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Introduction

There are several geometric questions that naturally arise when we are faced to a system of poly-
nomial multivariate equations: do the given equations have at least a common root in an algebraic
closure of the base field? If this is so, is there a finite or infinite number of them? What is the
dimension of the solution variety? How to describe it in a more tractable manner?

Two major lines have been proposed to answer this kind of questions: numerical analysis which
responds with approximate solutions, and computational algebra with its symbolic procedures giving
exact solutions. In this paper we deal with this second aspect, although the evaluation methods we
describe tend a natural bridge to the numerical point of view.

Nowadays most usually applied symbolic algorithms rely on rewriting techniques where the input
is given by the number of variables, degree bounds and the list of polynomials with (implicitly) all
their possible coefficients: this is the case for Grébner bases computations and for characteristic set
descriptions (and also with some minor changes for the more recently considered sparse systems).
Unfortunately for the usual case when the degree d of the polynomials is greater than the number
n of variables, the size of the input system is typically large, essentially of order d”, and the degree
of the polynomials describing the output can reach d™ as well, which means that writing the output
requires at least (d™)™ symbols, a quantity that is exponential in the size of the input. Moreover,
it is a well-known fact that the worst-case complexity of Grobner bases computations is doubly
exponential in n. This behavior prevents us from considering large polynomial equation systems
with rewriting techniques.

Evaluation representations began to be strongly considered as an alternative a decade ago. A first
and quite naive motivation of this point of view is that there are polynomials that nobody writes (in
dense representation) but everybody computes for specific values, like for example the determinant
of a matrix of indeterminates. As another motivation, for the first question raised above —the
effective Nullstellensatz— there is a classic example (which gives the well-known lower bound for
the degrees of the polynomials arising in a Bézout identity, see Section 2 below) that suggested that
there are always for this question Bézout identities composed by polynomials that behave better
than expected with respect to evaluation, in the sense that they can be evaluated faster than they
should. A careful development of new techniques, that I partially describe here, proved that this
intuition was right.

The consideration through evaluation methods (straight-line programs) of the stated geometric ques-
tions allows to classify their complexity with respect not only to the usual parameters given by the
number n of variables and the number s and degree d of the input polynomials, but also to less usual
parameters like the length L of the straight-line program representation of the input and the size
0 of the underlying linear algebra structure (this parameter, more precisely defined in Sections 1.3
and 1.5 below, is nowadays called the geometric degree of the input polynomial system). It is shown
that all considered geometric questions behave polynomially with respect to these parameters, more
precisely there are probabilistic algorithms and straight-line program representations for the output
polynomials whose complexity and lengths are polynomial in s,n,d,é and L.

Here is an example of such a statement, for the case of a zero-dimensional variety, which represents
a core result in this philosophy (see Section 3.1 below):

Theorem Let fi,...,fn € Q[x1,...,2,] be polynomials of degree bounded by d and encoded by
straight-line programs of length L, which define a zero-dimensional variety Z C C™. Set § for the
geometric degree of the input polynomial system.

Then there is a bounded probability algorithm which computes (slp’s for) a simple and tractable
presentation of Z (a geometric resolution) within complexity (nddL)°®™M),

As the parameters L and ¢ are in the worst case (and also in a random case) equal to sd™ (for
d > n) and d" respectively, but may be in some specific cases polynomial in n, s and d, the result



can be read as giving an exponential bound in the worst case but a polynomial bound for certain
subfamilies of input polynomials.

Also, another consequence of this result is that when the input is codified in the dense representation
and its size is measured by sd™ (for d > n), the length of the straight-line program representation
of the output is polynomial in this quantity instead of being exponential as it happens with its
dense representation. Since from a straight-line program one clearly (but not rapidly) recovers
a dense representation through interpolation, the result implies that the exponential behavior of
the complexity of these questions (when considering them classically) is all contained in the final
interpolation: there is no exponentiality needed before.

Another research line suggested by this classification is related to the Bézout number: it is usual to
associate to a family of s polynomials of degrees dy, . .., ds in n variables such that d; > --- > d;, the
Bézout number D := dj - - dpin{n,s}- The main property of this Bézout number is that it bounds
the geometric degree of the variety defined by the input polynomials. However a precise definition of
such a Bézout number D should depend intimately on the representation of the input polynomials:
for polynomials of degree d encoded in dense representation, D := d™ seems to be a natural choice,
while for sparse polynomials with support in A, D := Vol(A) seems to be the right notion of Bézout
number, as this quantity also controls the degree of the variety. This digression is motivated by the
following crucial observation: in the computation of the resultant, the length of the input L together
with the associated Bézout number D and the number of variables n controls the complexity. In the
case of dense representation of the input and d > 2, the typical length L equals O(nd™) and D = d"
while for the sparse representation, we have L > 1 and D = Vol(.A). In both cases, the complexity
of computing the resultant is (nD)O(l)L. The optimal complexity estimate should in fact be linear
in D as well, although it is not clear what is the exact dependence on n: in the linear case, that is
for n + 1 dense linear forms, L = O(n?) and D = 1 hold and the resultant equals the determinant,
which is conjectured —but still not proved— to be computable in @(n?). In an even more general
framework, the conjecture is that the computation of (a slp representation of) any geometric object
associated to a family of polynomials in n variables represented in a given encoding, with associated
Bézout number D and associated length of the input L, should be linear in both D and L, and
(possibly) quadratic in n. Here the associated Bézout number D could be the geometric degree of
the input polynomial system.

A final comment on the contents of this paper: I only treat here results concerning upper bounds
for the sequential complexity of geometric questions. I do not consider algebraic questions like
for instance the ideal membership problem since their complexity is usually accepted to behave
essentially worse. Also, all bounds depend on the size of the underlying linear algebra structure
which is in the worst case of order d"™ independently from the fact d > n or not. In case d = 2 and
n arbitrary, the size of the input is of order n? instead of 2" while our algorithms are in the generic
case polynomial in 2". A completely different analysis and novel approach are needed to deal with
this case. Finally, concerning lower bounds —a task of a different order of complexity as everybody
knows— there is a deep research actually going on: we refer to [12] and the references given there
for an outview of the most recent and striking results on the matter.

This paper is deliberately written in a non-technical style: for each subject I tried to priorize ideas
and natural developments over precise definitions, proofs or full generality of results: references
where these can be found are always given. The paper is divided in 6 chapters. Chapter 1 gives a
very quick and intuitive introduction on data structures and algorithms, priorizing properties of the
straight-line program encodings with respect to other encodings, and also with some preliminaries
needed for the sequel. Chapter 2 presents the effective Nullstellensatz as a motivation of the spirit
of the paper. It contains a presentation of classic upper and lower (degree and arithmetic) bounds
and a discussion on the utility of evaluation methods with a succint idea of an algorithm. In
particular it shows how a good evaluation method combined with a deep and non-trivial arithmetic
analysis yield optimal bounds for the arithmetic Nullstellensatz. Chapter 3 concentrates on zero-
dimensional varieties, presenting geometric resolutions (shape lemmas descriptions) and Chow forms
and comparing both characterizations of these varieties. Chapter 4 gives the generalizations of



these notions to equidimensional varieties of arbitrary dimension, and introduces Newton’s method
to lift the information on a good zero-dimensional fibre to the corresponding positive-dimensional
component. Chapter 5 shows an outline of a general algorithm which describes each equidimensional
component of a variety from a set description. This algorithm is mainly the result of many other
algorithms performing related tasks that were developed and improved during the last 5 years and
are somewhat discussed during the whole paper. Finally Chapter 6 gives a couple of applications
that are interesting on their own, even in a more classical frame.

Many of the ideas and algorithms surveyed in this paper are implemented in a MAGMA package,
called Kronecker, developed by Grégoire Lecerf [49].
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FoCM’02 great conference, held at the IMA, Minneapolis, during August 2002, and for making my
presence possible there. Also, I would like to say that the results presented here would not have
been obtained without any of the members of TERA group (http://tera.medicis.polytechnique.fr/)
and especially without Joos Heintz. Finally, I am grateful to Juan Sabia and Martin Sombra for
their help and comments, and to David Cox for his careful reading.

1 Preliminaries

1.1 Data structures

The objects we deal with are polynomials in n variables with coefficients in a field k of characteristic
zero. That is

f= Zaaxa with a, € k,
«@

where o := (v, ..., a,) € N and = := 27" -- - 2o,
We insist on the fact that the characteristic of the base field k is zero, for some of the techniques
and results we present do not apply for positive characteristic. The notation A" always refers to

A" (k) , where k is an algebraic closure of k, unless otherwise specified.

The usual dense encoding for representing such a polynomial f is given by an a priori bound d for
the degree of f and an array of the (dj;") = (dt”) coefficients a,, (zero coeflicients as well as non-zero
ones) in a pre-established order.

In opposition the sparse encoding only represents the non-zero coefficients by means of couples
(; aq) indicating the exponent « corresponding to a non-zero coefficient a,. (Another classic way
of defining sparsity is fixing the Newton polytope allowed, that is the convex hull of the exponents
corresponding to non-zero coefficients, we only consider it here in the applications.)

In this paper we deal with a third way of representing a polynomial f, which is called the straight-
line program encoding (slp for short). The idea of using slp as short encodings of special families of
polynomials goes back to the seventies, when it appeared in questions concerning the probabilistic
testing of polynomial identities. The first applications to computer algebra dealt with the elimination
of one variable problems ([35, 41, 42]. Later there were extended to multivariate elimination problems
by Marc Giusti, Joos Heintz and their collaborators, in works that are partly reviewed here.

There are many different slp approaches. We refer to [8] for the standard definition or to [35, 45]
for other models. We only describe here the simplest one, in a non-rigurous manner that we hope is
enough for the readability of this paper:

Definition 1.1 Given a polynomial f € k[z1,...,x,], a slp encoding of f is an evaluation circuit
~ for f, where the only operations allowed belong to {+,—,-} (no divisions) and the constants a € k
can be used freely.



More precisely: v = (Yi—n,---,Y0, Y15+ -, VL) Where f =0, Y1—pn = Z1,...,% = Tpn, and fork >0,
vk is of one of the following forms:

Ve=a%xy; or Yy=r%*7v; whereack, x€{+,— -} andi,j<k.

For example, the dense encoding of the polynomial f = 22 (in 1 variable) is (1,0,...,0) for the
decreasing order of monomials, its sparse encoding equals (2%; 1) and a straight-line program encoding
is for instance given by the following slp ~:

2 d
V=T, N=Y Y=, 2=TN=T ..., Vd=Vd1 V-1 =2

We specify now the lengths associated to these encodings: here we assume that each constant of the
field k has length 1. (In many concrete situations the input polynomials have integer or rational
coefficients and thus a more realistic measure of the input is given by taking also into account a
bound for the maximum bit length of every integer allowed to appear.) Thus the dense encoding of
a polynomial f of degree bounded by d like above has length (dzn) = O(d™) (at least if d > n as
it is usually the case), while the sparse encoding has length (n + 1) N where N is a bound for the
number of non-zero coefficients of f. Finally the length of a slp v like above is defined as L(y) = L
(note that y1_p,...,7 are added to the list only to handle with the variables and therefore have no

cost), and the length L(f) of f is the minimum of the lengths of « for v a slp encoding f.

Coming back to the example, the length of the dense encoding of 22" is 204 1, the length of its sparse
encoding is 2 while the length of its slp encoding is bounded by d since we exhibited a slp v for f
such that L(v) = d. However, note that for (x +y)2d (in 2 variables) one can produce immediately a
slp 4" of length d + 1 defining { := x + y and then squaring like in +, while both the dense and the

sparse encodings have length (2;) = O(22?). This observation is an example of the following crucial
fact:

Remark 1.2 Straight-line programs behave well under linear changes of variables (while sparsity
does not).

Now let us compare dense encoding and slp encoding lengths. Every polynomial has a standard slp
encoding given essentially by its dense encoding:

Remark 1.3 Let f € k[z1,...,x,] be a polynomial of degree d, then

L(f) < 3<d2”>.
i

Proof.— One shows inductively that for any r € N, there is a slp of length bounded by ( N ) whose
intermediate results are all monomials % with || < r (once one has a list of all the monomials of
degree bounded by r — 1, each one of the (”+:_1) homogeneous monomials of degree r is simply
obtained from one of the list multiplying by a single variable). Finally we multiply all monomials of
f by their coefficients and add them up, that is we add 2 (d'gn) instructions to obtain a slp encoding

for f. O

Also, it is clear that a sparse polynomial has a “short” slp (if one knows in advance a bound for
the degree): Let f € k[z1,...,2,], deg f < d, be a polynomial with at most N non-zero coefficients,
then L(f) < Nd+ N — 1.

Reciprocally, if a polynomial f € k[z1,...,x,] is represented by a slp of length L and a bound for
its degree d is known, its dense encoding is trivially obtained within do(")L( f) operations, simply
interpolating in a grid of (d 4+ 1)™ points. Of course this is not very satisfactory since we loose
the possible benefit we had of having a short slp for f. However, it is important to notice that
polynomials with short slp’s are very rare. This is an important classification fact:

Fix a bound d for the degree of the polynomials. In the same way that sparse polynomials (we mean
polynomials with at least one prescribed zero coefficient) belong to the union of closed hyperplanes



of the set of all polynomials, polynomials with slp’s essentially shorter that the length given by the
standard dense encoding belong to a closed hypersurface of the set of all polynomials (see [35] or
[34, Th. 3.2]):

Proposition 1.4 For every ¢ € N, and for every n,d € N big enough, there exists a hypersurface
n-+d
H c AUSY) such that

{f €klz1,...,2n),deg f <d and L(f) < (nd)} = f=>_ asx®™ with (as)a € H.

Roughly speaking this fact says that a random polynomial of degree d takes essentially as much
time to be evaluated than its whole number of (zero and non-zero) monomials. Polynomials like in
the statement of Proposition 1.4 are very special, and are nowadays called smart polynomials. We
will show that quite amazingly the polynomials that naturally appear when dealing with geometric
questions related to polynomial equations are smart.

A bad feature of slp encodings is that two different slp’s may encode the same polynomial, or more
simply a slp can encode the zero polynomial, without our noticing. Of course, even if we know the
degree of f, evaluating in a grid of (d+1)™ points is forbidden for too expensive. There is in this line
a remarkable result due to Heintz and Schnorr ([34, Th. 4.4]) that shows that there exist test grids
(correct test sequences) whose cardinality depend polynomially on the slp length of the polynomial:

Lemma 1.5 Let F := {f € k[z1,...,z,] : deg f < d,L(f) < L}. There exists in any big enough
set of k (whose size depends polynomially on d and L) a subset A with #A = (nL)®M) such that:

VfeF, fla)=0 YVae A" = f=0.

This is an existence result and nobody knows until now how to exhibit economically such correct test
sequences. However, one can replace it by the Zippel-Schwartz zero test for the design of probabilistic
algorithms ([68, 59]):

Lemma 1.6 Let A C k be a finite set. For any f € klz1,...,z,], f # 0, the probability that a
randomly chosen a € A™ annihilates f verifies

deg f
#A

Prob(f(a) =0) <

1.2 Algorithms

The formalization of our algorithms is given by the Blum-Shub-Smale machine over k with the
restriction that the only branches allowed are comparisons to zero. Roughly speaking the algorithm is
a finite sequence of instructions performed on the input, where each instruction can be an arithmetic
operation (+,—,-) on elements of k& or a comparison to zero and a selection of how to continue
depending on the result of the comparison. We refer to [5, Ch. 3 and 4]. The special feature here
is that most of the algorithms we refer to compute as their output slp encodings instead of lists of
coefficients (dense or sparse encodings). For many of them, the input is also encoded by slp’s, see
[37, Sec. 1.2] for a more formal presentation.

In some cases we refer to bounded probability algorithms, algorithms with special nodes that flip coins
(these nodes randomly choose the following instruction between two possible ones with probability
1/2 for each of them ([5, Sec. 17.1], [37, Sec. 1.2]) so that the error probability of the result of the
algorithm is bounded by 1/4. In our setting probability is introduced by choosing a random element
a with equidistributed probability in a set {0, 1,..., N —1}" where a certain polynomial f of known
degree will be specialized in order to apply the Zippel-Schwartz zero-test.

The complexity or time of the algorithm is equal to the number of arithmetic operations performed
(each arithmetic operation on & has unit cost), comparisons, selections and flipping coins can be
considered with no cost since if they are meaningful their number is bounded by the number of
operations. Again this model can be adapted to more realistic needs, e.g. counting bit operations
in an integer setting.



1.3 Parameters

We adopt the following parameters to measure an input polynomial system fi,..., fs € k[z1,...,2p]:
the number of variables n, a bound for the degrees d, the number of polynomials s, the maximum
length L of slp’s computing fi,..., fs and also a parameter § which measures the maximum di-
mension of the underlying linear algebra structures. This new parameter appeared naturally during
the search of good algorithms with slp encodings, and is mentioned for the first time in [25]. It
is associated to the input polynomials and is called the geometric degree of the input polynomial
system. It is in the worst case bounded by the Bézout number d™ although it can be substantially
smaller.

In case s <n+1and fi,..., fs is a reduced weak regular sequence, that is, for 1 <i <s—1, fi11
is not a zero-divisor modulo the ideal (f1,..., f;) which is a radical ideal (this implies in particular
that for 1 < i < s, the variety V(f1,..., f;) is pure of codimension ¢), we define here the parameter
0 as

6= 112?2(5 deg(v(fla ) fz))

where deg denotes the usual geometric affine degree of the variety.

For instance if V' C A? is the variety defined by the reduced regular sequence f; = z(z — 1), fo =
z, f3 = y(z — 1), one obtains 6 = 2 (note that 6 does not coincide with the cardinality of this finite
variety, but measures the biggest degree attained by successively adding the equations).

In case the input polynomials f1,..., fs do not define a reduced weak regular sequence, we perturb
them performing a sufficiently generic scalar combination: for a good choice of ay,. .., an1 € k* (the
meaning of good choice is explained in Section 1.5 below), we define the polynomials fi,..., fr,+1 as

fl = allfl —|-"'+alsfS7---7fn+1 = an+11f1 +"'+an+1sfsa

and we define a geometric degree § (associated to a := (aq, ..., an+1) of the input polynomial system
as

6(a) ;== max deg(V(fi,...,f:)

1<i<n+1

For instance the value of 6 associated to the system of polynomials f; = 22, fo =2 — 3%, fs =1—yz
is not 1 as this is not a reduced sequence, but 2.

The definition given here is a simplified version of the many different definitions of geometric degree
of the input polynomial system that appear in different papers, each time adapted to their context
(see for instance [25, 47, 61, 50, 28, 37]). In particular we only choose a geometric degree depending
of the good choice a, which is enough for our purpose, and skip the definition of the geometric degree
which is an intrinsic quantity that does not depend on the choice of a.

1.4 Basic linear algebra ingredients

Our algorithms rely on the possibility of performing the usual linear algebra operations by means
of algorithms behaving well with slp’s. For instance the computation of (slp’s for) the coefficients
of the characteristic polynomial of a D x D matrix, as well as the computation of its adjoint and
its determinant, can be done within O(D*) arithmetic operations with no divisions and no branches
[3].

Another useful fact is that a slp of length L for the computation of a polynomial f € k[z1,...,x,)
of degree bounded by d produces easily slp’s of length O(d?L) for the homogeneous components of
any given degree of f ([45, Lem. 13], [8, Lem. 21.25].

Also, there is a classic division free algorithm known as Strassen’s Vermeidung von Divisionen [64]
which computes a slp for the quotient of two polynomials provided it is a polynomial. More precisely

Proposition 1.7 Let f,g € k[z1,...,x,] be polynomials encoded by slp’s of length L such that
f(0) = 1. Assume that f divides g in k[z1,...,z,] and that degg/f < d. Then there is an
algorithm which computes a slp for g/ f within complexity O(d*(d + L)).



The idea is simply to use that

f71:ﬁ:2(17f)k

k>0

and to truncate all operations and the result at order d. This algorithm is easily adapted to more
general situations when f(a) # 0 for a € k™, or when f # 0 and one looks probabilistically for
a € k™ such that f(a) # 0.

Finally there is a bounded probability algorithm to compute the greatest common divisor of two
multivariate polynomials encoded by slp’s [41].

1.5 Input preparation

Given f1,..., fs € klx1,...,x,] which define an arbitrary variety V := V (f1,..., fs) C A", as many
authors do we replace the original input system by taking a linear combination of the polynomials
and a change of variables, in order to attain the good underlying linear algebra structure we discussed
partly in Section 1.3.

e In case fi,...,fs are not (known to be) a reduced regular sequence we replace them by
fis--+, fn+1 as explained in Section 1.3, for a choice of a = (a1,...,an4+1) € k(n+1)xs such
that:

= V(fi,ooos fop1) = V.

—For0<r<n-1,if V(fl, .. .,fn_r) #V, then I, := (fl, .. .,fn_r) is a radical ideal of
dimension r outside V' (that is every primary component Q of I, such that V(Q) ¢ V is
prime of dimension 7).

These conditions imply that if a minimal equidimensional decomposition of V' is given by
V=WU---UV,1
where for 0 < r <mn —1, V, is either empty or equidimensional of dimension r, then
V() =V, UV, U---UV,4

where V is either empty or an equidimensional variety of dimension r (that contains in par-
ticular all the components of lower dimension of V).

In case the original variety V := V(f1,..., fs) is empty, the perturbed polynomials f1,. . Frt1
verify that for a certain t < n, (f1,..., ft) is a reduced regular sequence and V(f1,..., fit+1) =

0.

An important fact is that Bertini’s theorem insures that for a generic choice of such a matrix
a, the desired conditions are always attained (see for instance [1, Sec. 4], [27, Sec. 3.2], [58,
Prop. 18 and proof of Th. 19]). Moreover, the coefficients of the matrices a giving bad choices
belong to a hypersurface of degree bounded by 4(d + 1)?" ([50, Lem. 1 and 2] or [46, Prop.
4.3 and Cor. 4.4]). This enables us to apply the Zippel-Schwartz zero test.

o We replace the variables z1,...,z, by new variables yp = bg1x1 + - - bgnTn, 1 < k < n, such
that for 0 < r < n — 1, the variables y1,...,y, are in Noether normal position with respect
to the equidimensional component W, of V(I,_,) of dimension r, that is, the morphism
m: W, — A" y+— (y1,...,y-) is finite of degree deg W,..

In fact we look for a more technical condition (see Assumption 4.1 below) which implies this
Noether position one. Again the important fact is that a generic choice of the new variables
insures the desired conditions. Moreover, the coefficients of the matrices b giving bad choices
belong to a hypersurface of degree bounded by n(n — 1)d?" ([46, Prop. 4.5]), which enables us
to apply the Zippel-Schwartz zero test again.



2 The Nullstellensatz

This section discusses results on the effective Nullstellensatz that motivate the spirit of this survey
paper. It also presents some complexity aspects in more detail.

The (weak) Nullstellensatz states (for a field k with algebraic closure k):

Let f1,..., fs be polynomials in k[xy,...,x,]. The equation system

fi(z) =0,..., fs(x) =0

has no solution in k" if and only if there exist g1,...,9s € klx1,...,2,] satisfying the
Bézout identity

1:glf1+"'+gsfs- (1)

Upper bounds

Bounds for the degrees of polynomials g;’s satisfying Identity (1) immediately yield a linear system
of equations. Showing such bounds is what is nowadays called Effective Nullstellensétze.

In 1926, Hermann [36] (see also [31], [54]) proved that in case Identity (1) holds, there exist
1s---59s € k21, ..., 2,] with degg; fi <2 (2d)2"71. After a conjecture of Keller and Grobner, this
estimate was dramatically improved by Brownawell [7] to deg g; f; < n?d™ +nd in case char (k) = 0,
while Caniglia, Galligo and Heintz [9] showed that deg g; f; < d™” holds in the general case.

These results were then independently refined by Kolldr [43] and by Fitchas and Galligo [19] to

deg 9i fi < ma‘X{37 d}na (2)
which is optimal in case d > 3. For d = 2, Sombra [62] showed that the bound degg;f; < 2"*!
holds.

A lower bound

We turn now to a lower bound estimate. The following well-known example due to Masser and
Philippon yields a lower bound for any general degree estimate. Set

f1:= 13(11» foi=1 —x§7 R R —xifu fani=1 —$n71$271
for any positive integers n and d. These are polynomials of degree d in n variables. Let g1,...,9, €
Q[z1, ..., z,] be polynomials satisfying Bézout identity (1). Specializing it at

T = t(d_l)d%z, To = t(d_l)dws, e Ty =t g, = 1/t for t#0
one obtains

1= gl(t(d_l)dniz7 L V7| ¢(d=1d"
which implies that deg, ¢1 > (d—1)d"'.
In fact here is a Bézout identity with optimal degrees for these polynomials:
mn—1 mn—1 mn—1 n—2 n—2 n—1
1= m;dfl)d xil_m;dfl)d (xil_(xg)d)_. . ._;cgld—l)d (xz_Q _(x;il_l)d )+(1_(mn71xzfl)d )
. d—1)d"—1! _ _ _ _ n—1_
ie. glzx; ) 792:791(1:(11 Ly (zd)? e gn = 14a, 2t (22t h)? L
This example immediately shows that the dense encoding of any output g1, ..., g, has length at least
n m—1

(d _dn +n)7 which is exponential in the length (di:”) of the dense encoding of the input. Moreover,



a slight perturbation of this example —replacing z,, by a linear combination of the variables—
destroys all the sparsity of the output.

However in this case there is at least one choice of smart polynomials since a coarse computation
shows that L(g1) < n(d —1) and L(g;) < (n+ 5i)(d — 1). Here we have used the identity:

zdi71+zdi72y+. . .erd’?l _ (xd71+xd72y+‘ ) ‘+yd71) (xdi_l(d71)+xd’7_1(d72)y+‘ ) ‘+yd‘1_1(d71)).

Arithmetic bounds

Now let us consider the arithmetic aspects of the Nullstellensatz, that is when the input polynomials
have integer coefficients (or more generally coefficients in a number ring). In the case of integer
coefficients, the Nullstellensatz takes the following form:

Let f1,..., fs € Z]x1,..., 5] be polynomials such that the equation system

fi(z)=0,..., fo(z)=0

has no solution in C™. Then there exist a € Z \ {0} and g1,...,9s € Z[z1,...,Ty)
satisfying the Bézout identity

a=g1fi+-+9gsfs

Let h(f) denote the height of an arbitrary polynomial f € Z[z1,...,z,], defined as the logarithm
of the maximum absolute value of its coeflicients, and for the sequel set h := max; h(f;). A slight
modification of Masser and Philippon example yields the lower bound h(a) > d"h.

On the other hand the bound (2) reduces Bézout identity (1) to a system of Q-linear equations,
which by application of Cramer rule gives an estimate for the height of a and the polynomials g; of
type sd™ (h+logs+ d).

It was soon conjectured that the optimal height bound should be closer to the mentioned lower
bound than to this trivial upper bound.

Philippon [55] obtained the first sharp estimate for the denominator a in a Bézout identity: degg; <
(n+2)d", h(a) < k(n)d™(h+ d), where x(n) depends exponentially on n. Then the first essential
progress on height estimates for all the polynomials g; was achieved by Berenstein and Yger who,
from 1991 to 1999 [1, 2], obtained deg g; < n (2n+1)d", h(a),h(g;) < A(n)d*"*3 (h+log s+d logd),
where A(n) is a (non-explicit) constant which depends exponentially on n. Their proof relies on the
previous work of Philippon and on techniques from complex analysis. Using the algebraic techniques
described in Paragraph “Idea of an algorithm” below, the author and Pardo [44, 45] obtained the
same kind of estimates though less precisely. In 1998 Sombra convinced us that the techniques
were better than the obtained results and that what was lacking was a deeper height analysis.
This lead to the nowadays best and essentially optimal arithmetic bound [46] stated in Paragraph

“Computational results” below.

Idea of an algorithm

Since 1993, Heintz, Giusti and their collaborators initiated a strong current area of research on com-
putational issues related to the Nullstellensatz [27, 20, 45, 25, 24, 30]. The fact that the polynomials
gi’s satisfying the Bézout identity in the Masser and Philippon counterexample were smart did not
seem to be a coincidence. They searched for arguments and tools behaving well under specializations
in order to generalize this fact. A good algorithmic answer is given by the application of the duality
theory for Gorenstein algebras to this setting. We refer to E. Kunz [48, Appendix F] for a complete
mathematical presentation of the duality theory.

The initial spirit of the algorithm is quite simple. It works by successive divisions:

1e(f1,...,fs) < fsisinvertible (mod (f1,... fs—1))
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and more generally, once gs, ..., g;+1 are determined

1—gsfs——giv1fixn € (f1... -, fi) = 3Fgi : 1=gsfs——git1fir1 = gifi (mod (f1,... fi—1)).

To illustrate the algorithm assume now that (f1,..., fs) defines the empty variety, that s = n + 1
and that I := (f1,..., fa—r) is an ideal of dimension r for 0 < < mn — 1. Thus Iy := (f1,..., fn)
is a zero-dimensional ideal, and the first step is straightforward: B := k[z1,...,2,]/Io is a finite-
dimensional k-vector space. Therefore an inverse g,41 for f,4+1 in B can be obtained for instance
using the characteristic polynomial x,+1 of (the multiplication by) f,+1 in B and the Cayley-
Hamilton theorem: x,41(t) = tP +cep_1tP71 + ... + ¢ (with ¢y € k* since f, 41 is invertible)
implies that we can define

1 _ _
In+1 = *g(fv?-i-ll+CD—1an+12+"'+Cl)- (3)

For the second recursion step, even if one can mimic the finite-dimensional vector space argument,
in the best case the framework is a finite-rank free module B := k[z1,...,2,]/]1 over A := klx1],
and the argument above fails since here ¢y € k[z1] does not necessarily divide the expression in the
numerator of the corresponding formula (3).

The trace formula giving the duality theory of Gorenstein algebras is the tool which enables us to
generalize the previous argument to the case when we are not in a finite vector space frame. It
performs effective divisions modulo complete intersection ideals. It was introduced in the context
of the effective Nullstellensatz in [20], and then refined in [58, 45, 47, 24, 30]. The latest optimal
results for the arithmetic aspects when the base ring is a number ring are obtained in [46].

Here we describe only the basic aspects of the theory we need to sketch the proof.

Let I, = (f1,..., fa—r) C k[z1,..., 2] be a reduced complete intersection ideal (of dimension r),
such that B := k[x1,...,x,]/I. is a finite-rank free module over A := k[xq,...,x.].

The dual A-module B* := Hom 4 (B, A) can be seen as a B-module with scalar multiplication defined
by f-7(g9) :=7(fg) for f,g € B and 7 € B*. It happens to be a free B-module of rank 1. Any of its
generators is called a trace of B. There is a canonical trace o associated to the complete intersection
I;, and particular polynomials an,, by, € k[x1, ..., z,] verifying the following trace formula:

VQ € k[xl»“-axn}, gEZJ(gam)bm (mOd Ir)
The canonical trace o is related to the usual trace Tr of B/A by the equality Tr(g) = o(Jg)
(mod I,) where J is the Jacobian determinant of the complete intersection I, with respect to the
variables z;11,...,Zp.

Now we are able to describe —at least theoretically— the second recursion step. All steps follow
the same pattern.

Let Iy = (f1,..., fn—1), B = k[z1,...,2,]/]; and A := k[z1] be in the hypothesis of the duality
theory. Let x,(t) := tP +cp_1tP =14 -+¢p be the characteristic polynomial of f,, in B/A. Observe
that ¢ € A\ {0} since f, is not a zero-divisor modulo I;. We define

o= Pl vep PP e,
1 *
gn = T Zo(fn(l = gnt1Snt1)@m )b
Co >
Fact: g, belongs to k[x1,...,x,] (i.e. ¢o divides the numerator) and gnfrn, = 1— gny1fnt1 (mod Iy).

Proof.—

o In fact co | o(f(1 — gn+1fnt1)am) in A = k[z1] for every m:
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Since by hypothesis there exists ¢ € k[x1, ..., x,] such that 1 — g, 1 fnt1 = ¢ fn (mod I) and
on the other hand f f, = —¢o (mod I7), we infer that f(1 — gnt1fnt+1) = —cog (mod Iy).
Therefore

o(fn(L = gnt1fnt1)am) = o(—coq am) = —coo(q am)

since ¢ is a A-morphism and ¢y € A.

e By the trace formula, —co gn = f(1 — gnt1fnt+1) = —coq (mod I). Thus ¢ gn fr = co (1 —
In+1fnr1) (mod I7). Since ¢ is not a zero-divisor modulo I; we conclude that g, f, =1 —
gn+1fnt1 (mod Ip).

We finally observe that the relationship between this trace o and the canonical trace Tr allows us
to replace in the computations ¢ that one does not know by Tr which is computable as a coefficient
of the characteristic polynomial. The polynomials a.,, b, are also easily computable.

Computational results

The foundational paper of this computational current of research on the Nullstellensatz is the one
of Giusti, Heintz and Sabia [27] followed by [20]:

Theorem 2.1 Let f1,..., fs € k[z1,...,x,] be polynomials of degree bounded by d. Then there is a
bounded probability algorithm of size s°Md°™) which decides whether the ideal (f1, ..., fs) is trivial
or not, and in case it is, produces slp’s of the same length for polynomials g1, ..., gs € klx1,..., 2y,
satisfying the Bézout identity 1 = g1 f1 + -+ + gs fs. The degree of these polynomials was first
bounded by dom® [27, Sec. 2, Th.] and then by d°™ [20, Th. 2].

This result follows after an input preparation of the kind of the one described in Section 1.5 in order
to place the input in the hypothesis of the duality theory, and a recursive application of the division
procedure. The canonical trace is computed as a coefficient of the characteristic polynomial of the
multiplication map in B/A. A suitable basis of the natural zero-dimensional vector space associated
to B/A is obtained reducing to the two variables case.

Later on, the input polynomials were no longer considered in their dense encoding: the complexity
bounds are now given in terms of the lengths of the slp encoding and of the geometric degree of the
input polynomials [25, Th. 20], [24, Th. 4, Th. 21], that is what is called intrinsic Nullstellensatz:

Theorem 2.2 Let fi,...,fs € klz1,...,x,] be polynomials of degree bounded by d given by slp’s
of length bounded by L with no common zeroes in k. Let § be a geometric degree of the input
equation system. Then there is a bounded probability algorithm of size (sndéL)O(l) which produces
slp’s of the same length for polynomials ¢1,...,9s € k[z1,...,x,] satisfying the Bézout identity
1=g1 fi+---+9gsfs. The degree of these polynomials are bounded by nds.

The proof of this theorem is based on the techniques of [27] in what concerns the recursive divisions.
The dependence on ¢ is due to the precise results on the degrees of [58] and [47, 61] where bounds
in terms of § were first computed. In order to obtain a final bound depending polynomially on L
(and not on d™) the authors introduced a formal version of Newton’s method which produces with
good complexity good bases of the complete intersection ideals recursively considered. This method
is essential in all further developments and will be introduced in a simple frame in Section 4.1.

Now let us add the arithmetic aspects of the Nullstellensatz.

The duality technique introduced above also yields arithmetic bounds. That was done in [44, 45]: the
slp produces an integer a and polynomials g;’s such that degg; < (nd)°™, h(a),h(g;) < (nd)*™(h+
log s+d), where ¢ is a universal constant. Then an arithmetic analogue of the intrinsic Nullstellensatz
was obtained in [30, 29]. To this aim the authors introduced the notion of height of a polynomial
system, the arithmetic analogue of the geometric degree of the system. In [46] these results are
generalized and brought to an optimal form. As a consequence of this intrinsic statement, a sparse
version is obtained, recently improved by Sombra in [63].

More precisely, the main result of [46] in its simplest form is the following:

12



Theorem 2.3 Let fi,...,fs € Z[x1,...,x,] be polynomials without common zeros in C™. Set
d := max; deg f; and h := max; h(f;).
Then there exist a € Z\ {0} and g1,...,9s € Z[x1, ..., 2] such that

ca=g fit+-+9sfs
e degg; < 4nd",
e h(a),h(g;) <4n(n+1)d" (h+logs+ (n+7) log(n+1)d).

The proof of this arithmetic Nullstellensatz also relies on the trace formula. However there is another
key ingredient which is the notion of local height of a variety defined over a number field K introduced
there:

For V' C A™(Q) an equidimensional affine variety defined over K and for an absolute value v over K,
the local height h, (V) of V at v is defined —inspired by results of Philippon— as a Mahler measure
of a suitable normalized Chow form of V. This definition is consistent with the Falting’s height h(V)

of V, namely:
1

(K- Q)

where Mg denotes the set of canonical absolute values of K, and N, the local degree of K at v.
Then the authors obtained estimations of the local height of the trace and the norm of a polynomial
f € Klxy,...,z,] with respect to an integral extension K[A"] — K][V]. There are also local
analogues of many of the global results of Bost, Gillet and Soulé [6] and Philippon [56].

h(V) = > N hy(V),

vEME

3 Zero-dimensional varieties

We devote this section to the description of a zero-dimensional variety by means of two different
presentations: a classic description that we call here, following [24, Sec. 2.1], a geometric resolution
of the variety (also known as a shape lemma presentation or a rational univariate representation),
and its Chow form (also known as the u-resultant when associated to a system of equations). We
compare both approaches.

For the whole section, Z C A™ denotes a 0-dimensional variety (that is a finite variety) of cardinality
D.

3.1 Geometric Resolutions

Geometric resolutions were first introduced in the works of Kronecker and Koénig in the last years
of the XIX century. Nowadays they are widely used in computer algebra. We refer to [23] for a
complete historical account.

A geometric resolution of Z consists of an affine linear form ¢(z) = wy + w1z1 + -+ + Upx, €
k[x1,...,2,] and of polynomials ¢ € k[t] and w = (wy,...,w,) € k[t]" (where t is a new single
variable) such that:

e The affine linear form ¢ is a primitive element of Z, that is £(£) # £(¢') for all £ £ ¢ in Z.

e The polynomial ¢ is monic of degree D and ¢(£(£)) = 0 for all £ € Z; that is,

q(t) = T] (- )

£ez

is the minimal polynomial of ¢ over Z.
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e For 1 <i<n,degw; < D and

Z = {(wi (&), wa(b(©): € € 2} = {(wi(r).....wa(r)): T €F [ qlr) =0}
that is, w parametrizes Z by the zeroes of gq.

Observe that the minimal polynomial ¢ and the parametrization p are uniquely determined by the
variety Z and the affine linear form ¢. We say that (g, w) is the geometric resolution of Z associated
to L.

The existence of such a geometric resolution of Z (at least with coefficients in k) is simple to show:
Let ¢(z) = 0 be any projection hyperplane that separates the zeroes of Z (any generic enough
hyperplane will do), and define ¢(t) = ngz(t —£(€)). Thus q is a polynomial of degree D := #Z
that vanishes on Z. Now for 1 < i < n, let w;(t) be the unique polynomial of degree strictly
bounded by D which verifies that w;(£(§)) = &; for every £ = (&1,...,&,) € Z. Then the polynomial
x; — w;(£(x)) also vanishes on Z and it is easy to show that in fact

Z =V (q(l(z)),x1 = wi(£(2)), ..., 20 — wa(l(2))) .

The computation of a geometric resolution

The algorithm that we describe here has its beginning in [26] and the ideas were then refined in [25]
with the introduction of Newton’s method and in [24] where the use of computable companion matri-
ces replaced theoretical algebraic roots. Further improvements were then developed independently
in [51, 28] and [33] where a significant speed-up is obtained by a technique called deforestation.
Here, in order to simplify the presentation we assume that the zero-dimensional variety Z is given
as the zero set of a reduced regular sequence fi,..., f, in k[z1,...,2,].

Theorem 3.1 (/24, Th. 19]) Let f1,..., fn € k[z1,...,2,] be polynomials of degree bounded by d
and encoded by slp’s of length L. Assume that the polynomials are a reduced regular sequence and
set § for a geometric degree of the input polynomial system.

Then there is a bounded probability algorithm which computes (slp’s for) a separating linear form ¢
and a geometric resolution (q,v) of Z associated to { within complexity (nddL)®™).

The algorithm has n recursive steps: it adds one equation at a time. For simplicity one assumes
that x1,..., 2, are in Noether normal position with respect to the ideals (f1,..., fi), 1 <i <n.

The i-th step computes from a geometric resolution of the zero-dimensional variety
Z; = V(flv ey fz) C Al(k(fEl, R 7xn7i))

a geometric resolution of the zero-dimensional variety

Zig1 =V (f1,-- s fix1) CAT (k(z1, ..., Bnei1)).

The first input is given by the geometric resolution (¢(t) := fi(x1,...,Zn-1,t),w1(t) :=1) of Z; :=
V(f1) associated to the separating linear form ¢ := x,,, and the last (n—1) step computes a geometric
resolution of the zero dimensional variety Z,, = Z.

The crucial point here is that the input of step i+ 1 cannot be simply the output of step i, where the
natural length of this output would be L; 1 = (ndéi)o(l)Li (where 0; is the size of the underlying
linear algebra at step 4), since in that case the recursion would yield an output length

L, = (nd)o(”)(éo . "5n—1)0(1>L _ (ndd)o(”)L

which does not represent any improvement with respect to other known algorithms.

The alternative was for the first time addressed in [26] where the authors dealt with the necessity
of a compression of the input data at each recursive step that enabled them to add L; instead
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of multiplying it : L;41 = (nddi)o(l)L + L;. Another principal breakthrough of this paper is
that it adapted the concept of geometric resolution to a positive dimension context, rediscovering
Kronecker’s approach.

The general form of an algorithm like this one is considered in more detail for the computation
of Chow forms in Section 5, after the introduction of Newton’s method and the use of companion
matrices in some simple cases.

3.2 Chow forms

Set L(U,z) := Uy + Urzy + - -+ + Uy, for a generic (affine) linear form where U := (Uy,...,U,)
denotes a new group of variables. Typically a specialized linear form ¢(z) := L(u,x) does not meet
any of the points of Z unless u € A™ is a root of the following polynomial

Chz(U) =[] L(W,¢).

£ez

This polynomial is called the (normalized) Chow form of Z. Tt happens to be a homogeneous
polynomial in k[U] of degree D. We refer to [60, Section 1.6.5] for the proof of this fact.
Thus, the main feature of the Chow form is that for any u € k"*1,

Chz(u) =0 <= Zn{L(u,z)=0}#0.

Chow forms — geometric resolutions

A Chow form gives straightforward a “generic” geometric resolution and hence, by specialization,
families of geometric resolutions. We describe here the procedure, essentially due to Kronecker:

The polynomial Pz(U,t) € k[U,t] (where ¢ is a single variable like before) defined by

Pz(Ut) = (=1)PChz(Uy — t,Un,...,U,) = [ (t = L(U,9))
ez

verifies that P(U,x) := Pz(U,L(U,x)) = >, aa(x)U® vanishes clearly on every & € Z. Thus, for
OP(U,x)

every a, aq(§) = 0 for every & € Z, which implies in particular that ==

ez
Now for 1 <i < n,

also vanishes on every

oP 0Py 0Py

implies that for every & € Z,
G'PZ aPZ _

This last equality means that for every u € ! such that both l(x) = L(u,z) verifies that
(&) £ (&) for all £ # &' in Z and %)—tz(u,é(f)) =0 for all £ € Z (these conditions are fulfilled in a

—n+1
non-empty open Zariski subset of BT ), one has that

6 ot (wlE))
LB 09)

ot

A proper geometric resolution of Z associated to ¢ is then given by ¢(t) := Pz(u,t) and the polyno-
mials w; (t) that one can obtain using the discriminant p(U) of Pz (U, t) with respect to ¢ to eliminate
the polynomial %(u,é(f)) appearing in the denominator (replacing it by the non-zero constant

p(w)).
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Geometric resolutions — Chow forms:

Now let us show how to derive the Chow form from a given geometric resolution of Z with respect
to a linear form ¢. This simple and beautiful construction relies on the fact that even if we do not
know the coordinates of each zero £ of Z, a geometric resolution gives the information of the zeroes
altogether:

We are looking for

Chz(U) = [] L(W,€) = Diageez (LU, )],
134

where |Diag( )| denotes the determinant of the diagonal matrix with the entries under the brackets
in the diagonal. But the information we have is that of () = [[¢ (¢t — ¢(§)) whose companion

matrix Cy is similar (~) to Diagec (€(£)) since £(€) # €(£') for & # ¢'. For 1 < i < n, we also have
w; such that & = w;(£(£)). Thus
w;(Cy) ~ wi(DiaggeZ(ﬁ(f))) ~ Diaggez(wi(ﬁ(g))) ~ Diaggez (fz)
We infer that
L(U, (Id, w1 (Cy), . .., wy(Cy))) ~ DiagSEZ(L(U, 3)
and we conclude by taking the determinant of the left hand side.

This beautiful application of companion matrices is a crucial tool that was introduced in this context
in [24, pp. 285-286] to replace each zero in Z by their “all-together information”.

4 Equidimensional varieties

A variety is said to be equidimensional if all its irreducible components have the same dimension.
We recall that the degree of an equidimensional variety V is defined as the number of points in the
intersection of V' with a generic linear variety of codimension equal to the dimension of V.

To simplify the presentation, we set n = r +m and we distiguish the variables in two groups: the set

of free variables y = (y1,...,y,) and the set of dependent variables = (z1,...,Z,,) of the extension
k[V]: for that purpose we assume for the whole section that V' C A™ = A™™ is an equidimensional
variety of dimension r and degree D, defined by polynomials in k[y1,...,¥Yr,Z1,...,%m], which

satisfies the following assumption:

Assumption 4.1 We assume that Z .=V N{y; =0,...,y, = 0} is a zero-dimensional variety of
cardinality #7 = degV = D.

Assumption 4.1 implies that the variables y1, ..., ¥y, are in Noether normal position with respect to
V 46, Lem. 2.14]. That means that if we set A := k[y1,...,y,], A N I(V) = {0} holds, and that
for 1 < ¢ < m, there is an integral dependence equation for z; over A modulo I(V) C A[z1,...,Zn]:
there exists a non-zero and monic polynomial p; € Alz;] N I(V). We remark that the previous
condition is satisfied by any variety under a generic linear change of variables.

4.1 Geometric resolutions

We present here the notions of geometric resolution of an equidimensional variety of positive dimen-
sion.

Under Assumption 4.1 we can reduce easily to the zero-dimensional case: we invert the variables
Y1y, Yr. Weset K := k(y1,...,y,) for the field of fractions of A = k[yy,...,y,] and we consider
the following objects:

I° = Klzy,...,xm] - I(V) C Klz1,...,Zm]

Ve == V(I c K",
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where I(V) is the ideal of V' and V' (I°) is the variety defined by I¢. V¢ is a zero-dimensional variety of
cardinality D = deg V' and a geometric resolution of V' is (essentially) given by a geometric resolution
of V¢. It does not describe the whole variety V' but describes it outside a given hypersurface. It
consists of an affine linear form £ = ug + w1121 + -+ * + Uppm@Tm € k[21,. .., Ty] and of polynomials
q € Alt] and w = (w1, ..., wn) € A[t]™ such that:

e The affine linear form ¢ is a primitive element of V¢, that is £(£) # £(¢’) for all £ # ¢ in V©.

e The polynomial ¢, of degree D in t, is the monic minimal polynomial of ¢ with respect to the
extension K — K[V¢]. The Noether position assumption guarantees that the coefficients of ¢
belong to A and also that the total degree of ¢ equals D (see for instance [58, Cor. 2]).

e For 1 <i<m, deg,w; < D and pz; = w;(¥) in K[V*¢], where p € A is the discriminant of ¢
with respect to ¢. The polynomial w; also belongs to A[t] [28, Sec. 3.2].

Thus, we infer that

Ve = {(“’I(f)(g))"“’wm(ﬁ(g))% §eV}= {(wlpm"“’wmp(ﬂ% ek /q(r)=0}

In particular, since ¢ is monic in ¢, for every n = (91,...,7n,) € A" such that p(n) #0, #(V N {y; =
M- Yr = nr}) = D and the D roots (n,&,) € A" are obtained via the D different roots 7, of

Q(n’ t) =0:

w1(777Tn) wm(ann)
pm) 77 p)

Vo{vi=m, - yr =3 ={(n,-.., 0, ) for 7, s.t. q(n, 7)) =0}.
For simplicity of notation, we say that outside the hypersurface {p = 0} C A"™™ the variety
V C A™™ coincides with

" oply)

We say that (¢, w) is the geometric resolution of V associated to £. It gives a simple description of V'
outside the discriminant variety. There is another equivalent approach, more suitable algorithmically,
where the geometric resolution of V is defined outside the variety {¢’ = 0} where ¢’ = 0q/t instead
of outside the discriminant variety (cf. Section 3.2).

) for 7, s.t. q(y,7y) =0}

Observe that Assumption 4.1 implies that

w(0, 7
Z=Vn{y1=0,...,y, =0} = {(0,((0)0>) for 79 s.t. q(0,79) =0}.
P
The next section is crucial: it shows how the tractable information of the r-dimensional equidi-
mensional variety V is encoded in the arbitrary input equations plus the information of the zero-
dimensional fibre Z. In other terms it shows how to recover a geometric resolution of V' from a
geometric resolution of Z, lifting the points (0,&y) € Z to the corresponding (y,&,) € V.

4.2 Dimension zero — positive dimension

Let V C A" be an equidimensional variety of dimension r satisfying Assumption 4.1 and set as
usual Z :=V N{y; =0,...,y, = 0}. Supppose we are given a geometric resolution (¢z,wz) of Z
associated to a separating linear form ¢. How can we derive from it a geometric resolution (g, wy )
of V7

The major tool here is the application of Newton’s method to lift an “approximate zero”, that is
a geometric resolution of the zero-dimensional fibre Z, to the geometric resolution of V. Newton’s
method has been applied in a similar way to recover the exact factorization of multivariate polynomi-
als from factorization algorithms for univariate polynomials by E. Kaltofen in [40]. For polynomial
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systems it has been previously used by W. Trinks [66] and by F. Winkler [67]. In our specific frame
it has been re-introduced by J. Heintz et al. in [25].

First let us recall Hensel’s lifting, that is, the algebraic version of Newton’s method, in its classic
presentation:

Proposition 4.2 Let p be a prime integer number, f € Zlx] and & € Z such that
f(&) =0 (modp), f'(&)#0 (modp).

Then, for all k € N, there exists & € 7 such that
f(&) =0 (mod ka), & =& (mod p).

The existence (and also uniqueness mod pgk) of this sequence of integers is given by the recursive
application of Newton’s operator
f(@)

- @)

Ny(z) ==
to the input approximate zero £p:
forall k>1, & = Ng(§k—1) (mod ka).

Hensel’s lifting translates directly to a constructive implicit function theorem, that is the version we
use here:

Proposition 4.3 Set A :=k[y1,...,y,] and Alz] := A[z1,...,2y]. Let V C A™™ be an equidimen-
sional variety of dimension r defined by a reduced regular sequence fi,..., fm C Alx], and assume
moreover that V satisfies Assumption 4.1.

Set M = (y1,...,yr) C A for the mazimal ideal associated to 0, F(y,x) = (f1(y,x),..., fm(y,x))
and DzF = (8fi/8xj)1§i,j§m-

Let &y € A™ be such that F(y, &) € M (i.e. F(0,&) =0, that is (0,&) € Z) and |D,F|(y,&) ¢ M.
Then the recursive application of

Np(a') = a' — (Dy Fy,2)) " F(y, )"

initialized at § approxzimates the corresponding fiber root (y,&,) € V with quadratic precision. That
18, if NI’? denotes the application of k times the Newton operator, N}%({O) tends quadratically to a
m-tuple of formal power series &, € k[[y]]"™ verifying:

s F(y7§y> =0
d fy(o) = &o-
where “tends quadratically” means that F(y, NE(&y)) € M2

Next section gives an idea of how to derive the polynomial ¢y of a geometric resolution of V' from
a geometric resolution of Z:

Idea of the algorithm
We adopt the abusive notation N (&) := &.

For the rest of the section, let V =V (f1,..., fm) C A7T™ be an equidimensional variety of dimension
r satisfying Assumption 4.1 which is in the hypothesis of Proposition 4.3. We will recover the
polynomial gy of a geometric resolution of V' from a geometric resolution of Z associated to a linear
form ¢, lifting the roots (0,&y) € Z to their corresponding fiber roots (y,&,) € V (via the inmersion
Klly]) — K).

Without loss of generality we identify Z with {&q : f1(0,&) = -+ = fin(0,&) = 0} C A™.
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We know that the total degree of qy € A[t] equals D, and we observe that ¢ € k[x1,...,x,,] is also
a separating linear form for V¢.

The information we have is qz(t) = [[¢ cz(t — £(&0)) € k[t] and w := wz € k[t] such that for every
o € Z, §o = w(l(&)) = (w1(£(£0)), - -, w1(£(£0)))-

Here is a very informal sketch of how things work: B
By Proposition 4.3 we know that for every & € Z, N (&) = &, € k[[y]]™. Thus we are looking for

av(y,t)= [ =)= ] ¢t —NF&)).

(y:€y) (y:€y)

As we have the a priori bound D for the degree of gy in the variables y as well, to obtain it ezactly
it is enough to approximate each root &, by a n-tuple of power series up to order D, that is to
compute [log, D] iterations of Newton operator on £y and then to truncate the obtained polynomial
at degree D.

Of course we don’t know the roots £y € Z, but we are looking in fact for the characteristic polynomial
of the diagonal matrix Diage, (é(gy)), and —as at the end of Section 3— we have the information
of all {y € Z together via the companion matrix C = Cy, of qz: for 1 <i < m,
w;(C) ~ Diage ez ((0)i) =
N (w(C)) ~ (Diage, (N2°(€0))1).- - -, Diage, (N5 (€0))m))
(Diage, ((¢)1), - -, Diage ((§y)m)) =
E(N};O (w(C))) ~ Diag, (e(gy)),

and we should conclude taking its characteristic polynomial which is exactly the polynomial ¢y we
are looking for.

2

Again, as we have the a priori bound D for the degree of gy, it is enough to compute all approxi-
mations up to order D and then to truncate the obtained characteristic polynomial at degree D as
well.

Let us conclude with a word on the computational aspects:

We set k := [log, D] and we compute formally polynomials ¢1, ..., ¢, and h corresponding to the
numerators and a single denominator of the k-th iteration of Newton operator on a m-tuple of
indeterminate variables (z1,...,2,,). We apply them on the matrices wy(C), ..., w,(C). Using
the Cayley-Hamilton theorem we invert the matrix h(w(C')) modulo its determinant in k[y], which
is invertible as a power series. We approximate the inverse by a formal power series truncated at
order D. All remaining computations are truncated at order D. The details of this procedure can
be found for instance in [32, Proof of Th. 2], which deals with a generalization of what is presented
here.

Generalizations of Newton-Hensel symbolic lifting where the strong hypothesis made here are weak-
ened, allowing multiplicities, are being deeply studied by Grégoire Lecerf ([51, 28, 52, 53] and work
in progress).

4.3 Chow forms

For a detailed mathematical account of Chow forms we refer to [60, Sec. 1.6.5], [21, Chap. 3], [15],
and to [46, Sec. 1.2.2] for the specific normalization introduced here.

Let V C A™ = A" be as before an equidimensional variety of dimension r and degree D satisfying
Assumption 4.1 (although unnecessarily heavy, the notation y = (y1,...,y,) for the free variables
and © = (x1,...,2y) for the dependent ones is kept here for the sake of coherence).

Generically a linear variety of codimension r+ 1 does not meet V. Like in the zero-dimensional case,
the condition on the coefficients of these linear varieties to meet V is given by a polynomial called
a Chow form of V. We formalize that: For ¢ = 0,...,r, let U; = (Us0,Ui1,...,Uin) be a group of
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n + 1 variables and set U := (Uy,...,U,), and L(U;, (y,2)) := Ujo + Uin y1 + - - - + Usp @, for the
associated generic linear form in the variables (y, ).
Define

Oy = {(uo,...,up; ), EEV, Lug, ) =0,...,L(u,, &) =0} C (A" x A",

and denote by 7 : (A"T1)"L x Am — (AnHL)™FL (4, €) + u the canonical projection. Then the
Zariski closure of the image of ®y, m(®y) C (A" is a closed hypersurface [60, p.66]. We
define the Chow form of V as any squarefree defining equation Fy € k[Uy,...,U,] of 7(Py).

The main feature of the Chow form is that for every ug,...,u, € P",
Fvlug,...,u,) =0 & VN {L"(ug,(y,x)) =0} N ---n{L"(u, (y,z)) = 0} # 0.

Here L"(U;, (y,x)) = Usoyo + Uy + - - - + Uiy, stands for the homogeneization of L and V' C P”
for the projective closure of V.

A Chow form Fy is a multihomogeneous polynomial of degree D in each group of variables U; (0 <
i < ). The projective closure V C P" is uniquely determined by a Chow form of V ([60, p. 66]).
Moreover, it is possible to derive equations for the variety V from a Chow form of V' (21, Chap.
3, Cor. 2.6]). In case V is irreducible, Fy is a irreducible polynomial and, in the general case, a
Chow form of V' of the equidimensional variety V is the product of the Chow forms of its irreducible
components.

Observe that the Chow form of an equidimensional variety is uniquely determined up to a scalar
factor. Here we follow [46, Sec. 1.2.2] and define the (normalized) Chow form Chy by fixing the
choice of this scalar factor through the condition

ChV(607 <. '767') = 1a

where e; denotes the (i + 1)-vector of the canonical basis of k"*1. That is the coefficient of the
monomial UL, --- UL (the fact that this coefficient is not zero follows from Assumption 4.1).

Chow forms — geometric resolutions:

The procedure described in Section 3.1 is generalizable to any dimension:
We define

P(Uo, t, y) = (—1)degVChv((Uoo - t, U017 . Uon); €1 —Y1€05---5€Ep — yreo)
For every ¢ = (y,&,) € V, we observe that P(Uy, L(Uy, &), 41, .., yr) = 0 since

VN {L(Uo, (y,2)) = L(Uo, (y,§,))} N {yr = w1} N -0 {yr =y} # 0.

Thus P(Us, L(Uo, §),y1, - - -, yr) vanishes on V. Moreover deg, P = deg V' since degy;, Chy = deg V'
and for a generic ug, £(y, z) := L(ug, (y, x)) separates the zeroes of V¢. Finally P is monic in ¢ since it
can be shown that its leading coefficient is independent from y, and Chy (—eq, e1,. .., e,) = (—1)deV,
Then we conclude as in Section 3.1.

Geometric resolutions — Chow forms

If we proceed exactly as in the pure zero-dimensional case we obtain Chy.(Up) € K[Up] in a single
set of variables Uy and with extraneous coefficients depending on the free variables y (cf. the Chow
form of [50, Sec. 3.3]).

The first polynomial although probabilistic algorithm to compute the Chow form of an equidimen-
sional variety satisfying Assumption 4.1 from a geometric resolution is given in [37, Prop. 3.5]. It
follows from the main technical result Main Lemma 2.3 of that paper that we discuss here in a
simplified form:
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Proposition 4.4 Set A := k[y1,...,y.| and Alz] :== Alz1,...,2y]. Setn:=r+m and let V C A"
be an equidimensional variety of dimension r defined by a reduced reqular sequence f1, ..., fm C Alz].
Assume moreover that V' satisfies Assumption 4.1. Suppose that a geometric resolution (q,w) of
Z =Vn{yr =0,...,y. = 0} associated to a linear form € is given, and that f1,..., fm are
polynomials of degrees bounded by d encoded by slp’s of length L.

Then there is a deterministic algorithm which computes (a slp for) the Chow form Chy within
complexity (ndD)° VL.

Idea of the proof.—
The computation of the Chow form relies on a way of writing it as a quotient of products of Chow
forms of zero-dimensional varieties with respect to different base fields [37, Prop. 2.5]:

[1i—o Chz (Ui)

hy (U, ..., Up) = 55 : 4
Chy (o, Ur) [Ii=iChz,(ei) @)
where Z, ..., Z, denote the zero-dimensional varieties of degree D defined as
Z() = 7 = V(y17~~'ayrvf17-~'7fm) C An(E)
Zl = V(L(UO,(y,-T))nyw-~7yr7f1;---,fm,) C An(k<U0))
Zy = V<L(U07(yvx))v"~aL(UT*h(yvﬁ))aflv"'vfm)CAn(k(Uov"WUT*l))

and Chz, (e;) consists on specializing the group of variables U; on the (i + 1)-vector of the canonical
basis of k"*! (which corresponds to the hyperplane ;).

Now fix 0 < i <r. Remember that as Z; is zero-dimensional, Chz, = [[¢, ¢z, L(Us &v).

It can be shown that for each (0,&) € Z, Proposition 4.3 centered at (eq,...,e;) holds and gives
back from & (an approximation of) the unique &y € k[[Uy — e1,...,U;—1 — €;]]™ such that &y € Z;
and &y (e, ... e;) = &o.

Then we proceed as in Section 4.2 (Idea of the algorithm) to recover Chz, which is the determinant
of the diagonal matrix Diage ¢z, (L(Ui, §U)) from the companion matrix C, of ¢ which is similar to

Diage, <z (£(%0))-

A final comment concerning the algorithm: in order to avoid divisions in the computation of the
polynomial Chy, we need to invert the denominator in the right hand side of Identity 4 and replace
it by a formal power series. However as it is not directly invertible we need to compute its order
and its graded component of lowest degree. This information also decides up to which order the
approximations of the numerator and the denominator have to be computed. This is done in [37,
Lem. 2.10].

Similar lifting ideas could seem to lead to a simpler algorithm to compute the Chow form of the
variety: the Chow form can be written as the numerator of the independent term of a certain
characteristic polynomial, which can be approximated from a good fiber using Newton method.
However it is important to observe that up to now an algorithm that approximates the power series
corresponding to a quotient does not yield an approximation of the numerator. That is the reason
why the product formula above is so useful.

5 Arbitrary varieties

In this section V' C A" is an arbitrary variety. Thus V can be decomposed in the following manner:
V=WUu---uUV,

where for 0 < r < n, V, is either empty or an equidimensional variety of dimension r. The
degree D of V is defined, following [31], as the sum of the degrees of its irreducible, or equivalently
equidimensional, components.
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We suppose that V' is described as the zero set of fi,...,fs € k[z1,...,x,] of degrees bounded
by d and described by slp’s of size bounded by L. In this section we deal with the question of
producing an algorithm which determines (slp’s for) the equidimensional components of V. These
can be described by means of equations, or of geometric resolutions, or by their Chow forms.

Set theoretic descriptions of the equidimensional components can be found for instance in [14, 22]
where the algorithms are for dense input representation and deterministic, with complexity of order
(sd”Q)O(l), or in [38, 39] for a probabilistic algorithm for slp input representation of complexity
(sd™)°M L. Geometric resolution algorithms and similar ones are given in [17] for the classic point
of view and in [50, 51] for evaluation methods.

The evaluation methods algorithms have all more or less the same recursive structure, as in the
zero-dimensional case. First they need a preparation of the input as described in Section 1.5 or
similar in order to produce a good linear algebra underlying structure. Then the algorithms adds
one equation at the time, computing at each level in the same manner equations for what they want
modulo some extraneous factors (a consequence of the input preparation) that need to be cleaned
at some point. Here we describe roughly the algorithm of [37] which computes probabilistically (a
slp for) a Chow form of each equidimensional component of V.

Idea of the algorithm

The algorithm relies on three major ingredients:

o Ingredient I: the generalization of Proposition 4.4 presented in [37, Main Lemma 2.3], where

instead of being given a reduced regular sequence f1,..., f,, we assume the weaker condition
that fi,..., fm € I(V) and that for every §y € Z, the localized ideals I(V)¢, and (f1,..., fm)e,
coincide.

o Ingredient 2: a bounded probability algorithm which given a Chow form of V' and a polynomial
f which is not a zero-divisor modulo I(V') returns a Chow form of V NV (f) [37, Lem. 3.8].

o Ingredient 3: a bounded probability algorithm which given a Chow form of an equidimensional
variety with some components contained in a given hypersurface returns separated Chow forms
for both parts [37, Lem. 3.9].

Let V.= VyU--- UV, be the variety defined by the input polynomials. If V # A" the input
preparation (Section 1.5) enables us to assume that

V(f1))=VarUVi_1 , V(fi,f2) = (Ve UV1) UV,

where the varieties V,,_;,V, _, are equidimensional varieties of codimension 1 and 2 respectively
containing all other components of V', and that f; satisfies the hypothesis of Ingredient 1 for V,!_;.
Also V! NV (f2) = (Voo UV, ) UV _, where V,_5 is the remaining equidimensional part of
codimension 2 included in V,,_;.

The input of the first step is Chy () = Chy,_,uv/_, from which we compute Chy, , and Chy: by
Ingredient 3 since V,,_1 C V(f2) and no component of V,,_,; does.

The latter should be the input of next step: from the Chow form of V! _; one can compute, by
Ingredient 2, the Chow form of V!, NV (f2) = (Vi,_2UV,,_2)UV/_, and then apply again Ingredient
3 to separate the Chow form of V,,_5 UV, _5 from that of V.!_o (the Chow form of V,,_o U Vi —o will
be broken up in its two parts at the end by another application of Ingredient 3). However the
complexity considerations introduced after Theorem 3.1 prevent that since the complexity would
explode due to the recursion.

What we do is to compress the information of V,!_;: from its Chow form we obtain probabilistically
a geometric resolution of the zero-dimensional variety Z,—1 =V,,_; NV (z1,...,z,_1) associated to
a certain linear form, and these arrays of coeflicients will be the input of next step together with fi.

The second step begins computing again Chy = from the geometric resolution of Z,_1 and fi
by application of Ingredient 1. Then it follows as explained in the previous paragraph computing
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the Chow forms of Vj,_5 U V,,_5 and of V. _,, and again keep aside the former and compress the
information of the latter replacing it by a geometric resolution of Z,,_o =V _ o, NV (x1,...,2p_2).

All steps follow now the same pattern. At the end of this part of the algorithm one obtains a list
of Chow forms of V,,_1, V,,_o U Vn,g, o, Vou f/o where V,. is either empty or an equidimensional
variety of dimension r included in V.41 U--- U V,,_1 while no irreducible component of V,. is. The
algorithm concludes extracting from these Chow forms the Chow forms of V,,_o, ..., Vj by application
of Ingredient 3.

The final result is in a simplified form:

Theorem 5.1 [37, Th. 1] Let f1,...,fs € k[z1,...,2,] be polynomials of degree bounded by d
encoded by straight-line programs of length bounded by L. Set V := V(f1,...,fs) C A" and let
V=VU---UV, be its minimal equidimensional decomposition. Set § for a geometric degree of the
input polynomial system.

Then there is a bounded probability algorithm which computes (slp’s for) Chow forms of Vo,...,V,
within (expected) complexity s(nd§)° VL. Its worst case complexity is s(nd*)° M L.

An analogous result for the description of the equidimensional components of V' by means of geo-
metric resolutions is obtained in [50].

6 Applications
6.1 The computation of the sparse resultant

We take this application concerning the computation of a class of sparse resultants from [37].

The classical resultant Res,, 4 of a system of n 4 1 generic homogeneous polynomials fo,..., f, of
degree d in n + 1 variables is a polynomial in the indeterminate coefficients U; = (Ujq,),0 <
1 < n, of the polynomials f;, that characterizes for which coefficients the system has a non-trivial
solution. This polynomial is homogeneous of degree d™ in each set of indeterminate coefficients
(U;). Clearly the number of variables and the degree bound make it prohibitively expensive to
write (the dense encoding of) this polynomial, unless very specific cases like the resultant of two
homogeneous polynomials in two variables. However a direct application of the computation of the
Chow form, more precisely of Proposition 4.4 above, shows that a straight-line program for Res,, 4
can be deterministically computed within complexity (nd”)®™). This can be extended to compute
some classes of sparse resultants.

The sparse resultant is the basic object in sparse elimination theory and has been used extensively
as a tool for the resolution of polynomial equation systems (see for instance [65], [57], [18]). Several
effective procedures were proposed to compute it (see e.g. [65], [10], [11]). Recently, C. D’Andrea
has obtained an explicit determinantal formula which extends Macaulay’s formula to the sparse case
(116)).
From the algorithmic point of view, the main assumption of sparse elimination theory is that com-
putations should be substantially faster when the input polynomials are sparse (in the sense that
their Newton polytopes are restricted). Basically, the parameters which control the sparsity are the
number of variables n and the normalized volume Vol(.A) of the convex hull of the set A of exponents
(that is n! times its volume with respect to the Euclidean volume form of R™). None of the previous
algorithms computing sparse resultants is completely satisfactory, as their predicted complexity is
exponential in all or some of these parameters (see [11, Cor. 12.8]).
The precise definition of the (unmixed) sparse resultant is as follows:
Let A= {ayg,...,an} C Z" be a finite set of integer vectors. We assume here that Z™ is generated
by the differences of elements in A. For i = 0,...,n, let U; be a group of variables indexed by the
elements of A, and set

fir= Y Uina®™ €k[Ui][zi",... 2]

acA
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for the generic Laurent polynomial with support equal to A. Let W4 C (PV)"*! x (E*)” be the
incidence variety of fg,..., f, in (E*)”, that is

Wa={(o,...,vn; &); Fy(1;,§) =0 V0 <i<n},

* -

and let m: (PV)"*! x (k' )® — (PNV)"*! be the canonical projection. The variety 7(W4) happens
to be an irreducible variety of codimension 1 (see [21, Chapter 8, Prop.-Defn. 1.1]), and the sparse
A-resultant Res_4 is defined as the unique —up to a sign— irreducible polynomial in Z[Uy, ..., U,]
which defines it. It is a multihomogeneous polynomial of degree Vol(.A) in each group of variables
U;.

As this resultant coincides with the Chow form of the toric variety associated to the input set A,
the result one can obtain is the following:

Proposition 6.1 ([87, Cor. 4.2] Let A C (No)™ be a finite set which contains {0,e1,...,en}.
Then there is a bounded probability algorithm which computes (a slp for) a scalar multiple of the
A-resultant Res 4 with (expected) complexity (n Vol(A))°W). Its worst case complexity is (nd™)°™,

where d := max{|a|; a € A}.

In fact, this expected polynomial behavior of the complexity is out of reach of the known and usual
matrix formulations, as in all of them the involved matrices have an exponential size.
As an example, the A-resultant Res 4 for

A:=A(n,d) ={0,e1,...,en,e1+ -+ en,2e1 +-+2¢,,...,deg + - +de,}

can be computed with (expected) complexity (nd)®™®) since Vol(A) = nd.

It would be desirable to extend this result in order to compute general mixed resultants.

6.2 The computation of the ideal of a variety

We take this application from [4]. It is a well-known fact that unless for very particular situations
there is not yet a good complexity algorithm to compute generators for the ideal of a variety from a
set theoretic description of the variety, that is to compute generators of the radical of an ideal from
generators of the ideal. Most of the known algorithms rely on Grébner basis computations, whose
worst-case complexity is doubly exponential in the number of variables or at least in the dimension
of the variety. The result here is the following:

Theorem 6.2 [4, Th. 17] Let f1,...,fs € klx1,...,2,] be polynomials of degree bounded by d
which define a smooth irreducible variety V. C A™ of dimension r.

Then there is a bounded probability algorithm which computes (slp’s for) a set of (n — r)(r + 1)
generators for I(V'), of degree bounded by deg V' and within complexity s(nd”)o(l).

To give a rough idea of the algorithm we recall the notion of characteristic polynomial of an equidi-
mensional, in our case moreover irreducible, variety V' C A" of dimension r and degree D:

Let as usual Up,...,U, be r + 1 groups of n + 1 variables U; := (U;j)o<j<n, and L(U;,z) =
Uo + Uiy + -+ - + Uiny. Also let (tg,...,t.) be a group of r + 1 single variables. A characteristic
polynomial Py € k[Uy,...,U][to,...,tr] of V is defined as any defining equation of the Zariski
closure of the image of the map

Pv A(T+1)(n+1) XV — A(r+1)(n+1) X Ar+1; (’U,(), cees Ups 6) = (u()a e Ups L(UOag)a ERR) L(urag))

which is a hypersurface. This is a multihomogeneous polynomial of degree D in each group of
variables U; U {¢;}. Its degree in the group of variables (to,...,t,) is also bounded by D.

By a result of [13], the ideal I(V) of the smooth irreducible variety V is generated by the set of
polynomials (of degree D) Py (u, L(uy,),..., L(uy,x)) for u := (ug,...,u,) € ArtDm+)  More-
over as I(V) is locally a complete intersection (generated thus by n — r polynomials), one can show
that I(V) can globally be generated by (n — 7)(r + 1) of these polynomials.
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The algorithmic aspects of this construction rely on the fact that the characteristic polynomial can
be derived from the Chow form by a simple composition of variables ([46, Lem. 2.13]), and on a
careful choice of the localizations in order to recover a global description with bounded probability.
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