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We prove the existence of an algorithm that, from a finite set of polynomials
defining an algebraic projective variety, computes the Chow form of its equidimen-
sional component of the greatest dimension. Applying this algorithm, a finite set of
polynomials defining the equidimensional component of the greatest dimension of
an algebraic (projective or affine) variety can be computed. The complexities of the
algorithms involved are lower than the complexities of the known algorithms solv-
ing the same tasks. This is due to a special way of coding output polynomials, called
straight-line programs. 0 2001 Academic Press
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1. INTRODUCTION

One of the basic problems in effective algebraic geometry is to give a
geometric description of the set of solutions of a polynomial equation sys-
tem. This set is an algebraic variety and a possible way to describe it is to
decompose it into equidimensional subvarieties (i.e., varieties with all their
irreducible components of the same dimension).

When all the equations involved are given by homogeneous polynomials,
the set of solutions form a projective variety in the projective space. An
equidimensional projective variety can be completely described by means
of a polynomial called its Chow form. This is the reason several algorithms
to compute the Chow form of a projective variety have been constructed
(see, for example, [2, 5, 12]). The algorithm described in [12] only deals with
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irreducible varieties and the one shown in [2] deals with equidimensional
varieties (that is, one has to know in advance whether the variety considered
is irreducible or equidimensional, respectively). In [5], the algorithm yields
an equidimensional decomposition of a projective variety and computes the
Chow form of every component. If the variety V' is given by s homogeneous
polynomials in n + 1 variables of degrees bounded by d, the sequential
complexities of the algorithms in [5], [2], and [12] are of order (sd)"o(l)
$35d0n=r1m*) and sOM g0 respectively, where r is the dimension of V.

In this paper we show the existence of a well-parallelizable algorithm
which, given as input s homogeneous polynomials in »n + 1 variables of
degrees bounded by d > n which define a projective variety V', produces as
output the Chow form of the equidimensional component of V' of the great-
est dimension. The sequential complexity of this algorithm is bounded by
sOMdOm  Note that this algorithm solves the same task as the algorithms
in [2] and [12] within lower complexity bounds and without further infor-
mation on V. The significant reduction in complexity is partly due to the
different way of coding polynomials with respect to [2] and [5]: the poly-
nomials involved are not only encoded as vectors of coefficients but also as
arithmetic circuits (straight-line programs) as well.

Using this algorithm, we obtain another one which, given a variety
(either affine or projective) produces polynomials defining its equidimen-
sional component of the greatest dimension within the same complexity
bounds. Moreover, an algorithm which decides whether a variety V' is
equidimensional or not can be obtained.

Besides the above-cited algorithm in [5], there are other algorithms
which describe equidimensional components of algebraic varieties as the
one shown in [3]. Both these algorithms have greater complexities than the
ones we show in this paper. As we have mentioned before, this is partly
due to the fact that they only use dense form encoding for polynomials.

2. PRELIMINARIES

2.1. Notations

Let k be a field of characteristic 0. We suppose k to be effective: this
means that the arithmetic operations (addition, subtraction, multiplication)
and basic equality checking (comparison) between elements of k are real-
izable by algorithms. Each operation or comparison is considered to have
unitary cost, and the sequential complexity of an algorithm is the number of
arithmetic operations and comparisons performed between elements of k.

If X,,...,X, are indeterminates over k and f € k[X,,...,X,] is a
polynomial, its total degree will be denoted by deg f.
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Let k be an algebraic closure of k. We denote by P"(k) (or P") and A" (k)
(or A") the n-dimensional projective and affine spaces over k, respectively,
equipped with their Zariski topologies. If S € P" (or § € A"), S will denote
the closure of S with respect to these topologies.

The dimension of an algebraic variety I will be denoted by dim V.

If IV € A" is an irreducible closed set of dimension r the degree of V' is,
as usual,

degV :=sup{#H,N---NH.NV; Hy,...,H, affine
hyperplanes in A" such that H;N---NH.NV

is a finite set}.

For an arbitrary algebraic variety IV € A", deg) is defined as the sum of
the degrees of all the irreducible components of 7. This notion of degree
can be extended to the projective case. Let IV € P” be an irreducible pro-
jective variety. The degree of V' is the number of points in the intersection
of V' with a linear variety of complementary dimension. The degree of
any projective variety is, again, the sum of the degrees of its irreducible
components.

2.2. Chow Form of an Equidimensional Projective Variety

Let X, ..., X, be indeterminates over k. Let IV € P” be an equidimen-
sional projective variety definable by polynomials in k[ X, ..., X, ], and let
r be its projective dimension. For every i,0 < i <r, let

LO=YPx)+--+YVx,,

where Y@ (0 <i<r 0 < j < n) are new indeterminates over
k[ Xy, .-, X))
Let (V) € (P")+! x P" be the set

T ={(?, ...,y x) e PY*' xP":x e VALOG® x)=0
A~ ALDGY, x) =0},

Let 7 : (P")Y*! x P" — (P")y*! be the cannonical projection map. Then
m([(V)) is a closed set of codimension 1 in (P")*+! (see [13]).

Therefore there exists a square-free polynomial P € k[Yj(i ] osizr
(uniquely determined by V' up to a constant factor) such that o
m(L(V)) = {y € (P")""'/P(y) = O}.

The polynomial P is called the Chow form of the projective variety V.

Note that, given H,,..., H, € P" hyperplanes whose equations are
determined by y(, ..., y() € P", then

POO,. ...,y N=0eVNHyN---NH, # .
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2.3. Codification of Polynomials

The multivariate polynomials we deal with in our algorithms will be
encoded in one of the following ways:

» Dense form, that is, as arrays (vectors) of elements of k.

o Straight-line programs, which are arithmetic circuits (networks with-
out branches). They contain neither selectors nor (propositional) Boolean
operations. (For an exact definition and elementary properties of the notion
of a straight-line program we refer to [7] and [8].)

e Combining both dense form and straight-line programs.

2.4. Algorithmic Tools

The algorithms we construct in this paper are based on the effective well-
parallelizable algorithm for quantifier elimination over algebraically closed
fields developed in [12]. Whenever we need to compute the dimension of
an affine or projective variety from a finite set of polynomials defining it,
we will apply the well-parallelizable algorithm in [6]. Both these algorithms
use well-parallelizable algorithms for linear algebra like the ones described
in [1] and [11].

To determine whether a polynomial encoded by a straight-line program
is the zero polynomial, we will evaluate it in a suitable sequence of points
(called a correct test sequence) with coordinates in k (see [8, Theorem 4.4]).
Although the choice of such sequences could be done algorithmically, the
cost of doing so would exceed the main complexity class considered in this
paper. However, for fixed input parameters (number of indeterminates,
quantity and degrees of the polynomials involved), this choice is indepen-
dent of the problem. For this reason, we will suppose that the correct test
sequences are given by means of a preprocessing whose cost will not be con-
sidered in the complexity bounds obtained and, therefore, our algorithms
will be non-uniform as they depend on the choice of these sequences. Our
non-uniform algorithms can be turned into uniform probabilistic ones if the
elements of the correct test sequences are chosen randomly.

In order to compute the greatest common divisor of a finite set of poly-
nomials encoded by a straight-line program, we adapt the techniques given
in [9] using correct test sequences to obtain a deterministic non-uniform
algorithm. We will compute quotients of polynomials given by straight-line
programs using Strassen’s procedure of Vermeidung von Divisionen ([14],
see also [10]). Finally, we will need to compute the radical of a polynomial
given by a straight-line program. A standard (non-uniform) computation
involving greatest common divisor and Vermeidung von Divisionen shows
that if f € k[X,..., X,] is a polynomial of total degree D > n given by
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a straight-line program of length L, there exists a straight-line program of
length (L.D)°M" which computes rad(f).

3. RESULTS

Let Fy, ..., F,; be homogeneous polynomials in k[X, ..., X,] and let
IV € P"(k) be the projective variety consisting of the common zeroes of
these polynomials; that is,

V = {x e P"(k)/F,(x) =0 A - A Fy(x) = O}.

Let r be the dimension of I and let V, be the equidimensional component
of IV of dimension r.

In a first step, we are going to obtain a straight-line program that com-
putes the Chow form of V,. Then, we will use this Chow form to obtain
a finite set of polynomials defining this component. We will adapt conve-
niently our algorithm to find the equidimensional component of the great-
est dimension for the case of an affine variety. Finally, we will describe an
algorithm to decide whether an algebraic variety is equidimensional or not.

3.1. Computing the Chow Form of the Equidimensional Component of V'
of Dimension dim

In this step, we will describe an algorithm that, from polynomials defin-
ing a projective variety V' of dimension r, computes the Chow form of its
equidimensional component of dimension r.

THEOREM 1. Let Fy,...,F, be homogeneous polynomials in
k[ Xy, ..., X, ] and let d > n be an integer such that degF; < d (1 <i <ys).
Let

V= {x e P"(k)/Fi(x) =0A--- A F,(x) =0}.

Let r be the projective dimension of V' and let V, be the equidimensional
component of V' of dimension r.

Then, there exists a well-parallelizable algorithm with sequential complex-
ity bounded by s°Vd°"™ whose input is the set of polynomials {Fy, ..., F}
encoded in dense form and whose output is the Chow form P, of V,, given by
a straight-line program of length s do™.

Proof. First we apply the well-parallelizable algorithm of Giusti and
Heintz (see [6]) to compute r = dim }/. The sequential complexity of this
step is s? g%,

We introduce (n + 1)(r + 1) new indeterminates {Yj(l)}gggr over

=j=n
k[ Xy, ..., X, ]



COMPUTING CHOW FORMS 57
Foreveryi, 0 <i<r,let
LO=y"x, + -+ VX,
and let T(V) € (P")*! x P" be the set

F(V)={(»x) e Py x P"/Fi(x) =0A---AF,(x)=0
ALO(y,x)=0A--- ALD(y, x) =0}.

We are going to adapt the arguments used for defining the Chow form
in [13] in order to obtain a relation between the Chow form of V;, the
equidimensional component of V' of dimension r, and the set I'(V).

Let C be an irreducible component of V. We define I'(C) € (P")*! x
P as

L(C) ={(y,x) e (P"Y*!' xP"/x e CALO(y,x) =0
A---ALY(y, x) =0},

Then, I'(VV) = U I'(C), where the union ranges over all the irreducible
components of V.

Let m: (P"Y*! x P* — (P*y*! and m,: (P")*! x P* — P" be the
cannonical projection maps.

If dim C = r, then ;(I'(C)) is a closed set of codimension 1 in (P")+!
(see [13]). Consider now the case when dim C < r. As m,(I'(C)) = C and
for every x € C, 7y '(x) = (P"~'y*! x {x} is an irreducible set of dimen-
sion (n — 1)(r + 1), then I'(C) is irreducible and dim I'(C) = dim 7 ! (x) +
dim C < n(r + 1) — 1. Therefore, dim 7 (I'(C)) < n(r +1) — 1.

Consider

(V) = {3 x) € (P"Y*1 x P"/x € V, A LO(y,x) = 0
A+ ALO(y, x) =0}

As V, is the union of all the irreducible components of V' of dimen-
sion r, 7 (I'(V,)) is the equidimensional component of ;(I'(})) of
codimension 1.

Recalling that the Chow form P, of V; is, by definition, the square-free
polynomial whose set of zeroes is 7 (I'(V,)), to compute P, we are going
to find a square-free polynomial which defines the equidimensional com-
ponent of codimension 1 of 7 (I'(V')).

In order to apply the quantifier elimination algorithm in [12], we are
going to consider the homogeneous coordinates of the points in 7 (I'(}))
as points in the affine space AC+D0+1),
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Let ¢ be the formula
Axg---Ax, (g A0V ---vx, #0)AFi(xg,...,%x,)=0
/\--~/\Fs(x0,...,xn):OAL(O)(y((]O),...,y,(lO),xO,...,x”):O
/\~~-/\L(’)(y((]r),...,yff),xo,...,x,,)zo
and let W € AT+ pe the set
W={06" o) € RO (i)

Note that the polynomials in k[Y}”]gii; which define 7, ([(V)) in (P")"+1,
define W in AC+D0+D) and, therefore, W is a closed set. Moreover, the
Chow form P, we want to compute is the square-free polynomial defining
the equidimensional component of codimension 1 of W in AC*+D0+1),

As the polynomials Fy,...,F,,L®, ..., L") are homogeneous, we
obtain the following formula equivalent to ¢

n
\/ QDka
k=0

where ¢, is the formula

Ixg---Ixp Ixpyq---3x, 1 Fi(xg, oo X, L Xpggs o5 x,) =0
/\---AFS(xO,...,xk_l,l,xk_H,...,xn)=O
© 0)
/\L(O)(Y() )7---aYr(t 3 X0s e s X L, Xpyqy a5 x,) =0

YD) (r)
/\~--AL()(yO e Y s Xgs e Xp15 L, Xpp s oo, x,) = 0.

Let W, € Al+D0+D be the set defined by ¢y.
As W is a closed set, we have

n n
W= Wi=U W
k=0 k=0
Therefore the irreducible components of W having codimension 1 are pre-
cisely the irreducible components of codimension 1 of the sets W.

Then, to find the square-free polynomial which defines the equidimen-
sional component of W of codimension 1, we are going to deal with the
closed sets W,.

Fix k,0 < k < n. The formula ¢, is a conjunction involving only atomic
formulas of the type f = 0 with only one block of existential quantifiers.
Note that ¢, involves s+ r + 1 polynomials in (n + 1)(r 4+ 1) + n variables;
their degrees with respect to Xy, ..., X;_{, Xx4q, ..., X, are bounded by
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d > n and their degrees with respect to the remaining variables are bounded
by 1.

Applying the algorithm described in [12, Theorem 3.2.1.] we obtain a
quantifier-free formula ¢, equivalent to ¢,. The sequential complexity of
this step is bounded by s?(Vd°", Then

0 - - 0
We = {085 -, ) € KD 1y (00, 9y (1)

Let Hy,...,H, € k[Yf(l)]ﬁfj'E; be the polynomials appearing in ¢;. Then
t <s9Wa%m degH, < d°™(1 <i <t),and H,,..., H, are given by a
straight-line program of length s?()do(,

In order to give a characterization of the irreducible components of codi-
mension 1 of W, we will use the normal disjunctive form of the formula s,
which defines W,.

Let I ={1,2,...,t}. For every M C I let

Zy = {w e kU H(w) =0Vie M AHj(w)#0Vjel — M}
There exists a subset S of {M C I/Z,, # &} such that

We= U Zu.
MeS
Therefore
We=U Zy
MeS

and we conclude that the irreducible components of W, of codimension 1
are the irreducible components of the sets %,, which have codimension 1.

Now we will determine which sets Z,,, M C I, are of codimension 1
and, for each of them, we will find a polynomial G, € k[Y]-(l)] 0=<ic<
r, 0 < j < n) such that {G,, = 0} is the equidimensional component having
codimension 1 of Z,,.

First, let us obtain an upper bound for the number of sets M C
{1,2, ..., t} such that Z,, has codimension 1.

Let M be such a set and let C be an irreducible component of codi-
mension 1 of Z,,. Then, there exists i (1 < i < t) such that C is an irre-
ducible component of {H; = 0}. Taking into account that the number of
irreducible components of a closed set is bounded by its degree, we deduce
that there are at most Y i_, deg H; irreducible components of codimension
1. As the set of irreducible components of Z,, and Z,, are disjoint when-
ever M, # M,, the number of sets M C I such that Z,, has codimension 1
is also bounded by Y°i_, deg H;.

To determine the sets M we are looking for, we are going to adapt a
method that appears in [4].
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In order to simplify notation, given M, N C I, the set
{we k"D H(w) =0Vie M AHj(w)#0VYjeN}

will be denoted by

{/\Hizo/\/\Hj;éO}.

ieM JeN

We may assume that the number ¢ of polynomials appearing in i, is 2"
for a positive integer A (considering H; = 0 for ¢ + 1 < i < 2!*{logt=DI jf
necessary).

In a first step we consider the sets

AP = {({H, = 0}, {H; # 0}} (1 =i < 1),

We will determine which sets {H; = 0} and {H; # 0}(1 < i < ¢) are non-
empty to obtain

B ={aeAdVn£0y(1<i<.

In the next step, we consider the sets

t
AN = A, N Ay/A, € BY A A, € B} (1 <i< E)‘

We will determine which elements of Agl) have closures of codimension at
most 1 to obtain

t
B(l) {Ae A( )/codlmA <1} <1 <i< 2)

Supposing we have obtained Bl(j)(l <j<(ogt)—1,1<i< %), we con-

2
sider the sets

1 i t
A(]Jr = ={ANAy/A € B(]) 1 ADy € Bgi)} (1 <i< F)

and determine which elements of AEH]) have closures of codimension at
most 1 to obtain

t
B(j+1) {A c A(H—I)/COdlmA < 1} (1 < < F)

Note that in this way, in 1 + log ¢ steps, we obtain a single set Bglog “ whose
elements are the sets Z,, such that Z;, has codimension at most 1.
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We are going to show how to determine if the closure of a set A of the
form

ieM JeEN
where M, N are disjoint subsets of 1, has codimension at most 1.
First, let us observe that A = A” if and only if A is a non-empty open
set, which is equivalent to

e M=CorH;=0VieM and
« H;#0V €N,

which is easily checked because in the first step we can determine which of
the polynomials are the zero polynomial. (This can be done by means of a
correct test sequence.)

Let us suppose now that M # J and there exists £ € M such that H, = 0.
Without loss of generality, we assume H; #0Vie M and H; 20V € N,
and we will show how to determine whether codim(A) = 1 or not.

Let H = [[jcy H; and, given i € M, let H; = 1., Hy be the irre-
ducible factorization of H; in IE[Y;I)]ogig-. Let M = {i,...,i,} and let

0<j<n

P={1l,...,n;} x---x{l,...,n; }. Then

A= N {7\H,-i,j:()/\H7é0}

(hyensly)e? Lj=1

and therefore the equidimensional component of codimension 1 of A is the
union of the equidimensional components of codimension 1 of the sets

(Rt =onn o).

j=1

Note that as the polynomials H i1, are irreducible and

(R, —onnso]e|fm, = o

j=1 j=1

then there exists a component of codimension 1 in {\7L; H, i, =0AH# 0}
only if all the polynomials H; ; appearing in (2) are (up to a constant factor)
the same.

On the other hand, if there exists a polynomial G such that H i, = A G
for every 1 < j < m then, as G is irreducible,

%) ifG|H
{G =0} otherwise.

{G:O/\H;ﬁO}:{
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Therefore an irreducible component of A of codimension 1 is defined by
a common factor of the polynomials H;,i € M, which does not divide H.
Then, the equidimensional component of A of codimension 1 is the set of
zeroes of the polynomial

oo rad(ged(H;, i € M))
A7 ged(rad(ged(H,, i € M)), H)'

To determine if A has codimension 1 we only need to decide whether H,
is a nonzero constant or not. Following the methods in [9], but using correct
test sequences (see [8]) to determine if a polynomial is the zero polynomial,
we obtain a straight-line program which computes ged(H;, i € M). We com-
pute rad(ged(H;, i € M)) and then we obtain a straight-line program which
computes ged(rad(ged(H,, i € M)), H). Finally, applying Strassen’s proce-
dure of Vermeidung von Divisionen (see [14]) we obtain a straight-line pro-
gram which computes a scalar multiple of H,. We decide if H, is a nonzero
constant by means of an appropriate correct test sequence.

Therefore, we can determine if A has codimension at most 1 in sequential
time sOD oM We proceed in this way to determine, in each step 0 <j <

log t and for each 1 < i < 7, which elements of the sets A ) have closures
of codimension at most 1.

As, for each 0 < j < logt and each 1 < i < 7;, the number of elements of

B(] ) is bounded by the number of sets M C I such that Z,, has codimension
at most 1, then it is bounded by i degH; +1 < s9Mgqom,

So, for each of the sets A; Y we apply the algorithm to decide if the
closure of one of its elements A has codimension 1 at most s?Md%" times.
Note that the number of sets A" is bounded by 2¢ < s01 40"

Therefore we obtain B(1 E) ={Zy/M C I,codimZ,, < 1} in sequential
time s?Md%" and for each of its elements we decide if it is a subset of
the set W, using the quantifier-free formula ¢, which define W, with the
same complexity bounds.

Let

F:={M C I/Z); € W, AcodimZ,, = 1}.

For each M € .7 let

G rad(ged(H;, i € M))
M ged(rad(ged(H;, i € M)), [jer—m Hj)

and let

Gk = 1_[ GM

Mey
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Then {G, = 0} is the equidimensional component of codimension 1 of W
because this component is the union of the components of codimension 1
of all the sets %,;, M € .¥. Recalling that the Chow form P, we want to
compute is the square-free polynomial defining the equidimensional com-
ponent of codimension 1 of W = UZ:oWk then

P = rad( ﬁ Gk>.

k=0

The polynomial P, is given by a straight-line program of length s?(1) g%
and the sequential complexity of this algorithm is bounded by s®g%™ . 1

3.2. Computing the Greatest Equidimensional Component of V'

In this section we show how to obtain from the Chow form of an equidi-
mensional projective variety, a finite set of polynomials which defines
it. This procedure, together with the algorithm exhibited in the previ-
ous section, allows us to find polynomials defining the equidimensional
component of the greatest dimension of an arbitrary projective variety.

LEMMA 2. Let V' C P" be an equidimensional projective variety of dimen-
sion r and let P € k[Yj(l)]ng; be its Chow form. Suppose P is given by a
straight-line program of lengfl]{L.

Then, there exists N < 6(L + 2(r + 2)n(n + 1))? polynomials Q,, ..., On
whose degrees are bounded by (r + 1) degV such that each of them can be
evaluated by a straight-line program of length of order L + 2(r+1)n(n + 1)
and

V={xeP" Q(x)=0A---AQy(x)=0}

Proof. By the definition of the Chow form of an equidimensional pro-
jective variety (see Section 2.2), the following equivalence holds in P":

x gV e=3y0 .y ept LOGO x)=0A--- A
ALO () x)y =0 A PGYD, ..., y") £0.

Using this equivalence, we are going to obtain a quantifier-free formula
describing the set P" — V.

Let us fix x € P* and let (xy : --- : x,) be a fixed system of homoge-
neous coordinates of x. We consider the linear space of k"t! determined
by the equation x, Y, +---+x,Y, = 0. We denote by ¢; € k"1 the (n+1)-
tuple whose coordinates are 0 except for the jth which is 1. For each pair
(J,D,0<j<l<n,let

Xﬂ =Xe

i Xjel.
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Note that {x;,0 < j <[ < n} is a generator system of the linear space
considered. Then, for each 0 < i < r, the condition LO(y?, x) = 0 is

equivalent to

()
Elajl,

0<j<l<n/y?=Yal)x,
gl
and therefore

x¢V<:>3a],,0<l<r0<]<l<n

<Z a(o) Z a(") )

Lethk[a,,O<z<r0<1<l<n XO,...,Xn]bethepolynomial

0 r
0:= P(Za( (Xie; — Xje), ... Y aP(Xe —Xje,))
gl

which is given by a straight-line program of length bounded by L+
2(r+ n(n +1). Let Q := {wy,..., oy} be a correct test sequence for
polynomials in the variables a-; ,0<i=<nrn0<j<Il<n, of degree
bounded by (r + 1)degl’, which can be evaluated by a straight-line
program of length bounded by L + 2(r + )n(n + 1). Then N <
6(L + 2(r +2)n(n + 1))? and

N
x ¢V \/ Ow;, x) #0.
i=1
Foreach 1 <i < N, let Q, := Q(w;, x). It is immediate that the polynomials
Qy, ..., Qy verify the conditions stated. 1

Now we are able to state our second result which follows immediately
from Theorem 1 and Lemma 2.

ProposITION 3. Let F,...,F;, be homogeneous polynomials in
k[ Xy, ..., X,] and let d > n be an integer such that degF; <d (1 <i <ys).
Let

Vi={xeP" Fi(x)=0A---AF(x)=0}.

Let v = dimV and let V, be the equidimensional component of V of
dimension r.

Then, there exists a well-parallelizable algorithm with sequential complex-
ity bounded by s°Vd°"™ whose input is the set of polynomials {Fy, ..., F}
encoded in dense form and whose output is a set of N < s°Md%™ polyno-
mials Qy, ..., Qy whose degrees are bounded by (r + 1) - degV,, given by a
straight-line program of length s°"d°™ such that

V.,={xeP":Q0i(x)=0A---AQxn(x)=0}. 1



COMPUTING CHOW FORMS 65

Remark 4. Let k be a field and let k be an algebraic closure of k. We
can consider P"(k) with the Zariski topology induced by polynomials with
coefficients in k (i.e., the closed sets are the sets of zeroes of homoge-
neous polynomials in k[ Xy, ..., X,,]). There is a well-known notion of irre-
ducible variety associated to this topology and, therefore, a notion of unique
irreducible decomposition of varieties over k.

Provided we are given an efficient algorithm to factorize multivari-
ate polynomials over k given by straight-line programs, our algorithm
can be adapted to obtain from homogeneous polynomials Fi, ..., F €
k[ Xy, ..., X,] defining a variety V/, the k-irreducible decomposition of its
equidimensional component of the greatest dimension: once we obtain its
Chow form, we factorize it and apply Lemma 2 to each factor.

3.3. The Affine Case

Now we are going to adapt the algorithm given in Theorem 1 in order to
obtain polynomials defining the equidimensional component of the greatest
dimension of an affine variety.

We consider the embedding ¢ : A" — P” such that o(xq,...,x,) =
(1:x;:...:x,). If W< A" is an affine variety, the closure of «(W) in
P" will be called the projective closure of W and will be denoted by W.
Note that deg W = deg W holds.

Let fi, ..., f, be polynomials k[ X1, ..., X,,] whose degrees are bounded
by an integer d > n and let

V={xeA": fi(x)=0A---A f(x)=0}.

Let r = dim J and let V, be the equidimensional component of /' of dimen-
sion r. We will recover the equidimensional component V, of V' from the
equidimensional component of the greatest dimension of the projective
closure of V.

LeEmMmA 4. Let f, ..., f, be polynomials in k[X,,...,X,] and let d > n
be an integer such that degf, < d(1 <i <s). Let V = {x € A" fi(x) =
OA---A fi(x) =0} and let r = dim(V).

Then, there exists a well-parallelizable algorithm with sequential complex-
ity bounded by s°Vd°"™ whose input is the set of polynomials {f,, ..., f.}
encoded in dense form, and whose output is the Chow form P of the equidi-
mensional component V, of V of dimension r, given by a straight-line program
of length s9M)dom,

Proof. For a given set A C P" we denote by I'(A4) the set
T(A)={(rnx) e YY" xP/x e ANLO(y,x) =0A---A
LO(y, x) = 0}.
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Let U be the set
U={xeP(D)/f"(x)=0n A f"(x)=0nx,#0},

where fi(h) are the homogenizations of the polynomials f; with respect to
the variable X,. Note that the set U is the projective closure of ' and,
therefore, dimU = dimV = r. Let @: (P")*! x P" — (P")*! be the
projection map.

Under these notations, the arguments given in the proof of Theorem 1
imply that the Chow form of the equidimensional component V, of V' of
the greatest dimension is a square-free polynomial whose set of zeroes is
the equidimensional component of codimension 1 of 7w(I'(U)).

We assert that T'(U) = T(U). Let V™ = {x € [P’"(l%)/fl(h)(x) =0A
oA fP(x) = 0), and let V) = (o, C be the decomposition of 1)
into irreducible components. Let € := {C € € : C € {X, = 0}}. Then
U = Ucge (CN{X, # 0}) and U = Ucg C. Taking into account that, for
each irreducible closed set C, the set I'(C) is irreducible, it follows that

I0) = U T(Cn{X, #0p) = U I(C) = I(D).

cee c¢e

As the projection is a closed map, it suffices to compute a polynomial
whose set of zeroes is the equidimensional component of codimension 1 of
7(I'(U)). In order to do so, we will follow the ideas in Theorem 1.

Note that w(T'(U)) is the set defined in (P")! by the formula

xg---3x,: ffh)(xo,...,xn)=0/\-../\fﬁgh)(xo,,,_,xn)z()/\xo75()
ALOGY, i X x) =0A -
ALOOGY oo 3 Xy x,) = 0,
which is equivalent to
Ixy---3x,: filxgs e %) =0A - A filxy,...,x,)=0
ALOGY, W Ly, ) =0 A
ALOGY, W 1, x, .., x,) = 0.

We apply to this formula the algorithm in [12] to obtain a quantifier-free
formula equivalent to it, and we proceed as in Theorem 1 to compute a
polynomial P whose set of zeroes is the equidimensional component of
codimension 1 of 7(I'(U)). This polynomial P is the Chow form of V, and
it is given by a straight-line program of length s?(Vd°"_ The sequential
complexity of this algorithm is bounded by s?M g% 1
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Note that, using the same notations, from Lemmas 5 and 2 we obtain
polynomials Qy, ..., Qy such that

V.=A(xg::x,) € P": Q1(xg,...,%,) =0
A AQOn(xgy...,x,)=0}
and, therefore
V,=V,NA" = {x e A": O(1,x{,...,x,) =0

A ANON(L, xq, ..., x,) =0}
Then, we have proved the following

PrOPOSITION 5. Let fi, ..., f, be polynomials in k[X,,..., X,] and let
d > n be an integer such that deg f; < d(1 <i <s). Let

Vi={xeA": fi(x)=0A--- A fi(x) =0}.
Let r = dimV and let V, be the equidimension component of V of
dimension r.
Then, there exists a well-parallelizable algorithm with sequential complex-
ity bounded by s°Md°™ whose input is the set of polynomials {f,, ..., f,}
encoded in dense form and whose output is a finite set of N < sO1)dom

polynomials q,, ..., qn with degrees bounded by (r + 1) - deg(V,) given by a
straight-line program of length s°Dd°"™ such that
V.={x e A" qi(x) =0A--- A gy(x)=0}. 1

Again, provided we are given an efficient algorithm to factorize multivariate
polynomials over k given by straight-line programs, our algorithm can be
adapted in the sense of Remark 4 to obtain the k-irreducible decomposition
of the equidimensional component of the greatest dimension of an affine
variety.

Remark 7. From the previous results and the quantifier elimination
algorithm in [12] we can deduce that there exists a well-parallelizable algo-
rithm that, given polynomials fi,..., f; € k[X|, ..., X,] whose degrees
are bounded by d > n defining an algebraic variety 1, decides whether I
is equidimensional or not. The sequential complexity of the algorithm is of
order s9()qom;

Applying the algorithm described in Proposition 6, we get N < s?1do(
polynomials ¢y, ..., gy defining V,, the equidimensional component of the
greatest dimension of V. Note that V' is equidimensional if and only if
V-V, =J. As

V-V, ={xeA" fi(x)=0A---A fi(x)=0
ANqi(x) #0V -+ v gn(x) # 0)}
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applying the algorithm in [12] to

Sy 3 VA = 0 A A LX) = 0 A () £ 0
i=1

we can decide whether V' — V. is empty or not.

As deggq; < (r+1)-d", the sequential complexity of this algorithm is

bounded by s?Md?™, This procedure can be applied in the projective case
within the same complexity bounds.

10.

11.

12.

13.
14.
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