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0. INTRODUCTION

In the present paper we give a short proof of the Hironaka theorem on resolution
of singularities. Recall that in the classical approach to the problem of embed-
ded resolution originated by Hironaka [25] and later developed and simplified by
Bierstone-Milman [8] and Villamayor [34] an invariant which plays the role of a
measure of singularities is constructed. The invariant is upper semicontinuous and
defines a stratification of the ambient space. This invariant drops after the blow-up
of the maximal stratum. It determines the centers of the resolution and allows one
to patch up local desingularizations to a global one. Such an invariant carries rich
information about singularities and the resolution process. The definition of the
invariant is quite involved. What adds to the complexity is that the invariant is
defined within some rich inductive scheme encoding the desingularization and as-
suring its canonicity (Bierstone-Milman’s towers of local blow-ups with admissible
centers and Villamayor’s general basic objects) (see also Encinas-Hauser [17]).

The idea of forming the invariant is based upon the observation due to Hi-
ronaka that the resolution process controlled by the order or the Hilbert-Samuel
function can be reduced to the resolution process on some smooth hypersurface,
called a hypersurface of maximal contact (see [25]). The reduction to a hyper-
surface of maximal contact is not canonical and for two different hypersurfaces of
maximal contact we get two different objects loosely related but having the same
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invariant. To make all the processes canonical and relate the objects induced by
restrictions we either interpret the invariant in a canonical though quite technical
way (so called “Hironaka trick”) or build a relevant canonical resolution datum
(190, [10), [111, [17], [23], [25], [34], [35],[36]).

The approach we propose in this paper is based upon the above-mentioned re-
duction procedure and two simple observations.

(1) The resolution process defined as a sequence of suitable blow-ups of ambient
spaces can be applied simultaneously not only to the given singularities but
rather to a class of equivalent singularities obtained by simple arithmetical
modifications. This means that we can “tune” singularities before resolving
them.

(2) In the equivalence class we can choose a convenient representative given by
the homogenized ideals introduced in the paper. The restrictions of homog-
enized ideals to different hypersurfaces of maximal contact define locally
analytically isomorphic singularities. Moreover the local isomorphism of
hypersurfaces of maximal contact is defined by a local analytic automor-
phism of the ambient space preserving all the relevant resolutions.

This approach puts much less emphasis on the invariant which is defined only for
the considered algorithm (mainly to mark the progress towards the desingulariza-
tion). The inductive structure is reduced to the existence of a canonical functorial
resolution in lower dimensions. “Canonicity” means here that étale isomorphic ob-
jects undergo the same resolution process. In the proofs by Bierstone-Milman and
Villamayor the invariant is defined in a more general situation: not only for the
constructed algorithm but for the larger class of test blow-ups. The idea goes back
to Hironaka and is often referred to as Hironaka’s trick. Using this more general
language Bierstone and Milman prove that the objects have the same resolutions if
they have the same sequences of test blow-ups (see [10],[T1]).

The strategy of the proof we formulate here is essentially the same as the one
found by Hironaka and simplified by Bierstone-Milman and Villamayor. Our algo-
rithm and use of the invariant are very similar to that of Bierstone-Milman ([g],
[9], [10]), though the preliminary setup and organization of the proof is very close
to that of Villamayor ([34], [35], [36]). In particular we apply here one of Villa-
mayor’s key simplifications, eliminating the use of the Hilbert-Samuel function and
the notion of normal flatness (see [13]). As a result, the resolution algorithm shown
here is simpler though it is slightly weaker than the original Hironaka theorem. At
the present moment it is not clear whether the technique of homogenization can be
applied to the stronger version of the canonical embedded resolution.

The presented proof is elementary, constructive and self-contained.

The paper is organized as follows. In section 1 we formulate three main the-
orems: the theorem of canonical principalization (Hironaka’s ”Desingularization
IT”), the theorem of canonical embedded resolution (a slightly weaker version of
Hironaka’s ” Desingularization I”) and the theorem of canonical resolution. In sec-
tion 2 we formulate the theorem of canonical resolution of marked ideals and show
how it implies three main theorems (Hironaka’s resolution principle). Section 3
gives important technical ingredients. In particular we introduce here the notion of
homogenized ideals. In section 4 we formulate the resolution algorithm and prove
the theorem of canonical resolution of marked ideals.
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The methods used in this paper can be applied to desingularization of analytic
spaces; we deal with the analytic case in a separate paper.

1. FORMULATION OF THE MAIN THEOREMS

All algebraic varieties in this paper are defined over a ground field of character-
istic zero. The assumption of characteristic zero is needed for the local existence of
a hypersurface of maximal contact (Lemma B37]).

We give a proof of the following Hironaka Theorems (see [25]):

(1) Principalization of sheaves of ideals

Theorem 1.0.1. Let T be a sheaf of ideals on a smooth algebraic variety
X. There exists a principalization of I, that is, a sequence

X=Xo & X, & Xy e— Xje— ... — X, =X

of blow-ups o; : X;_1 «— X; with smooth centers C;_1 C X;_1 such that
(a) The exceptional divisor E; of the induced morphism o = o10...00; :
X; — X has only simple normal crossings and C; has simple normal
crossings with F;.
(b) The total transform o (Z) is the ideal of a simple normal crossing
divisor E which is a natural combination of the irreducible components
of the divisor E,.
The morphism (X,T) — (X,Z) defined by the above principalization com-
mutes with smooth morphisms, embeddings of ambient varieties and (sepa-
rable) ground field extensions.

(2) Weak-Strong Hironaka Embedded Desingularization

Theorem 1.0.2. Let Y be a subvariety of a smooth variety X over a field
of characteristic zero. There exists a sequence

Xo=X I X, & Xge e Xy e— . — X, =X

of blow-ups o; : X;—1 «— X; with smooth centers C;_1 C X;_1 such that

(a) The exceptional divisor E; of the induced morphism o' = o10...00; :
X; — X has only simple normal crossings and C; has simple normal
crossings with FE;.

(b) Let Y; C X; be the strict transform of Y. All centers C; are disjoint
from the set Reg(Y) C Y; of points where Y (not Y;) is smooth (and
are not necessarily contained in Y;).

(¢) The strict transform Y =Y, of Y is smooth and has only simple
normal crossings with the exceptional divisor E,..

(d) The morphism (X,Y) «— (X,Y) defined by the embedded desingular-
ization commutes with smooth morphisms, embeddings of ambient va-
rieties and (separable) ground field extensions.

(e) (Strengthening of Bravo-Villamayor [13])

O'*(Iy) = I?IE“’
where 13 is the sheaf of ideals of the subvariety Y C X and I5 is the

sheaf of ideals of a simple normal crossing divisor E which is a natural
combination of the irreducible components of the divisor E,..
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(3) Canonical Resolution of Singularities

Theorem 1.0.3. LetY be an algebraic variety over a field of characteristic
zero. B

There exists a canonical desingularization of Y that is a smooth variety Y
together with a proper birational morphism resy : Y — Y which is functorial
with respect to smooth morphisms. For any smooth morphism ¢ : Y' —Y
there is a natural lifting ¢ : Y — Y which is a smooth morphism.

In particular resy : Y — Y is an isomorphism over the nonsingular part
of Y.

Moreover resy commutes with (separable) ground field extensions.

Remarks. (1) By the exceptional divisor of the blow-up ¢ : X’ — X with a smooth
center C' we mean the inverse image E := o~ !(C) of the center C. By the
exceptional divisor of the composite of blow-ups o; with smooth centers C;_1
we mean the union of the strict transforms of the exceptional divisors of ¢;. This
definition coincides with the standard definition of the exceptional set of points
of the birational morphism in the case when codim(C;) > 2 (as in Theorem
[LO2). If codim(C;—1) = 1 the blow-up of C;_; is an identical isomorphism
and defines a formal operation of converting a subvariety C;_; C X;_1 into a
component of the exceptional divisor E; on X;. This formalism is convenient
for the proofs. In particular it indicates that C;_; identified via o; with a
component of E; has simple normal crossings with other components of F;.

(2) In Theorem we blow up centers of codimension > 2 and both definitions
coincide.

(3) Given a closed embedding of smooth varieties i : X — X', the coherent sheaf
of ideals Z on X defines a coherent subsheaf i.(Z) C i.(Ox) of the Ox,-module
i.(Ox). Let i* : Oxs — i,(Ox) be the natural surjection of @ x.,-modules. The
inverse image Z' = (i*)~!(i.(Z)) defines a coherent sheaf of ideals on X’. By
abuse of notation Z’ will be denoted as i.(Z) - Ox:.

(4) Theorem [0 lsays that the canonical principalization of Z on X commutes with
closed embeddings of ambient varieties X C X’. This means that the canonical
principalization of 7' = i, (Z) - Ox restricts to the canonical principalization of
Z on X. In fact we show even more: The canonical principalization of Z with
centers C; defines the canonical principalization of Z/ on X’ with the centers

i(Cy) .
2. PRELIMINARIES

To simplify our considerations we shall assume that the ground field is alge-
braically closed of characteristic zero. At the end of the paper we deduce the
theorem for an arbitrary ground field of characteristic zero.

2.1. Resolution of marked ideals. For any sheaf of ideals 7 on a smooth variety
X and any point z € X we denote by

ord, (Z) := max{i | Z, C m.}
the order of 7 at x. (Here m, denotes the maximal ideal of z.)

Definition 2.1.1 (Hironaka [25], [27], Bierstone-Milman [§], Villamayor [34]). A
marked ideal (originally a basic object of Villamayor) is a collection (X,Z, E, u),
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where X is a smooth variety, Z is a sheaf of ideals on X, u is a nonnegative integer
and F is a totally ordered collection of divisors whose irreducible components are
pairwise disjoint and all have multiplicity one. Moreover the irreducible components
of divisors in E have simultaneously simple normal crossings.

Definition 2.1.2. (Hironaka [25], [27], Bierstone-Milman [§], Villamayor [34]) By
the support (originally singular locus) of (X,Z, FE, 1) we mean

supp(X,Z,E, ) := {x € X | ord,(Z) > p}.

Remarks. (1) The ideals with assigned orders or functions with assigned multiplic-
ities and their supports are key objects in the proofs of Hironaka, Villamayor
and Bierstone-Milman (see [25]). Hironaka introduced the notion of idealistic
exponent. Then various modifications of this definition were considered in the
papers of Bierstone-Milman (presentation of invariant) and Villamayor (basic
objects). In our proof we stick to Villamayor’s presentation of his basic objects
(and their resolutions). Our marked ideals are essentially the same notion as
basic objects. However because of some technical differences and in order to
introduce more suggestive terminology we shall call them marked ideals.

(2) Sometimes for simplicity we shall represent marked ideals (X,Z, F, 11) as couples
(Z, p) or even ideals T.

(3) For any sheaf of ideals Z on X we have supp(Z,1) = V(7).

(4) For any marked ideals (Z, u) on X, supp(Z, p) is a closed subset of X (Lemma

B2.2).
Definition 2.1.3 (Hironaka [25], [27], Bierstone-Milman [§], Villamayor [34]). By

a resolution of (X,Z,E, ) we mean a sequence of blow-ups o; : X; — X;_1 of
disjoint unions of smooth centers C;_1 C X;_1,

o [eg (e ag
Xo=X & X & X & 0.X; — . &5 X,

which defines a sequence of marked ideals (X;,Z;, E;, ) where

(1) C; Csupp(Xy,Zi, By, ).

(2) C; has simple normal crossings with E;.

(3) Z; = Z(D;) "o} (Z;—1), where Z(D;) is the ideal of the exceptional divisor
Di of ;.

(4) E; = 0¢(F;—1) U{D;}, where o¢(FE;_1) is the set of strict transforms of
divisors in F;_1.

(5) The order on of(E;_1) is defined by the order on E;_; while D; is the
maximal element of E;.

(6) supp(X,, Z,., B, 1) = 0.

Definition 2.1.4. The sequence of morphisms which are either isomorphisms or
blow-ups satisfying conditions (1)-(5) is called a multiple test blow-up. The number
of morphisms in a multiple test blow-up will be called its length.

Definition 2.1.5. An eztension of a sequence of blow-ups (X;)o<i<m is a sequence
(X})o<j<m of blow-ups and isomorphisms Xy = X =... =X} ;, « X} =...=
Xiyoq ... Xj =...= X}, where X} = X;.

J m’s

In particular we shall consider extensions of multiple test blow-ups.

Remarks. (1) The definition of extension arises naturally when we pass to open
subsets of the considered ambient variety X.
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(2) The notion of a multiple test blow-up is analogous to the notions of test or ad-
missible blow-ups considered by Hironaka, Bierstone-Milman and Villamayor.

2.2. Transforms of marked ideals and controlled transforms of functions.
In the setting of the above definition we shall call

(Zis p) i= 07 (Zic1s )

a transform of the marked ideal or controlled transform of (Z, ). It makes sense for
a single blow-up in a multiple test blow-up as well as for a multiple test blow-up.
Let 0% := 010...00; : X; — X be a composition of consecutive morphisms of a
multiple test blow-up. Then in the above setting

(Ii, /1“) = (O—i)C(Ia ‘LL)
We shall also denote the controlled transform (o%)¢(Z, u) by (Z,u); or [Z, p);.

The controlled transform can also be defined for local sections f € Z(U). Let
o : X « X’ be a blow-up with a smooth center C' C supp(Z, 1) defining a trans-
formation of marked ideals o¢(Z, u) = (Z’, u). Let f € Z(U) be a section of a sheaf
of ideals. Let U’ C ¢~}(U) be an open subset for which the sheaf of ideals of the
exceptional divisor is generated by a function y. The function

g=y "(foo)e (V)
is a controlled transform of f on U’ (defined up to an invertible function). As before
we extend it to any multiple test blow-up.

The following lemma shows that the notion of controlled transform is well-
defined.

Lemma 2.2.1. Let C C supp(Z, p) be a smooth center of the blow-up o : X «— X'
and let D denote the exceptional divisor. Let o denote the sheaf of ideals defined
by C. Then

(1) T CIf.

(2) 0*(Z) C (Zp)".

Proof. (1) We can assume that the ambient variety X is affine. Let wuq,...,ur be
parameters generating Z¢. Suppose f € T\ Z,. Then we can write f =Y cqu®,
where either || > por |a] < pand ¢, € Ze. By assumption there is o with o] < p
such that ¢, € Zc. Take o with the smallest |a|. There is a point = € C for which
ca(x) # 0 and in the Taylor expansion of f at x there is a term ¢, (z)u®. Thus
ord;(Z) < p. This contradicts the assumption C' C supp(Z, ).

(2) 0*(T) C o*(Zc)* = (Ip)*. O

2.3. Functorial properties of multiple test blow-ups.

Lemma 2.3.1. Let ¢ : X' — X be a smooth morphism. Then

(1) For any sheaf of ideals T on X and any 2’ € X', x = ¢(z') € X we have
ord, (¢*(Z)) = ord,(Z).

(2) Let E be a set of divisors with smooth disjoint components such that all
components of all divisors have simultaneously simple normal crossings.
Then the inverse images ¢~ (D) of divisors D € E have disjoint compo-
nents and all the components of the divisors ¢~*(D) have simultaneously
simple normal crossings.
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Proof. The assertions can be verified locally. Assume ¢ is of relative dimension
r. Then it factors (locally) as ¢ = wy where ¥ : Ux/ — X x A" is étale and
m: X X A" — X is the natural pI‘OJeCthH Let z” := ¢(a’). Since v defines a
formal analytic isomorphism * Oru X xAT X 19) .+ x the assertions of the lemma
are satisfied for ¢. Moreover they are satisfied for the natural projection 7 and for
the composition ¢ = m. O

Proposition 2.3.2. Let X; be a multiple test blow-up of a marked ideal (X,Z, E, 1)
defining a sequence of marked ideals (X;,Z;, E;, ). Given a smooth morphism
¢ X' — X, the induced sequence X! := X' xx X; is a multiple test blow-up of
(X', T',E', u) such that

(1) ¢ lifts to smooth morphisms ¢; : X| — X.

(2) (X]) defines a sequence of marked ideals (X!, I}, E!, i1) where I) = ¢X(Z;),
the divisors in E. are the inverse images of the divisors in E; and the order
on E! is defined by the order on E;.

(3) If (X;) is a resolution of (X,Z, E, u) then (X|) is an extension of a resolu-

tion of (X',I', E', u).

Proof. Induction on i. The pull-back o} : X « X, of the blow-up ;41 : X; +
Xi+1 by the smooth morphism ¢; : X! — X; is either the blow-up with the smooth
center C! = o; *(C;) or an isomorphism if o; '(C) = . Since ¢; : X — X; is
smooth for any 2’ € X! and © = ¢;(z), ord, (Z!) = ordy (67 (Z;)) = ord,(Z;). Thus
C! C supp(Z;, ). Moreover C; has simple normal crossings with E;. It is left to
show that the transformation rules for the sheaves of ideals Z] and sets of divisors
E! are preserved by the induced smooth morphisms ¢;. Note that the inverse image
of the exceptional divisor D;;1 of ;41 is the exceptional divisor Dj ; = ¢, 1(Di)
of o, ,. Thus we have

Ej = (o) (B) U{Di 1} = (6)(6; ' (Ei) U ¢34 {Dis1}

(@) (E) U{Di}) = 6. (Biny),

;+1) ( ):( z+1) (I/)I(D;Jrl)_ﬂ

0i41)" (0] (Zi)) - 9741 (Z(Di1)) ")

10 (Z) - (Z(Dig1)) ™) = ¢34 (011 (Zi) = 971 (Zigr). O

¢
T = (
=(
¢

Definition 2.3.3. We say that the above multiple test blow-up (X7) is induced by
¢; and X. We shall denote (X]) and the corresponding marked ideals (X', 7", E’, )
by

(rb*(Xz) = X:, ¢*(X“IZ,EZ,[L) (X:aIz/aE, )
The above proposition and definition generalize to any sequence of blow-ups with
smooth centers.

Proposition 2.3.4. Let X; be a sequence of blow-ups with smooth centers having
simple normal crossings with exceptional divisors. Given a smooth morphism ¢ :
X" — X, the induced sequence X| := X' xx X; is an extension of the sequence
of blow-ups with smooth centers having simple normal crossings with exceptional
divisors. (I
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2.4. Canonicity revisited. In this paper we prove the following theorem:
1. Canonical resolution of marked ideals

Theorem 2.4.1. Let K be a field of characteristic zero. With any marked ideal
(X,Z,E, u) over K there is associated a resolution (X;) called canonical such that

(1) For any smooth morphism ¢ : X' — X the induced resolution ¢*(X;) is an
extension of the canonical resolution of ¢*(X,Z,E, ).

(2) If E = 0, then (X;) commutes with closed embeddings of the ambient
varieties X — X'; that is, the canonical resolution (X;) of (X,Z,0,u)
with centers C; defines the canonical resolution (X)) of (X', Z',0, u), where
T =i.(T) - Oxs, with the centers i(C;).

(3) (X;) commutes with (separable) ground field extensions.

Remark. The theorem will be proved first for algebraically closed fields (see Theo-
rem [L0]). Then the general case will be deduced in section 571

This theorem (as we show in the section below) implies slightly stronger theorems
on canonical principalization and canonical embedded desingularization.
2. Canonical principalization

Theorem 2.4.2. There exists a canonical principalization of a sheaf of ideals T on
a smooth variety X, that is, a sequence of blow-ups (X;) in the sense of Theorem
[LOTI such that for any smooth morphism ¢ : X' — X the induced sequence ¢*(X;)
of blow-ups is an extension of the canonical principalization of ¢*(Z) on X'.

3. Canonical embedded desingularization

Theorem 2.4.3. There exists a canonical embedded desingularization of a subva-
riety Y of a smooth variety X, that is, a sequence of blow-ups (X;) in the sense of
Theorem[L.0.2] such that for any smooth morphism ¢ : X' — X the induced sequence
¢*(X;) of blow-ups is an extension of the canonical embedded desingularization of
Y :i=¢ YY) on X'

2.5. Hironaka resolution principle. Our proof is based upon the following prin-
ciple which can be traced back to Hironaka and was used by Villamayor in his
simplification of Hironaka’s algorithm:

Proposition 2.5.1. Assume the ground field is of characteristic zero and is not
necessarily algebraically closed. The following implications hold true:

(1) Canonical resolution of marked ideals (X,Z,FE, 1)
U
(2) Canonical principalization of the sheaves

T on smooth ambient varieties X

4

(3) Canonical weak embedded desingularization of subvarieties Y C X
4

(4) Canonical desingularization of varieties

over the fixed ground field K.
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Proof. (1)=(2) Canonical principalization
Let o : X « X denote the morphism defined by the canonical resolution X =
Xo — X1 « Xy — ... « X} = X of (X,Z,0,1). The controlled transform
(f, 1) = (Zk,1) = 0°(Z,1) has empty support. Consequently, V(f) =V(Z) =0,
which implies I=71I = Ox. By definition for i = 1,...,k, we have (Z;,1) =
Jic(Iifl) = I(Di)’la*(L-,l), and thus
U;(Il‘,l) = Ii . I(Dz)

Note that if Z(D) = O(—D) is the sheaf of ideals of a simple normal crossing divisor
D on a smooth X and o : X’ — X is the blow-up with a smooth center C which
has only simple normal crossings with D, then o*(Z(D)) = Z(c*(D)) is the sheaf of
ideals of the divisor with simple normal crossings. The components of the induced
Cartier divisors o*(D) are either the strict transforms of the components of D or
the components of the exceptional divisors. (The local equation y{* - ...y of D
is transformed by the blow-up (y1,...,yn) — (Y1, Y192, Y1Y3, - - - Y1Yls Y1+ 15 - - > Yn)

ai+...a;, az

into the equation ¥y Y52 ... y%.) This implies by induction on i that
oror_q...0501(Zo) =Z; - I(E;)

where F; is an exceptional divisor with simple normal crossings constructed induc-
tively as
Finally the full transform o} (Z) = 7}, - Z(Ey) = O -Z(Ey) = Z(Ey) is principal and
generated by the sheaf of ideals of a divisor whose components are the exceptional
divisors. The canonicity conditions for principalization follow from the canonicity
of resolution of marked ideals.
The actual process of principalization is controlled by some invariants and is
often achieved before (X,Z, ), 1) has been resolved (Theorem [.07] and section [5.0])
(2)=(3) Canonical embedded desingularization

Lemma 2.5.2. The canonical principalization of I defines an isomorphism over
X\V(2).

Proof. The canonical principalization of (A™, Oa~) is an isomorphism over generic
points and is equivariant with respect to translations; thus it is an isomorphism.
The restriction of the canonical principalization (X,Z) of (X,Z) to an open sub-
set U is the canonical principalization of (U,Zj7). Let X — X be the canonical
principalization of (X,Ox) and z € X \ V(Z). Locally we find an étale morphism
from an open subset U C X \ V(Z) to A", and the canonical principalization of
(U,Zy) = (U,Op) is induced by the canonical principalization of (A™, Oan») and
thus it is an isomorphism. O

Let X C X be an irreducible subvariety. Let X = Xy «— X7 «— Xo «— ... «—
X = X be the canonical principalization of sheaves of ideals Zy subject to con-
ditions (a) and (b) from Theorem [[LUIl Suppose all centers C;_1 of the blow-ups
o; : X;_1 < X, are disjoint from the generic points of strict transforms Y; 1 C Y of
Y. Then ¢ is an isomorphism over the generic points y of Y and 6*(Z), = 0*(Z),.
Moreover no exceptional divisor passes through y. This contradicts the condition
0*(Z) = Zj. Thus there is a smallest i,cs with the property that Cj . contains the

strict transform Y; _ and all centers C; for j < i, are disjoint from the generic
points of strict transforms Y;. Let y € Y; __ be a generic point for which X; _ — X

res res
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is an isomorphism. Find an open set U C X intersecting ¥ such that X; _ — X is
an isomorphism over U. Then Y; NU =Y NU and C;,, NU 2 Y, NU by the
definition of Y; . On the other hand, by the previous lemma C; _ NU CY; NU,
which gives C;,, . NU =Y, NU. Finally, Y;__ is an irreducible component of a
smooth (possibly reducible) center C;. This implies that Y; __ is smooth and has
simple normal crossings with the exceptional divisors. We define the canonical

embedded resolution of (X,Y") to be
(X,Y) = (X0, Y0) « (X1, V1) « (X2, ¥2) — ... — (Xi.. Vi)

If (X',Y'") — (X,Y) is a smooth morphism, then the induced sequence of blow-
ups (X))o<i<k = (X' xx X;)o<i<k is an extension of the canonical principalization
(X7)o<j<k of (X', Zyr). Moreover X} = X| and (X[)o<i<i,. is an extension of
the canonical resolution (X})o<j<j,.. of (X', Zy").

Commutativity with closed embeddings and field extensions for embedded desin-
gularizations follows from the commutativity with closed embeddings and field ex-
tensions for principalizations.

In the actual algorithm considered in the paper the moment X
some invariant (see section [5.6]).

(3)=(4) Canonical desingularization

Let Y be an algebraic variety over K. By the compactness of Y we find a cover
of affine subsets U; of Y such that each U; is embedded in an affine space A" for
n > 0. We can assume that the dimension n is the same for all U; by taking if
necessary embeddings of affine spaces A* C A™.

res

Tres?

is detected by

lres

Lemma 2.5.3 (see also Jelonek [29], Lemma 4.8.1). For any closed embeddings
1,02 1 Y C A" there exist closed embeddings 1,1 : A" — A2" such that

Y191 = Yada.

Proof. The embeddings ¢; and ¢4 are defined by two sets of generators gi,...,gn
and hq,...,hy, respectively. Define three embeddings ¥; : Y — A2" for i = 0,1, 2
such that

\If()(:];‘) = (gl(x),...7gn(x),h1(x),...,hn(x)),
‘Ill(x) = (gl(x)v'-'7971('7:)707"'70)7
Uo(2) = (0,...,0,h1(2),. ... hn(z)).

Let i1,i2 : A™ — A?" be two embeddings defined as i1 (x1,...,2,) = (T1,...,ZTn,
0,...,0) and is(x1,...,2,) = (0,...,0,21,...,2,). Then ¥; = i;¢; for i = 1,2.
Fix coordinates x1, ..., 2, Y1, ., Y, on A?", Find polynomials w;(x1,...,z,) and

vi(Y1,.-.,Yn) such that for i =1,...,n,
wi(h1, ... hn) = gi, (91,5 9n) = Dy
Construct automorphisms ®1, ®5 of A2 such that
Dy (21, Try Y1y -« -5 Yn)
= (21, ey Ty Y1 — (T, o T,y Y — On (T, ),
Do (T1yee oy Ty Ylse s Yn)
=(x1 —w1(Y1, - Yn)se oy T — W (Yly s YUn)sYls- - Yn)-

Then for i = 1,2 we have ®; ¥y = ¥; and ¥y = &, '¥; = &; 'i;¢;. Finally we
put ¥; := @;Iii. O
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Proposition 2.5.4. For any affine variety U there is a smooth variety U along
with a birational morphism res : U — U subject to the conditions:

(1) For any closed embeddmg U C X into a smooth affine variety X, there is
a closed embedding U C X into a smooth variety X which is a canonical
embedded desingularization of U C X.

(2) For any open embedding V' — U there is an open embeddmg of resolu-
tions V< U which is a lifting of V. — U such that vV — resUl(V) s an
isomorphism over V.

(3) If L is a field containing the ground field K, then the resolution (~fL of
Ur := U Xgpec k SPEC L 15 equal to U X Spec K Opec L.

Proof. (1) Consider a closed embedding of U into a smooth affine variety X (for
example X = A™). The canonical embedded desingularization UcXofUcCX
defines the desingularization U — U. This desingularization is independent of the
ambientjarie‘gy X. Let ¢1 : U C X7 and ¢ : U C X5 be two closed embeddings
and let U; C X; be two embedded desingularizations. Find embeddings ¢; : X; —
A" into the affine space A™. They define the embeddings ;¢; : U — A™. By
Lemma [Z5.3] there are embeddings ¥; : A™ — A?" such that U910 = Uarhaehs :
U — A?". Since embedded desingularizations commute with closed embeddings of
ambient varieties we see that the [71 are isomorphic over U.

(2) Let V' — U be an open embedding of affine varieties. Assume first that V =
U =U\V(f), where f € K[U] is a regular function on U. Let U C X be a closed
embedding into an affine variety X. Then Uy C X is a closed embedding into an
affine variety Xp = X \ V(F') where F' is a regular function on F' which restricts to
f. Since embedded desingularizations commute with smooth morphisms the open
embedding Xp C X defines the open embedding of embedded desingularizations
(XF, Uf) (X,U) and the open embedding of desingularizations Uf cU.

Let V. C U be any open subset which is an affine variety. Then there are
desmgularlzatlons resy : V =V and resy : U—U. Suppose the natural birational
map V — res;' (V) is not an isomorphism over V. Then we can find an open
subset Uy C V such that resy,' (Uy) — res;' (Uy) is not an isomorphism over Uy.
But U; = V; and by the previous case res},' (Uy) ~ (7f = f/; ~ res;; ! (V).

(3) Let U — A™ be a closed embedding. It defines a closed embedding Uy, —
A%, Then commutativity with ground field extensions follows from the commuta-
tivity for embedded desingularizations. O

Let U; be an open affine cover of X. For any two open subsets U; and Uj;
set U;; :== U; NU;. For any U; and U;; we find canonical resolutions i and ﬁij
respectively. By the proposition Tj’ij can be identified with an open subset of [71
We define X to be a variety obtained by glueing ,Uvz along (7” Then X is a smooth
variety and X — X defines a canonical desingularization independent of the choice
of Uzg

Commutativity of non-embedded desingularization with smooth mor-
phisms

Lemma 2.5.5. Assume that the ground field K is algebraically closed. Let ¢q :
U— A™ and ¢o : V — A" be closed embeddings of affine varieties U and V. Let
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¢ : U — V be a morphism étale at 0 € U. Denote by ¢1 x (g 0 ¢) : U — A™Tn
the induced embedding of U.

Then there exists an open neighborhood Uy C U of O such that ¢ : Uy — V is
étale, a smooth locally closed subvariety Xqg C A™™ containing Uy C U C A™t"

as a closed subset and an étale morphism ® : Xg — A"™ extending the morphism
¢ : Uy — V such that Uy = Xg xan V.

Proof. Let T :=x1,...,2, and ¥ := y1, ..., Ym be coordinates on A™ and A™ re-
spectively. Let g1 := ¢*(x1),...,gn := ¢*(x,) be generators of the ring K[V] C
K[U]. Write K[V] = K|z1,...,2,])/(f1(@),..., fi(T)). Extending the set of gener-
ators of K[V] to a set of generators of K[U] gives

K[U] = K[xh e Ty Y1, 7ym]/(f1(f)a R fl(j)7 hl(j7y)a RN hr(jag))

Since ¢ is étale at 0 the functions 1, ..., z, generate the maximal ideal of

Oov = Kl[x1, ... sy, ymll/(f1(@), ., fil@), Ba, .. Ry
= K[[z1,...,20]]/(f1,. . f1) = O

Choose a maximal subset {h;,, ..., hi,} C {h1,...,hy} for which 1, ..., zp, hiy, ...,

hi, € ((;11;”;’113’"))2 are linearly independent. Then by the Nakayama Lemma

s = m and (T1,...,%n,Riys.- i) = (T1,-- - Tn, Y1, .- -, Ym) define the set of
parameters at x.
The subvariety X := {(z,y) | hi; = ... = h;,, =0} C A™"™ is smooth at 0 and

the restriction p|x : X — A" of the natural projection p : APT™ AT s étale at
0. Consequently, U’ — V is étale at 0 where U’ := Spec(K |21, ..., Tn, Y1,y .-, Ym]/
(fi(x),..., filz), hy,(2,y),. .., hi, (2,9)). Also the natural closed embedding U —
U’ is étale at 0. Then U is the irreducible component of U’ passing through 0,
and we can find a smooth open subset Xo C X \ (U’ \ U) containing 0 for which
the morphism Xy — A" is étale and which contains some open neighborhood
Uy:=UNXgyof U. O

Now let K denote the algebraic closure of K. Let ¢ : Y/ — Y be a smooth
morphism of relative dimension r. Let Y — Y and Y’ — Y’ be the resolution
morphisms. By definition ¢ lifts to a unique rational map 5 Y/--sY. Taking the
fiber product with Spec K over Spec K defines the smooth morphism ¢z : Y’ — Y
and its lifting qbK = - Y For any points y' € Y, and y = ¢(y') € Y find
their open affine nelghborhoods U C Y’ and U C YK such that the restriction
¢y = U" — U factors through an étale morphism Y U — U x A" followed by
the natural projection p : U x A" — U. Since U’ and U are affine we can find
closed embeddings U’ — A™ and U — A"™. The last one defines an embedding
U x A" — A", By the above lemma by shrinking U’ we can find a smooth
X’ D U’ and an étale morphism X’ — A™"" which extends the étale morphism
U’ — U x A". Consequently, the induced smooth morphism X’ — A" extends the
smooth morphism ¢|ir : U" — U. The smooth morphism (X',U’) — (X, U), where
X =: A", defines a smooth morphism of embedded resolutions (X', ,Uv’) ()~( U)
and in particular the smooth morphism of nonembedded resolutlons U’ — U which
is a unique lifting of ¢y : U' — U. Fmally, the lifting ¢ 7 Y — ~K is a smooth

morphism. The rational map ¢ Y’ — Y is a smooth morphism as well. Il
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3. MARKED IDEALS

3.1. Equivalence relation for marked ideals. Let us introduce the following
equivalence relation for marked ideals:

Definition 3.1.1. Let (X,Z, Ez, uz) and (X, 7, E7, pn7) be two marked ideals on
the smooth variety X. Then (X,Z,Ez,uz) ~ (X, J,Eg,pny) if
(1) Er = E7 and the orders on Er and on E; coincide.
(2) supp(X,I, Ez, ﬂI) = Supp(X7 J,Eg, :uj)'
(3) All the multiple test blow-ups X = X <= X; & ... «— X; <&
. «— X, of (X,Z,Ez,uz) are exactly the multiple test blow-ups of
(X,J,E7,uny) and moreover we have

supp(X;, Z;, B, pr) = supp(X;, Ji, Ei, p7).
It is easy to show the lemma:
Lemma 3.1.2. For any k € N, (Z,p) =~ (Z%, ku).

Remark. The marked ideals considered in this paper satisfy a stronger equivalence
condition: For any smooth morphisms ¢ : X' — X, ¢*(Z,u) ~ ¢*(J,pn). This
condition will follow and is not added in the definition.

3.2. Ideals of derivatives. Ideals of derivatives were first introduced and stud-
ied in the resolution context by Giraud. Villamayor developed and applied this
language to his basic objects.

Definition 3.2.1 (Giraud, Villamayor). Let Z be a coherent sheaf of ideals on
a smooth variety X. By the first derivative (originally extension) Dx(Z) of Z
(or simply D(Z)) we mean the coherent sheaf of ideals generated by all functions
f € T with their first derivatives. Then the i-th derivative D*(Z) is defined to be
D(D'YI)). If (Z,p) is a marked ideal and i < p, then we define

,Di(Iv ) = (Di(I)7N — ).

Recall that on a smooth variety X there is a locally free sheaf of differen-
tials Qx/x over K generated locally by dus, ..., du, for a set of local parameters
Ui, ..., U,. The dual sheaf of derivations Derg (Oyx) is locally generated by the

derivations %. Immediately from the definition we observe that D(Z) is a coher-

ent sheaf defined locally by generators f; of 7 and all their partial derivatives %

We see by induction that D¥(Z) is a coherent sheaf defined locally by the genera-
alely;

ou

tors f; of 7 and their derivatives
la] i==a1 + ...+ a, <.

for all multi-indices & = (ay, ..., ay), where

Remark. In characteristic p the partial derivatives % g:i (where a! = aq! ... - a,!)

are well-defined and are called the Hasse-Dieudonné derivatives. They should be
used in the definition of the derivatives of marked ideals. One of the major sources
of problems is that unlike in characteristic zero

DH(DI(T)) € D (D).
Lemma 3.2.2 (Giraud, Villamayor). For any i < pu—1,

supp(Z, 1) = supp(D*(Z), p — ).
In particular supp(Z, ) = supp(DH~H(Z),1) = V(D 1(Z)) is a closed set (i =
w—1).
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Proof. Tt suffices to prove the lemma for i = 1. If € supp(Z, i), then for any f € T
we have ord,(f) > p. This implies ord,(Df) > p — 1 for any derivative D and
consequently x € supp(D(Z), — 1)). Now, let = € supp(D(Z),u — 1)). Then for
any f € Z we have ord,(f) > u—1. Suppose ord,(f) = p—1 for some f € Z. Then
f= 2\042#—1 Cox® and there is « such that « = p—1 and ¢, # 0. We find % for

which ordx(%ig:) = p—2 and thus ordx(g—a{i) =p—2and z & supp(D(Z),u—1)). O
We write (Z,u) C (J,p) if Z C J.

Lemma 3.2.3 (Giraud, Villamayor). Let (Z,u) be a marked ideal and C C
supp(Z, 1) be a smooth center and r < u. Let o : X «— X' be a blow-up at C.
Then

o*(Dx(Z, 1)) € D/ (0°(Z, )

Proof. First assume that r = 1. Let uq,...,u, denote the local parameters at x.
Then the local parameters at 2’ € o~1(x) are of the form u) = at for i <m and
u} = u; for i > m, where u,, = u}, = y denotes the local equation of the exceptional
divisor.

The derivations aiui of O, x extend to derivations of the rational field K(X).
Note also that

o 5, o', 1
—=—, 1<m,1<j5<n; — = ——Uuj, <m;
ou;  Up =7 = Oy, u2, -’ J
ou! ou’; ou;
WL:]_7 J:O7J>m, —12(52]7 ZZ’ITL.
8um 8um 8’&]‘
This gives
0 1 0 1 0
= = <4 .
Ou;  um Ou,  youl’ lsi<m
o 1,0 , 0 , 9
Bum ~ p g T TG T )
1o} ad )
8—% = a—w, m <1 < n.

We see that any derivation D of Ox induces a derivation yo*(D) of Ox-. Thus
the sheaf yo*(Derg (Ox)) of such derivations is a subsheaf of Derg (Ox-) locally
generated by

. 0 .
i < m, and yw,z>m.
i

K 9
oul’ Yoy’
In particular yo*(Dx(Z)) C Dx/(c*(Z)). For any sheaf of ideals J on X’ denote
by yo*(Dx)(J) C Dx/(J) the ideal generated by J and the derivatives D’(f),
where f € J and D’ € yo*(Derg(Ox)). Note that for any f € J and D' €
yo*(Derg (Ox)), y divides D’(y) and
D'(yf) =yD'(f) +D'(y)f € yo"(Dx)(T)+yJ =yo"(Dx)(J).
Consequently, yo* (Dx)(yJ) C yyo*(Dx)(J) and more generally yo*(Dx ) (y*JT) C
y"yo*(Dx/)(J). Then
yo' (Dx(Z)) € yo*(Dx)(0"(2)) = yo™ (Dx)(y"0*(1))
€ y"yo" (Dx)(0°(T)) € y"Dx/(0°(1)).
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Then

o*(Dx(2)) = y~"*'o"(Dx(I)) € Dx(0°(2))-
Assume now that r is arbitrary. Then C' C supp(Z, u) = supp(D% (Z, ) for i <r
and by induction on 7,

o*(DXT) = o°(Dx (D (1)) € D/ (°Dy ' (Z)) € Dy (0°(2))-

As a corollary from Lemma [3.2.3] we prove the following.

Lemma 3.2.4. A multiple test blow-up (X;)o<i<k of (Z, ) is a multiple test blow-
up of DI(Z, ) for 0 < j < p and

[DN(Z, )]k C D (T, ).

Proof. Induction on k. For k = 0 it is evident. Let oy41 : X <+ Xp41 denote the
blow-up with a center Cy C supp(Zy, p) = supp(D? (Zg, 1)) € supp([DI(Z, p)]x)-
Then by induction [D7(Z, u)|j+1 = o5 1[D(Z, 1)k € 051 (D?(Zy, ). Lemma
B.2.3 gives o (D7 (Zk, 1)) € Doy (Zis ) = D) (Zit1, 1) O

Lemma 3.2.5. Let ¢ : X' — X be an étale morphism of smooth varieties and T
be a sheaf of ideals on X. Then

¢"(D(1)) = D(¢"(1))

Proof. Since ¢ is étale, for any points 2’ € X’ and ¢(z') = x we have @I/,X/ ~
@x,X and gg*(D(I))x = (D(¢*(Z)))a . Since @x,X is faithfully flat over O, x and

~

(D(Z)) = D(Z) - O, x we get the equality of stalks ¢*(D(Z)), = D(¢*(T))ar, which
determines the equality of sheaves ¢*(D(Z)) = D(¢*(Z)). O

3.3. Hypersurfaces of maximal contact. The concept of the hypersurfaces of
maximal contact is one of the key points of this proof. It was originated by Hironaka,
Abhyankhar and Giraud and developed in the papers of Bierstone-Milman and
Villamayor.

In our terminology we are looking for a smooth hypersurface containing the
supports of marked ideals and whose strict transforms under multiple test blow-ups
contain the supports of the induced marked ideals. Existence of such hypersurfaces
allows a reduction of the resolution problem to codimension 1.

First we introduce marked ideals which locally admit hypersurfaces of maximal
contact.

Definition 3.3.1 (Villamayor [34]). We say that a marked ideal (Z, i) is of mazimal
order (originally simple basic object) if max{ord,(Z) | + € X} < u or equivalently
DH(T) = Ox.

Lemma 3.3.2 (Villamayor [34]). Let (Z, 1) be a marked ideal of maximal order and
C C supp(Z, p) be a smooth center. Leto : X — X' be a blow-up at C C supp(Z, p).
Then o(Z, 1) is of mazimal order.

Proof. If (Z,p) is a marked ideal of maximal order, then D#(Z) = Ox. Then by
Lemma 323 D*(c%(Z, 1)) D 0°(D*(Z1),0) = Ox. O

Lemma 3.3.3 (Villamayor [34]). If (Z, u) is a marked ideal of mazimal order and
0 <i < pu, then DY(Z, ) is of mazimal order.



794 JAROSLAW WLODARCZYK
Proof. D*=4(DY(Z,u)) = D*(Z,pn) = Ox. O

In particular (D*~1(Z),1) is a marked ideal of maximal order.

Lemma 3.3.4 (Giraud). Let (Z,p) be a marked ideal of maximal order. Let o :
X « X' be a blow-up at a smooth center C' C supp(Z, j1). Let u € D*=Y(Z, u)(U)
be a function of multiplicity one on U, that is, for any x € V(u), ord,(u) = 1. In
particular supp(Z, ) NU C V(u). Let U' C o=2(U) C X' be an open set where the
exceptional divisor is described by y. Let u' := o°(u) = y~1o*(u) be the controlled
transform of u. Then

(1) ' € D (" (T, ).

(2) ' is a function of multiplicity one on U’.

(3) V(') is the restriction of the strict transform of V(u) to U'.

Proof. (1) v’ = 0°(u) =u/y € o¢(D*~1(Z)) C D*~(c°(2)).

(2) Since u was one of the local parameters describing the center of blow-ups,
u’ = wu/y is a parameter, that is, a function of order one.

(3) follows from (2). O

Definition 3.3.5. We shall call a function
u € T(I)(U) := D" HZ(U))
of multiplicity one a tangent direction of (Z, ) on U.
As a corollary from the above we obtain the following lemma:

Lemma 3.3.6 (Giraud). Let v € T(Z)(U) be a tangent direction of (Z,u) on U.
Then for any multiple test blow-up (Us) of (Zjy, ) all the supports of the induced
marked ideals supp(Z;, p) are contained in the strict transforms V(u); of V(u). O

Remarks. (1) Tangent directions are functions defining locally hypersurfaces of
maximal contact.

(2) The main problem leading to complexity of the proofs is that of a noncanonical
choice of the tangent directions. We overcome this difficulty by introducing
homogenized ideals.

Lemma 3.3.7 (Villamayor). Let (Z, 1) be a marked ideal of maximal order whose
support is of codimension 1. Then all codimension one components of supp(Z, )
are smooth and isolated. After the blow-up o : X «— X' at such a component
C C supp(Z, p) the induced support supp(Z’, p) does not intersect the exceptional
divisor of o.

Proof. By the previous lemma there is a tangent direction u € D*~(Z) whose
zero set is smooth and contains supp(Z, ). Then D*~1(Z) = (u) and Z is locally
described as 7 = (u*). Suppose there is g € 7 written as g = c,(z,u)ut +
cu—1(x)ul~t 4+ ...+ ¢o(x), where at least one function ¢;(x) # 0 for 0 <4 < pu— 1.
Then there is a multi-index « such || = p—i—1 and 3(;25"
€ D*~1(Z) does not belong to the ideal (u).

is not the zero function.

Then the derivative aaw P
The blow-up at the component C' locally defined by w transforms (Z,u) =
((ut), ) to (Z',u), where 6*(Z) = y*Ox, and ' = 0%(Z) = y *o*(Z) = O

X,
where y = u describes the exceptional divisor. ([l
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Remark. Note that the blow-up of codimension one components is an isomorphism.
However it defines a nontrivial transformation of marked ideals. In the actual
desingularization process this kind of blow-up may occur for some marked ideals
induced on subvarieties of ambient varieties. Though they define isomorphisms
of those subvarieties they determine blow-ups of ambient varieties which are not
isomorphisms.

3.4. Arithmetical operations on marked ideals. In this section all marked
ideals are defined for the smooth variety X and the same set of exceptional divisors
E. Define the following operations of addition and multiplication of marked ideals:

(1) (Z,p1) + (T, ng) = (@omzna)liz g glemuzng)/ing Jem(uz, py))
or more generally (the operation of addition is not associative)

(Ti, p) 4 - o+ Ty o) = (Iicm(#l ,,,,, Bm)/ 1
+I;cm(u1 ,,,,, Hm)/ 2 ¥ +Iirclm(u1 ,,,,, “’”)/”m,lcm(ﬂl, o ,Mm))-

(2) (T,pz) (T, pg) = (T J,pz + pg).

Lemma 3.4.1. (1) supp((Z1,p1) + - + @msptm)) = supp(Zi,p1) N ... N
Supp(Zim, o). Moreover multiple test blow-ups (Xy) of (Zy, p1)+- ..+ Ty tom)
are ezactly those which are simultaneous multiple test blow-ups for all (Z;, 115),
and for any k we have the equality for the controlled transforms (I;, ur)i:

(T, )k + oo+ s ) = [(Z1, 1) + oo+ (T o)

(2)
supp(Z, pz) Osupp(J, p7) < supp((Z, pz) - (Ts p1.7))-
Moreover any simultaneous multiple test blow-up X; of both ideals (Z, uz) and
(T, png) is a multiple test blow-up for (Z,uz) - (J,uny), and for the controlled
transforms (Zy, pz) and (Ji, 7)) we have the equality

(Zrs pz) - (Tks p7) = (T 1) - (T 7))k

Proof. (1) To simplify notation we restrict ourselves to the case of two marked
ideals. The proof for n > 2 marked ideals is exactly the same. We have

supp((I, NI) + (Jaﬂj)) _ Supp(Ilcm(HI»HJ)/HI + JICII](H‘IvHJ)/NJ’lcm(ﬂl.’uj))
= supp(Z'™ T 2)/BT Jem(pg, py)) N supp(J W11 Nem(uz, py))
= supp(Z, puz) Nsupp(J, p.7)-

Suppose now all multiple test blow-ups of (Z, uz) + (J, uy) of length k > 0 are
exactly simultaneous multiple test blow-ups for (Z, uz) and (7, u7) and [(Z, uz) +
(T, 1)k = Tk, pz) + (T, 7). Let 041 denote a blow-up with smooth center
C}, contained in supp((Z, puz) + (7, t7)]k- Then

(Z, uz) + (T 0 7)]k+1 = 051 ((Tie, pz) + (Tks 7))

—lcm(uzuj)azﬂ(I}:m(uzuj)/uz +J,icm(”””)/ﬂj),lcm(uzug)))

=(y Jem(pzpy))
+(y—lcm(uzua)gz+1 (jlicm(uzuj)/w)7 lem(piz i)
= (y "0 (Tk), pz) + (y "7 05 (Tk), 17)
= 03Tk, pz) + 0} (Tk, b7) = Tit1, pz) + (Tit1, 7).

=(y
—lcm(uzu])ngrl (Illccm(ﬂlﬂj)/l‘l)
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(2) If ord,(Z) > pz and ord,(J) > py, then ord,(Z - J) > pz + pg. This
implies that supp(Z, uz) N supp(J, py) S supp((Z, pz) - (T, py)). Suppose now
that all simultaneous multiple test blow-ups of (Z, uz) and (J, py) of length k > 0
are multiple test blow-ups for (Z, uz) - (J, ns) and there is equality

(Ika MI) : (Jka Mj) = [(I7 /’LI) : (\77 M\j)]k
Let oxy1 denote the blow-up with a smooth center Cy, contained in supp(Zg, pz) N
supp(Ji, tt7) € supp((Ze, pz) - (T, 7). Then

(Z, uz) - (T, )1 = 051 (T, 1) - (Tkes 7))
= (y~wrtmor (T Te), nz + 1g)) = (y "o i(Te), pz) - (v 01 ( i), pr)
= 04 (Zi, pz) - 05 (Tks 7)) = (Tit1, 07) - (Tht1, 17 )-
O

Remark. The operation of multiplication of marked ideals is associative while the
operation of addition is not. However we have the following lemma.

Lemma 3.4.2. ((Il, ,U/l) + (Ig, /JQ)) + (1-3,”3) ~ (II7M1) + ((Ig, /_}/2) + (Ig,/,&g)).

Proof. Tt follows from Lemma [B.4.1] that the supports of the two marked ideals
are the same. Moreover by the same lemma the supports remain the same after
consecutive blow-ups of multiple test blow-ups. (I

3.5. Homogenized ideals and tangent directions. Let (Z, 1) be a marked ideal
of maximal order. Set T'(Z) := D*~'Z. By the homogenized ideal we mean

H(Z, ) = (H(T),p) = (Z+DI-T(Z)+... +D'IT-T(T)'+.. + D T-T(T)* 1, p).
Lemma 3.5.1. Let (Z,u) be a marked ideal of maximal order.
(1) If u =1, then (H(Z),1) = (Z,1).
(2) H(Z) = T+ DI -T(I)+ ...+ DT -TZ) + ...+ DT -T(T)"*
+DHT - T(I)* + .. ..
(3) (H(Z),p) = (Z,p) + D(Z, p) - (T(Z),1) + ... + DT, ) - (T(T),1)" + ... +
DN (T, ) - (T(T), 1)L
(4) If > 1, then D(H(T, u) € H(D(T, ).
() T(H(Z, 1)) = T(Z, ).

Proof. (1) T(Z) = T and DAT)T(I) CT.
(2) D+YZT)T(T) = T(Z)* and DY(Z)T(Z)" C T(Z) for i > p.
(3) By definition.
(4) Note that T(D(Z)) = T(Z) an
DI-L(DI)T(D(T))"! € H(D(T,u
(5) T(T) = D=\(T) € DI\ (H(T))

D(D(DT'(2)") S DI(D@D)T(D(T))+

d
)-
H(DHH(T)) = H(T(T)) = T(Z). .

Remark. A homogenized ideal features two important properties:

(1) Tt is equivalent to the given ideal.

(2) It “looks the same” from all possible tangent directions.
By the first property we can use the homogenized ideal to construct resolution via
the Giraud Lemma [3.3.6] By the second property such a construction does not
depend on the choice of tangent directions.
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Lemma 3.5.2. Let (Z,u) be a marked ideal of maximal order. Then
(1) (Z.) ~ (H(D), ).
(2) For any multiple test blow-up (Xi) of (Z,p), (H(D),w)r = (Z,pn)p+
D, )l - (T@), Dl + -+ (DT, )l - (T(T), DI
Proof. Since H(Z) D Z, every multiple test blow-up of H(Z, u) is a multiple test
blow-up of (Z,u). By Lemma B2 every multiple test blow-up of (Z,pu) is a
multiple test blow-up for all D*(Z, 1) and consequently, by Lemma B.41] it is a
simultaneous multiple test blow-up of all (D(Z)-T(Z)%, ) = (DY(Z), u—1i)-(T(T)*,1)
and
p—1
supp(H(Z, p)x) = (] supp(D*(T) - T(Z)", )k
=0
p—1

= n supp(D'(Z), pu — )i, - (T(T)", ),
i=0

> ﬂ supp(D*(Z, 1)) = supp (L, 1)

Therefore every multiple test blow-up of (Z, ) is a multiple test blow-up of H(Z, u)
and by Lemmas B.5.1)(3) and B.4T] we get (2). O

Lemma 3.5.3. Let ¢ : X' — X be a smooth morphism of smooth varieties and let
(X,Z,0, ) be a marked ideal. Then

¢"(H(I)) = H(¢"(T))-
Proof. A direct consequence of Lemma O

Although the following Lemmas [3.5.4] and B.5.5] are used in this paper only in
the case E = () we formulate them in slightly more general versions.

Lemma 3.5.4. Let (X,Z,E, 1) be a marked ideal of mazimal order. Assume there
exist tangent directions u,v € T(Z, 1), = D* =TI, p), at x € supp(Z, u) which are

transversal to E. Then there exists an automorphism ¢, of Xy = Spec(Og x)
such that

(1) @10 (HI)e =
(2) 91, (E) = E.
(3) Gh(u) =v.

)

(HI),.

(4 supp(I ) := V(T(Z, 1)) is contained in the fized point set of ¢.
Proof. (0) Construction of the automorphism qASM).
Find parameters us, ..., u, transversal to u and v such that u = uq,uo,...,u,
and v, us, ..., u, form two sets of parameters at x and divisors in E are described

by some parameters u; where ¢ > 2. Set
auv(ul) =, qAbw(uz) =u; for i>1.
(1) Let h:=v —u € T(Z). For any f € 1,
G5 () = flus + hyus, .. un)
of 10%f

— flu, ... O gy 2O g2y 1O
A P T AL P



798 JAROSLAW WLODARCZYK

The latter element belongs to

—i -1

T+DI-T(@)+...+DT-T() +...+D"'T-T(Z) =HI.
Hence ¢,(Z) C HZ. Analogously ¢ (DT) C D'Z+DI.T(T)+...+ D' 1.

———p—1—1 — ~ — —
T(I)H = HD'I. In particular by Lemma B5T] ¢* (T(Z),1) € H(T(Z),1) =

(T(Z),1). This gives

~ i i —

o~ N ~ 1 ~
¢:,(D'T-T(I))C DT -T(I) +...+D"'T-T(Z) CHI.

uv

By the above ¢%,(HZ), C (HZ), and since the scheme is Noetherian, ¢*, (HZ), =
(HI),.

(2)(3) Follow from the construction.

(4) The fixed point scheme of QASZU is defined by u; = q?j;v (u;), i =1,...,n, that
is, h =0. But h € D*1(Z) is 0 on supp(Z, p). O

Lemma 3.5.5 (Glueing Lemma). Let (X,Z,E,u) be a marked ideal of maximal
order for which there exist tangent directions u,v € T(Z,p) at © € supp(Z, )
which are transversal to E. Then there exist étale neighborhoods ¢y, ¢, : X — X
of = ¢u(T) = ¢(T) € X, where T € X, such that

(1) ¢Z(X7H(Z)7Ea,u) = d)i(XvH(I)vap’)'

(2) o5 (u) = ¢} (v).

Set (X, I, E, p) := ¢y, (X, H(I), E, ) = ¢3(X, H(T), E, ).
(3) For any g € supp(X,Z, E, 1), 6u(¥) = ¢4(7)-
(4) Let (X;) be a multiple test blow-up of (X,Z,0, ). Then o
(a) The induced multiple test blow-ups ¢%(X;) and ¢5(X;) of (X,Z,E, )
are the same (defined by the same centers). Set (X;) := ¢} (X;) =
#5(X;) and let i, pui : Xi — X; be the induced morphisms. Then
i (Xiy, H(D)i, By ) = ¢y (Xi, H(T)i, Eiy ).
(b) Let V(u) and V (v) denote the hypersurfaces of mazimal contact on X
and V(u); and V(v); be their strict transforms. Then (b;il(V(u)i) =
boi (V (1)) o
(C) For any yz € Supp(Xi,Ii7Ei,/.l), ¢uz(yz) = ¢’U7,(yz)

Proof. (0) Construction of étale neighborhoods ¢, ¢, : X — X.

Let U C X be an open subset for which there exist uo, ..., u, which are transver-
sal to u and v on U such that v = uq,us,...,u, and v,us,...,u, form two sets of
parameters on U and divisors in F are described by some u;, where ¢ > 2. Let A™
be the affine space with coordinates z1,...,z,. Construct first étale morphisms
o1, ¢2 : U — A" with

@1 (z;) =u; foralli and  ¢5(z1) =v, ¢5(x;) =u; for i>1.

Consider the fiber product U xan» U for the morphisms ¢; and ¢s. Let ¢, ¢, be
the natural projections ¢, ¢, : U x aon U — U such that ¢1¢, = ¢2¢,. Then define
X to be an irreducible component of U x a» U whose images ¢, (X) and ¢,(X)
contain xz. Set

w1 = @ (u) = (1) (1) = ($200)" (1) = &y (v),
w; = ¢r (u;) = ¢ (u;) for i > 2.
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(1) Let h := v —u. By the above the morphisms ¢, and ¢, coincide on
o (V(h) = ¢, (V(Rh)). If § € X is a point such that ¢,(7) € supp(X,Z, E, u),
then § ¢ supp(qi)* (H(Z)) = supp(H(¢%(Z)) and we have the equality of stalks
65 (H(T)y = H(64(T)y = Ox 5 On the other hand, 6,(7) ¢ supp(X,Z, B, ) and
o (H(D)g = H(d3(D)g = Ox 5

Let 7 € X be a point such that ¢, () = y € supp(X,Z, E, 1). Then gbv(*) =y.
Denote by ((bv) and (¢u) the induced morphlsms of the completions X— — X

We have the equality (buv = (¢v)y(¢u )y where ¢uv is given as in the proof of
Lemma [35.4 Consequently, for any such 7,

(HI)y = din(HD)y = (Du)y(y )5 (HI),,

6u(HI)y = (6u)5(HI)y = (9})g(HI)y = &,(HT
We get the equality of stalks ¢%(HZ)y = ¢5(HZ)y for all points y € X and
for sheaves ¢ (H(T)) = ¢X(H(T)). Also ¢5(E) = ¢5(E) by construction and

6(T(T)) = 63 (T(T).

(2) Follows from the construction.

(3) Let h := v — u. The subset of X for which ¢1(z) = ¢o(x) is described by
h = 0. Consequently, ¢,, = ¢, over V(¢%(h)). In particular these morphisms are
equal over supp(Z, ) = supp(H(Z), p).

(4) Let (X;) be a multiple test blow-up of (X,Z, E, u). Let Cy C supp(X,Z, F, i)
be the center of o;. By (3), ¢ = ¢, over supp(Z,u). Fix a point § €
supp(65 (H(T)), 1) and let y = 6,(5) = 6u(7) € supp(X, T, E, p). Find parame-
ters u) = uy,ub,...,u,, on an affine neighborhood U’ of y such that divisors in E
are described by some u; for ¢ > 2 and Cj is described by v} =uj=...=u), =0
for some m > 0.

Let U C ¢, 1(U) N ¢, 1(U) C X be an affine neighborhood of 7.

Let J be the ideal of K| | generated by all functions ¢, (f) — ¢3(f), where
f € K[U’]. Then (¢;(h)) C J. On the other hand, by definition for any point
z € V(¢i(h)) C V(J) we have the equalities of the completions of stalks of the

ideals

Jzg = (04 (uf) = 5 (u))i=1,...0 = (¢3(R)) - Oz 17,
which implies the equalites of stalks of the ideals

(@n(M)zp =Tz

Finally, J = (¢%(h)) and consequently, for any i = 1,...,n, we have

o (ui) — o3 (u) € (¢, (h)) € ¢(T(Z))(U) = ¢3(T(T))(U).

For simplicity denote v/ simply by u; and U’ by U. Let &; : X; — X be the
blow-up of X at Cp := ¢, *(Co) = ¢, 1(Coy) C X. Then both morphisms ¢, and ¢,
lift to étale morphisms ¢y, ¢p1 : X1 — X1 by the universal property of a blow-up.
Observe that

¢ (T(2)1,1) = ¢ (Z(D)™" - 0*(T(1))) = i (Z(D) ™' - o*(T(1))) = &y (T(Z)1),

where D denotes the exceptional divisor of o7.

Fix a point 7, € supp(¢%,(Z1), 1) C supp(¢:(T(2)1),1) and y; = ¢u1(F) €
supp(Zy, 1) C supp(T(Z1), ) such that ¥ = 71(y;) € supp(¢:(Z),u) and y =
o1(y1) € supp(Z, u). Find parameters uq, usg, .. ., u, at y, by replacing us, . . ., uy, if
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necessary by their linear combinations, such that
(1) The parameters at y; are given by w; = = for 1 <4 <m and u;; = u;
for ¢ > m.

(2) All divisors in Fj through y; are defined by some w;;.

Then w; := ¢} (u;) for i = 1,...,n define parameters at a point § such that the
parameters at §; are given by w;; := gm for i < m and wj; := w; for i > m.

Let Uy, C X3 be the neighborhood defined by the parameter u,,. The subset
U1 2 y1 is described by all points z for which (u,,/yp)(2) # 0, where yp is a local
equation of the exceptional divisor of o1. Then a point Z is in supp(¢%,(T(Z1)), 1) N
¢yt (Upa) iff (971 (um)/yp)(Z) # 0,where y5 is a local equation of the exceptional

divisor of 71. But for any z € supp(¢%;(T(Z1)),1),

(@3 (um) /yp) (@) = (¢ (um)/yp) () + &u(h) [yp () = (¢ (um)/yp) (@),
where h € (T(Z))(U) and ¢%(h)/yp € ¢51(T(Z)1)(¢,1 (Uy)). This implies that

ul

supp (91 (T(Z1)), 1) N 65t (Uma) = supp (¢4 (T(Z1)), 1) N 63! (U

Then the exceptional divisor of &; is described on U,,1 = qS;ll(Uml) N ¢;11(Um1)
by ¢%;(u,) and by ¢%; (u,,). Note that

G () = Gl (i) = 61 () = Gl (o)

m m

wt (44) P (ui) D) Py (i)

- Ga(um) — Ppr(um) — Pir(um) @y (um)
_ P (i) (31 (um) = @iy (Um)) 4 Fua () — fn (wa)
Gy (Um) b1 (tm) b1 (Um)

€ 611 (T(D)1(TUm1) = 611 (T(D))1(Tm).

In particular w1 (¢v1(71)) = 31 (win)([H) = @1 (uin)(¥) = 0. Thus 01 (Y1) = n1
¢u1(7,) is the only point in o *(y) for which all u;; are zero. This shows that ¢,; =

¢v1 over supp(T(Z2)1(Umi),1) D supp(Z1(Upmi), 1) and thus over supp(T(Z);) D
supp(Z1, ).
Set v1; := -*-. Note that the functions

Gur(va1) = ¢, (w) /by (Um) = 6(v) /Dy (um) ~ by (v11) = &y (v)/ ¢y (Um)

are proportional (up to an invertible function on U,,;). Also for any parameters
u;1 defining divisors in Fy through y;, we have

Gur (uin) = ¢y (i) /by (um) ~ &y (wi) /by (um) = by (wir ).
Denote U,,1 and U,,; by U; and U;. By induction on k we show that ¢, =
¢ui, over supp(T(Z)g, 1) D supp(Zy, p) and for any point J, € supp(¢;,(Zk), p) =
supp(¢X, (Zx), 1) and yr = uk(Yr) = duk(Ys) € supp(T(Z)k, 1) there are affine

neighborhoods Uy, 3 7§ and Uy, > y such that there exist parameters uig,. . ., Unk
and a function vy on Uy such that

(1) wix and vy describe hypersurfaces of maximal contact on Uy and ¢ (ug1)
~ ¢ (Vk1)-

(2) The exceptional divisors in Ej, through y;, are described by some parameters
uir and @3 (uik) ~ @3 (Uik)- N N

(3) (Dur)(uir) — (Pur)* (uir) € o5 (T(Z)k(Uk) = ¢y (T(Z))1(Uy) for i > 1.
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Note then the induced marked ideals ¢%(X;, H(Z);, E;, p) and ¢ (X;, H(Z)
are equal because they are controlled transforms of ¢ (X, H(Z),FE
¢ (X, H(Z), E, 1) defined for (X;) (see Proposition 2.3.2)).

iaE’iv
s 1)

onsE

The above lemma can also be generalized as follows:

Lemma 3.5.6. Let G be the group of all automorphisms 5 oAf)A(T acting trivially
on the subscheme defined by T'(Z) and preserving E; that is, ¢*(f) — f € T(Z) for
any [ € K[X,] and $*(D) = D for any D € E. Then

(1) H(T) is preserved by G; i.e., ¢*(H(T))e = H(T)s for any ¢ € G.

(2) G acts transitively on the set of tangent directions u € T'(T) transversal to

E.
(3) Any multiple test blow-up (X;) of (Z,p) is G-equivariant.
(4) G acts trivially on the subscheme defined by T'(T); C X;.

Since this lemma is not used in the proof and all details but a few are the same
as for the proof of Lemma [3.5.4] we just point out the differences.

Proof. In the proof of property (1) of Lemma B.5.4] we use the Taylor formula for
n unknowns

$*(f):f(u1+h17"'7u”+h")
of 0 6‘271" B2 o f 1 9%f

1 2
e 2 9Ly, O R S S
U L L T v L I e L T e

In the proof of property (4) we notice that a is described by (;AS*(uZ) = u; + h;,
where h; € T(Z). By a suitable linear change of coordinates we can assume that
(1) The center C C supp(Z, p) of the blow-up o is described at z by vy = ... =
Um = 0.
(2) The coordinates at a point z1 € o~ *(2) Nsupp(Zy, 1) are u;; = = for
1 <i<m and u;; = u; for i > m. "
(3) The automorphism (E lifts to an automorphism q?l preserving 1 such that

(a) For i < m, ((El)*(u“) = u?nffzm = ﬁj_;{:/ﬁm = wu;1 + gi1, Where
gi1 € T(I)l N

(b) For ¢ > m, (qﬁl)*(uzl) = u; + h; = u;1 + gi1, where u;; = u; and
gi1 =h; € o*(T(I)) C T(I)1. O

3.6. Coefficient ideals and Giraud Lemma. The idea of coefficient ideals was
originated by Hironaka and then developed in papers of Villamayor and Bierstone-
Milman. The following definition modifies and generalizes the definition of Villa-
mayor.

Definition 3.6.1. Let (Z, 1) be a marked ideal of maximal order. By the coefficient
ideal we mean

C(T,n) = (Z,pn) + (DI, u—1)+...+ (D' 'Z7,1).
Remark. The coefficient ideals C(Z) feature two important properties.
(1) C(Z) is equivalent to Z.

(2) The intersection of the support of (Z, ) with any smooth subvariety S is
the support of the restriction of C(Z) to S:

supp(Z) N S = supp(C(Z)|s)-

Moreover this condition is persistent under relevant multiple test blow-ups.
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These properties allow one to control and modify the part of support of (Z,u)
contained in S by applying multiple test blow-ups of C(Z),s.

Lemma 3.6.2. C(Z,u) ~ (Z, ).

Proof. By Lemma B4 T multiple test blow-ups of C(Z, p) are simultaneous multiple
test blow-ups of D!(Z, u) for 0 < i < p— 1. By Lemma B2 multiple test blow-ups
of (Z, ) define a multiple test blow-up of all D¢(Z, x). Thus multiple test blow-ups
of (Z,n) and C(Z,p) are the same and supp(C(Z, u))x = (\supp(DZ,p — i) =
supp(Zi, i) O
The lemma below will be used in the proof of the following proposition.
Lemma 3.6.3. Let (X,Z,E, u) be a marked ideal of mazimal order whose support

supp(Z, ) does not contain a smooth subvariety S of X. Assume that S has only
simple normal crossings with E. Then

supp(Z, 1) NS C supp((Z, p);s)-

Let 0 : X' — X be a blow-up with center C' C supp(Z, ) N'S. Denote by S" C X'
the strict transform of S C X. Then

(T, 1)1s) = (0°(Z, 1))y
Moreover for any multiple test blow-up (X;) with all centers C; contained in the
strict transforms S; C X; of S, the restrictions o;s, : S; — Si—1 of the morphisms
o Xi — X1 to S; define a multiple test blow-up (S;) of (Z,p)s such that

[(Ia N)\S]i = (I“:U’)\Sl

Proof. The first inclusion holds since the order of an ideal does not drop but may rise
after restriction to a subvariety. Let x1,...,x) describe the subvariety S of X at a
point p € C. Let p’ € S’ map to p. We can find coordinates x1,...,Tg, Y1, ., Yn_k
such that the center of the blow-up is described by x1,..., 2Tk, y1,---,Ym and the
coordinates at p’ are given by

LY =21 Yms s Tl = T /Yms Y1 = Y1/ Yms -+ Y = Yo Y1 = Yt 1o 5 Yp = Yn
where the strict transform S’ C X’ of S is described by 7, ...,z}. Then we can

write a function f € Z(U) as f = > car(y)z®, where cqs(y) are formal power series
in y;. The controlled transform f' = ¢°(f) = y~#(f o o) can be written as

f/ = Zcflf(y)x/aa
where ¢/, ; = Y 1 5* (cop). But then fis = (coy))s and

o(fisr = (cop)is = ym! o™ (cop)isr = ym!' o™ ((cop)is) = ym!' o™ (fis) = o°(fis)-
The last part of the theorem follows by induction:
supp(Zit1, 1) N Si1 = supp(07y1(Zi, 1) N Si1 Ssupp(oigays; ) ((Zis p))s;)
C supp((0i411s,)°((Z, 1)15)3)
= supp((Z, p)|s)i+1,
[(Z, w)isliv1 = 051115, (T, w)isli = 074115, (Zis 1)1s,)
(0511 (Tis 1) 15040 = (Zis 11))5144 -
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Proposition 3.6.4. Let (X,Z,E,u) be a marked ideal of mazimal order whose
support supp(Z, ) does not contain a smooth subvariety S of X. Assume that
S has only simple normal crossings with E. Let E' C E be the set of divisors
transversal to S. Set Elg :={DNS | D € E'}, pic :=lem(1,2,..., u), and consider
the marked ideal C(Z, p)|s = (5,C(Z, ) s, Elg, p1c). Then

supp(Z, 1) NS = supp(C(Z, p))5)-
Moreover let (X;) be a multiple test blow-up with centers C; contained in the strict
transforms S; C X; of S. Then
(1) The restrictions o5, : Si — Si—1 of the morphisms o; : X; — X;_1 define
a multiple test blow-up (S;) of C(Z, j1))s-
(2) supp(Zi, p) N S; = supp[C(Z, p)ysi-
(3) Buvery multiple test blow-up (S;) of C(Z, )5 defines a multiple test blow-up
(X5) of (T, ) with centers C; contained in the strict transforms S; C X; of
ScCX.

Proof. By Lemmas and [3.6.3]
supp(Z, ) N S = supp(C(Z, 1)) N S C supp(C(Z, u)}s)-

Let x1,...,%k,Y1,---,Yn—k be local parameters at = such that {x; = 0,...,
a2 = 0} describes S. Then any function f € Z can be written as

F=3 casm)e®,

where cq¢(y) are formal power series in y;.
Now z € supp(Z, 1) NS iff ordy(ca,f) > p— |af for all f € Z and 0 < |af < p.

Note that ol
1 9¢(f) o
Cafls = <a Ox® >S €p ‘(I)‘S

and consequently

supp(Z, ) NS =[] supp(casis, i — o)
fGI,la\S,u
D () supp((D'I)s) = supp(C(Z, p);s)-
0<i<p

Assume that all multiple test blow-ups of (Z, ) of length k with centers C; C S;
are defined by multiple test blow-ups of C(Z, i1)|s and moreover for i < k,

supp(Zi, ) N S; = supp[C(Z, )| s]s-
For any f € 7 define f = fo € 7 and fi11 = 05(fi) = y; “0*(fi) € Zit1. Assume
moreover that for any f € Z,
fe = capr(y)z®,
where cqfi)s, € (U{“Sk)c(D“*|a|(I)|5). Consider the effect of the blow-up of Cj at
a point 2’ in the strict transform Sgy1 C Xp11. By Lemmas and B3.6.3]
supp(Zk+1, ) N Sk+1 = supp[C(Z, w)]k+1 N Sk41
C supp[C(Z, w)]k+115,11 = suPPC(Z, 1) |s]k+1-

Let x1, ...,z describe the subvariety Si of Xj. We can find coordinates 1, ...,
Tk, Y1y, Yn_k, by taking if necessary linear combinations of yi,...,¥y,_g, such
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that the center of the blow-up is described by x4, ..., 2k, y1,--.,Ym and the coor-
dinates at z’ are given by

x/lle/yma"'7x;c:xk/ym7 yg_:yl/yma7y1/n:ymv
y;n—&-l = Ym+15-- -, y’:L = Yn-
Note that replacing y1,...,Yn_x with their linear combinations does not modify

the form fr =3 cafr(y)z®. Then the function fr11 = 0°(fi) can be written as
fre1 = Cafrrr ()’
where cqfr1 = y;@“+|a‘a,’;+1(cafk). Thus

Cofbt1]Sprs = (Ok+115411) (Carrlsy)
€ (ofdt ) (D 1N(T)5) = (dF (D 1N(T))

[Sk41 [Sk41
and consequently
supp (L1, 1) N Spy1 = ﬂ SUPP(Ca ft1|Sprss 4 — |])
fETL |a|<p
2 supp[C(Z, 1) s]k+1 = supp(C(Z, 1) k+1) Sy - O

A direct consequence of the above lemma is the following result:

Lemma 3.6.5. Let (X,Z,E, u) be a marked ideal of mazimal order whose support
supp(Z, ) does not contain a smooth subvariety S of X. Assume that S has only
simple normal crossings with E. Let (X;) be its multiple test blow-up such that
all centers C; are either contained in the strict transforms S; C X; of S or are
disjoint from them. Then the restrictions o5, : S; — Si—1 of the morphisms
oi: Xi — X1 define a multiple test blow-up (S;) of C(Z, )5 and

supp(Z;, ) N S; = supp|[C(Z, p)s;-

As a simple consequence of Lemma [3.6.4] we formulate the following refinement
of the Giraud Lemma.

Lemma 3.6.6. Let (X,Z,0, 1) be a marked ideal of mazimal order whose support
supp(Z, ) has codimension at least 2 at some point x. Let U > x be an open subset
for which there is a tangent direction u € T(Z) and such that supp(Z, ) NU is of
codimension at least 2. Let V(u) be the regular subscheme of U defined by u. Then
for any multiple test blow-up (X;) of X,
(1) supp(Z;, p) is contained in the strict transform V(u); of V(u) as a proper
subset.
) The sequence (V(u);) is a multiple test blow-up of C(Z, 1)}y (u)-
) supp(Z;, 1) NV (u); = supp[C(Z, 1) v (u) -
) Bvery multiple test blow-up (V(u);) of C(Z, )y defines a multiple test
blow-up (X;) of (Z, ).

2
(3
(4
[l

Lemma 3.6.7. Let ¢ : X' — X be a smooth morphism of smooth varieties and let
(X,Z,0,u) be a marked ideal. Then

¢*(C(T)) = C(¢™(1)).
Proof. A direct consequence of Lemma O
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4. ALGORITHM FOR CANONICAL RESOLUTION OF MARKED IDEALS

The presentation of the following Hironaka resolution algorithm builds upon
Villamayor’s and Bierstone-Milman’s proofs.

Let Sub(E;) denote the set of all subsets of E;. For any subset in Sub(E;) write
a sequence (D1, Ds,...,0,...) consisting of all elements of the subset in increasing
order followed by an infinite sequence of zeros. We shall assume that 0 < D for any
D € E;. Consider the lexicographic order < on the set of such sequences. Then for
any two subsets A; = {D}};c;r and Ay = {Djz}je] we write

A < Ay

if, for the corresponding sequences, (Di, D3,...,0,...) < (D?,D2,...,0,...).
Let Q>( denote the set of nonnegative rational numbers and let

620 = QZO U {OO}

Denote by Q?o the set of all infinite sequences in 620 with a finite number of
nonzero elements. We equip Q;oo with the lexicographic order.

Theorem 4.0.1. For any marked ideal (X,Z,E,u) such that T # 0 there is an
associated resolution (X;)o<i<my, colled canonical, satisfying the following condi-
tions:

(1) There exist upper semicontinuous invariants inv, v and p defined on
supp(X;, Z;, B, 1) with values in Qso X Q2g, Qs and Sub(E;) respec-
tively. - -

(2) The centers C; of blow-ups are reqular and defined by the set where (inv, p)
attains its maximum. They are components of the mazimal locus of inv.

(3) (a) For any x € supp(Xi11,Zi+1, Eiv1, 1) and o(x) € Cy, either inv(x) <

inv(o(z)) orinv,11(x) = inv(o(x)) and v(z) < v(o(z)).
(b) For any © € supp(Xit1,Zit1, Fit1,p) and o(z) € C;, inv(z) =
inv(o(2)), p(z) = p(o(x)) nd 1(z) = ¥(o(z)).

(4) For any étale morphism ¢ : X' — X the induced sequence (X]) = ¢*(X;)
is an extension of the canonical resolution of X' such that for the in-
duced marked ideals (X[,Z}, E!l,u) and 2’ € supp(X/,Z/, El, n), we have
inv(i (/) = inv(z), ¥(6i(2")) = v(e') and p(6s(x")) = pla') € Sub(EY) C

Remarks. (1) The main idea of the algorithm of resolving marked ideals of maximal
order is to reduce the procedure to the hypersurface of maximal contact (Step
1b).

(2) By Lemma B34 hypersurfaces of maximal contact can be constructed locally.
They are in general not transversal to E and cannot be used for the reduction
procedure. We think of F and its strict transforms as an obstacle to existence
of a hypersurface of maximal contact (transversal to E). These divisors are
often referred to as “old” ones.

(3) In Step la we move “old” divisors apart from the support of the marked ideal.
In this process we create “new” divisors but these divisors are “born” from
centers lying in the hypersurface of maximal contact. Note that the hypersur-
faces of maximal contact are constructed on X and then lifted to the blow-ups
performed in Step la. The “new” divisors are transversal to hypersurfaces of
maximal contact. After eliminating “old” divisors from the support in Step la
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all divisors are “new” and we may reduce the resolving procedure to hypersur-
faces of maximal contact (Step 1b).

(4) In Step 2 we resolve general marked ideals by reducing the algorithm to resolv-
ing some marked ideals of maximal order (companion ideals).

Proof. Induction on the dimension of X. If X is O-dimensional, Z # 0 and p > 0,
then supp(X,Z, u) = (0 and all resolutions are trivial.

The invariants inv, v and p will be defined successively in the course of the
resolution algorithm using the inductive assumptions and property (2). Let S be
a smooth subvariety of X having simple normal crossings with the set of divisors
E. Let E’ be the subset of E consisting of the divisors transversal to S. We shall
often identify the set E{g :={D NS | D € E} with E’. In particular Sub(Eq) can
be identified with Sub(E’) C Sub(FE).

Step 1. Resolving a marked ideal (X, J, E, 1) of maximal order.

The process of resolving the marked ideals of maximal order is controlled by an
auxiliary invariant inv defined in Step 1. The invariant inv will then be defined for
any marked ideals in Step 2.

Before we start our resolution algorithm for the marked ideal (7, 1) of maximal
order we shall replace it with the equivalent homogenized ideal C(H (7, u1)). Re-
solving the ideal C(H(J, ut)) defines a resolution of (7, u) at this step. To simplify
notation we shall denote C(H(J, 1)) by (T, 7).

Step la. Reduction to the nonboundary case.

For any multiple test blow-up (X;) of (X, 7, E, i) we shall identify (for simplic-
ity) strict transforms of E on X; with E. For any = € X;, let s(x) denote the
number of divisors in F through z and set

s; = max{s(x) | z € supp(J:)}.

Let s = s9. By assumption the intersections of any s > sg components of the
exceptional divisors are disjoint from supp(77 11). Each intersection of divisors in F
is locally defined by intersection of some irreducible components of these divisors.
Find all intersections HS, o € A, of s irreducible components of divisors E such
that supp(J,7) N HS # 0. By the maximality of s, the supports supp(J ) C HJ
are disjoint from H?,, where o/ # a.

Step laa. Eliminating the components H? contained in supp(7, ).

Let HS C supp(J, 7). If s > 2, then by blowing up C' = H? we separate divisors
contributing to H?, thus creating new points all with s(z) < s. If s = 1, then by
Lemma B.3.7 H2 C supp(J, ) is a codimension one component and by blowing
up H? we create all new points off supp(7, ).

For all x € HS C supp(J,7i) set

inv(z) = (s(r),00,0,...,0,...), v(z)=0, p(z)=70

This definition, as we see below, is devised so as to ensure that all HS C supp(J,7)
will be blown up first and we reduce the situation to the case where no H} is
contained in supp(J7, 7).
Step lab. Moving supp(J,7) and H? apart.
After the blow-ups in Step laa we arrive at X, for which no H/ is contained in
supp(Jp, fi), where p = 0 if there were no such components and p = 1 if there were
some.
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Construct the canonical resolutions of 7p|H§ = (Héajpm;v (Ep \ E) s, 1)
By Proposition [3.6.4] each such resolution defines a multiple test blow-up of (Jp, &)
(and of (J,71)). Since the supports supp(J|gs) C Hj are disjoint from H},, where
o' # «, these resolutions glue to a unique multiple test blow-up (X;);<;, of (7, %)
such that s;, < s. To control the glueing procedure and ensure its uniqueness we
define for all z € supp(J, 1) N HS the invariant

inv(z) = (s(m),invjmg @), vy=vz,., pP7= PT s

a

The blow-ups will be performed at the centers C' C supp(J, ) N HS for which
the invariant (inv, p) attains its maximum. Note that by the maximality condition
for any H the irreducible components of the centers are contained in H; or are
disjoint from them. Therefore by Lemma [3.6.5]

supp(J i, 1)z = supp(Ji, ) N H.

By applying this multiple test blow-up we create a marked ideal (7j1,ﬁ) with
support disjoint from all HJ. Summarizing the above we construct a multiple test
blow-up (X;)o<i<;, subject to the conditions:

(1) (HZ;)o<i<j, is an extension of the canonical resolution of 7 s .

(2) There are invariants inv, & and p defined for 0 <i < j; and all = €
supp(Ji, 1) N HE, such that

inv(z) = (s(x),invjimgi (x)), vz, = VZius PT = P,

(3) The blow-ups of X; are performed at the centers where the invariant (inv, p)
attains its maximum.
(4) supp(Jj,, ;1) N Hj, = 0.

Conclusion of the algorithm in Step la. After performing the blow-ups in
Steps laa and lab for the marked ideal (7, 1) we arrive at a marked ideal (7, , &)
with s;, < sop. Now we put s = s;, and repeat the procedure of Steps laa and lab
for (7 ;,, 7). Note that any H, aj, on Xj, is the strict transform of some intersection

HJ' of s = sj, divisors in ' on X. Moreover by the maximality condition for
all s;, where ¢ < j; and a # o, the set supp(J,, 1) N H.}, is either disjoint from
H Csjzl or contained in it. Thus for 0 < i < jq, all centers C; have components either

contained in H.2' = H?, or disjoint from them and by Lemma 6.5,
supp(J i, )|z, = supp(J 4, 1) N H,;.

Moreover if we repeat the procedure in Steps laa and lab the above property will

still be satisfied until either (7, )| are resolved as in Step lab or H disappear

as in Step laa.

We continue the above process until s;, = s, = 0. Then (X;)o<;<, is a multiple
test blow-up of (X, J, E,T) such that supp(J.,, %) does not intersect any divisor
in E. Therefore (X;)o<;j<, and further longer multiple test blow-ups (X;)o<j<ro
for any 7 < ro can be considered as multiple test blow-ups of (X,7,0,%) since,
starting from X,., the strict transforms of F play no further role in the resolution
process since they do not intersect supp(jj,ﬁ) for j > r.

Note that in Step 1a all points 2 € supp(J7;, ) for which s(x) > 0 were assigned
their invariants inv, v and p. (They are assigned the invariants at the moment
they are getting blown up. The invariants remain unchanged when the points
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are transformed isomorphically.) The invariants are upper semicontinuous by the
semicontinuity of the function s(z) and the inductive assumption.

Step 1b. Nonboundary case.

Let (X;)o<j<r be the multiple test blow-up of (X, 7,0,7) defined in Step la.

Step 1ba. Eliminating codimension one components

If supp(J.,,fi) is of codimension 1, then by Lemma [B3.7 all its codimension
1 components are smooth and disjoint from the other components of supp(7,, ).
These components are strict transforms of the codimension 1 components of
supp(J, 7). Moreover the irreducible components of the centers of blow-ups were
either contained in the strict transforms or disjoint from them. Therefore E, will
be transversal to all the codimension 1 components. Let codim(1)(supp(J;, 7))
be the union of all components of supp(J;, 7)) of codimension 1. We define the
invariants for € codim(1)(supp(J,, 7)) to be

inv(z) = (0,00,0,...,0,...), v(z)=0, p(x)=0.

This definition, as we see below, is devised so as to ensure that all codimension 1
components will be blown up first.

By Lemma 337 blowing up the components reduces the situation to the case
when supp(J,7i) is of codimension > 2.

Step 1bb. Eliminating codimension > 2 components

After Step 1ba we arrive at a marked ideal supp(jp,ﬁ), where p = r if there
were no codimension one components and p = r+ 1 if there were some and we blew
them up.

For any = € supp(J,%) \ codim(1)(supp(J, %)) C X find a tangent direction
u € DF~1(J) on some neighborhood U, of 2. Then V (u) C U, is a hypersurface of
maximal contact. By the quasicompactness of X we can assume that the covering
defined by U, is finite. Let U,; C X; be the inverse image of U,, and let V' (u); C U,
denote the strict transform of V(u). By Lemma B.6.6, (V(u);)o<i<p is a multiple
test blow-up of (V(u), 7“/(“), 0, z). In particular the induced marked ideal for i = p
is equal to

Tolvwy, = VW@ps Tpiv )y (Bp \ E)v (), -
Construct the canonical resolution of (V (u)i)p<i<m, of the marked ideal J v (u), -
Then the sequence (V(u);)o<i<m, is a resolution of (V(u), J|v(u),?, ) which de-
fines, by Lemma B.6.0] a resolution (Uy;)o<i<m, of (Uu,7|Uu,(Z),ﬁ). Moreover both
resolutions are related by the property

supp(Tiv,.,) = supp(Ji|v (u), )-

We shall construct the resolution of (X, 7,0, 1) by patching together extensions
of the local resolutions (Uy;)o<i<m.,, -
For x € supp(J p, 1) N Uy, define the invariants

inv(z) := (O,invjpw(u)p (x)), v:= VT vt (), plx):= PT v, (z).
We need to show that these invariants do not depend on the choice of w.

Let € supp(Jp, ) N Uyp N U,p. By the Glueing Lemma B5.5] for any two
different tangent directions u and v we find étale neighborhoods ¢,, ¢, : U*" —
U :=U,NU, and their liftings ¢pu, ppv : U;)“’ — U, := Uyp N U,y such that

(1) Xp¥ = (dpu) " (V(w)p) = (dpo) " (V(V)p)-
@) U, T, By ) o= (8p)* U, T, Bp ) = (60)” (Up: T, B, ).
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(3) There exists y € supp(U;;‘”,jzv, Epv, i) such that ¢p,(2) = ¢py(T).
By the functoriality of the invariants we have

vy (z) = 1nv7:"ux;:,u (T) = VT, v, ().

Analogously VT v () = VT v oy (z) and PT v, (z) = pjplv(u)p’(x). Thus the
invariants inv, v and p do not depend on the choice of the tangent direction.
Define the center C, of the blow-up on X, to be the maximal locus of the
invariant (inv, p). Note that for any tangent direction u, either C,, N Uy, defines the
first blow-up of the canonical resolution of (V(u)p,jp‘v(u)p,Ep‘v(u)p,ﬂ) or Cp N
Uup = 0 and the blow-up of C, does not change V(u), C Uyyp.
Blowing up C), defines X, 1 and we are in a position to construct the invariants
on X, and define the center of the blow-up Cp1 C X,41 as before.
By repeating the same reasoning for j = p+1,..., m we construct the resolution
(Xi)p<i<m of (Xp, T p, Ep \ E,T) satisfying the following properties.
(1) For any u, the restriction of (X;)p<i<m to (V(w);)p<i<m is an extension of
the canonical resolution of (V(u)p,7p|v(u)p, Epviu, 1)-
(2) There are invariants inv, /i and p defined for all points = € supp(J;, i),
p < i < m, such that

inv(:v) = (O,ian,W(u)i)a v(w) = V77¢|v(u>i($)’ p(x) = pjuvw)i(x)'

(3) The blow-ups of X; are performed at the centers where the invariant (inv, p)
attains its maximum.
(4) supp(Tom, 1) = 0.
The resolution (X;)p<i<m of (Xp, T p, Ep\ E, i) defines the resolution (X;)o<i<m
of (X,7,0,7) and of (X, T, E,T).
In Step 1b all points = € supp(J;, i) with s(z) = 0 were assigned the invariants
inv, v and p. They are upper semicontinuous by the induction assumption.
Commutativity of the resolution procedure in Step 1 with étale mor-
phisms.
Let ¢ : X’ — X be an étale morphism. In Step la we find a sequence ig := 0 <
i1 < ... <1t =7r <msuchthat s;; >s;; >...>s;, and for ¢; <i <i;y1, we have
s; = 8;,. Moreover the resolution process for (Xi)ilgiSiHJ is reduced to resolving

jiz\Hf;il' In Step 1b we reduce the resolution process for (X;);, <i<m to resolving

T IV (u)iy, -
Let s > sl >...> szk, be the corresponding sequence defined for the canonical
resolution (X/)o<j<ms of
(X/7 7/’ El) ﬁ) = ¢* (X7 7) E’ ﬁ)'
Let ¢*(X;)o<i<m denote the resolution of (J', 1) induced by (Xi)o<i<m- In par-
ticular X = ¢*(Xy). We want to show the following:

Lemma 4.0.2. (1) ¢*(X;)o<i<m is an extension of (Xj’-)ogjgmf.

(2) For 2’ € supp(¢p*(J;)) we have inv(z') = inv(¢p;(z')), v(z') = v(di(z')) and
p(a’) = p(di(z')).

Proof. Denote by s(¢*(X;)) the maximum number of ¢*(FE) through a point in

supp(¢*(J;)). In particular s(¢*(X;)) < s; for any index 0 < i < m.
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Assume that for the index ! we can find an index !’ such that

(%)

—/

¢*(Xil ; 7il ; Eil ; ﬁ) = (XJI'L/ ’ jjll ’ E‘;l/ ) ﬁ)

(This assumption is satisfied for I = 0.)

(1)

(2)

If s(¢*(Xi,)) < si,, then the centers C; of the blow-ups in the sequence

Xi)i,<i<ip,, are contained in the intersections of s;, divisors in E and do
not hit the images ¢;(¢*(X);). Thus ¢*(X;)s<i<i,,, consists of isomor-
phisms. The property (x) will be satisfied for [ + 1 (and for the same ).
If s(¢*(X;,)) = 84, > 0, then the intersections (H')2, of s = s(¢*(X5,)) = 4,
divisors are inverse images of HS and the resolution process ¢* (Xi)ilgigiHl
is reduced to resolving ¢* (71-” HS,, ). Moreover by the property (x),

/
) = Tiuins,,

¢ (711\Hml
for some I’ such that s;, = s;,.
By commutativity of étale morphisms with the canonical resolution in

lower dimensions we know that all resolutions {(H")%;}i,<i<i,,, induced by

—
¢*(Xi)iy<i<i;,, are extensions of the canonical resolutions of J; ). -
Sip
Moreover the restrictions ¢; s, @ (H')5; — Hj,; preserve the invariants
inv, v and p. Thus ¢*(X;);,<i<i,,, is an extension of (Xz{)jzlfiﬁjz/+1' More-
over for i; < i < i;41 and 2’ € supp(¢} (T, 1)) N (H')S,, and x = ¢;(2") we
have

E(m’) = (S(];/)’ inv(‘bf(?)ﬂ(H’)s )(I)) = (S(l‘), inV(ji‘Hgi)(x)) = E(.’I})

3)

Analogously v(z') = v(z) and p(z') = p(z). The property (%) is satisfied
for i+ 1 (and I’ 4+ 1).

If s(¢*(X;,)) = s, = 0, then the resolution process for (X;)i, <i<m Is re-
duced to the canonical resolution of J; KV (u);, Ona hypersurface of maximal
contact V' (u);, . Also the resolution process of 7;k, ~ ¢*(J,) is reduced to
the canonical resolution of 7;k‘v (W), = o* (7iklv (u)ik) on the hypersurface
of maximal contact V(u);,. Since the inverse image of a hypersurface of
maximal contact is a hypersurface of maximal contact by the same reason-
ing as before (replacing HS with V(u)) we deduce that ¢*(X;);, <i<m is an
extension of (X7);,,<i<m. Moreover for i, <i <m and 2’ € supp(?i»,ﬁ),

nv(a) =nv(¢i(a")), v(a) =v(i(a"), p(') = p(di(a")).

The lemma is proven.
Step 2. Resolving marked ideals (X,Z, FE, u).
For any marked ideal (X,Z, E, u) write

I = MI)N(T),

where M(Z) is the monomial part of Z, that is, the product of the principal ideals
defining the irreducible components of the divisors in E, and N(Z) is a nonmono-
mial part which is not divisible by any ideal of a divisor in E. Let

ordr(zy := max{ord, (N(Z)) | x € supp(Z, p)}.
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Definition 4.0.3 (Hironaka, Bierstone-Milman, Villamayor, Encinas-Hauser). By
the companion ideal of (Z, 1) where I = N(Z)M(Z) we mean the marked ideal of
maximal order

O(T, p) = { (N(Z), ordp(z)) + (M(T), 1 — ordpr(zy)  if ordpr(zy < ps
’ (N(I)a OrdN(I)) if OrdN(I) > .

Step 2a. Reduction to the monomial case by using companion ideals.

By Step 1 we can resolve the marked ideal of maximal order (7, u7) := O(Z, p)
using the invariant invo(z,,). By Lemma B4T] for any multiple test blow-up of
O(Z, p),

supp(O(Z, p) )i =supp[N(Z), ordpr(zyli N supp[M(Z), p — ordr (sl
= supp[N(Z),ordpr(py]i N supp(Zs, ).

Consequently, such a resolution leads to the ideal (Z,,, ) such that ord N(T) <
ordar(z). This resolution is controlled by the invariants inv, v and p defined for all
z € supp(N(Z), ordp(z)) N supp(Z;, 1),

. ordy(zr) —
mv(x)z( M@,mvm,m(x)), V(@) = voam (@), p@) = poa.m ().

Then we repeat the procedure for (Z,,,u). We find marked ideals (Z,,,u) =
(Z, 1), (Zrys 1), - - (Zr,,, p) such that ordpr(z,) > ordyz, ) > ... > ordy(z,, )
The procedure terminates after a finite number of steps when we arrive at the ideal
(Z,,, 1) with ordyr(z,, =0 or with supp(Z,,,, ) = 0. In the second case we get
the resolution. In the first case Z, , = M(Z,, ) is monomial.

In Step 2a all points « € supp(Z, u) for which ord,(Z) # 0 were assigned the
invariants inv, u, p. They are upper semicontinuous by the semicontinuity of ord,
and of the invariants inv, u, p for the marked ideals of maximal order.

Step 2b. Monomial case 7 = M(Z).

Define the invariants

d.(Z
inv(z) = (0,....0,..), w(z)= 2@
I
Let z1, ...,z define equations of the components DY, ..., Dy € E through = €
supp(X,Z, E, i) and let Z be generated by the monomial z%® at . In particular

V(LL') — a1+...+ag .

Let p(x) = {D;,,...,D;,} € Sub(E) be the maximal subset satisfying the prop-

erties
(1) ai, +...+a;, > pu,
(2) forany j=1,...,0, aj +...+a;; +... +a; < p.

Let R(z) denote the subsets in Sub(FE) satisfying the properties (1) and (2).
The maximal components of supp(Z, p) through x are described by the intersections
MNpea D where A € R(z). The maximal locus of p determines at most one maximal
component of supp(Z, 1) through each x.

After the blow-up at the maximal locus C' = {z;, = ... = z;, = 0} of p, the
ideal Z = (z%+-%) is equal to Z' = (g/* % —1@ %1% in the neighborhood
corresponding to x;;, where a = a;, +...+a;, —p < a;,. In particular the invariant v
drops for all points of some maximal components of supp(Z, ). Thus the maximal
value of v on the maximal components of supp(Z, u) which were blown up is bigger
than the maximal value of v on the new maximal components of supp(Z, u). Since
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the set %LZZO of values of v is discrete the algorithm terminates after a finite number
of steps. O

Commutativity of the resolution procedure in Step 2 with étale mor-
phisms. The reasoning is the same as in Step 1. Let ¢ : X’ — X be an

étale morphism. In Step 2a we find a sequence rg := 0 < ry < ... <71 =71

such that ordN(ITO) > ordpz, ) > ... > ordyz, ) and for r; < i < 74,

ordy(z, )y = ordpr(z,). Moreover the resolution process for (Z;), ,<i<r;,, is re-
’ <i<

duced to resolving the marked ideal of maximal order O(Z,,). Let OrdN(I,’,O) >

ordy(Z;,) > ... > ordpr(z; ) be the corresponding sequence defined for the canon-
Pyt

ical resolution of (Z7, u) = ¢*(Z, p).

Lemma 4.0.4. (1) (¢*(X;))o<i<m s an extension of (X])o<j<m’-
(2) For z' € supp(¢*(Z;)) we have inv(z') = inv(¢;(z)), v(z') = v(gi(z')) and
p(a') = p(i(x)).

Proof. Note that all morphisms ¢; : ¢*(X;) — X, preserve the order of the non-
monomial part at a point « € supp(¢}(Z;)). Assume that for the index I we can
find an index I’ such that

(X0, Iry, Ery 1) = (X, T, By, ).

(1) 1f OrdN(Irl) > ordN(MlI”) = Ol"d/\f(zpl,)y then the centers of blow-ups of
(Xi)r<i<ryy, are contained in the loci of the points z for which ord, (N (Z;))
= OrdN(Im)- Therefore they are disjoint from images of ¢*(X;). Conse-
quently, ¢*(X;)r,<i<r,,, consists of isomorphisms.

(2) If ordp(z,,, = ordn(e: 7,,) = ordn(z,,), then ¢} (O(Zy,)) = O(¢},(Zr,))-
By commutativity of the canonical resolution in Step 1 we get for any
x' € supp(O(¢F(Z;)), and any r; <@ < rigq,

iDV(.’L'I) = (Ol"dN((z)*Ii), Eo((l)*(zl))(ﬁ/))
= (ordpr(z,), MVo(z,) (¢i(2"))) = inv(ei(z')).

Analogously (x') = v(6:(a")), ¢i(p(a') = p(@i(a")) and 6 (Xi)n<icny
is an extension of the part of the resolution of (X7), <i<p,. -

) U1, = M(Z,,) and I, , = ¢*(Z;,) = M(¢*(Z;,)) are monomial the
resolution process is controlled by the invariant p. The set of values of
p on X' can be identified via ¢* with a subset of the set of values of p
on X: Sub(E’) C Sub(E). By definition p and v commute with smooth
morphisms: p(¢(z')) = p(2’) and v(é(z')) = v(a’). The blow-ups on
(Xi)ro<i<m are performed at the centers where p attains its maximum.
Thus the induced morphisms on ¢*(X;),, <i<m either are blow-ups per-
formed at the centers where p attains a maximum or are isomorphisms.
Consequently, ¢*(X;),, <i<m is an extension of (X7),, , <i<m’. O

4.1. Summary of the resolution algorithm. The resolution algorithm can be
represented by the following scheme.
Step 2. Resolve (Z, p).

Step 2a. Reduce (Z, 1) to the monomial marked ideal Z = M(Z).
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If T # M(Z), decrease the maximal order of the nonmonomial part N (Z)
by resolving the companion ideal O(Z, p1). For « € supp(O(Z, p)), set

inv(z) = (orda (N(Z))/p, invoz ).

Step 1. Resolve the companion ideal (7, p7) := O(Z, p) :
Replace J with J = C(H(J)) ~ J. (¥)
Step 1a. Move apart all strict transforms of E and supp(J, p1).
Move apart all intersections H? of s divisors in E (where s is the
maximal number of divisors in E through points in supp(Z, u)).
Step laa. If 7|y = 0 for some HS C supp(J), blow up HS. For
x € Hf set

inv(z) = (ord, (N (J)) /i, 8,00,0,...), v(z)=0, p(z)=0.

Step lab. If 7‘H§ # 0 for any «, resolve all 7‘1{3. For z €
supp(J, 1) N HE set

inv(e) = (ord, V(). s.invg, (@), vl@) = vy, @), ple) = pg, ().
Blow up the centers where (inv, p) is maximal.
Step 1b. If the strict transforms of E do not intersect supp(J, i), resolve

(T m).- _

Step 1ba. If the set codim(1)(supp(J)) of codimension one compo-
nents is nonempty, blow it up. For = € supp(J, u) = codim(1)(supp(J) set

nv(z) = (Ordz(N(j))/ua 0,00,0), v(z)=0, plz)= 0.

Step 1bb. Simultaneously resolve all 7“/(“) (by induction), where

V(u) is a hypersurface of maximal contact. For z € supp(J, i)\ codim(1)(supp(J))
set

inv(z) = (ord, (N())/p, s(2), invz,, (@),

v(z) =vy, ., @), p@)=rz,. @)

Blow up the centers where (inv, p) is maximal.
Step 2b. Resolve the monomial marked ideal Z = M(Z).
(Construct the invariants inv, p and v directly for M(Z).)

Remarks. (1) (*) The ideal J is replaced with H(J) to ensure that the invariant
constructed in Step 1b is independent of the choice of the tangent direction wu.
We replace H(J) with C(H(J)) to ensure the equalities supp(Jjs) = supp(J)N
S, where S = H in Step la and S = V' (u) in Step 1b.

(2) If = 1 the companion ideal is equal to O(Z, 1) = (N(Z), pupr(7)), so the general
strategy of the resolution of 7, i is to decrease the order of the nonmonomial
part and then to resolve the monomial part.

(3) In particular if we desingularize Y we put p = 1 and Z = Zy to be equal to
the sheaf of the subvariety Y and we resolve the marked ideal (X,Z,0, ). The
nonmonomial part N'(Z;) is nothing but the weak transform (¢*)¥(Z) of Z.
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4.2. Desingularization of plane curves. We briefly illustrate the resolution pro-
cedure for plane curves.

Let C C A? be a plane curve defined by F(x,y) = 0 (for instance 2% + y° = 0).
We assign to the curve C the marked ideal (X,Z¢,0,1). The nonmonomial part of
a controlled transform of the ideal Z¢ is the ideal of the strict transform of the curve
(in general it is the weak transform of the subvariety). In particular Zo = N (Z¢).

In Step 2a we form the companion ideal which is equal to J := O(Z¢) = (Zo, p),
where p is the maximal multiplicity. Resolving O(Z¢) will eliminate the max-
imal multiplicity locus of C' and decrease the maximal multiplicity of the ideal
of the strict transform of C. The maximal multiplicity locus of C' is defined by
supp(Zc, p) = V(D*~Y(Z¢)), which is a finite set of points for a singular curve.

In the example 4 = 2 and J = O(Z¢) = (Z¢,2), T(J) = (D(Ze),1) =
((Z, y4)ﬂ 1)7 Supp(ICa 2) - V(.’ﬂ, y4) = {(Oﬂ 0)}

In Step 1 we resolve the companion ideal J = (Z¢, ). First replace J with

J :=C(H(J)). In the example
T =CH(T)) = H(T) = (a,2y",5°).

Since at the beginning there are no exceptional divisors we go directly to Step 1b.
Step 1b. For any point p with multiplicity p we find a tangent direction u €
T(Z,u) at p. In particular u = = for p = (0,0). Then assign to p the invariant

inv(p) = (1,0, 0rdy(Jv(u))/ the, 0,00,0,...).
(Recall that p. := lem(1,2,...,u1).) In general for local coordinates u,v at p we
have Jjv(u) = (v, pte) and we can write the invariant as
inv(p) = (u,0,m/pic,0,00,0,...), v(p)=0, p(p)=0.

In the example Jjy () = Jjv(z) = (¥°,2) and

inv(p) = (2,0,5/2,0,00,0,...).
The resolution of J}y(,) consists of two steps: Reducing to the monomial case in
Step 2a and resolving the monomial case in Step 2b. We blow up all points for which
this invariant is maximal. After the blow-ups J}y(y) is transformed as follows:

(W™ pe) = (Y s pe)-

If supp(yine #e, pe) = 0, then Jjy () is resolved and the multiplicity of the corre-

sponding points drops. Otherwise o°(J)jv () = (Yine "*, ie) is monomial for all
points with the highest multiplicity. The assigned invariant is

inv(p') = (11,0,0,0,0,...), v(p') = (m—pe)/pe, p(p') = Dexc.
In the example o°(y°,2) = (y3..,2) and inv(p’) = (2,0,0,...) and v(p') = 3/2.
The equation of the strict transform of C' at the point with the highest multiplicity
changes as follows:
(5) 2 +y° =02 +yd.=0.

After the next blow-up the invariants for all points with the highest multiplicity
are

inv(p") = (11,0,0,0,0,...), v(®")=(m—2u)/pe;, p(p") = Dee-

We continue blow-ups until m—Isu. < pic. At this moment supp(c°(J)|v (u)) = 0 and
the marked ideal J}y () is resolved (as in Step 1b). Resolving J|v (4 is equivalent
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to resolving J and results in dropping the maximal multiplicity. In the example
after the second blow-up 5 — 2 -2 < 2 and the maximal multiplicity drops to 1:

(6) 2 +yde =024yl =0.

After all points with the highest multiplicity are eliminated and the maximal mul-
tiplicity of points drops we reconstruct our companion ideals for the controlled
transform of Z¢. The companion ideal of 0°(Z¢) is equal to J' := (Z¢r, p'), where
Zc: is the ideal of the strict transform and p’ is the highest multiplicity. As before
supp(J’) defines the set of points with the highest multiplicity. In our example
the curve C” is already smooth and p' = 1. However the process of the embedded
desingularization is not finished at this stage. Some exceptional divisors may pass
through the points with the highest multiplicity. In the course of resolution of 7’
we first move apart all strict transforms of the exceptional divisors and the set of
points with multiplicity p/. This is handled in Step la by resolving 7| ms- The
maximum number of the exceptional divisors passing through points of supp(J’)
can be s =2 or s = 1. If s = 2, then the assigned invariants are

inv(p') = (1, 2,00,0,...), v(p)=0, p(p)=0.

The blow-up of the point separates the divisors. If s =1, then HS = D,, is a single
divisor,

inv(p') = (1, 1, ordy (N (T|p,)) /11 0, -, v(@) =0, p(p') =0,

where N (7? p.) = ((v™), ). We resolve this ideal as above: The first blow-up will
transform ((v™), i’.) to the monomial ideal (y”, )™ ", u.) with assigned invariant

iIlV(p”) = (ILL,LO,O,O,...), V(pu) = (m_:uc)/:uc" p(p”) = {Doé’Dgxc}'

After the next blow-up the invariants at the relevant points are

inV(pW) = (:ua 1,0,0,0,.. ')’ V(pm) = (m - 2”;)/#& p(p///) = {DOM Dg)/(c}'

We continue until m — lu!, < pl..

In our example the second exceptional divisor y.,, = 0 passes through the point
11

pr= yéxc =0:
N(7TD(¥) = (ZZ’ 1) = (y(,%/XC’ ]‘) . (OD/a 1),

/!

P A Yoe =0 2 Yt Ue =0 = T4y =0,
inv(p”) =(1,1,2,0...),v(") =0, — inv(p")=(1,1,0,...),v(p") =1

After the ideals are resolved the strict transforms of all exceptional divisors are
moved away from the set of points with highest multiplicity and we arrive at Step
1b. If p/ = 1, we stop the resolution procedure. At this moment the invariant for all
points of the strict transform of C' is constant and equal to inv(p) = (1,0, 00,0, .. .),
1(p) = 0. The strict transform of C' is now smooth and has simple normal crossings
with exceptional divisors. It defines a hypersurface of maximal contact.

If 4/ > 1, we repeat the procedure for Step 1b described above. After the ideals
Jlv (ur) are resolved the highest multiplicity drops. The procedure terminates when
the invariant is constant along C' and equal to

inv(p) = (1,0,00,0,...), u(p) = 0.
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5. CONCLUSION OF THE RESOLUTION ALGORITHM

5.1. Commutativity of resolving marked ideals with smooth morphisms.
Let (X,Z,0, 1) be a marked ideal and ¢ : X’ — X be a smooth morphism of relative
dimension n. Since the canonical resolution is defined by the invariant it suffices
to show that inv(¢(x)) = inv(z). Let U’ C X’ be a neighborhood of x such that

there is a factorization ¢ : U’ X xAr X, where ¢ is étale and 7 is the
natural projection. The canonical resolution (X; x A™) of p*(X,Z, E, p) is induced
by the canonical resolution (X;) of (X,Z,E,u) and the invariants inv, g and p
are preserved by 7. Then for 2’ € supp(X',Z', E', u) N U’ we have inv(¢(z')) =
inv(m(¢'(2"))) = inv(¢'(2')). Since ¢’ is étale, the resolution ¢, (X;) = &' (X; x
A™) is an extension of the canonical resolution of I|'U, and inv(¢'(z)) = inv(z).
Finally, inv(¢(x)) = inv(x). Analogously u(¢(x)) = p(z) and p(¢(z)) = p(x).

5.2. Commutativity of resolving marked ideals (X,Z,0,1) with embed-
dings of ambient varieties. Let (X,Z,(),1) be a marked ideal and ¢ : X — X'
be a closed embedding of smooth varieties. Then ¢ defines the marked ideal
(X', 77,0,1), where Z' = ¢4(Z) - Ox: (see remark after Theorem [[L0.3). We may
assume that X is a subvariety of X’ locally generated by parameters uq, ..., ug.
Then uq,...,ur € Z'(U") = T(Z)(U') define tangent directions on some open
U’ c X’. We run Steps 2a and 1bb of our algorithm through. In Step 2a we
assign inv(z) = (1,invz (z)) (since the maximal order of 7’ = N(Z') is equal to 1,
and Z/ = O(Z")) and in Step 1bb (nonboundary case s(x) = 0) we assign

(1) invz(2) = (1,0invz,, (@), ve(e) = v, (@), po() = pz,,. (@)
passing to the hypersurface V(u1). By Step 1bb resolving (X', Z’,0, i) is locally
equivalent to resolving (V'(u), Z{y(,,), (), ) with the relation between invariants de-
fined by (1). By repeating the procedure k times and restricting to the tangent
directions uq, ..., u; of the marked ideal Z on X we obtain:

(2) invg(z) = (1,0,1,0,...,1,0,invz(x)), pz(x) = pz(x), vo(zx) = vz(z).
Resolving (X',Z',0, i) is equivalent to resolving (X,Z,0, u) with the relation be-
tween invariants defined by (2).

5.3. Commutativity of resolving marked ideals with isomorphisms not
preserving the ground field.

Lemma 5.3.1. Let X, X' be varieties over K and T be a sheaf of ideals on X. Let
¢: X' — X be an isomorphism over Q for which there exists an automorphism ¢’
of Spec K and a commutative diagram

x 4  x

1 l
Spec K 2, Spec K.

Then ¢*(DY(Z)) = D (¢*(Z)) for any i.

Proof. Tt suffices to consider the case i = 1. The sheaf D*(Z) is locally generated
by functions f € Z regular on some open subsets U and their derivatives D(f).
Then ¢*(D¥(Z)) is locally generated by ¢*(f) and ¢*Df = ¢*D(¢*)~L¢* f. But for
any derivation D € Derg (O(U)), D’ := ¢*D(¢*)~1 € Derg(O(¢~1(U))) defines a
K-derivation of O(¢~1(U)). O
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Proposition 5.3.2. Let (X,Z, E, u) be a marked ideal. Let ¢ : X' — X be as above.
For any canonical resolution (X;) of X the induced resolution (X]) := (X; xx X”)
is canonical. Moreover the isomorphism ¢ lifts to isomorphisms ¢; : X] — X; such
that

inv(¢i(x)) = inv(z), v(i(x)) =v(x), pldi(z)) = ¢i(p(r)).

Proof. Induction on dimension of X. First assume that (X,Z,F,u) = (X, J, E, p)
is of maximal order as in Step 1. Then, by the lemma, ¢*(C(H(J))) = C(H(¢*(T))).
The resolution algorithm in Step la is reduced to the resolution of the restrictions
of marked ideals 7 to intersections of the exceptional divisors H. This procedure
commutes with the isomorphism ¢. Moreover

nv(¢(z)) = (s(¢(x)), invig ) (6(2))) = (s(2), inv| () = inv(2),
v(0(2)) = Vp(ag) (9(2) = v (2) = v(z),  p(d(2)) = ¢(p(2)),

by the inductive assumption. In Step 1b we reduce the resolution of the marked
ideal to its restriction to a hypersurface of maximal contact defined by u € D*~1(Z)
on an open subset U. This procedure commutes with ¢. The corresponding marked
ideal (¢*(J),p) is restricted to the hypersurface of maximal contact on ¢~ 1(U)
defined by ¢*(u) € ¢*(D*~1(J)). The invariants defined in this step commute
with ¢ by the inductive assumption. In Step 2a we decompose an arbitrary marked
ideal into the monomial and nonmonomial part. Since an isomorphism ¢ : X’ — X
maps divisors in E’ to divisors in F it preserves this decomposition. Consequently,
it preserves companion ideals and the invariants inv, p, 1 defined in Step 2a. Also
the invariants defined in Step 2b are preserved by ¢. Therefore ¢ commutes with
canonical resolutions.

5.4. Commutativity with field extensions. Let K C L be an extension of
algebraically closed fields. Consider a marked ideal (X,Z, E, u) over K. Taking the
fiber product with Spec(L) over Spec K defines a marked ideal (X~, ZL, EX 11). The
canonical resolution (X;) of (X,Z, E, i) defines a resolution (X; Xgpec x Spec L) of
(XE TV E" | 11). We have to show that this resolution is isomorphic to the canonical
one (XF).

Lemma 5.4.1. Let T be a sheaf of ideals on X. Denote by I" the induced sheaf
of ideals on X*. Then we have the equalities (D*(T")) = D'((Z))* for any i.

Proof. Tt suffices to consider the case i = 1. The sheaf D(Z) is locally generated
by functions f € Z regular on some open subsets U and their derivatives %( -
These functions generate (D(Z))%. But 52-(f) extend to L-derivatives and (D(Z))*

is generated locally by the same functions. Il

As a simple corollary we obtain the following lemma.

Lemma 5.4.2. {z € X | ord;(Z) > p} Xspec k Spec L = {y € X* | ord, (T1) > u}.
In particular supp(X,Z, E, 1) Xspec i Spec L = supp(X L, Tl EX ). O

Proposition 5.4.3. Let (X;) be the canonical resolution of a marked ideal

(X,Z,E,pn) over K. Then X; Xspeck SpecL is the canonical resolution of

L

(XE TV EE 1), The sets of values of the corresponding functions inv™, v’ and
L

p~ are the same as the sets of values of inv, v and p respectively. (We identify
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Sub(E) with Sub(E¥).) Moreover for any a € Q(;O, b€ Qx>0, c € Sub(E) we have
the following relations between algebraic sets:

inv_l(z @) Xspec k Spec L = (invL)*l(z a),
v (> b) Xspee i Spec L = (vH)7H(= D),
p’l(z b) Xspec kK Spec L = (pL)*l(z b).

Proof. Induction on the dimension of X. Assume that (X,Z,E,pu) = (X,J,E, 1)
is of maximal order as in Step 1. Then, by the lemma, C(H(J%))) = C(H(¢*(T))E.
The resolution algorithm in Step la is reduced to the resolution of the restrictions
of marked ideals Z to intersections of the exceptional divisors HS. This procedure
commutes with taking the fiber product with Spec L. The commutativity of the
algorithm in Step la and the assertion of the Proposition follow by the inductive
assumption. In Step 1b we reduce the resolution of the marked ideal to its restriction
to a hypersurface of maximal contact defined by u € D*~1(Z) on an open subset
U. This procedure commutes with taking the fiber product with Spec L. The
corresponding marked ideal (7%, 1) is restricted to the hypersurface of maximal
contact on (UL) defined by the same function u € ¢*(DH~1(J))E.

In Step 2a we decompose an arbitrary marked ideal into the monomial and non-
monomial part. Taking the fiber product with Spec L preserves this decomposition.
Consequently, it preserves companion ideals and the invariants inv, p, u defined in
Step 2a are related by the assertion of the theorem. Analogously in Step 2b the
algorithm commutes with taking the fiber product with Spec L. (]

5.5. Principalization. Resolving the marked ideal (X,Z,(,1) determines a prin-
cipalization commuting with smooth morphisms and embeddings of the ambient
varieties.

The principalization is often reached at an earlier stage upon transformation to
the monomial case (Step 2b). This moment is detected by the invariant inv, which
becomes equal to inv(z) = (0,...,0,...). (However the latter procedure does not
commute with embeddings of ambient varieties.)

5.6. Weak embedded desingularization. Let Y be a closed subvariety of the
variety X. Consider the marked ideal (X,Zy,0,1). Its support supp(Zy,1) is
equal to Y. In the resolution process of (X,Zy,,1), the strict transform of Y is
blown up. Otherwise the generic points of Y would be transformed isomorphically,
which contradicts the resolution of (X,Zy,0,1). At the moment where the strict
transform is blown up the invariant along it is the same for all its points and equal
to

inv(z) =(1,0;1,0;...;1,0;00;0,0,0,...),

where (1,0) is repeated n times, where n is the codimension of Y. This value of
the invariant can be computed for the generic smooth point of Y. We apply Step
2a (ord;(Z) = 1,Z = O(Z)) and Step 1b (nonboundary case s(x) = 0) passing to
a hypersurface n times. Each time after running through 2a and 1b we adjoin a
couple (1,0) to the constructed invariant. After the n-th time we arrive at Step 1ba
where the algorithm terminates and oo followed by zeros is added at the end of the
invariant.
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5.7. Resolving marked ideals over a non-algebraically closed field. Let
(X,Z,E,pn) be a marked ideal defined over a field K. Let K be the algebraic
closure of K. Then the base change K +— K defines the G = Gal(K /K )-invariant
marked ideal (X,Z, E,u) over K. The canonical resolution (X;) of (X,Z,E,p)
is G-equivariant and defines the canonical resolution (X;) of (X,Z, E, ) over K.
Moreover we have X; = X; X Spec K SPeC K.

Commutativity with smooth morphisms over a non-algebraically
closed field. If ¢ : X’ — X is a smooth morphism, then ¢ : X — X is a G-
equivariant smooth morphism. If (X;) is a G-equivariant resolution of (X,Z, E, p),
then E* (X;) is a G-equivariant extension of the G-equivariant canonical resolu-
tion of (y/,f,E/, ). Thus ¢*(X;) is an extension of the canonical resolution of
(X", T',F', p).

Commutativity with field extensions. Let K C L denote a (separable)
field extension. Let K, L denote the algebraic closures of K and L. Consider a
marked ideal (X,Z, E,u) over K and its canonical resolution (X;). Then taking
the fiber product with Spec(K) over Spec K defines the canonical resolution (X5
of the marked ideal (X% 7K EX 1) over K. By 5.4 taking the fiber product
with Spec(L) over Spec K defines the canonical resolution (X}) of a marked ideal
(XL 7E EE i) over L. The resolution (X%); is Gal(L/L)-equivariant and defines
the canonical resolution (X%) = (X; Xspec k Spec L) of (XL, T EL ).

Commutativity with embeddings of ambient varieties.

Follows from

5.8. Bravo-Villamayor strengthening of the weak embedded desingular-
ization.

Theorem 5.8.1 (Bravo-Villamayor [I3], [I1]). LetY be a reduced closed subscheme
of a smooth variety X and Y = |JY; be its decomposition into the union of irre-
ducible components. There is a canonical resolution of a subschemeY C X, that is,
a sequence of blow-ups (X;)o<i<r subject to conditions (a)-(d) from Theorem [[.0.2]
such that the strict transforms ﬁ of Y; are smooth and disjoint. Moreover the full
transform of Y is of the form

(@)"(Zy) = M((0)"(Zy)) - Iy,
where Y = U?} CXisa disjoint union of the strict transforms }71 of Y, Iy is
the sheaf of ideals of Y and M((5)*(Zy)) is the monomial part of (5)*(Zy).
Proof. Consider the canonical resolution procedure for the marked ideal (X, Zy, 0, 1)
(and in general for (X,Z, E, i) described in the proof of Theorem [L.0.11 We shall
modify the construction of the invariants in the canonical resolution. In Step 1 we
define inv’, p/, v/ in the same way as before. In Step 2 we modify the definition of
the companion ideal to be
O'(T, ) = (M(Z),1) if ordpyzy <1 and g =1 and M(Z) # Ox,
M= oz, ) otherwise.

We define invariants as follows. If ordysz) <1 and g = 1 and M(Z) # Ox we
set

inv'(z) = (3/2,0,0,...), V'(z)=vma@.n@), @) =pma.()
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defined as in Step 2b. Otherwise we put as before

orda(z)y —
(A,IHVO(I,u)(x))y v(z) = Vo(z,u) (z), plz)= PO(Z,p) (z).

inv(z) =

Note that the reasoning is almost the same as before. The difference occurs
for resolving marked ideals (Z,1) in Step 2 when we arrive at the moment when
max{ord, (N(Z))} = 1. Let v!(z) denote the first coordinate of the invariant
inv. Note that v!(z) = 3/2 for all points of supp(Z,1) for which Z is not purely
nonmonomial. First resolve its monomial part as in Step 2b (for all points with
vi(z) = 3/2). The blow-ups are performed at exceptional divisors for which p(x)
is maximal. We arrive at the purely nonmonomial case (v!(z) = 1) and continue
the resolution as before.

Let us order the codimensions of the components Y; in an increasing sequence
r1:=codimY; < ... <7y :=codimYy.

We shall run Steps 1-2 of this procedure with the above modifications until the
strict transform of one of the components Y; is the center of the next blow-up. At
this point the invariants are constant along this strict transform and are equal to

inv(z) = (1,0;1,0;...51,0;00;0,0,0,...), v'(z)=0, p'(x)=10

where (1,0) is repeated r; times. (These are the values of the invariants for a
generic smooth point of Y7.)

Claim. Let (Z,1) be a marked ideal on X such that Y7 is an irreducible component
of supp(Z). Moreover assume that T = Ty, in a neighborhood of a generic point of
Yy. At the moment (of the modified resolution process) for which

max(inv(z)) = (1,0;1,0;...;1,0;00;0,0,0,...)

the controlled transform of (Z,1) is equal to Iy, in the neighborhood of the strict
transform 571 of Y7.

We prove this claim by induction on codimension. Note that when we run Step 2a
of the algorithm at some point we arrive at a marked ideal for which max(v!(z)) =
1. At this stage Z = N(Z) is purely nonmonomial and O’(Z) = (Z,1). Note that
starting from this point the controlled transform of Z remains nonmonomial for all
points with v!(x) = 1. Then we go to Step 1 and construct C(H(Z,1)) = (Z,1). In
Step la we run the algorithm arriving at the nonboundary case in Step 1b. At this
point we restrict Z to a smooth hypersurface of maximal contact V' (u). If we are in
Step 1ba this hypersurface is the strict transform of Y;. Moreover the order of the
controlled transform 0°(Z) of 7 is 1 along the strict transform of ¥; and thus 0°(Z)
is the ideal of this strict transform (in the neighborhood of the strict transform).

In Step 1bb we apply the (modified) canonical resolution to the restriction Zy ().
This restriction Z}y () satisfies the assumption of the claim for Y3 C V'(u) (we skip
indices here). By the inductive assumption the controlled transform o°(Z)y () of

(Zjv(u), 1) is locally equal to the ideal of the strict transform Y1 C V(u) of Y;. Since

u € 0°(Z) it follows that 0°(Z) = Iy, (in the neighborhood of Y1). The claim is
proven.

All the strict transforms of codimension r are isolated. We continue the (modi-
fied) canonical resolution procedure ignoring these isolated components. We arrive
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at the moment where some codimension ro > 7r; component is the center of the
blow-up and the invariant inv is equal to

inv(x) = (1,0;1,0;...;1,0;00;0,0,0,...), (x)=0, p'(x)=0,

where (1,0) is repeated rs times. Again by the claim the controlled transforms
of all codimension r, > r; components coincide with the strict transforms and are
isolated. Starting from this moment those components are ignored in the resolution
process. We continue for all r;. At the end we principalize all components if there
are any which do not intersect the strict transforms of Y;.
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