COMPLEXITY OF THE HIRONAKA RESOLUTION ALGORITHM
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ABSTRACT. Building upon works of Hironaka Bierstone-Milman, and Villamayor and the third author we
give estimate for the complexity of the simplified Hironaka algoritm.
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0. INTRODUCTION

In the present paper we discuss the complexity of the Hironaka theorem on resolution of singularities.
Recall that approach to the problem of embedded resolution was originated by Hironaka (see [24]) and later
developed and simplified by Bierstone-Milman (see [10]) and Villamayor (see [32]), and others

1. FORMULATION OF THE MAIN THEOREMS

All algebraic varieties in this paper are defined over a ground field of characteristic zero. The assumption
of characteristic zero is only needed for the local existence of a hypersurface of maximal contact (Lemma
2.6.4).

We give a proof of the following Hironaka Theorems (see [24]):
(1) Canonical Principalization

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

X=X, X, & Xge oo X — .. — X, =X

of blow-ups o; : X;_1 «— X; of smooth centers C;_1 C X;_1 such that
(a) The exceptional divisor E; of the induced morphism ol =010...00;: X; — X has only simple
normal crossings and C; has simple normal crossings with F;. B
(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 ()?,f) — (X,Z) defined by the above principalization commutes with smooth mor-
phisms and embeddings of ambient varieties. It is equivariant with respect to any group action not
necessarily preserving the ground field K.

(2) Weak-Strong Hironaka Embedded Desingularization
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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 oo Xy e— .. — X, =X

of blow-ups o; : X;_1 «— X; of 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) LetY; C X; be the strict transform of Y. All centers C; are disjoint from the set Reg(Y) C Y;
of points where Y (notY;) 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 desingularization commutes with
smooth morphisms and embeddings of ambient varieties. It is equivariant with respect to any
group action not necessarily preserving K.

(3) Canonical Resolution of Singularities

Theorem 1.0.3. Let Y be an algebraic variety over a field of characteristic zero.

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 (E: Y’ — Y which is a smooth morphism.

In particular resy : Y Y isan isomorphism over the nonsingular part of Y. Moreover resy is
equivariant with respect to any group action not necessarily preserving the ground field.

2. PRELIMINARIES

To simplify our considerations we shall assume that the ground field is algebraically closed. 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 Z on a smooth variety X and any point x € X
we denote by
ord,(Z) := max{i | T C m’}

the order of T at x. (Here m, denotes the maximal ideal of x.)

Definition 2.1.1. (Hironaka (see [24], [26]), Bierstone-Milman (see [10]),Villamayor (see [32])) A marked
ideal (originally a basic object of Villamayor) is a collection (X,Z,E,u), where X is a smooth variety,
7 is a sheaf of ideals on X, p 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 ([24], [26]), Bierstone-Milman (see [10]),Villamayor (see [32])) By the support
(originally singular locus) of (X,Z, E, 1) we mean

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

Remarks. (1) The ideals with assigned orders or functions with assigned multiplicities and their supports
are key objects in proofs of Hironaka, Villamayor and Bierstone-Milman (see [24]. Hironaka intro-
duced 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, E, ) as couples (Z, ) or even ideals
7.

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

(4) For any marked ideals (Z, u) on X, supp(Z, i) is a closed subset of X (Lemma 2.5.2).

Definition 2.1.3. (Hironaka (see [24], [26]), Bierstone-Milman (see [10]),Villamayor (see [32])) By a reso-
lution of (X,Z, E, 1) we mean a sequence of blow-ups o; : X; — X;_1 of disjoint unions of smooth centers
Ci—1 C X,
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ar

Xo=XI X, & X, & X — . & X,

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

(1) Ci Csupp(Xi, Z;, Ei, ).

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

(3) 7, ( ;) Pof(Z;—1), where Z(D;) is the ideal of the exceptional divisor D; of o;.

(4) E; = 05(E;—1) U{D,}, where o§(E;_1) is the set of strict transforms of divisors in E;_;.

(5) The order on o§(E;_1) is deﬁned by the order on E;_; while D; is the maximal element of FE;.
(6) bupp(X7,IT,E7,M) - @

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

Definition 2.1.5. An extension of a multiple blow-up (or a resolution) (X;)o<i<m is a sequence (X})o<j<m’

of blow-ups and isomorphisms Xy = X = ... =X} ; « X; =...=X] ;, « .. X} =..=X],
where X} = X;.
Remarks. (1) The definition of extension arises naturally when we pass to open subsets of the considered

ambient variety X.
(2) The notion of a multiple blow-up is analogous to the notions of test or admissible blow-ups considered
by Hironaka, Bierstone-Milman and Villamayor.

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

(Z’ia /U’) = O.;:(Zi—lv IUJ)

a transform of the marked ideal or controlled transform of (Z,u). It makes sense for a single blow-up in a
multiple blow-up as well as for a multiple blow-up. Let ¢ := g1 0...00; : X; — X be a composition of
consecutive morphisms of a multiple blow-up. Then in the above setting

(Zis ) = 0™*(Z, ).

We shall also denote the controlled transform ¢%(Z, u) by (Z, u); or [Z, ul;.

The controlled transform can also be defined for local sections f € Z(U). Let o : X «+ X’ be a blow-up of
a smooth center C' C supp(Z, p) defining transformation of marked ideals 0°(Z, u) = (Z/, ). Let f € Z(U)
be a section of a sheaf of ideals. Let U’ C o~(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)cZ(U)

is a controlled transform of f on U’ (defined up to an invertible function). As before we extend it to any
multiple blow-up.

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

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

(1) T c I,
(2) o*(T) < (Zp)*.

Proof. (1) We can assume that the ambient variety X is affine. Let uq,...,u; be parameters generating Z¢
Suppose f € T\ Z/,. Then we can write f = " cou®, where either |a| > p or |a| < p and ¢o & Zc. By the
assumption there is a with |a| < p such that ¢, € Zo. Take o with the smallest |a|. There is a point z € C
for which ¢, (z) # 0 and in the Taylor expansion of f at « there is a term cq(z)u®. Thus ord,(Z) < p. This
contradicts to the assumption C' C supp(Z, p).

(2) 0*(Z) C 0™ (Zc)" = (Ip)*. O
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2.3. Hironaka resolution principle. Our proof is based upon the following principle which can be traced
back to Hironaka and was used by Villamayor in his simplification of Hironaka’s algorithm:

(1) (Canonical) Resolution of marked ideals (X,Z, E, u)
¢

(2) (Canonical) Principalization of the sheaves 7 on X
I

(3) (Canonical) Weak Embedded Desingularization of subvarieties Y C X
¢

4) (Canonical) Desingularization

(1)=(2) It follows immediately from the definition that a resolution of (X,Z,,1) determines a princi-
palization of Z. Denote by ¢ : X «— X the morphism defined by a resolution of (X,Z,0,1). The controlled
transform (i 1) := 0°(Z,1) has the empty support. Consequently, V(f) = 0, and thus 7 is equal to the
structural sheaf O5. This implies that the full transform ¢*(Z) is principal and generated by the sheaf of
ideal of a divisor whose components are the exceptional divisors. The actual process of desingularization is
controlled by some invariant and is often achieved before (X,Z, F,1) has been resolved (Proposition ?7) .

(2)=(3) Let Y C X be an irreducible subvariety. Assume there is a principalization of sheaves of ideals
Ty subject to conditions (a) and (b) from Theorem 1.0.1. Then in the course of the principalization of Zy
the strict transform Y; of Y on some X; is the center of a blow-up. At this stage Y; is nonsingular and has
simple normal crossing with the exceptional divisors. In the algorithm this moment is detected by some
invariant.

(3)=(4) Every algebraic variety admits locally an embedding into an affine space. Thus we can show that
the existence of canonical embedded desingularization independent of the embedding defines a canonical
desingularization. The patching of local desingularizations is controlled by an invariant independent of
embeddings into smooth ambient varieties, provided the dimensions of the ambient varieties are the same.

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

Definition 2.4.1. Let (X,Z, Ez,uz) and (X, J,E7, pus) be two marked ideals on the smooth variety X.
Then

(XaIa EI?MI) = (Xaj7Ejvﬂj)

if

(1) Bz = E7 and the orders on Ez and on E; coincide.

(2) Supp(sz-7 EI, /’(‘I) = Supp(Xa j, EJ7 MJ)

(3) All the multiple blow-ups Xo = X 7~ X7 <& ... «— X; <& ... «— X, of (X,Z, Er, uz) are

exactly the multiple blow-ups of (X, .7, E7, u7) and moreover we have
supp(Xy, Zi, Ei, pz) = supp(Xi, Ji, Bi, pug)-

Example 2.4.2. For any k € N, (Z, u) ~ (Z¥, kp).

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

2.5. Ideals of derivatives. Ideals of derivatives were first introduced and studied in the resolution context
by Giraud. Villamayor developed and applied this language to his basic objects.

Definition 2.5.1. (Giraud, Villamayor) Let Z be a coherent sheaf of ideals on a smooth variety X. By
the first derivative (originally extension) D(Z) of Z we mean the coherent sheaf of ideals generated by all
functions f € Z with their first derivatives. Then the i-th derivative D*(Z) is defined to be D(D*~1(Z)). If
(Z, ) is a marked ideal and i < p then we define

DT, 1) = (D'(T), i — i).
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Recall that on a smooth variety X there is a locally free sheaf of differentials Qx,x over K generated
locally by duy,...,du, for a set of local parameters ui,...,u,. The dual sheaf of derivations Dery (Ox)

is locally generated by the derivations a%i. Immediately from the definition we observe that D(Z) is a

coherent sheaf defined locally by generators f; of Z and all their partial derivatives %. We see by induction
' oy,

that D¥(Z) is a coherent sheaf defined locally by the generators f; of Z and their derivatives oua” for all
multiindices « = (o, ..., a,), where || ;= a3 + ... + a, <.
Remark. In characteristic p the partial derivatives % g:a‘ (where a! = a4!-...-ay,!) 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

DY(D’(I)) C D (D).
Lemma 2.5.2. (Giraud, Villamayor) For any i < p—1,
supp(Z, 1) = supp(D*(ZT), pn — ).
In particular  supp(Z, p) = supp(D*~1(Z),1) = V(D*~H(Z) is a closed set. O

We write (Z,p) C (T, u) if T C J.

Lemma 2.5.3. (Giraud, Villamayor) Let (Z,u) be a marked ideal and C C supp(Z, ) be a smooth center
andr < p. Let 0 : X «— X' be a blow-up at C. Then

o (D (Z, 1)) € D' (0 (Z, ).
Proof. See simple computations in

2.6. 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 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 2.6.1. (Villamayor (see [32])) We say that a marked ideal (Z, u) is of mazimal order (originally
simple basic object) if max{ord,(Z) | z € X} < p or equivalently D*(Z) = Ox.

Lemma 2.6.2. (Villamayor (see [32])) Let (Z,u) be a marked ideal of mazximal order and C' C supp(Z, i)
be a smooth center. Let o : X «— X' be a blow-up at C C supp(Z, ). Then o¢(Z, 1) is of mazimal order.

Proof. If (Z, 1) is a marked ideal of maximal order then D*(Z) = Ox. Then by Lemma 2.5.3, D*(c%(Z, u)) D
o°(DH(T),0) = Ox. 0

Lemma 2.6.3. (Villamayor (see [32])) If (Z, ) is a marked ideal of mazimal order and 0 < i < p then
DT, i) is of mazimal order.

Proof. D*~4(DY(Z,pn)) = D*(Z, u) = Ox. O
Lemma 2.6.4. (Giraud) Let (Z,u) be the marked ideal of maximal order. Let o : X — X' be a blow-up at
a smooth center C C supp(Z, ). Let u € D*=Y(Z, n)(U) be a function of multiplicity one on U, that is, for
any x € V(u), ord;(u) = 1. In particular supp(Z,u) NU C V(u). Let U' C o= (U) C X’ be an open set

where the exceptional divisor is described by y. Let u' := 0°(u) = y~1o*(u) be the controlled transform of u.

Then
(1) W € D (0T, ).
(2) v is a function of multiplicity one on U’.
(3) V(u') 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, v’ = u/y is a parameter,
that is, a function of order one.
(3) follows from (2). O
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Definition 2.6.5. 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 2.6.6. (Giraud) Let u € T(Z)(U) be a tangent direction of (Z,u) on U. Then for any multiple
blow-up (U;) of (Zy, ) 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 noncanonical choice of the tangent
directions. We overcome this difficulty by introducing homogenized ideals.

Lemma 2.6.7. (Villamayor) Let (Z, ) be the marked ideal of maximal order whose support is of codimension
1. Then all codimension one components of supp(Z, u) are smooth and isolated. After the blow-up o : X «—
X' at such a component C C supp(Z, i) the induced support supp(Z’, 1) does not intersect the exceptional
divisor of o.

Proof. By the previous lemma there is a tangent direction u € D*~1(Z) whose zero set is smooth and
contains supp(Z,u). Then D*~Y(Z) = (u) and Z is locally described as Z = (u*). The blow-up at the
component C locally defined by w transforms (Z, u) to (Z/, u), where 0*(Z) = y*Ox, and I' = 0°(Z) =
y~Ho*(Z) = Ox, where y = u describes the exceptional divisor. d

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.

2.7. Arithmetical operations on marked ideals. In this sections 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,pz) + (T, pg) == (TM + JHT, uzpg), or more generally (the operation of addition is not asso-
ciative)

(Ilvﬂl) +...+ (Im, ,u'm) = (I{LQ‘...-Mm +I§¢1#3.,,,-um 4. +Iﬁl1m/ik—1,‘u1'u2 B ~Nm)~
(2) (T,pz) (T, pg) = (T J pz + pa).

Lemma 2.7.1. (1) supp((Z1, p1) + - + (T, o)) = supp(Zy, 1) N ... N supp(Zp, ). Moreover
multiple blow-ups (Xi) of (Z1,p1)+ ...+ (Zin, bm) are exactly those which are simultaneous multiple
blow-ups for all (Z;, ;) and for any k we have the equality for the controlled transforms (Z;, pr)k

(To, 1)k A oo+ Ty o) = (T, 1) + oo+ (T )]
(2)

supp(Z, pz) Nsupp(T, ) 2 supp((Z, pz) - (T, 7))
Moreover any simultaneous multiple blow-up X; of both ideals (Z,uz) and (J,pg) is a multiple
blow-up for (Z,uz) - (J,nz), and for the controlled transforms (Zy,uz) and (Jx, pg) we have the
equality
Tk, pz) - (T ) = (L, pz) - (T 17 ) k-

Proof.
2.8. Homogenized ideals and tangent directions. Let (Z, 1) be a marked ideal of maximal order. Set
T(Z) := D*~1Z. By the homogenized ideal we mean
H(Z,p) = (H(I),p) = (T +DI-T(I)+...+D'T-T(I) +...+ D 'T-T(T)" 1, p)
Remark. A homogenized ideal features two important properties:

(1) It is equivalent to the given ideal.
(2) Tt "looks the same” from all possible tangent directions.



COMPLEXITY OF THE HIRONAKA RESOLUTION ALGORITHM 7

By the first property we can use the homogenized ideal to construct resolution via the Giraud Lemma 2.6.6.
By the second property such a construction does not depend on the choice of tangent directions.

Lemma 2.8.1. Let (Z,u) be a marked ideal of maximal order. Then

(1) (T, ) = (H(Z), p).
(2) For any multiple blow-up (Xy) of (Z,n),

(H(D), i = (T, e + [P, )] - (L), D] + .. [PPHT, )] - +H(TT), DI

Although the following Lemmas 2.8.2 and 2.8.3 are used in this paper only in the case E = () we formulate
them in slightly more general versions.

Lemma 2.8.2. Let (X,Z,FE,u) be a marked ideal of mazimal order. Assume there exist tangent direc-
tions u,v € T(Z,p)r = D*"HZ,u), at x € supp(Z, u) which are transversal to E. Then there exists an

~

automorphism ¢y, of Xy := Spec(Og,x) such that
(1) ¢h(HI)s = (HI)a

(2)
(3) drp(u) =
(4) s

Proof. (0) Construction of the automorphism Duo-

Find parameters uo, ..., u, transversal to u and v such that u = uy,us, ..., u, and v, us, ..., u, form two
sets of parameters at x and divisors in F are described by some parameters u; where ¢ > 2. Set

Zé\uv(ul) =, a)\uv(ui) = Uy for 7>1.
(1) Let h:=v —u € T(Z). For any f € 1,

-~ of 19%f 10'f .
. = h ceUy) = yeesUp)+=—— -h+=—5 -h°+... +=-— -h'+...
d)uv(f) f(u1+ y U2, ) U ) f(ul U )+8U1 2 8“% + +Z' 8u’1 +
The latter element belongs to
~ N i 1 ~
T+DT-T@) +...+DT-T(I) +...+D*'T-T(Z) =HI.

Hence (Ej‘w (Z) C HZ. (2)(3) Follow from the construction.
(4) The fixed point set of ¢*, is defined by u; = ¢%,(u;), i = 1,...,n, that is, h = 0. But h € D*~1(T) is
0 on supp(Z, ). d

Lemma 2.8.3. (Glueing Lemma) Let (X,Z,FE, ) be a marked ideal of mazimal order for which there
exist tangent directions u,v € T(Z,u) at © € supp(Z, p) which are transversal to E. Then there exist étale
neighborhoods ¢y, ¢, : X — X of . = ¢4(T) = ¢,(T) € X, where T € X, such that

(1> (bZ(X?H(I)’EvM) = ¢:(X7H(I)>E’M)-
(2) o5 (u) = ¢} (v).

Set (X, I, E, ) == ¢p (X, H(T), B, ) = o3 (X, H(Z, E, ).
(3) For anyy € Supp(X,I,E,,u), (bu(y) = (bv(y)
(4) For any multiple blow-up (X;) of (X,Z,0,u) the induced multiple blow-ups ¢%(X;) and ¢X(X;) of
(X,Z,E,p) are the same (defined by the same centers). Set (X;) = ¢ (X;) = ¢:(X;). For any

y; € supp(X;,Z;, B, ) and the induced morphisms ¢ui, dvi + Xi — Xi, dui(¥;) = dui(Yy)-

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

Let U C X be an open subset for which there exist us, ..., u, which are transversal to u and v on U such
that v = uy,uo,...,u, and v,us, ..., u, form two sets of parameters on U and divisors in E are described
by some u;, where ¢ > 2. Let A™ be the affine space with coordinates x1,...,x,. Construct first étale
morphisms ¢1, ¢2 : U — A" with

@7 (x;) =u; forall ¢ and ¢3(x1) =v, ¢5(x;) =u; for i>1.

Then
Y:Z U X AR U
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is a fiber product for the morphisms ¢; and ¢. The morphisms ¢, ¢, are defined to be the natural
projections ¢y, ¢, : X — U such that ¢1¢, = ¢ad,. Set

wy = ¢ (u) = (16u)"(21) = (9200)"(21) = ¢,(v),
(5) w; = ¢F (u;) = ¢ (ug) fori > 2.
(1) Let h := v — u. By the above the morphisms ¢, and ¢, coincide on ¢, 1(V(h)) = ¢, 1(V(h)).

v

2.9. 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 Villamayor.

Definition 2.9.1. Let (Z, i) be a marked ideal of maximal order. By the coefficient ideal we mean
“w

C(Z,p) =Y (DT, p—1i).

i=1
Remark. The coeflicient ideals C(Z) feature two important properties.
(1) C(Z) is equivalent to Z.
(2) The intersection of the support of (Z, 1) 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 blow-ups.

These properties allow one to control and modify the part of support of (Z, i) contained in S by applying
multiple blow-ups of C(Z),s.

Lemma 2.9.2. C(Z,p) ~ (Z, p).

Proof. By Lemma 2.7.1 multiple blow-ups of C(Z, 1) are simultaneous multiple blow-ups of D*(Z, i) for 0 <
i < u—1. By Lemma ?? multiple blow-ups of (Z, i) define the multiple blow-up of all D*(Z, i1). Thus multiple
blow-ups of (Z, 1) and C(Z, 1) are the same and supp(C(Z, 1)), = (supp(D'Z, u — i)y = supp(Z, ). O

Lemma 2.9.3. Let (X,Z,FE,u) be a marked ideal of mazimal order whose support supp(Z,u) does not
contain a smooth subvariety S of X. Assume that S has only simple normal crossings with E. Then
supp(Z, 1) N S = supp(C(Z, p1))s)-
Moreover let (X;) be a multiple blow-up with centers C; contained in the strict transforms S; C X; of S.
Then
(1) The restrictions o;g, : S; — Si—1 of the morphisms o; : X; — X;_1 define a multiple blow-up (S;)
OfC(I7 M)\S
(2) supp(Z;, p) N S; = supp|[C(Z, )s)i-
(3) Bvery multiple blow-up (S;) of C(Z, )5 defines a multiple blow-up (X;) of (I, u) with centers C;
contained in the strict transforms S; C X; of S C X.

Proof. By Lemmas 2.9.2 and 7?7, supp(Z, 1) NS = supp(C(Z, u)) NS C supp(C(Z, p)s)-

Let 21,...,Zk, Y1, .-, Yn—k be local parameters at = such that {z; = 0,...,2 = 0} describes S. Then
any function f € Z can be written as
[ = Z Caf (y)x?,

where ¢, ¢ (y) are formal power series in ;.
Now z € supp(Z, 1) NS iff ord,(co) > p — |af for all f € T and || < p. Note that
1 olel(f N
Cafls = ( ( )> e DY)
|S

ol Oz«

and consequently supp(Z, 1) NS = (N tez jaj<, SUPP(Cagis, b — |]) D supp(C(Z, p))s)-

Assume that all multiple blow-ups of (Z,u) of length k with centers C; C S; are defined by multiple
blow-ups of C(Z, j1)s and moreover for i < k,

supp(Z;, 1) N S; = supp[C(Z, 1) s]s-
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For any f € T define f = fy € T and fit1 = o§(fi) = y; "o*(fi) € Z;41. Assume moreover that for any
fel,

fr =" casn(y)z®,

where c,fis, € (afsk)C(D“’M(I)‘S). Consider the effect of the blow-up of Cj at a point z’ in the strict
transform of Si41 C Xg41. By Lemmas 2.9.2 and 77,

supp(Zy41, 1) N Skr1 = supp[C(Z, p1)]kt1 N Skr1 € supp[C(Z, 11)|k+1(5,,, = Supp[C(Z, )]k 1

Let x1,...,xx describe the subvariety Si of X;. We can find coordinates x1,..., Tk, Yy1,---,Yn—k, DY
taking if necessary linear combinations of y1,...,y,—k, such that the center of the blow-up is described by
T1,...,Tk,Y1,s---,Ym and the coordinates at x’ are given by

Ty =21 Yy T = T Yms Yt = Y1 Y- Y = Ymo Yms1 = Ykl -5 Yy = Yo

Note that replacing y1, ..., Yn— with their linear combinations does not modify the form fi = > cqa i (y)z*.
Then the function fry1 = 0°(fx) can be written as

fre1 = caprn @)z’
where cqfrp1 = y;L“Ha‘a,’;H(cafk). Thus

Cafkt1|Siir = (Oht1]Sp41) (Carrls,) € (Ufﬁstil)c(p“_‘al(f)\s) = (" (D 1N(T)) 5,0,

and consequently

supp(Zi1,18) N Skar = (| SUDD(Cafhit|spsss # — al) 2 supp[C(Z, ) sles1 = supp(C(Z, 1)k11))s,.. -
feT|a|<p

O

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

Lemma 2.9.4. Let (X,Z,E,u) be a marked ideal of mazimal order whose support supp(Z,u) does not
contain a smooth subvariety S of X. Assume that S has only simple normal crossings with E. Let (X;) be
its multiple 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 oys, : Si — Si—1 of the morphisms o; : X; — X;_1 define a
multiple blow-up (S;) of C(Z, )5 and

supp(Z;, 1) N S; = supp[C(Z, 1) s):-
As a simple consequence of the Lemma 2.9.3 we formulate the following refinement of the Giraud Lemma.

Lemma 2.9.5. Let (X,Z,0, 1) be a marked ideal of mazimal order whose support supp(Z, p) 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, u) NU is of codimension 2. Let V(u) be the regular subscheme of U defined by u. Then
for any multiple blow-up X; of X,

(1) supp(Z;, i) is contained in the strict transform V(u); of V(u) as a proper subset.

(2) The sequence (V(u);) is a multiple blow-up of C(Z, 1) |v (u)-

(3) supp(Z;, p) NV (u); = supp[C(Z, p) v (u)i-

(4) Every multiple blow-up (V(u);) of C(Z, p)|v () defines a multiple blow-up (X;) of (T, p).

O

Lemma 2.9.6. Let ¢ : X' — X be a smooth morphism of smooth varieties and let (X,Z,0, 1) be a marked
ideal. Then

Proof. A direct consequence of Lemma ?77. O
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3. RESOLUTION ALGORITHM

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

Inductive assumption For any marked ideal (X, Z, E, ) such that Z # 0 there is an associated resolution
(Xi)o<i<my , called canonical, satisfying the following conditions:
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.

Step 1 Resolving a marked ideal (X, 7, E, 1) of maximal order.

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

Step la Reduction to the nonboundary case. Moving supp(J,7) and HS apart . For any
multiple blow-up (X;) of (X, J, E, i) we shall identify (for simplicity) strict transforms of E on X; with E.

For any = € X;, let s(x) denote the number of divisors in E through z and set
s; = max{s(x) | z € supp(J;)}.

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

Construct the canonical resolutions of 7p| s - By Lemma 2.9.3 each such resolution defines a multiple
blow-up of (Jp,7) (and of (J,7)) . Since the supports supp(Jg:) C HY are disjoint from H,, where
o' # a, these resolutions glue to a unique multiple blow-up (X;);<;, of (J, %) such that s;, < s.

Note that by the maximality condition for any H the irreducible components of the centers are contained
in HY or are disjoint from them. Therefore by Lemma 2.9.4,

supp(J i, 1)z = supp(JT i, 1) N HY.

By applying this multiple blow-up we create a marked ideal (7]-1,@ with support disjoint from all HS.
Summarizing the above we construct a multiple blow-up (X;)o<i<;, subject to the conditions:

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 j,, 1) with s;, < so. Now we put s = s;, and repeat
the procedure of Steps 1a for (J;,, 7). Note that any H oj, on X, 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
o # o, the set supp(J;, 7)) N HE), is either disjoint from H’2' or contained in it. Thus for 0 < i < g, all

centers C; have components either contained in H.;' = H2, or disjoint from them and by Lemma 2.9.4,
supp (T i, 1) s, = supp(J i, 78) N HY,;.

Moreover if we repeat the procedure in Steps 1a the above property will still be satisfied until either (7, 77) |Hs
are resolved as in Step lab or H disappear as in Step laa.

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

Step 1b. Nonboundary case
Let (X;)o<j<r be the multiple blow-up of (X, J,0,7) defined in Step 1la.

If supp(J,, i) is of codimension 1 then by Lemma 2.6.7 all its codimension 1 components are smooth
and disjoint from the other components of supp(J,,%). 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
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the codimension 1 components. Let codim(1)(supp(J, 7)) be the union of all components of supp(J;, 7)) of
codimension 1. This definition, as we see below, is devised so as to ensure that all codimension 1 components
will be blown up first.

By Lemma 2.6.7 blowing up the components reduces the situation to the case when supp(J,z) is of
codimension > 2.

For any x € supp(J,7) \ 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 2.9.5, (V(u);)o<i<p is a multiple blow-up of
(V(u), T v (u),0,71). In particular the induced marked ideal for i = p is equal to

Tplvwy, = V(Wps Tpjv(u),s (Ep \ E)v(u),: B)-
Construct the canonical resolution of (V(u);)p<i<m, of the marked ideal Jpjv(u),. Then the sequence
(V(u)i)o<i<m, is a resolution of (V (), v (u), 0, ) which defines, by Lemma 2.9.5, a resolution (Uy;)o<i<m,
of (U, T v, (), 7). Moreover both resolutions are related by the property

supp(Jijv.,.;) = supp(JT v (u);)-
We shall construct the resolution of (X, J, (0, 71) by patching together extensions of the local resolutions
(Uui)o<i<m, -
Let 2 € supp(Jp, #) NUyupNU,yp. By Glueing Lemma 2.8.3 for any two different tangent directions u and v
we find étale neighborhoods ¢.,, ¢, : U** — U := U, NU, and their liftings ¢pu, Ppo : U;,“’ — Up = UypNUyyp
such that

(1) ng :i(¢pu)_1(v(u)p> = (qﬁpv)_lv(v)p)- o
(2> (U;Uaj;U,E;U ﬁ) = (¢pU)Kggajp7Ep7ﬁ> = <¢pv)*<Up7jp7Epaﬁ)~
(3) There exists y € supp(Uy*, T, , B, 1) such that ¢, (%) = ¢py(T).
Note that for any tangent direction u, either C), N U, defines the first blow-of the canonical resolution of
(V(Wp, T pivw)ps Epviw),, B) or Cp NUyp = 0 and the blow-up of C), does not change V'(u), C Uyp.
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 Cp 1 C X, 41 as before.
By repeating the same reasoning for j =p+ 1,...,m we construct the resolution (X;)p<i<m of

(Xp, Tp, B, \ E, i) satisfying the following properties.

(1) For any wu, the restriction of (X;)p<i<m to (V(u);)p<i<m is an extension of the canonical resolution
of (V(w)ps Tp|v(w)ps Eplv (), FD)-
(2) supp(Tm,fi) = 0.
The resolution (X;)p<i<m of (Xp, T p, Ep \ E,Ti) defines the resolution (X;)o<i<m of (X,J,0,7) and of
(X, T, E,n).
In Step 1b all points x € supp(J, fi) with s(x) = 0 were assigned the invariants inv, v and p. They are
upper semicontinuous by the inductive assumption.

Step 2. Resolving of marked ideals (X,Z, E, u).
For any marked ideal (X,Z, E, ) write

I'= MDN (@),

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 nonmonomial part which is not divisible by any ideal of a
divisor in E. Let

ordys(z) := max{ord,(N(Z)) | = € supp(Z, u)}.

Definition 3.0.7. (Hironaka, Bierstone-Milman,Villamayor, Encinas-Hauser) By the companion ideal of
(Z, u) where I = N(Z)M(Z) we mean the marked ideal of maximal order

O(Z ) _ (N(I),Ord_/\/(z)) + (M(I)JJJ — OrdN(I)) if OrdN(l—) < W,
7 (N(I),Ol‘d_/\/(z)) if OI‘dN(I) > L.
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In particular O(Z, u) = (Z, ) for ideals (Z, u) of maximal order.

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

By Step 1 we can resolve the marked ideal of maximal order (J,us) := O(Z,u) using the invariant
invo(z,,). By Lemma 2.7.1, for any multiple blow-up of O(Z, ),

supp(O(Z, p1)); = supp[N(Z), ordpr(z)}i N supp[M(Z), p — ordy ()} =
supp[N (Z), ordpr(z)li N supp(Zs, ).

Consequently, such a resolution leads to the ideal (Z,,, u) such that ordyr(z,,) < ordyy(z). This resolution

is controlled by the invariants inv, v and p defined for all = € supp(N(Z), ord s (zy) N supp(Zi, ),

. ordar(z) —
inv(z) = ( . @ ,mvo(z,u)(a:)), v(z) =vow(®), pE)=pozu(®).

Then we repeat the procedure for (Z,,, u). We find marked ideals (Z,,, ) = (Z, ), (Zpys 14)s - - -5 (Zr,,,, i) such
that ordx(z,) > ord N(Tpy) > oo > ordpr(z,, ). The procedure terminates after a finite number of steps when
we arrive at the ideal (Z,., , ) with orda(z, ) = 0 or with supp(Z,,,, ) = 0. In the second case we get the
resolution. In the first case Z,,, = M(Z,, ) is monomial.

T'm
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 semicontinuouity 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

inv(z) = (0,...,0,...), v(z)=

Let @1, ...,z define equations of the components DY, ..., Dj € E through « € supp(X,Z, E, ) and Z

be generated by the monomial %% at x. In particular v(z) = %

Let p(xz) = {D;,,...,D;, } € Sub(E) be the maximal subset satisfying the properties
1) @iy +...+a,; > p.
(2) Forany j =1,...,0, a;, + ...+ as; + ...+ a; < p.
Let R(x) denote the subsets in Sub(FE) satisfying the properties (1) and (2). The maximal components of

the supp(Z, 1) through x are described by the intersections ()., D where A € R(x). The maximal locus
of p determines at most o one maximal component of supp(Z, 1) through each z.

After the blow-up at the maximal locus C' = {z;, = ... = x;, = 0} of p, the ideal Z = (x> is equal to
T = (/"o ® %) i the neighborhood corresponding to a5, , where a = a;, +. . .+a;, —p < a;,. In
particular the invariant v drops for all points of some maximal components of supp(Z, pt). Thus the maximal
value of v on the maximal components of supp(Z, 1) which were blown up is bigger than the maximal value of
v on the new maximal components of supp(Z, ). Since the set izzo of values of v is discrete the algorithm
terminates after a finite number of steps. O

3.1. Summary of the resolution algorithm. The resolution algorithm can be represented by the follow-
ing scheme.

Step 2. Resolve (Z, p).
Step 2a. Reduce (Z, 1) to the monomial marked ideal Z = M(Z).

3
If Z # M(Z), decrease the maximal order of the nonmonomial part A (Z) by resolving the companion
ideal O(Z, ). For x € supp(O(Z, p)), set

inv(z) = (ords (N(T))/ 1 Vo (z,p1))-
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).

4
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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)).

0

For any «, resolve all 7‘HQ For z € supp(J, p) N HE set
Step 1b If the strict transforms of E do not intersect supp(J, u1), resolve (J, ).

)

Simultaneously resolve all 7|V(u) (by induction), where V' (u) is a hypersurface of

maximal contact. For z € supp(7, 1) \ codim(1)(supp(J)) set
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 algprithm 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(J|s) = supp(J)N S, where S = H},
in Step la and S = V(u) in Step 1b.

(2) If 4 = 1 the companion ideal is equal to O(Z,1) = (N(Z), par(z)) so the general strategy of the
resolution of Z, u 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 4 = 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.

4. COMPLEXITY BOUND IN TERMS OF GRZEGORCZYK’S CLASSES

Our purpose is to estimate the complexity of the of the desingularization algorithm described in the
previous sections. The complexity estimate is given in terms of the Grzegorczyk’s classes £%, i > 0 [?] of
primitive-recursive functions. For the sake of self-containdness we provide the definition of £ by induction
on i (informally speaking, £ consists of integer functions Z° — Z! whose construction requires i primitive
recursions).

For the base of definition £° contains constant functions z; — ¢ and projections (21, ...,z,) — x; for any
variables x1,...,x,. Every class £, ¢ > 0 is closed under composition and some natural basic operations
(we don’t need and therefore don’t make precise the list of these operations), in particular, identifying of
variables: if F'(...,2;,...,2;,...) € & then F(...,z,...,z,...) € &

Class £! contains functions z; — x; + 1.

For the inductive step of the definition assume that functions G(x1,...,2,), H(21,...,Zn,y,2) € EL
Then function F(z1,...,%,,y) defined by the following primitive recursion

F(ar,...,20,0) = Glan,... )

F(zl,---,$n,y+ 1) = H(I17"'a‘rnayaF(l‘h"-vxnay))
belongs to £*1. To complete the definition of £¢, i > 0 take the closure with respect to the basic operations
from the aforementioned list. Clearly, £/+! > &1,

Observe that £2 contains all the polynomials with integer coefficients and £3 contains all the towers of
exponential functions [?]. The union U;.&? coincides with the set of all primitive-recursive functions.

The principal complexity result of the paper states that

Theorem 4.0.1. The complexity of the resolution algorithm can be bounded by L- F(d,n,q, p) for a certain
function F € £m+2,
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Remark. Below in the proof we give a more explicit form of F' providing an additional information on its
dependance on d,n,q, . But the main consequence of the Theorem is that m = dim X brings the most
significant contribution into the complexity bound.

Proof of the Theorem we conduct by induction on m. It is instructive to represent the resolution algorithm

in a form of a tree T" as in the

Each node a of T' corresponds to an intermediate tuple T, =
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