(y) mult;o, (O x) = deg f-mult;(Oyy).
vef~1(y) mult, X < deg f-mult, Y.
(3) Let f : Z — Y be the normalization of Y. Then mult, Z <
multy )Y for every closed point z € Z.

Proof. The question is local, and so we may assume that Y = Spec R
is affine. Then X = Spec S is also affine. By (2.71.2 and 6)

deg f - mult; (O, y) = mult;g(S) = Z mult;o, 4 (Oz,x)-
zef~1(y)
Applying (1) to I = m, and using that mult,,, (S;) < mult;g, (S;) gives
(2) which implies (3) directly. O

In order to compute multiplicities, it is very useful to compare the
multiplicity of M with the multiplicity of M/rM for some r € I. Let
Ann, M denote the submodule of all elements m € M such that rm = 0.

PROPOSITION 2.73. Let (R,m) be a local ring of dimension n, I C R
an m-primary ideal and M a finite R-module. Let r € I be an element
and 7 € grd R its residue.

Assume that Supp Ann,. M has dimension <n — 1. Then

mult ;. (M/rM) > d - mult; (M),
and equality holds if Supp Annzgr; M has dimension < n — 2.
Proof. The multiplicity of M/rM is computed from the length of
(M/rM)/I°(M/rM)=M/(I°M +rM).
We have an exact sequence
0— Ky q— M/T* M 5 M/I°M — M/(I°M +rM) — 0,

where K4 is the kernel of multiplication by r. In general we know very
little about Ks_4, but we at least have an inequality

HS)rry(M/rM,s) > HS;(M,s) — HS;(M, s — d),

proving multz /.y (M/rM) > d - mult; (M).
If Supp Annz gr; M has dimension < n — 2, we can estimate the size of
K,_4 from its filtered pieces for 0 < ¢t < s — d since

(Ke_gNI'M)/(Ks_qN I M) C (Annz gr; M);,
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and so length K,_4 < C - (s —d)" 2. Thus we get that
HS(1jrry(M/rM,s) — HS{(M,s) + HS;(M,s — d) = O(s"?),
which gives the equality mult;,.r)(M/rM) = d - mult;(M). O

2.74 (Inductive computation of multiplicty). Let (R, m) be a local ring
of dimension d and I = (r1,...,r:) an m-primary ideal. Let M be a finite
R-module.

For M, := M, gr; Mg is amodule over gr; R, and the latter is a quotient
of the polynomial ring (R/I)[x1,...,2:]. Let F be the sheaf corresponding
to gr; Mg on Pzg/ll and Z = Supp F' C IE”’;/LL. Note that dim Z < d — 1.

If R/m is infinite, then we can choose a d-dimensional subspace V' C
>_(R/m)x; such that the corresponding projection Z — P(V') g/, is finite.

Let > ciz; € V be a general element, and set 7/, = >~ ¢;r; € R. (One
has to be somewhat careful here with writing > ¢;r;. This is well defined
if R is an R/m-algebra, which is the main case that we are interested in.
In general we have to choose a lifting of ¢; € R/m to ¢} € R and work with
> c¢fri. This makes no difference for our purposes.) Then 7, = > ¢;T; €
grt R is not contained in any of the associated primes of gr; M with the
possible exception of the maximal ideal of gr; R. We get from (2.73) that

multI(Md) = Inultl/(T&)(Md/T‘,de). (2741)

Set Mq_1 := Mgq/r!;My and repeat the procedure. This way we get modules
Mg :=M,My_1,...,M; such that
mult; (M) = multy, (-

j+17'“17"¢,1)(Mj) fOl"j Z 1.
When we reach Mj, the maximal ideal corresponds to a codimension 1
point, and thus we cannot apply (2.73).

If M = R and [ is a maximal ideal, we recover one of the original

heuristic definitions of multiplicities.

COROLLARY 2.75. Let X be a scheme of dimension d > 2 over an
infinite field k and © € X a closed point. Let Hy,...,Hq_1 be general
hyperplanes through x. Then mult, X = mult, (X NHyN---NHyg—1). O

To continue, we have to take M| := M;/(0-dimensional torsion), and
then we can also get M{, := M{/r1M] with

mult; M = length M{ = length M /ri M| < length M /ri M.

Let now J be the ideal generated by V' C > (R/m)r;, and consider
mult; M. Here gr; Mg gives a sheaf F; on P(V)g/; and Supp F; =
P(V)r/m- Thus we can assume that our choice of 77, is such that it is
not contained in any of the embedded primes of gr; M with the possible
exception of the maximal ideal of gr; R. With this choice of the r}, the
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whole chain of modules My := M, My_1, ..., My, M{, M} is the same for .J
as for I.

Since M is Artinian, its multiplicity does not depend on the ideal by
(2.70.3). Thus we obtain the following.

COROLLARY 2.76. Let (R,m) be a local ring of dimension d, I =

(r1,...,7¢) an m-primary ideal and M a finite R-module. Assume that
R/m is infinite, and let v} : i = 1,...,d be general linear combinations of
the r;. Then

mult; M = mult(y 0y M < length M/(ry,...,7i)M. O
This implies another of the heuristic definitions of multiplicities.

COROLLARY 2.77. Let X C A™ be a scheme of dimension d > 1 over
an infinite field k and x € X a closed point. Let m: X — A%l be a general
projection. Then mult, X = mult, ) 7(X).

Proof. By (2.76) we can choose linear forms hq, ..., hg vanishing at z
such that mult, X = mult,, . 4,) Oz x. Choose one more hgy1 such that
the projection to A?*! given by the hy,...,hq,1 is birational and that the
preimage of m(x) is z. Then

mult, ) 7(X) = mult, heyy) Oxe)rx) = MWty g,y O X
the latter by (2.72.1). Furthermore, we have the trivial inequalities
mult (s, ng) Oex <mulbp, o ngpy) On,x < mult, X,
which are equalities by our choice of the hq,..., hq. O

PROPOSITION 2.78. Let X be a scheme and x € X a closed point. Then
mult,s B, X < mult, X for every 2’ € E C B, X.

Proof. Let E = Proj(gr,, Oz x) C B;X be the exceptional divisor.
The multiplicity mult, X is the degree of E in its natural projective em-
bedding, and thus mult,s F < deg E = mult, X for every 2’ € E. Thus
mult, B, X < mult, X by (2.73). O

2.79 (Generalized Bézout theorem). Let X C P} be a projective variety
of dimension d over a field k and Hy, ..., Hy C P™ hypersurfaces such that
XNH N---NHygis a finite set of points.

For any = € X, take local defining equations H; = (f;, = 0). If X is
smooth, then (see, for instance, [Sha94, Sec.IV.1])

deg X - Hdeg H; = Z dimy, Op x /(fips-- - fap)- (2.79.1)

peX

One of the difficulties of early intersection theory was that this formula
fails for singular varieties.
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EXAMPLE 2.80. Let S = Cla?, xy, y?, 23, 2%y, 292, y%], that is, C[z, ]
without the linear polynomials, and set X := SpecS C A7(uy,...,ur).
Let 7 : A7 — A? be the projection to the (up,us)-coordinates. Thus the
coordinate ring of the image A? is identified with C[x?,y?].

The quotient field of S is C(x,y), and the field extension induced by
the projection 7 : § — A? is C(z,y)/C(22,y?), which has degree 4. Corre-
spondingly, if ¢1, c3 # 0, then the 5-plane (u; —c1 = us—cs = 0) intersects Z
transversally in four distinct points corresponding to x = £,/c1,y = £,/c3.

However, for (u; = ug = 0), we get the local term

dim Cla?, zy, y*,2°, 2%y, 2y®,y°] / (2%, y%) = dim(1, 2y, 2°, 2%y, 2y, y°) = 6.
The correct answer is given by the Hilbert-Samuel multiplicities.

THEOREM 2.81 (General Bézout theorem). Let X C P} be a projective
scheme of pure dimension d over a field k and Hy,...,Hg C P"™ hypersur-
faces such that X " Hy N ---N Hy is a finite set of points. Then

deg X - Hdeg H;, = Z mult s, . fa) Op,x.
peX

Proof. Let R be the local ring of the vertex of the cone over X in A"*1,
Let H; = (f; = 0), and choose a linear form fy not vanishing at all points
of XN HyN---N Hy. Assume that deg fo < --- < deg fs. We prove that
both sides are equal to mult(s, . ¢, R.

Let f! be a general homogeneous element of (fo,..., fq) of the same
degree as f;. Then (2.73) can be applied inductively starting with f); to
conclude that

mult gy R = Inult(f&m,fé) R=degX - Hdeg fi.
K3

Next let f* be a general homogeneous element of (fi, ..., fq) of the same
degree as f;. Then (2.73) can again be applied inductively, except at
R/(f5,...,f3) we have to take the quotient by the torsion submodule to
get My, and then we get My = Ma/ fi Mo.

The 0-dimensional torsion in Mj is unclear, but the 1-dimensional part
M/ := M;/(0-dimensional torsion) is the homogeneous coordinate ring of
the lines in A”*! over the intersection points X N Hy N ---N Hy. The line
over p appears with multiplicity mult(y, .. s, )y Op x since we can use fi), :=

1/ féi °6fi a5 local equations at p to go through the same computations
locally in each O, x. At the end we get that

mult(fo’m’fd) R = dlmk(M{/foM{) = Z mult(flp’m’fdp) Op,X- O
peEX



CHAPTER 3

Strong Resolution in Characteristic Zero

The most influential paper on resolution of singularities is Hironaka’s
magnum opus [Hir64]. Its starting point is a profound shift in emphasis
from resolving singularities of varieties to resolving “singularities of ideal
sheaves.” Ideal sheaves of smooth or simple normal crossing divisors are the
simplest ones. Locally, in a suitable coordinate system, these ideal sheaves
are generated by a single monomial. The aim is to transform an arbitrary
ideal sheaf into such a “locally monomial” one by a sequence of blow-ups.
Ideal sheaves are much more flexible than varieties, and this opens up new
ways of running induction.

Since then, resolution of singularities emerged as a very unusual subject
whose main object has been a deeper understanding of the proof, rather
than the search for new theorems. A better grasp of the proof leads to
improved theorems, with the ultimate aim of extending the method to
positive characteristic. Two seemingly contradictory aspects make it very
interesting to study and develop Hironaka’s approach.

First, the method is very robust, in that many variants of the proof
work. One can even change basic definitions and be rather confident that
the other parts can be modified to fit.

Second, the complexity of the proof is very sensitive to details. Small
changes in definitions and presentation may result in major simplifications.

This duality also makes it difficult to write a reasonable historical
presentation and to correctly appreciate the contributions of various re-
searchers. Each step ahead can be viewed as small or large, depending on
whether we focus on the change in the ideas or on their effect. In some sense,
all the results of the past forty years have their seeds in [Hir64], neverthe-
less, the improvement in the methods has been enormous. Thus, instead
of historical notes, here is a list of the most important contributions to
the development of the Hironaka method, more or less in historical order:
Hironaka [Hir64, Hir77]; Giraud [Gir74]; Villamayor [Vil89, Vil92, Vil96]
with his coworkers Bravo [BV01] and Encinas [EV98, EV03]; Bierstone and
Milman [BM89, BM91, BM97, BM03]; Encinas and Hauser [EH02] and
Wiodarczyk [Wto05]. The following proof relies mostly on the works of
Villamayor and Wlodarczyk.

117
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The methods of Bierstone and Milman and of Encinas and Hauser differ
from ours (and from each other) in key technical aspects, though the actual
resolution procedures end up very similar.

I have also benefited from the surveys and books [Gir95, Lip75, AHV77,
CGO84, HLOQO00, Hau03, Cut04].

Abhyankar’s book [Abh66] shows some of the additional formidable
difficulties that appear in positive characteristic.

A very elegant approach to resolution following de Jong’s results on
alterations [dJ96] is developed in the papers [BP96, AdJ97, AW97]. This
method produces a resolution as in (3.2), which is however neither strong
(3.3) nor functorial (3.4). The version given in [Par99] is especially simple.

Another feature of the study of resolutions is that everyone seems to
use different terminology, so I also felt free to introduce my own.

It is very instructive to compare the current methods with Hironaka’s
“idealistic” paper [Hir77]. The main theme is that resolution becomes sim-
pler if we do not try to control the process very tightly, as illustrated by
the following three examples.

(1) The original method of [Hir64] worked with the Hilbert-Samuel
function of an ideal sheaf at a point. It was gradually realized that the pro-
cess simplifies if one considers only the vanishing order of an ideal sheaf—a
much cruder invariant.

(2) Two ideals I and J belong to the same idealistic exponent if they
behave “similarly” with respect to any birational map g. (That is, ¢*I and
g*J agree at the generic point of every divisor for every g.) Now we see that
it is easier to work with an equivalence relation that requires the “similar”
behavior only with respect to some birational maps (namely, composites of
smooth blow-ups along subvarieties, where the vanishing order is maximal).

(3) The concept of a distinguished presentation attempts to pick a local
coordinate system that is optimally adjusted to the resolution of a variety
or ideal sheaf. A key result of Wlodarczyk [W1o05] says that for a suitably
modified ideal, all reasonable choices are equivalent, and thus we do not
have to be very careful. Local coordinate systems are not needed at all.

The arguments given here differ from their predecessors in two addi-
tional aspects. The first of these is a matter of choice, but the second one
makes the structure of the proof patent.

(4) The inductive proof gives resolutions only locally, and patching the
local resolutions has been quite difficult. The best way would be to define
an invariant on points of varieties inv(x, X) with values in an ordered set
such that

(i)  — inv(z, X) is an upper semi continuous function, and

(ii) at each step of the resolution we blow up the locus where the
invariant is maximal.
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With some modification, this is accomplished in [Vil89, BM97, EH02].
All known invariants are, however, rather complicated. Wtodarczyk sug-
gested in [W1o05] that with his methods it should not be necessary to define
such an invariant. We show that, by a slight change in the definitions, the
resolution algorithm automatically globalizes, obviating the need for the
invariant.

(5) Traditionally, the results of Sections 9-12 constituted one inter-
twined package, which had to be carried through the whole induction to-
gether. The introduction of the notions of D-balanced and MC-invariant
ideal sheaves makes it possible to disentangle these to obtain four indepen-
dent parts.

3.1. What is a good resolution algorithm?

Before we consider the resolution of singularities in general, it is worth-
while to contemplate what the properties of a good resolution algorithm
should be.

Here I concentrate on the case of resolving singularities of varieties only.
In practice, one may want to keep track and improve additional objects, for
instance, subvarieties or sheaves as well, but for now these variants would
only obscure the general picture.

3.1 (Weakest resolution). Given a variety X, find a projective variety
X' such that X' is smooth and birational to X.

This is what the Albanese method gives for curves and surfaces. In
these cases one can then use this variant to get better resolutions, so we
do not lose anything at the end. These stronger forms are, however, not
automatic, and it is not at all clear that such a “weakest resolution” would
be powerful enough in higher dimensions.

(Note that even if X is not proper, we have to insist on X’ being proper;
otherwise, one could take the open subset of smooth points of X for X'.)

In practice it is useful, sometimes crucial, to have additional properties.

3.2 (Resolution). Given a variety X, find a variety X' and a projective
morphism [ : X' — X such that X' is smooth and [ is birational.

This is the usual definition of resolution of singularities.

For many applications this is all one needs, but there are plenty of
situations when additional properties would be very useful. Here are some
of these.

3.2.1 (Singularity theory). Let us start with an isolated singularity x €
X. One frequently would like to study it by taking a resolution f : X’ — X
and connecting the properties of € X with properties of the exceptional
divisor F = Ex(f). Here everything works best if F is projective, that is,
when E = f~1(z).
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It is reasonable to hope that we can achieve this. Indeed, by assump-
tion, X \ {z} is smooth, so it should be possible to resolve without changing

3.2.2 (Open varieties). It is natural to study a noncompact variety X°
via a compactification X D X°. Even if X is smooth, the compactifications
that are easy to obtain are usually singular. Then one would like to resolve
the singularities of X and get a smooth compactification X'. If we take
any resolution f : X’ — X, the embedding X° — X does not lift to an
embedding X° < X’. Thus we would like to find a resolution f : X’ — X
such that f is an isomorphism over X©°.

In both of the above examples, we would like the exceptional set E or
the boundary X’ \ X to be “simple.” Ideally we would like them to be
smooth, but this is rarely possible. The next best situation is when E or
X'\ X° are simple normal crossing divisors.

These considerations lead to the following variant.

3.3 (Strong resolution). Given a variety X, find a variety X' and a
projective morphism f : X' — X such that we have the following:

(1) X' is smooth and f is birational,
(2) f:fH(X"%) — X" is an isomorphism, and
(3) f~(Sing X) is a divisor with simple normal crossings.

Here Sing X denotes the set of singular points of X and X™* := X\
Sing X the set of smooth points.

Strong resolution seems to be the variant that is most frequently used
in applications, but sometimes other versions are needed. For instance, one
might need condition (3.3.3) scheme theoretically.

A more important question arises when one has several varieties X; to
work with simultaneously. In this case we may need to know that certain
morphisms ¢;; : X; — X lift to the resolutions ¢}, : X; — XJ.

It would be nice to have this for all morphisms, which would give a
“resolution functor” from the category of all varieties and morphisms to
the category of smooth varieties. This is, however, impossible.

Ezample 3.3.4. Let S := (uv — w? = 0) C A3 be the quadric cone, and
consider the morphism

¢: A2, — S givenby (z,y) — (22,17 zy).

The only sensible resolution of A? is itself, and any resolution of S dominates
the minimal resolution S’ — S obtained by blowing up the origin.

The morphism ¢ lifts to a rational map ¢’ : A2 --» S/, but ¢’ is not a
morphism.

It seems that the best one can hope for is that the resolution commutes
with smooth morphisms.
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3.4 (Functorial resolution). For every variety X find a resolution fx :
X' — X that is functorial with respect to smooth morphisms. That is, any
smooth morphism ¢ : X — Y lifts to a smooth morphism ¢ : X' — Y,
which gives a fiber product square

X/ i} y!
fx ! O %
X LN Y.

Note that if ¢’ exists, it is unique, and so we indeed get a functor
from the category of all varieties and smooth morphisms to the category of
smooth varieties and smooth morphisms.

This is quite a strong property with many useful implications.

3.4.1 (Group actions). Functoriality of resolutions implies that any
group action on X lifts to X’. For discrete groups this is just functoriality
plus the observation that the only lifting of the identity map on X is the
identity map of X’. For an algebraic group G a few more steps are needed;
see (3.9.1).

3.4.2 (Localization). Let fx : X’ — X be a functorial resolution. The
embedding of any open subset U <— X is smooth, and so the functorial
resolution of U is the restriction of the functorial resolution of X. That is,

(fo:U' = U)= (fxl;o : fx'(U) = V).

Equivalently, a functorial resolution is Zariski local. More generally, a func-
torial resolution is étale local since étale morphisms are smooth.

Conversely, we show in (3.9.2) that any resolution that is functorial
with respect to étale morphisms is also functorial with respect to smooth
morphisms.

Since any resolution f : X’ — X is birational, it is an isomorphism over
some smooth points of X. Any two smooth points of X are étale equivalent,
and thus a resolution that is functorial with respect to étale morphisms is
an isomorphism over smooth points. Thus any functorial resolution satisfies
(3.3.2).

3.4.3 (Formal localization). Any sensible étale local construction in
algebraic geometry is also formal local. In our case this means that the
behavior of the resolution fx : X’ — X near a point x € X should depend
only on the completion @w x. (Technically speaking, Spec (51, x 1s not a
variety and the map Spec @x x — Spec O, x is only formally smooth, so
this is a stronger condition than functoriality.)

3.4.4 (Resolution of products). It may appear surprising, but a strong
and functorial resolution should not commute with products.

For instance, consider the quadric cone 0 € S = (22+y?+2% = 0) C A3.
This is resolved by blowing up the origin f : S” — S with exceptional curve



122 3. STRONG RESOLUTION IN CHARACTERISTIC ZERO

C = P!. On the other hand,
fxf:8x8 =858

cannot be the outcome of an étale local strong resolution. The singular
locus of S x S has two components, Z; = {0} x S and Z; = S x {0}, and
correspondingly, the exceptional divisor has two components, F; = C x S’
and Fy = S’ x C, which intersect along C' x C.

If we work étale locally at (0,0), we cannot tell whether the two branches
of the singular locus Z; U Z5 are on different irreducible components of
Sing S or on one non-normal irreducible component. Correspondingly, the
germs of E; and E5 could be on the same irreducible exceptional divisor,
and on a strong resolution self-intersections of exceptional divisors are not
allowed.

So far we concentrated on the end result fx : X’ — X of the resolution.
Next we look at some properties of the resolution algorithm itself.

3.5 (Resolution by blowing up smooth centers). For every variety X
find a resolution fx : X' — X such that fx is a composite of morphisms

Pn—1 Pn—2 p1 Po
fx X' =X, "= X = S X S5 X=X,

where each p; : X;11 — X; is obtained by blowing up a smooth subvariety
Z; C X;.

If we want fx : X’ — X to be a strong resolution, then the con-
dition Z; C Sing X; may also be required, though we need only that
po---pi—1(Z;) C Sing X.

Let us note first that in low dimensions some of the best resolution
algorithms do not have this property.

(1) The quickest way to resolve a curve is to normalize it. The normal-
ization usually cannot be obtained by blowing up points (though
it is a composite of blow-ups of points).

(2) A normal surface can be resolved by repeating the procedure:
“blow up the singular points and normalize” [Zar39).

(3) A toric variety is best resolved by toric blow-ups. These are rarely
given by blow-ups of subvarieties (cf. [Ful93, 2.6]).

(4) Many of the best-studied singularities are easier to resolve by do-
ing a weighted blow-up first.

(5) The theory of Nash blow-ups offers a—so far mostly hypothetical—
approach to resolution that does not rely on blowing up smooth
centers; cf. [Hir83].

On the positive side, resolution by blowing up smooth centers has the
great advantage that we do not mess up what is already nice. For instance,
if we want to resolve X and Y D X is a smooth variety containing X, then
a resolution by blowing up smooth centers automatically carries along the
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smooth variety. Thus we get a sequence of smooth varieties Y; fitting in a
diagram

X, =2 Xpq o Xi P Xo=X
l l l l
Y, ™ Y, - nn 5 Y=Y,

where the vertical arrows are closed embeddings.

Once we settle on resolution by successive blowing ups, the main ques-
tion is how to find the centers that we need to blow up. From the algorith-
mic point of view, the best outcome would be the following.

3.6 (Iterative resolution, one blow-up at a time). For any variety X,
identify a subvariety W(X) C X consisting of the “worst” singularities.
Set R(X) := By x)X and R™(X) := R(R™ (X)) for m > 2. Then we
get resolution by iterating this procedure. That is, R™(X) is smooth for
m > 1.

Such an algorithm exists for curves with W (X) = Sing X.

The situation is not so simple in higher dimensions.

Example 3.6.1. Consider the pinch point, or Whitney umbrella, S :=
(2 —y?2 = 0) C A%, S is singular along the line (x = y = 0). It has
a normal crossing point if z # 0 but a more complicated singularity at
(0,0,0).

If we blow up the “worst” singular point (0, 0, 0) of the surface S, then in
the chart with coordinates 1 = x/2z,y1 = y/z, 21 = z we get the birational
transform Sy = (22 — y#2; = 0). This is isomorphic to the original surface.

Thus we conclude that one cannot resolve surfaces by blowing up the
“worst” singular point all the time.

We can, however, resolve the pinch point by blowing up the whole sin-
gular line. In this case, using the multiplicity (which is a rough invariant)
gives the right blow-up, whereas distinguishing the pinch point from a nor-
mal crossing point (using some finer invariants) gives the wrong blow-up.
The message is that we should not look at the singularities too carefully.

The situation gets even worse for normal 3-folds.

Ezample 3.6.2. Consider the 3-fold
X =2 +y?+2"t" =0) C AL
The singular locus is the union of the two lines
Lii=(x=y=2=0) and Ly:=(x=y=t=0).

There are two reasons why no sensible resolution procedure should start by

blowing up either of the lines.
(i) The two lines are interchanged by the involution 7 : (z,y, z,t) —
(z,y,t, 2), and thus they should be blown up in a 7-invariant way.
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(ii) An étale local resolution procedure cannot tell if L1 ULy is a union
of two lines or just two local branches of an irreducible curve. Thus
picking one branch does not make sense globally.

Therefore, we must start by blowing up the intersection point (0,0, 0,0) (or
resort to blowing up a singular subscheme).
Computing the t-chart x = z1t1,y = y1t1, 2 = 21t1,t = t1, we get

X1 = (@l + 97 +20"3" 2 =0)

and similarly in the z-chart. Thus on ByX the singular locus consists of
three lines: L), L}, and an exceptional line F.

For m = 2 we are thus back to the original situation, and for m > 3
we made the singularities worse by blowing up. In the m = 2 case there is
nothing else one can do, and we get our first negative result.

Claim 3.6.3. There is no iterative resolution algorithm that works one
smooth blow-up at a time.

The way out is to notice that our two objections (3.6.2.i-ii) to first
blowing up one of the lines L; or Lo are not so strong when applied to
the three lines L1, Lo and E on the blow-up ByX. Indeed, we know that
the new exceptional line E is isomorphic to CP!, and it is invariant under
every automorphism lifted from X. Thus we can safely blow up E C By X
without the risk of running into problems with étale localization. (A key
point is that we want to ensure that the process is étale local only on X,
not on all the intermediate varieties.) In the m = 2 case we can then blow
up the birational transforms of the two lines L; and Lo simultaneously, to
achieve resolution. (Additional steps are needed for m > 3.)

In general, we have to ensure that the resolution process has some
“memory.” That is, at each step the procedure is allowed to use informa-
tion about the previous blow-ups. For instance, it could keep track of the
exceptional divisors that were created by earlier blow-ups of the resolution
and in which order they were created.

3.7 (Other considerations). There are several other ways to judge how
good a resolution algorithm is.

3.7.1 (Elementary methods). A good resolution method should be part
of “elementary” algebraic geometry. Both Newton’s method of rotating
rulers and the Albanese projection method pass this criterion. On the other
hand, several of the methods for surfaces rely on more advanced machinery.

3.7.2 (Computability). In concrete cases, one may wish to explicitly
determine resolutions by hand or by a computer. As far as I can tell,
the existing methods do rather poorly even on the simplest singularities.
In a more theoretical direction, one can ask for the worst case or average
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complexity of the algorithms. See [BS00b, BS00a, FKPO05] for computer
implementations.

3.8. Our resolution is strong and functorial with respect to smooth
morphisms, but it is very far from being iterative if we want to work one
blow-up at a time. Instead, at each step we specify a long sequence of
blow-ups to be performed.

We shift our emphasis from resolution of singularities to principaliza-
tion of ideal sheaves. While principalization is achieved by a sequence of
smooth blow-ups, the resolution of singularities may involve blow-ups of
singular centers. Furthermore, at some stage we may blow up a subvariety
Z; C X; along which the variety X; is smooth. This only happens for sub-
varieties that sit over the original singular locus, so at the end we still get
a strong resolution.

The computability of the algorithm has not been investigated much,
but the early indications are not promising. One issue is that starting
with, say, a hypersurface (f = 0) C A™ of multiplicity m the first step is to
replace the ideal (f) with another ideal W(f), which has more than e™”
generators, each of multiplicity at least e™; see (3.54.3). Then we reduce
to a resolution problem in (n — 1)-dimensions, and at the next reduction
step we again may have an exponential increase of the multiplicity and the
number of generators. For any reasonable computer implementation, some
shortcuts are essential.

ASIDE 3.9. Here we prove the two claims made in (3.4). These are not
used in the rest of the chapter.

Proposition 3.9.1. The action of an algebraic group G on a scheme X
lifts to an action of G on its functorial resolution X”’.

Proof. The action of an algebraic group G on a variety X is given
by a smooth morphism m : G x X — X. By functoriality, the resolution
(G x X) of G x X is given by the pull-back of X’ via m, that is, by
fx(m): (GxX) — X'

On the other hand, the second projection mo : G x X — X is also
smooth, and so (G x X)' = G x X’. Thus we get a commutative diagram

m': G x X' ~ @xxy Wy
Lide X fx I Ix
GxX = GxX & X.

We claim that the composite in the top row m’' : G x X’ — X’ defines
a group action. This means that the following diagram is commutative,
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where m¢g : G X G — G is the group multiplication:

GxGxX' idg xqn’ G x X’
meidX/l lm’
G x X' o, X',

Since m : G x X — X defines a group action, we know that the diagram is
commutative over a dense open set. Since all schemes in the diagram are
separated and reduced, this implies commutativity. O

Proposition 3.9.2. Any resolution that is functorial with respect to étale
morphisms is also functorial with respect to smooth morphisms.

Proof. As we noted in (3.4.2), a resolution that is functorial with
respect to étale morphisms is an isomorphism over smooth points.

Etale locally, a smooth morphism is a direct product, and so it is suffi-
cient to prove that (X x A)' = X’ x A for any abelian variety A. Such an
isomorphism is unique; thus it is enough to prove existence for X proper.

Since (X x A)’ is proper, the connected component of its automorphism
group is an algebraic group G (see, for instance, [Kol96, 1.1.10]). Let Gy C
G denote the subgroup whose elements commute with the projection 7 :
(X xA) — X.

Let Z C X™ be a finite subset. Then 771(Z) = Z x A, and the action
of A on itself gives a subgroup jz : A — Aut(r~!(Z)). There is a natural
restriction map oz : G — Aut(m71(2)); set Gz =0, (jzA).

As we increase Z, the subgroups Gz form a decreasing sequence, which
eventually stabilizes at a subgroup Gx C G such that for every finite set
Z C X" the action of Gx on 7~ 1(Z) is through the action of A on itself.
This gives an injective homomorphism of algebraic groups Gz — A.

On the other hand, A acts on X x A by isomorphisms, and by assump-
tion this action lifts to an action of the discrete group A on (X x A)’. Thus
the injection Gz — A has a set-theoretic inverse, so it is an isomorphism
of algebraic groups. O

3.2. Examples of resolutions

We start the study of resolutions with some examples. First, we de-
scribe how the resolution method deals with two particular surface singu-
larities S C A3. While these are relatively simple cases, they allow us to
isolate six problems facing the method. Four of these we solve later, and
we can live with the other two.

Then we see how the problems can be tackled for Weierstrass polyno-
mials and what this solution tells us about the general case. For curves and
surfaces, this method was already used in Sections 1.10 and 2.7.
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KEY IDEA 3.10. We look at the trace of S C A3 on a suitable smooth
surface H C A® and reconstruct the whole resolution of S from SN H.

More precisely, starting with a surface singularity 0 € S C A? of multi-
plicity m, we will be guided by SN H until the multiplicity of the birational
transform (2.1) of S drops below m. Then we need to repeat the method
to achieve further multiplicity reduction.

EXAMPLE 3.11 (Resolving S := (22 +y3 — 25 = 0) C A3). (We already
know from (2.4) that the minimal resolution has a single exceptional curve
E = (2224 y3 — 22 = 0) C P? and it has self-intersection (E?) = —1 but
let us forget it for now.)

Set H := (x = 0) C A%, and work with SN H.

Step 1. Although the trace SN H = (y3 — 2% = 0) C A% has multiplic-
ity 3, we came from a multiplicity 2 situation, and we blow up until the
multiplicity drops below 2.

Here it takes two blow-ups to achieve this. The crucial local charts and
equations are
22 443 — 28 =0,
a3+ (yi — 27)21 =0, T =x/2,01 =y/z, 21 = 2,
x5+ (y3 —1)25 =0, Ty = x1/21,Y2 = Y1/21, 22 = 21
At this stage the trace of the dual graph (2.6) of the birational transform
of S on the birational transform of H is the following, where the numbers

indicate the multiplicity (and not minus the self-intersection number as
usual) and e indicates the birational transform of the original curve SN H:

/
1 —2 — o
AN

Step 2. The birational transform of S N H intersects some of the new
exceptional curves that appear with positive coefficient. We blow up until
these intersections are removed.

In our case each intersection point needs to be blown up twice. At this
stage the trace of the birational transform of S on the birational transform
of H looks like
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where multiplicity 0 indicates that the curve is no longer contained in the
birational transform of H (so strictly speaking, we should not draw it at
all).

Step 3. The trace now has multiplicity < 2 along the birational trans-
form of SN H, but it still has some points of multiplicity > 2. We remove
these by blowing up the exceptional curves with multiplicity > 2.

In our case there is only one such curve. After blowing it up, we get
the final picture

1 — 0 — e
/
1—@—1—0—0
AN
1 — 0 — e

where the boxed curve is elliptic.
More details of the resolution method appear in the following example.

EXAMPLE 3.12 (Resolving S := (2% + (y* — 25)% +221) = 0) C A3). As
before, we look at the trace of S on the plane H := (z = 0) and reconstruct
the whole resolution of S from SN H.

Step 1. Although the trace SN H = ((y* — 2°)% 4+ 2*' = 0) C A? has
multiplicity 4, we came from a multiplicity 3 situation, and we blow up
until the multiplicity drops below 3.

Here it takes three blow-ups to achieve this. The crucial local charts
and equations are

23 4 (y2 — 25)2 4 22 =0,

23+ 21(y7 — 23)2 4+ 218 = 0, x1=x/z,y1 =y/z,21 = 2,
w3+ 25(y3 — 23)> +23° =0 T2 =x1/21,Y2 = y1/21, 22 = 21,
w3+ 23(y3 — 1)* + 23 =0, T3 = T2/22,Y3 = Y2/ 22, 23 = 22.

The birational transform of S N H has equation
(¥3 - 1) +25=0

and has two higher cusps at y3 = £1 on the last exceptional curve. The
trace of the birational transform of S on the birational transform of H looks
like

/
N

1 -2-3

(As before, the numbers indicate the multiplicity, and e indicates the bi-
rational transform of the original curve S N H. Also note that here the
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curves marked e have multiplicity 2 at their intersection point with the
curve marked 3.)

Step 2. The birational transform of S N H intersects some of the new
exceptional curves that appear with positive coefficient. We blow up until
these intersections are removed.

In our case each intersection point needs to be blown up three times,
and we get the following picture:

/
1-2-3
N

Step 8. The trace now has multiplicity < 3 along the birational trans-
form of SN H, but it still has some points of multiplicity > 3. There is one
exceptional curve with multiplicity > 3; we blow that up. This drops its
coefficient from 3 to 0. There are four more points of multiplicity 3, where
a curve with multiplicity 2 intersects a curve with multiplicity 1. After
blowing these up we get the final picture

2 — 0 — 1 — 0 — e
/

N
2 -0 — 1 — 0 — e

1-0-2-0

3.13 (Problems with the method). There are at least six different prob-
lems with the method. Some are clearly visible from the examples, while
some are hidden by the presentation.

Problem 3.13.1. In (3.11) we end up with eight exceptional curves,
when we need only one to resolve S; see (2.4). In general, for many surfaces
the method gives a resolution that is much bigger than the minimal one.
However, in higher dimensions there is no minimal resolution, and it is not
clear how to measure the “wastefulness” of a resolution.

We will not be able to deal with this issue.

Problem 3.13.2. The resolution problem for surfaces in A3 was reduced
not to the resolution problem for curves in A? but to a related problem
that also takes into account exceptional curves and their multiplicities in
some way.

We have to set up a somewhat artificial-looking resolution problem that
allows true induction on the dimension.
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Problem 3.13.3. The end result of the resolution process guarantees
that the birational transform of S has multiplicity < 2 along the birational
transform of H = (x = 0), but we have said nothing about the singularities
that occur outside the birational transform of H.

There are indeed such singularities if we do not choose H carefully.
For instance, if we take H' := (z — 22> = 0), then at the end of Step.1
of (3.11), that is, after two blow-ups, the birational transform of H' is
(x2 — 1 = 0), which does not contain the singularity that is at the origin
(1'2 =Y = 22 = 0)

Thus a careful choice of H is needed. This is solved by the theory of
mazimal contact, developed by Hironaka and Giraud [Gir74, AHV75].

Problem 3.13.4. In some cases, the opposite problem happens. All the
singularities end up on the birational transforms of H, but we also pick up
extra tangencies, so we see too many singularities.

For instance, take H” := (z — 2% = 0). Since

2?4y’ =20 = (-2 (= +2°) + o,

the trace of S on H” is a triple line. The trace shows a 1-dimensional
singular set when we have only an isolated singular point.

In other cases, these problems may appear only after many blow-ups.

At first glance, this may not be a problem at all. This simply means
that we make some unnecessary blow-ups as well. Indeed, if our aim is to
resolve surfaces only, then this problem can be mostly ignored. However, for
the general inductive procedure this is a serious difficulty since unnecessary
blow-ups can increase the multiplicity. For instance,

S = (a* +y* +y2z2 =0) C A3
is an isolated double point. If we blow up the line (z = y = 0), in the
xz-chart we get a triple point
x? + xly% + y1z2 =0, wherex =z, Y = Yyir1.
One way to solve this problem is to switch from resolving varieties to “re-
solving” ideal sheaves by introducing a coefficient ideal C(S) such that

(i) resolving S is equivalent to “resolving” C(S), and
(ii) “resolving” the traces C(S)|m does not generate extra blow-ups
for S.

This change of emphasis is crucial for our approach.

Problem 3.13.5. No matter how carefully we choose H, we can never
end up with a unique choice. For instance, the analytic automorphism of
S= (22 +y>—25=0),

(xay7z)'_>(x+y3ay3\/ 1_2$_y372)7



3.2. EXAMPLES OF RESOLUTIONS 131

shows that no internal property distinguishes the choice x = 0 from the
choice z + 3% = 0.

Even with the careful “maximal contact” choice of H, we end up with
cases where the traces S N H are not isomorphic. Thus our resolution
process seems to depend on the choice of H.

This is again only a minor inconvenience for surfaces, but in higher
dimensions we have to deal with patching together the local resolution
processes into a global one. (We cannot even avoid this issue by pretending
to care only about isolated singularities, since blowing up frequently leads
to nonisolated singularities.)

An efficient solution of this problem developed in [Wto05] replaces S
with an ideal W (S) such that

(i) resolving S is equivalent to resolving W (.S),

(ii) the traces W(S)|g are locally isomorphic for all hypersurfaces of
maximal contact through s € S (here “locally” is meant in the
analytic or étale topology), and

(iii) the resolution of W (.S)|y tells us how to resolve W (S).

The local ambiguity is thus removed from the process, and there is no longer
a patching problem.

Problem 3.13.6. At Steps 2 and 3 in (3.11), the choices we make are
not canonical. For instance, in Step 2 we could have blown up the central
curve with multiplicity 2 first, to complete the resolution in just one step.
Even if we do Step 2 as above, in general there are many curves to blow-up
in Step 3, and the order of blow-ups matters. (In A, one can blow up two
intersecting smooth curves in either order, and the resulting 3-folds are not
isomorphic.)

This problem, too, remains unsolved. We make a choice, and it is good
enough that the resolutions we get commute with any smooth morphism.
Thus we get a resolution that one can call functorial. I would not call it a
canonical resolution, since even in the framework of this proof other equally
functorial choices are possible.

This is very much connected with the lack of minimal resolutions.

Next we see how Problems (3.13.2-5) can be approached for hyper-
surfaces using Weierstrass polynomials. As was the case with curves and
surfaces, this example motivates the whole proof. (To be fair, this example
provides much better guidance with hindsight. One might argue that the
whole history of resolution by smooth blow-ups is but an ever-improving
understanding of this single example. It has taken a long time to sort out
how to generalize various aspects of it, and it is by no means certain that
we have learned all the right lessons.)
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EXAMPLE 3.14. Let X € C™*! be a hypersurface. Pick a point 0 € X,
where multg X = m. Choose suitable local coordinates x1,...,x,, 2, and
apply the Weierstrass preparation theorem (1.93) to get (in an analytic
neighborhood) an equation of the form

2™ 4 ay(x)2™ T e a(x) =0

for X. We can kill the z™~! term by a substitution z =y — %al (x) to get
another local equation

fi=ym 4t bQ(X)ym_2 + o bp(x) = 0. (3.14.1)

Here multg b; > 4 since multg X = m.
Let us blow up the point 0 to get 7 : BgX — X, and consider the chart
T =x/Tn, x, = Tn,y =y/x,. We get an equation for By X

F iz () (2) " 2ba (@, ) ()2 (@) o (25 2.

(3.14.2)

Where are the points of multiplicity > m on By X? Locally we can

view BoX as a hypersurface in C"*! given by the equation F(x',y’) = 0,

and a point p has multiplicity > m iff all the (m — 1)st partials of F' vanish.
First of all, we get that

omF

8y/’m—l

This means that all points of multiplicity > m on ByX are on the
birational transform of the hyperplane (y = 0). Since the new equation

(3.14.2) has the same form as the original (3.14.1), the conclusion continues
to hold after further blow-ups, solving (3.13.3):

=m! -y vanishes at p. (3.14.3)

Claim 3.14.4. After a sequence of blow-ups at points of multiplicity
>m

I: X, =By,  Xec1 = X1 =By, ;. Xp2— - = Xq =Bp X — X,

all points of multiplicity > m on X,. are on the birational transform of the
hyperplane H := (y = 0), and all points of X,. have multiplicity < m.

This property of the hyperplane (y = 0) will be encapsulated by the
concept of hypersurface of maximal contact.

In order to determine the location of points of multiplicity m, we need
to look at all the other (m — 1)st partials of F' restricted to (3’ = 0). These
can be written as

o IF oot ((x;)*lbl(x’lx;, . ,x;))
T =0y = (m —)!- 1 :
ox" "oy ox’

Thus we can actually read off from H = (y = 0) which points of By X
have multiplicity m. For this, however, we need not only the restriction
fla = b (x) but all the other coefficients b;(x) as well.

(3.14.5)
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There is one further twist. The usual rule for transforming a polynomial
under a blow-up is

D1, ) = ()" ™0 PB(ah ),

n n’
but instead we use the rule
bi(x1,y ..y ) = (20) "0 (2l .. 2l).
That is, we “pretend” that b; has multiplicity ¢ at the origin. To handle
this, we introduce the notion of a marked function (g,m) and define the

birational transform of a marked function (g, m) to be

/

T (g(r, .. zn),m) = ((2,) "g(z)al, ..., x,),m). (3.14.6)
Warning. If we change coordinates, the right-hand side of (3.14.6) changes
by a unit. Thus the ideal (7 1(g,m)) is well defined but not (g, m)
itself. Fortunately, this does not lead to any problems.

By induction we define I, !(g,m), where II is a sequence of blow-ups
as in (3.14.4).
This leads to a solution of Problems (3.13.2) and (3.13.4).

Claim 3.14.7. After a sequence of blow-ups at points of multiplicity
= m,
nI:X,=B, X, 1—-X,1=8p, , Xp20—--—=X1 =B, X=X,
a point p € X, has multiplicity < m on X, iff
(i) either p ¢ H,., the birational transform of H,
(ii) or there is an index i = i(p) such that

mult, (1T z, ), * (bi(x),1) < i.

A further observation is that we can obtain the b;(x) from the deriva-
tives of f: ‘

1 amtf
(m — i)l dym—
Thus (3.14.7) can be restated in a more invariant-looking but also vaguer
form.

bi(x) = (%, y)|m-

Principle 3.14.8. Multiplicity reduction for the n + 1-variable function
f(x,y) is equivalent to multiplicity reduction for certain n-variable func-
tions constructed from the partial derivatives of f with suitable markings.

3.14.9. Until now we have completely ignored that everything we do
depends on the initial choice of the coordinate system (z1,...,Zn, 2). The
fact that in (3.14.7-8) we get equivalences suggests that the choice of the co-
ordinate system should not matter much. The problem, however, remains:
in globalizing the local resolutions constructed above, we have to choose
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local resolutions out of the many possibilities and hope that the different
local choices patch together.
This has been a surprisingly serious obstacle.

3.3. Statement of the main theorems

So far we have been concentrating on resolution of singularities, but
now we switch our focus, and instead of dealing with singular varieties,
we consider ideal sheaves on smooth varieties. Given an ideal sheaf I on
a smooth variety X, our first aim is to write down a birational morphism
g : X’ — X such that X’ is smooth and the pulled-back ideal sheaf g*I is
locally principal. This is called the principalization of 1.

NoTATION 3.15. Let g : Y — X be a morphism of schemes and I C Ox
an ideal sheaf. I will be sloppy and use g*I to denote the inverse image
ideal sheaf of I. This is the ideal sheaf generated by the pull-backs of local
sections of I. (It is denoted by g='I-Oy or by I - Oy in [Har77, Sec.IL.7].)

We should be mindful that ¢g*I (as an inverse image ideal sheaf) may
differ from the usual sheaf-theoretic pull-back, also commonly denoted by
g*I; see [Har77, I1.7.12.2]. This can happen even if X, Y are both smooth.

For the rest of the chapter, we use only inverse image ideal sheaves, so
hopefully this should not lead to any confusion.

It is easy to see that resolution of singularities implies principalization.
Indeed, let X; := B;X be the blow-up of I with projection 7 : X; — X.
Then 7*1 is locally principal (cf. [Har77, I11.7.13]). Thus if A : X’ — X; is
any resolution, then wo h : X’ — X is a principalization of I.

Our aim, however, is to derive resolution theorems from principalization
results. Given a singular variety Z, choose an embedding of Z into a smooth
variety X, and let Iz C Ox be its ideal sheaf. (For Z quasi-projective, we
can just take any embedding Z — P into a projective space, but in
general such an embedding may not exist; see (3.46).) Then we turn a
principalization of the ideal sheaf I; into a resolution of Z.

In this section we state four, increasingly stronger versions of princi-
palization and derive from them various resolution theorems. The rest of
the chapter is then devoted to proving these principalization theorems.

3.16 (Note on terminology). Principal ideals are much simpler than
arbitrary ideals, but they can still be rather complicated since they capture
all the intricacies of hypersurface singularities.

An ideal sheaf I on a smooth scheme X is called (locally) monomial if
the following equivalent conditions hold.

(1) For every z € X there are local coordinates z; and natural num-
bers ¢; such that I - O, x =[], 2" - Oz x.
(2) I is the ideal sheaf of a simple normal crossing divisor (3.24).
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I would like to call a birational morphism g : X’ — X, such that X’ is
smooth and ¢*I is monomial, a resolution of I.

However, for many people, the phrase “resolution of an ideal sheaf”
brings to mind a long exact sequence

-— FEy—- FE — 1 —0,

where the F; are locally free sheaves. This has nothing to do with resolution
of singularities. Thus, rather reluctantly, I follow convention and talk about
principalization or monomialization of an ideal sheaf I.

We start with the simplest version of principalization (3.17) and its
first consequence, the resolution of indeterminacies of rational maps (3.18).
Then we consider a stronger version of principalization (3.21), which implies
resolution of singularities (3.22). Monomialization of ideal sheaves is given
in (3.26), which implies strong, functorial resolution for quasi-projective va-
rieties (3.27). The proof of the strongest variant of monomialization (3.35)
occupies the rest of the chapter. At the end of the section we observe that
the functorial properties proved in (3.35) imply that the monomialization
and resolution theorems automatically extend to algebraic and analytic
spaces; see (3.42) and (3.44).

THEOREM 3.17 (Principalization, I). Let X be a smooth variety over a
field of characteristic zero and I C Ox a nonzero ideal sheaf. Then there is
a smooth variety X' and a birational and projective morphism f: X' — X
such that f*I C Ox/ is a locally principal ideal sheaf.

COROLLARY 3.18 (Elimination of indeterminacies). Let X be a smooth
variety over a field of characteristic zero and g : X --+ P a rational map to
some projective space. Then there is a smooth variety X' and a birational
and projective morphism f : X' — X such that the composite gof : X' — P
is a morphism.

Proof. Since P is projective and X is normal, there is a subset Z C X
of codimension > 2 such that g : X \ Z — P is a morphism. Thus ¢*Op(1)
is a line bundle on X \ Z. Since X is smooth, it extends to a line bundle on
X; denote it by L. Let J C L be the subsheaf generated by g* H°(P, Op(1)).
Then I := J ® L™ is an ideal sheaf, and so by (3.17) there is a projective
morphism f : X’ — X such that f*I C Ox is a locally principal ideal
sheaf.

Thus the global sections

(go f)"H°(P,Op(1)) € H*(X', f*L)

generate the locally free sheaf L' := f*I ® f*L. Therefore, go f: X' — P
is a morphism given by the nowhere-vanishing subspace of global sections

(go f)*H(P,0p(1)) c H*(X',L'). O
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NOTATION 3.19 (Blow-ups). Let X be a scheme and Z C X a closed
subscheme. Let m = 7z x : Bz X — X denote the blow-up of Z in X; see
[Sha94, I1.4] or [Har77, Sec.I1.7]. Although resolution by definition involves
singular schemes X, we will almost always study the case where X and
Z are both smooth, called a smooth blow-up. The exceptional divisor of a
blow-up is F' := FE’IX(Z) C BzX. If mz x is a smooth blow-up, then F
and Bz X are both smooth.

WARNING 3.20 (Trivial and empty blow-ups). A blow-up is called triv-
ialif Z is a Cartier divisor in X. In these cases mz x : BzX — X is
an isomorphism. We also allow the possibility Z = (), called the empty
blow-up.

We have to deal with trivial blow-ups to make induction work since the
blow-up of a codimension 2 smooth subvariety Z"~2 C X" corresponds to
a trivial blow-up on a smooth hypersurface Z"~2 ¢ H*~! ¢ X™.

Two peculiarities of trivial blow-ups cause trouble.

(1) For a nontrivial smooth blow-up 7 : Bz X — X, the morphism 7
determines the center Z, but this fails for a trivial blow-up. One
usually thinks of 7 as the blow-up, hiding the dependence on Z.
By contrast, we always think of a smooth blow-up as having a
specified center.

(2) The exceptional divisor of a trivial blow-up 7z x : BzX — X
is FF = Z C X. This is, unfortunately, at variance with the
usual definition of exceptional set/divisor (see [Sha94, Sec.I1.4.4]
or (3.25)), but it is the right concept for blow-ups.

These are both minor inconveniences, but they could lead to confusion.

Empty blow-ups naturally occur when we restrict a blow-up sequence
to an open subset U C X and the center of the blow-up is disjoint from
U. We will exclude empty blow-ups from the final blow-up sequences, but
we have to keep them in mind since they mess up the numbering of the
blow-up sequences.

THEOREM 3.21 (Principalization, IT). Let X be a smooth variety over a
field of characteristic zero and I C Ox a nonzero ideal sheaf. Then there is
a smooth variety X' and a birational and projective morphism f: X' — X
such that

(1) f*I C Ox: is a locally principal ideal sheaf,

(2) f: X' — X is an isomorphism over X \ cosupp I, where cosupp I
(or Supp(Ox /1)) is the cosupport of I, and

(3) f is a composite of smooth blow-ups

Tr—1

X' =X, "3 X, =2 IS xS X = X
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This form of principalization implies resolution of singularities, seem-
ingly by accident. (In practice, one can follow the steps of a principalization
method and see how resolution happens, though this is not always easy.)

COROLLARY 3.22 (Resolution of singularities, I). Let X be a quasi-
projective variety. Then there is a smooth variety X' and a birational and
projective morphism g : X' — X.

Proof. Choose an embedding of X into a smooth variety P such that
N > dim X + 2. (For instance, P = PV works for all N > dim X.) Let
X C P denote the closure and I C Op its ideal sheaf. Let nx € X C P be
the generic point of X.

By (3.21), there is a sequence of smooth blow-ups

n:P=p=p_2...p % p=p
such that IT*7 is locally principal.

Since X has codimension > 2, its ideal sheaf I is not locally principal
at nx, and therefore, some blow-up center must contain nx. Thus, there is
a unique j such that 7y - --m;_1 : P; — P is a local isomorphism around 7x
but 7; : Pjy1 — P; is a blow-up with center Z; C P; such that nx € Z;.

By (3.21.2), mp - - - mj—1(Z;) C X, and this implies that 1y is the generic
point of Z;. Thus

is birational.

Z; is smooth since we blow it up, and by (3.21.3) we only blow up
smooth subvarieties. Therefore g is a resolution of singularities of X. Set
X" =g Y(X) C Z;. Then g: X' — X is a resolution of singularities of
X. O

WARNING 3.23. The resolution g : X’ — X constructed in (3.22) need
not be a composite of smooth blow-ups. Indeed, the process exhibits g as
the composite of blow-ups whose centers are obtained by intersecting the
smooth centers Z; with the birational transforms of X. Such intersections
may be singular. See (3.106) for a concrete example.

We also need a form of resolution that keeps track of a suitable simple
normal crossing divisor. This feature is very useful in applications and in
the inductive proof.

DEFINITION 3.24. Let X be a smooth variety and E = > E* a simple
normal crossing divisor on X. This means that each E? is smooth, and for
each point z € X one can choose local coordinates z1, ..., z, € m, in the
maximal ideal of the local ring O, x such that for each 7

(1) either z & E*, or
(2) E' = (zc(s = 0) in a neighborhood of & for some ¢(i), and
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(3) c(i) £ (i) if i £ 4.
A subvariety Z C X has simple normal crossings with E if one can
choose z1,..., 2z, as above such that in addition
(4) Z =(zj, =+ = zj, =0) for some ji,...,Js, again in some open
neighborhood of z.
In particular, Z is smooth, and some of the E? are allowed to contain Z.
If E does not contain Z, then E|z is again a simple normal crossing
divisor on Z.

DEFINITION 3.25. Let g : X’ — X be a birational morphism. Its excep-
tional set is the set of points ' € X’ such that g is not a local isomorphism
at 2’. It is denoted by Ex(g). If X is smooth, then Ex(g) is a divisor
[Sha94, 11.4.4]. Let

Tr—1 Tr—2

X=X, = X,_1 — 5 X 5 Xg=X

be a sequence of smooth blow-ups with centers Z; C X;. Define the total
exceptional set to be

r—1

EXtOt(H) = U (71'1‘ [CNe] 7TT,1)71(Z1‘).

i=0

If all the blow-ups are nontrivial, then Ex(IT) = Ex¢ot (IT).
Let E be a simple normal crossing divisor on X. We say that the centers

Z; have simple normal crossings with E if each blow-up center Z; C X; has
simple normal crossings (3.24) with

(m0 - mi—1)y (E) + Exgot (o - - mi-1).
If this holds, then
ot (E) = I (E) + Exeor (1)
is a simple normal crossing divisor, called the total transform of E. (A
refinement for divisors with ordered index set will be introduced in (3.65).)

We can now strengthen the theorem on principalization of ideal sheaves.

THEOREM 3.26 (Principalization, IIT). Let X be a smooth variety over
a field of characteristic zero, I C Ox a nonzero ideal sheaf and E a simple
normal crossing divisor on X . Then there is a sequence of smooth blow-ups
M:Rrp(X) =X, "= X, — ... L X, ™ Xo=X
whose centers have simple normal crossing with E such that

(1) "I C Og, y(x) i the ideal sheaf of a simple normal crossing
divisor, and
(2) II': Ry g(X) — X is functorial on smooth morphisms (3.4).
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Note that since II is a composite of smooth blow-ups, R g(X) is
smooth and IT : Ry g(X) — X is birational and projective.

As a consequence we get strong resolution of singularities for quasi-
projective schemes over a field of characteristic zero.

THEOREM 3.27 (Resolution of singularities, II). Let X be a quasi-
projective variety over a field of characteristic zero. Then there is a bi-
rational and projective morphism I : R(X) — X such that

(1) R(X) is smooth,

(2) I : R(X) — X is an isomorphism over the smooth locus X™°,
and

(3) TI~Y(Sing X) is a divisor with simple normal crossing.

Proof. We have already seen in (3.22) that given a (locally closed)
embedding i : X — P we get a resolution R(X) — X from the principal-
ization of the ideal sheaf I of the closure of i(X). We need to check that
applying (3.26) to (P, I,0) gives a strong resolution of X. (We do not claim
that R(X) — X is independent of the embedding ¢ : X — P. This will
have to wait until after the stronger principalization theorem (3.35).)

As in the proof of (3.22), there is a sequence of smooth blow-ups

0:P =P "3 p ;5. p="rP
such that IT*I is locally principal. Moreover, there is a first blow-up
;1 Piy1 — P;  with center Z; C P;
such that g := =g - ~7rj,1|zj 2 Zp — X is birational. We claim that ¢ :
Z; — X is a strong resolution of X, and hence g : g~ *(X) — X is a strong
resolution of X.

First, we prove that g is an isomorphism over X™*. As in (3.4.2),
this follows from the functoriality condition (3.26.2). Note, however, that
(3.26.2) asserts functoriality for IT : P, — P but not for the intermediate
maps P; — P. Thus a little extra work is needed. (This seems like a small
technical point, but actually it has been the source of serious troubles. The
notion of blow-up sequence functors (3.31) is designed to deal with it.)

Let F;_H C P, denote the birational transform of Fj;1 C Pj41, the
exceptional divisor of 7;. Since F' ]’ 41 C Extot(IT), it is a smooth divisor and
so I1| Fl Fiyy— X is generically smooth. Thus there is a smooth point
x € X such that H|FJ{+1 is smooth over z.

For any other smooth point ' € X, the embeddings

(re€X—P) and (z' € X — P)

have isomorphic étale neighborhoods. Thus by (3.26.2), H|p s also
smooth over /. We can factor ‘

. nll 9 v
H|FJ(Jrl cFigy—Z > X
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Thus g : Z; — X is smooth over every smooth point of X. It is also
birational, and thus g is an isomorphism over X™*.

Since Z; is smooth, g is not an isomorphism over any point of Sing X,
and thus

gil(SingX) = Zj n EXtot(ﬂ—O .- -7Tj,1),

where Exo; denotes the total exceptional divisor (3.25). Observe that
in (3.26) we can only blow-up Z; if it has simple normal crossings with
Extot(mo - - - mj—1); hence

g~ (Sing X) = Z; N Exgot(mo -+ mj—1)
is a simple normal crossing divisor on Z;. O

REMARK 3.28. The proof of the implication (3.26) = (3.27) also works
for any scheme that can be embedded into a smooth variety. We see in
(3.46) that not all schemes can be embedded into a smooth scheme, so
in general one has to proceed differently. It is worthwhile to contemplate
further the local nature of resolutions and its consequences.

Let X be a scheme of finite type and X = UU; an affine cover. For
each U; (3.27) gives a resolution R(U;) — U;, and we would like to patch
these together to R(X) — X.

First, we need to show that R(U;) is well defined; that is, it does not
depend on the embedding i : U; < P chosen in the proof of (3.27).

Second, we need to show that R(U;) and R(U;) agree over the inter-
section U; N Uj;.

If these hold, then the R(U;) patch together into a resolution R(X) —
X, but there is one problem. R(X) — X is locally projective, but it may
not be globally projective. The following is an example of this type.

Example 3.28.1. Let X be a smooth 3-fold and C7,C5 a pair of ir-
reducible curves, intersecting at two points pi,ps. Assume, furthermore,
that C; is smooth away from p;, where it has a cusp whose tangent plane
is transversal to the other curve. Let I C Ox be the ideal sheaf of Cq U Cs.

On Uy = X\ {p1}, the curve C; is smooth; we can blow it up first. The
birational transform of Cy becomes smooth, and we can blow it up next
to get Y1 — Uj. Over Uy = X \ {p2} we would work in the other order.
Over Uy N Uz we get the same thing, and thus Y; and Y, glue together
to a variety Y such that Y — X is proper and locally projective but not
globally projective.

We see that the gluing problem comes from the circumstance that the
birational map Y; NY; — Uy NUs is the blow-up of two disjoint curves, and
we do not know which one to blow up first.

For a sensible resolution algorithm there is only one choice: we have to
blow them up at the same time. Thus in the above example, the “correct”
method is to blow up the points py,po first. The curves Ci,Cs become
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smooth and disjoint, and then both can be blown up. (More blow-ups are
needed if we want to have only simple normal crossings.)

These problems can be avoided if we make (3.26) sharper. A key point
is to prove functoriality conditions not only for the end result R; g(X) but
for all intermediate steps, including the center of each blow-up.

DEFINITION 3.29 (Blow-up sequences). Let X be a scheme. A blow-up
sequence of length r starting with X is a chain of morphisms

m: X, ol X, it ST TN X % X=X,
U U u (3.29.1)
Zr_1 VAl Zy

where each m; = 7z, x, : X;41 — X is a blow-up with center Z;, C X, and
exceptional divisor Fy41 C X;41. Set

Hl‘j ::7Tj0~-~O7Ti,12Xi—>Xj and Hl Z:HZ‘()ZXi—)Xo.

We say that (3.29.1) is a smooth blow-up sequence if each m; : X;11 — X;
is a smooth blow-up.

We allow trivial and empty blow ups (3.20).

For the rest of the chapter, 7 always denotes a blow-up, Il;; a composite
of blow-ups and II the composite of all blow-ups in a blow-up sequence
(whose length we frequently leave unspecified). We usually drop the centers
Z; from the notation, to avoid cluttering up the diagrams.

DEFINITION 3.30 (Transforming blow-up sequences). There are three
basic ways to transform blow-up sequences from one scheme to another.
Let B :=

m:x, = X,., = ... x5 X X,=X
U U U
Zr 1 A Zo

be a blow-up sequence starting with X.

3.30.1. For a smooth morphism A : Y — X define the pull-back h*B to
be the blow-up sequence

I X, xx Y 250 X, i xx Y o XyixxY T Xyxx Y =Y.
U U U
ZT,1XXY Z1><XY Z()XXY

If B is a smooth blow-up sequence then so is h*B. If h is surjective then
h*B determines B uniquely. However, if h is not surjective, then h*B may

contain some empty blow-ups, and we lose information about the centers
living above X \ h(Y).
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3.30.2. Let X be a scheme and j : S — X a closed subscheme. Given
a blow-up sequence B starting with X as above, define its restriction to .S
as the sequence

Wf—l 77;?72 T Tl'bg
HS : ST I Sr—l —_— ot — Sl i So =5
U U U
Zr_1NSr_1 Z1NS, Zo NSy

It is denoted by j*B or B|s.

Note that S;y1 := Bz;ns,S: is naturally identified with the birational
transform (m;);1S; C X;y1 (cf. [Har77, IL.7.15]), thus there are natural
embeddings S; — X; for every i.

The restriction of a smooth blow-up sequence need not be a smooth
blow-up sequence.

3.30.3. Conversely, let B(.S) :=
=5, %g ;7 3...1 ¢ ™™g =9
be a blow-up sequence with centers Zf C S;. Define its push-forward as
the sequence j.B :=
X

X X X
Tr_1 Tr_2 ™ ™
o X, = X, —= ... 5 X; =% Xy = X,

whose centers ZX C X; are defined inductively as ZX := (j;).Z7, where
the j; : S; — X, are the natural inclusions. Thus, for all practical purposes,
zZX =177

If B is a smooth blow-up sequence, then so is j.B.

DEFINITION 3.31 (Blow-up sequence functors). A blow-up sequence
functor is a functor B whose
(1) inputs are triples (X, I, E), where X is a scheme, I C Ox an
ideal sheaf that is nonzero on every irreducible component and E
a divisor on X with ordered index set, and
(2) outputs are blow-up sequences

m:x, = X,., =2 ... x5 ™ X,=X
@] @] @]
Zr—1 A Zo

with specified centers. Here the length of the sequence r, the
schemes X; and the centers Z; all depend on (X, I, E). (Later we
will add ideal sheaves I; and divisors E; to the notation.)

If each Z; is smooth, then a nontrivial blow-up m; : X;41 — X; uniquely
determines Z;, so we can drop Z; from the notation. However, in general
many different centers give the same birational map.
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The (partial) resolution functor R associated to a blow-up sequence
functor B is the functor that sends (X, I, E) to the end result of the blow-
up sequence

R:(X,[,E)— (II: X, — X).
Sometimes we write simply R 7,z (X) = X,

3.32 (Empty blow-up convention). We basically try to avoid empty
blow-ups, but we are forced to deal with them because a pull-back or a
restriction of a nonempty blow-up may be an empty blow-up.

Instead of saying repeatedly that we perform a certain blow-up unless
its center is empty, we adopt the convention that the final outputs of the
named blow-up sequence functors BD, BMO, BO, BP do not contain empty
blow-ups.

The process of their construction may contain blow-ups that are empty
in certain cases. (For instance, we may be told to blow up E' N E? and the
intersection may be empty.) These steps are then ignored without explicit
mention whenever they happen to lead to empty blow-ups.

REMARK 3.33. The end result of a sequence of blow-ups IT : X, — X
often determines the whole sequence, but this is not always the case.

First, there are some genuine counterexamples. Let p € C' be a smooth
pointed curve in a smooth 3-fold Xy. We can first blow up p and then the
birational transform of C' to get

HIXQLXlzBpXoﬂ)X(M

with exceptional divisors Ey, E1 C X3, or we can blow up first C' and then
the preimage D = o, ' (p) to get

2 X525 X = BeXo 2 X

with exceptional divisors Ej, B C XJ.

Tt is easy to see that X = X/, and under this isomorphism FE; corre-
sponds to Ej and Ej corresponds to Ej.

Second, there are some “silly” counterexamples. If Z1, Zo C X are two
disjoint smooth subvarieties, then we get the same result whether we blow
up first Z; and then Zs, or first Zs and then Z;, or in one step we blow up
Z1 U Zs.

While it seems downright stupid to distinguish between these three pro-
cesses, it is precisely this ambiguity that caused the difficulties in (3.28.1).

It is also convenient to have a unified way to look at the functoriality
properties of various resolutions.

3.34 (Functoriality package). There are three functoriality properties
of blow-up sequence functors B that we are interested in. Note that in all
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three cases the claimed isomorphism is unique, and hence the existence is
a local question.

Functoriality for étale morphisms is an essential ingredient of the proof.
As noted in (3.9.2), this is equivalent to functoriality for smooth morphisms
(3.34.1). Independence of the base field (3.34.2) is very useful in applica-
tions, but it is not needed for the proofs.

Functoriality for closed embeddings (3.34.3) is used for resolution of
singularities, but it is not needed for the principalization theorems. This
property is quite delicate, and we are not able to prove it in full generality,
see (3.71).

3.34.1 (Smooth morphisms). We would like our resolutions to com-
mute with smooth morphisms, and it is best to build this into the blow-up
sequence functors.

We say that a blow-up sequence functor B commutes with h if

B(Y,h*I,h"\(E)) = h* B(X, I, E).

This sounds quite reasonable until one notices that even when ¥ — X is
an open immersion it can happen that Zy x x Y is empty. It is, however,
reasonable to expect that a good blow-up sequence functor commutes with
smooth surjections.

Therefore, we say that B commutes with smooth morphisms if

e 3 commutes with every smooth surjection h, and
e for every smooth morphism h, B(Y, h*I,h~'(E)) is obtained from
the pull-back h* B(X, I, E) by deleting every blow-up h*m; whose
center is empty and reindexing the resulting blow-up sequence.
3.34.2 (Change of fields). We also would like the resolution to be inde-
pendent of the field we work with.
Let 0 : K — L be a field extension. Given a K-scheme of finite type
Xk — Spec K, we can view Spec L as a scheme over Spec K (possibly not
of finite type) and take the fiber product

XL,U = XK XSpec K Spec L,

which is an L-scheme of finite type. If I is an ideal sheaf and E a divisor
on X, then similarly we get I, , and Ef, 5.

We say that B commutes with o if B(Xr ¢, I 0, FLs) is the blow-up
sequence

(o)L,

Moo:(X)pe 22 (X e - (X)ie "5 (Xo)po
U U U
(Zr—1)pe - (Z1)pe (Zo)L.o

This property will hold automatically for all blow-up sequence functors that
we construct.
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3.34.3 (Closed embeddings). In the proof of (3.22) we constructed a
resolution of a variety Z by choosing an embedding of Z into a smooth
variety Y. In order to get a well-defined resolution, we need to know that
our constructions do not depend on the embedding chosen. The key step
is to ensure independence from further embeddings Z «— Y — X.

We say that B commutes with closed embeddings if

B(X7IXaE) :J* B(Ya IY7E|Y)7
whenever

e j:Y — X is a closed embedding of smooth schemes,

e 0 # Iy C Oy and 0 # Ix C Ox are ideal sheaves such that
Ox/.[x Zj*(Oy/Iy)7 and

e F is a simple normal crossing divisor on X such that E|y is also
a simple normal crossing divisor on Y.

3.34.4 (Closed embeddings, weak form). Let the notation and assump-
tions be as in (3.34.3). We say that B weakly commutes with closed embed-
dings if

J"B(X,Ix,E) =B(Y, Iy, Ely).
The difference appears only in the proof of (3.35) given in (3.72). At the
beginning of the proof we blow up various intersections of the irreducible
components of E. Since these intersections are not contained in Y, this
commutes with restriction to Y but it does not commute with push forward.

The strongest form of monomialization is the following.

THEOREM 3.35 (Principalization, IV). There is a blow-up sequence
functor BP defined on all triples (X, I, E), where X is a smooth scheme of
finite type over a field of characteristic zero, I C Ox is an ideal sheaf that
is not zero on any irreducible component of X and E is a simple normal
crossing divisor on X. BP satisfies the following conditions.

(1) In the blow-up sequence BP(X,I,E) =

m: X, = X,.; = ... x5 I Xo = X,
@] U @]
Zr—1 Z1 A

all centers of blow-ups are smooth and have simple normal crossing
with E (3.25).

(2) The pull-back TI*I C Ox, is the ideal sheaf of a simple normal
crossing divisor.

(3) II: X, — X is an isomorphism over X \ cosupp I.

(4) BP commutes with smooth morphisms (3.34.1) and with change
of fields (3.34.2).

(5) BP commutes with closed embeddings (3.34.3) whenever E = (.
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Putting together the proof of (3.27) with (3.37), we obtain strong and
functorial resolution.

THEOREM 3.36 (Resolution of singularities, III). There is a blow-up
sequence functor BR(X) =

m:x, == x,., == ... = x5 7 Xy =X,
U U U
Zr—1 A Zo

defined on all schemes X of finite type over a field of characteristic zero,
satisfying the following conditions.

(1) X, is smooth.

2) I1: X,. — X is an isomorphism over the smooth locus X™*.

(3) TI~Y(Sing X) is a divisor with simple normal crossings.

(4) BR commutes with smooth morphisms (3.34.1) and with change
of fields (3.34.2).

Proof. First we construct BR(X) for affine schemes. Pick any embed-
ding X — A into a smooth affine scheme such that dim A > dim X + 2.
As in the proof of (3.22), the blow-up sequence for BP(A, Ix,{) obtained
in (3.35) gives a blow-up sequence BR(X).

Before we can even consider the functoriality conditions, we need to
prove that BR(X) is independent of the choice of the embedding X — A.

Thus assume that II; : R1(X) — -+ - X and Il : Ro(X) — -+ — X
are two blow-up sequences constructed this way. Using that BP weakly
commutes with closed embeddings (3.34.4), it is enough to prove uniqueness
for resolutions constructed from embeddings into affine spaces X «— A",
Moreover, we are allowed to increase n anytime by taking a further embed-
ding A" «— AnT™,

As (3.39) shows, any two embeddings 41,72 : X — A™ become equiva-
lent by an automorphism of A%", which gives the required uniqueness.

Thus (3.34.2) for BP(A, Ix,0) implies (3.34.2) for BR(X) since an
embedding i : X — A over K and ¢ : K — L gives another embedding
iG',L : XG,L — Ao’,L~

We can also reduce the condition (3.34.1) for BR(X) to the same con-
dition for BP(A, Ix,0).

To see this, let A : Y — X be a smooth morphism, and choose any
embedding X — Ax into a smooth affine variety. By (3.41), for every
y € Y there is an open neighborhood h(y) € A% C Ax and a smooth
surjection h : A} — AS such that ;' (X N AY) is isomorphic to an open
neighborhood y € Y? C Y. Set X° := X N A%. Thus, by (3.34.1),

hY BP(A%, Ixo,0) = BP(AY, Iyo, 0),
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which shows that h* BR(X") = BR(Y?). As we noted earlier, (3.34.1) is a
local property, and thus h* BR(X) = BR(Y) as required.

We have now defined BR on (possibly reducible) affine schemes, and it
remains to prove that one can glue together a global resolution out of these
local pieces. This turns out to be a formal property of blow-up sequence
functors, which we treat next. O

PRrOPOSITION 3.37. Let B be a blow-up sequence functor defined on
affine schemes over a field k that commutes with smooth surjections.

Then B has a unique extension to a blow-up sequence functor B, which
is defined on all schemes of finite type over k and which commutes with
smooth surjections.

Proof. For any X choose an open affine cover X = UU;, and let X’ :=
L1, Ui be the disjoint union. Then X’ is affine, and there is a smooth
surjection g : X’ — X. We show that B(X") descends to a blow-up sequence
of X.

Set X" = [],.; Ui NUj. (We can also think of it as the fiber product
X’ xx X'.) There are surjective open immersions 71,7 : X" — X', where
T1|u;nu; 2 Ui NUj — U; is the first inclusion and ma|y,nu; : UiNU; — Uj is
the second.

The blow-up sequence B(X') starts with blowing up Zj C X', and
the blow-up sequence B(X") starts with blowing up Z§j C X”. Since B
commutes with the 7;, we conclude that

1 (Zy) = Zy = 75(Zp). (3.37.1)

Since Z) C X' is a disjoint union of its pieces Z|, := Z{, N U;, (3.37.1) is
equivalent to saying that for every i, j

Zhilv.nu, = Zojluinu,- (3.37.2)

Thus the subschemes Zj; C U; glue together to a subscheme Z, C X.
This way we obtain X; := Bz, X such that X{ = X’ xx X;. We can

repeat the above argument to obtain the center Z; C X; and eventually

get the whole blow-up sequence for X. O

WARNING 3.38. A key element of the above argument is that we need
to know B for the disconnected affine scheme [[, U;.

Any resolution functor defined on connected schemes automatically ex-
tends to disconnected schemes, but for blow-up sequence functors this is
not at all the case. Although the blow-ups on different connected compo-
nents do not affect each other, in a resolution process we need to know in
which order we perform them, see (3.28.1).

Besides proving resolution for nonprojective schemes and for algebraic
spaces, the method of (3.37) is used in the proof of the principalization
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theorems. The inductive proof naturally produces resolution processes only
locally, and this method shows that they automatically globalize.

The following lemma shows that an affine scheme has a unique embed-
ding into affine spaces, if we stabilize the dimension.

LEMMA 3.39. Let X be an affine scheme and iy : X — A" and iy : X —
A™ two closed embeddings. Then the two embeddings into the coordinate
subspaces

i X = A" A" and il X o AT s AT
are equivalent under a (nonlinear) automorphism of A",

Proof. We can extend i; to a morphism j; : A™ — A" and i3 to a
morphism j : A" — A™.
Let x be coordinates on A" and y coordinates on A™. Then
(Xa y) = (X, y+ JQ(X))
is an automorphism of A"*™_ which sends the image of i} to
1m[11 X 7:2 X — A" x Am]
Similarly,
(x,y) = (x+41(y),y)
is an automorphism of A"™™ which sends the image of i} to
im[il X ig : X — A" XAm}. O

ASIDE 3.40. It is worthwhile to mention a local variant of (3.39). Let X
be a scheme and z € X a point whose Zariski tangent space has dimension
d. Then, for m > 2d, x € X has a unique embedding into a smooth scheme
of dimension m, up to étale coordinate changes.

See [Jel87, Kal91] for affine versions.

LEMMA 3.41. Let h : Y — X be a smooth morphism, y € Y a point
and i : X — A a closed embedding. Then there are open neighborhoods
ye Yl CV, fly) € AY C Ax, X° = X N A%; a smooth morphism
ha : AY — AY%; and a closed embedding j : Y° — AY such that the
following diagram is a fiber product square:

J
Yo & A%
hl O L ha
X0 4 AL

Proof. We prove this over infinite fields, which is the only case that we
use.

The problem is local, and thus we may assume that X,Y, Ax are affine
and Y C X x AN, If h has relative dimension d, choose a general projection
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o AN — A4+l guch that o : h™1(z) — A*! is finite and an embedding
in a neighborhood of y. (Here we need that the residue field of x is infi-
nite.) Thus, by shrinking Y, we may assume that Y is an open subset of a
hypersurface H C X x A% and the first projection is smooth at y € H.
H is defined by an equation ), ér2!, where the ¢; are regular functions
on X and z denotes the coordinates on A%, Since X — Ax is a closed
embedding, the ¢; extend to regular functions ®; on Ax. Set

Ay = (Z ‘I)]ZI = O) C Ax x Ad+1.
I

Thus Y C Ay and the projection Ay — Ax is smooth at y. Let y € A C
Ay and A% C Ax be open sets such that the projection ha : A} — A% is
smooth and surjective. Set Y0 :=Y n Ay O

The following comments on resolution for algebraic and analytic spaces
are not used elsewhere in these notes.

3.42 (Algebraic spaces). All we need to know about algebraic spaces
is that étale locally they are like schemes. That is, there is a (usually
nonconnected) scheme of finite type U and an étale surjection o : U — X.
We can even assume that U is affine.

The fiber product V := U X x U is again a scheme of finite type with
two surjective, étale projection morphisms p; : V' — U, and for all purposes
one can identify the algebraic space with the diagram of schemes

X = [p1,p2: V2 UJ. (3.42.1)

The argument of (3.37) applies to show that any blow-up sequence functor
B that is defined on affine schemes over a field k£ and commutes with étale
surjections, has a unique extension to a blow-up sequence functor B, which
is defined on all algebraic spaces over k. (See (3.105) for details.) Thus we
obtain the following.

COROLLARY 3.43. The theorems (3.35) and (3.36) also hold for alge-
braic spaces of finite type over a field of characteristic zero. d

3.44 (Analytic spaces). It was always understood that a good resolution
method should also work for complex, real or p-adic analytic spaces. (See
[GRT71] for an introduction to analytic spaces.)

The traditional methods almost all worked well locally, but globaliza-
tion sometimes presented technical difficulties. We leave it to the reader
to follow the proofs in this chapter and see that they all extend to ana-
lytic spaces over locally compact fields, at least locally. Once, however,
we have a locally defined blow-up sequence functor that commutes with
smooth surjections, the argument of (3.37) shows that we get a globally
defined blow-up sequence functor for small neighborhoods of compact sets
on all analytic spaces. Once we have a resolution functor on neighborhoods
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of compact sets that commutes with open embeddings, we get resolution
for any analytic space that is an increasing union of its compact subsets.
Thus we obtain the following.

THEOREM 3.45. Let K be a locally compact field of characteristic zero.
There is a resolution functor R : X — (IIx : R(X) — X) defined on all
separable K -analytic spaces with the following properties.

(1) R(X) is smooth.

(2) II: R(X) — X is an isomorphism over the smooth locus X™.

(3) TI~Y(Sing X) is a divisor with simple normal crossing.

(4) Tx is projective over any compact subset of X.

(5) R commutes with smooth K-morphisms. O

ASIDE 3.46. We give an example of a normal, proper surface S over C
that cannot be embedded into a smooth scheme.

Start with P* x C, where C' is any smooth curve of genus > 1. Take
two points ¢, c2 € C. Blow up (0,¢1) and (00, ¢2) to get f: T — P! x C.
We claim the following.

(1) The birational transforms C; C T of {0} x C and Cy C T of
{00} x C can be contracted, and we get a normal, proper surface
g:T—S.

(2) If Oc(c1) and O¢(c2) are independent in Pic(C), then S can not
be embedded into a smooth scheme.

To get the first part, it is easy to check that a multiple of the birational
transform of {1} x C'+ P! x {¢;} on T is base point free and contracts C;
only, giving g; : T — S;. Now S1 \ Cs and S3 \ C; can be glued together to
get g: T — S.

If D is a Cartier divisor on S, then Or(g*D) is trivial on both C;
and Cy. Therefore, f.(g*D) is a Cartier divisor on P! x C such that its
restriction to {0} x C is linearly equivalent to a multiple of ¢; and its
restriction to {oo} x C' is linearly equivalent to a multiple of cs.

Since Pic(P! x C) = Pic(C)xZ and O¢(c1) and O (ca) are independent
in Pic(C), every Cartier divisor on S is linearly equivalent to a multiple of
{1} x C. Thus the points of {1} x C' C S cannot be separated from each
other by Cartier divisors on S.

Assume now that S — Y is an embedding into a smooth scheme. Pick
apoint p € {1} xC CY,andlet p € U C Y be an affine neighborhood. Any
two points of U can be separated from each other by Cartier divisors on U.
Since Y is smooth, the closure of a Cartier divisor on U is automatically
Cartier on Y. Thus any two points of U N .S can be separated from each
other by Cartier divisors on S, a contradiction. 0

An example of a toric variety with no Cartier divisors is given in [Ful93,
p.65]. This again has no smooth embeddings.
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3.4. Plan of the proof

This section contains a still somewhat informal review of the main steps
of the proof. For simplicity, the role of the divisor FE is ignored for now.
All the definitions and theorems will be made precise later.

We need some way to measure how complicated an ideal sheaf is at a
point. For the present proof a very crude measure—the order of vanishing
or, simply, order—is enough.

DEFINITION 3.47. Let X be a smooth variety and 0 # I C Ox an
ideal sheaf. For a point z € X with ideal sheaf m,, we define the order of
vanishing or order of I at = to be

ordy I := max{r: m,O, x D 10; x}.

It is easy to see that x — ord, I is a constructible and upper-semi-continuous
function on X.

For an irreducible subvariety Z C X, we define the order of I along
Z C X as

ordz I :=ord, I, wheren € Z is the generic point.

Frequently we also use the notation ordz I = m (resp., ordz I > m) when
Z is not irreducible. In this case we always assume that the order of I at
every generic point of Z is m (resp., > m).

The maximal order of I along Z C X is

max-ordy I := max{ord, [ : z € Z}.
We frequently use max-ord I to denote max-ordy I.

If I = (f) is a principal ideal, then the order of I at a point z is the
same as the multiplicity of the hypersurface (f = 0) at x. This is a simple
but quite strong invariant.

In general, however, the order is a very stupid invariant. For resolu-
tion of singularities we always start with an embedding X — PV, where
N is larger than the embedding dimension of X at any point. Thus the
ideal sheaf Tx of X contains an order 1 element at every point (the local
equation of a smooth hypersurface containing X), so the order of Ix is 1
at every point of X. Hence the order of Ix does not “see” the singularities
of X at all. (In the proof given in Section 3.12, trivial steps reduce the
principalization of the ideal sheaf of X C PN near a point € X to the
principalization of the ideal sheaf of X C P, where P C PV is smooth and
has the smallest possible dimension locally near z. Thus we start actual
work only when ord I > 2.)

There is one useful property of ordz I, which is exactly what we need:
the number ordz I equals the multiplicity of 7*I along the exceptional
divisor of the blow-up 7 : Bz X — X.
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DEFINITION 3.48 (Birational transform of ideals). Let X be a smooth
variety and I C Ox an ideal sheaf. For dim X > 2 an ideal cannot be
written as the product of prime ideals, but the codimension 1 primes can
be separated from the rest. That is, there is a unique largest effective
divisor Div([) such that I C Ox(—Div(l)), and we can write

I1=0x (— DiV(I)) - Icoa>2, where codim Supp(Ox/Icoda>2) > 2.

We call Ox (— Div(I)) the divisorial part of I and Isoq>2 = Ox (Div(I)) I
the codimension > 2 part of I.

Let f : X’ — X be a birational morphism between smooth varieties.
Assume for simplicity that I has no divisorial part, that is, I = I.oq>2.
We are interested in the codimension > 2 part of f*I, called the birational
transform of I and denoted by f;1I. (It is also frequently called the weak
transform in the literature.) Thus

fitl = Ox/(Div(f*I)) - f*1I.
We have achieved principalization iff the codimension > 2 part of f*I is
not there, that is, when f_ I = Ox.

For reasons connected with (3.13.2), we also need another version,
where we “pretend” that I has order m.

A marked ideal sheaf on X is a pair (I, m) where I C Ox is an ideal
sheaf on X and m is a natural number.

Let # : BX — X be the blow-up of a smooth subvariety Z and
E C BzX the exceptional divisor. Assume that ordz I > m. Set

w;l(I, m) = (OBZX(mE) -W*I,m),

and call it the birational transform of (I, m).

If ordz I = m, then this coincides with f_'I, but for ordz I > m the
cosupport of f71(I,m) also contains E. (We never use the case where
ordz I < m, since then f_1(I,m) is not an ideal sheaf.) One can iterate
this procedure to define f*(I,m) whenever f : X’ — X is the composite
of blow-ups of smooth irreducible subvarieties as above, but one has to be
quite careful with this; see (3.63).

3.49 (Order reduction theorems). The technical core of the proof con-
sists of two order reduction theorems using smooth blow-ups that match
the order that we work with.

Let I be an ideal sheaf with max-ord I < m. A smooth blow-up sequence

of order m starting with (X, 7) is a smooth blow-up sequence (3.29)
(X, L) ™= (Xomy, Lrmg) == - T (X0, 1) =% (Xo, Lo) = (X, 1),
where each m; : X;41 — X, is a smooth blow-up with center Z; C X, the
I; are defined recursively by the formula I;41 := (m;);'1; and ordz, I; = m

for every i < r.
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A blow-up sequence of order > m starting with a marked ideal (X, I, m)
is defined analogously, except we use the recursion formula (I;41,m) :=
(m)7 1(I;,m) and we require ordz, I; > m for every i < r.

Using these notions, the inductive versions of the main results are the
following.

3.49.1 (Order reduction for ideals). Let X be a smooth variety, 0 # I C
Ox an ideal sheaf and m = max-ordI. By a suitable blow-up sequence of
order m we eventually get f : X' — X such that max-ord f_ 11 < m.

3.49.2 (Order reduction for marked ideals). Let X be a smooth variety,
0 # I C Ox an ideal sheaf and m < max-ord I a natural number. By a
suitable blow-up sequence of order > m, we eventually get f : X' — X such
that max-ord f,1(I,m) < m.

We prove these theorems together in a spiraling induction with two
main reduction steps.

order reduction for marked ideals in dimension n — 1

4

order reduction for ideals in dimension n

4

order reduction for marked ideals in dimension n

The two steps are independent and use different methods.

The second implication is relatively easy and has been well understood
for a long time. We leave it to Section 3.13.

Here we focus on the proof of the harder part, which is the first impli-
cation.

3.50 (The heart of the proof). Methods to deal with Problems (3.13.3—
5) form the key steps of the proof. My approach is to break apart the
traditional inductive proof. The problems can be solved independently but
only for certain ideals. Then we need one more step to show that order
reduction for an arbitrary ideal is equivalent to order reduction for an ideal
with all the required good properties.

3.50.1 (Maximal contact). This deals with (3.13.3) by showing that for
suitable hypersurfaces H C X every step of an order reduction algorithm
for (X, I') with m = max-ord I is also a step of an order reduction algorithm
for (H,I|g,m). This is explained in (3.51) and completed in Section 3.8.

3.50.2 (D-balanced ideals). Problem (3.13.4) has a solution for certain
ideals only. For the so-called D-balanced ideals, the converse of maximal
contact theory holds. That is, for every hypersurface S C X, every order
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reduction step for (S, I|g, m) is also an order reduction step for (X, I). This
is outlined in (3.52) with all details in Section 3.9.

3.50.3 (MC-invariant ideals). The solution of (3.13.5) requires the con-
sideration of MC-invariant ideals. For these, all hypersurfaces of maximal
contact are locally analytically isomorphic, with an isomorphism preserving
the ideal I. See (3.53), with full proofs in Section 3.10.

3.50.4 (Tuning of ideals). It remains to show that order reduction for an
arbitrary ideal I is equivalent to order reduction for an ideal W(I), which
is both D-balanced and MC-invariant. This turns out to be surprisingly
easy; see (3.54) and Section 3.11.

3.50.5 (Final assembly). The main remaining problem is that a hy-
persurface of maximal contact can be found only locally, not globally. The
local pieces are united in Section 3.12, where we also take care of the divisor
E, which we have ignored so far.

Let us now see these steps in more detail.

3.51 (Maximal contact). Following the examples (3.11) and (3.12),
given X and I with m = max-ord I, we would like to find a smooth hyper-
surface H C X such that order reduction for I follows from order reduction
for (Ilg,m).

As we noted in (3.13.3), first, we have to ensure that the points where
the birational transform of I has order > m stay on the birational transform
of H all the time. That is, we want to achieve the following.

3.51.1 (Going-down property of maximal contact). Restriction (3.30.2.)
from X to H gives an injection

blow-up sequences of order m for (X, I)

N

blow-up sequences of order > m for (H,I|g,m)

If this holds, then we say that H is a hypersurface of mazimal contact. At
least locally these are easy to find using derivative ideals.

Derivations of a smooth variety X form a sheaf Derx, locally generated
by the usual partials 9/0x;. For an ideal sheaf I, let D(I) denote the ideal
sheaf generated by all derivatives of local sections of I. We can define
higher-derivative ideals inductively by the rule D*'(I) := D(D(I)).

If m = max-ord I, we are especially interested in the largest nontrivial
derivative ideal. It is also called the ideal of mazimal contacts

MC(I) ::Dml(I)—(LlfszI, Zci—ml).

ox{t -+ - Qg
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3.51.2 (Local construction of maximal contact). For a point p € X
with m = ord, I, let h € MC(I) be any local section with ord, h = 1. Then
H := (h =0) is a hypersurface of mazimal contact in an open neighborhood
of p.

In general, hypersurfaces of maximal contact do not exist globally, and
they are not unique locally. We deal with these problems later.

3.52 (D-balanced ideals). It is harder to deal with (3.13.4). No mat-
ter how we choose the hypersurface of maximal contact H, sometimes the
restriction (g, m) is “more singular” than I, in the sense that order re-
duction for (I|g,m) may involve blow-ups that are not needed for any order
reduction procedure of I; see (3.82).

There are, however, some ideals for which this problem does not hap-
pen. To define these, we again need to consider derivatives.

If ord, f = m, then typically ord,(0f/0x;) = m — 1, so a nontrivial
ideal is never D-closed. The best one can hope for is that I is D-closed,
after we “correct for the lowering of the order.”

An ideal I with m = max-ord [ is called D-balanced if

(D'I)™ c 1™ Yi<m.

Such ideals behave very well with respect to restriction to smooth subvari-
eties and smooth blow ups.

3.52.1 (Going-up property of D-balanced ideals). Let I be a D-balanced
ideal with m = max-ord I. Then for any smooth hypersurface S C X such
that S ¢ cosupp I, push-forward (3.30.3.) from S to X gives an injection

blow-up sequences of order m for (X, I)

U

blow-up sequences of order > m for (S, I|s, m)

Ezample 3.52.2. Start with the double point ideal I = (xy — 2™).
Restricting to S = (z = 0) creates an n-fold line, and blowing up this line
is not an order 2 blow-up for I.

We can see that

I+ D(I)2 = (xy7xQ,yQ,xznfl,yz"*I,z”)

is D-balanced. If we restrict I + D(I)? to (z = 0), we get the ideal
(y?,yz"~1, 2™). Tt is easy to check that the whole resolution of S is correctly
predicted by order reduction for (y2,yz""1, 2").

Putting (3.51.1) and (3.52.1) together, we get the first dimension re-
duction result.
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Corollary 3.52.3. (Maximal contact for D-balanced ideals). Let I be a
D-balanced ideal with m = max-ord I and H C X a smooth hypersurface of
maximal contact. Then we have an equivalence

blow-up sequences of order m for (X, I)

blow-up sequences of order > m for (H,I|g, m)

This equivalence suggests that the choice of H should not be important
at all. However, in order to ensure functoriality we have to choose a partic-
ular resolution. Thus we still need to show that our particular choices are
independent of H. A truly “canonical” resolution process would probably
take care of such problems automatically, but it seems that one has to make
at least some artificial choices.

3.53 (MC-invariant ideals). Dealing with (3.13.5) is again possible only
for certain ideals.
We say that I is maximal contact invariant or MC-invariant if

MC(I)-D(I) C I. (3.53.1)
Written in the equivalent form
D™ Y(I)-D(I) C I, (3.53.2)

it is quite close in spirit to the D-balanced condition. The expected order
of D™=Y(I) - D(I) is m, so it is sensible to require inclusion. There is no
need to correct for the change of order first.

For MC-invariant ideals the hypersurfaces of maximal contact are still
not unique, but different choices are equivalent under local analytic isomor-
phisms (3.55).

3.53.3 (Formal uniqueness of maximal contact). Let I be an MC-in-
variant ideal sheaf on X and Hy, Hy C X two hypersurfaces of mazximal
contact through a point x € X. Then there is a local analytic automorphism
(8.55) ¢ : (x € X) — (x € X) such that

(i) ¢! (H1) = Ha,
(i) ¢*I =1, and
(iii) ¢ is the identily on cosupp I.

3.54 (Tuning of ideals). Order reduction using dimension induction is
now in quite good shape for ideals that are both D-balanced and MC-
invariant.

The rest is taken care of by “tuning” the ideal I first. (I do not plan
to give a precise meaning to the word “tuning.” The terminology follows
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[W1o05]. The notion of tuning used in [EHO02] is quite different.) There are
many ways to tune an ideal; here is one of the simplest ones.

To an ideal I of order m, we would like to associate the ideal generated
by all products of derivatives of order at least m. The problem with this is
that if f has order m, then 0f/0x; has order m — 1, and so we are able to
add (0f/0z;)? (which has order 2m — 2), but we really would like to add
(0f J0x;)™/(m=1) (which should have order m in any reasonable definition).

We can avoid these fractional exponent problems by working with all
products of derivatives whose order is sufficiently divisible. For instance,
the condition (order) > m! works.

Enriching an ideal with its derivatives was used by Hironaka [Hir77]
and then developed by Villamayor [Vil89]. A larger ideal is introduced in
[W1005]. The ideal W (I) introduced below is even larger, and this largest
choice seems more natural to me. That is, we set

ﬁ(Dj(I)) Y (m—j)e; >m! | C Ox. (3.54.1)
7=0

The ideal W (I) has all the properties that we need.

Theorem 3.54.2. (Well-tuned ideals). Let X be a smooth variety, 0 #
I € Ox an ideal sheaf and m = max-ordI. Then
(i) max-ord W(I) = ml,
(ii) W(I) is D-balanced,
(iii) W (I) is MC-invariant, and
(iv) there is an equivalence

blow-up sequences of order m for (X, I)

blow-up sequences of order m! for (X, W (I))

3.54.3. It should be emphasized that there are many different ways to
choose an ideal with the properties of W (I) as above, but all known choices
have rather high order.

I chose the order m! for notational simplicity, but one could work with
any multiple of lem(1,2,...,m) instead. The smallest choice would be
lem(1,2,...,m), which is roughly like e™. As discussed in (3.7.2), this is
still too big for effective computations. Even if we fix the order to be m/!,
many choices remain.

3.54.4. Similar constructions are also considered by Kawanoue [Kaw06]
and by Villamayor [Vil06].
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DEFINITION 3.55 (Completions). This is the only piece of commutative
algebra that we use.

For a local ring (R, m) its completion in the m-adic topology is denoted
by R; cf. [AM69, Chap.10]. If X is a k-variety and z € X, then we denote
by X, or by X the completion of X at x, which is Specy, (/Q\m’X.

We say that z € X and y € Y are formally isomorphic if X, is isomor-
phic to Yy

We need Krull’s intersection theorem (cf. [AM69, 10.17]), which says
that for an ideal I in a Noetherian local ring (R, m) we have

I=n2,(I+m").

In geometric language this implies that if Z, W C X are two subschemes
such that Z, = Wx, then there is an open neighborhood = € U C X such
that ZNU =W nNU. R

If p € X is closed, then Op x = k(p)[[z1,...,xn]], where x1,...,z, are
local coordinates. If k(p) = k or, more generally, when there is a field of
representatives (that is, a subfield ¥’ C @p,X isomorphic to k(p)), this is
proved in [Sha94, I1.2]. In characteristic zero one can find &’ as follows. The
finite field extension k(p)/k is generated by a simple root of a polynomial
f(y) € kly] C @p, x[y]. Modulo the maximal ideal, f(y) has a linear factor
by assumption, and thus by the general Hensel lemma (1.92), f(y) has a
linear factor and hence a root o € @p,x. Then k' = k() is the required
subfield. (Note that usually one cannot find such k¥’ C O, x, and so the
completion is necessary.)

REMARK 3.56. By the approximation theorem of [Art69], x € X and
y € Y are formally isomorphic iff there is a z € Z and étale morphisms

(xeX)—(z€Z)—=(yey).

This implies that any resolution functor that commutes with étale mor-
phisms also commutes with formal isomorphisms.

Our methods give resolution functors that commute with formal iso-
morphisms by construction, so we do not need to rely on [Art69].

ASIDE 3.57 (Maximal contact in positive characteristic). Maximal con-
tact, in the form presented above, works in positive characteristic as long
as the order of the ideal is less than the characteristic but fails in general.
In some cases there is no smooth hypersurface at all that contains the set
of points where the order is maximal. The following example is taken from
[Nar83]. In characteristic 2 consider

X = (22 + 922 + 203 + y"w = 0) C A%,
The maximal multiplicity is 2, and the singular locus is given by

2 +y2d + 2wt +yw =22+ yfw =yt wd = 20 +y" =0
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It contains the monomial curve
C = im[t — (327 19 15)]

(in fact, it is equal to it). C is not contained in any smooth hyper-
surface. Indeed, assume that (F = 0) is a hypersurface containing C
that is smooth at the origin. Then one of z,y, z,w appears linearly in
F and F(t32,7,1'9,¢1°) = 0. The linear term gives a nonzero t™ for some
m € {32,7,19,15}, which must be canceled by another term ¢t™. Thus we
can write m = 32a+ 7b+19c+ 15d, where a+b+c+d > 2 and a, b, c,d > 0.
This is, however, impossible since none of the numbers 32,7,19, 15 is a pos-
itive linear combination of the other three.

3.5. Birational transforms and marked ideals

3.58 (Birational transform of ideals). Let X be a smooth scheme over
a field k, Z C X a smooth subscheme and 7 : Bz X — X the blow-up
with exceptional divisor F' C BzX. Let Z = UZ; and F' = UF} be the
irreducible components.

Let I C Ox be an ideal sheaf, and set ordz, I = m;. Thenn*I C Op,x
vanishes along F; with multiplicity m;, and we aim to remove the ideal sheaf
OB, x(—Y_ m;F;) from n*I. That is, define the birational transform (also
called the controlled transform or weak transform in the literature) of I by
the formula

7T*_1I = OBZX(ijij)"/T*ICOBZX« (3581)

This is consistent with the definition given in (3.49) for the case I = Isoa>2.
Warning. If Z C X is a smooth divisor, then the blow-up is trivial.
Hence 7z x : Bz X = X is the identity map, and

m = Ox (3 m;Zy) - 1

depends not only on m = 7z x but also on the center Z of the blow-up. Un-
fortunately, I did not find any good way to fix this notational inconsistency.

One problem we have to deal with in resolutions is that if 7 C H C
X is a smooth hypersurface with birational transform By H C Bz X and
projection 7y : By H — H, then restriction to H does not commute with
taking birational transform. That is,

(ma)s () > (71 D) B w (3.58.2)

but equality holds only if ord; I = ordz (| x).
The next definition is designed to remedy this problem. We replace the
ideal sheaf I by a pair (I, m), where m keeps track of the order of vanishing

that we pretend to have. The advantage is that we can redefine the notion
of birational transform to achieve equality in (3.58.2).
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DEFINITION 3.59. Let X be a smooth scheme. A marked function on
X is a pair (f,m), where f is a regular function on (some open set of) X
and m a natural number.

A marked ideal sheaf on X is a pair (I, m), where I C Ox is an ideal
sheaf on X and m a natural number.

The cosupport of (I,m) is defined by

cosupp(I,m) := {x € X :ord, I > m}.
The product of marked functions or marked ideal sheaves is defined by

(fi,m1)-(f2,m2) == (fifo,ma+ma), (I1,m1)-(I2,ma) := (1112, m1+ma).

The sum of marked functions or marked ideal sheaves is only sensible when
the markings are the same:

(fi,m)+ (fo,m):= (f + fa,m) and (I1,m)+ (I2,m) := (I1 + Iz, m).
The cosupport has the following elementary properties:
(1) if I C J then cosupp(I,m) D cosupp(J,m),
(2) cosupp(l112,m1 + mz) D cosupp(l1,m1) N cosupp(lz, mz),
(3) cosupp(I, m) = cosupp(I¢, mc),
(4) cosupp(I1 + Iz, m) = cosupp(I1, m) N cosupp(la, m).

DEFINITION 3.60. Let X be a smooth variety, Z C X a smooth subva-
riety and 7 : Bz X — X the blow-up with exceptional divisor F' C Bz X.
Let (I,m) be a marked ideal sheaf on X such that m < ordz I. In analogy
with (3.58) we define the birational transform of (I,m) by the formula

7, (I,m) :== (Op,x(mF)-7*I,m). (3.60.1)

Informally speaking, we use the definition (3.58.2), but we “pretend that
ordz I =m.”

As in (3.58), it is worth calling special attention to the case where Z
has codimension 1 in X. Then BzX = X, and so scheme-theoretically
there is no change. However, the vanishing order of 7 (I, m) along Z is
m less than the vanishing order of I along Z.

In order to do computations, choose local coordinates (x1, ..., z,) such
that Z = (1 =--- =2z, = 0). Then
Y1 =T Y1 = T Y = Ty Y = T (3.60.2)
give local coordinates on a chart of Bz X, and we define
i (fom) = (U WY - Yr 1Y Y- Yn) ) (3.60.3)

This formula is the one we use to compute with blow-ups, but it is co-
ordinate system dependent. As we change coordinates, the result of w1
changes by a unit. So we are free to use 7! to compute the birational
transform of ideal sheaves, but one should not use it for individual func-
tions, whose birational transform cannot be defined (as a function).
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The following lemmas are easy.

LEMMA 3.61. Let X be a smooth variety, Z C X a smooth subvariety,
w : BzX — X the blow-up and I C Ox an ideal sheaf. Assume that
ordyz I = max-ordI. Then

max-ord 7, ' I < max-ord I.

Proof. Choose local coordinates as above, and pick f(z1,...,2,) € I
such that ord, f = max-ord I = m. Its birational transform is computed as

T =y " (Y Yr—1Yr Yrs - -y Yn)-

Since f(x1,...,x,) contains a monomial of degree m, the corresponding
monomial in f(y1Yr,-- -, Yr—1Yr, Yr, - - -, Yn) has degree < 2m, and thus in
7,1 f we get a monomial of degree < 2m —m = m.

This shows that ord, m;'I < m, where p’ € Bz X denotes the origin
of the chart we consider. Performing a linear change of the (z1,...,z,)-
coordinates moves the origin of the chart, and every preimage of p appears
as the origin after a suitable linear change. Thus our computation applies
to all points of the exceptional divisor of Bz X. O

LEMMA 3.62. Let the notation be as in (3.61). Let Z C H C X be a
smooth hypersurface with birational transform BzH C Bz X and projection
7wy BzH — H. If m <ordz I and I|g # 0, then

(mu) g, m) = (7. (1,m)) B, w.

Proof. Again choose coordinates and assume that H = (z; = 0).
Working with the chart as in (3.60.2), the birational transform of H is
(y1 = 0), and we see that it does not matter whether we set first 3 = 0
and compute the transform or first compute the transform and then set
y1 = 0. We still need to contemplate what happens in the chart

x Ty — —
21:x1722:ﬁ3"'az1“:m_1a Zr41 = Lp41y- -5 2n = Tn-
This chart, however, does not contain any point of the birational transform

of H, so it does not matter. O

Note that (3.62) fails if Z = H. In this case I|y is the zero ideal, 7z
is an isomorphism, and we have only the bad chart, which we did not need
to consider in the proof above. Because of this, we will have to consider
codimension 1 subsets of cosupp I separately.

WARNING 3.63. Note that, while the birational transform of an ideal
with I = I.q>2 is defined for an arbitrary birational morphism (3.58), we
have defined the birational transform of a marked ideal only for a single
smooth blow-up (3.60). This can be extended to a sequence of smooth
blow-ups, but one has to be very careful. Let

Tr—1

M: X' =X, "2 X, =2 . X, ™ X=X (3.63.1)
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be a smooth blow-up sequence. We can inductively define the birational
transforms of the marked ideal (I, m) by
(1) (Zo,m) := (I,m), and
(2) (Ij1,m) i= ()7 (I, m) as in (3.60).
At the end we get (I, m), which I rather sloppily also denote by II; (I, m).
It is very important to keep in mind that this notation assumes that we
have a particular blow-up sequence in mind. That is, II; (1, m) depends
not only on the morphism II but on the actual sequence of blow-ups we use
to get it.
Consider, for instance, the blow-ups

IT: XQ L’ Xl = BpXO ﬂ) X07
I |
X, N X[ = BeXo 2% X,

introduced in (3.33).
Let us compute the birational transforms of (I, 1), where I := I. The
first blow-up sequence gives

(71'());1(.[,1) = OXI(E())-’]TSI and
(m): M ((mo) M(IL,1)) = Ox,(Er) -7 ((m0) ' (1,1))
= Ox,(Ey+ Eq) -II*1.
On the other hand, the second blow-up sequence gives
(00);1(I,1) = Ox(E}) o3I and
(01):'((00)s1(1,1)) = Oxy(E7) - 07 ((00),'(1,1))
= Oxy(Ey+2E7) - 21
since 07 Ox; (Ep) = Ox; (Ey + EY).
Thus ;7 1(7,1) # X;1(1,1), although IT = .

3.6. The inductive setup of the proof

In this section we set up the final notation and state the main order
reduction theorems.

NOTATION 3.64. For the rest of the chapter, (X, I, E) or (X,I,m,E)
denotes a triple', where

(1) X is a smooth, equidimensional (possibly reducible) scheme of
finite type over a field of characteristic zero,

(2) I C Ox (resp., (I,m)) is a coherent ideal sheaf (resp., coherent
marked ideal sheaf), which is nonzero on every irreducible com-
ponent of X, and

11 consider the pair (I,m) as one item, so (X, I, m, E) is still a triple.
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(3) E=(F',...,E®) is an ordered set of smooth divisors on X such
that Y. E* is a simple normal crossing divisor. Each E? is allowed
to be reducible or empty.

The divisor E plays an ancillary role as a device that keeps track of the
exceptional divisors that we created and of the order in which we created
them. As we saw in (3.6.3), one has to carry along some information about
the resolution process.

As we observed in (3.6.2) and (3.28.1), it is necessary to blow up dis-
joint subvarieties simultaneously. Thus we usually do get reducible smooth
divisors E7.

DEFINITION 3.65. Given (X, I, E) with max-ord I = m, a smooth blow-
up of order m is a smooth blow-up 7 : Bz X — X with center Z such that
(1) Z C X has simple normal crossings only with E, and
(2) ordz I =m.
The birational transform of (X, I, E) under the above blow-up is

7YX, [,E) = (BzX, 7, ', mit (E)).

Here 7, 1 is the birational transform of I as defined in (3.58), and 7. (E)
consists of the birational transform (2.1) of E (with the same ordering as
before) plus the exceptional divisor FF C Bz X added as the last divisor. It
is called the total transform of E. (If 7 is a trivial blow-up, then 7, (F) =
E+2Z)

A smooth blow-up of (X,I, m,E) is a smooth blow-up 7 : Bz X — X
such that

(1") Z C X has simple normal crossings only with E, and

(2') ordz I > m.
The birational transform of (X, I, m, E) under the above blow-up is defined
as

m (X, I,m, E) = (Bz X, m; (I, m), 7o) (E)).

DEFINITION 3.66. A smooth blow-up sequence of order m and of length
r starting with (X, I, F) such that max-ord] = m is a smooth blow-up
sequence (3.30)

Tr—2

II: (X’I"7I’I"7ET) WT__} (erlvlrflaErfl) —
=5 (X1, I, By) = (Xo, 1o, Eo) = (X, 1,E),
where
(1) the (X;,I;, E;) are defined recursively by the formula
(Xit1,Liv1, Bix1) = (Bz, Xy, (1) M Iy (m3) it B )
(2) each m; : X;41 — X, is a smooth blow-up with center Z; C X;
and exceptional divisor F; 11 C X;41,
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(3) for every i, Z; C X; has simple normal crossings with E;, and
(4) for every 4, ordg, I; = m.
Similarly, a smooth blow-up sequence of order > m and of length r
starting with (X, I, m, F) is a smooth blow-up sequence

Tr—1 Tr—2

IT: (XT7 IrvmvEr) B (XT—17 Ir—17m7 Er—l) —
- (Xlallam7 El) - (X07107m7E0) = (X7IamaE)7
where
(1') the (X;, I;,m, E;) are defined recursively by the formula
(Xiv1, Liv1,m, Eip1) == (Bz, Xy, (1), (Ii,m), (m3) et Ei),
(2'-3') the sequence satisfies (2) and (3) above, and
(4") for every i, ordz, I; > m.

As we noted in (3.60), we allow the case where Z; C X; has codimension
1. In this case m;41 is an isomorphism, but I;;1 # I;.
We also use the notation

I;4X,LE) = (X, L 1HE))
= (XmIraEr)a

but keep in mind that, as we saw in (3.63), this depends on the whole
blow-up sequence and not only on II.

We also enrich the definition of blow-up sequence functors considered
in (3.31). From now on, we consider functors B such that B(X,I,E)
(resp., B(X,I,m, E)) is a blow-up sequence starting with (X, I, E) (resp.,
(X,I,m, E)) as above. That is, from now on we consider the sheaves I; and
the divisors F; as part of the functor. Since these are uniquely determined
by (X, I, E) and the blow-ups 7;, this is a minor notational change.

REMARK 3.67. The difference between the marked and unmarked ver-
sions is significant, since the birational transforms of the ideals are com-
puted differently.

There is one case, however, when one can freely pass between the two
versions. If I is an ideal with max-ord I = m, then in any blow-up sequence
of order > m starting with (X, I, m, E), max-ord I; < m by (3.61), and so
every blow-up has order = m. Thus, by deleting m, we automatically get
a blow-up sequence of order m starting with (X, I, E'). The converse also
holds.

We can now state the two main technical theorems that combine to
give an inductive proof of resolution.

THEOREM 3.68 (Order reduction for ideals). For every m there is a
smooth blow-up sequence functor BOy, of order m (3.31) that is defined on
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triples (X, I, E) with max-ord I < m such that if BO,,(X,I,E) =

Tr—2

H : (X’l’v-[’l’vET) E (erle’fl;Erfl) —
L (X17117E1) ﬂ) (X07IO7EO) = (X7I7 E)a
then

(1) max-ordI, < m, and
(2) BO,, commutes with smooth morphisms (3.34.1) and with change
of fields (3.34.2).

In our examples, the case max-ord I < m is trivial, that is, X, = X.

THEOREM 3.69 (Order reduction for marked ideals). For every m there
is a smooth blow-up sequence functor BMQO,, of order > m (3.31) that is
defined on triples (X, I,m, E) such that if BMO,,(X,I,m,E) =

Tr—1 Tr—2

IT: (X’rv I.,m, Er) — (erla Irfla m, Erfl) —_—
L (Xl,Il,m,El) & (Xo,]o,m,Eo),
then
(1) max-ordI, < m, and
(2) BMO,, commutes with smooth morphisms (3.34.1) and also with
change of fields (3.34.2).

3.70 (Main inductive steps of the proof). We prove (3.68) and (3.69)
together in two main reduction steps.

(3.69) in dimensions < n —1

(3 (3.70.1)
(3.68) in dimension n
(3 (3.70.2)

(3.69) in dimension n

The easier part is (3.70.2). Its proof is given in Section 3.13. Everything
before that is devoted to proving (3.70.1).

We can start the induction with the case dim X = 0. Here I = Ox since
I is assumed nonzero on every irreducible component of X. Everything is
resolved without blow-ups.

The case dim X = 1 is also uninteresting. The cosupport of an ideal
sheaf is a Cartier divisor and our algorithm tells us to blow up Z :=
cosupp({,m). In the unmarked case m = max-ordl. After one blow-
up I is replaced by I’ := I ® Ox(Z) which has order < m. In the marked
case maX—ord(I ® (’)X(Z)) < max-ord I. Thus, after finitely many steps,
the maximal order drops below m.
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The 2-dimensional case is quite a bit more involved since it includes
the resolution of plane curve singularities (essentially as in Section 1.10)
and the principalization of ideal sheaves studied in Section 1.9.

3.71 (From principalization to resolution). As we saw in the proof
of (3.27), one can prove the existence of resolutions for quasi-projective
schemes using (3.68), but it is not clear that the resolution is independent
of the projective embedding chosen. In order to prove it, we establish two
additional properties of the functors BO and BMO.

Claim 3.71.1. BMO,,,(X,1,m,0) = BO,,(X,I,0) if m = max-ord I.

Claim 3.71.2. Let 7 : Y — X be a closed embedding of smooth schemes
and J C Oy and I C Ox ideal sheaves such that J is nonzero on every
irreducible component of Y and 7.(Oy /J) = Ox/I. Then

BMO1(X, I, 17(2)) = Tx BMO1(Y, J, 1,@).

In both of these claims we assume that £ = (). One can easily extend
(3.71.1) to arbitrary E, by slightly changing the definition (3.110). The
situation with (3.71.2) is more problematic. If E # ), then (3.71.2) fails in
some cases when cosupp J contains some irreducible components of Y N F.
Most likely, this can also be fixed with relatively minor changes, but I do
not know how.

Note also that (3.71.2) would not make sense for any marking different
from m = 1. Indeed, the ideal I contains the local equations of Y, thus it
has order 1. Thus BMO,,(X,I,m, D) is the identity for any m > 2.

3.72 (Proof of (3.69) & (3.71.2) = (3.35)). The only tricky point is
that in (3.35) E is a usual divisor but (3.68) assumes that the index set of
FE is ordered. We can order the index set somehow, so the existence of a
principalization is not a problem. However, if we want functoriality, then
we should not introduce arbitrary choices in the process.

If, by chance, the irreducible components of E are disjoint, then we
can just declare that F is a single divisor, since in (3.68) we allow the
components of ¥ to be reducible. Next we show how to achieve this by
some preliminary blow-ups.

Let Fq,..., E; be the irreducible components of . We make the F;
disjoint in £ — 1 steps.

First, let Zy C Xo = X be the subset where all of the F1, ..., E; inter-
sect. Let mo : X1 — Xo be the blow-up of Zy with exceptional divisor F.
Note that the (mo); 1 E1, ..., (m0); ' Ex do not have any k-fold intersections.

Next let Z; C X; be the subset where k — 1 of the (mo); ! E; intersect.
Z1 is smooth since the (WO)QIEZ- do not have any k-fold intersections. Let
71 : Xo — X be the blow-up of Z; with exceptional divisor F2. Note that
the (mom1); 1 E; do not have any (k — 1)-fold intersections.
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Next let Zo C X5 be the subset where k—2 of the (mom); 1 E; intersect,
and so on.

After (k — 1)-steps we get rid of all pairwise intersections as well. The
end result is 7 : X’ — X such that B := 771 (E; + --- + E}) is a smooth
divisor. Let E',..., E*~1 denote the birational transforms of F',... FF~1,

Thus (X', 7*1, Zf:ol E?) satisfies the assumptions of (3.68).

(It may seem natural to start with dim X-fold intersections instead
of k-fold intersections. We want functoriality with respect to all smooth
morphisms, so we should not use the dimension of X in constructing the
resolution process. However, ultimately the difference is only in some empty
blow ups, and we can forget about those at the end.)

The rest is straightforward. Construct

H(X,I,E):Xr—>"'—>X3:X/_>..._>X

by composing BMO, (X', 7*I,1, Zf_ol E?) with X’ — X. By construction,

Iy 1 gyl = Ir - Ox, (F) for some effective divisor F supported on the total

transform of Zi:ol Ei. Here I, = Oy, since max-ordl, < 1 and F is a
simple normal crossing divisor. Therefore HE‘X, I, E)I is a monomial ideal
which can be written down explicitly as follows.

Let F; C X1 denote the exceptional divisor of the jth step in the
above smooth blow-up sequence for Il x 7 g) : X; — X. Then

H?X,I,E)I =Ox, (‘Z?:sﬂi,jﬂFj) )

where II, j11 : X, — X411 is the corresponding composite of blow-ups.
The functoriality properties required in (3.35) follow from the corre-
sponding functoriality properties in (3.69) and from (3.71.2). O

3.7. Birational transform of derivatives

DEFINITION 3.73 (Derivative of an ideal sheaf). On a smooth scheme
X over a field k, let Derx denote the sheaf of derivations Ox — Ox.
If x1,...,x, are local coordinates at a point p € X, then the deriva-
tions 9/0x1,...,0/0x, are local generators of Dery. Derivation gives a
k-bilinear map
DeI‘X X OX — Ox.
Let I C Ox be an ideal sheaf. Its first derivative is the ideal sheaf D(I)
generated by all derivatives of elements of I. That is,

D(I) := (im[DerX x I — OX]). (3.73.1)
Note that I C D(I), as shown by the formula
of)  of

f= Oz Yor
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In terms of generators we can write D(I) as

D(flv"'vfs) = (flv 8fl

Higher derivatives are defined mductlvely by
D" (I) :== D(D"(1)). (3.73.2)

(Note that D"(I) contains all rth partial derivatives of elements of I, but
over general rings it is bigger; try second derivatives over Z[x]. Over char-
acteristic zero fields, they are actually equal, as one can see using formulas

like
of _ P O 0 O 0
dy  Oyox _xayax dr  0z2  ox2
The inductive definition is easier to work with.)
If max-ordI < m, then D™(I) = Ox, and thus the D"(I) give an
ascending chain of ideal sheaves

IcD{)cD*1I)c---c D™(I) = Ox.

1§¢§&1§jgn)

This is, however, not the right way to look at derivatives. Since differenti-
ating a function r times is expected to reduce its order by r, we define the
derivative of a marked ideal by

D"(I,m):= (D"(I),m—r) forr<m. (3.73.3)
Before we can usefully compare the ideal I and its higher derivatives, we
have to correct for the difference in their markings.

Higher derivatives have the usual properties.

LEMMA 3.74. Let the notation be as above. Then

(1) D™(D*(I)) = D™(1), _

(2) D'(I-J)C>i_oD'(I)- D"="(J) (product rule),

(3) cosupp(I,m) = cosupp(D"(I),m —r) for r <m (char. 0 only!),
(4) if f: Y—>X is smooth, then D(f*I) = f*(D(I)),

(5) D(I ) D(I), where ~ denotes completion (3.55). O
3.74.6 (Aside about positive characteristic). The above definition of

higher derivatives is “correct” only in characteristic zero. In general, one
should use the Hasse-Dieudonné derivatives, which are essentially given by

1 ox i

ril-erp! Ot Oxp

These operators then have other problems. One of the main difficulties of
resolution in positive characteristic is a lack of good replacement for higher
derivatives.
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3.75 (Birational transform of derivatives). Let X be a smooth vari-
ety, Z C X a smooth subvariety and 7 : Bz X — X the blow-up with
exceptional divisor F' C BzX. Let (I,m) be a marked ideal sheaf on X

such that m < ordz I. Choose local coordinates (x1,...,x,) such that
Z=(r1="---=x,=0). Then
YI= T Y1 = T Y = Ty Y = T

are local coordinates on a chart of Bz X. Let us compute the derivatives of
ng(f(xla ceey xn)a m) = (yr_mf(ylyh e Yr—1Yry Yrs - - 7y’ﬂ)a m)a
defined in (3.60.3). The easy formulas are

%w;l(ﬂm) = ﬁ;l(ax frm=1) forj<r,
o (fom) = (g fom—1) forj>r,

and a more complicated one using the chain rule for j = r:
a;?hﬂ-*_l(fﬂn) = %Zi<r7r*_l(aixifam_l)+y_ﬂ- 1( fa )
+(52 1) - mH(f,m),

m

where, as in (3.59), multiplying by (— —1) means multiplying the function

by ;—T and lowering the marking by 1.
These can be rearranged to

W;l(%f7m_1) = aiyjﬂ-;l(f7m) fOI‘j <r, (3751)
T (e fom =1) = yprem M (fom) for j > (3.75.2)
W;I(ai%fvm_l) = yra;;ﬂzl(fam) Zz<7“ By (f’ )

+(m, —1) - w:l(f, m). (3.75.3)

For later purposes, also note the following version of (3.75.1):
W{l(xj%f,m -1) = y,«yjaiij*_l(f, m) for j <r. (3.75.4)

Observe that the right-hand sides of these equations are in D(w(f,m)).
Thus we have proved the following elementary but important statement.

THEOREM 3.76. Let (I, m) be a marked ideal and 11 : X, — X the com-
posite of a smooth blow-up sequence of order > m starting with (X,I,m).
Then

H*_l(Dj(I,m)) c D’ (H*_l(I, m))  for every j > 0.
Proof. For j = 1 and for one blow-up this is what the above formulas

(3.75.1-3) say. The rest follows by induction on j and on the number of
blow-ups. O
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COROLLARY 3.77. Let

Tr—1 Tr—2

: (X, I,m) == (Xp_1, Ir—1,m) == -+
L) (Xlalhm) ﬂ) (X07IO7m)

be a smooth blow-up sequence of order > m starting with (X, I, m).
Fiz j < m, and define inductively the ideal sheaves J; by

Jo:=DI(I) and (Jiyz1,m—j):= (m); (J;,m — ).
Then, J; C DI(I;) for every i, and we get a smooth blow-up sequence of
order > m — j starting with (X, DI(I),m — 7)

-1

I (X, Jpym = ) == (Xpoa, Jry,m— ) ==
— (lejlvm _J) ﬂ) (XOaJOam_j)‘
Proof. We need to check that for every ¢ < r the inequality ordz, J; >
m — j holds, where Z; C X; is the center of the blow-up m; : X;11 — X;.
If IT; : X; — X is the composition, then

Ji = (), (D Lm — §) € D?((1:); (1, m)) = DI (I, m),

where the containment in the middle follows from (3.76). By assumption
ordz, I; > m, and thus ordz, D?(I;) > m — j by (3.74.3). O

3.8. Maximal contact and going down

DEFINITION 3.78. Let X be a smooth variety, I C Ox an ideal sheaf
and m = max-ord I. A smooth hypersurface H C X is called a hypersurface
of mazimal contact if the following holds.

For every open set X C X and for every smooth blow-up sequence of
order m starting with (X°, 19 := I|xo),

I: (X2, 10) == (X, Iy) == 5 (XD, 0D) 7 (XQ, 1),

rytr r—1>+r—1

the center of every blow-up Z? C X? is contained in the birational trans-
form H? C X! of H® := H N X°. This implies that

o - (HQ,IT|H9,m)T”—_1 (HY_y, Ir—1|po 1’m)7“_—3

(H1711|H0 m) (HOaIU|HO m)

is a smooth blow-up sequence of order > m starting with (H°, I|zo,m).
Being a hypersurface of maximal contact is a local property.
For now we ignore the divisorial part E of a triple (X, I, E) since we
cannot guarantee that E|y is also a simple normal crossing divisor.

DEFINITION 3.79. Let X be a smooth variety, I C Ox an ideal sheaf
and m = max-ord I. The maximal contact ideal of I is

MCO(I) := D™ Y(I).



3.8. MAXIMAL CONTACT AND GOING DOWN 171

Note that MC(I) has order 1 at € X if ord, I = m and order 0 if
ord, I < m. Thus

cosupp M C(I) = cosupp(I, m).

THEOREM 3.80 (Maximal contact). Let X be a smooth variety, I C Ox
an ideal sheaf and m = max-ordI. Let L be a line bundle on X and
he H'(X,L® MC(I)) a section with zero divisor H := (h = 0).

(1) If H is smooth and I|g # 0, then H is a hypersurface of mazimal
contact.

(2) Fvery x € X has an open neighborhood x € U, C X and h, €
H°(U,,L ® MC(I)) such that H, := (hy = 0) C U, is smooth.

Proof. Being a hypersurface of maximal contact is a local question,
and thus we may assume that L = Ox. Let
I (Xp 1) ™= (Xpog, Lrmy) == 75 (X0, 1) 7 (X, Do)
be a smooth blow-up sequence of order m starting with (X, I), where 7; is
the blow-up of Z; C X;.
Applying (3.77) for j = m — 1, we obtain a smooth blow-up sequence
of order > 1 starting with (X, Jo := MC(I),1):

Tr—1 Tr—2

O (X, Je 1) 7= (X, Jrg, 1) 7= - T (X, Jp, 1) 2% (X, Jo, 1).

Let H; := (I;);'H C X; denote the birational transform of H C X.
Since Ox,(—Hp) C Jp and Hy is smooth, we see that Ox,(—H;) C J; for
every i. By assumption ordgz, I; > m. Thus, using (3.74.3) and (3.77) we
get that

ordz, J; > ordz, MC(I;) > 1
and hence also ordz, H; > 1. Thus Z; C H; for every i, and so H is a
hypersurface of maximal contact.

To see the second claim, pick z € X such that ord, I = m. Then
ordy; MC(I) = 1 by (3.74.3). Thus there is a local section of MC(I) that
has order 1 at x, and so its zero divisor is smooth in a neighborhood of
x. g

ASIDE 3.81. A section h € MC(I) such that H = (h = 0) is smooth
always exists locally but usually not globally, not even if we tensor I by a
very ample line bundle L. By the Bertini-type theorem of [Kol97, 4.4], the
best one can achieve globally is that H has cA-type singularities. (These
are given by local equations 14 + (other terms) = 0.)

The above results say that every smooth blow-up sequence of order m
starting with (X,I) can be seen as a smooth blow-up sequence starting
with (H, I|g, m).

An important remaining problem is that not every smooth blow-up se-
quence starting with (H, I|gy, m) corresponds to a smooth blow-up sequence
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of order m starting with (X, I), and thus we cannot yet construct an order
reduction of (X, I) from an order reduction of (H,I|g, m).
Here are some examples that show what can go wrong.

EXAMPLE 3.82. Let I = (zy — 2z"). Then ordo ] = 2 and D(I) =

(x,y,2""1). H:= (z =0) is a surface of maximal contact, and
(H,Im) = (A, (2M).

Thus (H, I|g) shows a 1-dimensional singular locus of order n, whereas we
have an isolated singular point of order 2. The same happens if we use
(y = 0) as a surface of maximal contact.

In this case we do better if we use a general surface of maximal contact.
Indeed, for Hy := (z —y = 0),

(Hg, Ilm,) = (A7 ., (2% = =),

and we get an equivalence between smooth blow-up sequences of order 2
starting with (A2, (zy — 2™)) and smooth blow-up sequences of order > 2
starting with (A%, (22 — 2™),2).

In some cases, even the general hypersurface of maximal contact fails to
produce an equivalence. There are no problems on H itself, but difficulties
appear after blow-ups.

Let I = (23 4+ xy® + 2*). A general surface of maximal contact is

H:=(z+ wzy® + usyt + usgz? = 0), where the u; are units.

Let us compute two blow-ups given by x; = x/y,11 = y,21 = z/y and
To = x1/Y1, Y2 = Y1, 22 = 21/y1. We get the birational transforms

o3+ ay® + 24 r +wary® +usy? + uze?
o3+ myd oyt L1+ w11y} + uoyi + usy1 23
T3+ oys + Y325 Ty + 12y + ugys + usys 3.

The second birational transform of the ideal has order 2 on this chart.
However, its restriction to the birational transform Ho of H still has order
3 since we can use the equation of Hs to eliminate xs by the substitution

xo = —y5(uz + uz23) (1 + ury3)

to obtain that In|p, C (y3,v323).

3.9. Restriction of derivatives and going up

In general, neither the order of an ideal nor its derivative ideal commute
with restrictions to smooth hypersurfaces. For instance, if I = (22 +zy+2%)
and S = (x = 0) then ordg I = 2 but ordg(I|s) = 3 and (DI)|s = (y,2?)
but D(I|s) = (22). It is easy to see that

ord, I <ord,(I|ls) and (DI)|s D D(I]s),
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but neither is an equality. The notion of D-balanced ideals provides a
solution to the first of these problems and a partial remedy to the second.

DEFINITION 3.83. Asin (3.52), anideal I with m = max-ord [ is called

D-balanced if
(D)™ cI™ Vi<m

If I is D-balanced, then at every point it has order either m or 0.
Indeed, if ord,I < m then (D™ 'I), = O, x, thus I™~! and I both
contain a unit at p. In particular, cosupp(I,m) = cosuppl, hence the
maximal order commutes with restrictions.

We can reformulate this observation as follows. If I is D-balanced, then
any smooth blow-up of order > m for I|s corresponds to a smooth blow-up
of order > m for I. We would like a similar statement not just for one
blow-up, but for all blow-up sequences.

THEOREM 3.84 (Going-up property of D-balanced ideals). Let X be a
smooth variety and I a D-balanced sheaf of ideals with m = max-ord I. Let
S C X be any smooth hypersurface such that S ¢ cosupp(I,m) and

™ 1 W§—2
0% : (S, Jr,m) == (Sy—_1, Jr_1,m) — -

S xS
— (Slalem) — (507J07m) = (S7I|S’m)

be a smooth blow-up sequence of order > m, where w

Z; C S;. Then the pushed-forward sequence (3.30)

Tr—1 Tr—2

II: (XmIr) — (erla-[rfl) —_—
I (X1, ) 2% (Xo, 1) = (X, 1)

is a smooth blow-up sequence of order m, where m; is the blow-up of Z; C
S; C X;.

s the blow-up of

COROLLARY 3.85 (Going up and down). Let X be a smooth variety,
I C Ox a D-balanced ideal sheaf with m = max-ord I and E a divisor with
simple normal crossings. Let H C X be a smooth hypersurface of mazimal
contact such that E+ H is also a divisor with simple normal crossings and
no irreducible component of H is contained in cosupp(l,m).

Then pushing forward (3.30) from H to X is a one-to-one correspon-
dence between

(1) smooth blow-up sequences of order > m starting with the triple
(H7]|HamaE|H); and
(2) smooth blow-up sequences of order m starting with (X, I, E).

Proof. This follows from (3.84) and (3.80), except for the role played
by E.

Adding E to (X,I) (resp., to (H,m,I|y)) means that now we can use
only blow-ups whose centers are in simple normal crossing with E (resp.,



174 3. STRONG RESOLUTION IN CHARACTERISTIC ZERO

E|g) and their total transforms. Since F|y is again a divisor with simple
normal crossings, this poses the same restriction on order reduction for

(X, I, E) as on order reduction for (H,I|g,m,E|x). O

3.86 (First attempt to prove (3.84)). We already noted that we are ok
for the first blow-up. Let us see what happens with pushing forward the
second blow-up 77 : S — S;. By assumption ordgz, (75);1(I]s,m) > m.
Can we conclude from this that ordz, (m); ' (I,m) > m? In other words, is

S1 N cosupp((mo); (I, m)) = cosupp(wg),:l(ﬂg,m))?

Since the birational transform commutes with restrictions, this indeed holds
if the birational transform (), 1(I,m) is again D-balanced. By assump-
tion (D*I)™ C I™" and so

((m0); {(D Lo =)™ € ((mo)7H(Tm)™ ™.

Unfortunately, when we interchange (7o), ! and D’ on the left-hand side,
the inequality in (3.76) goes the wrong way and indeed, in general the
birational transform is not D-balanced.

Looking at the formulas (3.75.1-3), we see that taking birational trans-
form commutes with some derivatives but not with others.

In order to exploit this, we introduce logarithmic derivatives. This
notion enables us to separate the “good” directions from the “bad” ones.

Example 3.86.1. Check that (22, 2y™,y™*!) is D-balanced. After blow-
ing up the origin, one of the charts gives (23, 219" ", y{”fl), which is not
D-balanced.

3.87 (Logarithmic derivatives). Let X be a smooth variety and S C X
a smooth subvariety. For simplicity, we assume that .S is a hypersurface.
At a point p € S pick local coordinates 1, ..., x, such that S = (z; = 0).
If f is any function, then

af _ a(fls)
8@ (’)xi

but J(f|s)/0x1 does not even make sense. Therefore, we would like to
decompose D(f) into two parts:

ls = for i > 1,

o J0f/0x; for i > 1 (these commute with restriction to S), and
e Jf/0x1 (which does not).
Such a decomposition is, however, not coordinate invariant. The best one
can do is the following.
Let Derx(—logS) C Derx be the largest subsheaf that maps Ox (—S)
into itself by derivations. It is called the sheaf of logarithmic derivations
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along S. In the above local coordinates we can write

o 0 0
Derx(—logS) = (Ila—ml’ EEREREE a—mn)
For an ideal sheaf I set
D(—1log S)(I) (im[Dery (—logS) x I — Ox]) and
D™+ (—log S)(I) D(—1log S)(D"(—logS)(I)) forr>1.
We need three properties of log derivations.
First, log derivations behave well with respect to restriction to S:

(D" (=1ogS)(I))|s = D"(Ils). (3.87.1)
Second, one can filter the sheaf D*(I) by subsheaves
D*(—1log S)(I) c D*~*(—1logS)(D(I)) C --- C D*(I).

There are no well-defined complements, but in local coordinates x1, ..., z,
we can write

D*(I) = D*(~ log S)(I) + Ds—l(—logS)(g—ai) T (

and the first j + 1 summands span D*~7(—log S)(D’(I)).
Third, under the assumptions of (3.84), we get a logarithmic version of
(3.76):

-t (Dj(— log S,)(1, m)) C Di(—logS) (H;l(f, m)), (3.87.3)

o1

5ot ) (3.87.2)

which is proved the same way using (3.75.4).

We can now formulate the next result, which can be viewed as a way
to reverse the inclusion in (3.76).

THEOREM 3.88. Consider a smooth blow-up sequence of order > m:

Tr—1 TTr—2

m: (X, I,m) — (X,_1,I,_1,m) — -+
L (Xl,Il,m) ﬂ) (Xo,Io,m) = (X,I,m)
Let S C X be a smooth hypersurface and S; C X; its birational transforms.
Assume that each blow-up center Z; is contained in S;. Then

S
DN (I,m) =Y D*7(=log S)II; ' (DI, m — j). (3.88.1)
j=0
Proof. Using (3.76) we obtain that
D=3 (—log S Y (DI, m —j) C D* ;Y (DI, m — j)
C D7D, m) = DT (I, m),
and thus the right-hand side of (3.88.1) is contained in the left-hand side.

Next let us check the reverse inclusion in (3.88.1) for one blow-up.
The question is local on X, and so choose coordinates z1, ..., z, such that
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S = (x1 = 0) and the center of the blow-up 7 is (z1 = --- =z, = 0). We
have a typical local chart
Y1 = %a--w?}r—l = 1221’ Yr = Try - -3 Yn = T,

and S1 = (y1 = 0) is the birational transform of S. Note that the blow-up
is covered by r different charts, but only 7 — 1 of these can be written in the
above forms, where x, is different from z;. These r — 1 charts, however,
completely cover Sj.

Applying (3.87.2) to m, 1(I,m) we obtain that

S

_ s—7j ajﬂ':l I,
D (Im) = Y D (= log 1) (2t
=0

Although usually differentiation does not commute with birational trans-
forms, by (3.75.1) it does so for 9/0x; and 9/dy;. So we can rewrite the
above formula as
DomN(Lim) = 5 D*(—log Su)mt (£iLm )
1

, . (3.88.2)
C Yoo D (=logSi)m H(DII,m — j),

where the inclusion is clear. As noted above, the right-hand side of (3.88.2)
is contained in the left-hand side, and hence they are equal. This proves
(3.88) for one blow-up.

In the general case, we use induction on the number of blow-ups. We
factor II : X,, — X as the composite of .1 : X, — X,_1 and II,_q :
X,—1 — X. Use (3.88) for m-_1 to get that

DS M (I,m) = D3 (1) (1) (1, m)

= Zj’:o D*7I(=1log S, )(mr—1); DI (I, —1) (1, m).
(3.88.3)
By induction (3.88) holds for II,_; and s = j, thus

DI(T,_1); (I, m) = XJ: DI~ (—log Sy—1)(,—1); (DI, m — £).
=0
By (3.87.3), we can interchange (7,_1); ! and D?~*(—log S._1), and so
(mr—1)s "D/ (I—1) 1 (1, m)
= (mro1)7 0 DI (= log Sy—1)(I,—1); H (DT, m — £)
C o DI (—1og ) (mr—1)y H(I—1); ! (D'I,m —¢)
=30 _o DI~ (~log S,)II; 1 (D', m — ¢).



3.9. RESTRICTION OF DERIVATIVES AND GOING UP 177

Substituting into (3.88.3), we obtain the desired result:
DPTIZY(I,m) |
C Yo D (=logS,) Yoo DI (= log S, (DI, m — £)
=Y oD (=log SN (DI, m —¢). O
COROLLARY 3.89. Let the notation and assumptions be as in (3.88).
Then
m—1
S, N cosupp(IL, (I, m)) ﬂ cosupp(|s, ), ' ((D?1)]s,m — j).
§=0
Proof. Restricting (3.88.1) to S, and using (3.62) and (3.87.1) we get
that

S

L= DM, ) (D D)]s,m = j). (3.89.1)
7=0

(DT, m))

Set s = m — 1 and take cosupports. Since D™ I 1(I,m) has order 1,
its cosupport commutes with restrictions, so the left-hand side of (3.89.1)
becomes
cosupp((Dmflﬂ;l(I,m))|ST) = cosupp(D™ I (I, m)) NS,
= cosupp(H L1, m)) ns,,

(3.89.2)
where the second equality follows from (3.74.3).
On the right-hand side of (3.89.1) use (3.59.4) to obtain that
cosupp(zm ' Dm0, ) (DY), m J))
=Ni% cosupp(Dm s, ) (D D)s,m - 7)) (3:893)
=N, cosupp(Is, )L ((DI)|s,m — j).
The last lines of (3.89.2) and (3.89.3) are thus equal. O

3.90 (Proof of (3.84)). By induction, assume that this already holds for
blow-up sequences of length < r. We need to show that the last blow-up
also has order > m, or, equivalently, cosupp(J,_1,m) C cosupp(l,._1,m).

Using first (3.89) for IT,_; : X,._1 — X, then the D-balanced property
in line 2, we obtain that

Sy—1 Ncosupp(I,_1,m) = ﬂjmg cosupp(II7_,

U

ﬂ;n_o cosupp

ﬂJmB cosupp(II

= cosupp(II¥_ ;) (Jo,
= cosupp(Jr—1,m). O

(I70)5
= N2, cosupp(ILy_;);
(I70)5
(I71)5

K
|
—
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3.10. Uniqueness of maximal contact

Given (X,I,E),let j: H— X and j' : H < X be two hypersurfaces
of maximal contact. By (3.85) we can construct smooth blow-up sequences
for (X,I,E) from (H,I|g,m,Ey) and also from (H',I|g/,m,Ey/). We
need to guarantee that we get the same blow-up sequences.

Assume that there is an automorphism ¢ of X such that ¢*I = I and
¢71(E—|—H/) =FE+H. Then (H,Ig,m,Ey) = ¢*(H',I|H/,m,EH/), thus if
B(H',I|gr,m, Ep) is the smooth blow-up sequence constructed using H’,
then the “same” construction using H gives

B(H7IH7m7EH) = ¢* B(HI7I|H’7m7EH’)'
Pushing these forward as in (3.85), we obtain that
j* B(HaIHamaEH) = d)*(j!k B(Hle|H’7m7EH’))'

That is, the blow-up sequences we get from H and H' are isomorphic, but
we would like them to be identical.

Let Zy (resp., Z|) be the center of the first blow-up obtained using H
(resp., H'). As above, ¢~ 1(Z}) = Zy. Both Z| and Z; are contained in
cosupp(f, m), so if ¢ is the identity on cosupp(l,m) then Z} = Zj.

The assumption ¢*I = I implies that ¢ maps cosupp(I,m) into itself,
but it does not imply that ¢ is the identity on cosupp(Z,m). How can we
achieve the latter? Let R be a ring, J C R an ideal and o an automor-
phism of R. It is easy to see that o(J) = J and o induces the identity
automorphism on R/J iff r — o(r) € J for every r € R.

How should we choose the ideal J in our situation? It turns out that
J = I does not work and the ideal sheaf of cosupp(I, m) behaves badly for
blow-ups. An intermediate choice is given by D™~ !(I) = MC(I), which
works well.

Another twist is that usually X itself has no automorphisms (not even
Zariski locally), so we have to work in a formal or étale neighborhood of a
point z € X. (See (3.55) for completions.)

DEFINITION 3.91. Let X be a smooth variety, p € X a point, I an ideal
sheaf such that max-ordI = ord, I = m and E = E' + ... + E® a simple
normal crossing divisor. Let H, H' C X be two hypersurfaces of maximal
contact.

We say that H and H' are formally equivalent at p with respect to
(X, I, E) if there is an automorphism ¢ : X — X which moves (X,I,H+E)
into (X,I,H' + E) and ¢ is close to the identity. That is,

(1) o(H) = H '
(2) ¢*(I) =
(3) ( ) = Ezforz—l ,s, and
(4) h—9¢*(h) e MC(I )for everth@x,X.
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While this is the important concept, it is somewhat inconvenient to use
since we defined resolution, order reduction, and so on for schemes of finite
type and not for general schemes like X.

Even very simple formal automorphisms cannot be realized as algebraic
automorphisms on some étale cover. (Check this for the map = — +/z,
which is a formal automorphism of (1 € C).) Thus we need a slightly
modified definition.

We say that H and H' are étale equivalent with respect to (X, I, E) if
there are étale surjections v, ¢’ : U = X such that

(1) v='(H) ="~ (H"),

(2) ¥*(I) =v™(I),

(3) v YE) =y YE) fori=1,...,s, and

(4) ¥*(h) — ¢ (h) € MC(¢*(I)) for every h € Ox.

The connection with the formal case comes from noting that v is invert-
ible after completion, and then ¢ := 1[)’01ﬁ’1 : X — X is the automorphism
we seek.

A key observation of [Wo05] is that for certain ideals I any two smooth
hypersurfaces of maximal contact are formal and étale equivalent. Recall
(3.53) that an ideal I is MC-invariant if

McC(I)-D() C I,
where M C(I) is the ideal of maximal contacts defined in (3.51.2). Since tak-

ing derivatives commutes with completion (3.74.5), we see that MC(I) =
MC(I).

THEOREM 3.92 (Uniqueness of maximal contact). Let X be a smooth
variety over a field of characteristic zero, I an MC-invariant ideal sheaf,
m = max-ord I and E a simple normal crossing divisor. Let H H' C X be
two smooth hypersurfaces of maximal contact for I such that H + E and
H’' + E both have simple normal crossings.

Then H and H' are étale equivalent with respect to (X, I, E).

We start with a general result relating automorphisms and derivations
of complete local rings. Since derivations are essentially the first order
automorphisms, it is reasonable to expect that an ideal is invariant under a
subgroup of automorphisms iff it is invariant to first order. We are, however,
in an infinite-dimensional setting, so it is safer to work out the details.

NOTATION 3.93. Let k be a field of characteristic zero, K /k a finite field
extension and R = K[z, ..., z,]] the formal power series ring in n variables
with maximal ideal m, viewed as a k-algebra. For g1, ..., g, € m the map
g : x; — g; extends to an automorphism of R < g : m/m? — m/m? is an
isomorphism < the linear parts of the g; are linearly independent.
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Let B C m be an ideal. For b; € B the map g : z; — x; + b; need not
generate an automorphism, but ¢ : x; — x; + A\;b; gives an automorphism
for general A\; € k. We call these automorphisms of the form 1 + B.

PROPOSITION 3.94. Let the notation be as above, and let I C R be an
ideal. The following are equivalent:
(1) I is invariant under every automorphism of the form 1+ B,
(2) B-D(I) C I,
(3) BY-DI(I)C I for every j > 1.
Proof. Assume that B7-DJ(I) C I for every j > 1. Given any f € I, we
need to prove that f(z1 4+ b1,...,2, +b,) € I. Take the Taylor expansion

3f
f(@14b,. . 2p+bp) = f(21,..., +Zb + Zb bjaxzaijr---

For any s > 1, this gives that

fxy+b1,...,2,+b,) €I+ B-D(I)+---+B*-D*(I) +m*T' c I +m**!

since B7 - D’(I) C I by assumption. Letting s go to infinity, by Krull’s

intersection theorem (3.55) we conclude that f(x1 +b1,..., 2, +by) € 1.
Conversely, for any b € B and general \; € k, invariance under the

automorphism (21, o, ..., &,) — (X1 + Aib, 29, ..., x,) gives that
0 afs
f(x1+Azb7x277xn):f(xl77 )+)‘baf (Alb) 8f €I+m
T1

Use s different values A1, ..., A;. Since the Vandermonde determinant ()\{ )
is invertible, we conclude that

9/

—cl

8%1 tm

Letting s go to infinity, we obtain that B - D(I) C I.

Finally, we prove by induction that B - DJ(I) C I for every j > 1.
Bi+1. DIT1(]) is generated by elements of the form bg - --b; - D(g), where
g € DI(I). The product rule gives that

bo---b;-D(g) = bo-D(by---bj-g)— ZZ>1D(bi)'(bO"'l;\i"'bj'g)
€ B-D(B-D(I))+ B D(I)
C B-D(I)+B/-Di(I)C I,

where the entry l;; is omitted from the products. O

3.95 (Proof of (3.92)). Let us start with formal equivalence.

Pick local sections z1,2} € MC(I) such that H = (1 = 0) and H' =
(z} = 0). Choose other local coordinates za,...,xs41 at p such that E* =
(x;41 =0)fori=1,...,s. For a general choice of 2519, ..., Ty, we see that
X1,T2,...,%, and T}, Ta, ..., T, are both local coordinate systems.
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If X is a k-variety and the residue field of p € X is K, then @p, X
K[[z1,...,2,]] by (3.55), so the computations of (3.94) apply.
Since 1 — 2} € MC(I), the automorphism

O (x, w2, ... an) = (2] + (21 — ), 2, ..., Tn) = (T1,T2,..., @)

is of the form 1 + MC(I). Hence by (3.94) we conclude that ¢* (f) =1
By construction ¢(H) = H', ¢(E?) = E' and (3.91.4) is also clear.

In order to go from the formal to the étale case, the key point is to
realize the automorphism ¢ on some étale neighborhood. Existence follows
from the general approximation theorems of [Art69], but in our case the
choice is clear.

Take X x X, and for some p € X let x11,2%12,...,%1, be the corre-
sponding local coordinates on the first factor and x4, T2, ..., T2, on the
second factor. Set

Ul(p) 22(1‘11—1‘/21Zl‘lz—l‘ggz"':xln—xgn:())CXXX.

The completion of U; (p) at (p, p) is the graph of ¢,,. By shrinking U, (p), we
get (p,p) € Uz(p) C Ui(p) such that both coordinate projections 1, :
Us(p) = X are étale.

From our previous considerations, we know that (3.91.1-4) hold after
taking completions at (p,p). Thus (3.91.1'-4") also hold in an open neigh-
borhood U(p) > (p,p) by (3.55).

The images of finitely many of the U(p) cover X. We can take U to be
their disjoint union. O

In Section 3.12 we use the maximal contact hypersurfaces H, H' to con-
struct blow-up sequences B and B’ which become isomorphic after pulling
back to U. The next result shows that they are the same already on X.
That is, our blow-ups do not depend on the choice of a hypersurface of
maximal contact.

DEFINITION 3.96. Let X be a smooth variety over a field of character-
istic zero and let

B = (X, I,)™= . ™ (Xo,1)) =(X,I), and
B = (X, I) " TN (X D) = (X, T)

be two blow-up sequences of order m = max-ord I. We say that B and B’
are étale equivalent if there are étale surjections v, v’ : U = X such that
(1) v (1) =¥ (1),
(2) ¥*(h) — " (h) € MC(y*(I)) for every h € Ox, and
(3) v*B =" "B’
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THEOREM 3.97. Let X be a smooth variety over a field of characteristic
zero and I an MC-invariant ideal sheaf. Let B and B’ be two blow-up
sequences of order m = max-ord I which are étale equivalent.

Then B =B'.

Proof. By assumption there are étale surjections 1,7’ : U = X such
that *B = ¢'"B’. Let

TI'U 7'rU *
= (U 1) 7= - =5 (U, If) = (U9 T = 9" )
be the common pullback. We prove by induction on i the following claims.

(1) (Xi, L) = (X, I)).
(2) o, ' lift to étale surjections v;,’; : U; = X; such that
im(y; —¢f7) € ()TN (ML), 1).
(B) Ziea=2]_,.
For i = 0 there is nothing to prove. Let us see how to go from i to i+ 1.
Set W; = cosupp(I1{);*(MC(1{),1) and note that Z C W; by (3.77). B
the inductive assumption (2) 9;|w, = ¥!|w,, thus Z; = ¥;(ZY) = ¢(ZV) =
Z;. This in turn implies that X; 1, = X/ ;.
In order to compute the lifting of ; and ¢}, pick local coordinates
x1,...,2n o0 X; = X/ such that Z; = Z] = (z1 =22 =--- =z = 0). By
induction,

Vi (z5) = i (x;) — bi,5) for some b(i, j) € @)Y (MCeIY),1).

On the blow-up 7; : X;4+1 — X, consider the local chart

_ 1
yl_zrw'wy’r' 1=

z, 7yr—x7"7---ayn:xn-
We need to prove that
Ui () — i () € (M) N (MC(IY), 1)

for every j. This is clear if y; = x;, that is, for j > r. Next we compute
the case when j < r.

The b(i, j) vanish along Z and so (7!)*b(i, j) = ¥}, (,)b(i+1, j) for
some b(i + 1,7) € (¥, )5 (MC’(IU) 1). Hence, for j < r, we obtain that

wl*( ) (7TU) W( )—b(l,j)

1/)£+1*(yj) = (77)

Vi () CO oy () = b(i, )
Vi () — ¥F g (20)b(i + 1, )
o (@r) — i (2e)b(i+ 1,r)
7/’;:-1(%) (ZJFl 7)

b
L—b(i+1,r)
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This implies that

. b(i +1,5) = b(i + 1,r)¥7 1, (y5
O (y;) — Wiy (yy) = (i + Ji—bgil,gwﬂ(%)

is in (ITY, )71 (MC(IF),1), as required. O
3.11. Tuning of ideals

Following (3.14.9) and (3.77), we are looking for ideals that contain
information about all derivatives of I with equalized markings.

DEFINITION 3.98 (Maximal coefficient ideals). Let X be a smooth va-
riety, I C Ox an ideal sheaf and m = max-ord I. The maximal coefficient
ideal of order s of I is

m
W) = [ [T(D/(1)7 :> (m—j)e; > s | COx.

§=0
The ideals W (I) satisfy a series of useful properties.

PRrROPOSITION 3.99. Let X be a smooth variety, I C Ox an ideal sheaf

and m = max-ord I. Then

1) Wsyi(I) C Ws(I) for every s,

(2) Ws(I) - W (I) € Wsie(I),

(3) D(Ws+1(I)) = WS(I)7

(1) MC(W,(1)) = Wi (1) = MC(1),

(5) Ws(I) is MC-invariant,

(6) Ws(I)-Wi(I) = Wept(I) whenevert > (m—1)-lem(2,...,m) and
s=r-lem(2,...,m),

(7) (WS(I))J = Wjs(I) whenever s =r-lem(2,...,m) for some r >
m—1, and

(8) Ws(I) is D-balanced whenever s = r-lem(2,...,m) for some r >
m — 1.

Proof. Assertions (1) and (2) are clear and the inclusion D(W,41(I)) C
W,(I) follows from the product rule. Pick 1 € MC(I) that has order 1 at
p. Then 25t € W, (I), implying

zi = (s+ 1) it € D(Wea (D).
Next we prove by induction on ¢ that 27~ ‘W, C D(W,41(I)), which gives
(3) for t = s.
Note that 25T f € W, 1 (1) for any f € Wi(I). Thus
(s+1=t)zi " f+ a7 (GEf) = 5% (21771 f) € D(Wega (D).

Since %f € W;_1(I), then by induction, 23+~ t(dgl ) € D(Wey1(1)).
Hence also 27" f € D(Wy1(1)).
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Applying (3) repeatedly gives that M C(Ws(I)) = W1 (I), which in turn
contains D™~Y(I) = MC(I) by definition. Conversely, Wi (I) is generated
by products of derivatives, at least one of which is a derivative of order
< m. Thus

Wi(I) C Y DI(I) = D™ (1),
j<m
proving (4). Together with (2) and (3), this implies (5).

Thinking of elements of D™~7(I) as variables of degree j, (6) is implied
by (3.99.9), and (7) is a special case of (6).

Finally, if s = r-lem(2,...,m) for some r > m — 1, then using (3) and
(7) we get that

(Di(Ws(I)))s = (Weei(D))® € Wysp(I) = (WS(I))Sﬂ“ 0

Claim 3.99.9. Let uq, ..., u, be variables such that deg(u;) = i. Then
any monomial U = [[u;" with deg(U) > (r+m—1)-lem(2,...,m) can be
written as U = Uy - Uz, where deg(U;) =r - lem(2,...,m).

Proof. Set V; = uicm(Q"”’m)/z, and write u;’ = V;b"’ - W; for some b; such
that deg W; < lem(2,...,m).

If > b; > r, then choose 0 < d; < b; such that > d; = r, and take
Uy = [TV Otherwise, degU < (r—1)-lem(2,...,m)+m-lem(2,...,m),
a contradiction. O

Aside 3.99.10. Note that one can think of (3.99.9) as a statement about
certain multiplication maps

H°(X,0x(a)) x H*(X,0x (b)) — H*(X,Ox(a + b)),

where X is the weighted projective space P(1,2,...,m). The above claim
is a combinatorial version of the Castelnuovo-Mumford regularity theorem
in this case (cf. [Laz04, Sec.1.8]).

It seems to me that (3.99.6) should hold for ¢ > lem(2, ..., m) and even
for many smaller values of ¢ as well.

It is easy to see that (m —1)-lem(2,...,m) < m! for m > 6, and one
can check by hand that (3.99.6) holds for ¢ > m! for m = 1,2,3,4,5. Thus
we conclude that W, (I) is D-balanced. This is not important, but the
traditional choice of the coefficient ideal corresponds to Wy,i(I).

The following close analog of (3.77) leads to ideal sheaves that behave
the “same” as a given ideal I, as far as order reduction is concerned.

THEOREM 3.100 (Tuning of ideals, I). Let X be a smooth variety, I C
Ox an ideal sheaf and m = max-ordI. Let s > 1 be an integer and J any
ideal sheaf satisfying

I’ C J C Whs(I).
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Then a smooth blow-up sequence

Tr—1 Ty

X, =X, = X X=X
is a smooth blow-up sequence of order > m starting with (X, I,m) iff it is

a smooth blow-up sequence of order > ms starting with (X, J,ms).

Proof. Assume that we get a smooth blow-up sequence starting with
(X,I,m):
r—1 Tr—2

(X'ra IT) m) 7"_—) (erlv Irfla m) —
=5 (X1, I, m) =5 (Xo, Lo, m) = (X, I,m).
We prove by induction on r that we also get a smooth blow-up sequence
starting with (X, J, ms):

(X'errva) E (Xr laJr th) B

5 (X1, Ji,ms) = (Xo, Jo, ms) = (X, J, ms).

Assume that this holds up to step » — 1. We need to show that the last
blow-up 7,1 : X;, — X,_1 is a blow-up for (X,_1, J.—_1,ms). That is, we
need to show that

ordz I,_1 >m = ordz J,—1 >ms forany Z C X,_1.

Let II,_1 : X,—1 — Xo denote the composite. Since J C W,,s(I), we know
that

J’r’fl

N
/\a/\
3
|
[uny
~— — —

m,_,) " (H.(Djl m—35)7 3 (m = j)e; > ms)

)TN DILm = ) S (m = f)e; = ms)

T, (D7 (M-0) M m)) ™+ S2(m = f)e; = ms) by (3.76)
[T, (DY (I —1,m))™ = S2(m = j)e; = ms)

If ordz I,_1 > m, then ordy Dj(lr_l) >m — j, and so

ordy H(Dj(l’“—l’ > Z m — j)e; > ms,
J

N
=
a
~s

proving one direction.
In order to prove the converse, let

(XT7 JT7ms) E (XT—17 J’r‘—hms) u o

— (XlaJlams) S (Xo,Jo,mS) = (Xa J, ms)

be a smooth blow-up sequence starting with (X, J, ms). Again by induction
we show that it gives a smooth blow-up sequence starting with (X, I,m).
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Since I° C J, we know that
Iy = (o)) (o)l (Jyms) = Joor.

Thus if ordz J,._1 > ms, then ordz I,,_1 > m, and so m._1 : X,, — X,_1 is
also a blow-up for (X,_1,I,_1,m). O

COROLLARY 3.101 (Tuning of ideals, II). Let X be a smooth variety,
I C Ox an ideal sheaf with m = max-ordI and F a divisor with simple
normal crossings. Let s = r-lem(2,...,m) for some r > m — 1. Then
W(I) is MC-invariant, D-balanced, and a smooth blow-up sequence
X, X, T I T Xy =X
is a blow-up sequence of order > m starting with (X,I,m,E) iff it is a
blow-up sequence of order > s starting with (X, Wy(I),s, E).

Proof. Everything follows from (3.99) and (3.100), except for the role
played by E.

Adding E to (X,I) (resp., to (X, W,(I))) means that now we can use
only blow-ups whose centers are in simple normal crossing with E and
its total transforms. This poses the same restriction on smooth blow-up
sequences for (X, I, E) as on smooth blow-up sequences for (X, W(I), E).

O

3.12. Order reduction for ideals

In this section we prove the first main implication (3.70.1) of the in-
ductive proof. We start with a much weaker result. Instead of getting rid
of all points of order m, we prove only that the set of points of order m
moves away from the birational transform of a given divisor E7.

LEMMA 3.102. Assume that (3.69) holds in dimensions < n. Then for
every m, j there is a smooth blow-up sequence functor BD,, , ; of order m
that is defined on triples (X, I, E) with dim X = n, max-ord] < m and
E =Y, E" such that if BDy m j(X,1,E) =

Tr—2

I: (X, I, By) == (X1, I, Broy) ==
TN (X, I, By 2% (X, o, Eo) = (X, 1, E),

then

(1) cosupp(I,m) NTI;'EY =0, and

(2) BDy,m,; commutes with smooth morphisms (8.84.1) and also with

change of fields (3.34.2).

Assume in addition that there is an ideal J C Og; such that J is nonzero
on every irreducible component of EV and T, (OEJ/J) = Ox/I, where T :
E7 — X is the natural injection. Then
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(3) BDij(X,I, E) = Tk BMOn_l,l(Ej, J, 1, (E — Ej)|E‘])

Proof. By (3.101), W,u(I) is D-balanced and order reduction for
(X,1,E) is equivalent to order reduction for (X, W,,(I), E). Thus from
now on we assume that I is D-balanced.

Let Z_; be the union of those irreducible components E7* C E7 that
are contained in cosupp(I,m). Let m_1 : X9 — X be the blow-up of Z_;.
The blow-up is an isomorphism, but the order of I along E’* is reduced
by m and we get a new ideal sheaf Iy. Since max-ordg;» I < m to start
with, max-ordg;x Iy = max-ordg;x I —m < 0. Thus cosupp(lp, m) does not
contain any irreducible component of E7.

Next, set S := EJ with injection 7 : S — X, Eg := (E — E7)|g and
consider the triple (S, Iy|s, Es). By the going-up theorem (3.84), every
blow-up sequence of order > m starting with (S, Iy|s, m, (E — E7)|g) cor-
responds to a blow-up sequence of order m starting with (Xo, Iy, E — E7).
Since S = E7, every blow-up center is a smooth subvariety of the birational
transform of E7; thus we in fact get a blow-up sequence of order m starting
with (X()7I(), E) Set

BDypm i (X, I, E) == 7. BMO,_1.n(S, Iy|s, m, Es) — X.

That is, we take BMO,,—1 (S, Io|s, m, (E—E7)|s), push it forward (3.30.3)
and compose the resulting blow-up sequence on the right with our first blow-
up 7_1. (This is the reason for the subscript —1.) By (3.85) we obtain

—1 E)

tot(

II,: X, - X with I, := (Hr)glja E, = (Hr)

such that (HT)II(EJ') is disjoint from cosupp(Z,., m).

The functoriality properties of BD,, 1 ;(X, I, E) follow from the corre-
sponding functoriality properties of BMO,,_1 (S, lo|s, Es). All the steps
are obvious, but for the first time, let us go through the details.

Let h : Y — X be a smooth surjection. Set EJ. := h~!(E7). Then

hlgi : E{, — FE7 is also a smooth surjection and we get the same result
Y

whether we first pull back by h and then restrict to E{, or we first restrict
to E7 and then pull back by h|,; . That is,
Y

(h|E§;)*(Eon|Ea‘,m, (E—E9)|p) = (B, (h*I)0|E{V’h71(E N Ej)|E§)
Therefore,
BMOnfl,m (E{/a (h*I)0|E{,’ hil(E o Ej)|E;/)
= (hlpg)" BMOus (B Io| .. (B — B[ ),
and hence

W BDpm (X, 1, E) = BDy  ; (Y, h*I,h "' (E)).
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If h: Y — X is any smooth morphism, we see similarly that the same
blow-ups end up with empty centers.

The functoriality property (3.34.2) holds since change of the base field
commutes with restrictions.

Assume finally that Ox /I = 7.(Ogs/J). Every local equation of E7
is an order 1 element in I. Thus m = max-ord] = 1 and so W,,,(I) = I.
If J is nonzero on every irreducible component of E7 then Z_; = () and so
Iy = I, proving (3). O

The main theorem of this section is the following.

THEOREM 3.103. Assume that (3.69) holds in dimensions < n. Then
for every m there is a smooth blow-up sequence functor BO,, ,, of order m
that is defined on triples (X, I, E) with dim X = n and max-ord I < m such
that if BOy m(X, 1, E) =

Tr—2

IT: (erIrvEr) E (erlerflaErfl) —_—
1) (X17117E1) & (X07IO7E0) = (X7I7 E)7

then

(1) max-ordI, < m, and
(2) BOy,m commutes with smooth morphisms (3.34.1) and also with
change of fields (3.34.2).

Assume in addition that there is a smooth hypersurface 7 :Y — X and an
ideal sheaf J C Oy such that J is nonzero on every irreducible component
of Y and 7.(Oy /J) = Ox/I. Then max-ordI =1 and

(3) BO7L,1(X7 I7 @) = Tx BMOn—l,l(K ‘]7 1) Q))

The proof is done in three steps.

Step 1 (Tuning I). By (3.101), there is an ideal W (I) = W,(I) for suit-
able s, which is D-balanced, MC-invariant and order reduction for (X, I, E')
is equivalent to order reduction for (X, W (I), E). (Let us take s = m/! to
avoid further choices.) Thus from now on we assume that I is D-balanced
and MC-invariant.

Step 2 (Maximal contact case). Here we assume that there is a smooth
hypersurface of maximal contact H C X. This is always satisfied in a suit-
able open neighborhood of any point by (3.80.2), but it may hold globally
as well. This condition is also preserved under disjoint unions.

Under a smooth blow-up of order m, the birational transform of a
smooth hypersurface of maximal contact is again a smooth hypersurface of
maximal contact; thus we stay in the maximal contact case.

We intend to restrict everything to H, but we run into the problem
that E|y need not be a simple normal crossing divisor. We take care of
this problem first.
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Step 2.1. If E = Y;_, E*, we apply (3.102) to each E’. At the end
we get a blow-up sequence IT : X,, — X such that cosupp(I,,m) is disjoint
from II;'E.

Note that the new exceptional divisors obtained in the process (and
added to F) have simple normal crossings with the birational transforms
of H, so H, + E, is a simple normal crossing divisor. (I have used the
ordering of the index set of E. This is avoided traditionally by restricting
(X, I, E) successively to the multiplicity n — j locus of E, starting with the
case j = 0. The use of the ordering cannot be avoided in (3.111.3), so there
is not much reason to go around it here.)

Step 2.2. Once H + FE is a simple normal crossing divisor, we restrict
everything to the birational transform of H, and we obtain order reduction
using dimension induction and (3.102).

Step 3 (Global case). There may not be a global smooth hypersurface of
maximal contact H C X, but we can cover X with open subsets X() ¢ X
such that on each X ) there is a smooth hypersurface of maximal contact
H ¢ X0U), Thus the disjoint union

H* = ]_[jH(j) c HjX(j) = X*

is a smooth hypersurface of maximal contact. Let g : X* — X be the
coproduct of the injections X ) — X

By the previous step BO,, ,, is defined on (X*,¢*I,¢g 'E). Then we
argue as in (3.37) to prove that BO,, ,,(X*,¢g*I,g ' E) descends to give
BOnm(X, I, E).

Only Steps 2 and 3 need amplification.

3.104 (Step 2, Maximal contact case). We start with a triple (X, I, E),
where I is D-balanced and MC-invariant, and assume that there is a smooth
hypersurface of maximal contact H C X. Set m = max-ord [.

Warning. As we blow up, we get birational transforms of I which
may be neither D-balanced nor MC-invariant. We do not attempt to “fix”
this problem, since the relevant consequences of these properties (3.84) and
(3.92) are established for any sequence of blow-ups of order m. This also
means that we should not pick new hypersurfaces of maximal contact after
a blow-up but rather stick with the birational transforms of the old ones.

Step 2.1 (Making cosupp(I.,m) and II; ' E disjoint). To fix notation,
write E = .7 | E*, and set (Xo, lo, Eo) := (X,I,E) and Hy := H. The
triple (Xo, Io, Eo) satisfies the assumptions of Step 2.1.1.

Step 2.1.j5. Assume that we have already constructed a smooth blow-up
sequence of order m starting with (X, lo, Ep) whose end result is

Hr(j—l) : Xr(j—l) — 1 — Xo, where )
Loy = (Wygn), 1 and  Ergoyy = (1) 0 (B),
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such that
g o
(Hr(j—l))* (E") Ncosupp(,(j—1y,m) =0 fori < j.
Apply (3.102) to (X,(j—1), Ir(j—1), Er(j—1)) and the divisor B/, ,, to

obtain
Hr(j) : Xr(j) — Xr(j—l) = X,
such that
(I,(5)). ' (E%) N cosupp(l,(j),m) =0 for i < j.

Note that the center of every blow-up is contained in every hypersurface
of maximal contact. Thus H,(j) = (Hr(j))*_lH is a smooth hypersurface

. C -1, .
of maximal contact, and every new divisor in (Hr(j)) oo 18 transversal to

H.j. fE= >y E', then after Step 2.1.s, we have achieved that

° (H,,(S))*_lE is disjoint from cosupp(Z,(s),m), and
e for any hypersurface of maximal contact H C X, the divisor
H,(s) + E,(s) has simple normal crossing along cosupp(I, (s, m).
Note that we perform all these steps even if H + E is a simple normal
crossing divisor to start with, though in this case they do not seem to be
necessary. We would, however, run into problems with the compatibility of
the numbering in the blow-up sequences otherwise.
Step 2.2 (Restricting to H). After dropping the subscript r(s) we have
a triple (X, I, F) and a smooth hypersurface of maximal contact H C X
such that H + F is also a simple normal crossing divisor. We can again
replace I by W(I) and thus assume that I is MC-invariant. Note that
we do not pick a new hypersurface of maximal contact, but use only the
birational transforms H, () of the old hypersurfaces of maximal contact.
Declare EY := H to be the first divisor in H + E and apply (3.102)
to (X,I,H + E) with j = 0. This gives a sequence of blow-ups II :
X, — X such that cosuppII;!(I,m) is disjoint from II;'H. However,
H is a smooth hypersurface of maximal contact, and hence, by definition,
cosupp I 1(I,m) C I;*H. Thus cosuppII; 1 (I,m) = 0, as we wanted.

Step 2.3 (Functoriality). Assuming functoriality in dimension < n, we
have functoriality in Step 2.1 by the corresponding functoriality in (3.102).

In Step 2.2 we rely on the choice of a hypersurface of maximal contact
H, which is not unique. Let H, H' be two hypersurfaces of maximal contact
such that H + F and H’' 4+ E are both simple normal crossing divisors. We
can use either of the two blow-up sequences BD,, . o(X,I,H + E) and
BDy, mo(X, I, H + E) to construct BO,, (X, I, E).

Here we need that I is MC-invariant. By (3.92) this implies that
(X,I,H+ FE) and (X, I, H' + E) are étale equivalent. Thus the two blow-
up sequences BDy, ., 0(X,I,H + E) and BD,, 1 o(X,I,H + E) are also
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étale equivalent. By (3.97) this implies that these blow-up sequences are
identical.

As we noted in (3.34), the functoriality package is local, so we do not
have to consider it separately in the next step.

Step 2.4 (Closed embeddings) Let 7 : Y < X be a smooth hypersurface
and J C Oy an ideal sheaf such that .J is nonzero on every irreducible com-
ponent of Y and 7,.(Oy/J) = Ox/I. Then I contains the local equations
of Y, and so it has order 1. In particular, I = W(I). If E = () then Step
2.1 does nothing, and in Step 2.2 we can choose H = Y. Thus (3.103.3)
follows from (3.102.3).

As in (3.37), going from the local to the global case is essentially auto-
matic. For ease of reference, let us axiomatize the process.

THEOREM 3.105 (Globalization of blow-up sequences). Assume that we
have the following:

(1) a class of smooth morphisms M that is closed under fiber products
and coproducts (for instance, M could be all smooth morphisms,
all étale morphisms or all open immersions);

(2) two classes of triples GT (global triples) and LT (local triples)
such that

(i) for every (X,I,E) € GT and every v € X there is an M-
morphism g, : (v’ € U,) — (z € X) such that (U, g*I,g7 ' E)
is in LT, and

(ii) LT is closed under disjoint unions;

(3) a blow-up sequence functor B defined on LT that commutes with
surjections in M.

Then B has a unique extension to a blow-up sequence functor B, which is
defined on GT and which commutes with surjections in M.

Proof. For any (X,I,FE) € GT choose M-morphisms g, : U, — X
such that the images cover X.

Let X’ := [], U, be the disjoint union and g : X’ — X the induced
M-morphism. By assumption (X', g*I,g"'E) € LT.

Set X" := X' xx X’'. By assumption the two coordinate projections
71,72 : X" — X' are in M and are surjective.

The blow-up sequence B for X’ starts with blowing up Z}) C X’, and
the blow-up sequence B for X" starts with blowing up Z C X"”. Since B
commutes with the 7;, we conclude that

m1(Z0) = Zy = 15 (Zy). (3.105.4)
If M = {open immersions}, we have proved in (3.37) that the subschemes

ZyN Uy, C X glue together to a subscheme Zy C X. This is the only case
we need for the proof of (3.103).
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The conclusion still holds for any M, but we have to use the theory of
faithfully flat descent; see [Gro95] or [Mur67, Ch.VII].

This way we obtain X; := Bz, X such that X] = X' xx X;. We can
repeat the above argument to obtain the center Z; C X; and eventually
get the whole blow-up sequence for (X, I, F). d

The following example, communicated to me by Bierstone and Mil-
man, shows that while principalization proceeds by smooth blow-ups, the
resolution of singularities also involves blowing up singular centers.

EXAMPLE 3.106. Consider the subvariety X C A* defined by the ideal
I = (2% —y? 2+ 222 —w?). Let us see how the principalization proceeds.

Note that ordI = 2 and H = (y = 0) is a hypersurface of maximal
contact. 1|y = (23,222 — w3) has order 3 and MC(I|g) = (v, z,w). Thus
the first step is to blow up the origin in A*.

Consider the chart z; = x,y1 = y/x,21 = z/x,w; = w/x. The bira-
tional transform of I is Iy = (z1 — y%, 71 (21 + 22 —w})) and By = (21 = 0).
The order has dropped to 1, so we continue with (11,1, Ey).

Since cosupp([1,1) is not disjoint from E7, we proceed as in (3.104.1).
The restriction is I1|g, = (z1,%?), and thus next we have to blow up (1 =
y1=0).

On the other hand, the birational transform of X is

X, = (v —yl=m1 + 2} —wd=0).
Its intersection with (z; = y; = 0) is the cuspidal curve (z; = y1 =
22 —w? = 0). Thus the resolution of X first blows up the origin and then
the new exceptional curve, which is singular.

3.13. Order reduction for marked ideals

In this section we prove the second main implication (3.70.2) of the
inductive proof. That is, we prove the following.

THEOREM 3.107. Assume that (3.68) holds in dimensions < n. Then
for every m, there is a smooth blow-up sequence functor BMO,, », defined
on triples (X, I, m, E) with dim X = n such that if BMOy, (X, I,m, E) =

Tr—1 Tr—2

n:(x,,I,,mE,) — (Xp—1,Lr—1,m,E._1) — -~
L} (Xl,Il,m, El) ﬂ) (XU,IU,T)’L,E()) = (X,I,m,E),
then
(1) max-ordI, < m,
(2) BMO,, ,, commutes with smooth morphisms (3.34.1) and with
change of fields (5.34.2), and
(3) if m = max-ord I then BMO,, (X, I, m,0) = BO, (X, 1,0).

Before proving (3.107), we show that it implies the two claims in (3.71).
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3.108 (Proof of (3.71.1-2)). First, (3.71.1) is the same as (3.107.3).

The claimed identity in (3.71.2) is a local question on X, thus we may
assume that there is a chain of smooth subvarieties Y =Yy, Cc Y7 C --- C
Y. = X such that each is a hypersurface in the next one. Thus it is enough
to prove the case when Y is a hypersurface in X.

Every local equation of Y is in I, thus max-ordl = 1. Therefore,
BMOdim x,1(X,1,1,0) = BOaim x,1(X, I,0) by (3.107.3) and (3.103.3) gives
that BOgim x1(X,1,0) = 7. BMOdgimya1(Y,J,1,0). Putting the two to-
gether gives (3.71.2). O

3.109 (Plan of the proof of (3.107)). Step 1. We start with the un-
marked triple (X, I, ), and using (3.68) in dimension n, we reduce its order
below m. That is, we get a composite of smooth blow-ups II; : X' — X
such that (IT;); 17 has order < m. The problem is that (II;);'I differs
from (I1;); (1, m) along the exceptional divisors of II;, and the latter can
have very high order. We decide not to worry about it for now.

Step 2. Continuing with (X', (I11)*(I,m), (I );ot E), we blow up sub-
varieties where the birational transform of (I,m) has order > m, and the
birational transform of I has order > 1.

Eventually we get [Ty : X? — X such that cosupp(Ilz); 1] is disjoint
from the locus where (Il2);1(I,m) has order > m. We can now completely
ignore (IIy); 1. Since (IIz); ! and (II3);*(I,m) agree up to tensoring
with the ideal sheaf of a divisor whose support is in F,, we can assume
from now on that (Ily);1(I,m) is the ideal sheaf of a divisor with simple
normal crossing.

Step 3. Order reduction for the marked ideal sheaf of a divisor with
simple normal crossing is rather easy.

Instead of strictly following this plan, we divide the ideal into a “simple
normal crossing part” and the “rest” using all of F, instead of exceptional
divisors only. This is solely a notational convenience.

DEFINITION-LEMMA 3.110. Given (X, I, E), we can write I uniquely as
I=M(I)-N(I), where M(I) = Ox (=" ¢;E*) for some ¢; and cosupp N (I)
does not contain any of the E*. M(I) is called the monomial part of I and
N(I) the nonmonomial part of I.

Since the E' are not assumed irreducible, cosupp N(I) may contain
irreducible components of some of the E".

3.111 (Proof of (3.107)). We write I = M(I) - N(I) and try to deal
with the two parts separately.

Step 1 (Reduction to ord N(I) < m). If ord N(I) > m, we can apply
order reduction (3.68) to N(I), until its order drops below m. This happens
at some I1; : X! — X. Note that the two birational transforms

(I)7'N(I)  and ()7 (1,m)
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differ only by tensoring with an ideal sheaf of exceptional divisors of 11,
thus only in their monomial part. Therefore,

N ()7 (I,m)) = (L)' N(I),

and so we have reduced to the case where the maximal order of the non-
monomial part is < m.

To simplify notation, instead of (X', (IIy);*(I,m), (I}t (E)), write
(X,I,m, E). From now on we may assume that max-ord N(I) < m.

Step 2 (Reduction to cosupp(l,m) N cosupp N(I) = 0). Our aim is
to continue with order reduction further and get rid of N(I) completely.
The problem is that we are allowed to blow up only subvarieties along
which (I,m) has order at least m. Thus we can blow up Z C X with
ordz N(I) < m only if ordzI > m. We will be able to guarantee this
interplay by a simple trick.

Let s be the maximum order of N(I) along cosupp(l,m). We reduce
this order step-by-step, eventually ending up with s = 0, which is the same
as cosupp(I, m) N cosupp N (I) = 0.

It would not have been difficult to develop order reduction theory for
several marked ideals and to apply it to the pair of marked ideals (N (I), s)
and (I,m), but the following simple observation reduces the general case
to a single ideal:

ordz J; > s and ordy Jo > m < ordz (J1" + J3) > ms.

Thus we apply order reduction to the ideal N (I)™ + I*, which has order >
ms. Every smooth blow-up sequence of order ms starting with N (I)™+1° is
also a smooth blow-up sequence of order s starting with N (/) and a smooth
blow-up sequence of order m starting with I. Thus we stop after r = r(m, s)
steps when we have achieved cosupp(I., m)Ncosupp(N (I,.), s) = 0. We can
continue with s — 1 and so on.

Eventually we achieve a situation where (after dropping the subscript)
the cosupports of N(I) and of (I,m) are disjoint. Since the center of
any further blow-up is contained in cosupp(l,m), we can replace X by
X \ cosupp N(I) and thus assume that I = M (I). The final step is now to
deal with monomial ideals.

Step 3 (Order reduction for M(I)). Let X be a smooth variety, U;c ;s E’
a simple normal crossing divisor with ordered index set J and a; natural
numbers giving the monomial ideal I := Ox (=Y a;E7).

The usual method would be to look for the highest multiplicity locus
and blow it up. This, however, does not work, not even for surfaces; see
(3.112).

The only thing that saves us at this point is that the divisors E come
with an ordered index set. This allows us to specify in which order to blow
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up. There are many possible choices. As far as I can tell, there is no natural
or best variant.

Step 3.1. Find the smallest j such that a; > m is maximal. If there is
no such j, go to the next step. Otherwise, blow up E7. Repeating this, we
eventually get to the point where a; < m for every j.

Step 3.2. Find the lexicographically smallest (j; < jo) such that E71 N
E72 #£ () and aj, + aj, > m is maximal. If there is no such (j; < j2), go to
the next step. Otherwise, blow up EJ* N E72. We get a new divisor, and
put it last as E7¢. Its coefficient is a;, = aj, +aj, — m < m. The new
pairwise intersections are E’ N EJ¢ for certain values of i. Note that

@i +aj, = a; + a5 +aj, —m < aj + aj,

since a; < m for every i by Step 3.1.
At each repetition, the pair (mg(F), n2(E)) decreases lexicographically
where
mo(E) = max{aj, +aj, : E/* N E2 # (0},
no(E) = number of (j; < j2) achieving the maximum.

Eventually we reach the stage where a;, +a;, < m whenever E/t N EJ2 #£ ().
Step 3.r. Assume that for every s < r we already have the property

aj, +---+a;, <m if j1<---<jsand BN BT £ ()

Find the lexicographically smallest (j; < --- < j,) such that B/ 0 --. N
Eir # 0 and aj, + -+ + a;, > m is maximal. If there is no such (j; <
-+ < jr), go to the next step. Otherwise, blow up E’t N ... N EJ, and
put the new divisor E’¢ last with coefficient aj, + - - -+ aj, —m. As before,
the new r-fold intersections are of the form E* N ... N Ei-1 N E¥_ where
Ehn-..nE" #£ (). Moreover,

g+t aq,, +aj, = (g + o ai, —m) Fa + e+ a,,

which is less than aj, +---+a;, since a;, +---+a;._, <m by Step 3.r — 1.
Thus the pair (m,(F),n.(F)) decreases lexicographically, where

m.(E) = max{aj + - +aj : B NN E" £},
ny(E) := number of (j; < --- < j,) achieving the maximum.

Eventually we reach the stage where the property (*,) also holds. We can
now move to the next step.

At the end of Step 3.n we are done, where n = dim X.

The functoriality conditions are just as obvious as before.

The process greatly simplifies if m = max-ordI and E = ). First, if
E =0 then N(I) = I. Thus in Step 1 we apply BO,, (X, I,0). Each blow-
up has order m, and thus the birational transforms of I agree with the bira-
tional transforms of (I,m). At the end of Step 1, (II;); 11 = (II;); 1 (I, m).
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Thus
cosupp((I11); *(I,m)) =0 and M ((IL);'(I,m)) = Ox1.
Steps 2 and 3 do nothing, and so BMO,, (X, I,m,0) = BO, (X, I,0).
0

EXAMPLE 3.112. Let S be a smooth surface, E', E2 two 2 curves in-
tersecting at a point p = E'NE? and a; =ay =m+1. Let 7 : S3 — S be
the blow-up of p with exceptional curve E3. Then
7, (Os(=(m+1)(E'+E?)),m) = (Og,(—(m+1)(E'"+E?)—(m+2)E*), m).

Next we blow up the intersection point E2NE3 and so on. After r —2 steps
we get a birational transform

(Os, (=221 (m + pi)E),m),
where p; is the ith Fibonacci number. Thus we get higher and higher
multiplicity ideals.
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empty, 136
sequence, 101, 141
sequence functor, 142, 147, 164
sequence functor, commutes with change
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curve, 101

ideal, maximal, 183

monomial, 106
Commute

with closed embeddings, 145

with closed embeddings, weakly, 145

with change of fields, 144

with smooth morphisms, 144
Completion

of a ring, 47

of a scheme, 158
Contact (see maximal contact), 51
cosupp I, cosupport, 136
cosupp(l,m), cosupport, 160
Cremona

and embedded resolution, 37

transformation, 36
Cubic surface and resolution for curves,

39

D-balanced ideal sheaf, 155, 173
and going up, 155, 173
and going up and down, 173
Deficiency of a curve, 38
Derivation, 167
Derivative
Hasse-Dieudonné, 168
ideal, 167
ideal, higher, 168
ideal, marked, 168
logarithmic, 175
D(—1log S)(I), logarithmic derivative of
an ideal sheaf, 175
Derx, sheaf of derivations, 167
Derx (— log S), logarithmic derivations,
175
D(I), derivative ideal sheaf, 167
D(I,m), derivative ideal sheaf, 168
Discrete valuation ring, 21
Div([), divisorial part, 152
Divisor
canonical, 32
exceptional, 136
exceptional and antiample, 77
simple normal crossing, 30, 137
Divisorial part, 152

D7 (I), higher derivative ideal, 168
D7 (I, m), higher derivative ideal, 168
Dual graph, 72

DVR, discrete valuation ring, 21

Elimination
of indeterminacies, 135
of indeterminacies on a surface, 49
of base points, on a surface, 48
Embedded resolution
for curves, 29, 30
for curves over nonclosed fields, 40
for curves using maximal contact, 51
for curves using Weierstrass’ theorem,
56
for curves, using Cremona transf., 37
for curves, using cubic surfaces, 39
for curves, global proof, 33
for curves, local proof, 45, 48
for surfaces, 101
plane curves over finite fields, 41
Empty
blow-up, 136
blow-up convention, 143
Etale equivalent
blow-up sequences, 181
hypersurfaces of maximal contact, 179
Exceptional
curve, 27
divisor, 136
divisor of a trivial blow-up, 136
divisor, antiample, 77
set Ex(f), 138
set, total Extot (f), 138
Ex(f), exceptional set, 138
Extot (f), exceptional set, 138

Factorization of birational morphisms,
75
Field
finite and resolution for plane curves,
41
of representatives, 27, 158
Formally isomorphic, 158
Functoriality
for closed embeddings, 145
for field change, 144
for smooth morphisms, 144
of blow-up sequence, 142, 147
of resolution, 121, 143
package, 143
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Genus

apparent, 38

geometric, of a surface singularity, 78
Going

down, 154

up, 155, 173

up and down, 173
Grauert-Riemenschneider theorem, 79

Hensel lemma, 54, 55, 57
Hilbert-Samuel
multiplicity, 110
polynomial, 111
Hironaka
distinguished presentation, 118
game on a surface, 50
idealistic exponents, 118
magnum opus, 117
Hodge index theorem, 74

Ideal sheaf

birational transform, 152

birational transform of, 159

cosupport of, 136, 160

cosupport of birational transform, 177

D-balanced, 155, 173

derivative, 167

derivative, birational transform of, 169

divisorial part, 152

inverse image of, 134

marked, 152, 160

marked, birational transform and re-
striction, 161

marked, birational transform of, 160

marked, order reduction, 192

marked, order reduction for, 165

marked, warning about birational trans-
form, 161

maximal contact, 171

maximal contact invariant, 156

MC-invariant, 156

monomial, 134

monomial part of, 193

monomialization, 135

nonmonomial part of, 193

order after birational transform, 161

order reduction along a divisor, 186

order reduction for, 164, 188

principalization, 135, 145

principalization for algebraic spaces,
149

principalization on a surface, 48

205

principalization, strong form, 136, 138
tuning, 156, 157, 184, 186, 188
(I,m), marked ideal sheaf, 152, 160

Indeterminacy

elimination of, 135

elimination on a surface, 49
Infinitely near singularity, 27, 28
Integral

closure of a ring, 22

element over a ring, 22
Intersection number, 32
Intersection number, local, 32
Inverse image ideal sheaf, g*I, 134

Jung, resolution for surfaces, 80
Krull, resolution for 1-dim. schemes, 63

Laurent series and resolution for curves,
58
Leading edge of Newton polygon, 7
Leading term of a function, 28
Local intersection number, 32
Logarithmic derivative, 175
and birational transform, 175

Marked
function, 160
ideal sheaf, 160
Maximal contact
and coefficient curves, 101
and order reduction, 188, 189
and resolution for surfaces, 101
curve on a surface, 51
étale uniqueness, 179
existence on a surface, 51
fails in char. p, 158
formal uniqueness, 156, 179
going down, 154
ideal sheaf of, 171
ideal sheaf, invariant for, 156
local existence, 155, 171
outline, 154
sometimes works in positive char., 102
using Weierstrass equation, 132
max-ordz I, maximal order of vanish-
ing, 151
MC-invariant ideal sheaf, 156
MC(I), ideal of maximal contacts, 156,
171
M(I), monomial part of an ideal sheaf,
193



206

Minimal

degree varieties, 93

resolution, 77

resolution for surfaces, 76
Monomial

coefficient, 106

part of an ideal sheaf, 193
Monomialization

of ideal sheaves, 135
Multiplicity

and blow-ups, 115

and complete intersections, 114

and finite maps, 113

and hypersurface sections, 113

and projections, 115

Hilbert-Samuel, 110

of a function at a point, 17

of a plane curve at a point, 27

of a point on a curve, 18

reduction for surfaces, 101

small for local rings, 99

Newton
method of rotating rulers, 6
polygon, 6
N(I), nonmonomial part, 193
Noether
normalization theorem, 26
resolution for curves, 37
Non-monomial part, 193
Normal crossing
simple, 30, 137
Normalization
finite generation fails, 64, 65
finite generation of, 24, 63
Noether’s theorem, 26
of a ring, 21, 22

ordg I, order of vanishing, 151
Order
blow-up sequence of order > m, 153,
164
blow-up sequence of order m, 152,
163
of vanishing, 151
of vanishing, maximal, 151
Order reduction
for ideal sheaves, 153, 164, 188
for ideal sheaves along a divisor, 186
for marked ideal sheaves, 153, 165,
192
global case, 191

INDEX

heart of the proof, 153
maximal contact case, 189
monomial case, 194
spiraling induction, 153
Ordinary multiple point, 36

n; 11, birational transform of an ideal
sheaf, 159
75 (I, m), birational transform of marked
ideal sheaf, 160
Preparation theorem of Weierstrass, 55,
57
Principalization
for algebraic spaces, 149
of ideal sheaves, 135
of ideal sheaves on a surface, 48
strong form, 136, 138, 145
Problems of the inductive approach, 129
Product of marked ideals or functions,
160
Projection
and multiplicity, 115
of abstract varieties, 94
of curves, 12, 14
of projective varieties, 92
Puiseux series, 6, 11, 60
Pull-back
of a blow-up sequence, 141
Push-forward
of a blow-up sequence, 142

Quadratic transformation, 36

Quasi-reflection, 86

Quotient
singularity, 81, 84
singularity by linear action, 83
singularity of surfaces, resolution, 88
singularity on ramified covers, 82
singularity, Abelian, 81, 85
singularity, classification, 86
singularity, wrong way to resolve, 86
variety, 81

Rational double point, 72
Regular
1-dimensional normal ring, 23
ring, 23
Resolution, 119
Albanese method for curves, 13
Albanese method for curves over non-
closed fields, 15
Albanese method, strong form, 95
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Albanese method, weak form, 91

and completions for surfaces, 77

and formal localization, 121

and group actions, 121

and localization, 121

and monomial coefficients, 108

and multiplicity reduction for surfaces,
101

and open varieties, 120

and singularity theory, 119

associated to a blow-up sequence, 143

by smooth blow-ups, 122

computability, 124

embedded for surfaces, 101

failure for 1-dimensional schemes, 64,
65

failure of iterative method, 124

for 1-dimensional schemes, 63

for algebraic spaces, 149

for analytic spaces, 150

for curves over nonclosed fields, 40

for curves using Cremona transf., 37

for curves using Laurent series fields,
58

for curves, using cubic surfaces, 39

functor, 143

functorial, 121

heart of the proof, 153

iterative, 123

Jung’s method for surfaces, 80

minimal, 77

minimal for surfaces, 76

Newton’s method, 6

nonprojective example, 140

of Z/(2™3™)-quotients, 87

of 2 4+ y2 4+ 2mt™ =0, 123

of 2 493 +26=0,71

of 22 + 93 +27 =0, 72

of 22 +93 — 26 =0, 127

of 22 — 922 =0, 123

of &3 + (y? — 25)2 + 221 =0, 128

of 22 = fm(z,y), 69

of double points, 98

of Du Val singularities, 72

of hypersurfaces using Weierstrass equa-
tion, 131

of products, 121

one blow-up at a time, 123

plane curves over finite fields, 41

problems of inductive approach, 129

quotient singularities of surfaces, 88

207

Riemann’s method for space curves,
11
Riemann’s method for plane curves,
9
simultaneous, failure of, 87
standard form, 137
strong, 120
strong embedded for curves, 30
strong embedded for curves, local proof,
48
strong form, 139, 146
weak, 119
weak embedded for curves, 29
weak embedded for curves using max-
imal contact, 51
weak embedded for curves using Weier-
strass’ theorem, 56
weak embedded for curves, global proof,
33
weak embedded for curves, local proof,
45
wrong way for Z/p-quotients, 87
wrong way for quotient singularities,
86
Restriction
of blow-up sequence, 142
Riemann surface
of a space curve, 11
of a plane curve, 9
Riemann-Roch
effective, 92
on curves, 14
weak form, 91

Simple normal crossing
with a divisor, 138
Simple normal crossing divisor, 30, 137
Sing,, S, 101
Singular points, Sing X, 120
Singularity
classification of quotients, 86
classification of Abelian quotients, 85
classification of abelian quotients, 84
Du Val, 72
geometric genus of, 78
infinitely near, 27, 28
ordinary, 36
quotient, 81
quotient by linear action, 83
quotient on ramified covers, 82
quotient, Abelian, 81
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quotient, resolution for surfaces, 838 (X,I,E), 162
quotient, wrong way to resolve, 86 (X,I,m, E), 162
Sing X, singular points, 120 X", smooth points, 120

Smooth points, X™%, 120
Snc, simple normal crossing, 30, 137
Strong embedded resolution
for curves, 30
for curves, local proof, 48
Sum of marked ideals or functions, 160

Total
exceptional set, 138
transform of a divisor, 138, 163
Transform
birational, and log derivative, 175
birational, and order of an ideal sheaf,
161
birational, commutes with restriction,
161
birational, cosupport of, 177
birational, of (X, I, E), 163
birational, of (X, I,m, E), 163
birational, of a curve, 28
birational, of a derivative ideal sheaf,
169
birational, of a divisor, 68
birational, of a marked ideal sheaf,
160
birational, of a variety, 68
birational, of an ideal sheaf, 159
birational, of ideal sheaf, 152
birational, warning about marked case,
161
total, for a divisor, 138, 163
Triple, 162
Trivial blow-up, 136
Tuning of ideal sheaves, 156, 157, 184,
186, 188

Weak embedded resolution
for curves, 29
for curves using maximal contact, 51
for curves using Weierstrass’ theorem,
56
for curves, global proof, 33
for curves, local proof, 45
‘Weierstrass
equation and resolution, 131
preparation theorem, 55, 57
Wild ramification, 60
Ws(I), maximal coefficient ideal, 183



