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Abstract

Let K be an effective field of characteristic zero. An effective tribe is a subset of
K{[[z1, 22, ...]] = K U K[[z1]] U K[[z1, 22]] U --- that is effectively stable under the
K-algebra operations, restricted division, composition, the implicit function theorem,
as well as restricted monomial transformations with arbitrary rational exponents.
Given an effective tribe with an effective zero test, we will prove that an effective
version of the Weierstrass division theorem holds inside the tribe, and that this can
be used for the computation of standard bases.
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braic power series, tribe
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1 Introduction

There are two main aspects about effective computations with formal power series. On
the one hand, we need fast algorithms for the computation of coefficients. There is an
important literature on this subject and the asymptotically fastest methods either rely on
Newton’s method [4] or on relaxed power series evaluation [12].

On the other hand, there is the problem of deciding whether a given power series is
zero. This problem is undecidable in general, since we need to check the cancellation of an
infinite number of coefficients. Therefore, a related subject is the isolation of sufficiently
large classes of power series such that most of the common operations on power series can
be carried out inside the class, but such that the class remains sufficiently restricted such
that we can design effective zero tests.

The abstract description of a suitable framework for power series computations is the
subject of section 2. We first recall the most common operations on formal power series over
a field K of characteristic zero: the K-algebra operations, restricted division, composition,
the resolution of implicit equations, and so called restricted monomial transformations with
arbitrary rational exponents. A subset L of K[[z1, 22,...]]= K U K[[z1]] U K[[z1, 22]] U+ that
is stable under each of these operations will be called a tribe. We will also specify effective
counterparts of these notions.

The main results of this paper are as follows. Given an effective tribe with an effective
zero test, we show in section 4 that the tribe also satisfies an effective version of the
Weierstrass preparation theorem [23], and we give an algorithm for performing Weierstrass
division with remainder. In section 5, we also introduce ‘“Weierstrass bases” and a recursive
version of Weierstrass division that works for ideals. For Archimedean monomial orderings,
this can in turn be used for the computation of standard bases of ideals generated by series
in the tribe in the sense of Hironaka [10].
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2 SECTION 1

Our results can for instance be applied to the tribe of algebraic power series. In that
particular case, various alternative algorithms have been developed. An algorithm for
Weierstrass division was given in [2]. This algorithm has recently been extended to the com-
putation of reduced standard bases of ideals that satisfy a suitable condition [1] (namely
Hironaka’s box condition). In the case that the ideals are generated by polynomials instead
of power series, one may compute (non-reduced) standard bases using Mora’s tangent cone
algorithm [20] or Lazard’s homogenization technique [17].

The main other example that motivated our work is the tribe of d-algebraic power
series (see also |7, 8, 15]). The fact that the collection of all d-algebraic power series satisfies
the Weierstrass preparation theorem was first proved in a more ad hoc way by van den
Dries [9]. The notion of a tribe also shares some common properties with the notion of
a Weierstrass system, as introduced by Denef and Lipshitz [6] and used in [9]. Our approach
can be regarded as a simpler, effective and more systematic way to prove that certain types
of power series form Weierstrass systems. Moreover, we show how to compute more general
standard bases in this context.

The idea behind our main algorithm for the computation of Weierstrass polynomials
is very simple: given a series f € L N K[[z1, ..., 2]] of Weierstrass degree d in 21, we just
compute the solutions @1, ..., ¢g of the equation f(z1,...,2,) =0 in z; inside a sufficiently
large field of grid-based power series. This allows us to compute the polynomial P =
(21 — ¢1) -+ (21 — ®q) which we know to be the Weierstrass polynomial associated to f.
Using the stability of the tribe under restricted monomial transformations, we will be able
to compute P as an element of L.

The algorithms rely on our ability to compute with the auxiliary grid-based power series
©1, ..., pg. For this reason, we briefly recall some basic facts about grid-based power series
in section 3, as well as the basic techniques that are needed in order to compute with them.

Weierstrass division is a precursor of the more general notion of Hironaka division in
the particular case of a principal ideal in general position. For arbitrary ideals in general
position (or, more precisely, in “Weierstrass position”), we introduce a recursive version of
Weierstrass division in section 5. Assuming that such an ideal I is finitely generated by
elements in the tribe L, this allows us to compute a “Weierstrass basis” for I and to decide
ideal membership for other elements of /. Another application is the computation of the
Hilbert function of I. The main ingredients in section 5 are the possibility to put ideals in
Weierstrass position modulo a suitable linear change of variables and ordinary Weierstrass
division in the principal ideal case. For tribes in which we have alternative algorithms for
the Weierstrass preparation theorem, the techniques of section 5 can use these algorithms
instead of the ones from section 4.

In the last section 6, we show how to compute more traditional standard bases of ideals T
that are finitely generated by elements of L. The main difficulty with standard bases in the
power series setting (in contrast to Grobner bases in the polynomial setting) is termination.
This difficulty is overcome by using the fact that we may compute the Hilbert function of
the ideal using the techniques from section 5. During the construction of a standard basis,
this essentially allows us to decide whether the S-series of two basis elements reduces to
zero or whether it reduces to a series of high valuation. In general, our algorithm does
not compute a reduced standard basis: it is actually known that such a reduced standard
basis does not necessarily exist. An interesting open question is under which conditions
our algorithm still does compute one. In the algebraic setting, we already mentioned above
that [1] furnishes a conditional algorithm for the computation of reduced standard bases.

Our paper uses several notations from the theory of grid-based power series [13| that are
uncommon in the area of standard bases. For instance, admissible orderings are replaced by
monomial orderings, initial monomials by dominant monomials, and Weierstrass position
is reminiscent of Hironaka’s box condition that is essential in [1]. The general motivation
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behind our notations is their natural asymptotic meaning. They have been very useful for
the development of asymptotic differential algebra and we refer the reader to [3] for a more
extensive background and dictionary.

Acknowledgments. The author wishes to express his gratitude to the two referees for
their careful reading and helpful comments, as well as to Alin Bostan and Lou van den
Dries for historical references.

2 Common operations on power series

Let K be a field of characteristic zero and denote
Kl[z1,22,..]] = KUK[[x]]UK[[z1, 2] U,

where we understand that K{[z1, ..., z,]] is naturally included in K{[z1, ..., z,+1]] for each n.
So each element f € K|[[z1, 22, ...]] is a power series in a finite number of variables.

We say that K is effective if its elements can be represented by concrete data structures
and if all field operations can be carried out by algorithms. We say that K admits an
effective zero test if we also have an algorithm that takes f € K as input and that returns
true if f =0 and false otherwise.

If K is effective, then a power series f € K|[[z1, 29, ...]] is said to be computable if we
have an effective bound n for its dimension (so that f € K[[z1, ..., z5]]), together with an
algorithm that takes i € N” as input and produces the coefficient f; € K of 2% = zil zf{‘
on output. We will denote the set of computable power series by K[[z1, 22, ...]]°™.

Basic operations on power series

Let L be a subset of K[[z1, 22, ...]]. We will denote L, =L N K|[[z1, ..., z,]] for each n and
say that L is effective if L C K[[z1, 22, ...]]°™. In this section, we will give definitions of
several operations on power series and the corresponding closure properties that L may
satisfy. We say that L is a power series algebra if L is a K-algebra. From now on, we
will always assume that this is the case. It is also useful to assume that L is inhabited in
the sense that z; € L for all 4. For each ¢, we will denote 0; =90 /0z; and 6; = z; 9;. We say
that L is stable under differentiation if 0; L C L for all i (whence 6; L C L).

The above closure properties admit natural effective analogues. We say that L is an
effective power series algebra if K is an effective field, if the elements of L can be repre-
sented by concrete data structures and the K-algebra operations can be carried out by
algorithms. We say that L is effectively inhabited if there is an algorithm that takes : € N
as input and that computes z; € L. We say that L is effectively stable under differentiation
if there exists an algorithm that takes f € L and i € N as input and that computes 9; f € L.

Restricted division

For any ring R, let R* = R\ {0}. We say that L is stable under restricted divisionif f /g€ L

whenever f € L and g € L7 are such that f/g € K[[z1, 22, ...]]. If L is effective, then we
say that L is effectively stable under restricted division if we also have an algorithm that
computes f /g as a function of f, g € L, whenever f /g€ K]|[z1, 22, ...]]. Here we do not
assume the existence of a test whether f /g€ K[[z1, 22, ...]] (the behaviour of the algorithm
being unspecified if f/g ¢ K|[[z1, 22, ...]]). More generally, given g € L#, we say that L is
stable under restricted division by g if f/g € L whenever f /g € K][[z1, 22, ...]], and that
L is effectively stable under restricted division by g if this division can be carried out by
an algorithm.
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Composition

Given f € K[[z]]=K]|[z1,..., zn)], we let f(0) € K denote the evaluation of f at 0=(0,...,0).
Given f € K|[z]] and g1, ..., gn € K[[u]] = K[[u1, ..., up]] with ¢1(0)=---= g,(0) =0, we
define the composition fo g= fo (gi,..., gn) of f and g to be the unique power series
foge K|ui,...,up|] with

(fog)(ur,...,up) = f(g(ut, ..., up), ..., g(ui, ..., up)).

We say that a power series domain L C K{[z1, 29, ...]] is stable under composition if
fo(giy...,gn) € L for any f € L, and gy, ..., gn € L with ¢1(0) =--- = g,(0) =0. If we also
have an algorithm for the computation of fo(gi,..., gn), then we say that L is effectively
stable under composition.

We notice that stability under composition implies stability under permutations of
the z;. In particular, it suffices that z; € L for L to be inhabited. Stability under composition
also implies stability under the projections m; with

(mi ) (21, ooy 2n) = f(21, 0oy 2im1, 0, Zig 1y weey Zn)-

If L is also stable under restricted division by z; (whence under restricted division by
any z;), then this means that we may compute the coefficients [zf] f of the power series
expansion of f with respect to z; by induction over k:

[sz]f:ﬂ_if_[zzo]f_"'_([zzkil] f)zzkil.

2F

Similarly, we obtain stability under the differentiation: for any f € L, and i <n, we have

f(Zl ceey Bi—1y 23+ Zn+1, Zid1y - zn)—f(zl Zn)
8‘ . — Y Y Y ) ) ) ) Y i
( Zf)(zh 7zn) Tn+1 1

Implicit functions

Let ©1,..., om € K[[21, ..., zp)] with p=n—m >0 and ¢1(0) =+ = ¢,,(0) =0. Assume that
the matrix formed by the first m columns of the scalar matrix

91 91
21 (0) azn(o)

0

8_2:0(0) = : :
Bgom 899777,
21 (0) Bz (0)

is invertible. Then the implicit function theorem implies that there exist unique power series
Y1, ..., Ym € K[[21, ..., )], such that the completed vector ¢ = (91, ..., ¥y) with P41 =
21, ..y Y = % satisfies p o 1) = 0. We say that a power series domain L C K[[z1, 22, ...]]
satisfies the implicit function theorem (for m implicit functions) if v, ..., 1, € L for
the above solution of ¢ o @ = 0, whenever 1, ..., ©m € L,. We say that L effec-
tively satisfies the implicit function theorem if we also have an algorithm to compute
U1, ..., Ym as a function of @1, ..., Ym.
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We claim that L satisfies the implicit function theorem for m implicit functions as soon
as L satisfies the implicit function theorem for one implicit function and L is stable under
restricted division and composition. We prove this by induction over m. For m = 1 the
statement is clear, so assume that m > 1. Since the matrix formed by the first m columns
of (0 /0%)(0) is invertible, at least one of the (d¢;/021)(0) must be non-zero. Modulo
a permutation of rows we may assume that (J¢;/921)(0) # 0. Applying the implicit
function theorem to ¢ only, we obtain a function & € L,,_1 with ¢j0 (&, 21, ..., 2n—1) =0.
Differentiating this relation, we also obtain

06— 0p1/0zj+1
9z 010 © (&, 21,0 2n-1),
for each j. Setting A:=1/(9¢1/0%21)(0), this yields in particular
€ _\ 9¢;
82]‘ (0) - A 8Zj+1 (0)

Now consider the series ¢ = ¢;110 (&, 21, ..., 2n—1) € L. For each j <m — 1, we have

aZj 82']‘ 621 6zj+1
0pit1 dp1 0pit1
= 0)—X 0 0).
szH( 3Zj+1( 0z ©
In particular,
el el dp Jdp
: : = A : +0.
8‘?4717 8‘P;n7 Oom Oom
5 (0) - 52=(0) 521 (0) 9z (0)
By the induction hypothesis, we may thus compute series o, ..., ¥, € L, such that

010 (2, .cc; P, 21, ..., 2p) =0 for all 4. Setting 11 =Eo (Yo, ..., Ym, 21, ..., 2p) € Ly, we conclude
that w10 (Y1, ...s Ym, 21, ..o, 2p) = @10 (&, 21, ooy Zn—1) © (Y2, .y Yoy, 21, .., 2p) =0 and

©i+10 (wh ceey wma FATREED) zp) = @i+10° (57 Zly eeny Zn—l) o (¢27 ceey 'l/}ma FATREED) zp)
= (péo(wg,...,wm,zl,...,zp)
=0

for all i <m — 1.

Restricted monomial transformations

Consider an invertible n x n matrix M € Q"*™ with rational coefficients. Then the
transformation

o zM; z?---zﬁ? — z?---z;‘?

is called a monomial transformation, where ¢ € Q" is considered as a column vector.
For a power series f € K|[[z1, ..., 2,]] whose support supp f = {i € N": f; # 0} satisfies
M -supp f CIN", we may apply the monomial transformation to f as well:

fozM = Z fi M

1€IN™



6 SECTION 2

We say that L is stable under restricted monomial transformations if for any f € L,, and
invertible matrix M € Q™™ with M -supp f C N”, we have foz™ € L,. We say that L is
effectively stable under restricted monomial transformations if we also have an algorithm
to compute fozM as a function of f and M. Notice that we do not require the existence
of a test whether M - supp f C N” in this case (the behaviour of the algorithm being
unspecified whenever M -supp f € N™).

If M € N™*"™ has non-negative integer coefficients, then we always have M -supp f CN"
and L is trivially stable under the monomial transformation f — f o 2™ whenever L is
stable under composition.

Examples

We say that the K-algebra L with z; € L is a local community if L is stable under
composition, the resolution of implicit equations, and restricted division by z;. We say
that L is a tribe if L is also stable under restricted division and restricted monomial
transformations. Effective local communities and tribes are defined similarly.

A power series f € K[[z1, 22, ...]] is said to be algebraic if it satisfies a non-trivial
algebraic equation over the polynomial ring K|z1, 22,...] = K U K [21] U K[21, 29] U ---. Setting
H = K(z1, 22, ...) = K UK(z1) UK (21, z2) U -, this is the case if and only if the module
H|[f] is an H-vector space of finite dimension. Using this criterion, one can prove that
the set K[[21, 22, ...]]8 of algebraic power series is a tribe (and actually the smallest tribe
for inclusion). For convenience of the reader, let us state and prove an effective version
of this result. Assume that K is an effective field. Then an effective algebraic power
series f € K|[[z1, 22, ...]] can be effectively represented as an effective power series together
with an annihilator P € H[F]. We claim that K[[z1, 29, ...]]*® is an effective tribe for this
representation.

Proposition 1. The K-algebra K[[z1, z2,...]]*'® forms an effective tribe.

Proof. Let f, g€ K[[z1, 22,...]]*8, so that P(f)=Q(g) =0 for certain monic polynomials
P, Q€ K(z, ..., zn)[u] of degrees d and e in u. For i =0, ..., d e, these relations allow
us to rewrite both (f + ¢)? and (f g)? as K(z1, ..., zn)-linear combinations of f* g' with
0<k<dand 0<!I<e. Since these f* g’ span a vector space of dimension at most d e,
this means that there exist monic polynomials R, S € K(z1, ..., z,)[u] of degree <d e with
R(f+g)=S(fg)=0, and we may compute R and S using linear algebra. This shows that
K]|[#1, 29, ...]]*!8 forms an effective power series algebra that is clearly inhabited.

With the above notations, let Q = Qe+ Qe—ru+ -+ Q1 u"t+ Qo u® and assume

that g #0. Then we notice that Q(g) =0« Q(1/g) =0, so we can compute a polynomial
T € K(zi, ..., zp)[u] with T(f / g) = 0 in a similar way as above. This shows that

K|[[z1, 22, ...]]*!# is effectively stable under restricted division by g.
Assume now that g1, ..., gn € K[[21, 22, ...]]*® with ¢1(0) = - = g,(0) = 0 and let
Q; € K(z1, ..., zm)[u] be a monic annihilator of g¢; of degree e; for i = 1, ..., n. Assume

first that the annihilator P of f belongs to K|z, ..., 2n, u]. Given any i € N, we may

then rewrite (f o g)? as a linear combination of (f7 o g) gfl gﬁ" with j <d, k1 <eq, ...,
kn < en. In a similar way as above, this allows us to compute a non trivial annihilator of
degree <dej -+ e, of fog. In general, the annihilator of f belongs to D! K|z, ..., 2, u]
for some denominator D € K|z1, ..., z,). In that case, the annihilator of D f belongs to
K|z, ..., 2n,u], whence (D f)o g is algebraic, and so is fog=(Dog)™' (D f)og. In other
words, K[[z1, 2o, ...]]*® is effectively stable under composition. A similar argument shows
the effective stability under restricted monomial transformations.
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Let us finally assume that f(0) =0, but (0f/9021)(0) #0, and let ¢ € K[[z1, ..., 2n—1]]
and Y9 =21,...,Y¥n=zy_1 be such that fo=0. Let P(z1,..., 2n, u) still be the annihilator
of f. Then P(f)o v = P(yYn, 21, ..., 2n—1, f o) = P(¥1, 21, ..., 2n—1,0) =0 yields a non
trivial annihilator for +1. This shows that K[[z1, 20, ...]]*!8 is effectively stable under the
implicit function theorem.

In order to conclude, we still need to prove the existence of an effective zero test
for f (given by its annihilator P and an algorithm to compute its coefficients). Now the
polynomial equation P(f) = 0 admits at most d solutions. Using the Newton polygon
method for a suitable valuation, it is possible to derive a bound for the maximal valuation
of f in the case when f # 0. It then suffices to compute the coefficients of f up to this
valuation bound. For more details, we refer to [15], where we proved a stronger result in
a more general setting. O

A power series f € K|[[z1, ..., zp)] is said to be d-algebraic if it satisfies an algebraic
differential equation P;(f, ..., §;° f) = 0 for each i € {1, ..., n}, where P; is a non-zero
polynomial in r; + 1 variables with coefficients in K. This is the case if and only if the
differential field H (f) generated by f over H = K (21, 22, ...) admits a finite transcendence
degree. We denote by K[[z1, 2o, ...]]4%!8 the set of d-algebraic power series. Using the finite
transcendence degree criterion, and similar techniques as in the proof of Proposition 1, it
can be shown that K[[z1, 22, ...]]42!8 forms a tribe.

If K is an effective field, then effective d-algebraic power series may again be represented
through an effective power series and differential annihilators P; of the above form. In [15],
one may find more information on how to compute with d-algebraic power series, and
a full proof of the fact that K[[z1, 22, ...]]9%8 is actually an effective tribe (the proof being
based on earlier techniques from [7, 8]). Notice that the most intricate part of this kind of
computations is zero testing.

3 Grid-based series

Monomial monoids

In what follows, we will only consider commutative monoids. A monomial monoid is
a multiplicative monoid 9t with a partial ordering < that is compatible with the multipli-
cation (i.e. m; g ny Amg<xng=mymg=<n;ng and m; n<x men=m; <mz). The notation <
generalizes Hardy’s notation from asymptotic analysis, so we call < an asymptotic ordering.
We denote by MM~ = {m € M : m < 1} the set of infinitesimal elements in M and by
MS={meM:m=< 1} the set of bounded elements in M. We say that 9 has Q-powers if
we also have a powering operation (k,m) € @Q x 9t m* € M such that (mn)¥=mFn* and
(mF) =m* for all k,l € @Q and m,n € M.

A monomial monoid 91 is said to be effective if its elements can be represented by effec-
tive data structures and if we have algorithms for the multiplication and the asymptotic
ordering <. Since m=n<m=<nAn=<m this implies the existence of an effective equality
test. A monomial group 91 is said to be effective if it is an effective monomial monoid with
an algorithm for the group inverse. We say that 9 is an effective monomial group with
Q-powers if we also have a computable powering operation.

Grid-based sets

A subset & C 9 is said to be grid-based if there exist finite sets {my, ..., my,} C 9~ and
{ng,...,n,} TN such that

G C {ml'mlmngig, ., in €N, 1< <n}. (1)
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If 9 is actually a monomial group that is generated (as a group) by its infinitesimal
elements, then we may always take n=1.

If 91 is an effective monomial monoid, then a grid-based subset & C 2 is said to be
effective if the predicate m € 9t = m € & is computable and if finite sets {m1,...,m,,} TN~
and {ny,...,n,} CM with (1) are explicitly given.

Grid-based series

Let K be a field of characteristic zero. Given a formal series f=3"_ _on fum with fn€ K,
the set supp f={meM: f,# 0} will be called the support of f. We say that the formal
series f is grid-based if its support is grid-based and we denote by K [9] the set of such
series. A grid-based series f € K [9] is said to be infinitesimal or bounded if supp f CIN™
resp. supp f COM~, and we denote by K [T = resp. K [9T < the sets of such series.

In [13, Chapter 2| elementary properties of grid-based series are studied at length.
We prove there that K [9] forms a ring in which all series f with 1 € supp f C I~ are
invertible. In particular, if 91 is a totally ordered group, then K [9] forms a field. Given
a power series f € K|[[z1, ..., 2,|] and grid-based series gy, ..., g, € K [9MT ~, there is also
a natural definition for the composition f(g)= fog= f(g1,...,9n) = fo(91,-.-, gn)-

Given a grid-based series f € K [9N] the maximal elements of supp f for < are
called dominant monomials for f. If f has a unique dominant monomial, then we say
that f is reqular, we write 9y for the dominant monomial of f, and call fy, the dominant
coefficient of f. If 91 is totally ordered, then any non-zero grid-based series in K [9] is
regular. Given f, g€ K [T 7, this allows us to extend the relations < and < by defining
f<g&0<0, and f < ge0r <0, By convention, we also define 0< g and 0< g< g+#0
for all ge K [[9].

Assume that K and 991 are effective. Then a grid-based series f € K [91] is said to be
effective if its support is effective and if the map m e M — f, is computable. It can be shown
that the set K 9] °°™ of computable grid-based series forms an effective K-algebra.

Examples

Given an “infinitesimal” indeterminate z, the set 2N = {z?:i € N} is a monomial monoid
for the asymptotic ordering 2‘ < 27« i > j, and K [2N] coincides with K[[z]]. Similarly,
K [2%] coincides with the field of Laurent series K ((z)). Notice that f= Sienz s not
an element of K [2%], since its support z~N admits no largest element for <, whence it
cannot be grid-based. Beyond Laurent series, it is easily verified that K [z®] coincides
with the field of Puiseux series in z over K. If K is algebraically closed, then so is K [z®1].

Given monomial monoids My, ..., M, one may form the product monomial monoid
My X - XMy withmy - mp gy, em g A Amy, < ny, for all my, ny € My, ...,
My, 1, €My, Then K T2 x - x 221 coincides with the set of power series K[[z1, ..., 2],
whereas K [zZ x - x zZ1 coincides with the set of Laurent series that we denote by
K((z1,.--,2n)). If n>2, then we notice that K((z1,...,2,)) is a strict subring of the quotient
field of K{[z1,...,2y]].

Given monomial monoids My, ..., M, one may also form the set M; x --- x M,
whose elements m; --- m,, are ordered anti-lexicographically: mj --- m;, < ny --- n,, if there
exists an i with m; < n; and mj = n; for all j > i. The set K [z x -+ % z'1 should
naturally be interpreted as K[[z1]]--*[[zn]] (which is isomorphic to K][[z1, ..., 2,]]). The
set K[2Z % -+ % 227 is a field that contains K ((z1, ..., z,)), and this inclusion is strict
if n > 1 (notice also that K [zZ x --- x 221 ¢ K((z1)) - ((zn))). If K is algebraically
closed, then K I]:ziQ X e X z;?]] is again an algebraically closed field (and again, we have

K22 % %220 C K227 - [221).
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Asymptotic interpretation

Let 9 be a totally ordered group. Given f € K|[z1, ..., z)] and g1, ..., g, € K [INT, we
have already observed that foge K[I9M1 whenever g1 <1, ..., g, < 1. This means that
we may regard K[[z1, ..., zp]] as a space of “local functions” (K [T ~)" — KIMI.
Similarly, f € K((z1, ..., 2n)) can be regarded as a function (K IO ~\ {0})" — K [T
and f € KIZZ % -~ % 227 as a function R — K IMI where R = {(g1, ..., gn) €
(K IOMD =\ {0})™: Vi < 4,Vk, g; < g¥}. More generally, for any monomial group 9N with
underlying group z?Z--- zZ, the algebra K [0 can be regarded as a local function space
on a subset of (K [T =\ {0})™

Cartesian representations

From now on, we will assume that 91 is a monomial group that is generated as a group
by its infinitesimal elements. Given a series f € K [P0, a Cartesian representation for f
is a Laurent series f € K ((21, ..., z1)) together with monomials my, ..., mj € M= such that
f=f(my,...,my). Given several series fi, ..., fi€ K [91], and Cartesian representations for
each of the f;, we say that these Cartesian representations are compatible if they are of the
form f;= fi(ml, ...,my) for fie K((21y...,21)) and my, ..., mg € M=, In [13, Proposition 3.12]
we show that such compatible Cartesian representations always exist.

In [13, Chapter 3], we gave constructive proofs of several basic facts about Cartesian
representations and L-based series to be introduced below. These constructive proofs can
easily be transformed into algorithms, so we will only state the effective counterparts of
the main results. First of all, in order to keep the number of variables k in Cartesian repre-
sentations as low as possible, we may use the following effective variant of [13, Lemma 3.13]:

Lemma 2. Let 31,..., 3k, M1, ..., My be infinitesimal elements of an effective totally ordered
monomial group M with Q-powers, such that we have explicit expressions for my,...,my €
3% - 3% as power products. Then we may effectively compute infinitesimal 3,,...,3% €

3?3;? with 31y -+ 3k, M, ..., Y € (31)11\1 (3.’/9)11\1 O

L-based power series

Let L be alocal community. We will say that f € K [9] is L-based if f admits a Cartesian
representation of the form f= f(my,...,my) with f=@2]' - 2}*, ¢ € Ly and i1, ..., iy € Z.
The set K [9t1 1, of all such series forms a K-algebra [13, Proposition 3.14]. If K, L and 9t
are effective, then any grid-based series in K [9M1l;, is computable. Moreover, we may
effectively represent series in K [91; by Cartesian representations, and K [911 is an
effective K-algebra for this representation.

A Cartesian representation f= f (my,...,my) of fe KIMI is said to be faithful if for
each dominant monomial v = zil z,lf of f,there exists a dominant monomial to of f with
o(my,...,my) < . We have the following effective counterpart of |13, Proposition 3.19]:

Proposition 3. Assume that K, L and M are effective. Then there exists an algorithm
that takes a series in K [9MI 1 as input and computes a faithful Cartesian representation

f=f(my,...,my) with fzapzil---z,’f, € L and iq, ...,1; € 7. O

Faithful Cartesian representations are a useful technical tool for various computations.
They occur for instance in the proof of the following effective counterpart of [13, Proposi-
tion 3.20]:

Proposition 4. Assume that K, L and M are effective. There exists an algorithm that
takes an infinitesimal (or bounded, or reqular) series f € K IOMT as input and that com-
putes a Cartesian representation f = f (my, ..., my) such that f is again infinitesimal (or
bounded, or regular, respectively). O
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Solving power series equations

Assume now that K is an effective field with an effective zero test and an algorithm for
determining the roots in K of polynomials in K[F/|, where F' is a new indeterminate. Let L
be an effective local community over K and 91 an effective totally ordered monomial group.
We notice that a grid-based series in K I9t x FNI can also be regarded as an ordinary
power series in K [N [[F]]. We are interested in finding all infinitesimal solutions of
a power series equation

Po+ P f+ P f2+--=0,

where P=Py+ P, F+ P, F2+...€c K [9 x FNT1. The Newton polygon method from [13,
Chapter 3| can be generalized in a straightforward way to power series equations instead
of polynomial equations and the effective counterpart of [13, Theorem 3.21| becomes:

Theorem 5. There exists an algorithm that takes P € K[ x FNI;, C K IIMMI[[F]]
with P #+ 0 as input and that computes all solutions of the equation P(f) =0 with f €
K[ ~. O

Given P € K9 x FNI;, with P # 0, we may also consider P as an element of
KIFNx MD = K[[F])IMT. Let Np € K[[F]] be the dominant coefficient of P for this
latter representation. The valuation of Np in F' is called the Weierstrass degree of P. If K
is algebraically closed, then it can be shown that the number of solutions to the equation
in Theorem 5 coincides with the Weierstrass degree, when counting with multiplicities.

Scalar extensions

Let L be a tribe over K and let Aq, ..., \; be indeterminates. Then there exists a smallest
tribe over K () that extends L. We will denote this tribe by K (\) ® L. Setting

L= XA (2N x 2 x ),

we notice that K (\) C KIXZ x - x AT, C K€D and L C KL[£D;. This shows that
any element in K (\) ® L can be represented by an element of K [£]l7. In particular, if L
is effective, then so is K'(\) ® L.

4 Effective Weierstrass preparation

Effective algebraic closures

Let K be an effective field with an effective zero test. We may consider its algebraic closure
K2 as an effective field with an effective zero test, when computing non-deterministi-
cally (we refer to [5] for more details about this technique, which is also called dynamic
evaluation).

Let L be an effective tribe over K with an effective zero test. It is convenient to represent
elements of K& ® L by evaluations of polynomials P € L[X] at a € K8, The algebraic
number « is effectively represented using an annihilator A € K[X] and we may always
take P such that deg P < deg A. We say that L is algebraically stable if K*#® L forms again
an effective tribe for this representation. This is the case for the tribes of algebraic and
d-algebraic power series, but not for arbitrary tribes: if K =R and L is the smallest tribe
that contains the exponential power series exp z1, then it follows from Wilkie’s theorem [18]
that L does not contain sin z1; on the other hand, any tribe that contains C ® L must
contain sin 2.
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Assume that L is algebraically stable. Consider a series f € (K*8® L)N K[[z1, 22,...]],
represented as f = P(a)=Py+ -+ Py_1a""! where o € K28 is given by an annihilator
of degree k, and P, ..., Py_1 € L. Then we notice that we can compute a representation
for f as a element of L. Indeed, whenever P; # 0 for some j > 0, then this means that
there exists a monomial 2* € 2] 23" --- such that the coefficient [2/] P € K[a] of 2* in P is a
polynomial of non-zero degree in a.. On the other hand, [z?] P € K, which means that we
can compute an annihilator for « of degree <k. Repeating this reduction a finite number
of times, we thus reach the situation in which P,=---=PF,_1=0, so that f=F,€ L.

Effective Weierstrass preparation

Let L still be an effective algebraically stable tribe over K with an effective zero test.
Given f € L,, we recall that f is said to have Weierstrass degree d in z; if f(0) =
(0f ] 021)(0) = - = (891 /02871 (0) = 0, but (8% f /92$)(0) # 0. In that case, the
Weierstrass preparation theorem states that there exists a unit u € K[[z1, ..., 2,]] and
a monic polynomial P =2+ Py_1 2{ ™' 4+ + Py € K[[2a, ..., zn]] [21] of degree d such that
f =u P. The polynomial P is called the Weierstrass polynomial associated to f (with
respect to z1). We claim that P € L,, and that there exists an algorithm to compute P (and
therefore the corresponding unit u, since L, is effectively stable under restricted division):

Theorem 6. There exists an algorithm that takes a power series f € L, of Weierstrass
degree d in z1 as input and computes its Weierstrass polynomial P as an element of L.

Proof. Consider the effective totally ordered monomial group 9t = z;Q X e X z? with
Q-powers. We have a natural inclusion L, C K28[9 x 1] Koleg - Now consider f €
K¥8[M x 211 gaisgy, © K8IMT [[z1]]. By theorem 5, we may compute all infinitesimal
solutions 1, ..., pq € K[ Kaleg, t0 the equation f(¢) =0 in 2 (we recall that there

are d such solutions, when counting with multiplicities, since K22 is algebraically closed).
Now consider

P = (zl_@l)"'(Zl—QOd)EKa‘lglImleNﬂKalg@L

and let P* € K[[z1, ..., zn|] be the Weierstrass polynomial associated to f. Since P* also
admits the infinitesimal roots (1, ..., g when considered as an element of K2&[I9NT [[z1]],
we have P = P* when considering P* as an element of K220 x 2N 1. It follows that

P € Kalg[[mxZ%N:I]Kalg®LmK[[Zl7...,ZnH.

Now consider a Cartesian representation P = P(my, ..., my) for P with P € L. By Propo-

sition 4, we may take P to be infinitesimal. Since my, ..., my are infinitesimal and my, ...,

my € ziQ z?, Lemma 2 also shows that we may assume without loss of generality that

k < n. Completing the my, ..., my with additional elements if necessary, this means that
we may compute an invertible matrix M € Q™*™ such that m; = z; 0 2M for all i. In other
words, P = P o z™ with P € L,. Since P € K[[z1, ..., 2,)] and L is effectively closed under
restricted monomial transformations, we conclude that P € L,,. O

Effective Welierstrass division

Recall that L is an effective algebraically stable tribe over K with an effective zero test.
Assume that f € L,, has Weierstrass degree d in z; and let g € L,,. The Weierstrass division
theorem states that there exist unique Q) € K{[z1, ..., z,)] and R € K[[z2, ..., zp)][21] with

g =Qf+R

and deg, R <d. We claim that the quotient ) and remainder R of this division once again
belong to L, and that there exists an algorithm to compute them:
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Theorem 7. There exists an algorithm that takes a power series f € L, of Weierstrass
degree d in z1 and g € Ly as input and computes the quotient and remainder of the
Weierstrass division of g by f as elements of Ly,.

Proof. Let M= Z;Q X o X z;? be as in the proof of Theorem 6. Let 1, ..., s be the distinct
solutions of f(¢)=0 when considered as an equation in z1, and let p; be the multiplicity
of each ;, so that u; + --- + ps = d. For each ¢, we compute the multiplicity p; and the
polynomials

1 )
A = Z ]_8_9 Pis 22y -y 2 )z{EKalgIIf)ﬁ]]Kalg®L[Z1]
) i

B = ( € K[l KoegLl21]-

Using Chinese remaindering, we next compute the unique R € K[ Kaleg 1 [21] such
that R = A; mod B; for each ¢ and deg,, R < d. It is easily verified that R coincides with
the remainder of the Weierstrass division of g by f. In particular, R € K[[z1, ..., 2] and
we may obtain R as an element of L, in the same way as in the proof of Theorem 6. We
obtain the quotient () of the Weierstrass division by performing the restricted division
of g— R by f. OJ

The evaluation approach

Often, it is possible to regard or represent elements of the tribe L as functions. For instance,
we may regard f = z1 + exp 22 as a function f: (¢t K[[t]])? — K[[t]] that sends (21(t), 22(¢))
to z1(t) +exp z2(t). This point of view is very useful for heuristic zero testing: in order to
test whether f € K][[z1, ..., 2p||r vanishes, just pick random infinitesimal univariate series
21(t), ..., zn(t) € t K[[t]] and check whether the first N terms of f(z1(¢), ..., 2n(t)) vanish for
some suitable large number N.

In this evaluation approach, we notice that Weierstrass preparation becomes far less
expensive: instead of explicitly computing ¢1, ..., ¢4 € K*&[IMT Kaleg, s above, it suffices
to show how to evaluate 1, ..., ¢4 (in terms of the evaluations of zs,...,2,). For instance, if
we evaluate 21, ..., 2, at infinitesimal ordinary power series in ¢ K[[t]], then the evaluations
of 1, ..., g will be Puiseux series in K [t®]] that can be computed fast using the Newton
polygon method.

Algebraic power series

In the special case of algebraic power series, we recall from the introduction that an
alternative approach to Weierstrass division was proposed in [2]. In this approach, algebraic
functions are represented in terms of unique power series solutions to certain systems of
polynomial equations. Given an algebraic series f € K|[[z1, ..., 2,]] of Weierstrass degree d
in z1, the idea is then to represent the Weierstrass polynomial P associated to f as P =
2 ug_q zf_l + -+ + ug for certain undetermined coefficients. Next, it suffices to form
a new system of equations in wuy, ..., ug—1 for which the unique solution yields the actual
Weierstrass polynomial. For instance, if f is a polynomial, then the relation frem, P =0
essentially provides us with such a system, where f rem,, P stands for the remainder of
the Euclidean division of f by P as polynomials in 2.

The efficiency of this approach from [2] highly depends on the way how the systems of
equations that are satisfied by algebraic power series are represented. For instance, com-
pletely writing out the remainder frem,, P as a polynomial in K[ug, ..., Ug—1, 21, 22, .., Zn)
typically leads to very large expressions. On the other hand, we expect the approach to be
efficient in combination with the evaluation approach mentioned above. If we replace the
variables zg, ..., z, by infinitesimal power series in ¢ K[[t]], then one may solve the evaluated
system of equations in wy, ..., ug—1 using the relaxed technique from [14].
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D-algebraic power series

One attractive way to represent d-algebraic power series in zi, ..., z, is as elements of
a suitable type of finitely generated algebras A C K[z, ..., z,)] over K that are stable
under the derivations 0y, ..., 9, with respect to z1, ..., z,. For instance, we might have

A=Kz, 2, o7, erf(z1 22) |.

In order to compute with implicit functions, there are essentially two approaches. The
traditional one procedes by the elimination of one or more coordinates, which may lead
to expensive rewritings. An alternative strategy is to represent restrictions of functions
in A to subvarieties by the same functions in A, and rather focus on the computation
of the derivations that leave the subvariety invariant. Consider for instance the sphere
(21 + 1)® + 23 4+ 23 = 1. We keep representing functions on the sphere using all three
coordinates z1, z9, and z3. On the other hand, for differential calculus, we only work with
derivations that annihilate the equation of the sphere. In particular, the local coordinates zo
and z3 give rise to derivations Oy =0 — 29 (14 2)" 101 and O3=05— 23 (1+21)~1 01 that do
not commute. We refer to [15, Section 5| for more details on how to compute with respect
to such curved coordinates and how to derive an implicit function theorem in this way.

The second, more geometric approach can be generalized to Weierstrass division, by
regarding the implicit function theorem as division with respect to a series of Weierstrass
degree one. For a d-algebraic series f € A C K][[z1, ..., zp]] of higher Weierstrass degree
d > 1, we may again consider the restriction of the ambient space to the zero-set of f
(recall that we may regard f as a local function f: (K [ <) — K [OMT = for any totally
ordered monomial group 9t). Remainders of Weierstrass divisions by f then correspond to
functions on this zero-set. It is likely that an alternative effective Weierstrass preparation
theorem can be obtained by pursuing this line of thought.

5 Effective power series elimination

Throughout this section, we assume that K is an effective field with an effective zero test
and that L is an effective algebraically stable tribe over K with an effective zero test. We
will write $ = K[[21, ..., zn]] = K [T with 9t =21 - 22 and assume that 9 is endowed
with the asymptotic ordering < that corresponds on the standard lexicographical ordering
on the exponent vectors:

2=z = (Fkyii=j A Nig_1=jrk_1Nig> i)

For each k € {1,...,n}, we also define My = zf' - 22 and $p = K[z, ..., 2] = K [T
Given an arbitrary subset & C 9, we finally define K [&1 :={f € $:supp f CS}.

Weierstrass systems

Consider a subset B C $7 together with a mapping I: B — 901; b+ [y with by, # 0 for each
b € B (intuitively speaking, [, should be interpreted as a “leading monomial” of b; it will
play a similar role as the “dominant monomial” 9 of b from before). Setting [, = zfl sz
with di # 0 (or di, = 0 and k = 1), we call z; the Weierstrass variable for b and dj, the

corresponding Weierstrass degree. We also denote ky =k, dp =dj, and

S = LMy
Ry = M\ S
mb — Zfl...zglial

My, = {mefm:mﬁmb}.
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Given any f €3, we define

mw(f) = D fayan.

neMNy,
We say that B is a Weierstrass system if supp b C 9y, if m(b) has valuation dp (w.r.t.
21, -y 2p) for each b€ B and if § N§p = for all b£0" in B. In that case, the elements
of B are totally ordered by b<b'< (9 2 My V (MM =My A kp < k).

Example 8. The set B ={by, b2} with
by = 27— 23 (1+23)
by = 25— 23+ 212223
forms a Weierstrass system with b; < bs and

2 2

[bl = Z1 [bg = 23
24N _N _N 24N _N
‘Sbl = z z2 %3 ‘Sbg = %2 z3
Ry, = 202N U 2z 22 28 Ry, = ZNUZQZNU21+NZNZN
1 2 <3 2 <3 2 3 3 1 2 <3
my, = 1 my, = 1
N_N_N N_N_N
9ﬁb1 = 21 %3 <3 me = 21 %2 <3 .

Weierstrass reduction

Let {b} be a Weierstrass system and k= k. Given f €8, Weierstrass division of m( f) by
mp(b) yields a unique series a unique u € 3y, such that

() —ump(b) € K[[Z,EO""’d”_l}DﬁkH]].

It follows that f —ube K [9R,1. Moreover, if fe K90, then f —ube K [ON,1. We
call redy, f := f — u b the Weierstrass reduction of f with respect to b. If f,b¢e 3, then
redp f € 31, and we may compute redy f as described in Section 4.

We notice that redp: $ — K [9Rp] is an $gy1-linear mapping. The mapping actually
preserves infinite summation in the following sense: a family (fi)ic; € $! is said to be
summable if the set {i € I : m € supp f;} is finite for each m € 9. In that case, the sum
f =23, fi is well defined by taking fm=)"._;(fi)m for each m € M. Linear mappings
that preserve infinite summation are said to be strongly linear.

Now consider a Weierstrass system B = {b1, ..., by} with by <--- <b,. Given f €5, we
define its Weierstrass reduction with respect to B by

redg f = (redy,o---oredy,)(f). (2)

By induction over p, it can be checked that redz: $ — K [$Rg]l is a strongly linear mapping,
where R =Ny, N--NRy,. If f €I, then we also have reds(f) € K [9Rp]1, and we may
compute redg(f) using (2).

Example 9. Let us show how to reduce
f=rz1bo=23 2234 (23— 25) =

with respect to the Weierstrass system B from Example 8. We start with the computation of

redp, f = f—zo23b1 = 23 23(1+23) + (25 — 23) 21.
Now 7, (redy, f) = 23 23 (1 + 23) and mp,(by) = 23 — 23. Abbreviating b} := m,(bs), it follows
that u = 29 z3 (1 + 23) satisfies redy, Tpy(redy, f) =redy, f —ubs. Consequently,

redg f = redy, f —ubs

= 2925 (14 23)+ (23 — 23 — 23 23 (1 + 23)) 21.

We indeed have suppreds f CRp= 23" U 29 25V U 21 23" 23V



EFFECTIVE POWER SERIES ELIMINATION 15

Remark 10. Weierstrass reduction is somewhat different in flavour than reduction with
respect to a Grobner basis in the sense that the variables 21, ..., z, do not play a symmetric
role. In particular, the notion of S-polynomials has no direct counterpart in our context.
Despite these differences, Weierstrass reduction admits similar applications, such as the
computation of Hilbert functions, checking ideal membership, etc. The set Jig also plays
a similar role as the set of “boxes below a Grobner staircase”.

Remark 11. Rather than regarding Weierstrass bases as a power series analogue of
Grébner bases, it is actually more appropriate to consider them as a natural counterpart
of so-called “Janet bases” [16, 22]. The theory of Janet bases was originally developed in
the context of differential equations. Nevertheless, the theory in particular applies to linear
partial differential equations in 0y, ..., 0, with constant coefficients in K, in which case we
are really working with polynomials in n indeterminates 3y, ..., 9, over K.

Reduced Weierstrass systems

A Weierstrass system B is itself said to be reduced if for each b € B, we have b — [, € K [Ri].
Two Weierstrass systems B and B’ are said to be equivalent if redp and redg: coincide.

Let B be an arbitrary Weierstrass system and consider b € B with k =k, and d = dp.
We claim that there exists a unique u = up € 3 with u b — [, € K [9Rp]l. Indeed, the
Weierstrass preparation theorem implies the existence of a series u € By, with u m(b) €
zg + P z,ﬁf*l + -+ B y1. It follows that ub — I € K [Rp1l. If b€ Fr, then Theorem 6
shows how to compute w.

Replacing b by up b for each b € B, we obtain an equivalent Weierstrass system such
that b — [ € K [Rp] for each b € B. Let B = {b1, ..., by} with by < --- < b,. Replacing b;
by (redp, o --- o redy, ,)(b;) for i = p, ..., 1, we obtain an equivalent reduced Weierstrass

system B. If BC$;, then this procedure is completely effective, and BCS$;.

Weierstrass position

Let I be an ideal of $. In this subsection, we will define when [ is in Weierstrass position.
We proceed by induction over n. The ideals I =0 and I = % are always in Weierstrass
position, which deals in particular with the case when n=0.

Assume that n > 0 and I # 0, and let d be the minimal valuation of a non-zero
element of I. Given a power series g €3, let g = go+ g1 21 + g2 25 + -+ be its power series
expansion with respect to z;. For each ¢ € N, the sets I>;:=IN{ge$:val, g=>i} and
Iy :={gi: g € I} are ideals of $ and $2. We say that [ is in Weierstrass position if there
exists an element f € I with fzii # 0 and such that the ideals Ijg), ..., Ijg—1] of $2 are in
Weierstrass position.

Since we assumed K to be of charactersitic zero, it contains infinitely many elements.
Given a finite number of ideals Iy, ..., I, of %, let us show by induction over n that there
exists a linear change of coordinates for which Iy, ..., I, are simultaneously in Weierstrass
position. A linear change of coordinates is a mapping $ — 8; f — fo ¢ with ¢ € $f}, :=
(Kz14 -+ Kz,)"

For n = 0, we have nothing to do, so assume that n > 0. For each k € {1, ..., p}, let
fr € I, be a non-zero element of minimal valuation dg. Since K is infinite, there exist
A2, ooy Ap € K such that (fxo cp)sz #+ 0, where ¢ = (21, 22+ A2 21, ..., 2n + Ap 21). By the

induction hypothesis, there exists a vector 1 € ($2)i ' = (K 3+ - + K 2,)" " of linear
series such that (I o0 @) o 1) are simultaneously in Weierstrass position for k£ € {1, ..., p}

and i < d. Setting Y7 = (21, Y1, ..., ¥n_1) € S}, we notice that (fro o 'l/}#)zdk #0 and
1

(ko p)ot=Uropo 7/1#)[1‘] for all k € {1, ..., p} and i < d;. Consequently, the ideals

I 0 po 7 are all in Weierstrass position.
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From a practical point of view, a random linear change of variables puts an ideal into
Weierstrass position with probability one. From a theoretical standpoint, it suffices to
extend K with (Z) formal parameters and to perform a generic triangular linear change of

coordinates. The adjunction of new formal parameters can be done effectively using the
technique from the end of Section 3.

Weierstrass bases

Let I be an ideal of $. A Weierstrass system B is said to be a Weierstrass basis for I if
I={fe€%:redp f=0}. Assuming that I is in Weierstrass position, an abstract way to
construct a Weierstrass basis goes as follows.

If I = {0}, then we take B = @. Otherwise, let f be an element of I of minimal

valuation d with fzii # 0. For each i € {0, ..., d — 1}, the induction hypothesis yields
a Weierstrass basis Bj; for the ideal Ij;;. For each b € By, there exists an element b’ =
bai4blq 2 by 20 e Iy Let Bj;) be the set of all such elements b" with b € B;).

Then the disjoint union { f} 1T Bg IT--- 11 B{;_y) is a Weierstrass basis for I.

Stable Weierstrass systems

Our next aim is to provide a more effective criterion for checking whether a reduced
Weierstrass system B is in fact a Weierstrass basis of an ideal. Given k€ {1,...,n} we will
denote

B* = {beB:ky<k}
BH = {beB:ky=k}
B = {(beB:ky>k}.

The Weierstrass system B is said to be stable if for all k€ {1,...,n —1} and b € B, we have
redg (xxb) = 0.

Notice that this relation automatically holds for b € B™ so it suffices to prove the relation
for all k € {0, ...,n — 1} and b € B*TY. The main goal of this subsection is to prove the
following theorem:

Theorem 12. Any stable reduced Weierstrass system B is a Weierstrass basis.

Proof. Let k€ {0,...,n — 1} and notice that My := K [R w1 is an $1-module. Now
consider

M, = {fEMk:redBfZO}
= {fEIMk:redB[kH)f:O}
Ny = Min Z P10
beplFt+1)

We claim that My = N, for all k. We clearly have My, C Ng. For the inverse inclusion, it
suffices to show that My, is an $x4;-module. We will use induction over n — k. For k=mn,
we have M, =N, =0.

Assuming that My = N, let us now show that Mp_1; = N;_1. Notice that

Mp—1 = M@ Eg

E, = @ S b

be B
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and redgu;: Mg—1 — My is an $y1-linear projection. Now My can be regarded as an
$i-module by letting multiplication by ¢ € % act as

- f = redgm (¢ f) = redgm (¢ f).

Since B is stable, we have xp - b€ My, for all b € BE+D - Since B+ generates the $yy1-
module N = Mp, it follows that Mj is an $x11[xg|-submodule of M. Using the fact
that redp is strongly linear, My is actually an $i-submodule of Mg. In other words,
Sr My C My + Eg. Using that My _1 = My @ Eg, we conclude that $; Mi_1 = 3¢ (Mk D
Ex) C My @ Sk Er = My_1, whence Mj,_1 is an $x-module.

Having proved our claim, we finally observe that B is a Weierstrass basis for No= Mj. [J

Computing Weierstrass bases

Let F be a finite subset of $;. Assuming “general position”, we will show in this section
how to compute a Weierstrass basis B C 3, for the ideal (F). The algorithm will proceed
by the repeated replacement of elements of B by linear combinations of elements in B.
Consequently, along with the computations, we may calculate a matrix M € SBE *F with
B=MF (in the sense that b= > perMp g f forallbe B). The algorithm raises an error if
the general position hypothesis is violated.

As usual, we proceed by induction over n. If F C {0}, then we may take B=& and we
have nothing to do. Otherwise, let f € 7 \ {0} be of minimal valuation d. If f a=0, then
we raise an error. Assuming that flei #+ 0, we first replace f by u f, where u € $, is such
that u f — 2§ € K [:;]. We next replace each other element g € F \ { f} by red;g, so that
F\{f}S KINRD. For each i €{0,...,d — 1}, let Fjj={g € F:val,, g=1i}. The recursive
application of the algorithm to (F;); yields a matrix M; such that M; (Fj;); is a Weierstrass
basis of ((F[;))i). Consequently, By = M; F; yields a Weierstrass system such that (Bj;);
is a Weierstrass basis. The disjoint union B={f} I B 1T --- 1 B3_1; is also a Weierstrass
system and we may reduce it using the algorithm described above.

At this point, we have a reduced Weierstrass system with the property that (Bj;);
is a Weierstrass basis for each i. We next compute R = {redg (zxb) : 1 <k <n,be B}.
If R = {0}, then B is a Weierstrass basis by Theorem 12. Otherwise, we replace F by
BUTR \ {0} and recompute B in the same way above, while keeping the same f. During
each iteration of this loop, the ideals ((Bj;):) of $2 can only increase, and one of them must
increase strictly. Since 5, is Noetherian, the loop therefore terminates.

Sufficiently “general position” for avoiding any errors can be forced in a similar way as
described in the subsection about Weierstrass position. In that case, we systematically work
with collections F such that each F € F is a finite subset of $;. Modulo a common linear
change of coordinates ¢ € 31}, we then compute a Weierstrass basis for each ideal (F o )
with F e F.

Hilbert functions

Let I be an ideal of $. For each d € N, let J; be the ideal generated by all monomials
2P 2% with dy + - + dy, = d. Setting D(d) = dim ($/ (I + J4)) and HF(d) = HF(d) =
D(d+1)— D(d), the function HF = HF7 is called the Hilbert function of I. It is well known
that there exists a degree 6 € N and a polynomial H = Hr € Q[t] such that HF(d) = H(d) for
all d > 6. This polynomial is called the Hilbert polynomial of I. Moreover, the regularity oy
of I is the minimal 6’ € N such that HF(d) = H(d) for all d > ¢".

Now let B be a Weierstrass basis for I and denote

Rp,<a = RpNMyg (3)
Meg = {2020 di+ -+ dy<d). (4)
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Given fe$,let feg=>" meM_ g fmm, sothat f.4is a natural representative of f modulo Jg.

For some (Qp)pes € $5, we have f = > e @b +reds(f), whence feg=73" p(Qpb)<d+
redg( f)<q. It follows that fmod (I + J;) =redg(f)mod (I + Jz), whence

S/(I+Ja) = KIRp,<dl.
This simply means that
D(d) = %5, <dl = |M<a\ Fn| = 1M<al = > 135N M<dl.

beB
Now given be B with [ =2 ... zgk, we have
N N n—k+d—d—-—d
SN Med| = |zg - 20 N Mcd—dy——dy| :< n— k41 )

for all d > dy + -+ + dg. These formulas allow us to explicitly compute the Hilbert polynomial
of I and the corresponding regularity.
Generalization to modules

Using a fairly standard technique, let us briefly show how the results of this section gen-
eralize to finitely generated $-modules instead of ideals.
Let M :=3%" be the free $-module with canonical basis ey, ..., e,. We may embed this

module in the $-submodule M'=8 2,11 ® - B8 2,4 of § .= Bl[21, s Zny Znt1y -ees Zntr]]
via the mapping ®: M — M’ defined by

Carer+ - +arer) =a1 2Znt1+ - + G Zngre
Now consider an $-submodule M of M and let I(M) be the ideal of $ generated by
M':=®(M) and Z?, where Z :=(2p41, ..., Zn+r). Then
M' = I(M)nM
and we have a natural isomorphism of $-modules
$/I(M) @ M/Ma$/Z =~ M/MaS.

This latter identity makes it possible to carry over the constructions from this section to
the case of B-modules. In particular, one may define and compute the Hilbert function
of M using the formula

HFy(d) = HFya(d+1) — HEz(d+ 1),

and it can be checked that HFy/(d) =dim (M /(M + Jge1+ -+ Jge;)). The corresponding
Hilbert polynomial and Hilbert regularity satisfy

o < InaX((S](M),(Sz)—f—l.

6 Standard bases

Let K, $ = K][[z1, ..., zp)] = K9] and L be as in the previous section, but the reader
may forget about the other notations defined there. Let < be an arbitrary total monomial
ordering on 9 with 21 < 1, ..., 2, < 1. Given a series f € $ and a monomial m € 9, we
denote fom=73_ . . faun. Given a subset S CS$, we also denote Sy m=1{ frm: f€S}. The
notations fim, f<m, S<m, etc. are defined likewise.
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In this section, we first very briefly recall the notions of Hironaka reduction and stan-
dard bases; for more details, we refer to [10, 11]|. Given a finite subset F of $;,, we next show
how to compute a (not necessarily reduced) standard base for (F), using the techniques
from the previous section.

Hironaka reduction

Let B be a finite subset of $7. We define

gB = Ubegbbm
R = M\ 56

Given f €9, we say that f is reduced with respect to B if supp f CRp. There exists a g € (B)
such that f — g is reduced with respect to B. Writing B={by, ..., b, } with b; <--- < b, there
actually exist unique qi, ..., ¢» €3 such that f —q; by —--- — ¢ b, is reduced with respect to B
and m € supp qiébbjfmbbi for all 1< j <i<r. We define redg(f):=f —qb1— - — ¢ by
to be the Hironaka reduction of f with respect to B and simply write red, = redg if
B={b} is a singleton. If fe€$; and BC $, then we do not necessarily have reds( f) € $r.
Nevertheless, for any m € 0t such that 9%, v, is finite, we may compute redg( f).m from fo
and By using a similar recursion (over My ,) as in the case of Euclidean division. We say
that B is autoreduced if b is reduced with respect B\ {b} for all b € B.

Example 13. Let L be the tribe of algebraic power series. If

f = 2122
b = (21— 23) (22— 21),

then it can be shown [11, p. 75| that
redy(f) = > (~DF (52 +257).

k>0

Since the power series A(z):=3", (—1)k22k is lacunary, it cannot be algebraic, whence
redp( f) is transcendental. This means that f,b€ %y, but redy(f) ¢ 3.

Example 14. For those readers who are familiar with differential algebra [21], it is not hard
to see that the series A(z) from the previous example is even d-transcendental (this fact
was first proved using different techniques in [19]): assume the contrary and consider a d-
algebraic equation P(A(2))=0 over K (2®) of minimal Ritt rank. We have A(z) =z — A(2?),
so P(z — A(2%)) =0 also yields an equation of the same Ritt rank for A(2%). But the change
of variables 22 =z’ then gives a second, different, d-algebraic equation for A(z’) of the same
Ritt rank as P. Applying Ritt reduction with respect to P, this yields a new equation
of smaller Ritt rank, which contradicts the minimality hypothesis. In other words, if we
replace L by the tribe of d-algebraic power series in the above example, then we still have
f,be %L, but redy(f) & 1.

Standard bases

Given an ideal I C 3, let
Sr = {op: fel\{0}}
Ry = M\ Fr.

We say that a finite subset B of $7 is a standard basis for I if (3y)pcp is a set of generators
of (§r). We say that B is reduced if B is autoreduced and b — 0, € K [93/] for all b € B.
Any ideal I C$ admits a unique reduced standard basis.
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Let f, g € $7 be such that o = 2t = 20 2 and 0, =2/ = zfl z,]l” Let

k=sup (i, j) = (max (i1, j1), ..., max (in, jn)). We define the S-series S(f,g) €3S of f and ¢
to be

S(fvg) = ngzk_if_foZk_jg'

In a similar way as in the case of Grébner bases, it can be shown that a finite autoreduced
subset B of $7 is a standard basis if and only if reds(S(b,b’)) =0 for all b, b’ € B. For any
pair (b,b") € B2, the relation reds(S(b,b’)) =0 gives rise to an $-linear relation between the
elements of B. Using standard Grobner basis techniques it can be shown that the space of
all $-linear relations between elements of B (the module of syzygies) is generated by the
relations of this special form.

Given a finite set 7 C$ and [ = (F), this characterization theoretically allows us to com-
pute the reduced standard basis B for I using a suitable local adaptation of Buchberger’s
algorithm. However, such an “algorithm” relies on our ability to compute reductions and
Examples 13 and 14 show that we do not have any general algorithm for doing so. Nev-
ertheless, we will show next that it is still possible to compute suitable truncations of B.

Truncated standard bases

Given an ideal I C$ and a monomial m € M, we have [ = I, &P Iy, where Igm=1NBgm
is again an ideal. Let BB be the reduced standard basis for I and assume that I is generated
by a finite subset F of .

If My 1 is finite, then for any f € %o and S C By we have an algorithm to compute
the truncated reduction redjg—(f) :=reds(f)sm € Bom. Similarly, for f, g € §7

—-m
compute the truncated S-polynomial ST(f, g) := S(f, g)sm € $»m When using these
truncated variants of reduction and S-polynomials, the local analogue of Buchberger’s
algorithm terminates, since all computations take place in a finite dimensional vector space.
This provides us with an algorithm to compute 7 = By \ {0}, together with a matrix

M e $] 7 such that T = (M F)sm.

we can

Hilbert functions

Let B be a standard basis of an ideal I of 3, let d € N, and let R .4 be defined as in (3).
In a similar way as at the end of section 5, one can show that

S/(I+Jy) =~ KINRp<dl.

Moreover, Rz ="NRy,.,c5} and the dimension of K [MR(y,.4c5},<all can be computed by the
familiar technique of counting boxes below a Grobner staircase. In other words, if we know
a standard basis B C &, of an ideal I of $, then we can compute the Hilbert function of 1.

Computing standard bases in the Archimedean case

In this subsection we show that the Hilbert function of I also provides us with information
about the possible shapes of standard bases for I. We will assume that the monomial
ordering < on M is Archimedean in the sense that for any m, n € 9\ {1}, there exists
a k€ N with m* < n. In particular, the set 9y 1, is finite for any m € 9.

Theorem 15. Let F be a finite subset of 31 and assume that the monomial ordering <
on M is Archimedean. Then there erists an algorithm to compute a standard basis B

or I =(F), together with a matrix M € SBBXI with B= M F.
L.
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Proof. Using the techniques from Section 5, we can compute the Hilbert function HF;
of I. Let B be the reduced standard basis of I and m € 9. Since < is Archimedean, the set
M. is finite. We have shown above that this allows us to compute 7 =B, \ {0}, as well
as a matrix M € $] *7 with 7= (M F)ym. Let B=M F. Given b € B, there exists a be B
with 5>m: bem#0 and 0, =0y = 05>m =0;. Consequently, §3 C §5. Now we may also
compute the Hilbert function HF'; of the ideal J=(§ 5)- We claim that B is a standard basis
for I if and only if HF; =HF ;. Indeed, we have § ;=353 C §5= 7351, so HF; = HF; if and only
if §3="35. By definition, a subset A C 1 is a standard basis of I if and only §4=3Fr=3F5

In order to compute a standard basis, we pick smaller and smaller elements m € 91 for <,
and perform the above computations until we have HF; = HF;. Since < is Archimedean,
m eventually becomes sufficiently small so that m < 0, for all b € B. At that point, we
necessarily have §z =5 and HF; = HF;. This proves the termination of our algorithm. []

Standard bases for modules

Let M=3$", $=K[[21,..., zn1,]] be as at the end of section 5, as well as the further notations
Z, ® and I(M). Assume also that the monomial ordering on 9t has been extended to
i)th::zllN--- z}i&r in such a way that z,411<1,...,2p4r < 1.

Given an $-submodule M of M, a subset B of M is defined to be a standard basis
for M if B':=®(B)U{zizj:n+1<i<j<n+r} is astandard basis for the ideal I(M)
of 8. Given such a standard basis, we may compute the Hilbert function of M using
HFy(d) = HFp(ar)(d + 1) — HFz(d + 1), by counting boxes below the standard bases B’
and {zp+1, v, 2nyrp of I(M) and Z.

Given a subset S € M and a monomial m € 9, we denote Sy = {(f1)smer + -+ +
(fr)smer: fier+ - + fr e, € S}, and we define S, etc. likewise. We again have
M = My @ Mgm, where Mgy = M N Mgy, is an $-module. The notions of truncated
reduction and truncated S-“polynomials” readily generalize to modules (the S-polynomial of
fe; and ge; with i+ j being zero, by definition) and it can be shown that the same holds
for Theorem 15. In fact, we are up to proving something even better.

Computing standard bases in the general case

Modulo a permutation of variables, we may assume without loss of generality that
z21=<++=2zp. The Archimedean rank of 90 is defined to be the number of indices
mée{l,...,n} such that m = n or m < n and z, < 2%, for all k € N. Given a finite
subset F of My :=%e1®--- ® 5 e, we also denote by $ F the $-module generated by F.

Theorem 16. Let F be a finite subset of My,. Then there exists an algorithm to compute
a standard basis B for M =3 F, together with a matriz T € SEXF with B=TF.

Proof. We proceed by induction over the Archimedean rank g of 9. If o =0, then the
result is obvious. So assume that ¢ >0 and let m <n be maximal such that 9t =z ... 2N
has Archimedean rank one. We denote $° = K|[[zm11, ..., 2n)] and notice that 9’ =
zgﬂ .- zN has Archimedean rank o — 1.

Given m € MY, we notice that the truncation M, is a free finite dimensional $’-module.
By the induction hypothesis, it follows that we can compute a standard basis for the
%"-submodule generated by any finite subset G of My . Given f € My m, we can also check
whether f €%’ G: it suffices to decide whether the Hilbert functions of $” G and $* (GU{ f})
coincide.

Given a finite subset G of M., as above, we say that G is stable if for all i € {1,...,7},
f,9€%’, and v, 10 € M? with v > m and > m, we have

1. If foe;€G and o € oM then (froe)sme$’G.
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2. If foe;, gwe;€G and v+, then S(fv, gw)sme;€$°G.

By what precedes, we have an algorithm to check whether G is stable. If not, then we may
keep enlarging G with elements of the form (f 1o ;)= or S(f v, g 1), €; until stabilization
takes place. Due to the Noetherianity of M. y,, this happens after a finite number of steps.

In other words, given m € 9!, the above procedure allows us to compute a stable
standard basis G for the $-module ($ F)s n, together with the matrix 7' € $2 %7 for which
G=(TF)em Let B=TF. Since M is Archimedean, a similar reasoning as in the proof
of Theorem 15 shows that the Hilbert functions of $ B and M coincide for a sufficiently
small m € 9M?. At that point, B=TF contains the desired standard basis of M. ]
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