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Introduction

Hironaka introduced certain additive group schemes in [H5] to obtain information
about the locus of near points under a permissible blow up in resolution of singular-
ities in positive characteristic. The aim of this thesis is to introduce new additive
group schemes, adapted to the locus of very near points, and to show that they have
properties comparable to Hironaka’s group schemes.

Let X be a scheme, say reduced and excellent. In resolution of singularities one
considers the question if it is possible to find a proper and birational morphism
m: X — X such that X is regular. In his famous paper [H1] Hironaka proved the
existence of resolution of singularities for algebraic varieties of arbitrary dimension
over a field of characteristic zero. He was honored with the Fields medal for this work
in 1970. Originally the proof was not constructive and very technical. Building on
Hironaka’s ideas several results were accomplished during the last decades, leading
to constructive and accessible proofs. This movement began with Villamayor [Vi]
and Bierstone and Milman [BM1], [BM2] and was continued by Encinas and Hauser
[EH], Hauser [Hal, Cutkosky [Cul], and Wlodarczyk [W]] to name but a few.

In positive characteristic the first proof of resolution of singularities of surfaces
goes back to Abhyankar [Abl]. He showed resolution of singularities of threefolds in
positive characteristic over an algebraically closed field of characteristic p # 2,3,5
in 1966. The proof in [Ab2], [Ab3], [Ab4], [Ab5] and [Ab6] is extremely long and
difficult. Abhyankar’s results have been simplified by Cutkosky [Cu2], [Cu3]. Lipman
proved resolution of two-dimensional excellent schemes ([Li]). He used not only blow
ups but also normalizations, so this does not give embedded resolution. Cossart,
Jannsen and Saito proved canonical resolution of singularities for excellent schemes
of dimension two based on an idea of Hironaka only with blow ups ([CJS] 2009), and
hence embedded resolution. Cossart and Piltant showed the existence of a birational
and global resolution in dimension three under the condition that the base field is
differentially finite over a perfect field ([CP1] 2008, [CP2] 2009). They announced a
similar result for the arithmetic case, see [CP3]. Hitherto no approach succeeded in
higher dimensions. A weaker kind of resolution in positive characteristic was obtained
by de Jong using alterations ([dJ]).

Invariants

Let X be a locally noetherian scheme. A standard approach to resolve its singularities
is a blow up 7 : X’ — X of X in a center D C X. Let C'x, be the tangent cone of X
at x, which contains the tangent space Tp , of D at x. Then the blow up leaves X\ D
unchanged and a point z on D is replaced with the projective space P(Cx 4 /Tp z)
associated to Cx /T 4, at least if D is regular at  and X is normally flat along D
at z. D is then called permissible at . One uses invariants to measure singularities
and to see if the situation at a point 2’ € 7~1(x) has improved.
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As a first invariant we use the Hilbert series Hx , € N[[T]] of the tangent cone
Cx . With the notations from above one wants the estimate

(1) HY), < Hx.

in order to assure that the singularity at 2’ does not become worse. Here H)(?,) o

is the Hilbert series of Cx ,r x A? where Cx 4 is the tangent cone of X’ at 2’
and d = tr.deg(k(2’)/k(x)). Property (I) was proved by Bennett ([Be]) and by

Hironaka ([H4, Th. I]) in the slightly weaker form H (d,—H,) < Hy (1). Singh could
show (I) in its full strength ([Sil]). In [H1] Hironaka uses another invariant, the
v-invariant v}(X) € NN that behaves differently from the Hilbert series. He proves

vi(X') < vi(X) and HY) , = Hx, if and only if v%(X’) = v3(X) ([H4, Th. II,
I11]).

(I) can be an equality. In this case 2’ is called near to x. The Hilbert series
has to be extended to a subtler invariant to see also smaller improvements in the
singularity under blow ups. As a second invariant we use the dimension of the ridge
of Cx 4. The ridge Rid(C') of a cone C'is the largest homogeneous additive group that
leaves the cone invariant under translation inside some surrounding vector space. In
characteristic zero, ore more generally over perfect fields, it always coincides with the
directrix, at least up to reducedness. The directrix of the cone C' is the largest vector
space Dir(C) that translates the cone C' onto itself. The inclusion Dir(C') C Rid(C)
can be strict in positive characteristic. The invariant dim Rid(Cx ;) was employed
by Hironaka in [H1] and he proved ([H2, Th. (1,A)]) that for near points

(IT) dim Rid(Cx o) + d < dim Rid(Cx,).

The point 2’ is called very near to x if (II) is an equality as well. Resolution is
achieved if one can show that there is no infinite sequence of singular very near
points under continued blow ups. For this purpose Hironaka associated a polyhedron
to the local ring Ox , ([H3]). In this work we only deal with the first two invariants
and our objective is to gain as much information about the singularities from them
as possible.

Hironaka schemes

Hironaka made an attempt to gain more information about the locus of near points
inside 7~!(z) in positive characteristic by introducing certain group schemes in
[H5]. They are called Hironaka schemes now. To a point y of an affine space
V = Spec(S),S = k[Xo,..., Xp] one associates a subgroup B, of V: The ring of
invariants U, of By in S is generated by those homogeneous polynomials f € S with
! 1)! Hy, where Y = Spec(S/(f)) and d = tr.deg(x(y)/k). With the notations
from above let V' be some vector space containing Cx ,/Tp, A Then 2’ € PV and
we write B, for the Hironaka scheme B,,, where y € V and 2’ € PV are defined by
the same prime ideal in S. Hironaka proved that B,  is contained in the ridge of
Cx.+/Tp.. if (I) is an equality ([H4, Th. TV]).

Therefore 2’ € P(Rid(Cx »)/Tp,) if 2’ is near to x. This can be proved without
the use of Hironaka schemes, but Hironaka schemes are very special and rare group



schemes and one can say more: Hironaka proved that all Hironaka schemes of dimen-
sion < p are vector spaces in characteristic p and that there is precisely one type of
non-vector space Hironaka scheme of dimension 3, namely

Spec(k[Xo, ..., X3] /(X3 + a2 X7 + a1 X3 + a1a2 X3))

for char(k) = 2 and [k?(a1,as) : k%] = 4 ([H5], see Type 3 in 10.8 of this thesis).
Oda was able to characterize Hironaka schemes via their Dieudonné modules using
differential operators and classified Hironaka schemes up to dimension 5 ([Od], see
also 10.8). Mizutani sharpened the original bound of Hironaka. He showed that in
characteristic p all Hironaka schemes of dimension < 2p — 2 are vector spaces and
that there is precisely one type of non-vector space Hironaka schemes of dimension
2p — 1 ([Mi], see 10.9).

The benefit of these observations lies in the following: If B, is a vector space, then
a near point z’ must lie in the subspace P(Dir(Cx ;)/Tp,) € P(Rid(Cx)/Tpz)-
Therefore dim X < 2char(k(z)) — 2 or char(k(z)) = 0 imply that all points near
to « must lie in P(Dir(Cx ;)/Tp,) (cf. [CJS, 2.14]). Thus the locus of near points
is narrowed down. Near points can lie outside of P(Dir(Cx,)/Tp,) if dimX >
2char(k(z)) — 1. In [CJS] this is considered as one of the main obstructions to a
generalization of their proof to higher dimensions. The more severe obstruction is
the missing of a tertiary invariant in dimension > 3.

Mizutani conjectured that Hironaka schemes of exponent e must have dimension
at least 2p®—1, where p is the characteristic of the ground field ([Mi]). The exponent e
measures how far away a Hironaka scheme is from being a vector space (see 10.6). The
author was able to show that a Hironaka scheme of exponent e must have dimension
at least e(p — 1) + p ([Di], Th. E). Remark: In [Ru, 5.2] Russell claims the existence
of Hironaka schemes of dimension 4p — 2 with any exponent e > 2. This cannot be
true in view of the dimensional bound e(p — 1) + p which depends on e.

Refined Hironaka schemes

Hironaka schemes are constructed with respect to the Hilbert series. In this work we
introduce refined Hironaka schemes with respect to the extended invariant consisting
of the Hilbert series and the dimension of the ridge. To a point y of an affine
space V' = Spec(5),S = k[Xo,..., X,] we associate a subgroup F,, C V: Its ring
of invariants V, is generated by those homogeneous additive polynomials f € U,
for which also the initial form of f at y is additive. We will show that at least in
low dimensions V, is generated by those homogeneous polynomials f € S with the
following property: For the hypersurface Y := Spec(S/(f)) one has the equalities
H{) = Hy, and dim Rid(Cy,) +d = dim Rid(Cy), where d = tr. deg(r(y)/k). The
natural inclusion By C F), is an equality if B, already is a vector space. This always
holds in characteristic zero, so we will not discuss this case. The inclusion B, C F},
is strict if B, is not a vector space in all examples known to the author.

Let still be X a locally noetherian scheme and 7 : X’ — X a blow up with center
D C X, permissible at z € D and 2’ € n71(z). If Cx/Tp . C V, then 2/ € PV and
we write Fy for the refined Hironaka scheme F, where 2’ and y are defined by the
same prime ideal. We are able to transfer [H4, Th. IV], [Mi, Theorem 2.8] and [CJS,
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2.14] to some extent to this new situation and get the following results:

Main Theorem A. If (I) and (II) are equalities and
(III) dimX <5 or dimX < 2char(k(z)) —1,

then Cx /Tp 4 is invariant under the action of the refined Hironaka scheme Fy.

Main Theorem B. Let F' be a refined Hironaka scheme over a field k of positive
characteristic. If dim F <5 or dim F' < 2char(k) — 1, then F is is a vector space.

Main Theorem C. If (1) and (II) are equalities and (III) holds, then

2’ € P(Dir(Cx4)/Tp.x).

C diminishes one of the obstructions to a generalization of the proof of [CJS] to
higher dimensions.

For the proof of these theorems we will introduce a certain new kind of good
coordinates (dissecting variables) at points of an affine space. To prove A in the
presence of such variables, we will roughly show the following: If (I) is an equality,
then certain equations giving rise to the ridge of Cx ,/Tp , at the origin, give rise to
the ridge of this cone at the point y under taking their initial forms. With ’giving
rise’ we mean that equations of the ridge can be computed from these equations via
differential operators. The necessity to ensure the existence of dissecting variables as
well as the proof of B will then be reduced to a few situations: In the end we succeed
in proving A and B in low dimensions using the classification of Oda in a case by
case analysis. C is a direct consequence of A and B.

The obstruction to generalize the main theorems to higher dimensions lies in
the fact that Hironaka schemes become increasingly intransparent in higher dimen-
sions and our proof depends on analyzing all types of them. Theoretically, the main
theorems (at least A) could be proved in any dimension if one could investigate the
behavior of all Hironaka schemes up to that dimension. But instead of this seemingly
inaccessible approach one rather should try to give a better description of the refined
Hironaka schemes, maybe in form of a criterion describing their rings of invariants
with differential operators.

In this work we find exactly one example of a non-vector space refined Hironaka
scheme, namely the hypersurface of dimension 7 defined in Spec(k[Xy, ..., X7]) by the
equation

Xg + a1X12 + a2X22 + a3X§ + alang + a1a3X52 + a2a3X62 + a1a2a3X72,

where char(k) = 2 and [k%(a1,a2,a3) : k*] = 8 (see 10.8, Type 4-4). In view of
the similarity to the minimal non-vector space Hironaka scheme in dimension 3 from
above, it seems likely that this is the smallest non-vector space refined Hironaka
scheme.



Content

In this work we try to give a comprehensive account of the overall situation and
proceed as self-contained as possible. In chapters 1 to 6 the technical framework will
be settled.

The most important tool we will use are the differential operators discussed in
chapter 2. We determine them in positive characteristic in 2.2. Furthermore we are
able to prove a very general version of a Jacobian criterion using these operators (see
(2.3.5)): For a prime p of a formally smooth A-algebra B such that also Quot(B/p)
is formally smooth over A one has b € p(™ if and only if Diﬂ?fln_l(B)(b) C p. This
criterion seems to be new and can be used to compute the locus of higher orders.

Hironaka schemes as well as our refined Hironaka schemes are algebraic groups
of a certain specific type. In chapter 3 we characterize these homogeneous additive
groups ((3.3.8)). Along the way we show how the mentioned differential operators
can be computed on such groups in (3.2.3). In particular we introduce a basis of these
differential operators with respect to additive polynomials in (3.3.2). This basis seems
to be new and plays an important role in the proof of the main theorems.

After recalling filtrations, Hilbert series and bifiltrations in chapters 4 and 5, we
deal with the ridge and the directrix of a cone in chapter 6. We generalize Giraud
bases to o-Giraud bases and show that also the latter ones can be used to compute
the ridge. After recalling permissible blow ups in chapter 7, we will give a modified
proof of (I) and (II) in chapter 8. This proof emphasizes the properties of cones and
only consideres blow ups in the last step.

In chapter 9 we present Hironaka schemes and particularly investigate [H4, Th.
IV]. We develop refined Hironaka schemes and give a proof of the main theorems in
chapter 10.
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Conventions and notation

Unless mentioned otherwise a ring will always refer to a commutative ring with unit.
The natural numbers include zero: N = {0,1,2,..}. If B = ,~, By is a graded
object we denote By = €p,,-( Bn € B. All schemes considered are locally noetherian.
For a point x of a scheme X we denote with (Ox 4, mx ) the local ring of X at x
and with x(x) its residue field. If D C X is a closed subscheme, we write Zx p for
the sheaf of ideals defining D and Zx p, for the stalk of this sheaf at x € X. If
X is an S-scheme and S — T is a morphism of schemes, we write X for T' xg X.
If X = Spec(A) is an affine scheme and A a graded algebra, we write PX for the
scheme Proj(A). A} is the n-dimensional affine space over k.
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1 Polynomials

After clarifying our use of multiindex notations in 1.1 for the following chapters, we
present a short approach to Grobner bases in 1.2 and 1.3. Although we are not going
to make computational use of them, they are a good tool for theoretical work with
ridges of cones in 6.1. Finally we shift our view to additive polynomials in 1.4. These
are a technical key to homogeneous additive groups such as the mentioned ridges or
the Hironaka group schemes. In 3.4 we will continue their treatment.

1.1 Multiindices

We introduce our multiindex notation, which will be applied at various points in the
following chapters. Afterwards we focus on some orders that will lead to monomial
orders in 1.3. Throughout this section let A := N(). Here I is an arbitrary index
set at first. A is a monoid with respect to addition. The elements of A are called
multiindices.

Definition (1.1.1). For M € A we will denote with M; € N the entry of M at
i € I. The degree of M € A is the integer |[M| := >, .; M; > 0. For a system of
elements of a ring (not nec. independent nor nec. pairwise different) (x;)ic; we will
use the notation xM := [Lic; xfwl to denote monomials. For two multiindices M, N
we define a multiindex binomsial coefficient

() =TI (3

(This makes sense since almost all binomial coefficients involved in the product are
1). We define (:1) to be zero if m < 0 orm > n. For two multiindices q, M we define
their product

qM:Zqi-MiGN
el

For p € N and a multiindex M we define the multiindex pM by (pM); = p - M;.

(1.1.2) We are going to introduce several orders < on A. All of them have the
following property: For L, M, N € A one has

(1.1.2.A) L<M = L<L+N<M+N.
This implies in general for N # 0 also that

L<M = L<L+N<M+N.

11



1 Polynomials

(1.1.2.1) The componentwise (partial) order <, where M <. N if and only if
M; < N, foralli e I.

For the following orders we always assume that [ = {1,...,n}.

(1.1.2.2) The lexicographic (total) order <., where M <., N if and only if
M; < N; for the lowest integer ¢ with M; # N;.

(1.1.2.3) The homogeneous lexicographic (total) order <p;., where M <pje,
N iff [M| < |N|or |[M|=|N|and M <jer N. <pje, refines the order by degree.

(1.1.2.4) The weighted homogeneous lexicographic (total) order <, ., with
respect to some multiindex g € A where M <, pjer N iff ¢gM < gN or ¢gM = gN and
M <jex N. <yhlex 18 a generalization of <p., (take ¢ = (1,...,1)) and at the same
time also a generalization of <., (take ¢ = 0).

Definition (1.1.3). Let S = k[Xy,..., X,,] be a polynomial ring over a field k.
For a multiindex g € A = N" we can equip S with the structure of a graded k-algebra

via
Sa= P kxM.
qM=d

This includes the standard graduation for ¢ = (1,...,1).

1.2 Wellordered vector spaces

Although we will be dealing with the more explicit monomial orders on polynomial
rings in the next section, we have to linger for a moment in a more general setting.
We introduce a concept of wellordered vector spaces, which is necessary for a certain
step in the proof of the main theorems. We also introduce the concepts of exponents
and initial ideals, which play an important role in 1.3.

Definition (1.2.1). A wellorder on a set is a total order on a set (which is
then called wellordered) such that every non-empty subset has a least element, or
equivalently every descending chain of elements becomes stationary.

Lemma (1.2.2). Let (I1,<1),...,(In,<p) be wellordered sets. Then I := I X
-« x I, together with the lexicographic order < with respect to the <; is wellordered.

Proof. It is clear that the lexicographic order is total. A descending chain in I must
stabilize at some point in the first component and after this in the second one and
so on. Finally it becomes stationary in all components. O

Example (1.2.3). The lexicographic, homogeneous lexicographic and weighted
homogeneous lexicographic order from (1.1.2) are wellorders.

Definition (1.2.4). A wellordered k-vector space is a k-vector space V to-
gether with a fized k-basis (v;)ier indezed by a set I on which a wellorder < is given.
For an element 0 # v = Ziel Av; with unique A\; € k we define its exponent

12



1.2 Wellordered vector spaces

exp(v) to be the largest element i € I with \; # 0 and its initial term in(v) to be
Aexp(v)Vexp(v) - We set in(0) = 0. For a k-subspace W C 'V we define the set

exp(W) := {exp(w)|0 Fw e W} C T
and the k-subspace
Hl(W) = <in(w)>w6W = <vi>i€exp(W) cV.

Lemma (1.2.5). Let V be a wellordered k-vector space with basis (vi)ier and
W CV ak-subspace. Then (U;)icp\exp(w) 5 @ k-basis of V/W.

Proof. Assume we have Zie[\exp(W) Ait; = 0 in V/W with \; € k, not all zero.
Then 0 # v 1= } ;e pexp(w) Aivi € W and therefore exp(v) € (I'\ exp(W)) Nexp(W)
which is impossible. Thus the 7; are k-linearly independent and it remains to show
that they generate V/W. Assume that V' := W + ((v;)icnexpw))e & V and let
J :={exp(v)|v € VA\V'} # (). Since < is a wellorder, there is a least element in J and
we pick v € V\ V'’ with this exponent. But we also find v’ € V' with exp(v') = exp(v).
There is some A € k such that either v — A/ = 0 or exp(v — \v') < exp(v). The
first one implies v € V’ where for the second we get exp(v — Av') € J, which means
v — X' € V. This gives the contradiction v € V. O

Definition (1.2.6). A wellordered graded k-vector space is a graded k-
vector space V. = @, 5, Va such that V is a wellordered k-vector space with basis
(vi)ier where all v; are homogeneous with respect to the graduation on' V. We further
require dimg(Vy) < oo for all d € N. The Hilbert series H(V') of a graded k-vector
space V=@ 5 Va is the series

H(V) = dim(Vy)T? € Z[[T]].
d>0

Lemma (1.2.7). Let V be a wellordered graded k-vector space with basis (v;)ier
and W C V' a homogeneous subspace. Then in(W) C V is a homogeneous subspace
and

(1.2.7.A) H(V)=HW)+ H(V/W),

(1.2.7.B) H(W) = H(in(W)).

Proof. Since all v; are homogeneous it is clear that in(7) is homogeneous. (1.2.7.A)
is clear since dimy, is additive on finite dimensional k-vector spaces. If v; € V; we set
deg(v;) :=d. By (1.2.5) we have

H(V) = ZTdeg(vi) — deg(vi) + Z pdeg(vi) _
iel 1€exp(W) i€l\exp(W)

— H(in(W)) + HV/W) "2 Bin(w)) + H(V) — HW)

which shows (1.2.7.B). O

13



1 Polynomials

1.3 Monomial orders

We introduce Grobner bases and especially reduced Grobner bases. As we will see,
the last ones are Giraud bases and can be used to compute the ridge of a cone in
6.1. We are mainly interested in the existence of reduced Grébner bases and will not
deal with computational algorithms for them. In our approach we follow [Ei, ch. 15].
Throughout this section let S = k[X7, ..., X;;] be a polynomial ring over a field k and
A:=N"asin 1.1.

Definition (1.3.1). For M € A we define the k-linear map A\pp = S — k by
A (XN = dmn (Kronecker delta). The monomials of S are the elements XM of
S for M € A. The terms of S are the elements aX™ of S for M € A anda € k. We
say that a monomial X™ resp. a term 0 # aX™ is involved in f € S if A\y(f) # 0.

Definition (1.3.2). A monomial order on S is a total order < on A such that
for monomials L, M, N € A we have

(1.3.2.A) L<M = L<L+N<M+N.
This implies that for L, M € A we have
(1.3.2.B) L<. M = L <M.

The lexicographic, homogeneous lexicographic and weighted homogeneous lexicographic
orders on A are monomial (see (1.1.2)). We identify A with the set of monomials of
S and write Xt < XM if L < M. For terms we write ar XL < apy XM if L< M or
ar, = 0. We adopt the notions of (1.2.4): The exponent exp(f) of 0 # f € S is the
highest exponent M with respect to < such that XM is involved in f. The initial term
of f € S with respect to < is in(f) := )\exp(f)(f)XeXp(f). In particular in(0) := 0.
For an ideal I C S we define

exp(l) = {exp(f)|0 # f € I}, in(1I) := (in(f)[f € I)s-
Remark (1.3.3). For f,g € S and a monomial order < on S we have:

(i) in(f 4+ g) < max<{in(f),in(g)} and this is an equality if and only if in(f) #
—in(g) or f =0 or g=0.

(ii) in(f - g) = in(f) - in(g)-
Lemma (1.3.4) (cf. [Ei, Lemma 15.2]). A monomial order < on S is a wellorder.

Proof. Let I' C A be a subset. The ideal I := (X*|L € I')g is finitely generated
since S is noetherian. Therefore I = (X*|L € T')g for a finite subset IV C T". Let
M € I" be the least element with respect to <. For every multiindex L € T" there
exists M’ € T with X* € §- XM and therefore L >. M’ > M. By (1.3.2.B) we get
L > M and M in fact is the least element of T'. O
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1.3 Monomial orders

Definition (1.3.5). A Grébner basis of an ideal I C S with respect to a
monomial order < on S is a system of elements g1,...,g: € I such that

in() = (in(g1), ..., in(gr))-

The basis is called minimal if exp(g;) <. exp(g;) implies i = j. A minimal Grébner
basis is obtained from a Grobner basis by simply omitting some elements. The basis
is called reduced if in(g;) does not divide any term of g; fori # j. Clearly a reduced

basis is minimal. The basis is called monic if in(gy), ...,in(g:) have coefficient 1.

Lemma (1.3.6) (cf. [Ei, Lemma 15.5]). If I C J C S are ideals and < is a
monomial order on S with in(I) =in(J), then I = J. In particular: If g1,...,9¢ is a
Grébner basis of I, then I = (g1, ..., gt)-

Proof. If I C J, there would be an element f € J \ I with minimal exp(f) by
(1.3.4). But there exists g € I with in(g) = in(f) and therefore in(f — g) < in(f).
Now f — g € J together with the choice of f shows f — ¢ € I and we get f € 1.
If g1,...,9+ is a Grobner basis of I, then let I' := (g1,...,9¢)s. From I’ C I and
in(I") =in(I) we get I' = 1. O

Proposition (1.3.7) (cf. [Ei, Proposition 15.6]). Let < be a monomial order
on S and let f,g1,...,g¢ € S. Then there exist f1,..., fr, f' € S with the following
properties:

() =i figi+ [
(ii) None of the monomials involved in f' lies in (in(g1), ...,in(g¢))s-
(iii) in(f) > in(fig:i) for alli € {1,...,t} and in(f) > in(f’).

If f € Sq is homogeneous for some graduation on S as in (1.1.3) and g1 € Sqy, ..., gt €
Sa, are homogeneous, then fi, ..., f; and f" can be chosen homogeneous with f; € Sq_q,
for allie {1,...,t} and " € Sy.

Proof. We prove the existence by an algorithm. At the beginning let f; = --- =
ft = 0and f/ = f. (i) and (iii) are fulfilled and will be true after each step of
the algorithm (and the same holds for the additional condition that fi, ..., fi, f’ are
homogeneous). Step: Assume that (ii) does not hold. Then we find a term m and
an integer ¢ such that in(mg;) is the highest term of f’ with respect to < lying in
(in(g1), ...,in(g¢)). We replace f' with f' —mg; and f; with f; +m and (i) and (iii)
still hold (and still all polynomials are homogeneous). Since the highest term of f’
lying in (in(g1), ...,in(g¢)) does decrease strictly in each step, the process must end
by (1.3.4) and then (ii) also holds. O

Lemma (1.3.8) (cf. [Ei, Theorem 15.3]). Let I be an ideal of S and < a mono-
mial order on S. Then the set of monomials whose exponent does not lie in exp(I)
forms a basis of S/I.

Proof. Immediate from (1.2.5). O
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1 Polynomials

Lemma (1.3.9). Let < be a monomial order on S and g1, ...,g; and hy, ..., h, be
two monic minimal Grobner bases of an ideal I C S. Thent = r and after reindexing
we have in(g;) = in(h;) for i =1,...,t.

Proof. Since in(h;) € in(I) = (in(g1), ...,in(g;)) we have in(h;) >, in(g;) for some
j. This argument of course also works the other way round. Since in(h;) >. in(h;)
implies ¢ = [, we can derive the claimed equalities. O

Lemma (1.3.10). Let I be an ideal of S and < a monomial order on S. There
exists a unique monic reduced Grobner basis of I with respect to <.

Proof. First we prove existence. Suppose that g1, ..., g: is a monic minimal Grébner
basis of I such that in(g;) < --- < in(g;). We present an algorithm computing
polynomials hi,...,h; € I such that for all 1 < ¢ <t we will have in(h;) = in(g;).
Thus hq, ..., hy will still be a monic Grobner basis of I. Assume that hq,...,h,._1
are already computed. We now apply (1.3.7) to obtain g, = Z::_ll +hi + h, with
in(g,) > in(f;h;) for all i and such that none of the monomials of h, is divisible by
in(hy),...,in(h,—1). If we had for some ¢ that in(g,) involves the same monomial as
in(fihi) = in(f;g;), we would get a contradiction since we know that in(g,) is not
divisible by in(g;). Therefore in(g,) > in(f;h;) for all ¢, proving that in(h,) = in(g,)
and h, is also monic. Assume that one of the monomials m of h; would be divisible
by in(h,). Then we would have in(h,) < m < in(h;) which is absurd since we have
in(h,) = in(g,) > in(h;). After finishing this process, hy, ..., h is a monic reduced
Grobner basis of I. Now assume that g1, ..., g; is another monic reduced Grobner basis
of I (with the same number of elements by (1.3.9)) and also in(g1) < --- < in(g¢)
and in(g;) = in(h;). Then we can prove inductively that h; = g;. Assume we have
hi = g; for all i <r —1 and h, # g,. Then in(g,) = in(h,) > in(h, — g,) € in(I) and
therefore 0 # in(h, — g,) is divisible by some in(g;) and some in(h;). So in(h, —g,) >
in(g;),in(h;) and therefore i,j < r. The coefficient of the monomial corresponding
to in(h, — g,) must have been non zero in at least one of h, or g,, but is divisible by
in(g;) resp. in(h;), which is not possible since both bases are reduced. Therefore we
must have h, = g,. ]

Lemma (1.3.11). Let < be the weighted homogeneous lexicographic order on S
with respect to some multiindex q as in (1.1.2.4) and I a homogeneous ideal of S
with respect to the graduation as in (1.1.83) associated to q. Then the elements of a
reduced Gréobner basis of I all are homogeneous.

Proof. Let g1, ..., g: be a reduced Grobner basis of 1. Assume that g; is not homoge-
neous. Then we can write gy = hy+- - -+hs where h; is of degree i. Let in(h;) = in(g;)
and h; # 0 with j # i. Since h; € I we have in(h;) € (in(g1), ...,in(g¢)). Therefore
in(h;) >, in(g;) for some I. For [ > 1 this contradicts the reducednes of the basis.
For [ =1 we get in(h;) > in(g1) = in(h;) which also is a contradiction. O

1.4 Additive polynomials

The last part of this chapter deals with additive polynomials, an absolutely central
theme of this work. A polynomial f(X) is called additive if f(X +Y) = f(X) +
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1.4 Additive polynomials

f(Y) for second indeterminates Y. We will study this property in detail in chapter
3 and will see that it coincides with definition (1.4.1) which we are going to use
here. Throughout this section k is a field of positive characteristic p > 0 and S =
k[X1,...,Xp]. S is graded in the standard way.

Definition (1.4.1). A homogeneous additive polynomial (also called totally
inseparable form) in S is a polynomial

o= X{+ - +a X}

where q is a power of p. We will denote the k-vector space spanned by all totally
inseparable forms of S with L = L(S). The Frobenius F : S — S, f — fP restricts to
L. Therefore L is a (left-)k[F]-module. k[F| is not commutative: for a € k we have
Fa = aPF. We can regard k[F] as a graded k-vector space with (k[F))q = kF®. Then
L becomes a graded k[F|-module since F Ly C Lgy1, where Ly is the k-vector space of
all homogeneous additive polynomials of degree p®. L = @D >0 La and in particular
Lo = Si, where we always regard S with the standard graduation in this context. A
system of elements o = (01, ...,0m) of L is called arranged if

n
o, =X+ g a; X
j=it1

such that g1 < -+ < qp. 1t is called well arranged if additionally a;; = 0 whenever
¢ = qj. For an arranged system we define A" := N™ and

N = {M e N"\M; < q1,.... My, < @}

Remark (1.4.2). We could make our definitions more intrinsic in the following
way: For a field k of positive characteristic p and a finite dimensional k-vector space
U let S := Sym (V). The absolute Frobenius F acts on S and we define Ly :=
kFY(S)) and L = D>0 La- What we call arranged system was already used by
Hironaka [H5, (1.2)] and Giraud [Gi, T 5.4].

Remark (1.4.3). We will frequently study graded k[F]-submodules Q of L (cf.
[Od]). Such a module is always a free k[F]-module. In fact k-linearly independent
elements T1,...,7m € Lq also are k[F]-independent. Thus the following algorithm
yields a homogeneous k[F|-basis of Q: Choose a k-basis T1,..,Te, of Qo. Complete
F(71)y ey F(Tey) With Teg41, s Tegte, € Q1 to a k-basis of Q1. Go on like this. The
process finally stops since dimyg, Qg is bounded by n. The resulting T; then are are k[F]-
basis of Q). By renumbering the variables and taking suitable linear combinations one
can transform such a basis into a well arranged system.

Let us study the behaviour of k[F]-bases first in the easy case of an arranged system.
Lemma (1.4.4). If o is an arranged system in L as in (1.4.1), then the mono-
mials (UNXM)NEA/,MGA" form a k-basis of S and explicitely for the lexicographic

order on A

(1.4.4.A) exp(oV XM) = M + (¢1 N1, ..., N, 0, ..., 0).

17
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The polynomials of o are algebraically independent over k and o is also a k[F]-basis
of the graded k[F|-module (o). o is a minimal Grébner basis for the lexicographic
order with X1 > --- > X, of the ideal (0)s and if o is well arranged it is the unique
monic reduced Grobner basis of (0)s. The monomials (XM)prepnr form a k-basis of

S/{o)s.

Proof. (1.4.4.A) is clear from (1.3.3) and the exponents on the right side of (1.4.4.A)
precisely span A without any recurrences, proving that (o/VX™) is a k-basis of S.
Therefore also o1, ..., 0., are algebraically independent. Assume there would be f €
(0)s with in(f) & (in(0y1), ...,in(0m))s. Then by (1.4.4.A) we must have in(f) = XM
for some M € A”. But if we develop f in the k-basis above we must get f =
Zo <.NeA MeA” ON, oV XM and this is a contradiction. Thus o is a Grébner basis
of (o)g. It is minimal again by (1.4.4.A). If o is well arranged, then by definition o
is reduced. The (XM)pepn are a k-basis as claimed by (1.3.8). O

In almost all situations we could assume without loss of generality that, after rein-
dexing the variables, we find for a graded k[F]-module @ C L a basis in form of
an arranged (or well arranged) system. However we also state the following more
general result which can be used in the case that certain k[F]-independent elements
have to be fixed. This will be useful in the proof of the main theorems.

Lemma (1.4.5). Let o = (01,...,0m) be a system of homogeneous additive k[F]-
independent polynomials in S = k[X1,...,X,] of degrees ¢ = (qu, ..., ¢m) with ¢ <
<+ < gm. Then, after renumbering the X;, the following hold with AN, A" as in
(1.4.1):

(1) The (N XM)Nen amenr form a k-basis of S making S into a wellordered k-
vector space. Here (N, M) < (N',M") if gN+ |M| < gN'+|M'| or gN +|M| =
gN' + |M'| and (N, M) <jex (N, M') (componentwise lexicographic order and
lezicographic order on the product).

(ii) The images of the monomials (XM)prepnr form a k-basis of S/(c)s.

In particular (o)s N B yrean kXM = 0 and o is algebraically independent over k.
If o; = o, + o] are decompositions with o, € k[Xi,..., X\, 0! € k[X,yi1,...,X5]
homogeneous and additive of the same degree such that o' = (o},...,00,) is k[F]-
independent, then the renumbering can be achieved in such a way that X411, ..., Xy
are unchanged.

Proof. Consider the k[F]-module Q := (0)x). Since Qo + kX1 + -+ + kX, = Lo,
after renumbering the variables, we find 1 < ip <n+1 with Qo@®kX;, & - B kX, =
Ly. We proceed inductively. Assume we already have Q); © kXZJ o DkXP = L;
forall j =0,..,k—1with 1 <4y <--- <1 <n+ 1. By applying kF' we have
Qr + k:Xl]-f_1 + -+ k:Xﬁk = Lj, and therefore find after renumbering X;, |,..., X,
an i, with 71 < iy < n+1 and Qi ® chl-’;:C @ P k:Xﬁk = Lj. The sequence
igp < i1 <--- then terminates. In the case of the decompositions o; = o} + o} we use

this algorithm for ¢’ in k[Xq,..., X;] and renumber only the variables Xi, ..., X,,.
Adding the other variables again we get

Ly = (0")r)k @ kXE @ - @ kXE = (o)) + KXE + -+ kXE
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1.4 Additive polynomials

and hence also the latter sum is direct (by the number of generators). We come to
the proof of (i) and (ii). Note that ¢; < p is equivalent to k:azf]/ql P '@k‘afj/(“ CQj
which is equivalent to i < i; and therefore ¢; = min{p’|i < i;,j > 0} for i =1, ..., m.
For g¢; = p’ we have i < i; and X' € Q; @/{:ijj @S- ~€BkX£j. Thus we have a system
of generators in (i). A" and A” only depend on Q. Therefore

Ng:=#{(N,M) € A" x A"|qN + |M| = d},

i.e. the number of terms (0¥ XM)ncpr prenr with a given degree d, only depends on
Q. By choosing an arranged system as a k[F]-basis of @ we find with (1.4.4) that
dimy Sy = Ny and therefore we have linear independency in (i). With respect to the
order in (i) we have exp({o)g) = (A’ \ {0}) x A” and (ii) follows from (1.2.5). O

The following two lemmas present a toolbox for relating ideals of S, k[F]-modules
and certain subrings of S, that will be completed by (3.4.4).

Lemma (1.4.6). If U C S is a graded subalgebra generated by additive polyno-
mials, then we have inclusion preserving inverse bijections

I—-UnlI
homogeneous ideals I of homogeneous ideals of

S with S-(UNI)=1 the graded ring U
S-J+—J

Proof. It is clear that both maps are well-defined and inclusion preserving. It re-
mains to show that for a homogeneous ideal J C U we have U N (S - J) = J, where
the inclusion D is clear. @ := UNL C L is a graded k[F]-submodule and we can find,
after renumbering the variables, a k[F|-basis o of @ in form of an arranged system.
For f € S-J we can write f = >, ,can XMgyr for certain gy € J C U. From the
structure of the basis of S in (1.4.4) we see that f € U implies gpy = 0 whenever
M # 0 and then f = gg € J. O

Lemma (1.4.7). Let Q be a graded k[F|-submodule of L. We have SQNL = Q
(cf. [Od, 2.3 (b)]) and the maps a — aN L and Q — SQ are inverse inclusion
preserving bijections between the set of ideals of S generated by homogeneous additive
polynomials and the set of graded k[F|-submodules of L.

Proof. Let o = (01, ...,0,,) be an arranged system generating a k[F]-module @ C L
(after renumbering the variables). Then L has a k-basis consisting of all p-powers of

the o; and the monomials Xfl for i < m and p' < deg(o;) or i > m. On the other
hand SQ has the k-basis (see (1.4.4)) 0¥ XM where N >. 0 and M is arbitrary. Both
bases are subbases of the whole basis (0¥ X M) ycar prean. Therefore SQNL = Q. If
a is generated by homogeneous additive polynomials, then S(aN L) = a. O
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We are introducing the concept of derivations and differential operators as in [EGA,
Orv 20, IV 16] (see also [Gi, III §1], [H6, II]). We are mainly interested in absolute
differential operators of polynomial rings over fields of positive characteristic. Their
analysis splits into two parts: Finding the differential operators with respect to the
variables will we dealt with in 3.3 using the group structure of an affine space. The
absolute differential operators of a field will be treated in 2.2. In 2.3 we present a
very general version of a Jacobian criterion using absolute differential operators. This
criterion can be used not only to determine the singular locus of a variety but also
the locus of higher orders.

2.1 Derivations and differential operators

Throughout this section let A be a ring, B an A-algebra and M a B-module. We
are introducing the concepts of derivations and differential operators. For the latter
we will give three equivalent definitions (see [EGA, IV (16.8.8)]), all of them useful
in certain situations.

Definition (2.1.1). An A-linear derivation from B to M is an A-linear map
D:B—M
which satisfies the Leibniz rule, i.e. for all b,/ € B:
(2.1.1.A) D) = V' D(b) + bD(V).

The A-derivations from B to M form a B-module, the module of relative deriva-
tions of B over A with values in M, which we will denote Ders(B, M). The multi-
plication of D with a scalar b € B is the obvious one: (bD)(b') = bD(V'). In the case
M = B we also write Der o(B). Each ring B is in a unique way a Z-algebra und we
call Derz(B, M) the absolute derivations of B with values in M.

This concept of derivations will now be generalized to derivations ’of higher oder’, the
so-called differential operators, through an analogue of formula (2.1.1.A) for several
factors.

Definition (2.1.2) (cf. [EGA, IV (16.8.8) c¢)]). An A-linear differential oper-
ator from B to M of order < n is an A-linear map

D:B—-M

which satisfies the generalized Leibniz rule, i.e. for elements b = (by, b1, ...,b,) of B
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2 Differential Operators

and the multiinder 1= (1,...,1) € A ;= N*+1;

(2.1.2.A) > (=)FEDEM) =o.
L.MeA,L+M=1

These differential operators form a B-module Diﬁ’%”(B, M), the module of relative
differential operators from B over A of order < n with values in M. In the case
M = B we also write Diﬁ’%”(B). Again we have the module of absolute differential

operators Dift5" (B, M).
Lemma (2.1.3). We have
Diff5(B, M) = Homp(B, M) = M
and there is a canonical isomorphism of B-modules
Diff$! (B, M) —— Dera(B, M) ® M

D+ ((b— D(b) —bD(1)),D(1))
(b — D(b) 4+ bm) «— (D, m).
In particular Der(B, M) C Difffll(B, M).

Proof. This is a straightforward computation (see [Di, (1.1.5), (1.1.6)]). O

(2.1.4) The humongous formula (2.1.2.A) is not very useful to derive properties
of differential operators. Therefore we introduce universal properties characterizing
derivations and differential operators (cf. [EGA, IV (16.8.1), (16.3.7)]). They will be
used in 2.3.

(2.1.4.1) Let Ig/4 be the kernel of the multiplication map
m:B®sB—B, bl —b-b.

In the following we view B® 4 B (and derived objects) always as a B-module via the
left factor of the tensor product. The B-module g/, is generated by the elements
d(b) :=1®b—b®1 forb e B: If Zj Tj®y; € Ip)a, ie. Zj zjy; =0, with z;,y; € B,
then
Yowi@yi=y wloy -y el)+y wyel=) zdy)).
J j J J

(2.1.4.2) Now we have the B-module of (relative) (Kéhler-)differentials of B over A
Qpa = Ip/a/T)a
together with the derivation
dpja: B = Qpa, dpa(b) =d(b)mod I3, =10b—b@1modI),.

dp/a € Der (B, Q}B/A) since the image of dg/4 is contained in I, 4 and for b, bV eB
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we see that
d(bb') = bd(V)) —=Vd(b) =10 —bb' @1 —-bV +bV @1 -V @b+bb' ® 1=
=(1eb-bo1)-(10b -V 1) =db)d) € Ip,,
(2.1.4.3) Further we have for all n € N the B-module
Pha =B ®a B/Ig‘/"j‘

together with the differential operator

dfyp: B = Phas dpab) =1@bmod ITTL

A s € Diff%"(B,Pg/A) since for elements b = (by, ..., b,) of B (2.1.2.A) is fulfilled:
Iy 3 d(bo) -~ d(by) = (1@ bg —bg @ 1)+ (1@ by — by ®1) =

= Y =pFr e = " (—)Ht -y, ™).

L+M=1 L+M=1

Proposition (2.1.5) (Universal properties of (Q}B/A’ dp/a) and (PE/A, d%/A)).

(i) (QIB/AvdB/A) has the following universal property:
For every B-module M and every A-derivation D : B — M there exists exactly
one B-module homomorphism ¢ : Q}B/A — M with podp/q = D:

dp/a
x s
M

This yields an isomorphism of B-modules

Ql

B B/A

HomB(Q}B/A,M) —~ s Dera(B, M), @ podp/a.

(ii) ( g/A,d%/A) has the following universal property:
For every B-module M and every A-differential operator D : B — M of order
< n there exists exactly one B-module homomorphism ¢ : PB/A — M with
po d%/A =D:

A3 /a

N2

This yields an isomorphism of B-modules

n

B B/A

Homy (P M)~ DIES'(BM), o pody
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Proof. See [EGA, IV (16.8.8)]. O

We come to a third characterization of differential operators that is particularly useful
in proofs using induction.

Definition (2.1.6). For a map D : B — M and an element b € B we denote by
[D,b] : B— M the commutator map given by [D,b|(b') = D(bb') —bD(V'). If D is
A-linear, then so is [D,b]. In the case M = B we will use commutators [D, E| also for
maps D, E : B — B. In the following we make the convention Diﬂ"f_l(B, M) = {0}
for consistency.

Lemma (2.1.7) (cf. [EGA, IV (16.8.8) b)]). Let D : B — M be an A-linear
map. For n € N the following are equivalent:

(i) D is a differential operator of order < n.
(ii) For all b € B the commutator [D,b] is a differential operator of order < mn — 1.

Proof. (i) = (ii): For elements ¢ = (cg,...,cp—1) of B and b € B we set ¢ =
(coy -y Cn—1,b) and find

> (=DH D, b] (M) = > (—D)H [ED(beM) — cFbD(M)]

L,MeNn [+M=1 L,MeN" [+M=1
L M
= Dy (—)H D™y = 0.
L MeN?+1 [+ M=1

For (ii) = (i) just read the calculation backwards. O

Corollary (2.1.8). We have the chain of inclusions
Diff$°(B, M) C Diff5'(B, M) C Diff5*(B, M) C ... .

Proof. Let D € Diﬂ“f‘”(B,M ). It is obvious from the Leibniz rule that for any
element b € B also the maps b/ — D(b-b') and b’ — bD(b') are differential operators
of order < n. Therefore for any b € B we know that [D,b] is a differential operator
of order < n. By (2.1.7) D is a differential operator of order < n + 1. O

Proposition (2.1.9) (cf. [EGA, IV (16.8.9)]). If D € Diff5"(B) and D' €
Diff$"(B), then D' o D € Diff5™"(B).
Proof. For three A-linear maps D, E, F' : B — B we have the identity
[DE,F) = DEF — FDE = D(|E, F]+ FE) + ([D,F] — DF)E = D[E, F| + D, F|E.

The proposition will be proved by induction on d := m-+n. For the induction step we
use criterion (2.1.7). We have to show that for all b € B the commutator [D'D, b] is a
differential operator of order < d—1. This is clear from [D'D,b] = D'[D,b]+ [D’,b]D
and the induction hypothesis: the differential operators [D,b] and [D’,b] have order
<m—1resp. <n—1. (Note that the only differential operator of order < —1 is the
zero map, this also starts the induction with d = 0.) ]

24



2.2 Differential operators in positive characteristic

(2.1.8) and (2.1.9) mean that the module of all A-linear differential operators on B

Diff 4(B) := | ) Diff"(B)
n>0

is a (noncommutative) filtered B-algebra.

Lemma (2.1.10). For D € Difff‘"(B,M) and a subring C C B the following
are equivalent:

(i) D is C-linear, i.e. D € Diffén(B,M).
(ii) D(c) =c¢-D(1) for all c € C and [D,b] is C-linear for all b € B.

Proof. (i) = (ii) is clear. (ii) = (i): For elements b € B and ¢ € C we find
D(cb) — ¢bD(1) = D(cb) — bD(c) = [D,b](c) = ¢(D(b) — bD(1)) = ¢D(b) — ¢bD(1),
thus D(cb) = e¢D(b). O

2.2 Differential operators in positive characteristic

On a polynomial ring over a field of characteristic zero there exist only differential
operators with respect to the variables. But in positive characteristic there exist, at
least over a non-perfect field, also differential operators with respect to elements of
the field itself.

Lemma (2.2.1) (cf. [Gi, III 1.2.2]). If B is an A-algebra of prime characteristic
p >0 and M is a B-module, then for n < p®

Diff$"(B, M) = Diﬂﬁﬁgpe] (B, M).

Proof. We fix e and proceed by induction on n = 0,...,p¢ — 1, where the claim is
certainly true for n = 0. For b € B we use the Leibniz rule (2.1.2.A) with by = --- =
bye—1 = b for D € Diff3*"~"(B) and get

e

p € . . e .
3 (p. >(—1)1bZD(bp‘Z) — 0.
im0 \"
Thus D(bP°) = b*° D(1). The induction step is therefore done with (2.1.10). O

Definition (2.2.2) (cf. [EGA, Ory (21.1.9)]). Let B be a ring of prime charac-
teristic p. A family of elements (x;);er of B is called p-independent (resp. system
of p-generators, resp. p-basis) of B if the family of monomials xV in x with
NeA:=ND 0<N; <pforallielisa free family (resp. system of generators,
resp. basis) of the BP-module B.

Remark (2.2.3). Let B be a ring of prime characteristic p, assume that the

Frobenius F : B — B,bw bP is injective and let (x;);cr be a p-basis of B. Then the
monomials £V with N € (p*N)) 0 < N; < p*! for all i € I form a p-basis of BP
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2 Differential Operators

since F¢ : B — BP° is an isomorphism. By induction therefore the monomials x™
with N € A,0 < N; < p€ for alli € I form a B -basis of B.

Remark (2.2.4). Every field of positive characteristic has a p-basis and one also
has the usual basis extension properties. For details see [EGA, Ory 21.4].

Proposition (2.2.5). Let (b;)ier be a p-basis of B and suppose that F' : B — B
is injective. For every multiindex M € A = NU) there exists Dy € Diff;m(B) with

(2.2.5.A) Dy (W) = <]\]\;> pN—M

for all N € A. Every D € Diff%"(B) is a (possibly infinite) sum

(2.2.5.B) D= > cuDy
|M|<n

with unique coefficients cpr € B.

Proof. Let M € A be given with | M| < p® for some integer e. With C = BP"[X;];es
we have by (2.2.3) an isomorphism C/c¢ = B identifying X; with b;, where we take
¢ = (X — ). From (3.3.1) we get a differential operator D), € Diﬂ";gy'(C)
with D, (XV) = (]\]\;)XN_M for all N € A. By (2.2.1) this operator is BP'[CP"] =
BF[X? “lier-linear and therefore D’,(¢) € ¢. Thus D), factors to the claimed dif-
ferential operator on B = C/c. The coefficients in (2.2.5.B) are unique: Assume
we had D = 0 and ¢, # 0 for some L € A. Then we could assume that cp; = 0
whenever M <. L, but this would lead to the contradiction 0 = D(b*) = cz. Some
D € Diff"(B) is by (2.1.2.A) and (2.2.1) determined from the values D(bM) for
|M| < n. Therefore it suffices to show that for any family (das)|arj<, in B there exist
(ear)|m)<n in B with D(b™) = dyy for all [M| <nand D =3, carDas. We do this
by induction on n, where the case n = 0 is obvious. Let now (das)|arj<n+1 be given in
B. By the induction hypothesis we find a linear combination D’ of the Dy, |M| < n
with D'(bM) = dyr for [M| < n. Then D := D'+ 37 /-1 (dy — D'(0M)) Dy
satisfies D(bM) = dy; for all [M| <n + 1. O

Remark (2.2.6). The differential operators Dy from (2.2.5) all commute with
each other, but not with elements of B. This follows from (3.2.6) and the proof
of (2.2.5). They furthermore satisfy the following relation with the Frobenius F':
FioDy = Dy o FJ. This follows from a simple calculation in the p-basis and the
identiy of binomial coefficients (%) = (‘g) modulo p.

Remark (2.2.7). If (a;)ier is a p-basis of a field k of positive characteristic, then
it can be extended with the variables X1,..., X, to a p-basis of the polynomial ring
S = k[X4,...,Xpn]. Due to the fact that the operators Dy with respect to different
basis elements commute, we eventually conclude that differential operators on S can
be decomposed into such operators that are k-linear and differentiate the variables
and such operators that are linear in the variables and only differentiate the elements

of the p-basis of the field.
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2.3 Jacobian criteria with differential operators

Lemma (2.2.8). Letx = (x;)icr be a p-basis of a field k of positive characteristic
p. Let y = (yj)jes be a transcendence basis of a separable extension K/k. Then x
together with y is a p-basis of K.

Proof. First assume that K/k is algebraic. The set E of subfields K/FE/k such
that z is a p-basis of E is inductively ordered and nonempty (k € E). In fact, a
chain (Ep)nem in E has the upper bound E := |J,cy Ep: If there is an E-linear
combination of the ™ with 0 < M; < p for all ¢ € I to zero, all the coefficients can
be found in one of the E}, therefore are zero. Every e € E lies in one of the Ej and
therefore is generated by the zM over Eﬁ C EP. Thus we find a maximal element F
in E. To show that F = K we assume the contrary and find a non-trivial primitive
separable extension F/E inside K. Then also F?/EP is separable and E and F? are
linearly disjoint over EP. Therefore the EP-basis 2 of E is also an FP-basis of F
and E cannot have been maximal. In the general case we now can assume that K/k

is purely transcendental. An element % of K with f(y),g(y) € kly;|j € J] can be

written as M. Therefore z,y is a system of p-generators of K. But the ™My~
with 0 < M;, Nj <pforalli € I,j € J are also KP-independent as is easily seen. [J

Remark (2.2.9). With (2.2.8) and (2.2.5) we see that every differential operator
De Diff%”(k) for a field of positive characteristic k extends to a differential operator
D' e Diff%n(K) for a separable extension K/k. This extension is unique if K/k is
algebraic.

2.3 Jacobian criteria with differential operators

In this most technical section of the chapter we establish a connection between reg-
ularity and differential operators in form of the Jacobian criteria (2.3.4) and (2.3.5).

Lemma (2.3.1) (cf. [Gi, ITT 1.2.3]). Let B be an A-algebra and D € Diff3"(B).
For an ideal I C B and m > n we have

D(I™) C ™.

Proof. This is obvious for m = n and for n = 0. We proceed by a double induction
on m and n for which we assume the claim to be true for differential operators
of order < n — 1 with arbitrary ideal powers, and differential operators of order n
with ideal powers < m. We then show the claim for the ideal power m + 1: Let
therefore b € I,c € I™ so that bec € I"™+! and let D be a differential operator of
order n. We have to show that D(bc) € I™T1=" But we know that [D,b] is a
differential operator of order < n — 1 and therefore the induction hypothesis yields
D(bc) = [D, b](c)+bD(c) € [D,b](I"™)+I-D(I™) C I~ (=D g .= = mtl-n_ ]

In the case of a prime ideal p C B this result extends to its symbolic powers p(™, i.e.
to the preimages of the powers of the maximal ideal of B, in B.

Lemma (2.3.2). Let B be an A-algebra, p a prime ideal of B and b € B. Then
bep™ — DIt (B)(d) Cp.
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2 Differential Operators

In other words
Diff ;" (B)(»™) C p.

Proof. If b € p(™, then sb € p” for some s ¢ p. By (2.3.1) Diffflnfl(B)(sb) C p. For
D € Diff$™(B) we have [D,s] € Diff5™ '(B) and [D, s](b) = D(sb) — sD(b) shows
that [D, s](b) € p if and only if D(b) € p as long as m < n — 1 since s ¢ p. This
concludes the proof inductively because Difff_l(B) =0. O

To understand for what situations the converse of this lemma also holds, we are going
to deduce two Jacobian criteria relying on formal smoothness. Let us first recall this

property.

Definition (2.3.3). Let B be an A-algebra. We say that B is formally smooth
over A (for the discrete topologies) if the following holds: For every A-algebra C' and
every nilpotent ideal I of C' all A-algebra homomorphisms Hom 4 (B, C/I) can be lifted
to A-algebra homomorphisms Homy4 (B, C'). More precisely we say that the structure
morphism A — B is formally smooth. We will only have to consider the discrete
topology for all our applications. So, if no topology is mentioned, we are refering to
the discrete topology.

Theorem (2.3.4) (Jacobian criterion). Let B be an A-algebra and b C B an
ideal. Suppose that B and B/b are formally smooth A-algebras. Then for every b € B

and n > 1 we have
beb" <« Diff;" ' (B)(d) Cb.

Theorem (2.3.5) (Local Jacobian criterion). Let B be an A-algebra and p C B
a prime ideal. Suppose that B and Quot(B/p) are formally smooth A-algebras. Then
for every b € B and n > 1 we have

bep™ = DiffF"(B)(d) Cp.

In the case that B is a polynomial ring over a field, (2.3.5) can be found in [Gi, III
1.2.7] with a different kind of proof using completions or in [Od, 2.2] with a proof
similar to ours. Before we come to our proof of the theorems, let us deduce some
corollaries to see where they might be applied. For this we mention first a few facts
about formal smoothness:

Theorem (2.3.6) (Cohen, [EGA, Oy (19.6.1)]). Let K/k be a field extension.
Then K is a formally smooth k-algebra if and only if K/k is a (not necessarily
algebraic) separable extension.

Lemma (2.3.7) ([EGA, Opy (19.3.5) (ii), (iv) and (19.3.3)]:). Let B be an A-
algebra, C' a B-algebra and S C A,T C B compatible multiplicatively closed subsets.

(i) If A— B and B — C are formally smooth, then so is the composition A — C.
(ii) If A — B is formally smooth, then so is S~'A — T~'B.

(iii) A — A[X)ier is formally smooth for arbitrary I.
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2.3 Jacobian criteria with differential operators

Corollary (2.3.8). Let B be an A-algebra and p a prime ideal of B. Suppose that
B and B/p are formally smooth A-algebras. Then for alln > 1 we have p(™ = pn,

Proof. By (2.3.7) (ii) Quot(B/p) is formally smooth over A. Now use (2.3.4) and
(2.3.5) together. O

Corollary (2.3.9). Consider an ideal I in a polynomial ring S = K[X;)ier over
a field K. Let k be a perfect subfield (e.g. the prime field) of K. Then for all prime
ideals p C S and all n > 1 the following are equivalent:

(i) I<pm,

(ii) Iy Cpy,
(iii) Diffs"~"(S)(1) C p,
(iv) Diff5" ' (S)(I) C p.

Proof. The equivalence of (i) and (ii) is clear. Since k is perfect, K /k is separable
and therefore formally smooth by (2.3.6), but then so are S/k by (2.3.7) and also
Quot(S/p)/k. Therefore we get (i) < (iii) from (2.3.5). Choosing k to be the prime
field gives the equivalence of (i) and (iv). This is immediate in positive characteristic
and for characteristic zero we remark that Q/Z is formally smooth. O

Definition (2.3.10). Let (R, m) be a noetherian local ring. The order of an ideal
0 # t C R is defined as

vr(t) := max{n € No|t C m"}.

For a point x of a scheme X we write v, instead of vo , -

From (2.3.9) we get the following application:

Corollary (2.3.11). Consider an ideal I in a polynomial ring S = K[X1, ..., X,],
X = Spec(S), over a field K. Denote by k either a perfect subfield (e.g. the prime
field) of K or k =Z. Then for any n > 1 we have

{2 € X|va(L,) > n} = V((DIfi" " ()(1))).
For example, if I = (f) is a principal ideal, we get
Sing(Spec(5/(f))) = V((f, Derx(5)(f)))-

The rest of this section is devoted to the proof of the Jacobian criteria. We are going
to recall some facts from [EGA] and remind the reader of the notations from (2.1.4).

Lemma (2.3.12). Let B be an A-algebra and b an ideal of B. Suppose that B
and B/b are formally smooth A-algebras. Then b/b? is a projective B/b-module and
the canonical homomorphism

SymB/h(b/bQ) — gry(B)

s an isomorphism.
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2 Differential Operators

Proof. B is a formally smooth A-algebra also for the b-preadic topology on B (e.g.
see [EGA, Ory (19.3.8)]). Then the lemma follows immediately from [EGA, Oy
(19.5.4)]. m

Lemma (2.3.13). Let B be a formally smooth A-algebra. Then QE/A and all
PE/A are projective B-modules and the canonical map

SymB(Q}S/A) — @I%/A/Igﬁl
i>0
18 an tsomorphism of graded B-algebras.

Proof. In fact the isomophism and the projectivity of Q}B /A follow immediately from
(the proof of) [EGA, IV (16.10.2)] . Then SymB(Q}B/A) also is projective (e.g. see

[BA, chap. III, §6, no. 6, Corollary after Theorem 1]) and so all IE/A/IE}L‘ are
projective. From the canonical exact sequences

(2.3.13.A) 0= Ip/a/T5s — Ppja = Phjy — 0
follows immediately the projectivity of the 73}'5 /A by induction on i. O

Lemma (2.3.14) (Jacobian criterion of formal smoothness). Let B be an A-
algebra and b an ideal of B. Suppose that B and B/b are formally smooth A-algebras.
Then the canonical morphism

b/b> > Q@5 B/b, b dpab) @1
1s injective. It induces an injective morphism
Symp y(b/6%) — SymB(Q}g/A) ®p B/b.

Proof. The injectivity of the first morphism is part of theorem [EGA, Ory (22.6.1)].
In fact this morphism is left invertible since we are dealing with the discrete topologies
(see [EGA, Oy (19.1.5)]). Therefore b/b? is a direct factor in QE/A ®p B/b and so
the injectivity is inherited to the symmetric algebras (e.g. see [BA, chap. III, §6, no.
2, comment after Proposition 4]). Finally SymB/b(Q}B/A ®pB/b) = SymB(QE/A) ®pB
B/b (e.g. see [BA, chap. III, §6, no. 4, Proposition 7]). O

Now we bring this together with the modules P} e

(2.3.15) Let B be an A-algebra and b an ideal of B. Then for every n > 0 there
is a unique A-linear map j, making the following diagram commutative:
d’l’L

B/A n

B B/A

G

B/bn—l—lL E/A®BB/[)
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2.3 Jacobian criteria with differential operators

In fact (Id ® )d%/A(b"H) = 0. To see this take by,...,bp,41 € b. For d(b;)) =

1®b; — b ®1 we have d(by)---d(bps1) € Ig?j and therefore this term is zero in

PE/A ®p B/b. On the other hand expanding the term results in (1®by -+ b, 11)®1 =
(Id@1)(dlg ) (b1 - - bny1).

Proposition (2.3.16). Let the situation be as in (2.3.15) and suppose that B
and B/b are formally smooth over A. Then the map j, in the above diagram is
mjective.

Proof. We are going to explain the morphisms and their properties in the following
commutative diagram which can be considered for everey 0 <1 < n:

oot Bon P g B PL 4 @5 B/b

)

bl /b1 —2 = Symby (b/62) > Symly(Qh ) @5 B/b —L (I}, /15) @5 B/b
The unnamed arrows are the obvious inclusions resp. projections. Once this diagram
is established the claim is obvious. « comes from (2.3.12) and v from (2.3.13).
The injective morphism S was derived in the Jacobian criterion (2.3.14). The exact
sequences (2.3.13.A) split and therefore remain exact after tensoring with B/b wich
yields 6. The commutativity is now easily seen from the explicit descriptions of the
morphisms. O

Putting everything together we get

Lemma (2.3.17). Let B be an A-algebra and b an ideal of B such that B and

B/b are formally smooth A-algebras. Then the following are equivalent for an element
be B and somen > 1:

(i) Diff;~ (B)(b) b,

(i) Homp (Pp 4 B) (di h(0) < b
(iii) jp—1(bmod b™) =0,
(iv) beb™.

Proof. (i) implies (ii) by the universal property of differential operators (2.1.5).
Assume that (ii) holds and that j,—1(b mod b™) # 0. We showed in (2.3.13) that

Pg;j is a projective B-module. So Pg/jl ®p B/b is a projective B/b-module and

there exists a ¢ € HomB/b(Pg/j ®p B/b, B/b) which sends j,—1(b mod b™) not to

zero. Therefore we get a ¢’ € Homp (PB 0B / b) which sends d, /jl(b) not to zero.

By the projectivity of Pg?j we also get a ¢’ € Homp (PB /j, B) which sends d7y, /jl(b)
not to b and this contradicts (ii). (iii) implies (iv) by proposition (2.3.16). Finally
(iv) implies (i) as was pointed out in (2.3.1). O
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Proof of the Jacobian criteria (2.3.4) and (2.3.5). Lemma (2.3.17) now imme-
diately implies (2.3.4). We suppose that p is a prime ideal of B. Then b € p(™ implies
Diff”, ! (B)(b) C p as was shown in (2.3.2). By the universal property of differential
operators (2.1.5) this in turn yields

Homp (Py 4, B) (d574(0)) Cp.
Note that PP}, = (P% 1), (see [EGA, TV (16.4.14)]) and P+ is projective by

By/A — \I"'B/A B/A
lemma (2.3.13). Therefore the following lemma (2.3.18) implies

Hompg, (P 1y By ) (di 4 (6/1)) € by,

Now we use (ii) = (iv) of (2.3.17) for the local ring By and get b/1 € p and therefore
b € p(™ again. This is possible since By /vy, = Quot(B/p) and By are formally smooth

over A; the first by assumption and the latter by (2.3.7) since B is formally smooth
over A. O]

Lemma (2.3.18). Let C be a ring and T C C a muliplicatively closed subset.
Let M C N and P C @ be C-modules. If N is a projective C-module we have

Homco(N,Q)M C P — Homgp-1o(T !N, T'Q)T"'M C T7'P.
Proof. Since N is projective we have
Hom¢ (N, Q)M C P = Hom¢(N,Q/P)M =0

and we can take P = 0 = T~ ' P from the beginning. Further we can suppose that
M is finitely generated and even that M =< m >¢ is generated by one element.
First suppose that N is a free C-module. Then we can assume that N is finitely
generated and get 7! Homg(N, Q) = Homp-1o(T N, T71Q) (see [BAC, chap. II,
§2, no. 7, Proposition 19 (i)]). This concludes the proof in the case that N is a free
C-module. If N is projective there exists a C-module F such that N @ F is free. Then
T 'N@&T 'Fis afree T-'C-module. Regard M and T~'M as submodules of N& F
resp. T-'N @ T~ 'F. We have Hom¢c(N @ F,Q)M = 0 since Hom¢(N @ F,Q) =
Home (N, Q) @ Home (F, Q). So by the above argument we have Homp-1(T"!N @
TP, T71Q)T~'M = 0 and therefore Homp1(T'N, T71Q)T~'M = 0. O
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One aim of this chapter is to give easy access to the computation of the differential
operators on a polynomial ring in (3.3.1). These differential operators are well known
(e.g. see [EGA, IV 16.8, 16.11], [Gi, III §1], [H5, 2.]). Our access via groups may be
less well known. We develop a new basis of these differential operators with respect to
additive polynomials in (3.3.2). We also will characterize the homogeneous additive
subgroups of affine space, which we just will call groups for simplicity ((3.3.8) f.).
The ridges (ch. 6) as well as the Hironaka schemes (ch. 9) and our refinement for
them (ch. 10) all are such groups. We complete this chapter with some technical
preparations concerning the rings of invariants of groups in 3.4.

3.1 Cogroups

Let us first recall cogroups. We are not interested in a broad class of them. Therefore
we use the notion of a cogroup for a specific type of cogroup. While mainly interested
in the case of algebras of finite type over a field, we will begin in a more general setting.

(3.1.1) Throughout this section let A be a ring and B = @p,,~, Bn a graded
A-algebra with By = A which is generated as an A-algebra by elements of degree 1.
In this situation the projection nn : B — By = A is a homomorphism of A-algebras.
Another homomorphism of A-algebras ¢ : B — B which respects the graduation is
given by

t((bn)nen) = ((—=1)"bp)nen-

Evidently ¢ is A-linear and further it respects multiplication:

L ((bn)nEN) ’ L((b;z)nEN) = Z (_1)ibi(_1)jb; = L((bn)neN : (b%)nEN)
itj=n neN
Definition (3.1.2). A coproduct on B as above is a morphism of graded A-
algebras
A: B>B®sB

such that for every b € By
(3.1.2.A) Ab)=b1+1®b.

B admits at most one coproduct as it is generated by By as an A-algebra. If B admits
a coproduct, we call it an A-cogroup. We are considering a special class of Hopf
algebras here. An element b € B with the property (3.1.2.A) is called primitive.
In particular all elements of By are primitive. A morphism of A-cogroups just is a
morphism of graded A-algebras.
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Example (3.1.3). Let M be an A-module. Then Sym 4(M) is an A-cogroup.
In particular polynomial rings over A with the standard graduation are A-cogroups.

Lemma (3.1.4). Let B be an A-cogroup and b C By a homogeneous ideal. Then
the following are equivalent:

(i) B/b is an A-cogroup.

(ii) For all homogeneous elements b € b we have
Ab) eb®a B+ B®ab,

where the tensor products stand for their natural images in B @4 B.
(iii) b is generated by homogeneous elements b with A(b) € b®y B+ B ®4 b.

Proof. B/b is an A-cogroup if and only if A : B — B ® B factors to B/b —
B/b ® B/b. This means A(b) C ker(8 ® [3), where § : B — B/b is the projection,
which is equivalent to (ii). The equivalence of (ii) and (iii) is clear since A is a
homomorphism of rings. O

Corollary (3.1.5). Let b be an ideal of an A-cogroup B. If b is generated by
homogeneous primitive elements, then B/b is an A-cogroup.

Proof. By definition of primitivity criterion (iii) of (3.1.4) is fulfilled. O

We are going to study under which circumstances the condition in (3.1.5) is necessary
if B/b is a cogroup in (3.3.5) ff.. Now we focus on the algebraic structure of a cogroup
(cf. [Sc, 11], [KS, 8.1]).

Lemma (3.1.6). If B is an A-cogroup, then the following diagrams commute

Id®A

B®B®B

ARId

B®B

WA\
M

A
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w
M

71

B®B

bbb’ Qb

/X

B®B
where all tensor products are taken over A.

Proof. Since all arrows are A-algebra homomorphisms and all diagrams have B as
source, it is enough to check the commutativities on By, which is easy. O

We now come to the group valued functors associated to cogroups.

Corollary (3.1.7). Assume that B is an A-cogroup. For all A-algebras C the
set of A-algebra homomorphisms Hom (B, C') becomes an abelian group with multi-
plication

Hom 4 (B, C) x Homyu (B, C) — Homy (B, C), (o, 0) — (B A BeoB Y o),

mnuversion
Hom(B,C) — Homu(B,C), ¢+~ (B5B%0)

and neutral element
Ba4A— .

Proof. All axioms of an abelian group follow from (3.1.6). O

Example (3.1.8). Let B be an A-cogroup. In the group Hom 4 (B, B) we have
the relation
Idot=n=10ld,

i.e. the elements Id and ¢ are inverse to each other. This follows from the third
diagram of (3.1.6).

Lemma (3.1.9). Let B be an A-cogroup, C a B-algebra and M a C-module.
Then M is by scalar restriction also an A-module. The group Hom (B, C) operates
on the set Homa(B, M) via

Homy (B, C) x Homa(B, M) — Homy (B, M),

(0.0)— (B BeBLS coM —L s M),

cRm—cm
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Proof. We verify the axioms of an operation again with (3.1.6). O]

3.2 Differential operators on cogroups

We introduced differential operators in chapter 2. In (3.2.3) we will show how they
can be computed on cogroups. Analogous proceedings are well known at least for
derivations. Throughout this section B is an A-cogroup and M is a B-module.

Lemma (3.2.1). The two maps
w,w” € Endp(Homa (B, M))

defined for A\ € Hom (B, M) by

w\) = (B2 BeB Y BeM — M),

w\) = (BS BB BoM — M)

are inverse to each other. For elementsb = (by,...,b,) of By and 1 =(1,...,1) € A :=
N" we have the explicit formulas

wNOH = > bR,

L.MEA,L+M=1

w*(\)(b1) = S FDFEARM).

LMEAL+M=1

Proof. The maps w and w* are the actions of Id, . € Hom 4 (B, B) on Hom4 (B, M) as
in (3.1.9) and Id and ¢ are inverse to each other by (3.1.8). The formulas immediately
come by definition and (3.1.2.A). O

Definition (3.2.2). For n € N we have an inclusion
Hom'y (B, M) := Homyu (B, M) C Hom4 (B, M)
by extending X : By, — M with A\(By,) =0 for m # n. We also will use
n
Hom3" (B, M) := @5 Hom% (B, M) C Homa(B, M)
d=0

and

Hom% (B, M) := | ] Hom3"(B, M) = @ Hom’j(B, M) C Hom (B, M),
neN n>0

where b stands for bounded. The last inclusion will usually not be an equality.
Theorem (3.2.3). w from (3.2.1) yields an isomorphism

w : Hom% (B, M) — Diff 4(B, M)
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of B-modules. In particular for every n € N we have the isomorphism
w : Hom$"(B, M) — Diff5"(B, M)

of B-modules.

Proof. It is enough to prove the lower isomorphisms for all n € N. By (3.2.1) it

remains to show the first equality in
w*(D) (@Bd> = 0} =
d>n

= {D € Homa (B, M)|w*(D) € Hom$"(B, M)} = w(Hom$"(B, M)).

Diff5"(B, M) = {D € Homa (B, M)

ItD e Diff%”(B, M), then it satisfies the Leibniz rule (2.1.2.A) of order d for all d > n
(see (2.1.8)), i.e. for elements b = (bg, by, ...,bg) of Band 1 = (1,...,1) € A := NI+!

(3.2.3.A) > =) DEM) =o.
L,MeN,L+M=1

By linearity of w*(D) and the last formula of (3.2.1) we must have w*(D)(Bg) = 0
for all d > n since B is generated as an A-algebra by Bj. Let on the other hand
D € Homa(B, M) satisfy w*(D)(Bg) = 0 for all d > n. Then (3.2.3.A) holds
whenever by, ...,bg € By and d > n by (3.2.1) again. We show that this implies
D e Diff%n(B, M) by induction on n, where the case n = —1 is trivial. For b € By
we see that [D, b] satisfies the statement for n — 1 and is therefore by the induction
hypothesis a differential operator of order < n — 1. By criterion (2.1.7) it remains to
show that
C = {c e B|[D,d € Dift5" (B, M)}

is a ring since B is generated by By and A C C because D is A-linear. C'is obviously
stable under addition. For ¢,¢ € C' and b € B the calculation

[D, c’](b) = D(cc'b) — eD(c'b) + eD(c'b) — e D(b) = [D, c|(¢'b) + ¢[D, '] (b)

shows that [D, cc] € Diff 5"~ (B, M). O

There are two decompositions of differential operators we want to mention.

(3.2.4) (Order decomposition) Using the isomorphism from (3.2.3) we define
the B-submodules

Diff"y (B, M) := w(Hom" (B, M)) C Diff5"(B, M)

and call them differential operators of order n. So every D € Diff 4(B, M) with order
< n can be written uniquely as a sum

D=Dy+--+D,  D;eDiff'y(B, M).
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In other words

Diff3"(B, M) = @O Dift}y(B,M),  Diffo(B, M) = @ Diff%(B, M).
d<n deN

There is also a degree decomposition in the case M = B, which is related to
w(Homy (B, By,)) (cf. [H5, 2.]). We do not go into all details here but only present
one certain subclass of operators that we will call of degree 0. Exactly these operators
will be used to compute the ridge of a cone (see 6.1).

(3.2.5) (Operators of degree 0) We regard P ~oHoma(Bg, A) € Homa(B, B)
and define the differential operators of degree 0 on B — B to be Diff4o(B) :=
w(D g Homa(Ba, A)). This is compatible with the order decomposition and we can

define Diff} ((B) and Diﬂ"i%(B) analogously and Diff 4 o(B) is a graded A-module.
Lemma (3.2.6). Diff 4 o(B) is a commutative graded A-algebra with unit.
Proof. For A\, u € @ 50 Homa(Bg, A) we find

wNowp) =BSBeB Y B2 pyp M po

— B3 BeBAY By Be B U4, p_

(3.;6) Id @((A®p)oA) 1.6)

3.1.
B=w((A@p) od) "LV u((ne )0 A).
This multiplication respects the graduation: If A € Hom4(By, A), u € Homa (B, A),
then one easily sees that (A® pu) o A € Homy(Bj4q, A). It is clear that Id is the unit
of this ring. O

B2 BeB

3.3 Examples

(3.2.3) allows us to compute differential operators without much effort. Let us begin
with the standard differential operators on a polynomial ring.

Example (3.3.1). B = A[X]icr is an A-cogroup for an arbitrary ring A. Con-
sider the A-linear maps Ay : B — B defined by Ay (XV) = dm,N (Kronecker
delta) for M, N € A := N, Then every A € Homy(B, B) can be written as
A=Y reabrAr for unique A(X*) = b, € B (note that this sum may be infinite).
Here A lies in Homf‘"(B, B)iff A =3 <, brAL. With (3.2.1) we get

wN(XE) = MZ:L <AL4> XLMy(xM) = M;L <AL4) by X LM

and (3.2.3) implicates that every D € Difffln(B) has an expression in terms of the
standard differential operators Dy, = w(\y), M € A as a (infinite) sum

D= Y byDy,
|M|<n
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where the standard differential operators satisfy

(3.3.1.A) Dy (Xt = (J\Z)XM_L.

D is of order n iff D = Z|M|:n brrDyr and D is of degree 0 iff by € A for all M.
For any b € B we have

(3.3.1.B) Ab) =Y Dy®)ox™=>" X" Dyb).
MeA MeA

To see this we can assume, since all terms are A-linear in b, that b = X; then
(3.3.1.B) is apparent.

The same differential operators can be expressed in a different basis, namely with
respect to some additive polynomials, as follows:

Example (3.3.2). Let S = k[X1,...,X,], k a field of positive characteristic
and o a homogeneous k[F|-independent system of additive polynomials in S (e.g. an
arranged system). Then, after renumbering the variables, we have with the notations

of (1.4.5) differential operators Dy s € Diﬂ",quHM'(S) for N € A', M € A" with the
property

!’ ! N, M/ ’ ’
(3.3.2.A) Dy (oV XM = <N> (M)aN N x M =M

for N € A, M" € A”. Every D € Diff;(S) is a unique S-linear combination of these
Dy ar. The Dy ar also are a k-basis of Diff, o(S). We further have for all f € S

(3.3.2.B) Af)= Y. Dyu(f)@cVXM
NeN , MeAN”

Proof. By (1.4.5) the (6V XM)ycpr prear are a k-basis of S. We take Ay s to be
the elements of the corresponding dual basis and set Dy ar := w(An ar). For N € A
and M' € A” we use that all o; are primitive (cf. (3.3.5)) and conclude

D (@™ XM) = (l@@Anr) (A(0)YAX)M) =
N/ M/ N// M// leNl/ leMl/
= Z (N”) (M”) )\N7M(U X )U X =

Nl/7M/l
= (?\:) (é‘\?) oN'=N x M'—=M

For the last formula we can assume by linearity that f = oV’ X" which makes it
apparent. For the other claims use (3.2.3) and (3.2.5). O

We are also able to compute differential operators on quotients of polynomial rings
as in the following example:
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Example (3.3.3). In the situation of (3.3.2) B := S/(o)g is a k-cogroup by
(3.3.5) and (3.1.5). As seen in (1.4.5) the XM M € A” form a k-basis of B, denote
the dual basis by Ay;. Analogously to (3.3.2) we get a B-basis of Diffy(B) (resp.
a k-basis of Diffyo(B)) by differential operators Dy = w(Ay) € Diﬁ',f'M‘(B) for

M € A'. For XM' M' € A” they have the property

I M —
D) = ()X

Lemma (3.3.4). Let B = A[Xjlier as in (3.3.1). Then for all L € A and
b,b' € B we have

(3.3.4.A) Dy (b)) = Y Dp(b)Da-r(b).
L<:M

Proof. By (3.3.1.B) we find

Dar(b) = (Id@Ap)(AB)AD)) = > Dy (b) D (V) Aar (XN
N,N'eA\

and this gives (3.3.4.A). O

Now we are going to finish our discussion about primitive elements and the charac-
terization of cogroups from (3.1.4) f..

Proposition (3.3.5). Let B = A[X|lier and A a domain. For0#b € By,n#0
the following are equivalent:

(i) b is primitive, i.e. A(b) =b®@1+1&Db.

(ii) Dpr(b) =0 for all M € A with 0 < |M]| < n.

iii) b€ By orn=p',1>1, char(A) = p is prime and b=, aiXpl fora; € A.
i€l i

Proof. (i) = (ii): Da(b) = w(Ap)(b) = (Id @A) (b@1+1@b) = b-Apr(1)+Apr(b) =
0. (i) = (ii)): Suppose that n > 1 and b = 3y, an X" for ay € A. For
a multiindex N,|N| = n with two non zero entries we can write N = N’ + N”
with N’, N” # 0 such that at every entry at most one of N or N” is not zero and
0 < |N'| < n. By (ii) 0 = Dni(b) = X yjmp an () XV Since (y,) = 1, this
implies ay = 0. Thus b = ), ;a;X]". Again by applying differential operators as
in (ii) we see that a; is annihilated by the greatest common divisor of the binomial
coefficients (711), ey (n7—ll) This is well known to be 1 in the case that n is not a prime
power. But then we would have b = 0. In the case n = p',1 > 1 for a prime p this
greatest common divisor is p and we have pb = 0. Since A is a domain and b # 0 we
must have p = char(A4). (iii) = (i) is obvious. O

Lemma (3.3.6). Let 8 : B — B’ be a surjective morphism of A-cogroups with
kernel b C B. Then w and w* induce inverse automorphisms of the B-module

{\ € Homy (B, B)|\(b) C b}.
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Ifbg = =b,_1 =0, then Diff5" " (B)(b) C b.
Proof. A\ € Hom4(B, B) with A(b) C b yields a X € Hom4(B’, B’) such that

Id ®A

B 2 .BoB B

Bl iﬁ@ﬁ lﬁ

B BB — - p
A/ Id®)

commutes. Thus w(A)(b) C b and by replacing Id with ¢ also w*(\)(b) C b. Let
now by = --- = b,_; = 0 and A € Hom5" (B, B). Then A(b) = 0 and therefore
w(A)(b) C b. O

Lemma (3.3.7). Let B be an A-cogroup and b C By a homogeneous ideal such
that B/b also is an A-cogroup. For b € by,n > 1 the following hold:

(i) If n is not a prime power, then b € B - b<p_1.
(ii) If n = p' for some prime number p and 1 <1, then pb € B - b<p_1.

Proof. By (3.1.4) (ii) we must have A(b) € b ® B + B ® b and clearly A(b) €
®i+j:n B; ® B;. With the projections ; : @iﬂ-:n B; ® Bj = B; ® By,_; and the
multiplication map p: B ®4 B — B we see that the composition

Bn$B®AB$Bz®ABn—Zi>Bn

is the multiplication by (7;) In fact for elements b = (b1,...,b,) of By and 1 =
(1,...,1) € A := N" we find

w(mi (ABY)) = (77( > bL®bM>> = > = <?>bl.

L+M=1 L+M=1,|L|=i

For 0 < i < n we get ()b = p(mi(A(b))) € B-bp_;+ B-b; C B-b<y_1. Now we
use the fact that the greatest common divisor of (’1‘), ey (nﬁl) is 1 if n is not a prime
power and is p if n is a power of the prime p. O

Proposition (3.3.8). Let B be an A-cogroup.
(i) IfQ C A, then B = Symy(By).

(ii) If A is a field of characteristic p > 0 and B is of finite type over A, then
B = S/s, where S is a polynomial ring of finite type over A and s is an ideal
generated by homogeneous additive polynomials.

(iii) If A is a field, B is of finite type over A and b is a homogeneous ideal of B,
then B/b is an A-cogroup if and only if b is generated by primitive elements.

Proof. Let s be the kernel of the morphism of A-cogroups S := Symy(B;) — B.
Clearly s9p = 1 = 0. In (i) s = 0 follows immediately from (3.3.7). In (ii) we let &
be the ideal in S generated by all homogeneous primitive elements of s. By (3.3.5)
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this ideal is generated by additive polynomials, so we have to show s = . We
may assume that ' = (o) for a well arranged system o of additive polynomials. By
(3.1.5) also S/s’ is an A-cogroup. Assume that s’ # s and choose a homogeneous
f € s\ s with minimal degree n > 1. In S/s’ we have a basis representation
f= Do MeA” | M|=n fu XM far € A (see (1.4.4)). By (3.3.7) n is a power of p. Thus
we find fj; # 0 for some M with two non zero entries and can choose M = M’ + M"
such that 0 < |M'| < n and Dy (f) # 0 (see (3.3.3)). But by (3.3.6) we come
to the contradiction Dyy/(f) € (8/8'),—a = 0. (iii): It remains to show that for
a cogroup B/b the ideal b is generated by primitive elements. This is clear in the
case char(A) = 0. Let char(A) > 0 and S = Symy(B;). Then we already proved
that ker(S — B — B/b) is generated by primitive elements of S and therefore b is
generated by primitive elements of B. O

(3.3.9) Let k be a field. Whenever B is a k-cogroup and B is of finite type over
k we call G = Spec(B) a group over k. More precisely we should say homogeneous
additive group scheme; note that by (3.1.7) the functor Homy(—, G) takes values in
abelian groups and the graded structure of B defines an action of the multiplicative
group over k on G. In fact we could have started our discussion taking this as a
definition (cf. [Sc, 11.4]). G will be called a vector space if it is isomorphic to
an affine space over k. Note that the group structure of G is independent of any
embedding of G into a vector space. In (3.3.8) we showed that all groups are vector
spaces in characteristic zero and we characterized the subgroups of a vector space in
positive characteristic (cf. [Gi, I 5.4]).

3.4 Rings of invariants

Througout this section let k be a field of characteristic p > 0, S = k[X}, ..., X,,] and
A :=N". Let L be the additive polynomials of S as in (1.4.1). We use differential
operators as in (3.3.1).

Definition (3.4.1). For a homogeneous ideal a of S we define
U(a):={f e SIA(f) —1® f € a®y S}.
If S/a is a k-cogroup, then U(a) is called the ring of invariants of the group

G = Spec(S/a) in the vector space V = Spec(S) (cf. [Gi, I 5.4.2 (4) ff.]). We need
some technical characterizations as in [Gi, I 5.4.2 (6), 5.4.3] of such rings for later.

Lemma (3.4.2). In (3.4.1) U(a) is a graded k-subalgebra of S and L Na =
LNU(a) and Uy (a) C a. For all m > 0 we have

Up(a) = {f € S| DI (S)(f) C a}.

Proof. It is clear that U(a) is a graded k-submodule of S. For f,g € U(a) set
f=Af)-10f,¢d =A(g) —1®g € a®y S and then f-g € U(a) is clear since

Alfg)—1@fg=(f+10f) (d+109) -1® fgcaxyS.
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For f € L we have A(f)—1® f = f®1, therefore LNa = LNU(a). Asin (3.3.1) we
have for f € S, that A(f)—1® f = Z|M|<mDM(f)®XM € U(a) iff Dps(f) € a for
all [M| < m and these Dy are an S-basis of Diffz™ '(S). For f € U, (a) we have
f=Do(f) € a. 0

Proposition (3.4.3). Let H be a graded k-subalgebra of S. The following are
equivalent:

(i) There exists a subset T of S such that for all m >0

Hy = {f € Sn| DIl (S)(f) € T}

(ii) DyHp, € H for all M € A with [M| <m —1 and all m € N.

)

(iii) DyH C H for all M € A.

(iv) H is generated by additive polynomials.
) H

(v

ko] for a well arranged system of additive polynomials o after possibly
renumbermg the variables.

(vi) U(SH,) = H.

(vii) There are homogeneous polynomials fi, ..., fm € S such that H is generated as
a k-algebra by all Dy(f;) fori=1,...,m and M € A.

Proof. (i) = (ii): Let f € H,, and |M| < m — 1. Then Dj(f) is homogeneous of
degree m — |M| > 1 and by (2.1.9) Diffs™ ™M= (S) Dy (f) € DIFE™Y(S)(f) € T
and therefore Dy (f) € Hyp_jpg- (i) = (ili): Let f € Hp. If [M| < m -1,
then Dy(f) € H by (ii). If |M| > m, then Dy(f) € k = Hp. (iii) = (iv): Let
K :=k[HNL] C H. Assume K C H and let m be minimal with K,,, # H,,. Then
m > 2 and we find f = Z|A|:m faX4 e Hy\ K, with f4 € k and f4 = 0 whenever
A = exp(g) for some g € K,,; here and in the following all exponents are taken with
respect to the lexicographical order, see 1.3. Let A be the largest exponent such
that f4 # 0 and X4 is not additive. Let A = (0, ey 0,my, .., my,) with my; > 0 and
mj + -+ mp = m. If mj =m, then there exists 0 < 7 < m with 0 # (7") = (")
since X4 is not additive. Then define B := (0,...,0,7,0, ...,0) with r at position j.
And if m; < m define B := (0,...,m;,0,...,0) with m; at position j. Let B’ :=
A — B. Then 0 < |B|,|B'| < |A] = m and in every case Dg(X4) # 0 # Dp/(X%).
But if X is additive with C' > A, then Dg(X%) = Dp/(X®) = 0. Therefore
exp(Dp(f)) = exp(Dp(X4)) = A — B and exp(Dp/(f)) = A — B'. By (iii) we have
Dp(f),Dp/(f) € H<m—1 = K<pm—1. But then Dp(f) - Dp/(f) € K is homogeneous
of degree m — |B| + m — |B'| = 2m — |A|] = m. Then exp(Dp(f) - Dp/(f)) =
exp(Dp(f)) + exp(Dp/(f)) = A— B+ A— B’ = A contradicts f4 # 0 by our
special choice of f. Therefore K = H. (iv) < (v) is clear since L N H is a k[F]-
module (see (1.4.3) f.). (v) = (vi): @ := H N L is a graded k[F]-module with
SH, = SQ and LN SQ = Q by (1.4.7). By (3.4.2) and what is proved so far
we know that U(SH,) is generated by additive polynomials and by (3.4.2) we get
U(SHL) =Ek[LNU(SH;)] = k[LNSHL]| = k[LNSQ] =k[Q] = H. (vi) = (i) follows
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from (3.4.2) for a = SHy. (v) = (vii): Take (fi,..., fm) = 0. (vii) = (iii) is clear
from (3.3.4). O

Note that with (3.4.2) and (3.4.3) we have proved that rings of invariants are gener-
ated by additive polynomials. The following corollary completes the train of thought
we began in (1.4.6) f. At the same time it yields the connection between groups
G = Spec(S/a), their rings of invariants U (a) and their Dieudonné modules L/(aNL)
(cf. [Od, 1.]).

Corollary (3.4.4). In the following diagram all arrows are inclusion preserving
bijections, the inverse is always the corresponding arrow in the opposite direction.
The diagram commutes.

homogeneous ideals of o — Ula) graded k-subalgebras of
S generated by additive S generated by additive
polynomials S-H, «H polynomials

Q—5-Q a—ankL Q — k[Q] H—HNL
graded k[F|-submodules graded k[F|-submodules
of L of L

If o is a system of homogeneous additive polynomials (arranged or not), the objects
(o)s, klo] and (o) km correspond to each other under the bijections of the diagram.

Proof. For the bijections on the left see (1.4.7). For the upper arrows see (3.4.3) (vi)
and note that S -Uy(a) = a is clear since Uy (a) C a and LNa C U(a) (see (3.4.2)).
On the right side it is clear that k[HNL] = H and Q C k[Q]NL C SQNL=Q. Ttis
obvious that all maps are inclusion preserving. For the commutativity we just have
to check one compatibility and it is clear that S-k[Q]+ = S- Q. For the last statement
we now just have to remark that (o)s = S - (0),r) and k[(0)(r)] = E[o]. O
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Goal of this chapter is to introduce Hilbert series of filtered modules in order to define
an invariant for resolution of singularities in chapter 8. These series are a powerful
tool for many technical problems. We will first recall the notion of filtered rings and
filtered modules in great detail and in a very broad perspective, followed by graded
rings and modules. Most of the ideas presented here come from [Gi, I], where mainly
the local case is treated, and [AM, 10] and are well known. We try to formulate
everything as general as possible. The most important result is proposition (4.6.5).

4.1 Filtered rings and modules
Let us recall filtered rings and modules.

Definition (4.1.1). A filtration on a ring A is a sequence of ideals
A: A=A A1 DA

satisfying Ap-Apm, C Apym for alln,m > 0. The pair (A, A) is called a filtered ring.
Sometimes it is convenient to extend the sequence of ideals from N to Z by defining
Ap, = A forn < 0. The relation A, - Ay, C Apypm then is true for all n,m € Z.
For an ideal I of a ring A there is the I-adic filtration A, := I" (where we also
use I" = A forn <0). With letters A, B, ... we will refer to arbitrary filtrations. In
the case of an I-adic filtration we will write (A, 1) instead of (A, A). A morphism
of filtered rings ¢ : (A, A) — (B, B) is a morphism of rings ¢ : A — B satisfying
w(A,) C By, for alln.

Definition (4.1.2). Let (A,.A) be a filtered ring and M an A-module. A filtra-
tion on the module M (more precisely an (A, A)-filtration) is a sequence

M : DM 9DM 1 DMyDM DMy D ---

of A-submodules of M such that A, My, C My, 4y for allm,n € Z. The pair (M, M)
is called a filtered (A, A)-module. M is called bounded if there exists N € Z such
that My, = M for alln < N. It is called positive if this holds for N = 0. The
filtration is called exhaustive if |}, ., M, = M. The filtration is called separated if
Npez Mn = {0}. A morphism of filtered (A, A)-modules ¢ : (M, M) — (N,N)
is an A-module homomorphism ¢ : M — N such that ¢(My) C Ny for all d € Z.
This implies p(Mg) C (M) N Ny. ¢ is called strict if o(Mg) = (M) N Ny for
all d € Z. A sequence of filtered (A, A)-modules is called exact if the sequence of
underlying A-modules is exact. It is called strict if all morphisms are strict. If M is
an A-module, then (M, M) with M, := A, M is a filtered (A, A)-module. A sequence

- D Mo D M4 D My D M DO My D - of A-submodules of M yields an
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(A, I)-filtration on M iff IM; C M;1y for all i > 0. Such a filtration is called an
I-filtration on M. If furthermore IM; = M;11 for all sufficiently large integers
i and the filtration M is bounded, we call the filtration I-stable. In particular we
get the I-adic filtration on M by putting M; := I*M. This is a positive I-stable
filtration and we will write (M, I) if we refer to M together with this filtration. A
free filtered (A, A)-module is a filtered (A, A)-module which is isomorphic (as a
filtered (A, A)-module) to a direct sum of (A, A(n)) for various n € Z. (see (4.1.5)
and (4.1.6)). It is called additionally of finite type if the direct sum is finite. A
subfiltration of an (A, A)-filtration M on M is an (A, A)-filtration M’ on M such
that M), C My for all d € Z. We simply write M" C M in this case.

We now discuss several situations in which a filtration induces a filtration on a related
object. We omit the easy proofs.

(4.1.3) (Pullback) Let (M, M) be a filtered (A, A)-module and ¢ : L — M a
homomorphism of A-modules. For all d € Z put Ly := ¢~ !(M,). This makes (L, £)
into a filtered (A, .A)-module and ¢ : (L, L) — (M, M) is a strict morphism. We call
L the pullback filtration on L and denote it with ¢*(M). If M is bounded, then
so is L. If M is exhaustive, then so is £. If M is separated and ¢ is injective, then
L is separated.

(4.1.4) (Pushforward) Let (M, M) be a filtered (A, .A)-module and ¢ : M — N
a homomorphism of A-modules. For all d € Z put Ny := ¢(My). This makes (N, N)
into a filtered (A, .A)-module and ¢ : (M, M) — (N, N) is a strict morphism. We call
N the pushforward filtration on N and denote it with p.(M). If M is bounded
and ¢ is surjective, then N is bounded. If M is exhaustive and ¢ is surjective, then
N is exhaustive.

(4.1.5) (Shift) Let (M, M) be a filtered (A4, A)-module and n € Z. Define
a new filtration M(n) on M by M(n); := M,y;. Then (M, M(n)) is a filtered
(A, A)-module and M(n) is called a shifted filtration of M. M is bounded (resp.
exhaustive, resp. separated) iff M(n) is bounded (resp. exhaustive, resp. separated).
For n > 0 we have M(n) C M.

(4.1.6) (Direct sum) Let (M*, M");c; be a family of filtered (4, .A)-modules.
We define a filtration M = @,;.; M’ on the A-module M := @,.; M* by setting
My, == @,c; M), € M for n € Z. Then (M, M) is a filtered (A, A)-module and M
is called the direct sum filtration. All inclusions ¢; : M* — M and all projections
7t i M — M are strict morphisms of filtered (4, .4)-modules and ¢} (M) = M" and
7i(M) = M. If all M? are bounded and [ is finite, then M is bounded. If all M®
are exhaustive, then so is M. If all M? are separated, then so is M.

(4.1.7) (Localization) Let (M, M) be a filtered (A,.A)-module and S C A
multiplicatively closed. Then (Ag,Ag) is a filtered ring with (Ag), := (A,)s and
(Mg, Mg) is a filtered (A, Ag)-module with (Mg),, := (M,)s. The filtrations Ag
and Mg are called the localized filtrations. In the case that S = A\ p for a prime
p of A we also use the notations A, and M,. If M is bounded, then so is Mg. If M
is exhaustive, then so is Mg.
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Lemma (4.1.8) (cf. [AM, 10.6]). Let M’ be an I-stable filtration and M" a
bounded I-filtration of the A-module M. Then there exists an integer ng € Z with
M (ng) € M. (One can choose ng > 0.)

Proof. Choose n1,ny < 0 such that M’(n;) and M”(ng) are positive (remaining I-
stable, resp. I-filtered). Choose n3 > 0 such that for all n > ng we have M'(ny),4+1 =
IM'(n1)n. Then for n > 0 we get M'(n1 + n3)n = M'(n1)ng4n = I"M'(n1)ny C
I"M C M”(n3),. For n < 0 we also have M’(ny+n3), € M = M"(n3),. Therefore
M (n1 +n3) € M”(n2) and M'(ny — ng 4+ n3) € M”, define ng := ny — ng + ns. If
ng < 0 we get M’ C M'(ng) € M” and therefore can also choose ng = 0. d

We end this section with two useful remarks.

Remark (4.1.9). Let ¢ : (M, M) — (N,N) be a morphism of filtered (A, A)-
modules. Then ¢ is strict if and only if the pushforward filtration on (M) wvia
M — @(M) is the same as the pullback filtration on @(M) via (M) — N. In
particular: If ¢ is injective, then ¢ is strict iff M = ©*N. If ¢ is surjective, then ¢
is strict iff oM = N.

Proof. This is clear since the pushforward filtration on ¢(M) is given by ¢(My) and
the pullback filtration by ¢(M) N Ny. O

Remark (4.1.10). Let (A, A) be a filtered ring and (L, £) 2 (M, ./\/l) — (N,N)
an exact sequence of filtered A-modules, where ¢ is strict. Then the induced sequence

Ly LLN My ﬂ> Ny is exact for all d € 7.

Proof. ker(ig) = ker(y)) N My = (L) N Mg = ¢(Lg). O

4.2 Good filtrations and their inheritance
We discuss important classes of filtered rings and modules with noetherian properties.

Definition (4.2.1). To a filtered ring (A, A) we associate two graded A-algebras:
The blow up algebra BI(A) := @,y Ad and the total blow up algebra Bl'(A) :=
@D,z Aa. They can be regarded as subalgebras of AT, resp. A[T, T 1. BI'(A) is
an exception to our convention that all graded rings are positively graded.

Lemma (4.2.2). For a filtered ring (A, A) the following are equivalent:
(i) BI'(A) is a noetherian ring.
(i) A= Ay is a noetherian ring and BIT(.A) s an Ag-algebra of finite type.
(iii) BI(A) is a noetherian ring.
v)

(i

Proof. For (ii) = (i) and (iv) = (iii) just use Hilbert’s basis theorem. The ring ho-
momorphism Bl(A) — BIT(A) extends to a surjective morphism BI(A)[T] — BIT(A)
sending 7" to z := 1 € A_y, proving (iii) = (i) and (iv) = (ii). It remains to prove

A = Ay is a noetherian ring and BI(A) is an Ag-algebra of finite type.
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4 Filtrations and Graduations

(i) = (iv): Let ag be an ideal in Ay and a := BIf(A) - ag. Then a = @, Aqao and
since Agag = dag, the ideal ag can be regained from a. This proves that every ascend-
ing sequence of ideals in Ag must stabilize, so Ag is noetherian. Consider the ideal
b C BIT(A) generated by @ -, A4. Then b is a homogeneous ideal with b, = A; for
n<1andb, = A, for n > 1. Take homogeneous generators 1, ..., xs of this ideal
with degrees k1, ..., ks. Take homogeneous generators y1, ..., y, of Ay as an ideal in Ag
and regard them as elements of BIT(A) in A; C b. Now 1, ..., Ts, Y1, ---, Yr generate the
ideal b and using z € BIT(A) as above we can suppose that ki, ..., ks > 0. Let B be the
Ap-subalgebra of BI(.A) generated over Ag by y1, ..., y, and for 1 < i < s the elements
T, 224, ..., 2¥7 1, which is contained in BI(.A). We show that B = BI(.A) which fin-
ishes the proof. We do this by proving inductively B,, = Bl(.A),, and start with n = 0.
Suppose n > 0. Let € BI(A),, Cb. Then x = fiz1 + -+ fexs + q1y1 + - + gryr
with f; € A,_x, and g; € A,—1. Therefore g; € B and gjy; € B. If n —k; > 0,
then f; € B and fix; € B. If n — k; < 0, then we write f/ for the element f; in
the homogeneous part Ag(= A,_,). But now fiz; = flz;2%~" with ;25" € B by
definition. This shows = € B. O

Definition (4.2.3). Let (A, A) be a filtered ring. The filtration A is called n-
good and (A, A) is called an n-good filtered ring if BI'(A) is a noetherian ring,
i.e. (A, A) satisfies the equivalent conditions of (4.2.2). The filtration A is called
good and (A, A) is called a good filtered ring (cf. [Gi, I 1.]) if A is n-good and

there exists an n > 0 such that A, is contained in the radical of A.

Example (4.2.4). If A is a noetherian ring and I C A an ideal, then (A,1) is
an n-good filtered ring. If furthermore I is contained in the radical of A (e.g. A a
local ring and I # A), then the filtration is good.

Definition (4.2.5). Let (M, M) be a filtered (A, A)-module. Its associated total
blow up module is the graded Bl (A)-module BIf (M) := Dacz M.

Lemma (4.2.6) (cf. [Gi, I 1.3, 1.3.3]). For a filtered module (M, M) over an
n-good filtered ring (A, A) the following are equivalent:

(i) BI'(M) is a finitely generated BT (A)-module.
(ii) There exist x1 € My, , ..., xy € My, such that My, =% ;| Ap—pn,x; for alln € Z.

(iii) All (My)nez are finitely generated A-modules, there exists an s € Z such that
M, = Zz‘gs A, _iM; for alln € Z and there exists t € Z such that --- = My_o =
M; 1 = M.

(iv) There exists a free filtered (A, A)-module (L, L) of finite type and a surjective
strict morphism of filtered (A, A)-modules (L, L) — (M, M).

Proof. Start with (i) and let 1 € M,,,...,x, € M,, be homogeneous generators of
the BIT(A)-module BIT(M). Then for all n € Z clearly (ii) holds, showing that all
M; are finitely generated (all A; are finitely generated A = Ap-modules by (4.2.2)),
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and with s := max{ni,...,n,} we find

r r

i=1 i=1 i<s

and (iii) follows since for any n < ¢ := min{ni,...,n,} we have M, = >/ | Ap_p,z; =
S Az (i) = (1) Let @1,..,2, € BIf(M) be generators of the A-modules
M;, ..., M regarded in the respective degrees. Let N be the BIf(A)-submodule of
BI' (M) generated by these elements. Since A = (BI'(A))o, at least M, ..., M, are
contained in N. A = (BIf(A))_; implies then M, C N for all n < t. But now the
formula in (iii) assures that N = BIT(M). It is easy to see that (iv) < (ii). O

Definition (4.2.7). Let (M, M) be a filtered module over an n-good filtered ring
(A, A). The filtration M is called a good filtration and (M, M) is called a good
filtered (A, A)-module if BI'(M) is a finitely generated Bl (A)-module and M is
exhaustive. (4.2.6) implies that a good filtration is bounded.

Example (4.2.8). Let (4,.A) be an n-good filtered ring and M a finitely gen-
erated A-module. Then M, := A, M yields a good filtration on M (use criterion
(iv) of (4.2.6) for a surjection A™ — M). In particular (M,I) is a good filtered
(A, I)-module.

Lemma (4.2.9) (cf. [AM, 10.8]). For a filtered (A, I)-module (M, M) over a
noetherian ring A the following are equivalent:

(i) M is good.
(ii) M is I-stable and M s a finitely generated A-module.

Proof. (i) = (ii): By (4.2.6) (iii) all M,, are finitely generated and there exists an
integer s € Z such that for all n > s

M1 =) AnyiiMi =Y 1" My =1 Ay iM; = IM,

i<s i<s i<s

which means that M is I-stable. (ii) = (i): Use the same criterion and note that I-
stable filtrations are bounded by definition. There exists s € Z such that for all n > s
one has M, 1 = IM,. Then for n < s we have M, = AgM,, C > . A,_iM; C M,
and for n > s we find M, = " SMy, = 1", I*7'M; =, ., Ap_iM;. O

The noetherian properties discussed so far are passed to related objects under certain
circumstances.

Lemma (4.2.10). Let (A, A) be an n-good filtered ring and (M, M) a good filtered
(A, A)-module.

(i) (Artin-Rees)(cf. [AM, 10.9]) For a monomorphism ¢: N — M also (N,*M)
is a good filtered (A, A)-module.

(ii) For an epimorphismm: M — N also (N, m.M) is a good filtered (A, A)-module.
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(iii) For any n € Z also (M, M(n)) is a good filtered (A, A)-module.

(iv) For a finite family (M', M");cr of good filtered (A, A)-modules, also (P,c; M",
@D, M) is a good filtered (A, A)-module.

(v) For a multiplicatively closed subset S C A also (Ag, As) is an n-good filtered
ring and (Mg, Mg) is a good filtered (Ag, Ag)-module.
Proof. (i) The module BIf(:*M) clearly is a naturally graded Bl(A)-submodule
of BIf(M). Since A is n-good, the ring BI'(A) is noetherian. Since BIf(M) is
a finitely generated Blf(A)-module, the same holds for BIf(1*M). Since M is
exhaustive, the same holds for the pullback filtration ¢* M.

(ii) Clearly m,M is exhaustive. The induced BI'(A)-linear map from BIf(M) to
BIf (7, M) is surjective. Therefore also Blf(m,M) is finitely generated.

(iii) This is obvious for example by criterion (iii) of of (4.2.6).

(iv) @;c; M is exhaustive since all M’ are exhaustive and Bl'(,; M?) is iso-
morphic to @, ; BIf(M?) and therefore a finitely generated BIT(A)-module.

(v) Since (BIf(A))s = BI'(Ag), also (Ag, As) is n-good. BI(M) is a finitely
generated BIT(.A)—module. This property also is preserved under localization
and (BIf(M))s = Bl (Mg) shows that (Mg, Mg) is good. O

Let us finish this section with an application.

Lemma (4.2.11). Let (A, A) be an n-good filtered ring and (M, M) a good filtered
(A, A)-module. Let L :=(),,c; My,. Then for all n € Z we have AL = L.

Proof. Let £ be the pullback filtration on L via the inclusion . — M. Then by
(4.2.10) also (L, £) is a good filtered (A,.A)-module and L,, = L for all m € Z. With

Corollary (4.2.12). Let (A, A) be a good filtered ring and (M, M) a good filtered
(A, A)-module. Then M is separated.

Proof. Since A is noetherian and M is finitely generated, also L := [,z Mm is
finitely generated. By (4.2.11) there exists an ideal A,, which is contained in the
radical of A such that A,L = L and the Nakayama lemma yields L = 0. O

Corollary (4.2.13) (Krull’s intersection theorem, cf. [AM, 10.19]). Let I be
an ideal in a noetherian ring A contained in its radical and M a finitely generated
A-module. Then (22, I"M = 0.

Proof. Use (4.2.12) for the good filtered module (M, I) over the good filtered ring
(A, 1) ((4.2.4) and (4.2.8)). O

Corollary (4.2.14). Let I be an ideal in a noetherian ring A contained in its
radical and M a finitely generated A-module with submodules K, L. C M. Then
MoK +1"L) = K.

Proof. With L,, := (K + I"L)/K C M/K we have IL,, = L, and (4.2.13) yields
MNus0 Ln = Myso I"Lo = 0. Note that K = ker([,,5o(K + I"L) = [\,50 Ln)- O]
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4.3 Graded rings and modules

4.3 Graded rings and modules

We are going to use the associated graded rings and modules of their filtered coun-
terparts. Let us recall some definitions and facts about graded rings and modules in
general first.

Definition (4.3.1). A graded ring is a ring A together with a subgroup decom-
position A = €,,~g An such that ApAy, C Apym for all myn > 0. Thus Ag is a
subring and each A, is an Ag-module. We denote with A the ideal D, An of A.
A morphism of graded rings is a morphism of rings which respects the graduation.

Lemma (4.3.2) (cf. [AM, 10.7]). Let A be a graded ring. Then A is noetherian
if and only if Ag is noetherian and A is of finite type over Ag.

Proof. If A is noetherian, then so is Ay = A/A;. If Ay = (x1,...,25) 4 with homo-
geneous x;, then one easily sees by induction that A = Ag[x1, ..., zs]. Hilbert’s basis
theorem yields the other implication. O

Definition (4.3.3). A graded module is a module M over a graded ring A
together with a subgroup decomposition M = @nEZ M, such that Ap, M, C Mp,1p
for allm > 0,n € Z. All M,, are Ag-modules. The graduation is called bounded if
there exists N € Z such that M,, = 0 for n < N and is called positive if M, =0 for
n < 0. Morphisms of graded modules respect the graduation.

Lemma (4.3.4). Let M be a finitely generated graded module over the noetherian
graded ring A. Then all M, are finitely generated Ayg-modules and the graduation on
M is bounded.

Proof. M is generated by homogeneous elements my, ..., ms of degrees k1 < --- < k.
Then M,, = 0 for n < kj. By (4.3.2) all A; are finitely generated Ap-modules. Since
M, =A,_,mi+ -+ A,_k.,ms, also M, is a finitely generated Ag-module. O

Remark (4.3.5). A sequence of graded modules L — M — N is exact if and
only if all induced sequences of Ag-modules L, — M, — N, for n € Z are exact.
One can give a graded A-module M a shifted graduation M(n) for n € Z by
Mn)m := Mpyin. M(n) again is a graded A-module.

Lemma (4.3.6). Let M be a bounded graded module over a graded ring A. Then
ALM = M implies M = 0. If N C M is a graded submodule with M = Ay M + N,
then M = N. If o : L — M is a morphism of graded A-modules such that the induced
morphism L/AyL — M/ALM is surjective, then already L — M was surjective.

Proof. Let M, = 0 for n < N. Then M = AT"M C M>n4, and therefore
M C N, M>nin = 0. Assume that M = Ay M + N. Then M/N is bounded and
A (M/N) = Ay M + N/N = M/N and therefore M/N = 0. If L/A,L — M/A, M
is surjective, we have M = A M + (L) and therefore get M = p(L). O

Let us also mention the idea of a standard basis, widely used in resolution of singu-
larities (cf. [CJS, 1.3]).

o1



4 Filtrations and Graduations

Definition (4.3.7). A system of elements (my,...,my) of a graded A-module M
1s called a standard basis of M if m; is homogeneous of degree s; for 1 < i < n,
51 < 89 S L < Sn, My Q <m1,...,mi_1),4 fOT‘i = 1,...,n and (ml,...,mn>A =M. A
standard basis can be obtained from a homogeneous system of generators by reordering
and thrashing out superfluous elements.

4.4 Graduations associated to filtrations

Definition (4.4.1). The associated graded ring of a filtered ring (A, A)

gr(A) = P Ag/Aqr1 = AJA @ Ay JAy @ - -
d>0

will be denoted by gr;(A) for the I-adic filtration. gr is functorial. If (M, M) is a
filtered (A, A)-module, its associated graded module is the graded gr(A)-module

gr(M) = @ Md/Md+1
dezZ

and in the case of the I-adic filtration we write gry(M). gr is functorial in fil-
tered (A, A)-modules. One has canonical isomorphisms of graded gr(A)-modules
gr(M)(n) = gr(M(n)) for n € Z. gr also commutes with direct sums.

Lemma (4.4.2) (cf. [Gi, I 2.1]). Let (A, A) be a filtered ring and (L,L) 2

(M, M) N (N,N) a strict exact sequence of filtered (A, A)-modules. Then the in-
duced sequence gr(L) — gr(M) — gr(N) is an exact sequence of gr(A)-modules.

Proof. We have to show that Ly/Lgi1 — Myg/Mgi1 — Ng/Ngy1 is exact for all d €
Z. From (4.1.10) we know that Ly — My — Ny is exact for all d. Let m € My with
¥(m) € Ngi1. Then ¢(m) = ¢(m’) for some m’ € My, . Since now ¢)(m —m') =0,
we know that m —m’ = (1) for some [ € Ly. But then m = (1) mod Mg41. O

Remark (4.4.3). Let (M, M) be a filtered (A, A) module. If M is exhaustive
and separated and gr(M) = 0, then M = 0.

Proof. gr(M) = 0 implies M,, = My 1 and M = {J,,cy Mn = ez Mn = {0}. O

Proposition (4.4.4). Let ¢ : (M,M) — (N,N) be a morphism of filtered
(A, A)-modules.

(i) If gr(p) is injective and M is exhaustive, then ¢ is strict. If M is additionally
separated, then ¢ is injective.

(i) If gr(y) is surjective and the pushforward filtration on N/@(M) via N —
N/p(M) is separated and N is exhaustive, then ¢ is surjective.

Proof. (i): My/Mgy1 — Ng/Ngy1 is injective and we have to show that o(My) =
Ng N (M). Since M is exhaustive, x € Ny N p(M) lies in (M) for some e. If
e > d, we are done. If e < d, then z maps to zero in N./N.41 and therefore
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x € NgNp(Megi1). Inductively we get x € ¢(My). Make 0 — K Y M % N into
a strict exact sequence of filtered (A, A)-modules using the pullback filtration I on
K, which is exhaustive and separated (cf. (4.1.3)). Then gr(y¢) o gr(¢)) = 0 and
the injectivity of gr(y) and gr(¢) (see (4.4.2)) imply gr(K) = 0 and with (4.4.3) we
conclude that K = 0. (ii): Let M 2N % P - 0 be an exact sequence of A-modules
and equip P with the exhaustive (cf. (4.1.4)) and separated pushforward filtration
via ¢. Then gr(¢) o gr(¢) = 0 and since gr(yp) is surjective we must have gr(y) = 0.
1 is strict and surjective, so (4.4.2) implies gr(P) = 0 and (4.4.3) yields P =0. O

Lemma (4.4.5). Let (M, M) be a good filtered module over an n-good filtered
ring (A, A). gr’(A) and gr(A) are noetherian rings and gr(A) is a gr’(A)-algebra
of finite type. gr(M) is a finitely generated gr(.A)-module and gr"™ (M) is a finitely
generated gr'(A)-module for all n € Z.

Proof. gr(A) is a quotient of BI(A) and gr'(A) is a quotient of A, now use (4.2.2).
gr(M) = BIT(M)/BI'(M(1)) and BIf(M) is a finitely generated BIf(.A)-module.
Also all M, are finitely generated A-modules, see (4.2.6). O

Corollary (4.4.6) (cf. [Gi, I 2.3]). Let (A,.A) be a good filtered ring and ¢ :
(M, M) = (N,N) a morphism of good filtered (A, A)-modules. If gr(p) is injective
(resp. surjective, resp. bijective), then so is ¢ and ¢ is strict.

Proof. M and N are bounded and separated (see (4.2.12)). The injective case
follows from (4.4.4) (i). Let gr(¢) be surjective. Pushforwards of good filtrations are
good again (see (4.2.10)) and ¢ is surjective by (4.4.4) (ii). All induced morphisms
M, — N, are also surjective by carrying over the argument to the induced filtrations
on them which are good again by (4.2.10). This proves the strictness. O

Corollary (4.4.7) ([Gi, I2.4]). Let (A,.A) be a good filtered ring and (M, M) a
good filtered (A, A)-module. If gr(M) =0, then M = 0.

Proof. Apply (4.4.6) to 0 — M. O

Definition (4.4.8). Let (M, M) be a filtered (A, A)-module, let M be exhaustive.
The order of an element m € M is defined as

v(m) == vp(m) :=sup{n € Zm € M, } € Z U {oo}.

In the case v(m) = oo we have m € (\,cz My, i.e. m = 0 if M is separated. If
v(m) = oo we define in(m) := 0, otherwise we declare the initial form of m to be

in(m) := m mod M, (;,)41 € gr’(M(M).
The elements in(m) for m € M are precisley the homogeneous elements of gr(M).
Remark (4.4.9). In the situation of (4.4.8) we have for elements m,m’ € M
vim+m') > min{v(m),v(m’)} and equality holds if v(m) # v(m'). For m € M and

a € A one has v(am) > v(a) +v(m). If gr(A) is a domain, then for all a,a’ € A we
get v(a-a') =v(a) + v(d') and in(a-a') = in(a) - in(a’).
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The notion of a standard basis is carried over to filtered modules (cf. [CJS, 1.17]).

Definition (4.4.10). Let (M, M) be an ezhaustive filtered (A, A)-module. A
standard basis of (M, M) is a system of elements (my,...,my) of M such that
(in(my), ...,in(my,)) is a standard basis of the gr(A)-module gr(M) (see (4.3.7)). If
gr(M) is finitely generated over gr(.A), then there exists such a standard basis.

Lemma (4.4.11). Let ¢ : (M, M) — (N,N) be an injective strict morphism of
exhaustive filtered (A, A)-modules. Then for any m € M we have v(p(m)) = v(m)
and gr(p)(in(m)) = in(p(m)).

Proof. This is clear if v(m) = oo. If v(m) = n, then p(m) € N,,. If o(m) € Nyy1,
then ¢(m) € Nyy1 N (M) = @o(M,+1) and since ¢ is injective we would have
m € My,11 which contradicts v(m) = n. Therefore also v(¢(m)) = n. O

Corollary (4.4.12). Let (M, M) be a good filtered module over a good filtered
ring (A, A). Let (my,...,my) be a standard basis of M. Then M = (my,...,mp)A.

Proof. Let N := (mq,...,mp)4 € M and equip N with the pullback filtration N, so
¢ : (N,N) — (M, M) is injective and strict. By (4.4.11) we have in(my), ..., in(m,,) €
im gr(p) and hence gr(yp) is surjective. By (4.4.6) also ¢ is surjective. O

4.5 Hilbert series of graded modules and cones

We are going to define Hilbert series for graded modules and filtered modules as
elements of the ring of formal Laurent series Z((T")). Hilbert series will be used to
measure singularities later. Therefore we introduce an order on Z((7")) and focus on
estimations between series. Since we have to compare singularities in different dimen-

sions, we work with series H(™ | where one has n dimensions added in comparison to
H (cf. (4.5.9)).

Definition (4.5.1). For H(T) € Z((T)) and n € Z we define series H™ (T) :=
(1-T)""H(T) € Z((T)). In particular HO(T) = 14+ T +T% +---) - H(T). We
introduce a partial order on Z((T)) by >, czanT™ < cp bnT™ if an < by for all
n € Z. In particular ), ., a,T" > 0 means that a, > 0 for all n € Z. We say that

Y nez T is increasing if an1 > ap for all n € Z. For two series H(T'), K(T') €
Z((T)) and n € Z we write H(T) = K(T) mod T" if H(T) — K(T) € T"Z][[T]).

Remark (4.5.2). Let H(T),K(T) € Z((T)). One easily sees the following:
@) If H(T) = 3, anT™, then HO(T) =Y, _, (ngn am> ™,
(i) If H(T) > 0, then HY(T) is increasing.
(iii) If H(T) is increasing, then H(T) < T ¢H(T) and (1—-T°¢)H(T) > 0 for e > 0.

(iv) If H(T) < K(T), then H™(T) < K"™(T) for all n > 0. This does not hold in
general for n < 0.
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4.5 Hilbert series of graded modules and cones

For the following we fix a noetherian graded ring A = @,,~, An (then also Ay is
noetherian, see (4.3.2)) and an additive function A on the category of finitely gen-
erated Ag-modules that takes values in N. We have in mind the length function for
A. For any finitely generated graded A-module M = @, ., M,, all M, are finitely
generated Ag-modules (see (4.3.4)). The graduation on M is bounded and A(M,,) =0
for n < 0. Therefore the next definition makes sense:

Definition (4.5.3). The Hilbert series of a finitely generated graded A-module
M s the power series

H(M) := H(M,T) :=>_ \M,)T" € Z((T)).
nel

The same information can be stored in the Hilbert function H : Z — N, H(n) =
A(M,,), but we take the point of view of power series to use the structure of Z((T)).

Remark (4.5.4). For a finitely generated graded A-module M and m € Z we
have the identity H(M(m),T) = T-™H(M,T). For an exact sequence of finitely
generated graded A-modules 0 — M° — M' — M? — .. — M" — 0 one gets
from the additivity of X that >_;_o(—1)"H(M",T) = 0. For a short exact sequence
0—L— M — N — 0 we therefore have H(L,T), H(N,T) < H(M,T).

Remark (4.5.5). If A is generated by homogeneous elements x1, ..., s of degrees
ki,....,ks >0, then

HM,T) = (1= T9) 7o (L= T5) 71 f(T)

for some f(T) € Z|T, T~ (see [AM, 11.1], [Gi, I 8.3]). We do not discuss this any
further since we are not interested in Hilbert polynomials.

Lemma (4.5.6). Let M be a finitely generated graded A-module and x € Ay.
Let K be the kernel of M <= M. We have

H(M/zM) > (1 —TKH(M)
and this is an equality if K = 0. If A = dimg, k a field, then equality holds iff K = 0.

Proof. The graduation on M/xM is (M/xM), = M,/xM,_j and the exact se-
quence of finitely generated graded A-modules

0=+ K— M5 MKk)— M/xzM(k) =0
yields by (4.5.4)
T*H(M/zM) =T H(M)—- H(M) + H(K)

and therefore H(M/xM) = (1 — TF)H(M) + T*H(K). If the above equality holds,
then H(K) = 0 and this implies K = 0 at least if A = dimy,. O

Lemma (4.5.7). Let M be a finitely generated graded A-module. Suppose that
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4 Filtrations and Graduations

Ag =k is a field and X = dimy. Then
H(M) < H(A)- H(M/A{ M)
and this is an equality if and only if M 1is free.

Proof. We find a morphism L — M of finitely generated graded A-modules, where
L is free, such that L/ALL — M/A{M is an isomorphism. By (4.3.6) then already
L — M was surjective and we consider the exact sequence of graded A-modules
0 —>K—>L—>M—0. HM)=H(L) —H(K) < H(L) and H(L) = H(A) -
H(L/A{L)=H(A)-H(M/ALM). Equality holds iff H(K) =0, i.e. K =0. O

We carry over Hilbert series to cones and make a few easy observations. A cone
stands for the spectrum of a standard graded k-algebra for a field k (see def. (6.1.1)).

Definition (4.5.8). If C' = Spec(A) is a cone over the field k with graded k-
algebra A we define H(C) := H(A) for A = dimy,. We also use H™(C) := H™ (A).

Lemma (4.5.9). We consider cones over a field k.
(i) H(Cy x, C2) = H(Cy) - H(Cy) for two cones C1,Ca.
(i) H(A?) = (1 —T)™" and for a cone C we have H(C x; A}) = H™(C).

Proof. (i): Let C; = Spec(4;) for graded k-algebras A; for i = 1,2. Then

H(A) ® A2) = Z dimy, @ (A; ®p AJ) T —

d>0 i+j=d
=Y ) (dimy(A)T?) - (dimy(A;)T7) = H(Ay) - H(Ap).
d>0i+j=d
(il): H(Ay) = H(k[X]) = (1 = T)~" and A" =2 A? x; Ay; now use (i). O

Example (4.5.10). Let k be a field of positive characteristic, S = k[X7, ..., X},]
with the standard graduation and A = dimy. Let ¢ = (o01,...,00,) be a k[F]-
independent system of homogeneous additive polynomials of degrees ¢1, ..., ¢n. Then

H(Spec($/(0))) = H(8/ (o)) = ST = =)

In particular we can compute the Hilbert series of any subgroup of V' = Spec(S).

Proof. Since H(S) = (1 — T)™", this follows from (4.5.6) as soon as o; is not
a zero divisor in S/(o1,...,0i-1). Let f € S with o;f € (01,...,04-1). We can
develop f in the basis from (1.4.5) as f = ZNGN,ME/\,, aN,MaNXM with an ar € k.
Automatically o;f is developed in this basis too. Whenever ay ps # 0 we must have
oV € (01,...,0i_1) because o;f € (01, ...,0;_1). Hence f € (o1,...,04_1). O
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4.6 Hilbert series of good filtered modules

4.6 Hilbert series of good filtered modules
We carry over Hilbert series to filtered modules.

Definition (4.6.1). Suppose that (A,.A) is an n-good filtered ring, gr°(A) is ar-
tinian and (M, M) is a good filtered (A, A)-module. By (4.4.5) gr(A) is noetherian
and the length function £ is an additive function on the category of finitely gener-
ated gr’(A)-modules. By (4.4.5) gr(M) is a finitely generated graded gr(A)-module.
Therefore we can apply the theory of Hilbert series from 4.5 here and define

H(M) = HM,T) := H(gr(M),T) = 3 €My /My:1)T".

neZ

We will also use the notation H(M,T) or H(M) for it and write H(M, I) if we refer
to the I-adic filtration on M.

Lemma (4.6.2). In the situation of (4.6.1) the following are true:
(i) HM™(M(n)) = T-"H™ (M) for all m,n € Z.

(ii) For a strict exact sequence of filtered (A, A)-modules 0 — (L, L) — (M, M) —
(N,N) — 0 we have HM) = H(L) + HN).

(iti) HO(M) = 3,z 6(M/Myi1)T™ and HV (M) is increasing. HW) is some-
times called the Hilbert-Samuel function.

(iv) If M’ is another good (A, A)-filtration on M such that M C M’, then we have
HOM', T) < HO(M,T) and equality holds iff M = M.
Proof. (i) and (ii) are immediate from (4.5.4) by observing (4.4.1) and (4.4.2) (note
that £, are good by (4.2.10)). For (iii) assume that M, = M. The coefficient of
T in HO(M) = 1+ T +T? +---YH(M) equals £(M, /M) + £(M,_1/M,) +
oo+ U(Me/Mey1) = £(M/My11) and clearly €(M/My42) > (M /M,41). (iii) yields

HOM) =3 0(M/M )T < S 6M/Myir) T = HO (M)
nez nez

since there is an exact sequence 0 — M) _ /M1 — M/M,1 — M/M,  , — 0.
This also shows that ¢(M/M, ) = ¢(M/M, 1) implies ¢(M,  ,/My+1) = 0 which
means M), | = M. O

Remark (4.6.3). Suppose that I C A is an ideal in a noetherian ring A, A/I
is artinian and (M, M) is a good filtered (A, I)-module (equivalently M is a finitely
generated A-module and M is an I-stable filtration on M (see (4.2.9))). Then all
conditions of (4.6.1) hold and we can work with H(M).

Lemma (4.6.4). Let M be finitely generated over a noetherian local ring (A, m)
with residue field k. Then

H(M,m) < H(A,m) - dimg (M /mM)

and this is an equality if and only if M is a free A-module.
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4 Filtrations and Graduations

Proof. We find a free A-module L of finite rank and an A-module homomorphism
¢ : L — M which becomes an isomorphism after tensoring with A/m, i.e. L/mL =
M /mM. By the Nakayama lemma ¢ is already surjective. Since p(m"”L) = m"p(L) =
m" M we see that ¢ is a strict morphism of good filtered (A, m)-modules if we equip
all modules with the m-adic filtrations. Then we get a strict exact sequence 0 —
K — L — M — 0 of good filtered (A, m)-modules. Therefore H(M,m) = H(L, m) —
H(K). H(L,m) =rank4(L)-H(A,m) and rank 4 (L) = dim(L/mL) = dimy (M /mM)
show that H(M,m) < H(A,m) - dimg(M/mM) and if equality holds, then H(K) =
0,gr(K)=0and K =0. O

The following result is crucial for the proof that our invariant for singularities will
not increase under a permissible blow up. It goes back to Bennett.

Proposition (4.6.5) (cf. [Gi, I 3.9], [H4, Proposition 6]). In the situation of
(4.6.3) suppose additionally that I is contained in the radical of A. Let x € I*¥ k>0

and define X = x mod I**! € grk(A). The morphism of filtered (A, I)-modules ¢
M(—k) % M induces a morphism of graded gr;(A)-modules gr(p) : gr(M)(—k) X,

gr(M). The following hold:
(i) HO(M/zM) > (1 —TFHYHO (M) > H(M).
(i) HO(M/zM) = (1—=TFYHND (M) if and only if gr(y) is injective, in which case

also ¢ s injective and strict and we have an isomorphism

gr(M)/X gr(M) = gr(M/xM).

Proof. We get strict exact sequences of good filtered (A, I)-modules
0— (K,K) = (M,M(=k)) = (N,N") =0

0— (N,N") = (M, M) — (M/zM, M) =0
with N = im(yp) and N7 C N”. Using (4.6.2) we find

HOM) =1 =THHD M) + [HOWN) = HOWN)] + HD(K)

and [HOWN") — HO(N)] > 0. Therefore HD(M') > (1 — TH)HOD (M) > (1 -
T)HM (M) = H(M) and (i) is proved. For (ii) assume first that gr(y) is injective.
Then by (4.4.6) also ¢ is injective and strict which means N = N” and K = 0
and therefore HO(M') = (1 — T*)H((M). Assume on the other hand, that this
is an equality. Then we must have H(K) = 0 and HO(N’) = HO(N”). This
implies K = 0 by (4.4.7) and N/ = N by (4.6.2) (iv), so ¢ is strict and injective and

therefore gr(p) is injective. In this case we have a strict exact sequence M(—k) %

M — M/zM — 0 and hence gr(M)(—k) g1, gr(M) — gr(M’) — 0 is exact,
giving the last isomorphism by (4.4.2). O
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5 Bifiltrations

We recall the notion of bifiltrations from [Gi, II 2.3 ff.]. Bifiltrations are useful for the
comparison of two different filtrations on a module. Later we use them to compare
data between two points of a scheme. We begin in a broader perspective than [Gi],
where the local case is treated from the beginning, but later also bifiltrations on
polynomial rings are used ([Gi, III 2.5.2 f.], cf. 5.4). The central result is (5.3.3) for
which we develop an analog over polynomial rings in (5.4.3).

5.1 Bifiltered modules and harmonious modules

Throughout this section A is a noetherian ring and p C q C A are ideals. Then (A4, p)
and (A, q) are n-good filtered rings.

Definition (5.1.1). A bifiltered (A,p,q)-module (E, &' E") is an A-module E
equipped with the following data and conditions:

(i) a good p-filtration & on E.
(ii) a good q-filtration £" on E.
(i) & C&", ie. E C & for alln € 7.

E is called harmonious if for all n one has Ell = ,q"'El. E is called free if
there exist a basis ey, ..., ep of E and integers ni, ...,ny such that E}, = > p" "e; and
E!' =5 q" "e; for all n, i.e. E is a direct sum of modules (A,p(—n;),q(—n;)). A
morphism of bifiltered modules is a morphism of modules that respects both filtra-
tions, it is called bistrict if it is strict for both filtrations.

Remark (5.1.2). Let (E,&',E") be a bifiltered (A, p,q)-module.

(i) The natural morphism gr(E') — gr(E") is compatible with gr,(A) — gry(A) and
we get a canonical morphism

(5.1.2.A) grg(A) @gr (a) &r(E) — gr(€")
of grq(A)-modules.

(ii) If E s free, then E is harmonious (e.g. use (5.1.8) (w)) and (5.1.2.A) is an
1somorphism.

(iii) E is free if £’ and E" are the p- and q-adic filtrations on a free A-module.

(iv) For fixved £ there exists a unique q-good filtration E" of E such that (£',E") is
harmonious.
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5 Bifiltrations

We enlarge the list of characterizations of harmonious bifiltered modules from [Gi, II
2.3.1]:

Lemma (5.1.3). For a bifiltered (A,p,q)-module (E,E',E") the following are
equivalent:

(i) E is harmonious.

(ii) By =Y, 0" "E] for alln € Z.
(i) B! = E/, +qE!_, for alln € Z.

)

There is a free bifiltered module (L, L', L") and a bistrict surjective morphism
p:L— FE.

(iv

If these conditions hold, also the following are true:

(v) (5.1.2.A) is surjective.

(vi) There erists a standard basis (e1,...,e,) of (E,E") with ver(e;) = ven(e;) for
1=1,..,n.

(vii) E) =3, q"'El+ E!. | for alln € Z.

If q is contained in the radical of A or A is a graded ring with ¢ C Ay and F is a
bounded graded A-module, then the last conditions are equivalent to all the others.

Proof. (i) = (ii): For i > n we have q"‘E! = E/. (ii) = (ili): E! = E|, +
Dicn1 0B = B+ 930, 0"V = By +qE; . (i) = (i): £ and £
are good, so there is some e such that E/, = E = F for all n < e. Hence in
proving El = > .q"'E! we can proceed by induction on n and get E! = E! +
a3, q" R =3, " EL (i) = (iv): Since &' is p-good, there exists a free filtered
(A,p)-module (L, L) (see (4.2.6)) together with a strict surjection p : L — FE for
the p-filtrations. Since L is harmonious, p(L2) = p(3>_,;q" L)) = >, q" 'p(L}) =
>, q"'E! = E! shows that p is also strict for the g-filtrations. (iv) = (i): EJ =
P(LE) = (X, " L) = S0, a"ip(L)) = 3, 4" EL. (i) = (v) = (vi) are clear. (v)
& (vi): (v) is equivalent to: there exist elements fi,..., f, of gr(€’) that generate
gr(€") as a gry(A)-module. Of course these can be chosen homogeneous and with
increasing order such that none can be omitted, i.e. as a standard basis. (vii) =
(i): Let F, := Y, q" ‘E!. Clearly F,41 C F,. Since (F,&") is good, £ is g-stable
(see (4.2.9)), i.e. there exists N > n such that E | = qE, for all m > N. Now
E=F,+E]  =F,+F,+E] ,=--=F,+ E), and with (4.2.14) in the case
that q is contained in the radical of A, resp. by using the graduation, we see that

E! = ﬂ F,+E" = ﬂ E, 4+ q"E), = F,,

m>N m>0

which ends the proof. O

(5.1.4) Let (E,&,E") be a bifiltered (A, p, q)-module. We are going do derive
some other filtrations on related modules. They are essential to study the relation
between £ and £”. Suppose additionally that A/q has finite length. We also write
& for E! and &, for EVY,.
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(5.1.4.1) Fix n € Z. E] becomes a good filtered (A, q)-module when we equip it
with the filtration £" induced by " (see (4.2.10) (i)), explicitely & = &/ NE),. As
in 4.6 we can form the Hilbert series H(£"). Fix an integer ng such that &, = E.
Then for n < ng we have &" = &” since £, = & N &/, = &/ Also note that for
m < n in general &, C &/ C /! and therefore " = &), so H(E™) € T"Z[[T]).

(5.1.4.2) Fix n € Z. E" := gi"(&’') = E,,/E]_ | becomes a good filtered (A4, q)-

module (see (4.2.10)) if we equip it with the filtration £" defined by £}, being the
image of £, N &/, in E", explicitely £}, = (£, N &) 1) + & 1/E i1

m+n

(5.1.4.A) 0— (Bl 1, &™) = (EL,E™) — (E™,E"(—n)) = 0

is a strict exact sequence of good filtered (A, q)-modules and yields

(5.1.4.B) T"H(E™) = H(E™) — H(E™M).

Note that £™ = 0 for n < ng — 1. The g-adic filtration of E™ is contained in £":
q" - (En/Epi1) = (@78, + Ep 1) /Epia S (ENEpin) +Enia/Enia

(5.1.4.3) A morphism of bifiltered modules (E, &', ") — (F,F', F") induces mor-
phisms of filtered modules (E/,, &™) — (F), F") and (E™,E") — (£", F").

(5.1.4.4) Let p be a prime ideal. Then Ej is finitely generated over the noetherian
local ring (Ap,n := py) and we equip E, with a good n-filtration Eé: For n € Z let
By, = Ay - E, = (E}), € E,. This filtration is good (see (4.2.10)). Localiziation
commutes with quotients and therefore gr(€,) = gr(€’),. We also can form the
Hilbert series H(&,).

Lemma (5.1.5) (cf. [Gi, II 2.3.4, 2.3.5]). In the situation of (5.1.4) the following
hold:

() H(E") =3 pen T"H(E).

(i) HO(E™) < HW(gr™(E),q) and this is an equality if and only if E is the q-adic
filtration on gr'(&').

(iii) Ifgr™(&’) is a free A/p-module, then H(gr™ ('), q) = rank 4/, (gr™(E"))H(A/p, q).

(iv) If all gr™(&') are free A/p-modules, then

HM(E") <y T rank 4, (er"(£) HY (A/p., q)

and this is an equality if and only if E" is the q-adic filtration on gr™(E’) for
all n.

Proof. (i): We show by induction on N € Z that

H(E") =H(EN)+ > T H(EM.

n<N
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5 Bifiltrations

This will prove (i) since H(E") € Z[[T]] and H(EN) € TNZ[[T]]. The equation is
clear for N < ng since then E™ = 0 for all n < N and £ = &N. The induction
step is done by (5.1.4.B): H(EN) = H(ENTY) + TVH(EN). (ii): As remarked in
(5.1.4.2), the g-adic filtration of gr™(£’) is contained in the filtration £". Therefore
HOE™ < HD (gr™(£),q) (see (4.6.2)). (iii) is clear. (iv) follows from (i) - (iii). [

5.2 Exact sequences

Remark (5.2.1) (cf. [Gi, IT 2.3.2]). A bistrict short exact sequence of bifiltered
(A,p,q)-modules 0 > K — L — E — 0 is an exact sequence of A-modules which are
bifiltered that is strict for both filtrations. Note that if (L, L', L") is a free bifiltered
module, then (E,&',E") is harmonious by (5.1.3) (iv). We get exact sequences of the
graded modules

0— gr(K') — gr(L") — gr(&') — 0,

0— gr(K") — gr(£") — gr(£”) =0
and morphisms of filtered modules as in (5.1.4.3). Suppose that (E,&',E") is some
harmonious bifiltered (A, p,q)-module. Then by (5.1.3) (iv) there exists a strict sur-
jection from a free bifiltered module (L, L', L") — (E,E&',E") and its kernel K can be
equipped with the two pullback filtrations K' and K" from L, which are good again

(see (4.2.10)), and (K,K',K") is a bifiltered module. Thus we obtain a bistrict short
exact sequence as described above.

Lemma (5.2.2) (cf. [Gi, 1T 2.4.5]). Let0 - K — L — E — 0 be a bistrict short
exact sequence of bifiltered (A, p, q)-modules. If L is a free bifiltered module, then the
following are equivalent:

(i) grq(A) Ogr,(a) gr(K') — gr(K") is surjective.
(i) gry(A) ®gr, (4) gr(&) — gr(&”) is an isomorphism.

Proof. Tensoring the first exact sequence of graded modules from (5.2.1) over gr,(A)
with gr,(A) we get a commutative diagram:

grg(A) ® gr(K) ——gry(4) ® gr(£') —gry(A) @ gr(€') —=0

I X ¥

gr(K") gr(f") ———gr(&") —0

0

7 is surjective since E is harmonious ((5.1.3) (v)) and 3 is an isomorphism since L
is free. By the snake lemma therefore « is surjective (i.e. (i) holds) if and only if
is injective (i.e. (ii) holds). O

Lemma (5.2.3) (cf. [Gi, 11 3.2.2]). Let0 - K — E — L — 0 be a bistrict short
exact sequence of bifiltered (A, p, q)-modules and n € Z. Consider the exact sequence

of A/p-modules:

(5.2.3.A) 0— gr"(K') — gr™(L') — gr™(&') — 0.
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Suppose that L™ is the q-adic filtration on gr™(L') and that gr™(E') is a projective
A/p-module. Then K" is the q-adic filtration on gr™(K') and gr™(K') — gr™(L’') is
strict, i.e. K, = L Ngr™(K') for all m.

Proof. We explain the following chain of inclusions that immediately gives the
claims:

mn/(a)n(b)n n/(i)mn/ n/(i)mn/

q" g (K7) € Ky, © Ly, Ngr™(K7) = g™ gr™(£7) Ngr(K7) = g™ gr” (K).
(a): See (5.1.4.2). (b): Clear. (c): L" is the g-adic filtration. (d): Since gr™(&’)
is projective, the sequence (5.2.3.A) splits, hence gr*(K') is a direct summand of
gr"(L’) and therefore inherits the g-adic filtration. O

Lemma (5.2.4) (cf. [Gi, IT 3.2.3]). Let 0 - K — E — L — 0 be a bistrict
short exact sequence of bifiltered (A, p, q)-modules and n € Z. Consider for p € Z the
sequence of filtered (A/p,q)-modules

(5.2.4.A) 0 — (grP(K"), K£P) — (grP(L"), LF) — (grP(E'),EF) — 0.

Suppose that for all p < n—1 we know that LP is the q-adic filtration on grP(L') and
grP (&) is a projective A/p-module. Then the following hold:

(i) For allp <n and q >0 the image of LY in gr™(£') is E.

(ii) In particular for allp < n—1 all filtrations in (5.2.4.A) are the q-adic filtrations
and the sequence is strict exact.

Proof. (ii) follows immediately from (i) by (5.2.3). For (i) let a € £7. Then there
exists an a € Ezl) N Ezl)/ 4 such that a is the class of a. There exists b € Lg +q Such that
a is its image. We have to show that we can choose b in L; N Lg +q- 1f this would
not be possible, we still could choose b € L;. N Ly, with 7 maximal and r < p. Let
b be the class of b in L" (which is not zero since r is maximal). We have b € Ly,
Since r < p, we know that b is mapped to zero in E” because a € EP. Therefore we
find b € K". Since r < p, gr"(£’) is projective and we can apply (5.2.3) which yields
be K"NLy,, , =K, ,. Therefore we find c€ KN LN L;’+p such that the class

of cin L" equals b. Then b—c € L;+1 and also b—c € L;’er. Since ¢ € K, the image

of b—cin F is that of b. Therefore r cannot have been maximal and we can suppose
that b € L;, N LZ +q in which case the class of b in L” appears in £ and its image is
a, which finishes this proof. O
5.3 Bifiltered modules over local rings

We now come to the important result (5.3.3) about local rings. Throughout this
section (R, m) is a noetherian local ring and p C m is some prime ideal.

Lemma (5.3.1) (weak semi-continuity, cf. [Gi, II 2.3.6]). If (E,&",E") is a
harmonious bifiltered (R, p, m)-module and R/p is reqular of dimension d, then

H(l) (5//) 2 H(CH—I) (gt;)
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Proof. We argue by induction on d. For d = 0 we have p = m and &" = &'
since F was harmonious and also & = 5{,. For the induction step we introduce
another prime ideal p C q¢ C m such that R/q is regular of dimension 1. Let &£
be the unique g-good filtration on E such that (E,&’,E") is a harmonious bifiltered
(R, p,q)-module. By localization we get the harmonious bifiltered (Rq, pq, qq)-module

(Eq, &, &) Since Ry/pq = (R/p)q is a regular local ring of smaller dimension than
R/p, we can apply the induction hypothesis and get H(l)(é’é”) > H() (&) and it

remains to prove HM(£") > H®) (&4"). Therefore it suffices to treat the case d = 1
from the beginning. Let us take a bistrict short exact sequence of bifiltered modules
0> K —- L —- E — 0 with free L as in (5.2.1). Since (L, L', L") is free and
gry(R) is free over R/p, also gr(L') is free over R/p. R/p is regular of dimension 1,
hence a principal ideal domain and therefore also gr(K’ ) C gr(L) is free over R/p.
(5.1.5) (iv) yields HMD(K") < > T" rankp , (gr” (K')) H (R /p,m). Since R/p is a
discrete valuation ring, we have H(R/p,q) = (1 —T)~'. With rankp,(gr"(K')) =

dimquot(r/p) (81" (K')p) we get (see (5.1.4.4)) H HMO(K") < H(Q)(IC’). Since L is free
we get in the same way H1 (L") = H® (L},)- The exact sequences from (5.2.1) yield

HW(E") = HO(c") - HOK") > HD(£;) - B () = HP (&)
which finishes the proof. O

Lemma (5.3.2). Let (E,&',E") be a harmonious bifiltered (R, p, m)-module. Sup-
pose that R/p is reqular of dimension d and gr(E’) is flat over R/p. Then the following
hold:

(i) H(E") = HI(E).
(ii) The filtration E™ on gr™(E') is the m-adic filtration for all n.

Proof. By (5.3.1) we have H() (") > H(d“‘l)(é"g) and since all gr™(&’) are free over
R/p, (5.1.5) (iv) yields

HW(E") <y T rankpy(gr"(€)HY (R/p,m) =

— 3 T dimguor ) (" (E)p) (1 — T) 41 = (1= 1)1 H(E]) = HUTD(E).

Together we get (i). The inequality at the begin of our calculation must be an equality
and therefore we get (ii) from (5.1.5) (iv). O

Theorem (5.3.3) (cf. [Gi, I112.4, 3.2]). Let (E,&',E") be a harmonious bifiltered
(R, p, m)-module, where R is regular and R/p is regular of dimension d. The following
are equivalent:

(i) gr(&’) is flat over R/p.

ii) The natural morphism gr,,(R) Qg (r) er(E') — gr(E”) is an isomorphism.
m g p( )

(iii) H(E") = HY(E).

64
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Proof. (i) = (iii) was proved in (5.3.2).

(5.3.3.1) Since E is harmonious, the morphism in (ii) is surjective (see (5.1.3) (v)).
To show that it is bijective, it is sufficent to show that both sides have the same Hilbert
series. Choose regular parameters zi, ..., 2., Z1, ..., g of R such that p = (z1, ..., z,).
With

R/p[Z1, ..., Zy] = gry(R) = gry(R) = R/wm[Z4, ..., Z, X1, ..., Xa], Ziv— Z;
we get
8l (R) ®gr, (R) gr(&) = R/m[Xy, ..., X4 @p/m R/M[Z1, ... Z,) @pjpiz,,... 2,1 21(E")
and therefore
(5.3.3.A) H(gry(R) ©gr,(r) £r(€') = HD (gx(€") /m gx(£")).

(5.8.3.2) (i) = (ii): gr(&’) is flat, hence free over R/p. For a free R/p-module
M we have dimpg /(M /(m/p)M) = rankg/,(M) = dimquet(r/p)(Mp). This shows
H(gr(&')/mgr(E')) = H(E,) and this part of the proof is finished since we can use
the equality in (iii).

(5.3.3.3) (ii) = (i): By (5.3.3.A) we have

H(E") =1 =T)"") T dimpm(gr" () /mar"(£"))
neL

and for every n (4.6.4) implies
(5.33.B) H(gr"(€),m) < H(R/p, m) - dim (" () /m g (€1)) =

— (1= T) "~ dim (" (') /m gr" (1)),
Together we find

(5.3.3.0) H(E") =) T H(gt"(£'),m).
neL

In (5.1.5) we saw that H(E") <3 - TP HW (gr™(£’), m). Therefore we have equal-
ity in (5.3.3.C) and then also in (5.3.3.B). From (4.6.4) we see that all gr™(£’) are
free.

(5.3.3.4) (iii) = (i): Since (E,&’,&") is harmonious, we find a bistrict short exact
sequence of bifiltered modules 0 - K — L — E — 0 as in (5.2.1) where L is free.
We prove by induction on n, that gr(€’) is flat over R/p. Suppose that grP(£’) is
flat for p < n — 1. Since L is free, hence a direct sum of copies of (R, p,q), we know
that gr(L£’) is free over R/p since R and R/p are regular. Therefore by (5.3.2) the
filtration £P on grP(L') is the m-adic filtration for all p. Hence by (5.2.4) the filtration
EP on grP(£') is the m-adic filtration for all p < n. With (5.1.5) we therefore see that
on the one hand
HWO(EN =Y TPHWV(EP) =

p<n
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5 Bifiltrations

= Z TP(1—T) 4! rank g, (grf (€')) + T dimp /(21" (') /m gr"(£')) mod VAL

p<n
and on the other hand

HO(E)y = HYD () = 1P(1 = T)~ ! dimquor(ryp) (817(E)p) =

p<n

= Z TP(1—T) 4! rank (217 (E)) + T" dimquot(r/p) (8" (€')p) mod T
p<n
By comparing the two results we get dimp/m(gr"(E')/megr™(£')) = dimy ) (gr™(E)p)
and therefore gr"(€’) is free. (Remember that for a finitely generated R-module M
dim(M ® Quot(R)) < dim(M ® R/m) is an equality if and only if M is free.) O

5.4 Bifiltered modules over polynomial rings

We carry over some of the techniques to a special setting on polynomial rings that
will be valuable in (9.2.4). This setting is also used in [Gi, IIT 2.5]. We carve out the
connection to ridges in greater clarity, see the remark after (5.4.3). Throughout this
section S = k[X1, ..., X;,] is a polynomial ring over a field k of positive characteristic
and U = klo] is an additive algebra in S with a homogeneous k[F]-independent
system of additive polynomials o = (071, ...,0.) of degrees ¢; < -+ < g.. Let J :=
SU+.

Lemma (5.4.1). We fiz the following filtrations on S':
S}, = SUs,, S/ =8>, = St
Then
(i) (S,8',8") is a harmonious bifiltered (S, J, Sy )-module.
(ii) gr™(8’) is a free S/J-module with rankg,;(gr™(S")) = dimy U, for all n.
(iii) The filtrations 8™ are the S, -filtrations for all n.

Proof. (i): Since J C S, we have JS; C S);, so & is a J-filtration. The har-
monious property is clear from S7 C 3. ST/ (SUs;) C S%. It remains to show that
(S,8) is a good filtered (S, J)-module. Clearly S’ is bounded and we have to show
(see (4.2.7)) that BIT(S’) is a finitely generated BIT(S, .J)-module. We claim that it is
generated by the elements 1 € S and 0; € Sj fori=1,..,eand j=1,..,¢. It is
sufficient to show that Us,, C S/, is generated by these elements since BIT(S, .J)g = S.
We do this by induction on n, the case n = 0 is trivial. Suppose that n > 0 and
take 04 € Uy,m > n. Then 04 = 0,08 for some i (B = 0 is possible). Since
deg(c®) = m — ¢; we find 0 € Us,—q, C S),_,.. By the induction hypothesis o
is in the span of the claimed generators, therefore so is . (ii), (iii): We introduce
the filtration U, = Us, on the ring U. Since U — S is flat (see (1.4.5)), we have
S Qu UZTL = SUZn and

S ey gr"(U) =S @y (Usn/Usni1) = SUsp/SUsni1 = gr"(S).
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5.4 Bifiltered modules over polynomial rings

But Uy gr™(U) = 0 yields S @y gr™(U) = S/SU+ ® gr"(U). Since dimy(gr™(U)) =
dimy, Uy, we see that gr"(S’) is a free S/J-module of rank dimy U,,. By (5.1.5) we get
therefore that

1-=7)" "t =HND(S") <Y T dimy (U,) HY(S/7, 1) = HU)HY(S/J, 55).

Since U is a polynomial algebra with generators of degrees ¢, .., g, we have H(U) =
[15_,(1=T9%)~! and we also know from (4.5.10) that H(S/J, S+) = (1-T)"" ], (1—
T%). Therefore the above inequality is an equality, which means by (5.1.5) that the
filtrations 8™ are the S -filtrations. O

If we use Hilbert series in the following, we take them with respect to graded k-vector
spaces.

Lemma (5.4.2). Let E be a finitely generated graded S-module and let £ be an
S'-filtration by graded S-submodules on E such that E), C Ex,,.

(i) For the graded S/J-module gr"™(E’) we have
H(gr" (&) < H(S/J) - H(gr"(£')/S+ g™ (£))
and this is an equality if and only if gr™(E') is a free S/J-module.

(ii) The graded morphism gr(£’) — E,e € gr™(&') — e mod Espt1 induces a
natural morphism
S ®gr(8’) gr(f/) — F.

It is surjective if (E,&') is a harmonious (S, S')-module, i.e. B, =3, ST €]
for all n.

(iii) In general

H(S @gy(sry gr(€")) = H(S/J) - H(gr(£')/S gr(E)).

Proof. For (i) see (4.5.7). (ii) follows as in the case of bifiltered modules (cf. (5.1.3)
(v)). (iii): We can identify (see (5.4.1)) gr(S") with S/J ®; U, where the graduation
comes from U. The canonical map gr(S’) — gr(S”) = S identifies then with

S/J @ U — S, (fmod J)® o — (f mod S4) - 0.
The first factor S/J of the tensor product therefore factors over k. We find
S @gr(sr) r(E') = 8 ®g/yg,u gr(E') = S @y (/S ®g)4 8r(E')) =

= S @y (gr(€)/S1 gr(£1)).

Now S is a free U-module with basis X M € A” as in (1.4.5). On the other hand
the same monomials module J form a k-basis of S/.J. Hence

H(S ®grsy er(€)) = H( D U- XM @y (gr(€)/S4 gr(€)))) =
MeA”
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5 Bifiltrations

= > TMH(gr(€)/Ss gx(€) = H(S/J) - H(gx(€")/S+ gr(€"))

MEeA

as claimed. O

Let I C S be a homogeneous ideal and A := S/I. 0 - I - S — A — 0 becomes
a strict exact sequence of filtered (S,S’)-modules by equipping I and A with the
induced filtrations Z' and A’. These filtrations are compatible with the graduations
inherited from S. In analogy to (5.3.3) we find:

Proposition (5.4.3). The following are equivalent:

Proof. Since A = Aj D A} D A, --- and H(A},) € T"N[[T]], we have H(gr"(A")) =
H(A,)—H(A, ) and get H(A) =" H(gr"(A’)). (i) and (ii) are therefore equiva-
lent by (5.4.2) (i). For (iii) it is sufficient by (5.4.2) (ii) to show that both sides have
the same Hilbert series since (A, .A") is harmonious as a quotient of the harmonious
(S,8’). This is equivalent to (ii) by (5.4.2) (iii). (iii) is equivalent by an argument
similar as in (5.2.2) to

S ®gr(8/) gr(I/) — 1

being surjective. The image of this map is the S-submodule of I generated by gr(Z’).
Observe that Z) = I'NS), = I N SUs,. Therefore the image of this morphism is
generated by the elements f mod I>,1 for f € I N SU>,. We see that f mod I>,11
is zero if f is a homogeneous polynomial of degree > n 4+ 1. Thus the image of the
morphism is generated by the elements in U N I. Therefore (iii) is equivalent to
(iv). O

With (5.4.3) we have a tool that can be used to relate a criterion (i), comparable to
normal flatness (cf. chapter 7), via Hilbert series to (iv), which means Spec(S/.J) C
Rid(Spec(S/I)) (cf. chapter 6) (see also (9.2.4)).
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6 Ridge and Directrix

One of the invariants we want to analyze measures the dimension of the ridge of the
tangent cone at a point of a scheme. In close connection to the ridge stands the
directrix. Both were introduced by Hironaka. We explain what ridge and directrix of
a cone are and show how they can be computed. For the proof of our main theorems
we generalize the notion of Giraud bases to o-Giraud bases, see (6.1.4). Among other
properties we will especially mention what happens with the ridge when the cone is
intersected with a vector space. This is important for the behavior of our invariant.

6.1 Ridge

Definition (6.1.1). With the notion of a cone we usually will refer to the spec-
trum of a standard graded algebra of finite type over a field. Hence a cone C' is given
as Spec(A) for a graded k-algebra A = @~ Aa with a field k, Ag = k and A is
generated as a k-algbebra by A;. A morphism of cones is a morphism respecting
the graduation on the respective graded algebras. With a vector space we mean an
affine space over a field (see also (3.3.9)).

Throughout this section let k be a field, S = k[X,...,X,] and V = Spec(S5). As
mentioned in (3.3.9) the vector space V' carries the structure of an algebraic group.
For a point v of V and a closed subcone C' C V one can translate C' by v. The ridge
of the cone C (inside V') consists of all points v in V' that translate C' onto itself.
Since C is a cone, with v and w also v +w and —v will belong to the ridge of C'. The
ridge of C should therefore be a subgroup of V' contained in C, namely the largest
subgroup that translates C onto itself. This is of course far from being the largest
group just contained in C. We are going to make this heuristic remark more precise
in the following. We will not make much use of the functorial language of algebraic
groups but rather will stick to the point of view of commutative algebra for we are
mostly interested in explicit ways of calculation. We remind the reader of 3.2.

Definition (6.1.2) (cf. [BHM, 2.1}, [Gi, I 5.2]). Let i : C — V be a closed
subcone of V.

(i) For any k-scheme X we define the X-points of the ridge Ridy.c of C in V
to be the subset Ridy,c(X) of the X -valued points V(X) := Homy(X,V) of V
consisting of those v € V(X)) for which the translation with v

X xp, C—=>V

maps C' to itself.

(ii) If C is defined in V = Spec(S) by the ideal I, then we define IRid(I) to be the
ideal in S generated by the elements w(\)(f) (see (3.2.1)) where f varies over

69



6 Ridge and Directrix

I and \ varies over

H := {\ € @Homy,(S4, k)|A(I) = 0} € Homy (S, S).
d>0

Theorem (6.1.3) (cf. [BHM, 2.1], [Gi, I 5.3]). Let C = Spec(S/I) be a cone
of V. Then Ridy,c is a functor, represented by the closed subscheme Rid(C) :=
Spec(S/IRid(1)) of C. Rid(C) is a group.

Proof. It suffices to verify the definition of Ridy ¢ (X) for X = Spec(B), B a k-
algebra. Let v € V(X) be represented by a morphism of k-algebras v# : S — B.
Then v belongs to Ridy,¢(X) if and only if
U# ™
S Sy S U By, S/I
factors over S/I, i.e. maps I to zero (7 is the canonical projection). An element

of B ®y, S/I is zero if and only if (Id ®\) maps it to zero for all A\ € Homy(S/I, k).
Therefore v € Ridy,¢(X) iff for all f € I and all A : S/I — k we have

0 = (Id@N) (v @ T)A(f) = v (W) (f)),

i.e. v#(IRid(I)) = 0. Thus Ridy,c(X) = Rid(C)(X) and now it is clear that Ridy,¢
is a functor. By taking A as the projection S — Sy = k, it follows that I C IRid(])
and therefore Rid(C) C C. Since C' is a cone and —C = C, one sees that Ridy,¢
takes values in additive groups, hence Rid(C') is a group (see [Sc, 11.4]). O

So far we verified the existence of the group Rid(C). Now we want to see how it can
be computed. For this we use Giraud bases as in [BHM, 2.4]. We generalize them to
o-Giraud bases to obtain a similar tool with respect to some additive polynomials.

Definition (6.1.4). Let I C S be a homogeneous ideal. A system of homogeneous
polynomials v = (71, ...,m) in S with I = (v)g is called

(i) a Giraud basis of I if Dy(y;) = 0 for all M € exp(I) with |M| < deg(y;) for
i=1,...,1, where exp(I) is taken with respect to an arbitrary monomial order
on S (see 1.3) and Dy are the standard differential operators with respect to
the variables of S as in (3.5.1).

(ii) a o-Giraud basis of I for a homogeneous k[F]-independent system of additive
polynomials o = (01,...,0m) of degrees ¢ = (q1,-,qm) (1 < -+ < qm) if
Dy ar(vi) =0 for all (N, M) € exp(I) with ¢N + |M| < deg(v;) fori=1,...,1,
where exp(1) is taken with respect to the order of (1.4.5) and Dy ar are the
differential operators of S like in (3.5.2).

Lemma (6.1.5). If I = (v),v = (7, ..,71) s a homogeneous ideal of S, then
IRid(I) is generated by w(N)(y;) for i = 1,..,1 and A\ € H (as in (6.1.2)). In
particular every w(A)(v;) is of the form Y y;cn aneDar (i) for certain coefficients
ay € k.
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(i) (cf. [BHM, 2.3]) If v is a Giraud basis of I, then

IRId(I) = (D (%:)||M| < deg(i), i = 1,..., D)s.

(ii) If v is a o-Giraud basis of I, then

IRid(I) = (Dn,m(7i)|gN + | M| < deg(vi),i =1, ...,1)s.

Proof. For x € 51 and f € S we have
wA)(zf) = Id@A)((z @1+ 1@ x) - A(f)) = 2wA)(f) + wAoz)(f),

where o x stands for the multiplication map with . Note that with A also A o x lies
in H. Since all w(\) are k-linear and S is generated as an algebra over k by S, this
proves the first claim. Since v is a Giraud basis in (i), we have

wN () T2 ST AN M) Das () = M) + 3 AXM) Dy ().
MeA |M|<deg ~;,M¢exp(I)

Because A(v;) = 0 and the monomials XM for M ¢ exp(I) form a k-basis of S/I
(see (1.3.8)), we get the claimed equality from the definition of H. (ii) is proved
analogously with

3.3.2.B
W) TET ST NN XM Dy () =
(N,M)eA’x A"

= A7) + > AN XM Dy v (i)
(N, M)gexp(I),qN+|M|<deg(vi)

and the k-basis oV XM for (N, M) & exp(I) of S/I (see (1.2.5)). O

Lemma (6.1.6) (cf. [BHM, 3.2]). A reduced Grébner basis (say homogeneous
as in (1.3.11)) of the homogeneous ideal I C S also is a Giraud basis.

Proof. Assume that « is a reduced Grobner basis of I and let M € exp(I) with
|M| < deg(v;) and Dys(7;) # 0. Then XM divides a monomial of v;. Since M €
exp(I), there exists v; such that in(v;) divides X™ and therefore also a monomial
of ~;. Since 7 is a reduced Grobner basis, this implies ¢ = j which is absurd since
[M] < deg(7:)- O

There are more Giraud bases than reduced Grébner bases (cf. [BHM]).

Example (6.1.7). In (6.1.2) we originally defined the ridge of a cone C as
a functor on schemes. Note that the ridge is not at all functorial in the cone C
itself. Take for example S = F3[X,Y,Z]. The line C defined by I = (X,Y) is a
subgroup of V' = Spec(S) and therefore Rid(C') = C. C is contained in C’ defined
by I' = (X2 — Y Z). Rid(C") is the origin (not reduced): X? — Y Z is a Giraud basis
of I' and therefore we can apply the derivations with respect to X,Y,Z to X2 -YZ
and eventually find IRid(I") = (X?2,Y, Z). Thus Rid(C") € Rid(C) = C ¢ C".
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We also can compute the ring of invariants (see 3.4) of the group Rid(C):

Lemma (6.1.8). Let I C S be a homogeneous ideal with I = (v),v = (71, ..., V1)-
(i) (¢f. [BHM, 2.10]) If v is a Giraud basis of I, then

U(IRIA(])) = k[Dar(vi)| IM] < deg(vi),i = 1,...,1].

(ii) If v is a o-Giraud basis of I, then

U(IRIA(I)) = k[Dnm(vi)| gN + | M| < deg(vi),i =1, ..., 1].

Proof. Since Rid(C) is a group, IRid(I) is generated by additive polynomials (see
(3.3.8)). (i): By (3.4.3) (vii) U := k[Dpr(vi)| |M]| < deg(vi),7 = 1,...,1] is generated
by additive polynomials (Dys(7;) € k if not |[M| < deg(~;)). From (6.1.5) (i) we
have S - Uy = IRid(]) and by (3.4.4) U = U(S - Uy) = U(IRid(])). (ii) is proved
in absolute analogy; note that the Dy from (i) as well as the Dy s from (ii) are
k-bases of Diffy, o(S) and therefore it makes no difference which type of differential
operators are applied. O

There is a different possibility to define the ridge of a cone C' = Spec(S/I): The ring
of invariants U of Rid(C') in S is the smallest graded k-subalgebra of S generated by
additive polynomials with the property S-(UNI) = 1. The inclusion S-(UNI)C I
always holds. From this point of view, computing the ridge means to look for the
smallest additively generated subalgebra of S containing generators of I.

Lemma (6.1.9) (cf. [BHM, 2.12]). Let I be a homogeneous ideal of S. If H is
a graded k-subalgebra of S generated by additive polynomials, then

(6.1.9.A) S (HNI)=1
if and only if U(IRid(1)) C H.

Proof. (6.1.9.A) holds for H = U(IRid(I)) as one can see for example from (6.1.5)
and (6.1.8), this proves the if part. Assume (6.1.9.A) holds for H, i.e. there are
fi,..., fi € H that generate I. By (6.1.5) IRid(I) is generated by elements of the
form > ,;ca anrDar(fi) with ag € k, but these all lie in H by (3.4.3). Therefore
IRid(I) € S-H; and by (3.4.4) and (3.4.3) we get U(IRid(I)) CU(S-Hy)=H. O

The ridge of a cone is well known to be stable under any field extension:

Lemma (6.1.10). Let C be a cone in the vector space V over the field k. For
any field extension k' /k we have

Rid(Cy) = Rld(C)k/ .

Proof. One can see this on the one hand from the functorial definition of the ridge
in (6.1.2) (i). On the other hand there is an easy computational way to prove this:
If C = Spec(S/I) and v is a Giraud basis of I, then it also is a Giraud basis of
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K @I C k' ®j S and the Dy (7;) generating IRid(7) and IRid(k’ ®j I) are unchanged
by any field extension. O

Another point of view on the ridge is via the Dieudonné module of the group Rid(C):

Definition (6.1.11). For a homogeneous ideal I C S we define the graded k[F-
module Q(I) := U(IRIA(I)) N L and in particular for f € S we write Q(f) := Q((f)).
Note that U(IRId(I)) = k[Q(I)] (see (3.4.4)).

Lemma (6.1.12). For a homogeneous ideal I C S and a graded k[F|-submodule
@ C L we have
S-(klQINT) =1
if and only if Q(I) C Q.
Proof. If S(k[Q]NI) = I, then U(IRid(])) C k[Q] by (6.1.9) and therefore Q(I) C Q
-

by (3.4.4). If on the other hand Q(I) C @, then U(IRid(I)) = k[Q(I)] C k[Q]; now
use (6.1.9). O

6.2 Directrix

The directrix of a cone C' is the largest vector space that translates C' onto itself.
The directrix is not functorial as we will see in (6.3.5) f.. Therefore we cannot take
an approach as in (6.1.2) (i).

Definition (6.2.1) (cf. [CJS, 1.7]). Let k be a field, ¥ a finite dimensional
vector space over k and I an ideal of S := Sym (). We say that I is defined over
a subspace 20 C U if

S (Sym,(W)NI) =1,

where we understand Symy,(20) as a subring of S. This means that I is generated by
elements of Symy,(20). We will also write k[20] for Sym,,(20).

Lemma (6.2.2). In the situation of (6.2.1) there is a smallest k-subspace T(I) C
U such that I is defined over T(I), i.e. S-(k[WW)NI) =1 if and only if T(I) C 2.
Proof. Let ¥ be a k-subspace of ¥ with I being defined over ¥ and with smallest
possible dimension. Let I be also defined over the subspace T C 2. We have to
show that € C ¥’. Assume that T € ¥'. Let x = (x1,...,x) be a basis of TN T,
choose y = (y1, ..., y;) such that =,y is a basis of T, choose z = (21, ..., zi,,) such that
x, z is a basis of ¥, choose t = (t1, ..., t,,) such that x,y, 2, is a basis of 8. Then we
have I = (f1,..., fp) with f; € k[z,y] and I = (g1, ..., gq) With g; € k[z, z]. We want
to show that I is defined over € N'¥’. We can assume that [ = 1,y = y; and have to
show that I is defined over (zy,...,xg). Write

file,y) =Y @)y

and
q

fiz,y) = ng(a:, z)- Z hg,i(‘rﬂ z,t)y"

s=1
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6 Ridge and Directrix

and we get
q
flx) =) gs@,2) - hi(w,zt) € L.
s=1
Therefore I = (f;) = (f) and this concludes the proof. O

Definition (6.2.3) (cf. [CJS, 1.8]). In (6.2.2) T(I) is uniquely determined by I.
For the closed subscheme X := Spec(S/I) of the vector space V = Spec(S) we call

Dir(X) := Spec(S/(T(I))s) C X

the directrixz of X. For a polynomial f € S we will use the notation T(f) := T((f)).

6.3 Comparing ridge and directrix
Let us make a few easy observations first.
Lemma (6.3.1). For a cone C the following hold:
(i) Dir(C) C Rid(C) C C is a sequence of closed immersions.
(ii) Dir(C) is the largest vector space contained in Rid(C).
(iii) Neither Rid(C') nor Dir(C) depend on the embedding of C' into a vector space.
(iv) Dir(Rid(C)) = Dir(C).
(v) If C is defined over a field of characteristic zero, then Dir(C) = Rid(C).

Proof. Let C = Spec(S/I) be embedded into the vector space V = Spec(S). A
vector space W = Spec(S/S - 20) for a k-space 20 C S; is contained in Rid(C) iff
IRid(I) C S-20 which is equivalent (see (3.4.4)) to k[Q(I)] = U(IRid(])) C k[20]. By
(6.1.9) this means S(k[20] N I) = I. This holds by definition for 20 = T(I), proving
(i) and (ii). (iii) comes from the fact that the group structure on a surrounding vector
space is unique. (iv) follows from (ii) because Rid(Rid(C)) = Rid(C). (v) is clear
since in characteristic zero every group is a vector space (see (3.3.8)). O

The directrix of a cone can be computed from its ridge by (6.3.1) (iv). To see how this
can be done we introduce two operators on k[F|-modules. Assume in the following
that k is a field of characteristic p > 0.

Definition (6.3.2). For a graded k[F|-module @ C L we define
(i) R(Q) :={f € LIFI(f) € Q for some j € N}, the radical of Q.

(i) €(Q) := D> Hom,a (k, k)(Qa)-

The homomorphisms in (ii) are meant to be acting on the coefficients of the polyno-
mials. £(Q) does not depend on the choice of the variables in a graded polynomial
Ting.
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6.3 Comparing ridge and directrix

Lemma (6.3.3). R and & are inclusion preserving operators on graded k[F]-
submodules of L. For such a module QQ the following hold:

(i) ERE(Q) = RE(Q).
(i) If Q@ C k(0] for a subspace 20 C Sy, then R(Q),E(Q) C k[20].
(iii) There is a k-subspace T C Sy with RE(Q) = (T)x(m)-

Proof. It is clear that R(Q) is graded and for f, f' € R(Q) and A € k there are i,j €
N with Fi(f), FI(f') € Q. Then also F**(f + f) € Q and Fi(\f) = W' Fi(f) € Q
and therefore f + f/, A\f € R(Q). £(Q) is clearly a graded k-module and we have to
show that F(£(Q)a) C £(Q)a+1. Let f € Q4 and A € Hom, a(k, k). We extend A
arbitrarily to some \" € Hom, 4 (KYP EY/P). Then pu:= FoXNoF~! ¢ Hom, a1 (K, k)
and F(A(f)) = p(F(f)) € £(Q)a+1- RE(Q) C ERE(Q) is clear in (i). Let on the
other hand f € RE(Q)q and A € Hom, 4 (k, k). Then Fi(f) € £(Q) for some i € N.
Extend A to some \" € Hom, 4 (KY/P' k1P and set p := FloNoF ' € Hom, a+i (k, k).
We get FY(A(f)) = u(F(f)) € E€(Q) = £(Q). This shows A(f) € RE(Q) and proves
(i). Let Q C k[20] for (ii). If f € L, F'(f) € Q C k[20], then already f € k[20].
E(Q) C E(LNK[R]) = LN k[W] since the homomorphisms in € only act on the
coefficients of a polynomial. In (iii) set T := RE(Q) N Ly C S;. By (i) we can
apply the operators R and & arbitrarily to RE(Q) without altering the result. By
applying these operators to some homogeneous f € L one gets linear polynomials
whose k[F|-span contains f. This proves (iii). O

Lemma (6.3.4). For a homogeneous ideal I C S one has T(I) = S NREQ(I).

Proof. Since S(k[Z(I)]NI) = I, we have Q(I) C k[Q(I)] C k[Z(])] (see (6.1.9)) and
get the inclusion REQ(I) C k[T(I)] from (6.3.3) (ii). On the other hand we know
from (6.3.3) (iii) that Q(I) € REQ(I) = (T)yp) for a subspace T C 51 and from
SkQ]NI) =1 we get S(k[X]NI)=1, hence T(I) C T =51 NREQ(I). O

The directrix can therefore be computed from Q(I) by linear algebra. In fact, it is
not even necessary to compute all of REQ(I): dimy(Q([)q) is constant for large d
and one gets T(/) from Hom,a(k, k)(Q([)4) by taking the radical. Since the ridge
can be computed using differential operators, i.e. special linear maps, one can ask
if the directrix also can be computed with differential operators. This is true, but
is not as easy as only to apply for example differential operators on k of order say
p? — 1 to Q(I)q (cf. D in 10.6). The coefficients of a polynomial f € Q(I)y can
span a k:pd—space of any dimension, only bounded by the number of variables and
dim, ,q (k), and Diff%pdfl(k:) is smaller than Hom, a(k, k) in general (e.g. for finite
dim, ,a (k) since the dimensions do not coincide) (see 2.2). On the other hand it is
absurd to apply differential operators with higher orders than indicated. For example
even such a harmless element as X; + aXo € Q(I)g could be split up by a derivation
with respect to a. The right thing to do would be to apply to Q(I)s the subring

d
of Diffz(k) generated by Diff%p _1(k:). This formulation is quite complicated, so we
prefer to use the operator £.

The behavior of the ridge under field extensions (see (6.1.10)) is much better than
that of the directrix:

75



6 Ridge and Directrix

Lemma (6.3.5). Let C be a cone over the field k and K/k a field extension.

(i) Dir(C)k C Dir(Ck) and this is an equality if K/k is separable (see [CJS, 1.10]
for a different proof).

(i1) If K is perfect, then Dir(Ck) = Rid(Ck )reda and dim Rid(C) = dim Dir(Ck).

Proof. Let C' = Spec(S/I), V = Spec(S) a vector space and S = K ®; S,I' =
K ®, I C S (i): From (6.1.10) we have Q(I') = KQ(I). Hence RxErQ(I') C
KRi&EQ(I), where we denote the field over which the operator is used in the sub-
script. This is clear since every u € Hom . ,a (K, K) restricts to Homkpd(k‘, K). By
(6.3.4) we get T(I') € KZ(I), hence Dir(C)xg C Dir(Ck). If K/k is separable
we get from (2.2.8) and (2.2.3) a kP"-basis of k, that also is a K?'-basis of K|
Hence every A € Hom,a(k, k) extends to some p € Hom . 4(K, K). Therefore
RiExQ(I') = KRp&EQ(I) and (6.3.4) shows T(I') = KZ(I). (ii): Over a perfect
field every additive polynomial is a power of a variable, hence Dir(Ck) = Rid(Ck )yed-
Note that dim(Rid(C)) = dim(Rid(Ck)) by (6.1.10). O

Example (6.3.6). Take for example C' = Spec(k[X,Y]/(XP? + aYP)) for an
element a € k\ kP. Then Dir(C) = Spec(k). But for K = k(¥/a) we have Dir(Ck) =
Spec(k[X,Y]/(X 4+ ¢/aY)). The dimension of the directrix went up from zero to one
and reached the dimension of the ridge Rid(C) = C.

In the following we describe how directrix and ridge of Cy., := Spec(S/(f - g)) are
related to those of Cy := Spec(S/(f)) and Cy := Spec(S/(g)) for f,g € S.

Lemma (6.3.7). Let 20 C U be subspace and f,g € S = k[Q]. If f-g € k[W]]
and f,g # 0, then f,g € k[20].

Proof. Choose a basis X,,+1, ..., X5, of 2 such that X, ..., X, is a basis of . We use
the lexicographic order on S like in (1.1.2.2) with X7 > --- > X,,. Then in(f)-in(g) =
in(f-g) € k[Xm+1, ..., Xu], hence in(f),in(g) € k[Xm+1, ..., Xp] since f, g # 0. This
implies f, g € k[Xm+1, ..., Xn] = k[20]. O

Corollary (6.3.8). For0# f,g € S we have
S -9) =) +%(9),
Dir(Cy.4) = Dir(Cy) N Dir(Cy).

Proof. The second equality is a direct consequence of the first one. Since f € k[T(f)]
and g € K[T(g)], we have [ - g € K[S(f) + T(g)], hence T(f - g) € T(f) + T(g). On
the other hand f-g € k[Z(f - ¢g)] and (6.3.7) yields f,g € k[T(f - g)]. Therefore

T(f),%(g) CE(f - g9) and T(f) +T(g) € T(f - 9). O

It is not true that f - g being additive with f, g homogeneous implies f and g being
additive as the following calculation shows:

(X4+Y)- (X 1+ X272y 4 YT h = X2 1 Y2 e Ry[X, Y.
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6.4 Intersections of ridge and directrix

Hence one has to do a bit more work for an analog of (6.3.8) for the ridge. But we
see that every factor itself in our example is a power of an additive polynomial. The
problem is solved in the end by taking a radical.

Lemma (6.3.9). For f € S and j € N we have
Q(FI(f)) = kF7(Q(f))-

Proof. It suffices to prove this for j = 1. We have k[Q(f)] = k[Du(f)|M € A]. If
M & pA, then Dy (F(f)) =0. But Doy (F(f)) = F(Dum(f)) (see (2.2.6)). So

KIQF ()] = k[Du(F(f)IM € A] = K[F(Du(f))IM € A] = k[F(Q(f))]
and thus the claim follows from (3.4.4). O

Corollary (6.3.10). Let Q C L be a graded k[F]-module. For f € S one has
Fi(f) € k[Q] for some j > 0 if and only if f € k[R(Q)].

Proof. F/(f) € k[Q] implies Q(F/(f)) € @Q and (6.3.9) gives kF/(Q(f)) C Q.
Therefore f € k[Q(f)] C k[R(Q)]. The other implication is clear. O

Lemma (6.3.11). Let Q C L be a graded k[F]|-module. If f-g € k[Q] and
f,9#0, then f,g € k[R(Q)].

Proof. Let k be an algebraic closure of k. Then f - g € k[Q] C k[Rg(Q)] which is a
standard graded k-subalgebra of k ®;, S. By (6.3.7) we have f,g € k[R(Q)]. Then
we find j > 0 with F7(f) € k[Q]NS = k[Q] and (6.3.10) gives f € k[R(Q)]. Similarly
for g. O

Corollary (6.3.12). For homogeneous 0 # f,g € S we have
Q(f-9) € Q(f) +2(9) CRA(f - 9).
Rid(Cf.g)red = (Rid(Cf) N Rid(Cg))red.

Proof. The second equality comes from the first one. Since f € k[Q(f)] and g €
k[Q(g)] we have f g € k[Q(f) + Q(g)], hence Q(f - g) € Q(f) + Q(g). On the
other hand f-¢g € K[Q(f - ¢)], and (6.3.11) yields f,g € k[RQ(f - g)]. Therefore
(/). 2(g) € RA(S - 9). .

6.4 Intersections of ridge and directrix

When we are going to study the ridge as an invariant in chapter 8, we will have to
compare the ridge of the tangent cone after a blow up with the ridge of the tangent
cone in the exceptional divisor. The latter cone will be the intersection of the first
cone with a hyperplane. In this section we investigate similar situations for cones in
general.

For two closed subschemes, not necessarily with the reduced structure, X,Y of Z we
mean with their intersection X NY the fiber product X x zY. It is a closed subscheme
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6 Ridge and Directrix

of Z again. Let us recall some facts. In the affine case Z = Spec(S), X = Spec(S/I)
and Y = Spec(S/J) we simply have X NY = Spec(S/I+J). If Z is an S-scheme and
T is another S-scheme, then T xg X and T Xg Y are closed subschemes of T' xg Z
and (T xg X)N(T xsY) =T xg(XNY).

In some cases of intersections one does not lose much information about the cone,
even if its dimension decreases. Let us introduce some notions to enable us to express
this behavior. We also introduce quotients of cones.

Lemma (6.4.1). Let C be a cone over the field k. Then there is a morphism of
cones 7 : C — C/Dir(C) with the following universal property: For any morphism
of cones ¢ : C — C" over k such that Dir(C) — C — C' is the zero morphism there
exists a unique morphism ¢ making the following diagram commutative:

C/ Dir(C)
There is a non-canonical isomorphism C = C/ Dir(C) x, Dir(C) and
H(C) = HA™DPEO) ¢/ Dir(C)).
Proof. Let C = Spec(S/I) for a polynomial ring S over k. Then
C/Dir(C) = Spec(k[Z(I)]/k[Z(I)]NI)

and 7 is defined via the canonical injection k[Z(I)] — S. Now let ¢ : Spec(S/I) —
Spec(R) be given as a morphism ¢# : R — S/I of standard graded k-algebras.
Dir(C) — C — (' being zero means that p(R;) C T(I) and therefore we find a
unique ¢# making the following diagram commutative:

c#

S/I

o] /

RED)/EEDINT

R

This is the required universal property. If T(I) @< = S (there is no canonical choice
for T), then S/I = (k[T(1)]/k[T(1)]NI)®k[T] proves the last claims (see (4.5.9)). O

Analogously we can form quotients C/W for any vector space W C Dir(C).

Lemma (6.4.2). Letc: C — C' be a morphism of cones over k with ¢(Dir(C')) C
Dir(C"). Then there is a unique morphism ¢ of cones making the following diagram
commutative:

C - C’

78



6.4 Intersections of ridge and directrix

Proof. Let C = Spec(S/I),C’" = Spec(S’/I') and ¢ be given by c¢* : S'/I' —
S/I. Then ¢(Dir(C)) C Dir(C") means that S'/I' — S/I — S/ST(I) factors over
S'/S'T(I'), ie. ¢*(T(I')) € T(I) . But then the composition Dir(C) — C — C' —
C'/Dir(C") is the zero morphism and we get a unique morphism ¢ from the universal
property in (6.4.1). O]

Definition (6.4.3). Let ¢ : C — C’ be a morphism of cones over k.

(i) ¢ is called a core-morphism if ¢(Dir(C)) C Dir(C"), i.e. ¢ induces a unique
morphism

(6.4.3.A) ¢:C/Dir(C) — C'/Dir(C")
as in (6.4.2).

(i) ¢ is called a core-isomorphism if it is a core-morphism such that the induced
morphism (6.4.3.A) is an isomorphism.

(iii) ¢ is called a K'-core-isomorphism if k'/k is a field extension such that the
induced morphism Cyy — C, is a core-isomorphism.

Note that the compositions of core morphisms (resp. core-isomorphisms, resp. k'-
core-isomorphisms) are again such morphisms.

Lemma (6.4.4). Let ¢ : C — C' be a morphism of cones over k and let k' [k be
some field extension. If c is a core-isomorphism, then so is the induced morphism

Ck/ —)C/,.

Proof. The induced morphism Cjy — Cj, still factors to a morphism Cj /(Dir(C))
— C,/(Dir(C")) which identifies naturally with (C/Dir(C)) — (C’/Dir(C”)),
so the last two morphisms are isomorphisms. Therefore Dir((C/ Dir(C));/) identifies
with Dir((C’"/ Dir(C”))) and we get an isomorphism

(C/Dir(C))y/ Dir((C/ Dix(C))w) — (C'/ Dir(C")) / Dir((C"/ Dir(C"))w)
that identifies with Cy// Dir(Cy/) — C/,/Dil"(c;c,). 0

Now we present a list of intersection properties, first for the directrix, then for the
ridge. The most important part is (iii) in both cases. Similar results for the directrix
can be found in [Gi, I 6.9.2].

Lemma (6.4.5). Let C be a cone in the vector space V' over the field k and W
a vector subspace of V.

(i) There are closed immersions C N W C C and

(6.4.5.A) Dir(C)NW C Dir(C N W).

(ii) The following inequality holds:

(6.4.5.B) codimp;, ) (Dir(C) N W) < codimy (W).
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(iii) The inequality
(6.4.5.C) dim Dir(C) < dim Dir(C' N W) + codimy (W)

is an equality if and only if (6.4.5.A) and (6.4.5.B) are equalities and in this
case there is a natural isomorphism

(6.4.5.D) (CNW)/Dir(CNW) — C/Dir(C)

such that C N W — C is a core-ismorphism yielding a non-canonical isomor-
phism

(6.4.5.E) C = (CNW) xz APV V)

(iv) If Dir(C) C W, then

(6.4.5.F) dim Dir(C) < dim Dir(C N W).

Proof. Let V = Spec(S),S = Sym,(U), C = Spec(S/I) and W = Spec(S/S)
for a vector subspace 20 C ¥. Then C N'W = Spec(S/J) for J = I + S and
Dir(C) N W = Spec(S/S(Z(I) + 20)).

(i) Clearly CN'W C C is a closed immersion. We have S(k[T([)]NI) = I and
therefore also S(k[T(I) +2W] N J) = J, hence T(J) C ZT(I) + 20, yielding the
closed immersion (6.4.5.A).

(ii) codimpiy(cy(Dir(C)NW) = dim Dir(C) —dim(Dir(C)NW) = dimy,(T(1) +20) —
dimg(%(1)) < dimg (W) = dim V' — dim W = codimy (W).

(iii) By (6.4.5.A) and (6.4.5.B) we have
dim Dir(C) = dim(Dir(C) N W) + codimp;, ¢ (Dir(C) N W) <

< dim Dir(C' N W) + codimy (W)

and it is clear that this is an equality if and only if (6.4.5.A) and (6.4.5.B) both
are equalities. Assume from now on that these equalities hold. S/.J arises from
S/I by dividing out codimy (W) elements of Sy (generators of 20). Using the
inequality from (4.5.6) several times and multiplying with (1 — 77)~ cdimv (W)
gives

H(codimv(W))(C N W) > H(C)
and therefore
H(dimDir(CmW)J,_codimv(W))((C M W)/ DIT(C N W)) = H(Codimv(W))(C N W) Z

> H(C) = H@™DPTO) 0/ Dir(C)).

We have
C/Dir(C) = Spec(k[Z(1)]/E[Z(I)|N1I),

(C'NW)/Dix(C N W) = Spec(k[T(J)]/K[Z(J)] N J).
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Since (6.4.5.A) is an equality, we must have (see the proof of (1)) T(J) = T(I)+
20. Hence T(I) C F(J) induces (6.4.5.D) C N W/Dir(C N W) — C/Dir(C).
Since this is a closed immersion, it must be an isomorphism by the above
inequality of Hilbert series. In particular the closed immersion CN'W — C'is
a core-isomorphism. We finally get (6.4.5.E):

C = C/Dir(C) XkAZim Dir(C) ~ CAW/ Dir(CNW) XkAzim Dir(CNW)+codimy (W) ~,
> (CNW) xj AT V),

(iv) For Dir(C) € W we have codimp;,c)(Dir(C) N W) = 0 and get (6.4.5.F) by
examining the proof of (iii). O

Lemma (6.4.6). Let C be a cone in the vector space V' over the field k and W
a vector subspace of V.

(i) There are closed immersions C N W C C and
(6.4.6.A) Rid(C)NnW C Rid(CNW).
(ii) The following inequality holds:
(6.4.6.B) codimg;q(cy (Rid(C) N W) < codimy (W).
(iii) The inequality
(6.4.6.C) dim Rid(C) < dim Rid(C' N W) + codimy (W)

is an equality if and only if (6.4.6.A) and (6.4.6.B) are equalities and in this
case there is a natural isomorphism

(646D) (C N W)K/ Dir((C’ N W)K) — CK/DiI‘(CK)

such that CNW — C is a K-core-isomorphism, inducing a non-natural iso-
morphism

(6.4.6.E) Cx = (CNW) xj ATV )

for any perfect field K/k.
(iv) IfRid(C) C W, then
(6.4.6.F) dim Rid(C) < dim Rid(C' N W).
Proof. Let V = Spec(S),S = Sym (), C = Spec(S/I) and W = Spec(S/SW)

for a vector subspace 20 C ¥. Then C N'W = Spec(S/J) for J = I + SW and
Rid(C) N W = Spec(S/S(Q(I) + 20)).

(i) We have S(k[Q(I)]NI) = I and therefore also S(k[Q(I)+ 2] NJ) = J, hence
Q(J) C Q(I) + (QIDHF], yielding (6.4.6.A).
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(ii) codimpiq(cy(Rid(C)NW) = dimRid(C) — dim(Ri(‘i(C) N W) = rankkm Q)+
(W) () —ranky ) (Q(])) < ranky g ((W) () = dim V —dim W = codimy (W).

(iii) By (6.4.6.A) and (6.4.6.B) we see that dimRid(C) = dim(Rid(C) N W)+
codimg;q(cy(Rid(C) N W) < dimRid(C N W) + codimy (W) and it is clear
that this is an equality if and only if (6.4.6.A) and (6.4.6.B) both are equalities.
Assume the equality and let K/k be a perfect field. Then

dim Dir(Cg) = dim Rid(Ckg) = dim Rid(C) = dim Rid(CNW) 4 codimy (W) =

=dimRid((C N W)k) + codimy (W) = dim Dir(Cx N Wk) + codimy, (Wk).
By (6.4.6) (iii) we get (6.4.6.D) and the non-canonical isomorphism (6.4.6.E)

Ck = (CK N WK) X i A?dimv(w) ~ (Cﬂ W) X, A(I:?dimv(W).

(iv) For Rid(C') € W we have codimg;q(cy(Rid(C) N W) = 0 and get (6.4.6.F) by
examining the proof of (iii). O
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We discuss permissible blow ups, i.e. blow ups in normally flat regular centers. In the
next chapter we will analyze the behavior of our invariants under such transforma-
tions. We carry over the defintion of the ridge of a cone to tangent cones of schemes,
recall regularity, normal cones and blow ups, say some words on the reduction to
the embedded case and eventually come to the different characterizations of normal
flatness.

7.1 Tangent cones and normal cones

We recollect well-known properties of tangent cones and normal cones. All schemes
are supposed to be locally noetherian.

Definition (7.1.1). For a point x of a scheme X the tangent cone of X at x
1s the cone

CX,Q: = Spec(ng,x)
over z (resp. k(x)) for the graded k(x)-algebra

8x = &my, (OX,x) = @mg{,x/mf?,_xl
d>0

The tangent space of X at x is the vector space
Tx . := Spec(Symy ,)
over x for the graded r(x)-algebra
Symy , := Sym, ,(mx . /m% ).

Cx is a closed subscheme of Tx ;. As described in chapter 6 one can associate to
the cone Cx , its ridge and directrix

Ridx , := Rid(Cx ),
Diry , := Dir(Cx )
and we have the sequence of closed subcones of T'x
(7.1.1.A) Dirx . € Ridx , C Cx s C Tx 5.

Remember that X is called regular at x if Ox , is a regular local ring. This is the
case if and only if gry , is a polynomial ring over k(z). X is called regular if it is
reqular at all points. We also could say that X is regular at x if Cx . is a vector

83



7 Permissible Blow Ups

space. In this case Cx . itself is a group and therefore Ridx , = Cx 4. All objects in
the sequence (7.1.1.A) then are the same.

Lemma (7.1.2). Let f : X — Y be a morphism of schemes and x € X with
y := f(x). Then there is a functorial canonical morphism

Cf@ : CXJ — Cy7y
inducing a morphism of cones over k(x)
C?,w : CX,a: — H(x) Xn(y) Cy,y.
If f is a closed immersion, then so is Cy .

Proof. f induces a filtered morphism of local rings (Oy,y, my,,) = (Ox 2, mx ) and
therefore a morphism of graded rings gry,, — gry , yielding Cx , — Cy,. From the
commutative diagram

CX,m - CY,y

|

r(x) ——K(y)

and the universal property of the fiber product we get a morphism Cx , — k() X ()
Cy,y. If f is a closed immersion, then (Oy,y, my,) = (Ox z, Mmx ) and therefore also
gry, — gy, are epimorphisms. O

Definition (7.1.3). For a closed subscheme X of a scheme Y there is a natural
structure of graded Ox = Oy /Ly x-algebra on

gy x ‘= ngYX (Oy) = @I)Cﬁx/zdﬂ
d>0

The normal cone of Y along X

Ny, x = Spec(grij)

therefore comes with a projection Ny x — X. For a point x € X we denote
the fiber of the morphism Ny x — X above x as Ny x .. FEaxplicitely Ny x, =

Spec(gry x,. ®ox ,k()), where gry x, = Daso YXm/I{'ﬂ";w is the stalk of gry x

at x.

Lemma (7.1.4). Let X CY C Z be a chain of closed subschemes and x a point
of X. There is a canonical cartesian diagram in which the horizontal arrows are
closed immersions:

Ny xe— Nz xz

.

Ny x ——= Nz x

Proof. We have 77y C Iz x and can identify Zy x = IZ7X/Izyy. From the epimor-
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7.1 Tangent cones and normal cones

phism Zz x — Zy,x we get an epimorphism

_ d d+1 d d+1 _
gz x = @IZ,X/IZ,X - @IY,X/IKX = 8y x
d>0 d>0

which gives the lower closed immersion in the diagram.
Nyx XNy x Nzxa = Nyx Xngx (Nzx Xx {z}) = Nyx xx {2} = Ny,xe

shows that the diagram is cartesian. Remark that the composition Ny, x — Nz x —
X gives the canonical Ny x — X. O

Lemma (7.1.5). Let X CY be a closed subscheme and x a point of X. There
is a canonical morphism of cones

Cy@ — N}/,XJ.

If X = {x}, this is an isomorphism.

Proof. We have Zy x , € my, and Cy, — Ny, x is given by

d d+1 ~
By X x = @I}/,X,Z’/IY&,x ®Ox,z H(l‘) =

d>0
~ d d d d+1 _
= @Iy,x,x/ myy Ty x . = @mY,x/ my ., = 8lyy-
d>0 >0
In the case X = {z} we have Zy x , = my . d

Lemma (7.1.6). If D C Z is a closed subscheme and both D and Z are regular,
then Nz p is a locally trivial vector bundle over D. In particular for a point x of D
we have an exact sequence of vector spaces (cf. [H4, p. 153])

[e%

0 Tp s T7 . o Nzpa. ——0.

! /
This sequence is split exact, i.e. we have morphisms Nz p . B—> T7 . =, Tp. such
that 88" =idn, ,, and o/a =idp,  and

B
T7.—Nzpa

1

Tp, — k()

1S cartesian.

Proof. We have to verify the exact sequence and that Nz p, is a vector space.
Suppose that Z = Spec(A) with a regular local ring (A, m), D = Spec(A/p) with a
regular prime p and x is the closed point of Z. We can choose regular parameters
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Z1,...,Tp of m and can assume that p = (z1, ..., 2,,). Then
Ty = Spec(grn(A)) = Spec(s(z)[X1,., Xal),  o; mod m? 5 X,

induces
Tp,x = Spec(gruy(A/p)) = Spec(r(2)[Xmt1, -, Xn))
and per definition Nz p . = Spec(gr,(A) ® 4/, A/m), where
grp(A) %A/p[Xb)Xm]? x; mod p2 = X

and therefore gr,(A) @4/, A/m = x(x)[X1,..., X;n]. We can then choose o’ corre-
sponding to the inclusion &(z)[X 41, -.., Xn] = &(2)[X71, ..., X;] and B corresponding
to the projection k(z)[X1,..., Xn] = &(2)[X1, ..., X;n] with X; — 0 for i > m. O

7.2 Blow ups

Definition (7.2.1). Let D C X be a closed subscheme defined by the sheaf of
ideals Ix p. The blow up of X in D, resp. with center D, is the scheme

Blp(X) :=Proj (Blz, ,(Ox)),  Blr,,(0x) =EDI¢p
d>0

together with the canonical morphism
m:Blp(X) - X

defined via Ox = I%D. The closed subscheme 71 (D) = Blp(X) xx D of Blp(X)
1s called the exceptional divisor of the blow up. Explicitely we have

7 (D) = Proj @Ig(,D/Ig(—j_é = Proj(grx,p) = P(Nx,p)
d>0
and for a point x € D
! (x) = Proj(gtx,po @0y . £(z)) = P(Nx,p).

This is clear since gry p = Blzy ,(Ox) ®oy Ox/Ix,p-

Lemma (7.2.2). Let f:Y — X be a morphism of schemes, D C X a closed
subscheme and E :=Y xx D — Y the corresponding closed subscheme of Y. There
exists a canonical morphism [’ : Blg(Y) — Blp(X) making the following diagram
commutative:

(7.2.2.A) Bl (Y) —L= Blp(X)
y — 1 .x
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If f is flat, then the diagram is cartesian.

Proof. ZIy,g = Zx,p - Oy yields a morphism of graded algebras Blz, , (Ox)
Blz, ,(Oy). Let f be flat and X = Spec(A), D = Spec(A/I),Y = Spec(B), E
Spec(B/J), J = BI. Then B ®4 I? = J for all d > 0.

o4

Remark (7.2.3). Let D = Spec(A/I) be a closed subscheme of X = Spec(A).
For x € T = BI}(A) the homogeneous localization

Bl (A) (p) = {%’ yeBIY(A) =T d e N}

yields a chart Spec(Bl;(A) ) of the blow up Blp(X). The exceptional divisor is
given in this chart as

Spec(Bl(A) ) ®a A/I)) = Spec(Bly(A)(y) /I Blr(A) @)

and

IB][(A)(I) = {%’ Yy < Id+1,d € N} =x- BII(A)(I)

because x—yd =x- a:d% Therefore the exceptional divisor is defined by x in this chart

and is in fact a Cartier divisor (z is not a zero divisor since Blj(A) ) C Bly(4):).

Definition (7.2.4). Let D C X be a closed subscheme. X is called normally
flat along D at a point x € D if the normal cone Nx p is flat over D at x, i.e.
87y p, (Ox,2) is a flat Opz-module. In fact this is equivalent to say that gry p , =
ngX,D,w(OX@) is a free Op z-module. X is normally flat along D if it is normally
flat at every point of D. D is called permissible at a point x € D if X is normally
flat along D at x and D is regular at x, i.e. Op 4 is reqular. D is called permissible
if it is permissible at all points.

The property of normal flatness was used by Hironaka in his proof of resolution
of singularities in characteristic zero [H1]. The notion of permissible blow up or
Hironaka permissible blow up is widely used in resolution of singularities.

7.3 Permanence properties

Many properties can be expressed easier if a scheme is embedded into a regular
scheme. For our purposes we always can assume to be in this situation: This follows
from the discussion in this section together with the Cohen structure theorem (e.g.
[EGA, Ory 19.8]). Throughout this section consider a morphism f : Y — X of locally
noetherian schemes and fix a closed subscheme D C X, a point z € D and a point
y € Y with f(y) = 2. With E =Y Xxx D the point y lies on E and we have a
morphism f': Y’ — X’ as in (7.2.2) with Y’ = Blg(Y) and X’ = Blp(X). See [CJS,
1.27 (i)] for a similar discussion.

Definition (7.3.1). f is said to be quasi-étale (in the sense of Bennett) at y if
fis flat at y and mx Oy, = my,,.

Lemma (7.3.2). If f is quasi-étale at y, then the following hold:
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(i) CF, : Cvy = E(Y) Xu(@) Cx,o s an isomorphism.
(il) X s reqular at x iff Y is regqular at y.
(iii) E — D is quasi-étale at y.
(iv) D is reqular at x iff E is regular at y.

(v) There is a canonical isomorphism Ny, g, = k(y) X () Nx,D,x inducing a canon-
ical isomorphism ' (y) = k(y) X o(a) T (7).

(vi) X is normally flat along D at x iff Y is normally flat along E at y.
(vil) D C X is permissible at x iff E C'Y is permissible at y.

Proof. We get (i) since f is quasi-étale at y:

8rx 2 Op(a)ki(y) = @mgl(,x ®0x » OxXp/Mx 5 | ®0x.,/mx. Oviy/Myy =
d>0

= P mk . @0y, Ovy/my, =P (mX,z ®0x. . OY,y) ®0y,, Ovy/myy =
d>0 d>0

= @ mx . Ovy Qoy,, Ovy/myy = gry, .
d>0

(i) implies (ii) because x € X is regular iff Cx , is a vector space and analogously
for y € Y. We can assume that X = Spec(A),Y = Spec(B),D = Spec(A/I), x
corresponds to a prime p of A and y to a prime P of B. Then E = Spec(B®4A/I) =
Spec(B/IB) and since © € D we have I C p and get IB C pB C B, ie. y € E.
Passing to the local rings yields the diagram

By/(IB)gy <—— Ap/Iy
| T
By Ay

which is cocartesian since I, By = (IB)g. The lower morphism in this diagram is flat
and therefore also the upper one, this proves (iii). Applying (ii) to X = DY = FE
yields (iv). Tensoring

(7.3.2.A) 8r(1B)y (Byp) = 811, By, (By) = g1y, (Ap) ®a,/1, Byp/1y By

with B /BB yields on the left gr;5(B)®pk(y) which is the affine ring of Ny, g ,. Since
IB C*B we have B/IBop B/ = B/% and get on the right gr;(A)®Ak(2) @ (z) K (Y)-
This yields (v) since 7' (y) = P(Ny.g,) and 75" (z) = P(Nx,ps). The morphism
of local rings Op , — Op,, is flat and therefore also faithfully flat, so by (7.3.2.A)
gy, (Oyy) is free iff grz | (Ox) is free, proving (vi). (vii) is clear from (iv)
and (vi). O
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Consider a point 2’ € 71)_(1 () and a point ¢y € Y’ mapping to y resp. z’. Such a
point exists if f is flat and hence the diagram (7.2.2.A) is cartesian.

Corollary (7.3.3). In the case Y = Spec(Ox ) with closed point y € Y the
canonical morphism f 1Y — X is flat, hence also f' is flat. We have Ox , = Oy,
and Oy, = Ox1 4. So f is quasi-étale at y and f' is quasi-étale at y' and both
residue field extensions are trivial. The statements of (7.3.2) are applicable.

Corollary (7.3.4). In the case X = Spec(A) with a noetherian local ring (A, m)
and closed point x and Y = Spec(A) (completion) with closed point y the morphism
f is quasi-étale at y and f' is quasi-étale at iy and both residue field extensions are

trivial. All statements of (7.3.2) are applicable.

Proof. It is well known that A — A is flat, gr,, (4) = gra(A) and mA = @. Therefore
f is quasi-étale at y. Since 2’ lies over z, i.e. m is mapped to zero under A — k(')
we find

Yixxad 2V xx X' xx 2 2V xx 2’ = Spec(A ®4 k(z))

=~ Spec(A/mA Rp(z) k(2)) = .

The canonical map Spec(Oyy) Xspec(©y, ) & — Y xxr 2’ = 2’ is given as a
localization k(z') — Oy /mxs Oy 4. Since k(2') is a field, this map must be an
isomorphism. This proves not only x(z') = k(y') but also mys ,+ Oy v = my+ s and

since f’ is flat, this shows that f’ is quasi-étale at ¢/ with trivial residue extension. []

If we use (7.3.2) with x(x) = k(y) like in the two preceding corollaries, the iso-
morphism Cy, — Cx, of course also induces isomorphisms Diry, — Dirx, and
Ridy, — Ridx,. If we had a non-trivial residue extension we still would have an
isomorphism for the ridge (see (6.1.10)), but the directrix could change in the case
of an inseparable extension (cf. (6.3.6)).

7.4 Characterizations of normal flatness

We give four equivalent characterizations of normal flatness under the assumption
that the closed subscheme at hand is regular as was required for a permissible blow
up. We reap the fruits of our discussion of bifiltrations and follow [Gi, II 2.] in our
proof.

Theorem (7.4.1) (cf. [Gi, II 2.2], [CJS, 2.2 (2)]). Let x € D C X be a point
of a closed subscheme. Suppose that D is regqular at the point x. Then the following
conditions are equivalent:

(i) X is normally flat along D at x.

(ii) Tp C Dirx, and the natural morphism Cx o — Nx p o from (7.1.5) induces
an isomorphism
Cx,2/Tpz — NxX Dz

and in particular Cx z — Nx p 5 15 a core-isomorphism.
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If X is a closed subscheme of a reqular scheme Z, then the above are equivalent to
the following further equivalent conditions:

(iii) The canonical diagram
Cxq+—Nx,p

L

Cz:.—Nzp
1S cartesian.
(iv) Let Oz, = Spec(R) for a regular local ring R with mazimal ideal m, Op 5 =
Spec(R/p) and Ox ; = Spec(R/I) for ideals I Cp C m. Let I' and I" be the

pullbacks of the p-adic and m-adic filtrations on R via I — R. Then there exists
a standard basis (f1, ..., fm) of (I,Z") such that vy/(f;) = vzn (f;) for 1 <i < m.

Proof. Conditions (i) and (ii) are stable by passing from X to Spec(Ox ;) and also

by further passing to Spec(@) as seen in 7.3. Therefore, using the Cohen structure
theorem, we can assume from the beginning that X is a closed subscheme of a regular
scheme Z and we show the equivalence of (i) to (iv) in this situation.

(7.4.1.1) In the commutative diagram

Tpy—Cxs—>Nxpz—>Nxp

(1) l (1) l (111) J{

Tp. Czx Nzpxz—=Nzp

TD,x

all morphisms in (I), (IT) and (III) are the obvious natural morphisms. As remarked
in (7.1.4) (III) is cartesian. The diagram from (iii) is the composition of (II) and (III).
Therefore (iii) is equivalent to (II) being cartesian. (IV) is the cartesian diagram from
(7.1.6). Therefore (II) is cartesian iff the composition of (II) and (IV)

Cxz—Nxpz

TD,x

is cartesian. So (iii) is equivalent to (V) being cartesian.

(7.4.1.2) Let A, B be k(z)-algebras such that Cx, = Spec(A) and Nxp, =
Spec(B). (V) being cartesian is equivalent to A = x(z)[Xynt1, .., Xn] @p(q) B (nota-
tion from (7.1.6)). This is equivalent to Tp , C Dirx, and Cx 5 /Tp s = Nx,p z-

(7.4.1.3) For what remains we can of course again assume that Z = Spec(R) for a
regular local ring R, z is the closed point of Z corresponding to the maximal ideal
m of R, D = Spec(R/p) such that R/p is regular and X = Spec(R/I) for an ideal
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I C p Cm. The diagram from (iii) then corresponds to the commutative diagram of
graded k(x)-algebras

1 (R/1) <— gry/1(R/1)
I
grn(R) g1y (R)

(i) means that gr,,;(R/I) is a flat R/p-algebra. On the R-module E := R/I we have
the induced p-adic filtration £ and the induced m-adic filtration £”. By definition
(5.1.1) we see that (E, &', E") is a harmonious bifiltered (R, p, m)-module. Now (5.3.3)
says that gr(&’) is flat over R/p if and only if the natural morphism gr,,(R) Rgr, (R)

gr(&’) — gr(€”) is an isomorphism. This shows the equivalence of (i) and (iii). The
same is also equivalent by (5.2.2) and (5.1.3) to (iv). O

Lemma (7.4.2). Let f : Y — X be a morphism of schemes, D C X a closed
subscheme and E :=Y xx D. Let v € D,y € E with f(y) = x. If X is normally flat
along D at x and f is flat at y, then Y is normally flat along E at y and

8y By = 8x,p,2 ®0p . OBy

Proof. Let D be defined in Ox, by the ideal I, then E is defined in Oy, by
J =10y, Since X is normally flat along D at z, we know that gr;(Ox )
is a free Ox,/I-module. Ox, — Oy, is flat and therefore the same holds for
Oxu/I = Oyy/J. Thus gri(Oxs) ®ox /1 Ovy/J = gr;(Oyy) is a free Oy,y/J-
module, i.e. Y is normally flat along E at y. O

Corollary (7.4.3) (cf. [Gi, II 2.6]). Let V be a vector space over the field k,
C a closed subcone of V. and W a vector space contained in C. Then the following
conditions are equivalent:

(i) C is normally flat along W at the origin 0 of V.
(il) W C Dir(C).
(iii) C is normally flat along W at every point of W.

Proof. If (i) holds, then by (7.4.1) we have W = Tyyg C Dirg o = Dir(C') and this is
(ii). W C Dir(C) implies C =2 W xj, C’ compatible with the embedding into V. The
projection C' — C/W is flat and the fiber above 0 € C/W equals W C C. Clearly
C/W is normally flat along 0, hence by (7.4.2) C' is normally flat along W. (iii) =
(i) is obvious. O
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8 The Invariants

We define our invariants: The Hilbert series and the dimension of the ridge of the
tangent cone at a point of a scheme. We describe their meaning and prove that these
invariants do not increase under permissible blow ups. Our strategy to achieve this
result focuses on cones.

8.1 Overview

Our invariants only depend on the tangent cone at a point of a scheme. We use them
also for cones in general.

Definition (8.1.1). Let C' be a cone over some field k. Let x be a point of a
locally noetherian scheme X.

(i) Our first invariant is the Hilbert series. For the cone C = Spec(A),A =
®n20 A, over the field k it is the series

H(C) = H(A) = _ dimy(A,)T" € N[[T]]
n>0

(see 4.5). The Hilbert series of X at x is defined as
HX,x = H(CX,x) = H(ng@) = H(OX,rva,x)

(see 4.6 for the last equality). We use the notations HD(C) = (1—-T)"*H(C)

and HY), = HD(Cxy).

(ii) The second invariant we use is the dimension of the ridge of a cone
R(C) :=dim(Rid(C)) € N,

where Rid(C) is the largest subgroup that translates C' onto itself (see 6.1). We
use this invariant also for schemes with the notation

Ry = dim(Rid(Cx »))
and extend the notations to R (C) = R(C) + d and Rg??x = R (Cx ).
(iii) We sometimes combine these two invariants to
HR(C) := (H(C), R(C)) € N[[T]] x N,

HRX,:E = (HX,m RX,x)-
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Again we extend our notations to HRD (C) = (HD(C), RD(C)) and HRE?’)I =
HRD(Cx ).

Instead of the Hilbert series also the Hilbert function H(C) : N — N, H(C)(n) =
dimy(A,) often is used. It contains the same information. The aim of this chapter
is to give a comprehensive proof of the following well-known result:

Theorem (8.1.2). If 7 : X' — X is a permissible blow up in a center D C X
and ' € 7=1(x) for a point x € D, then

HRY™) < HRY)

where d = tr. deg(k(z")/r(x)).

Let us explain the order used in the theorem to compare the two invariants. For two
series K = > a,T", K' =% a,T" € Z[[T]] the relation K < K’ means a,, < aj,
for all n (we used this already in (4.5.1) f.). This only is a partial order and is not
wellfounded on N[[T]]. It is wellfounded when restricted to the subset of N[[T]] which
comes under our consideration, namely the set of all Hilbert series of standard graded
k-algebras (see [CJS, 1.15 f.]). On N we use the usual order and equip N[[T]] x N
with the lexicographic order with respect to the orders just described. We obtain a
wellfounded order. Therefore the invariant HR cannot drop infinitely many times
under continued permissible blow ups. Resolution is achieved if one can show that it
has to drop at a singular point after some blow ups.

Theorem (8.1.2) consists of two statements:
d+1 1
() HEH) <HY)

(R) If (H) is an equality, then Rg?) s < Rx .

!
L

In (R) it makes no difference if we say Rg?frxl,) < Rgpx. For series K, K' € Z[[T]
clearly K < K’ implies K1) < K’ M) but the converse does not hold in general. In

our special situation also H (d,) » < Hx, would be true. This was proved by Singh

[Sil, Th. 1 f.]. The proof is a little harder and we see no advantage in the stronger
inequality for our purposes since we are mainly interested in the case of equality. So
we are satisfied with (H). Together with (H) and (R) we also will prove:

(N) If (H) is an equality, then 2/ € PRid(Cx /Tpz) C 7 (x).
(I) If (H) and (R) are equalities, then there is an isomorphism
(Cxa)r/Dir((Cx2)r) = (Cxr0r) i/ Dir((Cxr 2 )
for some perfect field K.
(N) gives information about the locus of near points, i.e. points 2’ where (H) is an

equality. (I) means that the tangent cones Cx , and Cx s are very similar: There
is not much information left for additional invariants depending only on the tangent
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cone. The invariant H R will not be sufficient for resolution of singularities. It only
depends on the tangent cone Cx ,, which is defined by the initial forms of equations
defining X inside some regular scheme Z. Therefore HR does not see any terms of
higher order. The invariant H R has to be extended by further invariants constructed
directly from the local setting, such as polyhedra.

(8.1.3) Let us make a few simple observations concerning our invariants.

i) If C'is a cone, then there is a canonical isomorphism Cc o =2 C' and therefore
Y p )

Hco=H(O), Rco = R(C).
(ii) Our invariants, seen as invariants of a cone C over a field k, do not change
under field extensions k’/k. For the Hilbert series this is clear since it measures

vector space dimensions. For the ridge we have seen in (6.1.10) that Rid(Cy/) =
Rid(C)yr.

(iii) The shifted invariants H(¥ and R@® represent additional d dimensions:

H(C x AY) =HD (), R x A =RD ).

(8.1.4) We take a look at the meaning of our invariants.
Let k be a field, S = k[X1, ..., X,,], I € S a homogeneous ideal and C' = Spec(S/I)
a cone in V' = Spec(S). We use (4.5.6) to look at some examples. If I = (f)g for
a single homogeneous polynomial f of degree m, then H(C) = (1 —T™)(1 —T)~".
So in the case of a hypersurface the Hilbert series contains precisely the information
about the degree of f, i.e. the multiplicity of the hypersurface at the origin. The
same is true from the local point of view: If (R, m) is a regular local ring of dimension
nand t € R, then H(R/(t),m) = (1 —T™)(1 —T)~" with the order m = vn(t) (see
(4.6.5) and (4.4.8)). If we only were interested in hypersurfaces, we could use the
easier invariant of multiplicity. But if I is not a principal ideal, things become more
complicated. With (4.5.6) we see that one can simply calculate the Hilbert series of C
if I is generated by a regular sequence f1, ..., f of homogeneous elements. This means
that f; is not a zero divisor in S/(f1, ..., fi—1) for i = 2,...,r. In this case we still have
H(C) = (1 —17de(f))... (1 — 7dee(fr))(1 — T)~". But we also see that this holds
only if f1,..., f» is a regular sequence. Not every ideal can be generated by a regular
sequence, for example take n = 2,1 = (X2, X1 X5). Then H(C) =T + (1 - T)~ L.
I cannot be generated by a single element and if I would be generated by a regular
sequence with at least two elements, we would have H(C) € N[T] which is not the
case. A good generalization of the multiplicity to non-hypersurfaces is the Hilbert
series. Another possible generalization would be to measure the degrees of a minimal
system of generators of I: If fi, ..., f, is a standard basis of the ideal I (see (4.3.7)),
one looks at the array of degrees v*(I) = (deg(f1), ..., deg(fm), o0, - - - ). This invariant
is widely used also (cf. [H4, p. 155], [CJS, 1.1 fI.]). It behaves rather differently than
the Hilbert series in general. In fact it is not possible to compute the one invariant
from the other, the connection is more subtle: The Hilbert series can be computed
from the v*-invariants of each module of a graded minimal free resolution of I ([Si2]).
But v* also does not increase under a permissible blow up and in the critical cases the

95



8 The Invariants

invariants behave alike: (H) is an equality if and only if the corresponding equality
for v* holds. This was proved by Hironaka [H4, Th. II, Th. III].

We now come to our other invariant R. Recall that ¢ (IRid(I)) is the ring of in-
variants of Rid(C) in S. Its dimension is the minimal number of additive poly-
nomials that are necessary to denote equations generating I (see (6.1.9)). Since
IRid(I) = S - U(IRid(I)) we see that codimy (Rid(C)) is again the same number of
additive polynomials and R(C') is the maximal number of independent additive poly-
nomials that do not appear in equations generating I. So we can say: The lower R(C)
becomes, the more complex the ideal I looks like. It may seem counterproductive to
wish that R(C) drops, i.e. to make I more complex. But as a matter of fact, this
will make the further process of resolution easier! Just take a look at property (N)
above. The smaller the ridge becomes, the smaller the place gets where near points
might appear. One gets another hint in the same direction, when one looks at the
strategy to obtain resolution of threefolds in positive characteristic in [CP1],[CP2]:
In [CP1] the general case is narrowed down to the special cases of purely inseparable
and Artin-Schreier equations. The longest part of the work ([CP2]) has to deal with
these two troublesome cases by defining further invariants. A good deal of consider-
ation is given to equations that begin with a p-th power in resolution of singularities.
These inseparable equations are a main obstruction to resolution of singularities. In-
separable equations correspond to a ridge that is rather large. Therefore one hopes
that the dimension of the ridge will drop eventually in a resolution process.

(8.1.5) Let us compare our way to prove (H), (R), (N) and (I) to some standard
references.

[Be] Bennett proves (H) in Theorem (2). His prove was simplified by Hironaka:

[H4] Hironaka proves (H) in Th. I loc. cit. by the sequence of inequalities (4.1) loc.
cit.
(1+d) (2+d+s) (I4s)  _ (D)
H <HZ ), <Hy " =Hy,

X' (), = ""Nx,p,x

with s = dim7Tp . We prove the first inequality in the same way as Hironaka
(cf. (5.2) loc. cit.). The second inequality is proved in [H4] in several steps:
The residually rational case k(z') = k(x) (Lem. 8 loc. cit.), the purely tran-
scendental, separable algebraic and purely inseparable cases (Case 1-3 p. 164
loc. cit.). Hironaka proves these cases using blow ups and has to go to a new
local ring after every step. We will argue in comparable steps, but will do this
without leaving our original object that far: It is clear that one has to compare
a point of a cone to the origin of this cone at least implicitely somewhere in the
proof. We make exactly this to our objective. We first state our main result
for this comparison (8.2.6) without speaking about blow ups by considering a
sequence of points under consecutive base changes of a cone with simple field
extensions. Only in the last step we will look at a blow up and extend our
result. This way seems easier to the author.

[H2] Hironaka proves an inequality implying (R) in Th. (1,A) loc. cit. under the

assumption that the v*-invariant has not changed. This is equivalent to an
unchanged Hilbert series by [H4, Th. III].
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8.2 Behavior of the invariants under permissible blow ups

[Sil] As already mentioned, Singh proved an amelioration of (H). His prove follows
roughly the strategy used by Hironaka.

[Gi] Our proof of (H) and (N) is inspired in many points from this work of Giraud.
However, he denotes a similar proof only in the case that 2’ € 7~ !(z) is a
closed point (II 3.8 loc. cit) and does not focus that clearly on the tangent
cone. Under the same assumption he also proves (R) and (I) (II 4.1 ff. loc.
cit.).

Our proof combines different properties in one line of thought with a view focused
on cones rather than blow ups. We do not use the v*-invariant.

8.2 Behavior of the invariants under permissible blow ups

We are going to prove the statements (H), (R), (N) and (I) in (8.2.7). For the
beginning we exploit the characterizations of normal flatness from (7.4.1).

Lemma (8.2.1) (cf. [Gi, IT 3.1)). Let X be a locally noetherian scheme and x,y
points of X such that x € Y := {y}. Suppose that Oy is regular of dimension d.
Then

D < ).

Equality holds if and only if X is normally flat along Y at x.

Proof. Using the permanence properties of 7.3 we can assume that X is the spectrum
of a complete local ring. The Cohen structure theorem allows us then to take X =
Spec(R/I) for a regular local ring R with maximal ideal m and some ideal I C m.
Since Oy, is regular, we have Y = Spec(R/p) such that R/p is regular of dimension
d. We equip E := R/I with the p-adic and m-adic filtrations & and £”. (E,&’,E")
is then a harmonious bifiltered (R, p, m)-module. The weak semi-continuity (5.3.1)
states

H)((l) _ H(l)(grmxvz (OX,z)) _ H(l) (grm/I(R/I)) — H(l)(f,'”) > H(dJrl)(gé) —

= H(dH)(grp/I(R/I)p) = H(dﬂ)(grmx,y(OXy)) - H%l)-

By theorem (5.3.3) equality holds if and only if gr(£’) = gry y, is flat over R/p. This
means by definition precisely the normal flatness of X along Y at x. O

Proposition (8.2.2) (cf. [Gi, II 3.4]). Let f : X — Y be a morphism of locally
noetherian schemes and x € X with image y = f(x). Assume that O;- L(y),z 05
reqular of dimension d and f is flat at x. Then C’ 1 Cxp = Cyy Xy () is a
core-isomorphism (see definition (6.4.3)) and mduces an isomorphism

(8.2.2.A) CX,w/Tf—l(y),x = Cy7y Xn(y) IQ(IL‘)
We have non-canonical isomorphisms

[a) =~ d
Cxa = Cry Xuy) Tr-10),0 = COviy Xn(y) Akia)
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8 The Invariants

and the equality

Hx, = H{".

Proof. We can replace X and Y by the spectra of Ox , and Oy,,. This does not alter
the cones involved nor the Hilbert series (see 7.3). Also Of-1(y) , is unchanged. To see
this we can assume that Y = Spec(A) and X = Spec(B) are affine. Let x be given by
the prime ideal g C B and y be the prime p C A. Then f~1(y) = Spec(B ®4 Ap/py)
and Of-1(y), = Bp ®a Ap/pp. On the other hand, if we take the induced morphism
Ay — Bap, the fiber over the closed point y which is By ® 4, Ap/pp already is the local
ring we are looking for and is in fact the same as in the first case. From now on we
assume to be in the local situation. Then f~!(y) is a closed subscheme of X, namely
1 (y) = Spec(Ox z ®oy,, £(y)) = Spec(Ox o /my,yOx ;) which is the spectrum of a
regular local ring of dimension d. Since f is flat, we have

(8.2.2.B) Oy Xu(y) [T (y) = Nx p-1)

as is seen from the following calculation:
n n+1 ~ T n+1 ~ T n+1
mY,y/mY,y ®l€(y) OX@/mYayOX@ - mY,y/mxy ®n(y) OX,:(: = mY,yOX,:c/myjy OX,x-

Since
NX,ffl(y) = Spec(@ m%y/m?le ®r;(y) OX,w/mY,yOX,x)
n>0
already comes from the stalk of gry ;-1(,) at z, we see that X is normally flat along
f71(y) at . The r(y)-algebra Ox ,/my,Ox . is tensored over the field x(y) with
the £ (y)-modules my. / m%f. Of course this yields free Ox ,/my,,Ox z-modules. By
(7.4.1) (i) Nx p-1(y)2 = Oxz/Tj-1(y)» (here we used the regularity of Op-1(, )
and we get the claimed natural isomorphism (8.2.2.A) since Ny -1,y » = Cyy Xyu(y)
FHy) xx k(z) and f~1(y) xx K(z) = Spec(Ox o /my,yOx s 0y, £(x)) = K(z). We
therefore also have Cx » = Nx r-1(y) 0 Xn(z) Tf-1(y),0 = Oviy Xn(y) B(T) X ) Ai(x).
The composition
CX,x — Nny—l(y)@ — Cy7y

is the canonical morphism Cf , from (7.1.2). Hence C% , 18 a core-isomorphism. [

We study the effect of a base change with a field extension for our invariants. First
we do this in the algebraic case, then in the transcendental case. We begin to use
the full strength of the essential technical tool (4.6.5). Our motivation for the next
result is [Gi, II 3.5, 4.2.3].

Proposition (8.2.3). Let k'/k be a finite field extension and X a locally noethe-
rian k-scheme. Consider a point ' of X' := X = X X3 k' that maps to v € X
under the natural morphism f: X' — X.

(i) One has the inequality
(1) 1)
(8.2.3.A) HY <HY

and equality holds if k' /k is separable.
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8.2 Behavior of the invariants under permissible blow ups
(i) If (8.2.3.A) is an equality, then
(8.2.3.B) Rx o < Rx/ .

(iii) If (8.2.83.A) and (8.2.5.B) are equalities, then we have a natural isomorphism

(8.2.3.0) (Cxr2) i/ Dir((Cxr o) k) = (Cx2) i/ Dir((Cx o) )

such that in particular C'}ix, is a K-core-isomorphism and there is an isomor-
phism

(823D> CX,x Xﬁ(m) K= CX’,x’ Xn(x/) K,

where K/k(z') is any perfect field.

Proof. We can assume that &’ = k(a) is a primitive algebraic field extension. The
general case follows then by applying this special case a finite number of times (k'/k
is finite). All claims we have to prove are compatible with these intermediate steps.
Let p be the minimal polynomial of a in k[Y]. With k — k[Y] — k' = k[Y]/(p) we
get the sequence of locally noetherian schemes

X' x4 x,
where X" := X xj Spec(k[Y]). Let 2 := h(z). We have
g M) =2 k() xx X" = k(2)x x X x.Spec(k[Y]) = k(z) xxSpec(k[Y]) = Spec(k(z)[Y])
and for f = gh
FNe) = k() xx X' = k(x) xx X xp k' 2 Spec(r(z)[Y]/(p)).

Residue fields are unchanged under passing to a fiber; x(2’)/k(z) and also x(z")/k(z)
are finite, hence ” must be closed in g~!(x). Clearly g is flat and since g~!(z) is
regular we see that Oy-1(, . is regular of dimension 1. By (8.2.2) therefore we have
a natural isomorphism

(8.2.3.E) CX//,x///Tgfl(@@u = CX@- Xﬁ(x) H(.%'H),
such that in particular C; . 18 & core-isomorphism and have an isomorphism

(8.2.3.F) Coxrgn 22 Ox o X () Aoy

and in particular Hx» zn = H)((l):C We now prove (i) - (iii).

(i) We look at the closed immersion h and find Ox/ = Oxr v /(p). Then we
apply (4.6.5) and get

g >a-1)a) > -1)H) = Hyn = HY

" "
X" x )

where 7 = v, ,(p). This shows (8.2.3.A). If k' /k is separable algebraic, the
base change X’ — X also is étale, a fortiori quasi-étale and we can use the
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8 The Invariants

properties of permanence in 7.3 to get the desired equality even without the
work done so far in this proof.

(ii) If H)((l,)w, = Hg(l)x, then also H)((l,)z, = Hxu v and we must have r = 1 in the
proof of (i). (4.6.5) moreover yields the isomorphism 8 x7 40 = 8 g [ (g (p))-
The one graded ring therefore arises from the other by dividing out an element
of degree one. Geometrically this means that Cxs .+ equals the intersection of
Cxv gz with a hyperplane W in some surrounding vector space V' (take T'xr ).
We now are in the situation of (6.4.6) with codimy (W) = 1 and therefore get

(8.2.3.B)

S22 dim Ridy» p» —1 < dim Ridyr o .

dim Ridx

(iii) If additionally dim Ridx ; = dim Ridx/ ,, then dim Ridx» ,» = dim Rid x/ ;v +1
and by (6.4.6) the closed immersion Cy, . = Cf s+ Cxrar — Cxrr g is a K-
core-isomorphism for any perfect field K/k(z'). We already know that Co

is a core-isomorphism. Hence the composition C’? o = C; o 0Cp . is a K-
core-isomorphism. But this just means (8.2.3.C). Finally we get (8.2.3.D) with
(8.2.3.F). O

Lemma (8.2.4). Let x be a point of a locally noetherian scheme X over the field
k and X\ € k(x) an element that is transcendental over k. Consider the projection
p: X :=k(A) xx X = X for a purely transcendental extension k(A)/k. Then there
exists a point T € p~t(x) with k(Z) = k(z) and a natural isomorphism

(8.2.4.A) Cs:/ 17 = Cxe
such that Cp 5 is a core isomorphism. In particular we have an isomorphism
(8.2.4.]3) Cf(,f = CX,x Xﬁ(z) AH(:U)

Proof. We are going to show that  can be chosen such that O,-1(,)z is regular of
dimension one. Then we get (8.2.4.A) and (8.2.4.B) with x(Z) = k(z) from (8.2.2)
since p is flat. For this purpose we pick = as the point of

pH2) 2 X xx k() ZE(A) xp X xx r5(z) = k(A) xp 5(x)
corresponding to the surjection (defining a prime ideal p = ker(p) representing )
v k(A) @k k() = K(x), A=A

Thus clearly x(z) = k(z). With the multiplicatively closed set S := k[A] \ {0} we
find
k(M) @ k(x) = k[A]s @k £(z) = k(z)[Als

with ¢ : k(x)[A]ls — K(x), A = X. Observe that the kernel p’ of ¢| (s is the
principal ideal generated by the element A — A € k(x)[A]. One easily sees that
SNy’ = 0. We therefore get isomorphisms

Op-1(2)5 = (6(2)[A]s)p = K(z)[A](a-x)
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8.2 Behavior of the invariants under permissible blow ups

and apparently O)-1(,) 7 is in fact a regular local ring of dimension one. O

The fiber over a point in the center of a permissible blow up is the projective space
associated to a quotient of the tangent cone at that point. We will have to switch
between the projective space associated to a cone and the cone itself at several points,
so we have to talk about a comparison morphism between these two objects (cf. [Gi,
II 3.6.1]).

Proposition (8.2.5). Let C be a cone over the field k. There is a canonical
smooth morphism of relative dimension one

~v:C* = PC,
where C* := C'\ {0} is the punctured cone. It has the following properties:

(i) Forz € PC we have y~!(x) & (Ai(z))* (the affine line with the origin removed).
If x is defined by some homogeneous prime ideal in the graded ring R,C =
Spec(R), then the same prime ideal defines a point of C* and this is the generic
point of y~1(x). We will call the points of C* arising in this way homogeneous
points of C*.

(ii) Ify € C* is a homogeneous point, there is a natural isomorphism
Cey = Cron(y) X)) F(Y)
and k(y)/k(v(y)) is purely transcendental with transcendence degree one.
(iii) If z € C* is not homogeneous, there is a natural isomorphism
Coz/Ty-1(42)),2 = Cren(z) Xtz #(2)
inducing an isomorphism
Coz = Cron(z) Xuty(2) Aucz)
and k(z)/k(v(2)) is algebraic.
For any point w € C* the morphism CF . is a core-isomorphism.

’y7w

Proof. Let C = Spec(R) for a standard graded k-algebra R. Locally 7 corresponds
to the morphism of rings Ry — Ry for f € Ry (R is generated by R;), where

g
R(f)z{deRf'géRd,dEN}.

This morphism factors to
R &5 Rop[X] 25 Ry (X, XY 55 R
) (nX] X, X7 !

¢ is the inclusion and p# the localization at the element X. The isomorphism at
the end stands for X ~— f~! and is easily checked. On the level of schemes this
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8 The Invariants

corresponds to
VL4 AL S,

where V' C C* and U C PC are open affines and p is an open immersion, hence étale.
Therefore v is smooth of relative dimension one. In particular

7 (@) 2 Spec(Ryp) X, X)) Xspee( ) #(x) = Spec(r(z) X, X ) = (A1 ,))".

This shows (i). Explicitely one sees easily that the map v is given by Spec(R) —
Proj(R),p +— p”, where p” is the homogeneous prime ideal of R generated by the
homogeneous elements in p. Therefore the generic point of the fiber over z (defined
by a homogeneous prime ideal p C R) is the point of C* corresponding to the same
prime ideal p = p”. A homogeneous point y € C* is the generic point of the fiber
7 1(v(y)) and a non-homogeneous point z € C* is closed in the fiber v~ 1(y(2)).
Therefore (ii) and (iii) follow directly from (8.2.2). O

We assemble the tools prepared so far and compare the origin of a cone with some
other point on it.

Theorem (8.2.6). Let C' be a cone over the field k, x a point of C* and d =
tr. deg(k(x)/k).

(i) One has the inequality

(8.2.6.A) HO(C) > B,

= " Cx
(ii) If (8.2.6.A) is an equality, then
(8.2.6.B) R(C) > RY),
and z € Rid(C).
(iii) If (8.2.6.A) and (8.2.6.B) are equalities, then there is an isomorphism
(8.2.6.C) Ck/Dir(Ck) = (Cew)i/ Dir((Coz) k)

for any perfect field K/k(z).
Proof. We proceed in several steps.

(8.2.6.1) The field extension x(z)/k is finitely generated since C'is of finite type over
k. Let k' be an intermediate field of this extension such that x(z)/k’ is algebraic and
k'/k is purely transcendental with tr.deg(k’/k) = d. We apply (8.2.4) d times, each
time making a base change with a purely transcendental extension of transcendence
degree 1, and gain a point 2’ € C’ := Cy lying over z with k(z’) = k(x) such that
Ccr gzt — Coy is a core isomorphism, i.e.

Cc/,x// DiT(CC’,x’) — CC@/Dir(CC’x)
is an isomorphism. In particular we get an isomorphism

(8.2.6.D) Cora = Cow Xu(w) M)
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8.2 Behavior of the invariants under permissible blow ups

(8.2.6.2) Now (' is a k’-scheme and s (2)/k' is a finitely generated algebraic, hence
a finite field extension. Let p : C" := Cy(,) — C" = Cp be the natural projection.
Then we find in the fiber p~1(2') = k(x) Xy k(2') a point z” corresponding to the
kernel of the multiplication map k(z)®y k(z') — k(x) with residue field x(z") = k(z).
We apply (8.2.3) and gain the inequality

(8.2.6.E) HGED E2D g < gl)

7a././ /71.// .
If this is an equality, still by (8.2.3) we have

(8.2.6.F) R 2P R, < R g,
If this also is an equality we know furthermore that Cow 4 — Cer v is a K-core iso-
morphism for any perfect field K/k(z”) and we therefore have natural isomorphisms
(8.2.6.G)

(Cer )i/ Dir((Cergn) k) = (Cor e )k / Dir((Cerar) k) = (Cow) i/ Dir((Cew) i )-

Also the composition Ccr v — Cc , will then be a K-core isomorphism.

(8.2.6.3) Now z” is a rational point on C”. We can embed C” into an affine space,
say V' = Spec(k(z)[Xo, ..., Xn]), and can suppose that 2" has coordinates (1,0, ...,0),
i.e. is defined by the maximal ideal (Xy—1, X1, ..., X;,) (we excluded the case that x”
is the origin). We apply (8.2.5) and get a morphism v : C”* — PC" as constructed
there. y(z”) is the homogeneous prime (X7, ..., X,,) defining a homogeneous point y
of C". From (8.2.5) (ii) and (iii) we get canonical isomorphisms

(8.2.6.H) Ceny = Crompy) X niy(w)) K),

(8261) CC”@"/T771(’Y($//))7$/' = CIP’C”,'y(:r”) Xfi('y(x”)) /ﬁ}(l’”)
and an isomorphism
(8.2.6.J) CC”,x” = CIPC”,’y(a:”) Xk (y(z'")) A}{(:ﬂ”)

Note that v(y) = v(z").

(8.2.6.4) Consider in the regular local ring R := Oy with the maximal ideal mp
the regular prime ideal pg := (X1,..., X,)g. Let the closed subscheme C” of V be
defined by the ideal J in R. We consider the exact sequence 0 - J — R — E — 0,
i.e. E = R/J. It becomes a bistrict short exact sequence of bifiltered (R, pr, mg)-
modules when we equip J and E with the induced filtrations from R (see (5.2.1)).
(E,&,E") (standard notation as in chapter 5) is harmonious.

By (5.3.1) we have

(826K) H(l)(C) = H(l) (C”) = H(l)(OC//’O, mC“,O) = H(l) (5”) Z H(Q) (glgR) -

= H(Q)(OC”,y7mC”,y) = ngzyy-
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Altogether we can prove (8.2.6.A):

. (2) (8.26.H) (826.7) (1) B26E) 41
H( )(C> > HC”,y = H]P’C”,'y(y) = HC,,7$,, > HC,x .
(8.2.6.5) From now on we suppose that (8.2.6.A) is an equality. Then (8.2.6.K) and
(8.2.6.E) also must be equalities. Since HM (") = H(z)(é}gR) we get from theorem
(5.3.3) and (5.2.2) that the canonical morphism gr,, . (R) Dgr, , (R) gr(J") = gr(J") is
surjective (J', J" are the filtrations on J induced from R). Since R is the local ring
of V at the origin, we can identify gr,, (R) = s(x)[Xo, ..., X»] and gr(J") = I, the
ideal defining C" in V. Since gr(Z') C gr,,(R) we see that I is generated by some
elements in the image of

k() [zo][X1, .oy Xn] = g1y (R) = gy, (R) = k(2)[Xo, .., Xa)

l’ol—>0,X1l—>X1,--' ,Xni—>Xn.

Let L be the line joining 0 and z” in V defined by the ideal (X7, ..., X,) in the
ring k(z)[Xo, ..., Xn]. Since k(z)[Xo, ..., Xu](k(z)[X1,..., Xpn] N I) = I we see that
by definition (see 6.2) L C Dir(C”) and therefore also L C Rid(C”). In particular
2" € Rid(C"). The projection p : C"” — C”/L is smooth of relative dimension 1 (it
is given by

k(2)[ X1, ..., Xn]/k(2)[ X1, ..y Xp] N T —

= (k(2)[ X1, .oy Xp)/6(2)[ X1, oo, Xn] N ) [ Xo] & k(2)[ X0, ..., Xp] /1)
We have p(z”) = p(0) and both 0 and 2 are closed in p~1(0) = L. Hence by (8.2.2)
we have a natural isomorphism

(8.2.6.L) Ceno/Tro = Conan | Tran.

We can therefore show (8.2.6.B) (note that the ridge is stable under field extensions
as seen in (6.1.10)):

(8.2.6.F)

R RY.

[=2]

R(C) - RC’O = RC"7O

Since C" = Cj(y) we have z” € Rid(C") = Rid(C'),(y) and therefore z € Rid(C).

(8.2.6.6) Finally suppose that also (8.2.6.B) is an equality. Then (8.2.6.F) is an
equality. (8.2.6.L) induces first an isomorphism

C,{(I)/ Dir(CN(I)) — CC//’O/DiI‘(CC//70) — Ccll’m/// Dir(C", .’L‘”)
and then for any perfect field K/k(x) an isomorphism
CK/ DlI‘(CK) — (CCN,J:N)K/ Dir((OC”,a:”)K)

that yields (8.2.6.C) when combined with (8.2.6.G). O
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8.2 Behavior of the invariants under permissible blow ups

Theorem (8.2.7). Let D be a closed subscheme of a locally noetherian scheme
X such that D is permissible in X at the point x. Let ' € 7~ (x) for the blow up
m: X" :=Blp(X) = X and d := tr.deg(k(2’)/k(x)).

(i) One has the inequality

1 d+1
(8.2.7.A) Y, > HE.

(ii) If (8.2.7.A) is an equality, then

(8.2.7.B) Ry, > RY)

- /’z/
and z' € PRid(Cx +/Tp ) C 7 ().
(iii) If (8.2.7.A) and (8.2.7.B) are equalities, then there is an isomorphism

(827C) (CX,x)K/ Dir((C’X@,)K) — (CX’,z’)K/ Dir((CX/@/)K)

for some perfect field K/k(x').

Proof. With the techniques of 7.3 and the Cohen structure theorem we may again
suppose that X is embedded into a regular scheme Z for all questions at hand. We
also may restrict to the case that = is a closed point.

(8.2.7.1) Consider the diagram with cartesian squares

Spec(oﬂ_l(a:),x’) - Spec(oﬂ'—l(D),m/) - SpeC(OX’,x’)

| | i

7 1(x) 7~ 1(D) X'
| | )
{z} D X

in which all horizontal arrows are closed immersions. The closed subscheme 7=1(D) C
X' is the exceptional divisor we already discussed in (7.2.3). Hence we can find a local
equation v € Ox 4 of this divisor with Ix' z—1(D)w! = vOxr 4 so that (’)rl(D),xl ~
Oxr 5 /(v). Furthermore the maximal ideal of Op , is generated by let us say w1, ..., uq
and therefore

071-71(1‘)7ml = Oﬂ.—l(D)’x//<U1, e Ug) = OX/7$//<1),U1, ...,uq).

Let 70 = tn,, ,(v) and r; = vy, ,(u;) for i =1,...,q. Applying (4.6.5) successively
for v,uq, ..., uq we find

(8.2.7.D) Hﬁ‘iﬁam, >(1—=T7).-.(1=T")- Hﬁgtﬁl) > H)((l)x
If this is an equality we must have 79 = --- = ry = 1 and further know from (4.6.5)
that

81 (a)e = 8Tx7 o [(imy, , (V),10my, (W), s iDmy, L (ug)).
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Therefore Cr-1(,) .+ arises from Cx . (inside some vector space like T/ ,) as an
intersection with a (¢ + 1)-codimensional subspace. Thus we can use (6.4.6) and get

(8.2.7.E) R > Ry

©—1(z),z’

If here also equality holds, we have a canonical isomorphism
(827F) (Cﬂ_l(x),:t’)K/ Dir((cﬂ—l(x)@/)}() — (CX’,x/)K/ Dir((CX/@/)K)
for any perfect field K/k(z').

(8.2.7.2) Since D is permissible at x we get from the characterizations of normal
flatness (7.4.1) that Tp , C Dir(Cx ) and an isomorphism C' := Cx »/Tp» = Nx.p
of cones over k(x). D is regular at « and therefore dimTp , = ¢, ¢ as above. So we
have an isomorphism

(827G) CXJ; =C Xn(x) TD,x-

We saw in (7.2.1) that 7—!(z) 2 PNx p, = PC. Consider the morphism v : C* —
PC from (8.2.5). We denote with y € C* the generic point of the fiber 7—!(z’), where
we regard 2’ as a point of PC. Then y is a homogeneous point of C*, i.e. corresponds
to a homogeneous prime ideal, and we have a natural isomorphism (see (8.2.5))

(8.2.7.H) Cey = Cpow Xp(a) K1),
where tr.deg(k(y)/r(2’)) =1 and therefore tr. deg(x(y)/k(z)) = d + 1.

(8.2.7.3) Now we can apply theorem (8.2.6) to compare the tangent cone at y € C
with the cone C itself and deduce (8.2.7.A) in the following way:

(8.2.6.A)

HY, D gy S

plotdr2) @27H) grara) B2TP) i)

Cy m=1(z),z’ X'z

If this is an equality, then (8.2.6.A) and (8.2.7.D) both must be equalities and we
prove (8.2.7.B) again by using theorem (8.2.6):

(8.2.6.B) (8:2.7.E)
RX7x _ R(CXJ-) (82:7G) R(q) (C) 2 R((;]Zd+1) (82:7H) R(Q+d+1) 2 Rg?27x"

m1(x),z’
From (8.2.6) (ii) we also get y € Rid(C). Thus 2’ € PRid(C) = PRid(Cx »/Tp ). If
the last estimation is also an equality, we find the isomorphism (8.2.7.C) for a perfect
field K/k(y) with the use of (8.2.6) again (the first isomorphism comes from the core
isomorphism Cx , — C):

(8:2.6.C)

(Cx.2)x/Dir((Cx)x) — Cx/ Dir(Cr) 2_6>

(8:27.F)

(CC,y)K/ Dir((CC,y)K)

8.2.7.H . .
O (O mya) i/ Dit(Comr () 2 ) (Cxr2) i/ Dir((Cxr 1) k).

This finishes the proof. O
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O Hironaka Schemes

Hironaka schemes are group schemes associated to points of the projective or affine
space over a field. They were introduced by Hironaka ([H5]) in order to obtain
information about the locus of near points of a blow up with [H4, Th. IV]. We recall
their definition, say some words on their characterization via differential operators
and will take a look at the mentioned theorem IV of Hironaka: In the author’s point
of view it seems desirable to find a proof of this theorem that works with Hilbert
series instead of the v*-invariant Hironaka uses in his complex proof. We do not
succeed in this, but will present our results and describe what is missing to complete
our line of thought. At least we give a complete proof in characteristic zero.

9.1 Definition and characterization via differential operators

We give the definition of Hironaka schemes via their rings of invariants and present
a very useful description for these rings via differential operators. Throughout this
section let V' be a vector space over a field k, i.e. V' = Spec(S) for a polynomial ring
S = k[X1,...,X,]. For any point x € V given by a prime ideal p C S we consider the
my,,-adic filtration on Oy, and the order function v, associated to it as in (4.4.8).

Remark (9.1.1). Via the morphism~y : V* — PV we get a point £ = vy(x) as long
as © # 0 (see (8.2.5)). We also can consider the order function ve of the mpy ¢-adic
filtration on Opye. An element f € Sq defines a hypersurface Proj(S/(f)) C PV. Its
multiplicity at the point & is given by ve(f/T?) for some T € Sy \ p where it does not
matter which T is chosen. In particular ve(f/T?) = vy (f).

Proof. First note that ¢ corresponds to the homogeneous prime ideal p” that is
generated by all homogeneous elements of p. Therefore S; \ p = S; \ p. For some
other 77 € S; \ p we have T'/T € S(Tah) and thus ve(f/T9) = yg(f/T’d). It is easy to
see that ve(f/T9) = vy (f). O

Corollary (9.1.2) (cf. [Od, 2.2], [Gi, IIT 2.2.2 f]). For f € S we have

ve(f) >m — Diff5™ 1 (S)(f) C p

and

ve(f) < deg(f).

Proof. The first description is immediate from the local Jacobian criterion (2.3.5).
Assume v (f) > deg(f) + 1. Then we would have Diﬁ%deg(f)(S)(f) C p. For a
monomial XM of degree deg(f) appearing in f with coefficient a # 0 we therefore
have with the standard differential operator Dj; corresponding to the variables X
(cf. (3.3.1)) the impossibility Dy (f) =a € KX Np. O
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9 Hironaka Schemes

Definition (9.1.3). The Hironaka ring of invariants associated to x in V
is the graded algebra (see (9.1.4)) Uy, C S (if no confusion is possible also denoted
Uy ) with

(9.1.3.A) Us)a = {f € Salva(f) = d}.

We will see immediately that Uy is generated by additive polynomials, hence we also
will study the graded k[F]-module

Q:B = QVJ; = UV,LL’ N L
Remember that L stands for the k[F]-module of additive polynomials in S, see 1.4.

Note that the construction of Q. only makes sense if char(k) > 0, the case we are
mainly interested in. In characteristic zero U, will be generated by polynomials of
degree one. We will use Q, without further comments; in the case of characteristic
zero there always will be an obvious analogous statement at hand.

Lemma (9.1.4). U, is in fact a graded k-subalgebra of S with
(9.1.4.A) (Usn)a = {f € Sal DIEZ'(S)(f) C p}
and Uy is generated by homogeneous additive polynomials (cf. [Gi, III 2.2.4]), i.e.
U, = k[Q.].
We have RQ, = Q. and for 0 # f,g € S
(9.1.4.B) f-gel; = fi9 €Uy.

Proof. It is clear from (9.1.2) that (9.1.4.A) holds and U, is a graded k-algebra (for
f € (Uyz)gand g € (Uy)e one has d+e = v (f)+vz(9) = va(f-g) < deg(f-g) = d+e).
To show that U, is generated by additive polynomials we use criterion (ii) of (3.4.3):

Let Djs be a standard differential operator with respect to the variables X and
f € (Uy)g such that | M| < d—1,ie Dy € Diff,fd_l(S). Then Dys(f) € Sa—|a and

e (2.1.9) B
Diff;* M (S)(Dur(£)) S DIfEETN(S)(f) S
shows that Dy/(f) € (Usz)g—|ar)- Let f € L be homogeneous with F/(f) € Q. Then

ve(f) = v (F(f))/p = deg(F(f))/p = deg(f) and therefore f € Q,. This proves
RQ, = Q, which implies the last property by (6.3.11). In characteristic zero the last
property holds since U, is generated by polynomials of degree one. O

(9.1.4.B) is a simple observation if f and g are homogeneous.

Definition (9.1.5) (cf. [Gi, III]). The Hironaka scheme associated to x in V
1s the subgroup of V
By := By, := Spec(S/S(Uy z)+).
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9.2 Hironaka’s theorem IV

Remark (9.1.6). The Hironaka scheme By, only depends on the point £ = y(x)
of the projective space PV. We therefore also write By ¢ for By . Originally Hironaka
associated his groups to points of the projective space in [H5]. This approach leads to
the same result since vy (f) = ve(f/T?) as we saw in (9.1.1).

(i) By contains the point x.

(ii) For points x,y € V with y € {x} we have U, C Uy and therefore B, C B,.
This is clear from (9.1.4.A) since the prime ideal defining x is contained in the
prime ideal defining y.

Let us examine a simple example.

Example (9.1.7). If p = (X, ..., Xp,), then X,,, ..., X,, are regular parameters
of Sy and Xy, ..., X;,—1 become units in this ring. Therefore

Uy = k[ X, ..., Xp].

Lemma (9.1.8) (cf. [Gi, IIT 2.2.5]). Hironaka schemes are independent of the
embedding into a vector space, i.e. if x € W and W C V is a subspace, then
Bw,, = By,.

Proof. Let V = Spec(S5), S = k[X1, ..., Xn] and W = Spec(T), T = k[ X411, ...y Xn).
We can suppose that the inclusion ¢ : W — V is defined by # : § — T, X; + 0 for
1=1,..,n" and X; — X; for i =n’ +1,...,n. We also have a projection 7 : V — W
defined by 7# : T'— S, X; — X; for i =n/ +1,...,n. Since t# o 7# = idy we have
mou = idw. For f € (Uy,)q we have f € mﬁl/x and since (Oy gz, myg) = (Owe, M)
is a morphism of local rings, we also have /7 (f) € m‘éVJ. Therefore (#(f) € U
and we get L#(L{V@) C Uw,. With a similar argument we also find w#(uw,z) C Uyy,.
Since 7% is just an inclusion we will drop it in our notations. For i = 1,...,n’ we
have X; € my, and therefore v,(X;) > deg(X;) which proves X; € Uy,. Thus
Uw [ X1, ..., Xp] € Uy, We show that this is in fact an equality, from this we get
By, = Byz. We can assume n’ = 1 by inserting an adequate sequence of vector
spaces between W and V. Let f € Uy, and write f = g+ X1h withge€ T'and h € S.
Since g = 77 (1#(f)) € Uw C Uy, also X1h € Uy, and by (9.1.4) also h € Uy,
Inductively we can show that f € U ,[X;]. O

9.2 Hironaka’'s theorem IV
The reason why Hironaka schemes are studied is the following theorem of Hironaka:

Theorem (9.2.1) ([H4, Th. IV]). Let x € D C X C Z, where Z is a regular
scheme, X is a closed subscheme of Z and D a closed reqular subscheme of X such
that X is normally flat along D at the point x. Consider the blow up © : X' —
X with the center D and a point ' € X' over x. If Hgg,;l,) = gg)x with d =
tr. deg(k(a’)/k(x)), then the tangent cone Cx 4 is invariant under the subgroup Bz
Of TZ,a:-
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9 Hironaka Schemes

In our terminology B, ./ is the subgroup of T, whose directrix contains Tp , such
that By, /Tps = By with V = Tz, /Tp, (cf. [H4, p. 154]). Note that 2’ €
7 Hx) 2 P(Cx/Tp.) CPV. We also can restate the conclusion of the theorem as

By CRid(Cx./Tp ) = Ridx s /TD 2

Note that with the techniques of 7.3 one can drop the assumption that there is a
surrounding regular scheme Z and state the theorem intrinsically by replacing 7',
with T’y ,; the Hironaka scheme does not depend on the embedding in a vector space,
see (9.1.8):

Theorem (9.2.2) (cf. [Gi, IIT 2.4]). Let D be a closed subscheme of a locally
noetherian scheme X such that D is permissible in X at the point x. Let ' € n71(x)
for the blow up © : X' := Blp(X) — X and d := tr.deg(k(2')/k(x)). If Hg?,)’m, =
HXJ, then BTX,m/TD,xyw/ g RidXJ; /TDJ.

Since in particular ' € By, V := Tx »/Tp 4, the theorem implies
' € P(Ridx s /Tpz).

This was already proved in (8.2.7) (ii). Hironaka proves (9.2.1) using the v*-invariant
and standard bases, the proof is rather complex and hard to understand. Only with
his theorem [H4, Th. III] that relates the v*-invariant to the Hilbert series for near
points, it becomes possible to relate Hironaka schemes to Hilbert series and obtain
the version of the theorem in which we stated it. From the author’s point of view
it seems desirable to have a proof of (9.2.2) only using Hilbert series as invariants.
In fact, Giraud already worked in this direction. Let us recollect his results. First
of all, Hironaka’s theorem can be restated equivalently for cones. This very well fits
into our perspective in chapter 8 to see everything from the point of view of a cone.

Theorem (9.2.3) (cf. [Gi, IIT 2.3]). Let C be a cone in a vector space V' over
the field k and 0 # @ € C with d = tr.deg(k(2)/k). If HS) = H(C), then By, C
Rid(C).

Proof of equivalence. We show that (9.2.3) is equivalent to (9.2.2) (cf. [Gi, III
2.4.1]). Assume that (9.2.3) holds and let 7 : X’ — X be a permissible blow up with
center D and x € D, 2’ € 7~ 1(x). From (8.2.7.3) with the notations from there we
see with C' = Cx ,/Tp , that Hgf;l) = H(C). But tr.deg(k(y)/k(z)) = d+ 1 and
therefore Bry /1y, o © Rid(Cx/Tpy). Assume on the other hand that (9.2.2)
holds and let 0 # x € C' with H((jdzc = H(C) for d = tr.deg(k(z)/k). Let 7 : C' = C
be the blow up in the origin (which is permissible). Let 2’ € 7~1(0) = PC be
the image of x under C* — PC. In any case we have Hﬂgfé;}) = H(C) for d' =
tr.deg(r(z')/k), see (8.2.5). If one looks at the t-chart of the blow up C’ — C for some
t € S1, V = Spec(9), then t is an equation of the exceptional divisor in this chart and
does not appear in any transformed equation of C' since C' is defined by homogeneous

equations. Therefore we have (cf. (8.2.7.1)) Hépg » = Hcr gz Together this yields
HY)), = H(C) = Heyp and (9.2.2) gives By, = By, C Rideo = Rid(C). 0
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9.2 Hironaka’s theorem IV

Hironaka’s theorem is an easy observation in the case of a hypersurface C'. Then
Héd; = H(C) means that the multiplicity of the hypersurface C C V' is the same
at 0 and at the point z, i.e. v,(f) = deg(f) for a homogeneous equation f of the
hypersurface. Then by definition f € Uy, and the ring of invariants of Rid(C)
is contained in Uy,. It seems that the difficulty in Hironaka’s theorem lies in the
passage to non-hypersurfaces. Therefore Hilbert series might be a good tool to handle
the problem.

The other result of Giraud proves that Hg 25 = H(C) is in fact equivalent to By, C
Rid(C):

Proposition (9.2.4) (cf. [Gi, III 2.5]). Let C be a cone in a vector space V over

the field k and 0 # x € C with d = tr.deg(x(x)/k). Let G := Rid(C). Then the
following are equivalent:

(i) HE) = H(C).

(i) HY = H(G).

» T -
(iii) By, C G.

Proof. Let n := dim(V),V = Spec(S). Denote with U the ring of invariants of G
in V. Let 0 = (01, ...,0.) be a k[F]-basis of U N L. Let g; := deg(o;). Let I resp. J
be the ideals of C' resp. G in the polynomial ring S. Thus I C J = SU; = So. Let
p € S be the prime ideal defining x and R := Oy, = S, with maximal ideal m.

(9.2.4.1) (i) = (iii) follows from (9.2.3) and so does (ii) = (iii). We show (iii) =
(ii). From (4.5.10) we know

Hgo=01-T%)---(1-T%)(1-T)"".
(iii) means that U C Uy, and therefore v,(0;) = ¢; and we get from (4.6.5) that

B > (110 (1T HETY = (1T (1= T%) (1 -T)" D) = B,

By (8.2.6) (i) we also have Hg% > H(Gd’;rl), hence we get the claimed equality in (ii).
(9.2.4.2) It remains to show (ii) + (iii) = (i). Assume that (ii) and (iii) hold.
We have the Sy-adic filtration S” on S given by S/ = S>,,. Further we have the
filtration &’ on S defined by S}, = S-Us,. As seen in (5.4.1) (5,8’,8”) is a bifiltered
(S, J, S+)-module, gr™(S’) is free over S/J with rank dimy U,, and the filtrations 8"
are the S -filtrations for all n. On R we have the m-adic filtration R” and define
the filtration R’ by R, = (S},)p- Then (R, R',R”) is a bifiltered (R, J,, m)-module,
since by (iii) we have v, (f) = deg(f) for all s € U and hence R’ C R” (R’ is good
by (4.2.10)). gr™(R’) = gr™(8’), is free of rank dimy U,, over (S/J),.

(9.2.4.3) By (5.1.5) we get

HY) = > T vankg; (gx"(8) HV(S/J, S4) = HU)HG),
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HY) <3 T vank sy, (gr" (R)HV((S/])y, m) = HU)H), =

1 1 1) (@) (1 1 d+1 1
= ) gL = i)

T

and hence by (5.1.5) the filtration R™ on gr"(R') is the m-adic filtration for all n.

(9.2.4.4) Let A= S/I. Equip I and A with the induced filtrations from (S,S’,S")
such that 0 - I — S — A — 0 becomes a bistrict short exact sequence of bifiltered
(S, J,S;)-modules. S(UNI) = I implies by (5.4.3) that all gr"(A’) are free S/J-
modules. By (5.2.4) therefore all A" are the Sy-adic filtrations and by (5.1.5) (iv)
we get

Heo = H(A") = Hgo ZTn rankg) s (gr"(A")).

(9.2.4.5) Let K = I, and B = A,. Then we get a bistrict short exact sequence
0 - K - R — B — 0 of bifiltered (R, Jy,m)-modules. Bj, = (S},)p + L/,
and thus gr"(B’) = gr"(A’),. Therefore gr”™(B') is a free (S/J)p,-module of rank
rankg, ;(gr"(A’)) and B" is the m-adic filtration for all n again by (5.2.4). Using
(5.1.5) (iv) a last time we get

Heo=H(B") = Hg, » T rankg, (g™ (A)) = HeoHeo/He,o ® HSy,

This shows (i). O

With (5.4.3) we gave a tool whose strength was only partially used in the last proof.
Maybe it could also be applied in a proof for (i) = (iii) of the proposition and
therefore in a proof of (9.2.2).

Let us now come to a different approach via differential operators. We are able to
narrow down a proof of (9.2.2) to a very special situation, which is - not to our
surprise - a problem of inseparability. We study the behavior of Hironaka schemes
under field extensions. Let us begin with an easy observation.

Lemma (9.2.5). Let C be a cone in a vector space V over a field k. Let k' /k
be a field extension and ' € C' := Cp C V' := Vi a point lying over x € C. The
following hold:

(i) k' Uy CUY7 4.
(i) Bvr o € (Bva)k -
(iii) If By, C Rid(C), then By o C Rid(C").

Proof. Let V' = Spec(S) for a polynomial ring S over k. For f € (Uy,)q we have
fe m“i,jx and the morphism of local rings (Ovg, my,;) — (Oy 5, my7 o) shows that
fe m“i//’z/. Therefore f € Uy, and (i) is proved. This implies (ii) and we get (iii)
since Rid(C) = Rid(Cy) (see (6.1.10)). O

Proposition (9.2.6). Let V = Spec(S) be a vector space over the field k and
K'/k a separable (not necessarily algebraic) field extension, V' := Vis. Let C C'V be
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a cone and C' := Cy CV'. Let 2’ € C’' be a point mapping to v € C. The following
hold:

(i) Uy o N S=Uy,.
(i) By, € Rid(C) if and only if By C Rid(C").

Proof. By (2.2.7) and (2.2.8) we know that a p-basis (x;);er of S extends to a p-
basis (z;)jes of S’ := k' ®; S with I C J. Denote the differential operators on S
(resp. S') as described in (2.2.5) with respect to these p-bases by Dy, M € N()
(resp. M € N)). They are clearly compatible with the restriction from S’ to S,
so there is no problem in using the same notation on S and S’. Denote with p C S
resp. p’ C S the prime ideals corresponding to x resp. z’. Let f € S;. Then
f € Uy, if and only if Diff 5 (S")(f) C p’ which is equivalent to Dy (f) € p’ for
every M € N) with |M| < d. Since f € S we have Dy;(f) = 0 whenever M ¢ NU),
Hence this is equivalent to Dy(f) € p' NS = p for every M € N with |M| < d
which in turn means Diff%dil(S)(f) C p, ie. f € Uy,. This proves (i). (ii): Let
U be the ring of invariants of Rid(C) in S. Then &’ ®j U is the ring of invariants
of Rid(C”). Assume that By C Rid(C’), i.e. ¥ @, U C Uy . With (i) we find
U= (K@, U)NS CUy NS =Uy, and therefore By, C Rid(C). O

We show that theorem (9.2.2) is equivalent to:

Lemma (9.2.7). Letz be a closed point of a cone C' contained in a vector space V
over k such that k(x)/k is purely inseparable. Let k' /k be a field extension generated
by a single element a € k(z) \ k. Let ' € C" := Cys be the closed point lying over x
and V' := Vj.. If By o € Rid(C") and Her o= Hep = H(C), then By, C Rid(C).

Proof of equivalence. If Hc, = H(C), then (9.2.3) immediately yields By, C
Rid(C). For the other direction first observe that the lemma also holds for ¥’ = k(z)
since Hey v = H(Ck) automatically will hold for a closed point z” over x on

Ck for any subfield x(z)/K/k by (8.2.3.A) and (8.2.6.A); now use induction. We

show (9.2.3). Let C be a cone over k and 0 # y € C with Héd)y = H(C) for d =
tr.deg(k(y)/k). Let k C k' C k" C k(y) such that x(y)/k” is finite and inseparable,
k" /K is finite and separable and k’/k is purely transcendental of transcendence degree
d. As in (8.2.4) we find ¢ € Cp with s(y’) = s(y) and He,, v = Héd; = H(C) =
H(Cy). We find 3" € Cyr over y with k(y”) = k(') (cf. (8.2.6.2)) and know from
(8.2.3.A) and (8.2.6.A) that Hg,,, v = H(Cyr). Since now we can use the extended
version of the lemma and (9.2.6) it remains to prove (9.2.3) in the case that y € C
is rational. As in (8.2.6.3) fl. we can assume that y corresponds to the prime ideal
p=(Xo—1,X1,....,Xp) in S = k[Xo, ..., Xpn],V = Spec(S) and that C' is defined by
an ideal I C S with S - (k[X1,..., XN I) = I. Let U be the ring of invariants of
Rid(C) in S. Then U C k[X}, ..., X,,]. Since Xo—1, X1, ..., X,, are regular parameters
at y we have k[X1, ..., X,,| C Uy,y. Now U C Uy, proves By, C Rid(C). O

Unfortunately at this point we are stuck in our line of thougt and do not know how
to prove this lemma. One could try to examine the proof of (8.2.3) (i), (ii). As one
sees we prove (9.2.2) at least in the residually separable case and therefore get a full
proof for schemes over fields of characteristic zero.

113



9 Hironaka Schemes

Let us point out one of the problems arising, namely what keeps us from using differ-
ential operators as in (9.2.6) for inseparable extensions: If k is a field of characteristic
p and a € k\ kP, one has a derivation d, on k with the property d,(a") = na™ !
for all n. J, extends to a differential operator on k' := k(¢/a). In fact ¥/a € k' is
p-independent and we get a differential operator D on k' of order p with D(¢/a") =
(Z) ¢/a""P. This coincides with 9, on k since D(a™) = D({/a"™) = (p;) Ya" P =

na"!. The issue is the following: the order of the differential operator d, is 1 on

k but rises to p on k’. Hence we get a problem in controlling the order of some
polynomial in view of (9.1.2).
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Before we come to the actual definition of our refined Hironaka schemes, we introduce
our concept of the initial map. After presenting dissecting variables, we come to the
general part of the proof of the main theorems. This proof is finished by taking a
look at all types of Hironaka schemes in low dimensions.

10.1 The initial map

Let x be a point in a vector space V' = Spec(S) over k. Taking initial forms S —
gy, f + ing(f) is not a homomorphism of rings in general. But it is rather obvious
that we get a nice morphism of graded rings when we restrict to the Hironaka ring
of invariants Uy,

Lemma (10.1.1). The initial map

Ing : Uy — 8y = 8lmy,, (Ove), f= Z Ji— Zlnx(fz)

s an injective k-linear morphism of graded rings. f; is the i-th homogeneous compo-

nent of f and ing(f;) = f; mod m‘u/f.éf,-)ﬂ = fi mod “‘%I

Proof. Since f; € Uy, we have v,(f;) = deg(fi) = i if fi # 0 and therefore
ing(f;) € gr'{,’r. Ing [@4,,); is injective since for f; # 0 we have f; € m%,’m \m;“ml The
k-linearity of this map is clear. For 0 # f; € (Uyz); and 0 # f; € (Uy,); we have

0 # fifj € Uvg)i+; and hence ing(f; f;) = ing (f;) ing(f;) € griﬂ. Therefore In, is a
morphism of graded rings. O

Lemma (10.1.2). Let V = Spec(S) be a vector space over the field k and k' /k
some field extension. Let 2’ € V' := Vjy = Spec(S’) with 8" = k' @ S and x = 7(z')
with the projection © : V' — V. Then the canonical morphism of graded rings S — S’
induces a morphism of graded rings

(10.1.2.A) Umr/ : Z/{VJ — Z/[V/@/
such that the diagramm of graded rings

In,/

(10.1.2.B) By gt~ Uy

8ln z! T Tuﬂ_@/
Ing

ng,x UV@

is commutative, where gr. ., is the canonical morphism.
b
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10 Refined Hironaka Schemes

Proof. The canonical diagram

Ovl’xl - S/

]

Oygp<—-S5

of course is commutative. (Ovg,myz) — (Oyp, mys ) is a morphism of filtered
rings and therefore for f € Uy,

(9.1.2)

deg(f) = var(f) = va(f) = deg(f),

i.e. vy (f) = deg(f) and hence f € Uy . This shows that U,/ is well-defined and
for f € Uy, homogeneous of degree d

oy oln,(f) = grmm/(f mod mﬁl/zl) = f mod m?;,ri, =Iny o Uy o (f)
shows that the diagramm is commutative. O

The observations of the following corollary will lead us to the definition of our dis-
secting variables in (10.3.6). Remember that Qv,, = Uy, N L.

Corollary (10.1.3). Let z be a point of a vector space V over a field k of positive
characteristic. We can choose variables (Y,Z) = (Y1,...,Y;, Z1,..., Zs) of gry,, (i-e.
gry, = k(@)[Y, Z] and for f € Uy, we have In.(f)(Y,Z) € gry,) such that the
following hold:

(i) For p € Qv the polynomial Iny(p)(Y,0) € k(x)[Y] is additive.
(ii) If o = (01,...,0m) is a k[F]-independent system in Qy ., then
(10(01) (Y, 0), . T (o) (¥,0))
is k(x)[F|-independent in k(x)[Y].

Proof. We use (10.1.2.A) with k" = k(z). The kernel p’ of the obvious morphism
S" = k(z) ® S — k(x) ® k(x) — k(z) defines a point ' on V' lying above = with
k(z') = k(z) = k’. Therefore 2’ is a rational point on V’. We can suppose that
p' = (Xo—1,X1,...,X,) C 8 = Kk[Xo,...,Xp]. The ring of invariants Uy, only
depends on the image of 2’ under (V')* — PV’ which is given by the prime ideal
(X1,...,Xn). Asin (9.1.7) we see that Uy+» = K'[X1,....X,]. Xo—1,X1,..., Xy
are regular parameters at 2’ and therefore gry ,» = k'[Xo — 1, Iny/ (X1), ..., Ings (X))
Thus In,s is an injection of polynomial rings over k. gr ., : gry, — gry/ . is a
graded morphism of polynomial rings over the same field k’. Hence we can choose
variables (Y, Z) of gry,,, such that ker(gr, /) = (Z). Then gr, ., induces an injection
of polynomial rings k'[Y] C gry,, — gry. ,» over k'. To prove (i) let p € Qy. Clearly
Ur 1 (p) € Uy, still is additive and by what we just showed also In, (U ./ (p)) is
additive. With (10.1.2.B) gr, ,/(In,(p)) is additive and this polynomial can be viewed
as Ing(p)(Y,0). For (ii) let o be a system of additive polynomials in Qy,. Assume
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10.2 Refined Hironaka schemes

that (Ing(o1)(Y,0),...,In;(0.,)(Y,0)) are k'[F]|-dependent. By (10.1.2.B) then also
(Ing: Uz /) (01), -, Ingt (Ur o) (o)) are k'[F]-dependent. By our analysis of In,s then
already (Us 7 (01), ..., Ur 27 (0m)) were k'[F]-dependent. Since o1, ..., 0., € S, this in
turn implies that (o1, ...,0p,) are k[F]-dependent. This shows (ii). O

10.2 Refined Hironaka schemes

The idea behind our refined Hironaka schemes is the following: Replace the invariant
H with the extended invariant H R and copy the theory of Hironaka schemes. Espe-
cially desirable are an equivalent of Hironaka’s theorem (9.2.1) (resp. (9.2.2)) which
we give with main theorem A and a result about the linearity of refined Hironaka
schemes which is main theorem B.

We will restrict our discussion to fields of positive characteristic. Of course one can
do everything we have in mind similarly in characteristic zero. On the one hand this
would be tedious since we permanently would have to distinguish both cases in our
notations. On the other hand one would not gain anything since in characteristic
zero our refined Hironaka schemes would be just the old ones (cf. (10.2.1)). From
now on we always assume to be in positive characteristic.

A delicate point is the question how refined Hironaka schemes should be defined. For
a vector space V' = Spec(S) over the field k£ and a point z € V' we should define a
graded subring of S generated by additive polynomials Vy, (or V; if no confusion is
possible), the ring of invariants of the refined Hironaka scheme. The refined
Hironaka scheme can then be defined as the homogeneous additive group

F, = FV,a: = SpeC(S/S(VV,:E)—F)'
Of course we also can look at the graded k[F]-submodule
Py =Pvz:=Vy.NL

of the additive polynomials L in S generated by the additive polynomials in Vy,.
The first idea is to imitate directly the original definition of Uy, as in [H5]. We can
do this as well in the affine setting, where Hironaka uses the projective point of view,
see (9.1.1), (9.1.6). What was formulated in the original definition with multiplicities
of hypersurfaces can of course be expressed also in terms of Hilbert series, cf. our
discussion in (8.1.4). Therefore we could make the following definition:

(D1) Wy is the subring of S generated by those homogeneous polynomials f with
the following property: For the hypersurface X := Spec(S/(f)) in V one has

the equality HR'Y = HR(X) = HRx with d = tr. deg(x(z)/k).
Two questions naturally arise after this definition:

(Q1) Is Vy, generated by additive polynomials? Only in this case F, will be a group

and the statement of main theorem A will make sense.
(Q2) Do all homogeneous polynomials of Vi, have the property H Rg??r = HR(X)
from (D1)? For Hironaka schemes the analog statement holds.
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10 Refined Hironaka Schemes

In order to have an easy definition at hand and to assure that F, is a group, we
therefore take as our definition the following one:

(D2) Py, is the k[F]-submodule of Qy, consisting of those additive polynomials
p € Qv for which also In,(p) is additive.

It is clear that this definition really yields a graded k[F]-module and we define Vy, :=
k[Pv | and F, as above. If X = Spec(S/(p)), then Hg?)x = Hx g since p lies in Uy,.
Since p is additive, we have Rid(X) = X and since In,(p) also is additive, we get in
the same way Rid(Cx ;) = Cx . Therefore

RY =dimTy, —1+d=dimV — 1= Rx,.

,T

This shows that Vy, of (D2) lies in Vy, of (D1). We always will work with (D2). We
show with (10.4.10) that at least in low dimensions, or in general if there exist good
coordinates at = (dissecting variables, see 10.3), both definitions in fact coincide and
(Q1) and (Q2) can be answered positively.

Obviously Vv, C Uy, and therefore By, C Fy,. So we enlarged the original
Hironaka schemes. That is precisely what we want. There could be far less cones
C C V with Fy, C Rid(C) than there are cones with By, C Rid(C). This represents
the improvement of the invariant from H to HR. As for Hironaka schemes we have
z € Fy,. Fy, also does not depend on the embedding into a vector space (see
(10.3.9)). For a point 2’ € PV we define Fy, = Fy,, for the homogeneous point
x € V corresponding to x’.

Remark (10.2.1). If B, is a vector space, then B, = F, and F, also is a vector
space.

Proof. If B, is a vector space, then Q. is generated by linear forms [ € S;. Of
course Ing (1) € gr%,’ , is again a linear form. This shows P, = Q,. O

Lemma (10.2.2). We have RP, = P,, where RP, is the radical of the k[F]-
module Py, and for 0#£ f g€ S

f-9€V, — fi9 € V.

Proof. In (9.1.4) we saw that RQ, = Q. Let o € L be homogeneous with F(o) €
Py. Then o € Q, and F(In,(0)) = In,(F(0)) is additive, hence already In,(o) is
additive, i.e. o € P,. The last implication follows from (6.3.11). O

Lemma (10.2.3). Ifdim B, = dim F,, then B, = F}.

Proof. Since P, C Qp and dimyp) Py = n —dim Fy = n — dim By = dimyp) Qu,
there exists e € N with (Py)y = (Qu)g for all g > e. For large enough i and g we
have Py = {f € LIF'(f) € Po} = {f € LIF'(f) € (P2)g)k(r)} = La- O

10.3 Dissecting variables

In (10.1.3) we saw that the initial forms of elements of Uy, will have a special
structure. To be able to prove our main theorems we will need additional information.
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10.3 Dissecting variables

This is precisely the reason why our proof of main theorem A does not generalize to
all dimensions in the end. We introduce the necessary additional information with
the concept of dissecting variables. Let V be a vector space over k and x € V.

Definition (10.3.1). For chosen variables (Y,Z) = (Y1,....Y,, Z1, ..., Zs) at x,
i.e. gry, = k(x)[Y, Z], we will use the morphism of graded rings

T,y : Uy 225 g1y, = K(2)]Y, 2] —220

k(z)[Y]
and also use the map
(10.3.1.A) Ing z:=Ing —Ingy Uz = gry,

which will not be a morphism of rings but k-linear. Here we use k(x)[Y] as a subring
Of ng,x'

Lemma (10.3.2). For variables (Y,Z) at x and j > 0 we have

(10.3.2.A) In,y oF? = F/oTn,.y,

(10.3.2.B) Ing zoF? = Foln, 7.

Proof. (10.3.2.A) is clear since In, y is a morphism of rings. (10.3.2.B) follows from
the definition (10.3.1.A) since the Frobenius F' commutes with differences. O

With L we denote the additive polynomials in the polynomial ring S, V' = Spec(S).
With L, we will denote the additive polynomials in gry .

Lemma (10.3.3). For variables (Y, Z) at x the following are equivalent:
(i) There exists a system of k[F]-generators o of Qp with Ingy (o) C L.
(ii) Ingy(Qz) C Ly.

Proof. If (i) holds, then Q, = (0)F and (ii) follows from (10.3.2.A). (ii) = (i) is
clear. O

Lemma (10.3.4). For variables (Y, Z) at x the following are equivalent:
(i) There exists a system of k[F|-generators o of Q. with In, z(o) C k(x)[Z].
(i) Ing z(Qz) C k(z)[Z].

Proof. If (i) holds, then Q, = (o), and (ii) follows from (10.3.2.B). (ii) = (i) is
clear. O

Lemma (10.3.5). Let (Y,Z) be variables at x and assume the conditions of
(10.3.3) hold. Then the following are equivalent:

(i) There exists a k[F|-basis o of Qu such that the Ing y (o) are k(x)[F]-independent.

(ii) For every k[F|-basis o of Qg the In, y (o) are k(x)[F]-independent.
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(iii) The morphism of graded k(zx)[F]|-modules
K(z) @k Qo — (g, y (D)) k(a)[F)
is an tsomorphism.
Proof. (i) = (iii) = (ii) = (i) is easy to see. O

Definition (10.3.6). Dissecting variables at x are variables (Y, Z) at x such
that the conditions of (10.3.3), (10.3.4) and (10.3.5) hold, i.e.

(1) Inx,Y(Qa:) g L:v
(i) Ing z(Qz) C k(z)[Z].
(iil) w(7) @k Qz — (Ing,y (Qu))w(a)(F) s an isomorphism.

For a k[F]-basis 0 = (01, ...,0m) of Qz we denote with ¥ = (X1, ..., X,) the polyno-
mials Ing y (01), ...,Ing y (o). If (Y, Z) are dissecting variables, then ¥ are k(z)[F]-
independent additive polynomials.

Note that (10.1.3) only assures the existence of variables (Y, Z) with properties (i)
and (iii) of the definition.

Lemma (10.3.7). Assume that (Y,Z) are dissecting variables at x and that
(Y',Z") are other variables at x such that (Z),(z) = (Z')x(z)- Then also (Y',Z') are
dissecting variables.

Proof. Let p € Q,. Then In,(p) = Ingy(p) + In, z(p) with In,y(p) € L, and
In, z(p) € k(z)[Z]. If we change the variables to (Y’,Z’) we get from In, z(p)
only terms in s (x)[Z'] since (Z),(g) = (Z')x(z)- From Ingy(p) there also can arise
terms in Z’, but since this polynomial is additive, it will be the sum of an additive
polynomial in x(x)[Y’] (which is In, y/(p)) and an additive polynomial in (z)[Z’]
(which yields Ing z/(p) together with the transformed In, 7(p)). Therefore conditions
(i) and (ii) of definition (10.3.6) hold for (Y, Z’). One easily sees that the assignment
Ingy(p) — Ingyy(p) is k(x)-linear. Since this also works the other way round,
condition (iii) holds for (Y’, Z’). O

Definition (10.3.8). A point x € V is called dissected if there exist dissecting
variables (Y, Z) at x.

It is in our interest to show that all homogeneous points of A} are dissected. We
prove this in the end for n < 5. To enable us to accomplish this, we have to reduce
the problem to a few cases. The next lemmas will help us in this.

Lemma (10.3.9). Let x € W be a point of a vector space over k and W C V
contained in a larger vector space. If x € W is dissected, then x € V 1is dissected.
Refined Hironaka schemes are independent of the embedding into a vector space, i.e.
FW,:): = FV,:):-
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10.3 Dissecting variables

Proof. Let us recall the situation of the proof of (9.1.8): V = Spec(S) for S =
k[X1,...,Xpn] and W = Spec(T),T = k[Xyw41,-... Xn], ¢ + W — V is defined by
# © S — T which sends X1, ..., X,y to zero. The projection 7 : V. — W is defined
by the inclusion 7% : T — S and # o 7% = idp,m ot = idy. It was proved that
Uyy = Uwe[X1,..., Xp] and therefore Qv = Qwa © (X1,..., Xp)pp). We have
morphisms of graded rings

8lr x gl »
(10.3.9.A) Srwe — 8y — Swy

such that the composition is the identity on gryy;,. These morphisms are compatible
with In; on Uw,. C Uy,. Since gr, ,,gr, , preserve additive polynomials, we have
by definition gr, ,(Pw.) € Py, and gr, .(Pv) € Pwg. Since X, ..., X, are of
degree one, also In,(X7), ..., In,(X,) are additive, so X1, ..., X,y € Py,. This proves
Pva = Pwa ® (X1, ..., Xp)gip)- Thus Fyyp = Fye. Let now (Y, Z) be dissecting
variables at x € W. The variables (Y, Z) are independent in gry,, by (10.3.9.A).
They have to be completed by dimgry,, —dimgry,, = dimV — tr.deg(x(x)/k) —
(dim W —tr. deg(r(z)/k)) = dim V —dim W = n’ independent variables in ker(gr, ;).
This is done by Y* = (Ing(X1), ..., Ing (X,y)). (Y, Z') with Y = (Y, Y*) and Z' = Z
then are variables at x € V. p € Qy, is of the form p = p/ + p” with p/ € Qw,
and p” € (X1, ..., Xp) (). We have In, y/(p) = Ing y (p') + Ing(p") which is additive.
Also In, z/(p) = Ing(p) — Ing y(p) = Ing z(p') lies in k(x)[Z']. Let o be a k[F]-basis
of Qw. Then (0,Y™*) is a k[F]-basis of Qy, and In,y/(0) = In,y (o) is k(x)[F]-
independent. Therefore also In, y (o), In, y+(Y™*) are x(x)[F]-independent. O

Lemma (10.3.10). Let S = k[X1,..., Xy, T = k[Xp 41, ... Xp] CS and 7w : V =
Spec(S) — W = Spec(T') the canonical projection. Let x be a point of V' with image
y=m(z).

(i) Then Uwy =UyNT.

(i) If y € W is dissected and Uy, C T, then Uy, = Uy, Vve = Vwy and x € V
15 dissected.

Proof. Let p be the prime ideal corresponding to z; then p’ := p N T is the prime
ideal corresponding to y. By (9.1.4.A) we have for all d € N

(Uva)a = {f € Sq| DIfF*(S)(f) C p},

(Uwy)a = {f € Ty D5 1(T)(f) Cp'}-

For f € (Uwy)a € T we have with our structure results on differential operators
(2.2.5) (see also (2.2.7))

Diff 5" (S)(f) = S - DIt {(T)(f) € S-p' Cp

and therefore f € Uy,. This proves Uy, C Uy,. On the other hand let f €
(Uyz)aNT. By using (2.2.5) again we find

Diff 54 1(T)(f) C Diff5* 1 (S)(f)nT CpNT =p
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which proves f € U, and we showed (i). In (ii) we get Uy, = Uw, from the
condition Uy, € T by (i). Then also Qy, = Qw,. All fibers of 7 are regular and
with (8.2.2) we see that the canonical morphism

g: H(x) ®i€(y) gy — 8y

is injective and we regard gry,, C gry, as a subring. Now let (Y, Z) be dissecting
variables at y € W. By the above injectivity we see that (Y, Z) are also k(x)-
independent and therefore can be completed by variables Z* to variables of gry .
We claim that (Y, Z") with Y/ =Y, Z' = (Z, Z*) are dissecting variables at x € V.
From g o In, = In, : Uw,y — gry, we see that also g o In,y = In, y and therefore
golnyz = In, 7. Then In, y/(Qv,) = In,y(Qw,y) are additive polynomials and
In, 7/(Qvz) = Iny z(Qw,y) C k(y)[Z] C k(x)[Z']. If ¢ is a k[F]-basis of Qy,, then
Ingy/(0) = Inyy (o) are x(y)[F]-independent, therefore also x(x)[F]-independent.
Thus (Y’, Z') are dissecting variables at x € V. O

Lemma (10.3.11). Let z € V be a point of a vector space and consider the
projection w: V. — W :=V/Dir({z}). Then

Uy = Upy ().

Proof. Using a chain of vector spaces 0 = Dy € D1 C --- C D; = Dir(@) such that
codimp, , D; = 1 and the projections V' =V/Dg — V/Dy — --- — V/Dj, it suffices
to prove the claim in the following situation: Let S = k[X1, ..., X,,], T = k[X2, ..., X»],
p C T a prime ideal and B C S the prime ideal generated by p C T C S. The point
x € V := Spec(S) corresponding to P is then mapped to the point corresponding
to p in W := Spec(T) under the canonical projection 7 : V- — W. By (10.3.10) (i)
we have Uy () = Uy, N1 and it remains to show that Uy, C T. Assume this is
not an equality. Then we find a homogeneous f € Uy, \ T of degree d such that
(Uve)<d—1 = U n(z))<a—1. Develop f =30 f;Xi with f; € Ty_; and f. # 0. In
the case e = d we would have X{l € Uy, and therefore X; € B which is impossible.
Thus e < d. There exists a differential operator D = AD)s € Difffd_e(T) (see
(3.3.1)) with respect to the variables of T" with A € k* such that D(f.) = 1. It
extends X;-linearly to a differential operator of the same degree on S and D(f) =
X7+ Z?:eﬂ D(fi)X{ which lies in (Uyz)e = Upw,(z))e C T since Uy, is generated
by additive polynomials by (3.4.3). But this is impossible. O

10.4 Main theorem A for cones

Goal of this section is to establish results that allow a proof of the main the-
orems in the presence of dissecting variables. We prove the equivalent of main
theorem A in the case of a cone. Throughout this section we fix a point x in a
vector space V' = Spec(S),S = k[Xi,..., X,,] over the field k, dissecting variables
Y, Z)=Y1,....Y,, Z1,..., Zs) at x and a homogeneous x(x)[F]-basis o = (01, ..., o)
of Q, with ¢; = deg(o;) and ¢1 < -+ < ¢y,. Set ¥ :=1In, y(0).

(10.4.1) We have to introduce some notations.
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10.4 Main theorem A for cones

(i) By (1.4.5) we find (after possibly renumbering the X;) a homogeneous k-basis
oV XM of S, where N ranges over A’ = N™ and M ranges over

N = {M S Nn|M1 < qry ey My, < qm}.

We use the order on A := A’ x A” defined by (N, M) < (N',M’) if gN +|M| <
gN'+|M'| or gN +|M| = gN'+|M'| and (N, M) <jex (N', M") (componentwise
lexicographic order and lexicographic order on the product). This is a wellorder.
By restricting this order onto A’ = A’ x 0 € A’ x A” we get a wellorder on
A’ which is a weighted homogeneous lexicographical order (see (1.1.2.4)) and
therefore a monomial order on U,, = k[o], where we regard the o; as the variables
for the monomial order.

(ii) ¥ is k(z)[F]-independent since (Y, Z) are dissecting variables. By (1.4.5) again
we therefore find (after possibly renumbering the Y;) a homogeneous x(z)-basis
YSNYM of k(x)[Y1, ..., Y,], where N ranges over I'' = N and M ranges over

I"={M e N'|M; < qp,.... My, < @i}

We take the order on I' := I x I'” defined by (N, M) < (N',M’) if gN + |M| <
gN' + |M'| or ¢N + |M| = gN' + |M'| and (N, M) <jex (N',M'). As before
this is a wellorder and by restricting it onto IV C I' we get the same order on
A =T as in (i).

(iii) Finally we get a homogeneous r(z)-basis SVYMZL of k(x)[Y, Z], where N
ranges over I, M ranges over I'' and L ranges over I'” := N§. We take the
order on I'* := IV x I x T defined by (N,M,L) < (N',M', L") if ¢gN +
M| + |L| < qN" + [M| + |I'| or N + |M| + |L| = gN' + | M| + || and
(N,M,L) <jex (N',M',L"). This is a wellorder and by restricting it onto
I' =T x 0 C I'" we obtain the order of (ii).

When we take exponents of polynomials with respect to these ordered bases as in
(1.2.4) we denote the exponents with exp,, expy/, expr and so on. We make the same
convention and use the same notation for the vector spaces of initial terms iny, ... .

It would be nice if the orders just introduced would be monomial orders. But this is
not the case as the following example shows: Take 01 = X7, 09 = X2 in characteristic
two. Then X1 Z X2 but X1X2 § X22 = 09.

For the following lemma we need the property In, 7(Q,) C k(x)[Z] of our dissecting
variables.

Lemma (10.4.2). For 0 # f € U, we have
expy(f) = expp-(Ing(f)) € A" =T".

Proof. Since In, is injective, we have 0 # In,(f) and therefore can form the exponent
of Ing(f). The orders on A and I'* use the degree first and In, is graded, so we can
assume that f is homogeneous of degree d. Write f = 3, A gN=d @ yoV with
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any € k. Then

I.(f)= Y  an(E+Ingz(0)" =

NeA ,qN=d
N ’ RN
= Z ay | =V + Z <N’ »N Inx’Z(U)N N
NeA/ N'eN N'<.N

For fixed N we have N’ <jex N for N’ as in the last sum and since In,, z(a)N=N " lies
in k(z)[Z] we have

expp+ (X 4 Ing z(0)Y = (N,0,0).

The claim follows since A’ = I"” both are equipped with the lexicographic order. []

For the rest of this section let us fix a homogeneous ideal I C S defining a cone
C := Spec(S/I) C V. We also use the ideal I’ := U, NI and the homogeneous ideal
J of gry,,, defining the cone C¢, in Ty, = Spec(gry ;).

Proposition (10.4.3). If I is defined by homogeneous polynomials in Uy, i.e.

(10.4.3.A) S-U,NI) =1,

then

(10.4.3.B) expy (1) = expy (I') x A",
(10.4.3.C) expr-(J) = expy/(I') x T x T

Whenever a = (a1, ...,a;) C Uy is a homogeneous system of generators of I, the
transformed ideal J can be computed by
(10.4.3.D) J = (Ing(a))gry,, -
Proof. Note that x € C since (Uy)+ lies in the prime ideal p C S corresponding to
z and therefore I = S(U, N I) C p. The right side of (10.4.3.B) is contained in the
left side since for M € A" and 0 # f’ € I’ we have exp, (f'XM) = (expp/ (f'), M).
Let 0 # f € I. Then we can expand f = Y ,,can XMgar with gy € I'. Then we
find M € A" with exp,(f) = (expa/(gar), M). This shows (10.4.3.B). SI' = S{a)y,
and therefore by (1.4.6) already I’ = (a)y,. There exists a homogeneous system of
generators 8 = (BN) Neexp(rry € Uy of I' with exp(By) = N € A’ for all N € exp(I’).
Then also (3)s = I and since In, : U, — gry, is a ring homomorphism, we have
(Ing(a))gry,, = (Inz(8))ery,,- Therefore it suffices to prove (10.4.3.D) for 8. It is
clear that In,(8) C J and by (10.4.2) we get exp,/(I') x 0 x 0 C expp«(J). Since
In,(Bn) € K(7)[Z, Z] we have expp«(YMZEIn,(By)) = (N, M, L) for M € T" L €
I'". Let J':= (Ing(8))gr,,,- We have J' C J and

eXpA/(I,) X F” X F”/ g eXpF*(J/) g expr*(J).
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10.4 Main theorem A for cones

With the notion of Hilbert series from 1.2 we have

H(S/I) 127 H(S) — H(I) = H(S) — H(iny(I)) (10.4.3.B)

iU RS DI S
(N,M)€exp s (I")x A"

m

=(1-T)"— TN a-1) [ -1%).

Neexp(I) i=1

(10.4.3.A) means that B, C Rid(C). (9.2.4) therefore yields with tr.deg(k(z)/k) =
dim(V) —dim(Ty ;) =n—r—s

H(gry, /J) = (1= T)" e C/WH(S/T) =

m

5 TN -1y - 1)

Neexp(I’) i=1

We also have
H(gry, /J) < H(gry, /J') = H(gry,) — H(J') = H(gry,) — H(inp«(J')) <

< H(gry,) — HUEVNXMZE|(N, M, L) € expp/(I') x T x T () =

m

=1-)7 = > 1| .a-n)[Ja-T%)-(1-T)"° =

Neexp(I') =1
= H(gry, /J).
Therefore H(gry,, /J) = H(gry,, /J') and we get J = J’ and proved (10.4.3.D). Then

inp«(J) = inp«(J') = (SN XM ZE|(N, M, L) € expy(I') x IT" x I )
proves (10.4.3.C). O

We introduce differential operators that allow us to compute the ridges of the cones
C and Cc .

(10.4.4) (i) Asin (3.3.2) we have the k-basis (D a)(n,anea of differential
operators of degree 0 on S with the property

/ ’ N, M/ 4 ’
Dy (o™ XMy = <N> <M)UN ~N x M'=M

for (N', M') € A. Dy s has order ¢N + |M| and

Dy v = DnoDov = Do D

(ii) Simlilary we have the (x)-basis (En L) (v m,z)er+ of differential operators of
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10 Refined Hironaka Schemes

degree 0 on gry,, with the property

! ! / N’ M L ’ ’ ’
Enan(BVYMZY) = <N> <M> (L)EN R

for (N, M',L") € T*. En a1 has order ¢N + |M| + |L| and
Envp = Eno,oFonoEo0,L,
where the last three maps commute with each other.

All the information is carried over from S to gry, via In; on U,. To get a connection
between the ridges in both cases we need a relation between the differential operators
used to compute the ridge.

Lemma (10.4.5). For all N € A" we have the relation on U,
(10.4.5.A) Ing oDy = Eno0In,.

Proof. By k-linearity it suffices to check this for o' with N’ € A’. On the one side

we find
Ing(Dyo(o™')) = In, ((JJVV,> aN’N> = <JX;> Ing(o)V' =N =

N, N/—N NN 17
- ()

N7eN

and on the other side we get

/ N’ RN "
Eno0(Ing (o)) = Enopo ( ) (N//> SN g, ()Y ) B

NI/GA/
NI NI — N” RN "
= Z <N”> ( N >ZN N NInw,Z(U)N

N"en’

and the relation for integers n,n’,n” € N

n'\ (n' —n\ n'l AV
n n ) alnl(n/ —n—n")  \n n

that immediately generalizes to multiindex binomial coefficients finishes the proof.
O

From now on denote with U the ring of invariants of Rid(C') in S and with U; the
ring of invariants of Rid(Cc¢) in gry,,. A’ defines a monomial order on U, where
o are the variables of U,. As seen in (1.3.10) and (1.3.11) we find a homogeneous
reduced Grobner basis v = (71, ...,7) of I' C U, with respect to this order. We fix
this basis.
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10.4 Main theorem A for cones

Lemma (10.4.6). Assume that S- (U, NI)=1. Then I' = (y)y,, I = (v)s and
(10.4.6.A) Ur = k[DN,O(”yZ')‘N S A/, 1<:< l]

Proof. Let 1 <i <land (N, M) € exp,(I) with ¢N + |M| < deg(~;). By (10.4.3.B)
we have N € exp(I’) and since 7 is a Grobner basis of I’ we find 1 < j < [ with
N > exp(y;). Assume that Dy (7)) # 0. Then M = 0 since 7; € U, and in
7; there appears a monomial oV " with N’ >, N. But now N’ >, exp(y;) and
the Grobner basis v is reduced, hence we must have ¢ = j. This is absurd since
deg(vi) > g¢N + |M| = gN > deg(v;). Therefore 7 is a o-Giraud basis (see definition
(6.1.4) (ii)) and we get (10.4.6.A) from (6.1.8) (ii). O

The basis v can not only be used to compute the ridge of C, but also to compute the
ridge of Cc . This is a central step on the way to prove the main theorems.

Lemma (10.4.7). If S- (U, NI) =1, then
(1047A) Uy = K($)[EN707L(IHE(7i))|N S F/,L € Fm, 1< < l]

Proof. Since I = (y)s, we get from (10.4.3.D) that J = (Iny(7))gr, . For a tuple
(N,M,L) € T* we have En a,1.(Iny(v;)) = 0 if M # 0 since In,(v;) € w(z)[X, Z].
If (N,0,L) € expr«(J) and gN + |L| < deg(Ingy(y;)) = deg(vi), then we have by

(10.4.3.C) that N € exp(I’') and ¢N < deg(v;). Therefore

(10.4.5)

Eno,.(Ing (7)) = Eo0,.(Enp0°Ing)(vi) = Eoo,L(Ing(Dno(y:))) =0
as in the proof of (10.4.6). This shows that In; () is a ¥-Giraud basis and (10.4.7.A)
follows from (6.1.8) (ii). O

Let us further fix a homogeneous k[F-basis p = (p1, ..., pt) of UrN L. Then U; = klp].
Lemma (10.4.8). If S (U, NI) =1, then
(10.4.8.A) Uy = /€(l‘) [E0707L(Inx(pj))|L S FI”, 1<5< t].

Proof. By (10.4.6.A) we have p; € Ur = k[Dn,o(7i)|N € A’,1 < ¢ <] and therefore
can find polynomials p1,...,pr € k[Ty]Near1<i<t With p; = p;j(Dno(7i)) where we
plug in Dy o(y;) for va. S (U, NI) =TI implies Uy C U,. Since In, is a ring
homomorphism on U, we find with (10.4.5.A) and (10.4.7.A)

Ing(p;) = Ing(pj (Dn,o(7i))) = pj(Inz(Dno(7i))) = pi(Enoo0(Ing(v:))) € Uy

Since Uy is generated by additive polynomials and Fy g 1, is of degree zero, we have by
(3.4.3) also Eyp,r(Ing(p;)) € Uy; this shows Uy D k(x)[Eoo,r(Inz(p;))|L € T, 1 <
j < t] =:U’. On the other hand v; € k[p] shows that Ing(v;) € w(z)[Ing(p;)]j =
1,....t] CUj. Because J = (Ing(7y))er,,, ((10.4.3.D)), we have

(10.4.8.B) gry,-(UsNJ) = J.

Ing(pj) € k(x)[3, Z] shows that Enar(Ing(pj)) = 0 whenever M # 0. Further
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10 Refined Hironaka Schemes

EN,O,L(Inac(pj)) = E070,LEN7070(IHI(,OJ')) = EO,O,L Inm(DMo(pj)) is zero if N 7'é 0 and
gN # deg(p;) (Dn,o is a differential operator of order ¢/N and p; is an additive
polynomial) and lies in x(z) if ¢N = deg(p;). Hence U, is generated by the ele-
ments one gets if all differential operators of degree zero on gry,, are applied to the
polynomials In,(p). With criterion (3.4.3) (vii) we see that U’} is generated by ho-
mogeneous additive polynomials. (10.4.8.B) therefore implies ¢y C U’; which finishes
the proof. O

We now take into consideration the invariant R, the dimension of the ridge, and
describe what it means if this invariant does not change. Let d = tr. deg(k(z)/k).

Proposition (10.4.9). IfS- (U, NI) = I, then the following are equivalent:
(i) RS, = R(C).
(i) dim(Uy) = dim(Uy).
(ili) Ing(p;) is additive for j =1,...,t.
Proof. The equivalence of (i) and (ii) follows from
dim Rid(Spec(gry., /J)) + tr. deg(x(z)/k) — dim Rid(Spec(S/I)) =

= dim(gry,,) —dim(Uy) +tr. deg(x(x) /k) — (dim(S) — dim(U;)) = dim(U) —dim(U).

We have U; = klp1, ..., pt] and dim(U;) = t. Assume that (iii) holds. Since ap-
plying differential operators to an additive polynomial only yields multiples of this
polynomial or elements of the field, we get from (10.4.8.A) that

Uy = k(x)[Ing(p1), .., Ing(py)].

We make use of the dissecting variables (Y, Z) at x and have In,(p;) = In, vy (p;) +
Ing z(pj). Ingy(p;) is additive by the defining properties of dissecting variables,
hence also In, z(p;) is additive. Since pi,...,p; are k[F]-independent, we see by
(10.3.5) (iii) that Ing y (p1), ..., Ing v (p¢) are x(z)[F]-independent. Since the Ing z(p;)
lie in k(z)[Z], also Ing(p1), ..., Ing (p¢) are x(x)[F]-independent. This shows dim(Uy) =
t. Assume that (iii) does not hold. For j € {1,...,t} let U; be the ring of in-
variants of Spec(gry , /(Inz(p;))) in gry,. In the proof of (10.4.8) we saw that U,
contains all applications of a differential operator of degree zero on In,(p;). Therefore
U; C Uy (Ing(pj) is necessarily a Giraud basis of the ideal it generates). In,(p;) lies
in the algebra s (z)[In, y (p;), Z] which is generated by homogeneous additive poly-
nomials, hence U; C k(x)[Ingy (p;), Z]. Since the polynomials In, y (p) are x(x)[F]-
independent, we must have In, y(p;) # 0. Therefore In,(p;) does not lie in k(z)[Z]
and U; must contain a homogeneous additive polynomial in which In, y (p;) appears.
If we choose such a polynomial of minimal degree, it must have the same degree as
Ing(p;). Therefore U; contains a homogeneous additive polynomial 7; = In, y (p;) +7;
with 77 € r(z)[Z]. We must have dimf; > 1. Assume that dimi{; = 1. Then U;
is generated by a homogeneous additive polynomial that is up to a scalar multiple
a root of 7;. But since deg(In,(p;)) is a p-power, this polynomial already must
be 7;. In particular Ing(p;) = 7; must be additive. This cannot be true for all
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10.5 Proof of the main theorems I

j and we find some h € {1,...,t} with dimi}, > 2. So U contains a k(z)[F]-
independent polynomial to 7,. Since Uy C k(x)[Ingy (p;), Z], we can find a poly-
nomial 0 # 7 € Uy, N k(x)[Z]. Altogether we have 7,..., 7,7 € Uy. If we had an
equation c¢7 + >, ¢;7; = 0 with ¢, ¢; € k(2)[F], we find by setting Z = 0 an equation

> ¢ Ing y(p;) = 0. This implies ¢; = --- = ¢, = 0 and since 7 # 0 also ¢ must be 0.
Therefore U; contains ¢ + 1 x(x)[F]-independent homogeneous additive polynomials
and we have dimU; > ¢t +1 >t = dim ;. O

Theorem (10.4.10). The central results for cones are the following:

(i) For a homogeneous polynomial f € S let X := Spec(S/(f)) C V. Then we
have

d)

fev. <+  HR{ =HR(X).

(ii) We have the following equivalence:

F, CRid(C) <+  HRY) =HR(C).

Proof. We show (ii). Assume that HR(,, = HR(C). Then HY) = H(C) implies
by (9.2.4) that B, C Rid(C), i.e. S-(UyNI) = 1. Therefore we can apply (10.4.9)
and get from Rg)gg = R(C) that Ing(p1),...,Iny(p¢) are additive. By definition this
means pi,...,pt € Py. Thus Uy = k[p] C k[P;] = V, and we get F, C Rid(C).
Assume on the other hand that F,, C Rid(C). Then B, C F, C Rid(C). By (9.2.4)
again we get H(Cd)x = H(C). Since Ur C V, we have p1,...,p; € P, and by (10.4.9)
we get Rg)x = R(C). To derive (i) from this we take I = (f). Note that f € V, is
equivalent to Uy C V, which means F, C Rid(C). O

Note that (i) of the theorem answeres the questions (Q1) and (Q2) in 10.2 positively.

Corollary (10.4.11). If HR(Cf?E = HR(C) and F, is a vector space, then x €
Dir(C).

Proof. From (10.4.10) we get F,, C Rid(C). Since F, is a vector space, we must
have F, C Dir(C). Note that x € Fy. O

10.5 Proof of the main theorems I

We begin with the proof of the main theorems and will be left in the end with two
open questions: Are all refined Hironaka schemes up to dimension 5 resp. 2p — 1
linear and do we find dissecting variables always when we need them? We will give
the answer to this in 10.8 f..

Let us recall the main theorems: For a locally noetherian scheme X and a closed
subscheme D C X which is permissible at a point z € D let 7 : X’ — X be the blow
up in the center D. Take a point 2’ in the fiber 771(z), set d := tr. deg(x(z')/x(z))
and C := Cx 5 /Tp . Assume that x(z) has positive characteristic.
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Main Theorem A. If HRY) , = HRx, and also dmX < 5 or dim X <

2char(k(z))—1, then Cx 5 /Tp 5 is invariant under the action of the refined Hironaka
scheme Fpy . o

Main Theorem B. Let F be a refined Hironaka scheme over a field k of positive
characteristic. If dim F' <5 or dim F' < 2char(k) — 1, then F' is linear.

Main Theorem C. If HRY) , = HRx, and also dimX < 5 or dim X <

2char(k(z)) — 1, then 2’ € P(Dir(Cx »/Tpz))-

To see what one could do to prove the main theorems also in higher dimensions N
we reformulate them to the following statements depending also on a prime p:

(AR It HRg??x, = HRx,, dimC < N and char(x(z)) = p, then Fp, 7, o
Rid(C).

N

(B)X: A refined Hironaka scheme of dimension < N over a field of characteristic p is

linear.

(O If HRg?’),x’ = HRx ;, dimC < N and char(k(z)) = p, then 2’ € P(Dir(C)).
The main theorems will be proved when we showed (A)%, (B)?, (C)E, (A)gp_l, (B)gp_1
and (C)gp_1 for all p since dimC' < dim X. Let us consider also the following
statement:

D)R If x is a homogeneous point in a vector space V over a field k£ with dim B, < N
N
and char(k) = p, then z is dissected.

After we proved the following implications, it will remain to verify (B)5, (D)g, (B)y, ;

and (D)3, ; to obtain the main theorems.
(i) (D)X implies (A)X.
(i) (A)% and (B)Y imply (C)

Note that dim V' < N implies dim B, < N and we will have proved that all homoge-
neous points of A} are dissected for n < 5 or n < 2char(k) — 1.

Proof of the implications. (i): Let HRE?/),;,;/ = HRx, and also dimC < N and
char(k(x)) = p. By examining (8.2.7.3) we see that also HRS’)%, = HR(C), where we
regard 2’ as a homogeneous point of C' and e = tr.deg(x(2’)/k(z)) = d + 1 in this
sense. 2’ is a homogeneous point of the vector space V. = Tx ,/Tp . By (9.2.4) we
have By,,» C Rid(C) and therefore dim By ,» < dim C < N. By (D)X the point 2’ € V
is dissected and we can use theorem (10.4.10) which finishes the proof. (ii): Fy . C
Rid(C) by (A)X and since dim Fy,» < dimC < N, the refined Hironaka scheme is
linear by (B)X. Hence Fy,» C Dir(C') and we have 2’ € P(Fy ) C P(Dir(C)). O

The statements (B)Y and (D)X together can also be expressed as:

(BD)IlliI Let « be a homogeneous point in a vector space V over a field k of characteristic
p. If dim B, < N, then z is dissected and if dim F,, < NN, then F}, is linear.
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10.6 The setting for the examples
To show (BD)X; one can assume the following additional hypotheses:

(E) (Qz)o =0, ie. Q, (resp. U,) does not contain a non zero linear polynomial.

(F) Dir(B,) = 0.

With the additional conditions (E) and (F) we will have to check (BD)5 and (BD)5,
only for a handful of examples of Hironaka schemes. We prove (BD)f in 10.8 and
(BD)5, ; in 10.9. This will finish the proof of the main theorems.

01. Then W := Spec(S/(2W)s) is a vector space contained in V. The prime ideal of
S defining x € V contains 20 and therefore z € W. By (9.1.8) we have By, = By,
and in (10.3.9) we saw that also Fy, = Fyy,. Because of Q. = Qv /(20) s we
have (Qw,z)o = 0 and condition (E) holds for x € W. Assume that dim Fy, < N.
Then also dim Fyy, < N. If (B)} holds under the condition (E), then Fy,, = Fyy is
linear. Assume on the other hand that dim By, < N. Thus dim By, < N. If (D)}
holds under the condition (E), then x € W is dissected. With (10.3.9) also z € V' is
dissected.

Proof. First we reduce to (E). Let V' = Spec(S), S = Sym(0) and 2 := (Q,)o C

Now we reduce further to (F) and have to keep the condition (E) unchanged. Let us
start over with a point x of a vector space V satisfying (E). Define W := V/ Dir(B,)
and consider the canonical projection 7 : V. — W, let y = m(x). Explicitely W =
Spec(k[Z(I)]) for I = S - (Uy)+. Since S(k[Z(I)]NI) = I, we have by (6.1.9)
Uy, C k[Z(I)]. From (10.3.10) (i) we get Uy, = Uw,,. Hence conditions (E) and (F)
hold for y € W. Let dim By, < N. Then we have dim By, = dim W — dim Uy, <
dimV — dimUy, = dim By, < N. If (D)X holds under the conditions (E) and (F),
then y € W is dissected. (10.3.10) (ii) shows that x € V is dissected. Let on the
other hand dim Fy, < N. Then dim By, < dim Fy, < N and y € W is dissected as
just mentioned. By (10.3.10) also Vw, = Vy, and dim Fyy, = dim W — dim Vyy, <
dimV — dimVy, = dim Fy, < N. If (B)} holds under the conditions (E) and (F),
then Fyy, is linear. Since Vi, = Vy 4, also Fy; is a vector space. O

10.6 The setting for the examples

For an easy handling of examples we establish some technical tools. In the next sec-
tion we will look at a special class of examples that are particularly easy to compute.
All the examples necessary to finish our proof belong to this class, except for one.

Let us first mention Oda’s characterization of Hironaka schemes. For this we have to
explain some terminology for groups: The Dieudonné module of an additive group
G is the Homg, (A, Al) = k[F]-module Homg, (G, A') (morphisms of groups). The
group G = Spec(S/(Q)) for a graded k[F]-module @ C L has the Dieudonné module
L/Q, where L are the additive polynomials in a polynomial ring S. An invariant of
a graded k[F]-module N is its exponent

exp(N) := min{i € N|dimy, N; = dimy, N; for all j > i}.
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For a minimal system of homogeneous generators of the module N C L the number
exp(N) is the maximum of the degrees of these generators. This also defines an
invariant for a group G = Spec(S/(Q)) by exp(G) = exp(Q) = exp(L/Q).

Theorem (10.6.1) ([Od, 2.5]). Let N be a graded k[F|-submodule of L. L/N is
the Dieudonné module of a Hironaka scheme of exponent e if and only if the following

hold:

(i) Ne € Le,

(i) k(FLe_1 N N,) C N, if e > 0,
(iii) NeDe(N,) = N,
(iv) N =R((Ne)rr)) (R is the radical as in (6.5.2)).

Moreover rad((De(Ne))s) is the generic point of the locus of such points p that for
each i the hypersurface defined by every element in N; has multiplicity > p* at p. The
Hironaka scheme associated to rad((De(Ne))s) has the Dieudonné module L/N .

The operators D,, N, are defined in the following way for a k-subspace Q. C L.:
De(Qe) = Dii:f%pe_l(k)(Qe)a

Ne(Qe) = {f € L6|D6(<f>) - Q6}7

where the differential operators of the field & act only on the coefficients of the
polynomials in L.. One of the assets of (10.6.1) is the fact that in order to classify
Hironaka schemes one can forget about the point x € V' at which a Hironaka scheme
arises. If one looks for such a point, it can be obtained as the radical of the ideal

<D6(Ne)>S-

(10.6.2) We fix the notations introduced in the following for all examples. A
Hironaka scheme B in a vector space V = Spec(S), S = k[X], char(k) = p will be
defined in our discussion always via the equations o defining its Dieudonné module
L/N with N = (o). As mentioned, there always is a 'generic’ point z € V' such
that B, = Band y € m for all points y € V with B = B,,. For the proof of our main
theorems we would have to deal with all the points y with B = B,. We can eliminate
this difficulty with the condition (F). We will also be able to avoid some unessential
computations as we can assume that none of the ¢ is linear by condition (E). Our
proceeding is the following: The generic point z, or rather its corresponding prime
ideal p C S, is computed via P, = DN, and p = rad({P.)g), where e is the exponent
of N and D, = Diff%p ““1(k). Then we will have to look for regular parameters at z,
they will be denoted by 1 and (. With these we can find the initial forms of the o,
where we write Y resp. Z for the initial forms of v resp. (.

Whenever P C L is a graded k[F]-module, the radical rad((P)g) is a prime ideal in
S. We get this as a byproduct of the next lemma which is useful to compute this
prime.
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Lemma (10.6.3). Let P C L be a graded k[F]-submodule. Thenp = rad((P)g) C
S is a homogeneous prime ideal. For a well arranged k[F]-basis T = (11, ..., Tm) of P,
1.e.

RS ]
j=m+1
with e1 < --- <ey, and a;5 € k, the ideal p is the kernel of the evaluation homomor-
phism B
S = k[ Xty s Xal, f— f(a).

Here k is an algebraic closure of k and a has the following coordinates in the ring
k[Xm+1, ceey Xn] N

a = (X1 —Fa (7’1), ,Xm — F¢m (Tm),Xm+1, ,Xn)

Proof. For f € S we have f € rad((P)g) if and only if F'¢(f) € (P)g for some e € N,
where we can assume e > ep,. If f =3 )/ cpr XM is an expansion with cys € k,
we get the following equality modulo (P):

F(f)= Y Flem)- (ﬁFﬁ_ei(Xfei —T¢)M1> FX gy X,

MeN™ i=1

Here we understand X7 - 7; as a polynomial in the variables X,,41,..., X,. The
right hand side lies in (P)g resp. is zero in S/(P)g if and only if it is zero expressed in
the monomials in the variables X, 41, ..., X,, (see (1.4.4)). To check this we can apply
F~¢ and get f(a) on the right side. Therefore f lies in rad((P)g) iff f(a) =0. O

(10.6.4) On the k-vector space L. we will use the nondegenerate symmetric
bilinear form (cf. [Od]) (.,.) defined by

€

(X7, X7 ) = dij.

For a subspace N, C L. we can take its orthogonal complement Nj with respect to
this bilinear form and have

dim N, + dim N} = dim L.,  (NH)* = N,.

Lemma (10.6.5). If dim Pt = 1, then the generic point x of B is the only
homogeneous point on V with B = B,.

Proof. We use (10.6.3) for P = (F.)r), where we can find a basis of P in form of
a well arranged system 71, ..., 7,—1. The quotient field of the image of the evaluation
map S — k[X,,] has transcendence degree one over k. So tr.deg(k(x)/k) =1 for the
generic point z of B. Therefore x is a closed point of PV. Since all other homogeneous
points y with B = B, lie in @, x itself is the only point with this property. OJ
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10.7 Strategy for a certain class of examples

To outline a strategy based on 10.6 in full detail, we restrict to examples satisfying
additional conditions (G) and (H) below. These examples are easier to handle and
we will apply the technique of this section to finish the proof of the main theorems.
Let us fix the following notations: o = (o1,...,0m) is a homogeneous k[F]-basis
of N such that L/N is the Dieudonné module of a Hironaka scheme B C V,V =
Spec(95), S = k[X1, ..., X,]. Set P. = D.Q. for the exponent e of N, p = rad((P.)s)
and let z € V be the point corresponding to p. Throughout this section we assume
that the following additional conditions hold:

(G) All 0; are of degree p = char(k).

(H) P+ = (') with a single polynomial 7/ = Y, t; X? such that the ¢; are kP-linearly
independent.

(10.7.1) To show that P} = (7/) for a given 7/ one has to do the following:

(i) Show that DN, contains at least n—1 k-linearly independent elements. This is
obvious if we find differential operators D1, ..., D,,—1 on k of degree < p—1 such
that Dy(04,), ..., Dn—1(0y, ,) is an arranged system of homogeneous additive
polynomials.

(ii) Check that Dj(o;,) L7 for j=1,...,n — 1.

By (i) we have dim P, > n — 1, thus dim P;- < 1. Then dim P;- = 1 must hold
since P, = L, would imply N, = L. which contradicts (10.6.1). (ii) therefore shows
Pt = ('),

(10.7.2) To get a clear view we choose a new basis of P, as simple as possible:
(i) Choose one of the variables, say X,,.

(ii) For i =1,...,n — 1 take the polynomial

t.
7= XV — ~XP,
tn

Clearly 7; L7’ for i« = 1,...,n — 1 and the system of polynomials 7 = (71, ..., 7—1) is
obviously linearly independent. So 7 is a basis of P, since

(10.7.3) To compute p we use (10.6.3) and get p as the kernel of the map
0:S = kX, Xi—= {t/tXn, o, Xnoi o Ytao1/teXn, Xn— X
Fortunately it is not necessary to compute generators of p itself.

(10.7.4) We have to compute parameters of the local ring R = S,. Since
dim Sy = n —1, we know that a set of n — 1 generators of the maximal ideal m = pS,,
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10.8 Examples up to dimension 5 — Proof of the main theorems I1

of the regular local ring S, will be a system of parameters. We use that t1,...,t,
are kP-independent and therefore p; = 0 follows from the definition of ¢. Thus
X1,..., X, € R*. Our parameters will come in two types:

(Y) Parameters ¢); = X X; + ¢ with ¢ € k[Xit1,..., X, fori =1,...,7.
(Z) Parameters (; = X} —t;/to X3 for j =7 +1,...,n — 1.

Clearly ¢(¢;) = 0 and it will be easy to verify that ¢(¢;) = 0. Then ¢;,{; € p. To
show that m is generated by the 1, (; let us calculate in m modulo (v;,(;). Take
some f/s € mwith f € p,s € S\p. By multiplying f with a high enough power of X,
we can assume that XV f € pNk[X,1, ..., X,,] by using the relations 11, ..., 1. Using
the relations (p41,...,(n—1 We can suppose that X, 1,..., X,_1 appear in f only up
to the (p — 1)—st power. If now ¢,41,...,t,—1 are p-independent, we see by using the
map ¢ that we must have f = 0. Note that x(z) = E[{/t,1/tn, ..., {/tn-1/tn](Xn).
We will denote the initial form of 1; with Y; and the initial form of (; with Z;. Of
course we will adapt the notations (order and names of the variables) always to our
example at hand.

(10.7.5) It then remains to develop o1, ..., 0, in these parameters and to denote
the initial forms. For this we actually can use the technique described in (10.7.4). To
see that the variables (Y, Z) are dissecting, the following will have be to confirmed:

(i) Ingy (o) are additive and k(z)[F]-independent.
(ii) Ing z(0) € K(z)[Z].

(10.7.6) Finally we compute P,. If it is generated by linear equations, then F,
is a vector space. We will also say a word on the dimension of the ridge Rp; of Cp,
at the end of each example to see how far it has dropped compared to R = dim B.
We denote the ideal of Ridg , by J.

10.8 Examples up to dimension 5 — Proof of the main
theorems ||

We prove (BD) and have to show the following: Let y be a point in a vector space
V over k, char(k) = p with B = By,,,. If dim By, < 5, then y is dissected and if
dim Fy,, < 5, then Fy,, is a vector space. We can assume by (E) that Ny = 0 and by
(F) that Dir(B) = 0.

Assume that B is a vector space. Then N is generated by linear equations and Ny = 0
implies B = V. On the other hand B = Dir(B) = 0. There is nothing to prove since
V=0.

Let us now assume that B is not a vector space. By the classification of the Dieudonné
modules L/N (resp. N) of Hironaka schemes by Oda [Od, 3.14] we are up to isomor-
phism in one of the following cases since dim B < 5; note that dim By, < dim Fy,,.
We follow the order in which Oda presents his types of Hironaka schemes, but adapt
the notations a little. We will arrange the order and names of the variables to our
convenience. We indicate p = char(k), d = dim B and e = exp(B) in every example.
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10 Refined Hironaka Schemes

Type 3. p=2,d=3,e=1. S=FkXo,....Xpn], N={(0,Xy,...., Xpn),
o = X§ + as Xi + a1 X5 + a1as X3,

where a1, as are 2-independent elements of k. We present this example very detailed.
The argumentation for the other examples will be similar. A priori we have to assume
that the dimension of V' could be very large with variables up to X, in S: Oda says
that the Dieudonné module L/N is isomorphic to (X, ..., X3)/(o). Therefore we can
assume that any variable beyond X3 appears in N. But (E) immediately gives n = 3.
We will not mention this argument in the other examples again. Therefore Ny = k-o.
By (2.2.5.A) there are derivations 0g,, 0,4, on k, where we extend (a1, a2) to some
p-basis of k whose other elements we do not need to denote. Hence the following
elements lie in P| = Diff%l(Nl):

0, 040 =X3+a3X? 0Ouo=XP4+ a1 X3
With
= alang + a1X12 + a2X22 + Xg

we immediately see that 7/ L (o, 0,,0,04,0). Properties (G) and (H) are verified and
this example falls under the class we talked about in 10.7. By (10.6.5) y must be the
generic point x of B whose prime ideal p is the kernel of

S — E[X?)], Xo — \/alang, X1 \/EX;g, Xo — \/@X?,, X3 — Xg.
We easily check that we have the following regular parameters at Sy:
l/J:XgXo—l-XlXQ, Cl :X12+611X§, Cg :X22+02X32.

One sees that
Xio =¢* + (6.

Therefore
Ing(0) = X5 2(Y? + Z175)

and (Y, Z) are dissecting variables. In, (o) is not additive and then clearly In,(p) is
never additive for p € N. Thus Py, = 0 and Fy, =V is a vector space. Rp, =0
since J = (Y2, Z1, Zs).

This type 3 is the most famous example of a Hironaka scheme as it already appeared
in Hironaka’s original article [H5]. It had also to be considered in the proof of
resolution of threefolds of Cossart and Piltant in [CP2, I1.5.3].

Type 4-1. p=2,d=4,e=1. S =k[Xo,..,X4], N =(0),
o= X3+ aX?+ a1 X3 + ajas X3

as above. This Hironaka scheme is the product of Type 3 with Ai. Its directrix has
dimension one since X4 does not appear in N. Hence condition (F) does not hold
and we can skip this type. In other words: We did all the necessary calculations
already in Type 3.
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10.8 Examples up to dimension 5 — Proof of the main theorems I1

Type 4-2. p=2,d=4,e=1. S =k[Xo1, Xo2, X1,..., X4], N = (01,02),
o1 = X3 + asX3 + a2 X5 + azaz X3,
o9 = XgQ + a3X12 + ang + alang,
where a1, as, ag are p-independent elements of k. In P, = Diff%l(Nl) we find
01, 02, 04,02 = 0401 = Xg—l—ang, 0a301 = X22—|—a2Xz, 0a302 = X%—l—ale.

With
= a2a3X§1 + alangQ + a1X12 + a2X22 + a3X§ + XZ

we are again in the class of 10.7 and the generic point = = y is the kernel of
S — k[X4], Xo1 = Vagaz Xy, Xoz2 — arazXy,

X1 — \/a1X4, X2 — \/QQX4, Xg — \/CL;),)Q;7 X4 —> X4.

Parameters of S, are
1 = Xy Xor + Xo X3, 2 = XyXp2 + X1 X5,
G =X{+aXi, G=X5+aX] @=X5+aX].
Xior =7 + (a3, Xioo =5 + (13
Ing(01) = X, 2(Y? + Z273), Ing(02) = X, (Y3 + Z173).

(Y, Z) are dissecting variables. The non additive terms In, z(01) = X, ?Z>Z3 and
In, z(09) = X, 2Z1Z3 cannot be cancelled out by any (x)[F]-linear combination.
Therefore Py, = 0 and Fy, = V is a vector space. Rp, = 0 since we have J =
(Y2, Y3, 21, Zs, Z3).

Type 4-3. p= 2, d = 4, e=1. S = k[XOl,XOQ,XOg,Xl, ...,X4], N = <0‘1,0‘2,0’3>,
o1 = Xgl + a3X22 + ang + agang,

09 = XgQ + CL3X12 + ang + alagXZ,
o3 = X§3 + a2X12 + a1X22 + alang7

where a1, as, a3 are p-independent elements of k. In P, = Diﬁ%l(Nl) we find
o1, 02, g3, aalaQ - a(),20—1 - X32 + a/3XA%7

6a301 :8(110'3:){22—}—0,2)(3, 8a302:8a203:X12+a1Xf.
With

= agangl + a1a3X82 + alang?) + a1X12 + a2X22 + ang + XZ
we are in the class of 10.7 and the generic point x = y is the kernel of

S — k[X4], Xo1 = Vazaz Xy, Xoz — Varaz Xy, Xoz — aiaa Xy,
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10 Refined Hironaka Schemes

X1 —> ,/a1X4, X2 — \/CL2X4, X3 — \/a3X4, X4 — X4.
Parameters of S, are
P = Xy Xor + X2 X3, o= XyXoo + X1X3, 3= X4Xo3 + X1Xo,
G=X{+aX], G=X5+aX], (=X;+asX].
Xion =97 + Gls, Xijor =15+, Xios =5+ GG
Ing(01) = X 2(Y2 + Z27Z3), Ing(09) = X, 2(Ys + Z1Z3),
Ing(03) = X, 2(YZ + Z12).
(Y, Z) are dissecting variables. The non additive terms Ing z(o1) = X, 27475,
Ing z(02) = X4_2Z123 and Ing z(03) = X4_2Z1Z2 again cannot be cancelled out
by any r(z)[F]-linear combination. Therefore Py, = 0 and Fy, = V is a vector
space. Rp, = 0since J = (Y2, Y2, Y2, Z1, Zs, Z3).
Type 4-4. p= 2, d= 4, e=1. S= k[X()l, ...,X04, Xl, ...,XV4]7 N = <O’1, 092,03, O'4>,
o1 = X§1 + CL3X22 + CLQX:? + agang,
o9 = XgQ + CL3X12 + CL1X§ + alang,
o3 = ng + a2X12 + a1X22 + alagXZ,
o4 = Xg4 + a2a3X12 + a1a3X22 + a1a2X32,
where ai,as, a3 are p-independent elements of k. In P, = Diff%l(Nl) we find
01, 02, g3, 04, 8(110'2 - 8a201 == X% + a’3XA%7
8(1301 :8a103:X22+a2X42, 8a302:8a203:X12+a1Xf.
With
r_ 2 2 2 2 2 2 2 2
T = aga3Xq; + a1a3 Xy + a1a2 X3 + arazas Xy, + a1 X7 + as Xy + a3 X3 + Xj
we are in the class of 10.7 and the generic point x = y is the kernel of
S — k[X4], Xo1 = Vazaz Xy, Xoz = VarazXs, Xoz — araz Xy,
X04 — \/a1a2a3X4, X1 —> \/a1X4, XQ — \/a2X4, X3 — ,/a3X4, X4 — X4.
Parameters of S, are
Y1 = Xy Xo1 + XoX3, 92 = XyXoo + X1X3,
V3 = Xy Xog + X1Xo, 1= XiXoa + X1 X2X5,
G=X{+aX], G=X5+aX], (=X5+aX].
Xior =9 + (@3, Xioo =5+ GG, Xios =5+ i,
Xios =] + (1oCs + a3 X7l + a1 X7(2Cs + a2 X7C1 s.
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10.8 Examples up to dimension 5 — Proof of the main theorems I1

Ing(01) = X, 2(Y2 4 Z223), TIng(oo) = X 2(YE + Z125),
Ing(03) = X;2(YE + Z125),
Ing(04) = X Y24+ a3 X221 2o + a1 X[ 2 2o 73 + as X 2 21 Zs.
(Y, Z) are dissecting variables. The non additive terms

Ing z(01) = X, 22973, Ingz(00) = X; 22173, Ing z(03) = X; 22175

Ing 7(04) = a3 X2 Z1 20 + a1 X 2 ZoZ3 + aa X [ 271 23

can be cancelled out by a k(z)[F]-linear combination, namely if we take
§ = a101 +ax02 +azo3 + 04 =

= Xg4 + CL1X021 + aQng + a3X§3 + a2a3X12 + a1a3X22 + a1a2X§ + a1a2a3X42.

We see that Py, = (€) and Fy,, = Spec(S/(£)) is not a vector space, but dim Fy, =
7, so there is no problem in view of the proof of the main theorems. Rp, = 0 since
J = (Y2 Y2, Y2 Y2, 71,75, Z3). Under a somewhat different objective the scheme
Spec(S/(&)) was already considered in [Gi, III 2.12]. While Types 4-2 and 4-3 were
very similar to Type 3, Type 4-4 behaves differently. The reason why we find a non
linear refined Hironaka scheme is the following: The term (;(2(3 in the transform of
o4 is of higher order and does not appear in the initial form of 4. Our invariants do
not see any improvement in this case. Nevertheless the situation at x has improved:

Ing (&) = a1 Ing(01) + ag Ing(02) + agIng(o3) + Ing(o4) =

= X H(@Y? + a2Ys +apYs + X 2Y)) = V2,

where we took Y := X4_1(,/a1Y1 + /a2Ys + \/azYs + X4_1Y4) € gry - Therefore the
situation at the origin
Dir(B) = 0, Rid(B) =B

has improved to
Dir(CB@) = Rid(CB’x)red.

Also in
X3¢ = ar? + aghd + az3 + X207 + X266

the monomial {;(2(3 looks quite manageable in view of the techniques in [CP2].

Type 5. p=3,d=5,e=1. S=k[Xy,..,X5], N=(0),
o= Xg + a1 X3 + ap X3 + a%Xg’ + ar1a9 X + a%ang’,
where a1, as are p-independent elements of k. In P, = Diff%Q(Nl) we find
0, 04,0 = Xf’ - ang’ + aQXj:’ — alaQXg’, 04y 0 = X;’ + alef + a%Xg’,

020 = X3+ aoX32, 04,00,0 = X3 — a1 X3.

139



10 Refined Hironaka Schemes
With
= a%ang + a1a0 X3} — a2 X5 + ang - X — X53

we are again in the class of 10.7 and the generic point = = y is the kernel of

S — E[Xz;], XO = — 3 G%GQX}S, X1 — —«3/a1a2X5,

X9 f/%X& X3 = —JasXs, Xar— Ja1Xs, Xs— Xs.
Parameters of S, are
U1 = X5 Xo— X3 X, b= XsX1— X3Xy, t3=X2X4— a1 X3,
G=X5—alX3, (o= X3+ axX3
X3o = ¥] +arf + X5 (¢F + arvi).
Ing(0) = X5 (VP + a1 Y3 + a2 23 Z5).

(Y, Z) are dissecting variables. The non additive term Z?Z5 cannot be cancelled out.
Therefore Py, = 0 and Fy, =V is a vector space.

Type 5-1. B is isomorphic to the product of A? and Type 3. Dir(B) & A? and this
case is excluded by condition (F).

Type 5-2. B is isomorphic to the product of Ay and Type 4-2. Dir(B) = Ay and
this case is excluded by condition (F).

Type 5-3. B is isomorphic to the product of Ay and Type 4-3. Dir(B) = Ay and
this case is excluded by condition (F).

Type 5-4. B is isomorphic to the product of Ay and Type 4-4. Dir(B) = Ay and
this case is excluded by condition (F).

The next type does not fall under the class of examples described in 10.7. With little
adaptions we still can follow a similar line of thought.

Type 5-5. p=2,d=5,e=1. S=Fk[Xop,.., X5, N= (o),
o= Xg + a1X12 + a2X22 + a3X§ + CLQCLgXZ + a1a3X52
where ai,as, a3 are p-independent elements of k. In P, = Diff%l(k)(]\fl) we find
Oay0 = X? 4+ a3X2, 040 = Xa +a3X?, 04y0 = Xo + a2 X} + a1 X2,

2 2 2
o — a18ala — a26a20 — agaasd = XO + aga3 X7 + a1a3X5.

With (10.6.3) we see that the prime ideal of the generic point = of B is the kernel of
S — E[X4,X5], Xo — yasaz X4 + \/a1a3X5, X~ \/@Xg,,

Xo— yasXy, Xz /asXy+ \/an).

In this case y need not necessarily be the generic point z. However we still may
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10.8 Examples up to dimension 5 — Proof of the main theorems I1

assume that p; = 0 by condition (E). We will show that
101 = X5X0 + X1X3, lpz = X5X2 + X1X4,

G =XP4a3X2, (=X +aX?+aX?

are part of a regular sequence of parameters in the regular local ring (R := Sp, m :=
pSp) at y. We have to prove that the classes of these elements in m/m? are R/m-
linearly independent. It suffices to show: For t1,...,t4 € S with

T := tyahy + torhy + t3(y + t4lo € p@

we must have t1,...,t4 € p. By multiplying with a high enough power of X5 & p we
can assume that t; € K[X;, X3, X4, X5] by using the relations 11, 13. By (2.3.2) we
get

p 2 0x,(T) =t X5 =11 €p,

p 2 Ox,(T) =12 X5 =12 €,
Oas(T) € = 1300,(C1) +14045(G) €D =t3X2 € =tz €D,
0o, (T) €p =14 X2 =140, (L) EP = tg €.
Independently of the exact point y we can find

X20 =93 + a3 + (1Go.

In,(0) = X5 2(Y2 + a2Y3 + Z1Z5).

We find dissecting variables by potentially adding a further variable arbitrarily to Y
or Z. The non additive term Z;Z> cannot be cancelled out. Therefore Py, = 0 and
Fy, =V is a vector space.

The last kind of examples are not described as explicitely as all types hitherto.

Type 5-%. p= 2, d= 5, e=1. S= k‘[XOJ, ...,X07v,X1, ...,X5], N = <O’1, ...,O',U>,
4 4
oj = X&j + Z(@g])Xf + (gj + Zai@-gj) X52
=1 i=1

for j = 1,...,v, where ay, ..., a4 are p-independent elements of k (0; is the derivative
with respect to a; for a 2-basis containing a1, ...,as) and gi,...,g, € k*(a1,...,a4)
such that the k2-subspace spanned by 1, a1, ..., a4, g1, .., g» in k has dimension 5 + v
(therefore v < 11) and that the matrix

B = (0i9))i=1,....45=1,...0

has the property that the rows of dB as elements of Q! (k)? are k-linearly independent.
In P, = Diﬁ"%l(k)(Nl) we find

4 4
oj,  Onloy) =D (Ondigy) X7 + <3hgj + ) (6indig; + az’@ﬁiﬂj))) XZ =

=1 i=1
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10 Refined Hironaka Schemes

4
Z 8halgj X + (Z az 8hazgj)> X?

=1

forall j=1,.,vand h=1,...4. Let 7/ =37, to,ng,j + Z?:l t;X; +t5X2 € Pt
and define s; := t; + a;t5 for i =1, ...,4. Then

4 4 4
0= (Ohoy, ™) =Y (Ondigj)ti + <Z ai(%@'é]j)) ts = > _(Ondigj)si
=1 =1 =1
forall h=1,...,4 and j = 1,...,v. Therefore
4 4
0= Z S; - <Z(ahaigj)d(ah)> = Z S5 ((dB)i,la ceey (dB)i,v) .
i=1 h=1 j=1,....v i=1

In view of the above condition on B this implies s; = -+ = s4 = 0. Thus t; = a;t5
fori=1,...,4 and from

4 4
0= <O’j77-,> = tO,j + Z(E)Z-gj)aitg, + (gj + Zaiaigj) ts
i=1 i=1
we get toj = g;ts. Therefore Pi- = (7') with
v 4
7= Zng&j + ZaiXiQ + X2
j=1 i=1

Since 1,ar, ..., a4, g1, ..., g, are k*-indpendent, we are again in the case of 10.7. The
generic point x = y is the kernel of

S — E[Xg,], X(),j = \/EXE) for 1=1,..,0,
X — @X{, for ¢ = 1,...,4, X5 — Xs.

We can expand g; € k*(ay,...,aq) as g; = ZMgcl a?u’jaM for 1 = (1,1,1,1) with
apg € k. Define Gj = ZMJFLZI OzMJ'XMXgL‘ S k[Xl,...,Xg,] (X = (Xl,...,X4)).
Then X gXo’j+Gj is mapped to zero under the above morphism. We find the following
regular parameters at Sy:

V= X3Xo,;+G; for j=1,..,0,

G ::X~2+aiX§ for i=1,.. 4.

X56<7j (X5X0]) +X5Z (0ig5) Cz+azX5 (g]+zaz zg]> =

=1

4
=7+ GF + X5 (9ig;)Gi + ;X5
=1
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10.9 An example in dimension 2p — 1 — Proof of the main theorems 111

For standard differential operators Dy with respect to X1, ..., X4 we have by (3.3.1.B)

G = (Gj(X))? = (Gj(/C + VaX5))? =

<Zf Du(G fX5> Zc ) (VaXs))”.

Denote with E); the standard differential operators with respect to a. Then

2

Du(G)Waxa)? = | | 3y Jaxs X Vxi ) axs) | -
N<.1

N M 8-2|M 8—2|M
- Z <M>a%’,jaN MX; | ‘:EM(QJ)Xs .
N<.1
Together we find
8—2|M
XSoj= v+ > (MEp(gy) x5
[M|>2

and therefore

(o)) = X5V + X352 Y ZMEn(gy) = X577 + X572 > (0n0ig)) ZnZ.
|M|=2 1<i<h<4

Clearly (Y, Z) are dissecting variables. Assume that dim Fy, < 5. Then dim Fy, =
5 = dim By, and with (10.2.3) we must have Q, = P,. This implies In,(o;) being
additive for all j. For fixed j this means 0,0;g; = 0 which in turn implies g; €
(1,a1,...,a4))2. This is not possible. Therefore dim Fy,, > 6. It may very well be
that the non linear terms can be cancelled out by certain x(z)[F]-combinations of
the o, and that nonlinear refined Hironaka schemes appear in this class of types.

10.9 An example in dimension 2p — 1 — Proof of the main
theorems IlI

We prove (BD)ZQ’p_l. Let k be a field of characteristic p. With the notation as in
10.8 we similarly have only to consider non linear Hironaka schemes B over k up to
dimension 2p — 1. Mizutani proved in [Mi] that there is only one such type, namely
the following in dimension 2p — 1. It generalizes Types 3 and 5.

The minimal nonlinear type in arbitrary characteristic. p arbitrary, d =
2p - 1, e=1. S= k‘[XO,(), ~--7Xp—1,07X0,17 -~-7Xp—1,1]7 N = <O’>,
p—1
o= Za’leO + ajas Xy,
i=0

where a1, as are p-independent elements of k. In P; = Diff%p 71(N1) we find using
the differential operators Djs with M = (4,1),7 +1 < p — 1 with respect to the
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10 Refined Hironaka Schemes

p-independent system (a1, az)

p—1 .
Z s s .
D]’,()(O'):Z <]) (all ]X£O+all ]CL2X51> :Xf,o—'_ ) J :07'--717_1’
=0
p—1 .
Dji(o) = <]> ]Xfl_Xp +n j=0,...,p—2.
=0

With
p—1
/I p—1—1 D p—1—i~-p
T = E ay CZQXZ-’O—(Il Xi,l

we are again in the class of 10.7. In fact

p—1 ,.
i L
(', Djo(0)) = E :<j>(all) ay — a7 ay) = 0,
=0

-1 . —1 . .
<T’D‘1<a>>=—pz N1 g3~ ey
[V B . ] 1 1 ]+]— ]+1

=0 =

-l J<<ji1><jilo>

The generic point x = y is the kernel of
1—i/p 1 —1—i
S — k‘[ p—1 1] XZ() — ap z/p /pX —1,1, Xz',l —> af Z/po_l’l.

Parameters of S, are

Yio = Xp—1,1Xi0 — Xp—1,0Xi1, i =0,...,p—2.
_ yvp—1—1 p—1—iyp—1i .
Vin=Xo, Xin—ay  Xpq i=1,..,p—2,
_ P p—1yp P
G = Xop—a1 X, 41, G = p 10 Fa2X, 14
With
p—1
D — i . \P i P yP _
Xp110 = E ai (Xp-1,1Xi0)" +aja:Xi 1 X 11 =
i=0
p—2
_ i P XP i yvP
= > aitig+ (X 10+ a2X, 11) E a1 Xiy
i=0 =
and (using (z —y)P~t =30 | 2= tyP)

2 1) -1 —1—1 —1 -2
x5 )Z ai XP, = Xp¢” +Z A XDV X T XX =
=1
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10.9 An example in dimension 2p — 1 — Proof of the main theorems 111

p—2 p (i-1) p—2
_ i,/ D p(i— p—1~p p—i _ ~p—1 i,P
= E :aﬂ/}i,l + Z Xo1 (ay Xp—l,l) =G + Z ar;
i=1 i=1 i=1
we get

p—2 p—2
XD, 0= 3 il + X Y ( f +Zaawﬁl> |
=1

i=0
p—2

Ing (o) = Xp_fl,l Z allyz‘],oo + aglip)(pﬂ)pr(}f,f)Zf_1Z2‘
i=0

(Y, Z) are dissecting variables. The non additive term Z? ~1Zy in In, 7 shows that
Py =0 and Fy, =V is a vector space.
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