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Abstract

In order to analyze properties of singularities, we sometimes need to compute standard bases
and Grobner bases. Therefore, a good implementation for computing them, is always required
to study singularities. In this paper, we describe an implementation of standard bases, Grob-
ner bases and normal-form by using algebraic local cohomology. Moreover, we give a new
algorithm for computing algebraic local cohomology. We show that the use of algebraic lo-
cal cohomology provides efficient methods for computing standard bases, Grobner bases and
normal-form. Especially, for studying singularity theory, this implementation works power-
fully.

1 Introduction

We describe an implementation of standard bases, Grobner bases and normal-form by using alge-
braic local cohomology. In [24], Tajima and Nakamura studied the Jacobi ideals of isolated hyper-
surface singularities by using duality and describe, in particular, an effective method for solving
membership problems for Jacobi ideals in local rings. In this paper, we give, using the same frame-
work as in [24], a new method for treating standard bases and Grobner bases of zero-dimensional
ideals.

When we study singularities, we sometimes need to compute standard bases and Grobner bases
of given zero-dimensional Jacobi ideals. In this paper, we consider a Jacobi ideal of a given polyno-
mial where the polynomial has an isolated singularity at the origin. We treat only zero-dimensional
Jacobi ideals. Zero-dimensional ideals in the formal power series and the associated vector space
consisting of algebraic local cohomology classes, are considered in the context of Grothendieck
local duality ([Y, I0]). This paper shows that the use of algebraic local cohomology provides an ef-
ficient method for computing standard bases and Grobner bases. Since algebraic local cohomology
classes have a lot of good properties and information for computing standard bases, Grobner bases,
normal-form and analyzing properties of singularities, first we consider an algorithm for computing
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algebraic local cohomology classes. In the first part of this paper, an algorithmic strategy for com-
puting Cech cohomology representations of the algebraic local cohomology classes are described.
In [0, 20, 2T], Abe and Tajima illustrated an algorithm for computing algebraic local cohomology
classes and it’s applications. In this paper, we improve the algorithm and give applications.

In the second part of this paper, we describe applications of algebraic local cohomology classes,
which are to compute standard bases, Grobner bases and normal-form.

The theory of standard bases for ideals in power series rings was introduced in 1964 by Hiron-
aka [IT] on the resolution of singularities. Since then, standard bases have been extensively utilized
in various fields. There are now two classical and widely used method that compute standard bases
of ideals, in local rings, generated by polynomials. One method is based on Mora’s tangent cone
algorithm and the other is based on Lazard’s homogenization technique [8, [, T2, [4]. For the
zero-dimensional case, there is an another approach, called duality method to deal with ideals in
local rings, which has also been extensively studied by several authors in the context of computer
algebra[l, 3, I6]. In [P0, 2T], Tajima has adopted another classical duality, the Grothendieck du-
ality on local residues, for treating standard bases of zero-dimensional ideals. The key ingredient
in this approach is the concept of algebraic local cohomology. We show that the use of algebraic
local cohomology provides an efficient method for computing standard bases. Moreover, as Tajima
and Nakamura studied a method for solving membership problems for Jacobi ideals in local rings
([24]), it is easily possible to adapt this method to compute normal-forms in local rings.

The use of Grobner basis computations for treating of polynomial equations, has become an
important tool in many areas, reaching from pure mathematics to industrial applications. Despite
the well-known complexity of Buchberger’s algorithm ([#]), it has turned out to be very practicable
for many special cases of interest. One of the applications of algebraic local cohomology classes, is
to compute Grobner bases. Let f be a polynomial in K[xy, ..., x,] where K is the field of complex
numbers or rational number, and xi, .. ., x,, are variables. Assume that f has an isolated singularity
at the origin. Then, the zero-dimensional Jacobi ideal J of f is generated by df/dxy,...,0f/0x,
where 0 is a partial derivative. Now, consider a primary ideal decomposition of J. Assume that
J=Jin---NJ,is aprimary ideal decomposition of J where J,..., J, are primary ideals in
K[x1,...,x,]. By using algebraic local cohomology classes, we can easily compute a Grobner
bases of J; such that J; has an isolated singularity at the origin (3i € {1,...,m}).

The key ingredient of all applications in this paper, is the concept of algebraic local cohomol-
ogy. The methods have the following advantages.

- The algorithm ends up only with linear algebra.
- We do not need Mora’s reduction (tangent cone algorithm) for computing standard bases.
- We do not need S-polynomials for computing Grobner bases.

That’s why we can obtain them efficiently.

All algorithms of this paper, have been implemented in the computer algebra system Risa/Asir
([9]) by the author.

The outline of this paper is as follows: Section 2 introduces a representation of algebraic local
cohomology classes using Cech cohomology classes ([&, [®]). Section 3 gives fundamental tools
to construct our algorithms. Section 4 describes to compute algebraic local cohomology classes.
Section 5, 6, 7 treat applications of algebraic local cohomology, which are to compute standard
bases, normal-form and Grobner bases. Section 8 compares our implementation to Abe’s ([I])
implementation.
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2 Preliminary

We fix the following notations throughout this paper. Q, C and N are defined as the field of rational
numbers, the field of complex numbers and the set of natural numbers, respectively. Note that in
this paper, the set of natural number N includes zero. We use the notation x as the abbreviation
of n variables xi, ..., x,. Le, x = (x1,..., x,).

Let X be a neighborhood of the origin O of the n-dimensional complex space C" and let O
be the sheaf on X of holomorphic differential n-forms. Let 7—([”01(();() be the algebraic local coho-
mology supported at the origin O. Then, the space 7‘{["0] (Ox) has a structure of Fréchet-Schwartz
topological vector space ([B]). Recall that the topological vector space 7-{[”0] (Ox) and the space Ox.0
of formal power series at the origin, are mutually strong dual via the Grothendieck local residue
pairing. This implies in particular the following fact which plays an important role in our approach
([23)).

“ Any algebraic local cohomology class in Hj;, (Ox) can be regarded as an analytic linear
functional that acts on the space of formal power series at the origin.”

0
Let f(x) be a holomorphic function on Oy. Consider the ideal 7o generated by 8_)£(x)’

a—f( ), . ;—f(x) on Oxo. Then, the following set H; is annihilated by 7o and a subset of
X
[0] (OX) (algebralc local cohomology):
n of of of
Hy = {90 € 7'{[0](0)() ( W= TZ(X)!// = T o =0¢.

Algebraic local cohomology H| (0] (Ox) can be represented as, by taking X sufficiently small if

1
necessary, an element of relative Cech cohomology. Therefore, to regard [ ] as a relative Cech

cohomology class, any algebraic local cohomology class in H OI(OX) can be represented as a finite

1
sumoftheforchA[ ] (cxeC, A=, b,...,I[,) eNYwhere A+1 =(l4+1,L,+1,...,1,+

1 1
1,1 =(,1,...,1)). We also use the notation Z [W} or [Z - for representing algebraic
x X

local cohomology classes in 7—([”0] (Ox). Note that the multiplication is defined as

1

K[ 1 ] [W] ll'Zki,izl,...,l’l
X =

xA+1

0 otherwise

where k = (ky,...,k,) e N, A=(;,....I,)eN" and A+ 1—-«k=(1+1-ky,...,[,+1—k,) (see
[Z, 22]). In the following example, we see a concrete example of Hj.

Example 1
Let f = x> + xy’ be a polynomial in C[x,y]. Then, by g- = 3x% + 33,
check that the following elements belong to H:

b

3 6f = 3xy2, we can easily
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Furthermore, the following two elements also belong to Hj:

1 1 1 1 1 1
[x_y‘*}‘i[ﬁ]’[x_ﬁ]‘i[@} < Hy

6—f(x) =...= af(x) =07 = {O} is given and K is Q or
0xy ox,

C. We introduce a vector space Hi, (K[x]) to be the set of algebraic local cohomology classes

Let us assume that a set {x eX

1 . . .
Z ca [W} with coefficients ¢, in K,
X
1

Hio(K1x]) = lim Exti(K[x1/¢x1, 2, .. x0), KLx]).

We define a vector space Hy to be the set of algebraic local cohomology classes in Hy,, (K[x]) that
of of

are annihilated by these n polynomials —(x),..., (%),
ox, ox,
o : Of =9 oy 29 =
Hy = {w € Hig(KIxl)| 31000 = 500 =+ = 2 (w = 0}.

Then, the vector space H is the dual vector space of K[[x]]/1o, where K[[x]] stands for the
space of formal power series with coefficients in K and J is the ideal, in K[[x]], generated by
of ) of

—(x),...,

0x; 0x,,
residue pairing,

(x). Since the duality is induced by local residues, we have the non-degenerate

reso(, ) : K[[x]l/To x Hf — K,

which can be regard as a special case of the Grothendieck local duality ([9]).

The non-degeneracy of the pairing implies the fact that, a formal power series & € K[[x]] is in
the ideal 7 if and only if resp(h, ¢) = 0, V¢ € H;. Thus, the ideal 7 is completely determined
by the space H of algebraic local cohomology classes via local residues ([24]).

In order to compute algebraic local cohomology efficiently, we represent algebraic local coho-

1
mology class Z ca [W} as a n variables polynomial ¥ ¢,&% where & = (&), &, ..., &,). We call
X

4 5
this representation “polynomial representation”. For example, let ¢ = [ﬂ] + [2—3 where x,y
X7y X7y
are variables. Then, the polynomial representation of v is 4¢n* + 5&n? where variables (&, 7) are
corresponding to variables (x,y). That is, we have the following table for two variables:

Cech representation polynomial representation
c —1 — camén"
(Lm) xl+1ym+l Lmé& M

1 l
Semmmmn| = Demer

where ¢ € K.
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The multiplication for polynomial representation, is defined as follows:
f/l_K l,-Zk,-,i:l,...,n,
_xK % é—‘/l =
0 otherwise,
where k = (ky,..., k) e N* . A =(,..., ;) e N'and A —«k = (I} — ky,..., I, — k). If we apply
1 1
polynomial representation to Example [, then we have 1,17,&, 7%, &én,17° — 552, nt - 35277 € Hy.

In section 4, we show an algorithm for computing a basis of Hy (algebraic local cohomology)
which is the main result of this paper.

3 Fundamental tools

In this section, we give some fundamental tools to construct algorithms for computing a basis of
Hy, standard bases and Grobner bases. First, we define a term order for algebraic local cohomology.
Second, we give some notations of this paper.

3.1 Term ordering on algebraic local cohomology

In this paper, we use the following term order to compute a basis of H.

Definition 2 (term order)
For two multi-indices A = (Iy,...,l,) and A’ = (I',...,I;) in N", we denote

1 1 ,
[W]<[Wj| ord"+1<A1+1

if |7 + 1] <A+ 1], or |2’ + 1| = |2 + 1| and there exists j € N so thatI! + 1 = [; + 1 fori < j and
l;.+l<lj+l,Wherelxllzll+~--+ln_

1

1
Let consider the case of “polynomial representation”. If | ——| < | —7 |- then obviously
KA+l XA+

&V < & in K[€]. In polynomial representation, this is the total-degree lexicographic order such
thaté) < & <& < -+ <&,

For a given algebraic local cohomology class ¢ of the form (', 2 > 1)

1
+ZC4/[F:|, C/lio,

<A

1

Y =C
!

1 1
we call [7} the head term (written: ht(¢)) and [7] the lower term. In polynomial representa-
x X

tion, we also call £-! the head term (written: ht(¢) = £*~' ) and £&¥~! the lower term.

3.2 Notations and Functions

In this paper, we treat lists and sets as saving data for computing algebraic local cohomology. In
the next definition, we introduce functions of lists and sets.
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Definition 3

Let A be a set. A function list converts A into the list list(A) whose elements are from A. This
function does not care the ordering of A’s elements in the list. Conversely, let B be a list. A
function set converts B intor the set set(B) whose elements are from B.

The set of lists over A, LIST(A), is defined as the smallest set containing the empty list [ ]
(different from any element of A) and the list [a;, ..., a,] forall ay,...,a, € A ULIST(A). list(A)
is equipped with the following (partial) operations:

CONS: A ULIST(A) x LIST(A) — LIST(A) maps (a, [a1, - .. ,a,]) to [a, a1, . .., a,].

CAR: LIST(A) — LIST(A) N A maps [ay,...,a,] toa; and is undefined for[ ].

CDR: LIST(A) — LIST(A) maps [ay,...,a,] to [ay,...,a,] and is undefined for [ ].

APPEND: LIST(A)XLIST(A) — LIST(A) maps ([ai, . ..,a,], [b1,...,by]) tolay, ..., an, by,..., byl

Let A =[1,3,5,7,9] be alist. Then, set(4)={1,3,5,7,9}, CAR(A) = 1, CDR(A) = [3,5,7,9],
CONS(10,A4) =[10,1,3,5,7,9] and APPEND([2,4],A)=[2,4,1,3,5,7,9]. Let B={2,4,6,8} be
a set. Then, list(B) = [2,4, 6, 8].

A power product (or term) in xi,...,x, is an expression of the form x* := x{'x3>--- x;" for
some exponent vector @ = (ay,...,a,) € N". Then, the degree of this power product (written:
deg(x®)) is (ay,...,a,). The total degree of this power product (written : tdeg(x®) or tdeg(a)) is
the sum a;+- - -+a,. Letey, ..., e, be the canonical basis of a free module. I.e, foreachi=1,...,r,

i-th
e = (0,...,0, 1, o,...,o)

denotes the i-th canonical basis vector of N” with 1 at the i-th place.

4 Computation Method (Algebraic Local Cohomology)

In this section, we introduce an algorithm for computing algebraic local cohomology classes. This
section is the main part of this paper [?5]. As we described in section 1, algebraic local cohomology
has a lot of good properties and information for computing standard bases and analyzing properties
of singularities. Hence, first, we need an algorithm for computing algebraic local cohomology.

This section is organized as follows. In subsection 4.1, we give the outline of an algorithm for
computing algebraic local cohomology. In subsection 4.2, we describe the detail of the first step of
the algorithm. The main results are shown in subsection 4.3 and 4.4. In subsection 4.3, we mention
how to decide a head term of an element of a basis of H;. In subsection 4.4, we describe how to
decide lower terms of an element of a basis of Hy.

4.1 Outline

Before describing the detail, we give the outline of the algorithm for computing algebraic local
cohomology (a basis of the vector space Hy). This outline facilitates understanding the detail of
the whole algorithm. In the next subsection, we illustrate the detail.

Let f be a polynomial in K[x]. The algorithm for computing a basis of Hy, has mainly two
steps. First, we need to compute elements of a basis of Hy which form monomial. After this step,
a natural strategy for computing a basis of H is thus to find algebraic local cohomology classes
from bottom to top by executing the following STEP 2.
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s OUTLINE B

Input: f: a polynomial in K[x],
Output: a basis of H (algebraic local cohomology classes).

STEP 1: To compute monomial elements.

1
Compute all monomial elements [W] of Hy where 1 € N".
X

e ]2

STEP 2: To compute elements which form linear combination (Z ca [

A+l °
1. Find a candidate A of a head term.
2. Construct an associate set L, of candidates of lower terms

1 1 )
3. Setp = [W] + Z Ca) [W} 4,14 > 0).

Ael,

dx,
the system of linear equations which are created by the condition.

4. Check the condition (%)p = (a—f)p =...= (%)p = 0, and decide c(, r). That is, solve

Repeat from 1 to 4 until we obtain the condition of the termination.

N\ J

In the rest of this section, we describe the detail of the each part of OUTLINE. Note that, from
here, we treat “polynomial representation” for computing a basis of /; in algorithms. If we
obtain a basis of H in polynomial representation, then we can easily transform them into their
Cech representation by the definition.

4.2 STEP1

First, we see STEP 1 for obtaining monomial elements of a basis of Hy. By the definition of H
and the multiplication, we can easily compute monomial elements of a basis of H as follows.
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~ (Algorithm) STEP1(/) ~

Input: f: a polynomial in K[x] (<: the total degree term order,)
Output: MList: monomial elements of a basis of Hy,
FList: a list of exponents, GList: a list of lists, ML: a list.

(1). Compute g—){ =YX (=1,...,n)and A = {x* € K[x]| 3i, s.t. a;o # 0}.
(2). Compute the reduced Grobner basis G of (A) in K[x] w.r.t. <.
(3). Select the lowest term g in G. FList « list({deg(g)})

(4). Set an ordered list GList = [Gy,,Gj,,...,G;] where Gi/ = [deg(r;1),deg(r;2),
oo deg(ri)], rix € G\lgl, tdeg(rjp) = ij, i1 < iy < -+r <y 1y < Fjp < < Ty
foreachl < j<sand1<k<l.

(5). MList «Compute monomial elements which does not belong to (G).
ML « {deg(g)lg € MList}
N J

Clearly, for all € MList, o7 n = of n=--= of
6x1 (9)62 axn

tion of Hy, we can regard MList as a subset of a basis of H. In the following example, we see how
STEP1 works.

)n = 0. Therefore, by the defini-

Example 4
Let f = x>y + xy* + x?y? be a polynomial in K[x,y], and < be a term order (see Definition Q) such
thaty < x.

0 0
(1). We have é)_i: =3x%y +y* +2x)°, a—§ = x> +4xy’ +3x%% and A = {x2y,y*, xy°, X3, xy°, ¥2y2).

(2). G = {x*y, x3,y*, xy} is the reduced Grobner basis of (A) w.r.t. <.

3). InG, x2y is the lowest element w.r.t. <. Hence,
FList = [(2, D)]. \

(4). We have only one element x> whose total de- »)
gree is 3. Elements of total degree 4 are y* and
xy*. Hence, GList = [[(3,0)], [(0,4), (1,3)]].

(5). Finally, we need to commute a basis MList of
K[x,y1/(G). Then, MList = [1,& &%, n,én,
%, én%, 1°]. In Figure 1, a symbol “e” means
an exponent of an element of ML. A symbol

G, 9

*” means an exponent of an element of FList.

o o e
0,0 Figure 1 & ()

4.3 How to decide head terms.

In this and the next subsections, we consider STEP 2 of OUTLINE. In STEP 2, we have to

compute elements of a basis of a vector space Hy which form Z ca [ } First, in this subsection,

A+1
X
we describe how to decide the head terms. Second, in the next subsection, we describe how to
decide the lower terms.
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Let Ay denote the set of exponent of head terms in Hy and Ag) denote a subset of Ay:

Ap={1eN"|Jpst ht(p) =&, p e Hy) and AW = (' € Ayt < A).

In order to construct the algorithms for computing Z ca let us recall the following results,

xA+L P
which will be exploited several times in algorithms to compute a basis of Hy.

Lemma 5 ([24, 24])
Ifne Hy,soare xjm, j=1,2,...,n.

The Lemma B yields the followings [0, 24].

Lemma 6
Let A = (l],...,ln) e N'" Ifd e AH, then, foreachj: 1,2,...,]’!, /1—6‘1‘ = (l],lz,...,lj_l,lj—
Lljts o5 y) is in A

Lemma 7
Letd=(l,...,1,) e N". IfA ¢ Ay, then, (1 + N") N Ay = 0. (Le., o € FList, x* = &* £ 0.)

Now, we construct an algorithm for computing a basis of H. In this subsection, we mainly mention
how to decide head terms of a basis of H;. In algorithms of this paper, we treat the following
notations for saving data:

MList: a list of monomial elements of a basis of Hy (from STEP 1) in K[£].
ML := {deg(g)lg € MList}

SList: a list of non-monomial elements of a basis of Hy in K[£].

TList := list({deg(ht(y)) € N"|¢ € SList}) in N".

FList: a list of ex-candidates of head terms in N”.

LList: a list (of exponents) of all lower terms of SList in N".

CT: alist of candidates of head terms in N". (Ve, B € CT, tdeg(a) = tdeg(B))
TT := list({e|a € CT,a € TList}). (Va,B € TT, tdeg(a) = tdeg(B))

CL.: a list of candidates of lower terms in N".

Therefore, the list APPEND(MList, SList) means a basis of Hy. When we create a list of lower
terms LList, we need lists LL, UU, RR and EL in the following algorithm.
In the next subsection, we explain these lists and how to create the list CL.

/~ (Algorithm) MAIN(GList, FList, ML) ~

Input: GList, FList, ML: lists (from STEP 1)
Output: SList, LList, TList, FList
(0). TT « [ ]; CT « CAR(GList); GList « CDR(GList); TList « [ ]
[LList < FList; EL « FList; LL < []; RR < []; UU <[] (¢])]
(1). if CT # [ ] then

v « CAR(CT), CT « CDR(CT) /* Select the lowest exponent y in CT. */

else if CT = [ ] then

(CT, GList) « Head_candidate(TT, CT, GList) (x1)

/* candidates of head terms.*/

if CT =[] then (%2) /* The condition of the termination */

return(SList, TList, LList, FList)
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end-if
TT « [ ]; v « CAR(CT) /* Select the lowest exponent y in CT. */
CT « CDR(CT)
end-if
(2) We consider that £” is a candidate of a head term.
/*Make a list CL of candidates of the lower terms. */
[(CL,UU, EL) « LOW_candidate(y, LList, LL, UU,RR, EL, ML, TList)  (¢2)]
B3)Setp =&+ Z cﬂfﬁ a candidate of a basis of Hy where ¢, € K. Create a system of ¢;’s
AeCL
linear equations from the condition (;Tf]) xp = ((f—){z) kp=-..= ((?Tf) * p = 0. Then, solve the
system.

if a solutions of c,s exists then
Z 1
TList « CONS(y, TList)
TT <« CONS(y, TT)
p’ « substitute the solution into ¢, s of p.
SList « CONS(p’, SList) /* p’ is an element of the basis. */

else

Z«0; p«0

FList < CONS(y, FList) /*£” is not a head term of the basis. */
end-if

|(LList, LL,RR,EL) « renew(Z,y, p’, LList, EL) (<>3)|
Repeat from (1) to (3) until (+2) comes.

J

Remark: In the next subsection, we explain (¢1), (¢2) and (¢3) for making candidates of lower
terms. le., we see the algorithms LOW_candidate and renew. In this subsection, we do not
describe them.

In (1), if CT = [ ], then we need to renew the list CT (see (x1)). In order to renew the list, we
have to consider the following four cases.

Case (i) TT =[], GList =[]. Case (ii) TT =[], GList # [ ].
Case (iii) TT #[ ], GList = []. Case (iv) TT #[], GList # [ ].

The next algorithm H_candidate tells us how to renew the list CT in each case. Actually, if we have
the condition “TT = [ ] and GList = [ ]”, the algorithm MAIN terminates. In the next algorithm,
we apply Lemma B,B,1 to make a list of candidates of head terms. The following functions are
required in the algorithm H_candidate, actually which are from Lemma B,6,[.
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s (Function) nb(TT) ~

Input TT, Output S': a list.
N
while TT # [ ] then
7 < CAR(TT); TT « CDR(TT)
forifromltondo @ « 7+e¢;
ifa ¢S then S « CONS(a,S) end-if

end-for
end-while
return(S)
J
~ (Function) cf(L, FList) N
Input L: alist of elements in N”, FList, Output S: a list.
Nl
while L#[]do t < 1
a « CAR(L); L « CDR(L); W « FList
while W = [ ] do
k «— CAR(W); W « CDR(W)
if X% &% # 0 then 7 « 0; break end-if
end-while
if 1 =1 then § « CONS(a,S) end-if
end-while
return(S
(S) )

We give an example of the functions. Let L = [(1,2), (3, 1),(3,4), (1, 8)] and FList = [(2, 3),(4, 0)].
Then, nb(L) = [(2,2), (1,3),(4, 1), (3,2),4,4), (3,5),(2,8), (1,9)] and cf(L, FList) = [(1,2), (3, 1),
(1, 8)].

Now, we are ready to construct the following algorithm which creates candidates of head terms.
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Algorithm) H_candidate(TT, CT, GList
K( g )H_ ( ) N

Input: TT, CT, GList: lists from MAIN
Qutput: CT, GList: lists
Case (i) TT = [ ],GList =[]
return([ ],[ ]) /* termination */
Case (ii) TT = [ ], GList # [ ]
CT « CAR(GList); GList = CDR(GList); return(CT, GList)
Case (iii) TT # [ ], GList = [ ]
NT « nb(TT); CT « cf(NT,FList); return(CT, GList)
Case (iv) TT # [ ],GList # [ ]
Set dt € N as the total degree of TT. (All elements of TT have the same total degree.) Set
dg € N as the total degree of CAR(GList). (All elements of CAR(GList) have the same total
degree, too.) In general, dg > dt (dg # dt).
if dg — dt > 1 then
NT « nb(TT); CT « cf(NT, FList); return(CT, GList)
end-if
if dg — dt = 1 then
CT « cf(nb(TT), FList) U CAR(GList); GList « CDR(GList)
return (CT, GList)
end-if
Assume that after creating lists, all elements of the lists are lined up in order of <.

When the list CT can not be renewed, the algorithm MAIN terminates. That is, case (i) “TT =
[ 1,GList = [ ]” is the condition of the termination. The following example tells us how the
algorithms work.

Example 8

Let consider Example B, again. Let f = x3y + xy* + x>y* be a polynomial in K[x, y]. In Example @,
we obtained FList = [(2,1)], GList = [[(3,0)], [(0,4),(1,3)]]. We apply the algorithm MAIN for
computing a basis of Hy. We do not describe (¢1), (¢2), and (¢3). In Example [0, we see the
computation of making candidates of lower terms.

1-0. TT =[]; CT = CAR(GList) = [(3,0)]; GList = CDR(GList) = [[(0,4), (1, 3)]].

1-1. By MAIN (1), ¥ = CAR(CT) = (3,0) and CT = CDR(CT) = [ ]. Now, & is a candidate of a
head term. In (2), LOW_candidate outputs a list CL as a set of candidates of the lower terms.
In the next subsection, we describe how compute CL. In (3), set p = & + ¥ ,ccp. caé” and solve

af af

the system of linear equations which is from (E) *p = (5) * p = 0. Then, there does not

exist a solution of c;. Hence, a basis of H; does not have an element whose head term is §3.
FList = CONS((3, 0), FList) = [(3,0), (2, D].

2-0. We have CT = [ ], TT = [ ] and GList = [[(0,4),(1,3)]l. By H_candidate (ii), CT =
[(0,4),(1,3)], GList = CDR(GList) = [ ].

2-1. In (1), TT = [ ], ¥ = CAR(CT) = (0,4) and CT = [(1,3)]. 5* is a candidate of a head
term. LOW_candidate outputs CL. Set p = * + X 1ccL c2¢" and solve the system of linear
equations which is from (‘;—i) *p o= (g—f) p = 0. Then, there exists a solution. Therefore, we
have p; = n* — %527] as an element of a basis of Hy and TT = CONS((0,4),TT) = [(0,4)],
SList = CONS(py, SList).
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3-1.

4-0.

4-1.

5-1.

6-0.

6-1.

7-1.

8-0.

AsCT = [(1,3)] in (1), y = CDR(CT) = (1,3) and CT = CDR(CT) = [ ]. én’ is a candidate of
a head term. LOW_candidate outputs CL. Set p = é° + 3 jecr, c2&* and solve the system of
linear equations. Then, there exists a solution. Therefore, we have p, = &n° — 4&3 — %527] and
TT = CONS((1,3), TT) = [(1, 3),(0,4)], SList = CONS(p,, SList).

AsCT =[], TT = [(1,3),(0,4)] # [ ] and GList = [ ], by H_candidate (iii), we have
NT = nb((TT)) = [(0,5), (1,4), (2,3)] and CT = cf(NT, FList) = [(0,5), (1,4)].

In(1), TT =[], CT = [(0,5),(1,4)], y = CAR(CT) = (0,5) and CT = CDR(CT) = [(1,4)].
17 is a candidate of a head term. LOW_candidate outputs CL. Set p = 1> + Yaccr C2E*
and solve the system of linear equations. Then, there exists a solution. Therefore, we obtain
p3=1 - %_{2172 +¢& and TT = CONS((0, 5), TT) = [(0, 5)], SList = CONS(p3, SList).

AsCT = [(1,4)] in (1), y = CAR(CT) = (1,4) and CT = CDR(CT) = [ ]. &€n* is a candidate
of a head term. LOW_candidate outputs CL. Set p = én* + Y e c26* and solve the system
of linear equations. Then, there does not exist a solution. FList = CONS((1,4), FList) =
[(1,4),(3,0),(2, 1]

We have CT = [ ], TT = [(0,5)] and GList = [ ]. By H_candidate (iii), NT = nb(TT) =
[(0,6), (1,5)] and CT = cf(NT, FList) = [(0, 6)].

In (1), TT = [], ¥ = CAR(CT) = (0,6), CT = [(0,6)] and CT = CDR(CT) = []. »°
is a candidate of a head term. LOW_candidate outputs CL. Set p = n® + ¥ 1ccp 26" and
solve the system of linear equations. Then, there exists a solution. Therefore, we obtain py =
=180 + Lént + 38+ FEn— 50+ 5€ and TT = CONS((0, 6), TT) = [(0, 6)], SList =
CONS(p4, SList). In Figure B-1, a symbol “e” means an element of ML from Example B. A
symbol “«” means of an element of FList. p; means an exponent of ht(p;) for eachi = 1,2,3,4.

. We have CT = [ ], TT = [(0,6)] and GList = [ ]. By H_candidate (iii), NT = nb(TT) =

[(0,7),(1,6)] and CT = cf(NT, FList) = [(0, 7)].

In(1), TT = [ ], y = CAR(CT) = (0,7) and CT = CDR(CT) = []. 7’ is a candidate
of a head term. LOW_candidate outputs CL. Set p = 0’ + 3 1ccr i€ and solve the sys-
tem of linear equations. Then, does not exist a solution. FList = CONS((0,7),FList) =
[(0,7),(1,4),(3,0), (2, D]

Now, CT =[], TT = [ ] and GList = [ ]. By H_candidate (i), CT can not be renewed. This
is the condition of the termination. The computation stops. Therefore, we obtain a basis of Hy
which is APPEND(SList, MList). In Figure B-2, a symbol “+” means an element of FList, a
symbol “A” means an element of TT.

U™
)

0
Figure B-1 3 (0,0) Figure B-2 &)
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4.4 How to decide lower terms.

In this subsection, we describe how to decide lower terms. That is, we introduce the algorithms
renew and LOW_candidate which are in the algorithm MAIN. In fact, we improve the algorithm
(M, 20, 2T] for computing a basis of Hy. A big improvement is a method of creating candidates of
lower terms. While the algorithm runs for computing them, we can obtain a lot of good information
ML, FList, TList, LList and SList. We are able to apply these information for getting a small
number of the candidates. In [1], Abe has implemented an algorithm for computing a basis of H.
Hoverer, he has not applied these information for computing them. This point is the big difference.
In section 8, we compare Abe’s implementation to our implementation. Before describing the
algorithms, we introduce the following lemma which says properties of lower terms.

Lemma 9
Let p be an element of Hy and [ ]
"X

] } be a lower term of p. During the computation of a
n

basis of Hy (in the algorithm MAIN), exponents of the following terms

[ 1 ] 1 1
NS TE L) SR A NS I AT LRl R TS A R AT A
X)X, X, S o X XX S

belong to one of the followings:
(1) LList, (2) TList, (3) ML, (4) [0] (become zero.).

If we adopt polynomial representation, we can write them as the following.
Let f’l' .- -ffl” be a lower term of p. Then, exponents of the terms

(ll - 1312$"‘7ln)’(11’12 - 1a~~~,ln),-~-7(l1,~~',ln—l - l,ln)7(ll"~~’ln—l,ln - 1)
(1) belong to set(ML) U set(TList) U set(LList), or
(ii) have Os (zeros) in some components.

We can write this lemma as the following function “cd”.
Function) cd(NL, ML, TList, LList
(( ) cd( ) N

Input: NL: a list of elements of N*, ML, TList, LList
Qutput: S: alist.
S <[]
while NL # [ ] do
7« CAR(NL); NL « CDR(NL)
if (7 € set(ML) U set(TList) U set(LList)) or
(di € N s.t. i-th component of 7 is 0 ) then
S « CONS(t,S)
end-if
end-while
return(S)

J

The algorithm LOW_candidate which is the main result of this subsetion, needs the functions “cd”
and “nd”, to create candidates of lower terms.

Now, let consider lower terms. As the vector space Hy is the dual vector space of K[[x]]/J, if
lower terms belong to TList and ML, then the lower terms are reduced by MList and SList. Hence,
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we do not need the elements of ML and TList as lower terms. As we described, CL is a list of
candidates of lower terms of y. By this fact, CL can be written as CL = APPEND([new condiates
of lower terms], LList). In algorithms of this paper, we treat the following notations for saving
data:

EL: a list of new candidates of lower terms which does not belong to LList.
Let p is in SList. Then,
LL := list({ all lower terms of p} N set(EL)).
RR := list(set(EL)\ set(LL)).
UU := list({a@ € nb(LL)|a > y}).
Note that CL = APPEND(EL, LList).
In MAIN (3), we have to renew the lists LList, UU and EL (see (¢ 3)). In order to renew the lists,

we have to consider the two cases. One is the case Z = 1 (a solution exists). The other is the case
Z = 0 (a solution does not exist). The next algorithm tells us how to renew the lists.

~ (Algorithm) renew(LList, EL, Z,y, p’) ™~

Input: LList, EL: lists, Z: 0 or 1, y: an element in N”, p": a polynomial in K[£]
(All arguments are from MAIN (¢3).)
Output: LList, LL, RR, EL : lists of elements of N",

if Z = 0 then
LL « []; EL «~ CONS(y,EL); RR «[]
else

LL « list({All lower terms of p’} Nset(EL)) («1)
if LL # [ ] then
LList « APPEND(LL, LList); RR « list(set(EL)\ set(LL)); EL « []
end-if
end-if
return(LList, LL, RR, EL)

J

In order to create candidates of lower terms, we need to consider the following two cases.
Case i) LL =[]. Case (ii) LL # [ ].

In the algorithm renew, as LL = list({all lower terms of p’} N set(EL)), LL has new lower terms
which do not exist LList on (&1). Therefore, if LL # [ ], then, by Lemma B, we have to create new
candidates of lower terms for the next head term. In the case LL = [ ], we have to renew as the
following algorithm.

/~ (Algorithm) LOW_candidate(y, LList, LL, UU, RR, EL, ML, TList) ~

Input: y € N*, LList, LL, UU, RR, EL, ML, TList : lists from MAIN,
Output: CL, UU, EL: lists, (Elements of CL are candidates of lower terms of y.)
(Case 1) if LL = [ ] then
if UU # [ ] then
E « {aly > a (a is smaller than y), @ € UU}
UU « list(set(UU)\ cd(E))
EL « APPEND(list(cd(E)), EL)
end-if
end-if
CL «— APPEND(EL, LList)
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return(CL, UU, EL)
(Case 2) if LL # [ ] then
/* Make lists EL and UU by RR and LL */
E « {aly > a, (a is smaller than y), @ € UU}
UU « list((set(UU\E)\{y}) /[*ify e UU */
RR <« APPEND(list(E), RR)
NL « set(nb(LL))
B «— {B| B > v (y is smaller than ), 8 € NL)
UU « APPEND(list(B), UU)
D « cd(list(NL \B), ML, TList, LList)
EL « APPEND(list(D\(D N set(RR)), RR)
end-if
CL « APPEND(EL, LList)
return(CL, UU, EL)

J

We see an example how the algorithms renew and LOW_candidate work.

Example 10
Let consider Example B, again. Let f = x’y + xy* + x>y* be a polynomial in K[x, y]. In Example B,
we saw how to decide head terms. In this example, we see how to decide lower terms.

0. (Initialization) In (¢1), LList = [ ], EL = [(2,1)](= FList), UU =[], LL=[1].

1. (3,0) is a candidate of a head term. AsLL = [ ],UU = [ ], by LOW_candidate (Case 1), CL =
APPEND(EL, LList) = [(2, 1)]. Set p = £ + ¢(,1)&*n and check the conditon (%) + p = (%) «

p = 0. That is, solve the systemof linear equation {(g—i) *p=3con =0, (‘3—() xp=1= O} . As
there does not exist a solution of cq,1), we obtain Z = 0 in MAIN (3). By renew, we have
LL =[], EL = CONS((3,0),EL) = [(3,0), (2, 1)] and LList = [ ].

2. (0,4) is a candidate of a head term. As LL = [ ],UU = [ ], by LOW_candidate (Case 1),
CL = APPEND(EL,LList) = [(3,0),(2,1)]. Set p = 7* + c3.0&> + cp.1yé?n and solve the
system of linear equations {(%) *p=3con+1=0, (%) *p=cao =0}. Then, we have a

solution c30) = 0, co,1) = —1. Therefore, p = n* — 1&*n. By renew and Z = 1, we have
LL = [(2, 1)], LList = [(2, )], RR = [(3,0)] and EL = [].

3. (1,3) is a candidate of a head term. As LL = [(2,1)],UU = [ ], we apply LOW_candidate
(Case 2): E = { },UU = [ ],RR = [(3,0)],NL = {(3,1),(2,2)}, B = {(3,1),(2,2)} (as
(1,3) > (3,1),(2,2)), UU = [(3,1),(2,2)] (as (1,3) > (3,1),(2,2)) and EL = [(3,0)]. Then,
CL = APPEND(EL, LList) = [(3,0),(2, 1)]. Set §n3 + C(3,0)§:3 +c(2,1)§217 and solve the system of
linear equations {(%) *p= 3con+2=0, (%) xp=cao+4= O}. Then, we obtain a solu-

tionc0) = =4, co.1y = —3. Therefore, p = én° —4&3 - 2&%n. Since (3,0) € EL and (2, 1) ¢ EL,

we obtain LL = [(3,0)], LList = [(3,0),(2,1)], RR =[] and EL = [ ].

4. (0,5) is a candidate of a head term. AsLL = [(3,0)], UU = [(3, 1), (2, 2)], we apply LOW_candidate
(Case 2): E ={(3,1),12,2)},UU=[],RR=[(3,1),(2,2)], NL = nb(LL) = {(4,0),(3,1)}, B =
{}(as(0,5) > (4,0),(3,1),UU=[],D={4,0),(3, )} and EL = [(4,0), (3, 1),(2,2)]. Hence,

CL = APPEND(EL, LList) = [(4,0), (3, 1),(2,2), (3,0, (2, )]. Set p = 11> +cs0)&* +c.1)E 0+
C(2‘2)§2772+C(3,0)§3+C(2’1)§2T] and check the condition (%)*p = 3C(33])§+(3C(2‘2)+ Dn+ 36‘(2‘1) =0

and (g—{) *p = cuné +cann+(cao +3cwe2) = 0. Then, we have a system of linear equations
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{36‘(3’1) = 0, 3C(zyz) +1= 0, 3C(2’1) = 0, C4,0) = 0, 3,1y = 0, C(3,0) + 36‘(2’2) = 0} A solution of the
system is C4,0) = 0, c3, = 0, C2 = —%, C3,0) = 1, cey = 0. Therefore, p = 7]5 - %527]2 + 63.
Since (2,2) € EL, we obtain LL = [(2,2)], LList = [(2,2), (3,0), (2, 1), RR = [(4,0), (3, 1)] and
EL=[]

5. (1,4) is a candidate of a head term. As LL = [(2,2)],UU = [ ], we apply LOW_candidate
(Case 2): E ={},RR =[(4,0),(3,1)], NL = nb(LL) = [(3,2),(2, 3)], UU = [(3,2),(2,3)] (as
(3,2),(2,3) > (1,4)), D ={} and EL = [(4,0), (3, 1)]. Hence, CL = [(4,0),(3,1),(2,2), (3,0),
2,1D)]. Setp = §U4 + C(4,0)f4 + C(3y1))§3l7 + C(z’z)fzflz + C(3,())§:3 + C(2,])§277 and check the condition
{(%) *p =0, (‘;—f) *p = O}. Then, this system does not have a solution, and Z = 0. By renew,
LL=[]1,EL=1[(1,4),(4,0),(3,1)] andRR = [].

6. (0,6) is a candidate of a head term. AsLL = [],UU = [(3,2), (2, 3)], we apply LOW_candidate
(Case 1): E ={(3,2),(2,3)},cd(E) = {(2,3)},UU = [(3,4)], EL = [(2,3),(1,4),(4,0), 3, D].
Hen069 CL = [(2a 3)’ (1’ 4)’ (4’ 0)7 (3$ 1)5 (2’ 2)’ (3’ 0)’ (25 1)] Setp = )76 + C(2)3)§2773 + C(l,4))§’74 +
6(4,0)54 + C(371){,':377 + C(2’2)§2772 + 6(3,0){,:3 + C(le)fzn and check the condition {(g—i) *p = 0, (Z—;C) *
p= 0} Then, we have a solution c3) = —%, Cl4) = %,C(zl’()) = %, c3,1y = %, C22 =
—%,6(3,0) = ;—%,C(zyl) =0. Therefore, p= 7]6 — %§2n3 + 37—3§U4 + ;—‘454 + 35—35277 — é—géﬂnz + %63
Since (2,3),(1,4),(4,0),(3,1) in EL, we have LL = [(2,3),(1,4),(4,0),(3,1)], RR = [ ] and
LList = [(2,3),(1,4),(4,0),(3,1),(2,2),(3,0), (2, 1)].

7. (0,7) is a candidate of a head term. As LL # [ ] and UU = [(3,2)], we apply LOW_candidate
(Case 2): E = {(3,2)},UU = [ ],RR = [(3,2)], NL = nb(LL) = [(3,3),(2,4),(1,5),(5,0),
4,1,3,2),B={},D=NL, EL = [(3,3),(2,4),(1,5), (5,0),(4,1),(3,2)]. Hence, CL =
APPEND(EL, LList). Set p = i7" + ¥t ¢a8" and check the condition {(5) + p = 0, (%) +
p = 0}. Then, does not exist a solution, and Z = 0. By renew, LL. = [ ], EL = [(0,7), (3, 3),
2,4),(1,5),(5,0),(4,1),(3,2)]andRR = [ ].

Now, we can compute a basis of Hy (algebraic local cohomology). The following algorithm
outputs lists MList, SList, TList, LList and FList. A basis of H is the list APPEND(MList, SList).
As other lists are needed for computing standard bases and Grobner bases, we let the next algorithm
output them for the applications.

e (Algorithm) ALC(f)

~
Input: f: a polynomial in K[x],
Output: MList, SList, TList, LList, FList.
(APPEND(MList, SList) is a basis of Hy.)
(MList, ML, FList, GList) < STEP1(f)
(SList, TList, LList, FList) « MAIN(GList, FList, ML)
return(MList, SList, TList, LList, FList)

The algorithm ALC has been implemented on the computer algebra system
Risa/Asir ([I[8]). This implementation outputs MList and SList as a basis of H.

Example 11
Let consider E\, singularity defined by f = x> +y’ + xy>. Our implementation can output a
polynomial representation of a basis of Hy.

[467] cohomology(x3+yA7+x*yA5,[x,y],1,0,0);
[[1,y,x,y%2,y*X,y*3,yA2%x,yr,y*3%x], [-1/3*XA2+y*5,-1/3%y*xA2-7/5
3':yA4:':x+yA6’ 7/15-}:}(/\3_1/3:‘:yA2-,‘:XA2_7/5*yA5:':X+yl\7]]
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The first list means MList and the second list means SList.

Example 12
Let consider Jyo singularity defined by f = x> + y° + x*y?. Our implementation can output a basis
of Hy. The polynomial representation of a basis of Hy, is the following.

[469] cohomology(xA3+yA6+xA2*yA2,[x,y],1,0,0);
[[1,y,x,y22,y*x,yA3,y*4],[-2/3*XA2+yA2%X,-3*y*xA2+9/2*yA3*xX+yA5,2
7'ch3_3‘:‘»‘yA27':XA2+9/27'=yA4*X+yA6]]

Now, we are ready to introduce applications of algebraic local cohomology (a basis of Hy).
In Section 5, 6 and 7, we describe algorithms for computing standard bases, Grobner bases and
normal-form, which are applications of algebraic local cohomology.

5 Standard Bases

In this section, we propose an algorithm for computing standard bases. Let f be a polynomial in
o] 0
K[x] such that f has an isolated singularity at the origin. Assume that J = <6_f’ ces 6f> isa
X1 Xn
zero-dimensional Jacobi ideal of f. Then, after computing a basis of H, we can transform the basis
into a standard basis of J in K[[x]]. As we said, this method using algebraic local cohomology, has
the following advantages.

- We do not need Mora’s reduction (tangent cone algorithm) for computing standard bases.

- The algorithm ends up only with linear algebra. (We do not need difficult and heavy computa-
tional techniques.)

- The termination of the algorithm is guaranteed. This means that if we know a Jacobi ideal is a
zero dimensional ideal, then the algorithm terminates and outputs a reduced standard basis.

Recall that, there is a residue pairing, denoted by reso( , ), between the quotient space K[[x]]/J
and the vector space Hy,
reso(, ) : K[[x]l// xH; — K.

The pairing is nondegenerate according to the Grothendieck local duality theorem([J]). As we
mentioned, the result above implies in particular that a given formal power series p € K[[x]] is in
the ideal J if and only if p satisfies

reso(p, ) = 0, Vi € APPEND(MList, SList).

Now, we consider the local total degree reverse lexicographical order on K[[x]], and let ht(p)
denote, with respect to this order, the head term of formal power series p in K[[x]].

The next theorem tells us the relation between algebraic local cohomology and standard bases.
By this theorem, we can construct an algorithm for computing a standard basis of J in K[[x]] ([25]).
In the following theorem, we regard ¢ as x, and write & as x.

Theorem 13
In this theorem, we write p € SList as p = x* + Z cxX*. Then, the polynomial x* for a € FList

K<T

with @ ¢ LList and p,(x) := x* — Z cwamyX* for @ € set(FList) N set(LList) give rise to the

k€TList
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standard basis of the ideal J with the respect to the local total degree reverse lexicographic order.
Note that, if k € TList, there exists g in SList which forms g = x* + Z c(,(ﬁ)xﬁ .
B=<k

Proof It is clear from the definition that the monomial ideal in K[[x]] generated by ht(f), f € J

coincides with that generated by x*, @ € FList. That is, the list FList is the set of exponents of

head terms of the standard basis. By the condition resp(p, ¢) = 0, V¢ € APPEND(MList, SList), it

is obvious that if @ € FList is not in LList, then the monomial p,(x) := x“ itself is in the ideal J,

and if @ € FList is in LList, then p,(x) := x* — Z C,mX" is alsoin J. 1
k€TList

~ (Algorithm) StandardBasis(f) ™~

Input: f: a polynomial in K[x],

Output: S: a standard basis of J in K[[x]].

S « {}; (MList, SList, TList, FList) « ALC(f)

while FList # [ ] do

a « CAR(FList); FList « CDR(FList)

sex = Y caX [k eTList Ag = £ + ) cupt?) € SList ¥/
k€TList B=<k

S « S U{s}

end-while

return(S)

J

Example 14

Let f = Xy + xy* + x?y3 be a polynomial in K[x,y). In Example 8 and [0}, we have already FList =
[0, 7). (1,4),(2,1), (3, 0)I, SList = [p1 = =31, p2 = €’ ~4E =38, p3 = P = 3E7+&, pa =
n° = 3180 + Zént + 38 + FEn - BEN + 13€] and TList = [(0,4),(1,3),(0,5),(0,6)]. Note
that, elements of corners * in Figure B-2 are in FList, and become head terms of a standard basis of
J in K[[x,y]]. (We regard ¢ as x, i as y.)

(1). Take (0,7) from FList. That is, considery’ as the head term of a polynomial. Terms of polyno-
mials py, p2, p3, ps do not have n’. Therefore, we have y’ as an element of a standard basis.

(2). Take (1,4) from FList. Then, p, has the term xy* whose coefficient is % As the exponent of
ht(py) is (0, 6), we obtain a polynomial xy* — 37—3y6.

(3). Take (2,1) from FList. Then, p; and p, have the term x*y. The coefficient of x*y in p;, is —%
and the exponent of ht(p,) is (0,4). The coefficient of x>y in p», is —% and the exponent of
ht(p,) is (1,3). Therefore, we obtain x>y + 1y* + Zxy*.

(4) Take (3,0) from FList. Then, p,, p3 and p4 have the term x3. The coefficient of x° in P2, is —4
and the exponent of ht(p,) is (1,3). The coefficient of x* in ps, is 1 and the exponent of ht(ps)

is (0,5). The coefficient of x> in pa, is % and the exponent of ht(p4) is (0,6). Therefore, we

3 3_.5_14.6
obtain x* + 4xy’ —y> — 33)°.

Hence, a standard basis of J is {y7,xy4 — %y‘s,xzy + %y“ + %xy3,x3 +dxy? -y — %y6} w.r.t the

local total degree reverse lexicographic term order (1 > y > x > y* > xy > x> > y? > +-).
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6 Normal-form

Let f,h be polynomials and J be the Jacobi ideal of f in K[[x]]. In this section, we give an
algorithm for computing a normal-form of # modulo an ideal generated by a standard basis of J
in K[[x]]. By this method, we can solve a membership problem of J. Before describing the
algorithm, we need the following two corollaries which are from Theorem I3, to construct the
algorithm. Throughout this section, we fix a set DL := ML Uset(TList) U set(LList), g(x) :=
> hyx'in K[[x]] and J be the Jacobi ideal of a polynomial f in K[[x]].

Corollary 15
Assume that MList, TList, LList are from ALC(f). If A ¢ DL, then, x* € J.

Corollary 16

In this corollary, we write p € SList as p = x" + Y, ., CXx“. Then, for all o € set(TList) U
set(LList), we have the following relations x* = },c1List CioyX* mod J. Note that, if k € TList,
there exists g in SList which forms g = X + Y5, CupXP.

By these two corollaries and Theorem [[3, we can construct an algorithm for computing normal-
form by using algebraic local cohomology.

~ (Algorithm) Normal-form(f, k) A\

Input: f,g: polynomials in K[x], (J is the Jacobi ideal of f.)
Output: g: a normal-form of ¢ modulo J in K[[x]] (i.e., ¢ = gmod J).
(0) (MList, SList, TList, FList, LList) « ALC(f)

ML « {deg(r)|t € MList}; DL < ML U set(TList) U set(LList)
(1) Decompose g(x) as g(x) = Z qpc’l + Z qﬁ/x’v.

1eDL ¢DL
By Corollary 3, g(x) = Z g,x* mod J.
1eDL
(2) Decompose Z gx' = Z g x"+ Z qyx’.
AeDL TeML yeDL\ ML
(3) By Corollary 08, Ya € set(TList) U set(LList), x* = Z Cxy X mod J.
k€TList
Transform the second part Z gyx” into Z C(y,Xx" by the relations.
yeDL \ ML teTList, yeDL \ ML
(4) We obtain g = Z g X"+ Z ¢y X" such that g(x) = gmod J.
TeML €TList, yeDL\ ML
return(g)
J
Example 17

Let f = x*y + xy* + x*y* be a polynomial in K[x,y]. In Example B and [0, we already have
MList = [1,&,&%,n,én,1°,é7, ), SList = [py = i* = 3&n,py = &7 =48 — 380, p3 = 1 -
FET+E . ps =10 =38 + Fé' + 36+ 50— &7 + [, TList = [0,4),(1,3).0.5),(0,6)]
and LList = [(2,3),(1,4),(4,0),(3,1),(2,2),(3,0), (2, 1)]. Hence, DL = [(6,0),(2,3),(1,4),(0,5),
4,0),(3,1),(2,2), (1,3), (0,4),(3,0),(2, 1), (0,3), (1,2),(0,2),(1, 1), (0, 1), (2,0), (1,0), (0,0)].

And, by Corollary [, there exist relations x*y* = —1y® mod J, xy* = £y°mod J, x* = 3y mod J,

3
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Py = Zy¥modJ, X2y = -1y — By0modJ, x* = —4xy® +)° + 3y°mod J and ¥y = -1yt -

%xy3 mod J. Consider two polynomials hy = 4x’y> + 5x*y+2x+y and hy = x* — 6x3y — 2xy*. First,
we consider a normal-form of h; by a standard basis of J. Since (3,2) ¢ DL, (0,1),(1,0) € ML
and (2, 1) € LList, we obtain h; = 5x*y + 2x + ymod J. Furthermore, as x>y = —%y“ - %xy3 mod J,
we obtain hy = 5(—%)}4 - %xy3) +2x+ymodJ. Therefore, hy can be reduced toy+2x— §y4 - l3—oxy3
by a standard basis of J.

Next, we consider a normal-form of hy by the standard basis of J. Since (4,0), (3,1),(1,4) €
LList and x* = 3y, X’y = 2%, xy* = L35, we obtain hy = $y°—6(3)°%) —2(%5)°) = 0. Therefore,
this means that h, is a member of J in K[[x]] (i.e., h, € J C K[[x]]).

3=

7 Grobner Bases

In this section, we describe an algorithm for computing Grobner bases. Theorem [ says that once
one has a basis of H (algebraic local cohomology classes), one can directly compute a standard
basis of a Jacobi ideal from the basis. One can also derive an algorithm the primary component
supported at the origin of the zero-dimensional ideal. Let / be a zero-dimensional ideal with an
affine variety V(I) = {p1,..., pm}. Assume that Q; N --- N Q,, is the primary decomposition of
I in K[x] where Q; is a primary ideal supported at the p;. Then, it is well-known that K[x]/I =
K[x]/Q1x---xK[x]/Q,, (see [B]). By this fact and the definition of H, one can easily improve the
algorithm StandardBasis to compute a Grébner basis of Q; where Q; is the primary component
supported at the origin. In this section, we write this Q; as Jo. Note that our algorithm is
free from primary decomposition algorithm. The algorithm for computing Grobner bases using
algebraic local cohomology, is the following.

~ (Algorithm) GrobnerBasis(f) N

Input: f: a polynomial in K[x], <: a global term order,

Output: S: a Grobner basis of Jp w.r.t. <.

0). S « {}; (MList, SList, TList, LList, FList) « ALC(f); [ai,...,a;] < Line up all
elements of APPEND(TList, LList) in order of <, where £ < .- < £%.

(1). Let [p1, ..., pm] = SList. Make the coefficient matrix @ of SList.

141 &
Le., : =0 : . ®" « Compute the row reduced echelon matrix of ®.
Pm é:a'
qi &
2. : |« @] i | TL « {deg(q1),...,deg(gm)}
qm &

ML « {deg(g)lg € MList}
(3). G — ReducedGrdbnerBasis({(£?|Vy € nb(TL U ML)\(TL U ML))).
KList « list({deg(t) € N"| V7 € G}) /* In Figure IR, “«”. */
(4). while KList # [ ] do
o «— CAR(KList); KList « CDR(KList)
s« x7 - Z cupX* [¥if k € TL, then g = X + Zc(Kﬁ)xB €{qi,....qm} */
«keTL B=<k
S « S U{s}
end-while
return(S)
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Example 18

Let f = Xy + xy* + x*>y* be a polynomial in K[x, y]. Consider the global total degree lexicographic
order < such thaty < x. Let Gp be a Grobner basis of Jo where Jo is the primary component of
the Jacobi ideal of f, supported at the origin. We consider to obtain Go. In Example B and [ID,
we have already SList = [p; = n* — &, py = én* =48 = 38, p3 =7 — 3877 +E.py =
n® =180 + Lént + 164+ S - B + B, TList = [(0,4),(1,3),(0,5), (0, 6)] and LList =
[(2,3),(1,4),(4,0), 3, 1),(2,2),3,0), (2, D].

We line up all elements of APPEND(TList, LList) in order of < as follows:

(2,1),(3,0),(0,4),(1,3),(2,2),(3,1),(4,0),(0,5), (1,4), (2, 3), (0, 6).
Next, we make the coefficient matrix ® of SList.

é_-Z

[=2)

& Ent En & o oot &

1 n* T én 1

-+ 0 1 0 0O O 0O 0O O O0 O

© -2 40 1 0 0 0 0 0 1 0
~]l0o 1 0 0O - 0 O 1 0 0 O
0 5 0 0 —% 5 5 0 5 -3 1

The next matrix @’ is in reduced row echelon form of ®.

&n & gt ep & En & o ot En o

1 00 -2 2 0 0 -6 0 0 O

v- |0 1 0 0 -3 0 0 1 0 0 0
~]lo0o o 1 -4 2 0 0 -2 0 0 O
44 14 7 11 33
o o0 o o 1 % - I 1 3

We have ML = {(0,0),(1,0),(2,0),(0,1),(1,1),(2,0),(2,1),(3,0)},TL = {(3,0), (2,1), (3,1),
(4,1)}. In Figure [I8, e means an element of ML and A means an element of TL. Now, we
can compute the reduced Grobner basis G of (¢'ly € nb(TLUML)\(TLU ML)). Then, G =
{§5,§n3,§27]2,§4} and KList = {(0,5),(1,3),(2,2), (4,0)}. In Figure [[8, * means an element of
KList. By Corollary [[8, we have the following relations

xy® = —%x2y— %, . \
X2y = 2x%y ;x3 + §y4, »)
= ﬁx3y s«
XY
Yy = —6x%y +x° = 2y* — =x’y, modJy
xyt = §x3y, 0
23 11 4 * o A A
Xy = ——xy,
33 0 N TREE— -
V6 = ?x3y. 0,0 Figure [[8 £

Now, we can follow the same procedure of the algorithm StandardBasis to compute a Grébner
basis Go of Jp w.r.t. <. Then, we obtain the following set Go of polynomials as the Grobner basis;
Go = {xy3 + % + %y“,xzy2 —2x%y + % - %y“,x4 - %x3y, Yy +6x%y — x> +2y* + 15—2x3y}.
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Example 19
Let consider W»s singularity defined by f = x*+ xy” + x*y°. Our implementation outputs a Grobner
basis of Jo w.r.t. the global total degree lexicographic order s.t. x >y, which is the following.

[x26,y*xXA5,5/7*xA5+yA2%x*4,-196/45%y*x A 4+yA4*xA3,
28/9%xA4+yAS*XA2,5/T*yrA*XA2+y 6% X, 4¥XA34+2FyAS*X+y AT ]

8 Comparison

All algorithms in this paper have been implemented by the author in the computer algebra system
Risa/Asir. In fact, the author’s program (NEW) of standard bases and normal-form, is unique
one. Abe has not implemented them. In this final section, we compare Abe’s program ([I]) to
our program. Both programs work on the computer algebra system Risa/Asir. We measure the
computational time of both programs. In this comparison, both programs execute for obtaining a
basis of H (algebraic local cohomology). We use the following computation environment [CPU:
Pentium M 1.73 GHZ, OS: Windows XP] and Risa/Asir version 20080904 (Kobe Distribution). In
the table, x, y, z are variables.

f Abe NEW

By + 0t + 133 (Milnor no. 12) 0.11 0.015

(@ + )2 + 2+ 3y)x%y? (Milnor no. 15) 0.141 0.015
2+ y3)2 + (2 + 3y)x%y’ (Milnor no. 19) 0.25 0.063
2+ xy + 2%y (Milnor no. 25) 0.282 0.031

(% + 3% + (24 3y)x2yl0 (Milnor no. 29) 2.235 1.531
x4+ 3y 4+ a2y + 12 (Milnor no. 29) 0.375 0.062

X2y + 2y +3y22 +y* + 714 (Milnor no. 35) 6.594 3.969
(% + 92 + (2 + 3y)a%y® (Milnor no. 49) 84.99 64.19

224y +y*2+3xy'7 + 829'2  (Milnor no. 65) 85.98 10.05

(% +93)? + (24 3y)x%y0 (Milnor no. 69) 1285 683.3

x4+ 3y + a2yl M (Milnor no. 109) 31.97 4.015

24y + ¥ +3xy*2 + 8292 (Milnor no. 125) | > 2 hours | 113.3
(CPU sec.)

As solving a system of linear equations is costly, we need a small number of candidates of
lower terms, to compute a basis of Hy, efficiently. Since in this point, the author’s implementation
has a big advantage, the implementation is more efficient than Abe’s one.
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