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Abstract

Let K be a field of characteristic zero with K its algebraic closure. Given a sequence
of polynomials g = (g1,...,9s) € K[z1,...,2,]° and a polynomial matrix F = [f; ;] €
K[z1,...,2,P7*, with p < ¢, we are interested in determining the isolated points of
V,(F,g), the algebraic set of points in K at which all polynomials in g and all p-
minors of F' vanish, under the assumption n = ¢ — p+ s+ 1. Such polynomial systems
arise in a variety of applications including for example polynomial optimization and
computational geometry.

We design a randomized sparse homotopy algorithm for computing the isolated
points in V,,(F, g) which takes advantage of the determinantal structure of the system
defining V,,(F,g). Its complexity is polynomial in the maximum number of isolated
solutions to such systems sharing the same sparsity pattern and in some combinatorial
quantities attached to the structure of such systems. It is the first algorithm which
takes advantage both on the determinantal structure and sparsity of input polynomials.

We also derive complexity bounds for the particular but important case where g
and the columns of F' satisfy weighted degree constraints. Such systems arise naturally
in the computation of critical points of maps restricted to algebraic sets when both are
invariant by the action of the symmetric group.

1 Introduction

Let g = (¢g1,-..,9s) be a sequence of polynomials in K[zy,...,z,]°, and let F' = [f; ] be a
polynomial matrix in K[z1, ..., z,|*?, where K is a field of characteristic zero with algebraic
closure K. Assuming p < ¢, we are interested in describing the set

Vo(F.g) = {z € K" [rank(F(x)) < p and gi(z) = -~ = gi(x) = 0}. (1)
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If for any positive integer r we let M,.(F') be the set of all 7-minors of F' then our set of
points is given by
V((Mp(F)) + (g1, 95))-

As an example, when F' denotes the Jacobian of (g1, ..., gs, ¢) with respect to the vari-
ables x1, ..., x,, for some ¢ € K[z1,...,x,], then Vi, 1(F,g) is the set of critical points of ¢
over the algebraic set V(g), assuming g is a reduced regular sequence and V(g) is smooth.
The problem of computing such points appear in many areas such as polynomial optimiza-
tion and real algebraic geometry. Note that in this example we have n = ¢ —p+ s+ 1 (since
F has dimensions p = s + 1 and ¢ = n); we will assume that this holds throughout this
paper.

We wish to describe the isolated zeros of our algebraic set V,(F, g) when all entries of F
and g are sparse polynomials. We also want to take advantage of the special determinantal
structure of our algebraic set to obtain complexity results which are polynomial in the
generic number of solutions in K of such systems (this is the number of solutions obtained
when the coefficients of terms appearing in the entries of F', g are algebraically independent
indeterminates) and some combinatorial data attached to the monomial structure of the
entries.

In order to achieve this, we make use of the technique of symbolic homotopy continuation
and show how it can be used to obtain a solver with such a good complexity. Homotopy con-
tinuation has become a foundational tool for numerical algorithms while the use of symbolic
homotopy continuation algorithms is more recent. Such algorithms first appeared in [7, 19]
without any structure on the system. Later symbolic homotopies were used in square sparse
systems [25, 20, 21, 22] and multi-homogeneous systems [30, 18, 17].

Homotopy continuation involves defining a deformation between our system defining
V,(F',g) and a second system defining V,(M,r) which is similar but whose solutions are
easy to describe. Formally, we let ¢ be a new variable and construct a matrix

V=>010-t) - M+t-FeK[tay,...,z,*? (2)
which connects a start matric M € K[xq,...,2,]P*? to our target matrix F', together with
polynomials w = (uy, ..., us) of the form

u=(1-t)-r+t-geKlt,z,...,2,)°, (3)

that connects a starting polynomial system r to our target system g. Such a homotopy
allows us to define a homotopy curve, steering the solutions of the start system to the
isolated solutions to our input system (we do not assume that our input system has finitely
many solutions).

We will use a data-structure known as zero-dimensional parametrization to represent
finite algebraic sets. If V' is such a set, defined by polynomials over K, a zero-dimensional
parametrization Z = ((to,v1,...,v,),A) of V consists of

(i) a square-free polynomial to in K[y], where y is a new indeterminate,



(ii) polynomials (vy,...,v,) in K[y] with each deg(v;) < deg(tv) and satisfying
V =A{(v(7),...,0.(7)) € K" |10(7) = 0},

(iii) alinear form A = A\ z1+- - -+ \, z,, with coefficients in K, such that \jv1+- - -+, =
y (so the roots of to are the values taken by A on V).

When this holds, we write V' = Z(Z%). This representation was introduced in early work of
Kronecker and Macaulay [26, 27] and has been widely used as a data structure in computer
algebra, see for instance [13, 1, 14, 15, 28, 16].

Then, given a zero-dimensional parametrization %, of V,(M,r), we will apply the algo-
rithm in [17] to the system (M,(V'),u) to lift Z, to a zero-dimensional parametrization %,
of the isolated zeros of V,(F',g). At a high level the strategy for using homotopy methods
to determine isolated zeros is relatively simple to describe, but also difficult to realize. The
start system should have at least the same number of solutions as the target system and
should be ‘easy’ to solve. Also, we want a sparse homotopy algorithm, that is, we also wish
to have a complexity which depends on the support of the polynomials appearing in our
target system.

The main contribution in this paper is to provide the needed ingredients for a sparse
homotopy algorithm for our determinantal systems which makes use of the column support
of F. We determine a family of possible start systems, and we show that a generic member
of this family allows us to carry out the procedure successfully; we also show how to compute
the solutions of this start system. Our runtime is polynomial in the degree of the start system
and the degree of the homotopy curve, both depending on certain mixed volumes related
to the polynomials g and the columns of F', see Theorem 5.1. As far as we are aware, this
is the first homotopy algorithm which simultaneously exploits both determinantal structure
and sparsity.

The tools used to create our sparse column support homotopy also allow us to build
a column homotopy algorithm for determinantal systems for weighted degree polynomials.
These are important when all our input polynomials (including those in the input matrix)
are invariant under the action of the group of permutations on n letters. In that case, one can
perform an algebraic change of coordinates to express all entries with respect to elementary
symmetric functions which are naturally weighted (the k-th elementary symmetric function
then has weighted degree k). We show that one obtains a speed-up which is polynomial in
the product of the weights, see Theorem 5.3.

This is not the first time that determinantal structures have been exploited to speed-up
polynomial system solvers. Previous work includes, for example, [17], which is also based on
homotopy techniques: we borrow some results and techniques from that reference, but our
discussion of the “sparse” aspects is new. Note also that one can encode rank deficiencies
in a polynomial matrix using extra variables (sometimes called Lagrange multipliers in the
context of polynomial optimization) to encode that the kernel of the considered matrix is
non-trivial. This would lead to Lagrange systems with a sparse structure, which could be
solved using homotopy techniques from [25, 20, 21, 22|. However, this technique does not



work when isolated solutions to our determinantal system lead to rank deficiencies higher
than one: such isolated points of our determinantal system do not correspond to isolated
points of the Lagrange system. Still, we will see that such systems play an important role
to prove intermediate results needed to achieve our results.

The use of geometric resolution algorithms is investigated in the series of works [2, 3, 4, 31]
(and references therein). In this latter setting, relating the complexity parameters (which
are mainly geometric degrees of some algebraic sets defined by the input) with the sparsity of
these inputs is still a non-trivial problem. Determinantal systems in the context of Grobner
bases are also considered in [11, 12, 32]. Again, this series of works do not take into account
the sparsity of the entries.

The structure of the paper is as follows. Section 2 gives some of the preliminary back-
ground on sparse polynomials; it is followed by Section 3 which introduces the template of a
homotopy algorithm and states properties that will guarantee it succeeds; at this stage, we
do not specify how to choose the start system. In Section 4, we introduce a family of start
systems and prove that a generic member of this family satisfies the properties needed for
our symbolic homotopy algorithm. The cost of our algorithm is analyzed in Section 5, first in
the general case of sparse polynomials, then in the important case of weighted domains. An
example illustrating the steps of our homotopy algorithm is given in Section 6. The paper
ends with a conclusion and topics for future research.

2 Preliminaries

Sparse polynomials. Consider a set @ = (z1,...,x,) of indeterminates. Polynomials in
x are represented in the form of finite sums f = Za:(al,...,an)e./l cqryt a8, with A being
a finite subset of N, the set {ax € N™ : ¢, # 0} C A being the support supp(f) of f. The
Newton polytope of f, denoted by conv(f), is the convex hull of the support of f in R".

We will often work in the following setup. Consider ¢ finite sets A4, ..., A, in N, with
k; denoting the cardinality of A; for all . For each i, we let M; = (m;1,...,m;y,) be
the corresponding set of monomials in zq,...,x,. This allows us to define the “generic
polynomials” fi, ..., f, supported on Ay, ..., A, by

ki
fi = Z cm-mi,j € K[Q:][f]?l, e ,:z:n},
j=1

where € = (¢; j)1<i<r1<j<k; are new indeterminates. The total number of indeterminates €
is N = Zle k;.

Identifying KV with K* x --- x K, we can view any element p € KV as a vector of
coefficients, first for §;, then for f,, etc. Then, for such a p, we will denote by ©, the mapping

K[C][zy,...,z,] — Klop,...,1,]
D ogattoann = > pgatt e,
a€eN? aeN”



The notation carries over to vectors or matrices of polynomials. In this paragraph, we discuss
some properties of the zeros of systems ©,(f1, ..., ).
For the first proposition, ¢ is arbitrary, but we impose a restriction on the sets A;.

Proposition 2.1. Suppose that fori=1,....{, A; contains the origin 0 € N". Then there
exists a non-empty Zariski open set 0 C KV such that for p € €, we have the following:

(i) if £ <n, ©,(f1,...,fo) generates a radical ideal, whose zero-set in K" is either empty
or smooth and (n — £)-equidimensional;

(ii) if £ > n, the zero-set of ©,(f1,...,fr) in K" is empty.

Proof. Without loss of generality, assume that m,;, = 1 holds since we assume that A,
contains the origin 0 € N” for all 1 < ¢ < /. Consider the mapping

®:(x,p) e K" x K" = 0,(f1, ..., ) (x).

We first claim that 0 is a regular value of ®, that is, the Jacobian matrix of this sequence
of polynomials has full rank at all points (z,p) of its zero-set. Indeed, since m;;, = 1,
the columns corresponding to partial derivatives with respect to € contain an ¢ x ¢ identity
matrix.

As a result, by Thom’s weak transversality theorem (see the algebraic version in e.g. [29)]),
there exists a non-empty Zariski open set & C K» such that for p in &, 0 is a regular value
of the induced mapping

Q,:xeK"— O,(f,....f)(x).

In other words, the Jacobian matrix of ©,(fi,...,f) has rank ¢ at any zero * € K" of
©,(f1,...,fe). For £ <n, by the Jacobian criterion [9, Theorem 16.19], the ideal (0, (f1,. .., f¢))
is therefore radical, and its zero-set is either empty or smooth and (n — ¢)-equidimensional.
For ¢ > n, this means that this set is empty (since the matrix above has n columns, it cannot
have rank /). O

For the next properties, we take £ = n. In what follows, Cy, ..., C, are the convex hulls of
A, ..., A,, respectively, with the Euclidean volume of C; in R being denoted by volg.(C;).
Consider the function

@ (/\1, .. ,)\n) — VOan<)\1C1 4+ 4 )\nCn),

where

MCLA -+ MGy ={m €R" : &= \z;witha; € Ci}
i=1

is the Minkowski sum of polytopes. The function ¢ is a homogeneous polynomial func-
tion of degree n in A; (see e.g. [8, Proposition 4.9]). The mized volume MV(Cy,...,C,)
is then defined as the coefficient of the monomial A;--- A, in ¢. Then, the Bernstein-
Khovanskii-Kushnirenko (BKK) theorem [6] gives a bound on the number of isolated zeros
of ©,(f1,...,fn) in the torus in terms of this quantity (note that here, we do not assume
that the supports A; contain the origin).



Proposition 2.2. For any p in KV, the number of isolated zeros of © ,(f1,...,f,) in (K —
{0})" is at most MV(Cy,...,Cy). Furthermore, there exists a non-empty Zariski-open set
Opxx C KV such that the bound is tight for p in Opkk.

A first application of Proposition 2.1 is the following refinement of this statement (which
of course requires the assumptions of Proposition 2.1 to hold). Again, we take ¢ = n.

Proposition 2.3. Suppose that fori =1, .. 1, A; contains the origin 0 € N™. Then, there
exists a non-empty Zariski-open set Ofyx C KN such that for p in Ofyy, ©,(F1, - ., fn) has
MV(Cy,...,C,) solutions in K.

Proof. Consider asubset ¢ = {iy,...,i,}of {1,...,n}, with1 <m < n,andlet (f;1,...,fin)
be the polynomials (1, ..., f,) where the coordinates x;,, ..., x;  have been set to zero; they
depend on a certain number N; < N of indeterminate coefficients p;.

This is thus a system of n equations in n — m < n unknowns, and the support of each
of these equations still contains the origin. Proposition 2.1 then implies that there exists a
non-empty Zariski-open w; C K% such that for pi in w;, O, (fix, .-, fin) has no solution
in K"™™. Let then €; be the preimage of w; in K"V (under the canonical projection), and
define Q as the intersection of all €;, for ¢ = {i1,...,4,,} a subset of {1,...,n}. For pin Q,

all coordinates of all solutions of ©,(f, ..., f,) are non-zero. To conclude, we define Opy
as the intersection of Opkk (from Proposition 2.2) and €. O
Initial forms. Let e = (ey,...,e,) be non-zero in Q™ and consider a polynomial

p: E Caaj?l...l‘z"

with support S = supp(p). The field of definition may be our field K, or, as will also happen
below, a rational function field. Define

m(e,p) =min((e,a) |aa € S) and S, ={a € S|(e,a)=m(e,p)},

where ( , ) is the usual dot-product in R™. Thus, S, is the intersection of S with its
“support hyperplane” in the direction e. The initial form of p with respect to e is defined

as
inite(p) = E Co TS+,

a=(ai,...,an)ESe,p

In other words, inite(p) is the sum over all terms cq 27" - - - 22 for which the dot-product
(e, ) is minimized. For a vector p = (p1,...,p,) of polynomials, we let

inite(p) = (inite(p1), - . -, inite(pn))-

Even though there is an infinite number of possible directions e, the number of polynomial
systems {init.(p) | € non-zero in Q"} obtained in this manner is finite, since the support of
each p; has finitely many support hyperplanes.



3 Determinantal homotopy

In this section, we review a few useful properties of homotopy continuation methods for
determinantal ideals. As input, we are given g = (g1, ...,¢s) and F in K[zq, ..., 2,]P*? and
we assume n =q —p+ s+ 1. Let t be a new variable and construct a matrix

V=(1—-t)- M+t -FeK[ta,... z,)"°

which connects a start matric M € K[zq,...,x,]P*? to our target matrix F', together with
polynomials w = (uy, ..., us) of the form

u=(1—-t)-r+t-geKlt,z,...,2,)°,

which connect a starting polynomial system 7 to our target system g. Then, V and u define
a deformation which allows us to connect the solutions of the start system V,(M,r) to the
isolated solutions of our system V,(F', g).

Algorithms for symbolic homotopy continuation require several ingredients. We need
a start system that can be solved efficiently and has the “right” number of solutions, a
description of the solutions of this start system, and a bound p that determines the number
of steps we perform.

Proposition 3.1 below makes these requirements more precise; it is a minor modification
of [17, Propositions 13 and 24]. To state it, it will be convenient to describe our homotopy
process using only vectors of polynomials. To this end, we fix an ordering > on the p-minors
of p x ¢ matrices and set m = s + (;). Consider the system of equations

B = (ul,...,us,b5+1,...,bm) EK[t,l’l,...,l‘n]m,

where uy,...,u, are as defined above, and where the polynomials (bss1,--.,bm) are the p-
minors of V, following the ordering . For 7 € K, we write B,—; for the polynomials
in K[xy,...,z,] obtained by the evaluation ¢ — 7 in B. In particular, B,—, is the set of

equations in our start system, and B,;—; are the equations we want to solve.

Consider the ideal J generated by B in K(t)[z1, ..., x,]. The roots of J have coordinates
in an algebraic closure of K(t), so we can view them in K{(t))", where K((t)) is the field of
Puiseux series with coefficients in K. Thus, these solutions are meant to describe the local
behaviour of the solutions of B at t = 0. A vector a in K((t))" admits a valuation v(c),
defined as the minimum of the valuations (with respect to t) of its coordinates, and we say
that a is bounded when v(a) > 0. This will be one of the conditions we impose on the
solutions of J.

The algorithm is in essence a form of Newton iteration with respect to t. One input
needed for the algorithm is an upper bound o on the precision in ¢ at which we need to do
the computations. A sufficient upper bound for ¢ is the degree of the homotopy curve, which
is the union of all dimension-1 irreducible components of V(B) c K"*! whose projections
on the t-space are Zariski dense. In effect, this is the number of isolated solutions of the
system in K[t, 21, ..., x,] obtained by taking all equations in B, together with a linear form
in t,xq,...,xr, with random coefficients.



Finally, as in [17], the following proposition assumes that we are given a straight-line
program I' that computes the polynomials B, that is, is a sequence of operations +, —, X that
takes as input t,xy,...,x, and evaluates B. Its length is simply the number of operations
it performs.

Proposition 3.1. Suppose that the following conditions hold:

(1) the ideal generated by By—q is radical and of dimension zero in K|xy, ..., z,|, with x
solutions;

(i3) all points in V(B) C K{(t))" are bounded.

Then, the ideal J generated by B in K(t)[z1,...,x,] is radical and of dimension zero, with
X solutions, and the system B,—y admits at most x isolated solutions (counted with multi-
plicities).

Furthermore, given a zero-dimensional parametrization of the solutions of Bi—g, a straight-
line program T" of length B that computes B, and the upper bound o as above, there exists a
randomized algorithm Homotopy which computes a zero-dimensional parametrization of the
isolated solutions of By—1 using

O (x(e+ x*)n*B) (4)
operations in K.
4 Main algorithm
Given g = (¢1,...,9s) and F' = [fi i]i<i<p, 1<j<q as in Section 3, our goal in this section

is to specify the homotopy algorithm. We design a suitable start system for the symbolic
homotopy algorithm, and we establish that this system satisfies the assumptions of Propo-
sition 3.1. The cost analysis is done in the next section.

In order to build the polynomials » = (rq,...,rs) of (3), we take polynomials with the
same supports at g = (g1, . . ., gs) and generic coefficients, taking care to add the constant 1 to
their monomial supports if it is missing. The main new ingredient is the determination of the
start matrix M of (2). In this paper, we focus on what we call the column support homotopy
where the construction of M is derived from the unions of the supports of the entries of F’
per columns. This extends a similar construction given in [17] for dense polynomials, but
which was instead based on the total degrees of the columns of F'.

4.1 Column support homotopy

For 1 <i < s, let A; C N™ denote the support of g;, to which we add the origin 0 € N". For
1 <j <gq, let B C N" be the union of the supports of the polynomials in the j-th column
of F', to which we add 0 as well.

For given i and j we denote by x; the cardinality of 4; and by p; the cardinality of B;,
and let (n;1,...,n,) and (m;1,...,m;,,) denote the monomials in 1, ..., r, supported



by A; and B;, respectively. We can then define the “generic” polynomials supported on
Ai, .o, As and By, ..., By

K4 Hj
v = Z aiJgTLM (1 S 7 S S) and mj = Z eijijf (1 S j S q),
k=1 k=1

where all 9, and ¢ ;, are new indeterminates. Let ¢; ;, for 1 <7 <pand 1 < j < g, be pq ad-
ditional new indeterminates so that 2 = {(;x)1<i<s,1<k<ris (€j6)1<j<q1<k<p; (€i)1<i<pa<i<q}
the set of all these new indeterminates, has size

S q
N=> ri+Y mi+pg
=1 =1

We then define the matrix

Ci,ipMp CoMy ... CqoMy
m = ' | e K@z, .z

CpiMy CpoMy ... Cp,My

As before, for p in KV, for any polynomial f having coefficients in K[2], ©,(f) is the
polynomial with coefficients in K obtained through evaluation of the indeterminates 2 at p;
the notation carries over to polynomial matrices.

We will use M and v = (ty,...,t,) to construct our start system, by assigning random
values to all indeterminates in 2. Thus, we let ¢ be a new indeterminate and we denote by 8B
the polynomials in K[][t, z1, ..., x,] obtained by considering the equations (1 —¢)-t+t-g
and the p-minors of (1 —¢) -9 +¢- F. Our goal in this section is to establish the following
result.

Proposition 4.1. There exists a non-empty Zariski open subset Q of KN such that for p in
), B :=0,('B) satisfies the assumptions of Proposition 3.1.

In other words, we will prove that, for such a choice of p, the ideal generated by B;—q in
K1, ..,2,) is radical and zero-dimensional (this is done in the next subsection) and that
the solutions of B in K((t))" are bounded. This boundedness properties is proved in Subsec-
tion 4.4 using properties of Lagrange type systems which are established in Subsection 4.3.

Note also the following consequence of Proposition 3.1: the number of isolated solutions
of the system we want to solve (counting multiplicities) is bounded above by the number of
solutions of a generic start system ©,(*B);—o.

4.2 Properties of the start system

In this subsection, we prove that for a generic choice of p in K", if we write B := 0,(8)
then the ideal generated by B;—¢ in K[zy,...,x,] is radical and zero-dimensional.



Proposition 4.2. There exists a non-empty Zariski open set 2 C KV such that for p in
Oy, writing B := ©,(B), the ideal generated by B~y in K[z1, ..., z,)| is radical of dimension
zero.

Proof. Note first that the equations B,—, that we are considering are the p-minors of ©,(90),

together with O ,(vy, ..., ts). Now, any p-minor of 9t has the form <y, iy My, - - -my, for some
choice of columns iy, ..., 4, where &; _; is the determinant
€14, Cliy - Cl,ip
Cirpip, = | ¢ : | e K[
Cpit Cpiz -+ Cpip

Our first constraint on p is thus that ©,(¢;, . ;) € K is non-zero for all {iy,... ,ip}. In
this case, a point a in K" cancels all the p-minors of ©,(M) if and only if it cancels all
products ©,(m;, ) - - - ©,(m;, ). This is the case if and only if there exists 4 = {i1,...,iqg—pt1} C
{1,...,q} such that ©,(m;,),...,0,(m,; _ . ) all vanish at c.

Since we assume n = ¢ — p + s + 1, we can rewrite ¢ — p + 1 as n — s. Then, for a
subset ¢ = {i1,...,in—s} C {1,...,q}, consider the polynomials M; = (m;,,...,m; ). By
Proposition 2.1(i), there exists a non-empty Zariski open set ¢; C K" such that for p in &,
the ideal generated by ©,(9;,v) is radical and admits finitely many solutions. For subsets
¢ and ¢ of {1,...,q} of cardinalities n — s such that i # ', the system defined by 9%,
and v contains at least n + 1 polynomials in K[2A][z1, ..., z,]. By using Proposition 2.1(ii),
there exists a non-empty Zariski open set @ C K~ such that for p in @y, the system
©,(M;ui, ) has no solutions in K.

Taking the intersection of these &; and &;; (which are finite in number), together with
the condition that the determinants @,;(Qﬁil,mﬂ-p) do not vanish, defines a non-empty Zariski
open € C KV. Thus, for p in Qy, the sets V(0,(9M;,t)), for any subset 4 of {1,...,q} of
cardinality n — s, are finite and pairwise disjoint, and their union is V' (By—¢). In particular,
the latter set is finite.

Take p in ©; and a in V(B;—g). We now prove that the ideal generated by B,;—g, that
is, by the p-minors of ©,(9M) and O,(ry, ..., ), has multiplicity one at . This will imply
that B;—y generates a radical ideal. For this, we will use the fact that a« is the root of the
system ©,(9M;,v), for a unique subset ¢ = (iy,...,4,—) of {1,...,¢} of cardinality n — s,
and that ©,(9;, v) has multiplicity one at c.

Let then j = (41, ..., Jp—1) denote the ¢ — (n —s) = p— 1 columns of 9 not indexed by <.
For 7 in 2, the equation @p(€j17,,,7jp_1,imjl . -mjp_lmi) appears among the generators of B;—g.
In the local ring at o, we can divide by the non-zero quantity ©,(&;,,.; ,m; ---m;  )(c).
This implies that locally at o, B;— is generated by the polynomials ©,(m;,),...,0,(m;, )
and ©,(t). The conclusion follows. O

4.3 The associated Lagrange system

To establish the boundedness property, since B is overdetermined, it will be convenient to
introduce new variables £ = ({1, ..., ¢,) and to work with the Lagrange system, which consits

10



of s+ ¢ + 1 equations defined by
(I—t)r+tg = [t1 - LA —=O)M+tF) = 6+ +t,0,—1=0, (5)

where t = (t;,...,t,) are new indeterminate coefficients. Recall that n = ¢ —p+ s+ 1, so
s+ q+ 1 =mn+ p; we will write these equations as = (91, ..., Hnip)-

There are now N +p parameters in these equations, with elements of the parameter space
KNP written as 0 = (p, 7), with p in KV and 7 in KP. For ¢ in KV*? and f a polynomial
with coefficients in K[2(, t|, we write as usual ©,(f) for the polynomial whose coefficients
are obtained from those of f, with 2 evaluated at p and t evaluated at 7. As before, the
notation carries over to vectors or matrices of polynomials.

For 1 < i < n+p, $H; can be decomposed as $; = n; + th; with both 7; and b; in
K[, t][z, £]. In particular, note that the polynomials n = (n,...,7,4p) form the Lagrange
system

=" =1; = [gl Ep]fm = t1€1—|—+fp€p—|—1:()

in K[2(, t][x, £], so for i = 1,..., ¢, the polynomial ns; is (101 + - - - + ¢,:0p)m;.
In what follows, we discuss properties of the polynomials ©,(n) and their initial forms
inite(0,(n)), for e in Q"*P. Our first claim is the following; the proof is straightforward.

Lemma 4.3. For o in (K — {0)V*? and e in Q"*?, inite(0,(n)) = O, (inite(n)).

The second proposition uses the specific shape of the equations $ to derive information
about their roots.

Proposition 4.4. Let ¢ = (t%cy + ..., ..., tFrc ., + ...) be in K{(£))"*P with, for all
i=1,....,n+p, e; inQ and ¢; in K — {0}.

Then for o in (K — {0}))N*P, we have the following: if ¢ cancels ©,(9), then ¢ =
(C1,. .., Cnpp) cancels O, (inite(n)), with e = (e1, ..., €ntp).

Proof. For i = 1,...,s, we have $; = v; +t(g; — t;), so n; = v; and bh; = g; — v;. Thus by
construction, the monomial support of h; (with respect to x1,...,2,,01,...,¢,) is the same
as that of v;. This means that for any term kx}* --- £, in b;, with &k in K[2(], there exists
a term K'z{* --- €,"™ in n;, where k' is one of the indeterminates 9; ;.

Take o as in the statement of the proposition, and write a = 0,(9;), b = ©,(n;) and
c = 0,(h;), so that b(¢) + tc(¢p) = a(¢) = 0. Using our assumption on o, we deduce that
for any term of the form kt¢(" --- ¢, 1" appearing in tc(¢), there is a term K'¢y" - - - ¢,
appearing in b(¢), with non-zero coefficient £’. In particular, all terms of smallest valuation
in a(¢) appear in b(¢), and must add up to zero. Taking their first coefficient, this implies
that ¢ cancels init.(b).

The proof for the polynomials $y41, ..., 9srqgs Nss1s - -+ Mg and by, ..., hspy is similar,
taking into account that ns; = (c1,;61 + -+ + ¢p:0,)m;. Indeed, again, for i = 1...,¢,
the monomial support of h,.; is the same as that of 7,.;; if we define a, b, c as above, our
assumption that no entry of ¢ vanishes implies as before that all terms of smallest valuation
in a(¢) appear in b(¢), and add up to zero. Finally, for H4i4+1 = $Hnip, we have that

Bntp = 0, and the claim follows as above. O
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Our last property requires a longer proof. For generic choices of o, it constrains the
possible roots of the system O, (inite(n)) introduced in the previous proposition.

Proposition 4.5. There exists a non-empty Zariski open set Qo C KNP such that for
o € Q, the following holds for any e in Q" for j=1,...,n + p, the system obtained by
setting the j-th variable to 1 in ©,(inite(n)) has no solution in (K — {0})" =1,

Proof. Even though there is an infinite number of vectors e to take into account, there is
only a finite number of possible systems init.(7). Thus, in what follows, we assume e is
fixed and prove the existence of a suitable Zariski open set, knowing that we will eventually
take the intersection of the open sets corresponding to the finite number of systems inite(n).
Similarly, without loss of generality, we assume j = 1, so that we are setting x; to 1.

Thus, we call § = (71, ..., n4p) the polynomials in K[, ][z, ..., z,, 0, . .., £, obtained
by setting z; to 1 in inite(n). We will prove that for a generic o in KN*?, the system
0,(n) C K[za,..., 2,0, ..., L) has no solution in (K — {0})"*P~1 (this system is indeed
the one mentioned in the statement of the proposition, since ©, and variable evaluation
commute).

Fori=1,...,n+ p, denote by &; the subset of (2, t) consisting of those indeterminates
that appear in the coefficients of 7; (so it also contains those that appear in the coefficients of
7;). With this convention, the sets &; are pairwise disjoint, and (&y, ..., &,.,) is the set of
all indeterminate coefficients (2, t) that appear in 1. For all i, we let ¢; be the cardinality of
S;, and we will write the elements of K as p;, so that a vector ¢ € KN*? can be decomposed
as o = (p1, ..., Pnip)- Given (p1,...,p;) in Kt 0, . denotes as usual the mapping
that evaluates the t; + - -+ + ¢; indeterminates S4,...,&; at (p1,...,pi).

The key property we will use below is the following: for any o in (K — {0})"*P~  the
polynomial v € K[&,] obtained by evaluating Ty, ..., 7, l1,. .., ¢, at the coordinates of o in
7; 15 non-zero. For i = 1,... s and ¢ = n + p, this is because the coefficients of 7; are sums
of elements of &;, no element in &; appears in two such coefficients, and all coordinates of
o are non-zero. For i = s+ 1,...,n+p—1, since n; is (c1,,_sl1 + -+ + ¢pislp)m;_, its
initial form inite(n;) is the product inite(cq;—sl1 + - - - + ¢, i—sbp)inite (m;_,). After setting x4
to 1, we deduce that 7; factors as 7; = f;g;, where the coefficients of both f; and g; are sums
of elements of G;, and again, no element in &, appears in two such coefficients. Thus, the
evaluations of f; and g; at a are non-zero, and the same holds for 7;.

To describe algebraic sets in the torus (K — {0})""?~!, we work in K"*?, using a new
indeterminate Z and taking into account the relation xy---x,0;---€,Z = 1. Then, for
i=0,...,n+p, we will prove the following: for a generic choice of (py,...,p;) in KT+t
(in the Zariski sense), the zero-set of Oy, . (M1, ...,7) and xy---xply---€,Z — 1 has
dimension at most n+p — 1 — i in K. Taking i = n + p proves our claim.

The proof is by induction on i. For ¢ = 0, there is nothing to prove, so let us assume that
our claim holds for i—1 (for some index ¢ > 1), and prove that it holds at index i. We proceed
by contradiction, assuming our claim does not hold. In this case, the vectors (py, ..., p;) for
which the zeros of O, . ,(T,...,7) and xg--- 2,y ---€,Z — 1 have dimension at most
n+p—1—1iin K" are contained in a hypersurface of the parameter space K+ -+ Thus

12



they satisfy a relation P(py,...,p;) = 0, for some non-zero polynomial P in K[G,,...,6)].
Then, take (py,...,p;—1) in KhTti-1 guch that

o P(p1,...,pi_1,6;) € K[&,] is not identically zero;

e the zero-set V of O, ., )(71,...,7i—1) and zy--- 2,0 - - £,Z — 1 has dimension at
most n + p — i in K"*P (this is possible by the induction assumption). By Krull’s
theorem, all its irreducible components have dimension exactly n + p — i.

The first condition implies that for a generic p; in K%, the zero-set of Opr,p) (T - -5 1)
and zy - x,0; ---€,Z — 1 has dimension at least n + p — ¢. Equivalently, this means that
intersection of V' and O, . ,,)(7;) has dimension n + p —i. Let us see how to derive a
contradiction.

Let Vi, ..., Vs be the irreducible components of V. Pick a; in Vi, ..., ay in V,, and let
Y1, ..,74 be the polynomials in K[&;] obtained by evaluating s, ..., 2y, 1, .., ¢, at the
coordinates of ay,...,ay, respectively, in 7;. As we pointed out above, all +;’s are non-
zero, and thus so is I := v, - -4 € K[&;]. In particular, for a generic choice of p; in K%,
O(py,...,p1) (M) vanishes at none of a,...,aq, and so it intersects each V; (and thus V) in
dimension n + p — ¢ — 1. This contradicts the previous paragraph. O

4.4 Boundedness property

Using the results in the previous subsection, we finally establish the second property needed
for our homotopy algorithm: we prove that for a generic p in K", the solutions of B = 6,(B)
in K((t))" are bounded.

Proposition 4.6. There exists a non-empty Zariski open set Q3 C KV such that for p € Qj,
writing B := ©,(B), all points in V(B) C K((t))" are bounded.

Proof. By Proposition 4.5, there exists a non-empty Zariski open set s C KN*? such that
for any o = (p, 7) in Qy, the following holds: for any e in Q"*? and any j in {1,...,n+ p},
the system obtained by setting the j-th variable to 1 in ©,(init.(n)) has no solution in
(K — {01,

We then let €2, C KV be the image of 2, through the projection 7 : ¢ = (p, 7) +> p; this is
a non-empty Zariski open. Finally, we let Q3 be the intersection of €2, with (K—{0})" c K".
We take p in 3 and we prove that all solutions of ©,(8) in K((t))" are bounded.

Take such a solution, and write it & = (o, ..., a,) € K{{t))". By construction, there
exists a non-zero (Aj,...,A,) € K({t))? such that [A; --- )] is in the left nullspace of
M(cr). Let v € Q be the valuation of this vector, and let (A, ..., X)) € K be the vector of
coefficients of t” in (A1,...,A,), so that (A},...,\}) is not identically zero. Let us then take
7 = (71,...,7,) such that o := (p,7) is in )y and in addition 74 # 0,...,7, # 0 and T4 \] +
-+ + 1A, # 0 (this is possible, since all these conditions are Zariski-open). In particular,
TiA + - + 7\, # 0. We can then define A = (Ay,...,Ay) by A\j = N/(mA + -+ 70,)
for all i. Let us write ¢ = (a, A); our goal is then to prove that ¢ is bounded, since it will
imply that a is bounded.
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_ By construction, the vector [Ar -+ A is still in the left nullspace of M(cx) and satisfies
71\ + -+ + 17,A, — 1 = 0. Hence, the vector ¢ is in V(0,())). Let us then write ¢ =

(t%cy + oyt e, 4 .. ) with, for alli = 1,....,n+p, ¢; in Q and ¢; in K — {0}.
Because none of the coordinates of ¢ vanishes, we can apply Proposition 4.4, and deduce
that ¢ = (c1,. .., cpyp) cancels O, (inite(n)), with e = (e1, ..., €nyp)-

Suppose then by way contradiction that some e; is negative; without loss of generality,
we can assume that e; < 0. The polynomials O, (inite(n)) are weighted-homogeneous, for
the weight vector e. In particular, the point

- c c
C:<1,—2,... n+p>

€°2 " gentp

is also a solution of these equations, where € denotes any element in K such that ¢ = ¢;.
Note that none of the coordinates of the vector ¢ vanishes. However, by construction, o is
in €25, so Proposition 4.5 asserts that the system obtained by setting the first variable z; to
1 in O, (inite(n)) has no solution in (K — {0})"*?~!. This is the contradiction we wanted,
so we have e; > 0 for all 7, as claimed. O

At this stage, to prove Proposition 4.1, it suffices to let 2 be the intersection of €; (from
Proposition 4.2) and €23 (from the proposition above).

5 Cost analysis

Let the polynomials in g = (g1,...,9s) and F = [f; jli<i<p, 1<j<q be as before. To find the
isolated points in V,(F', g), we take B = ©,(*B) as in the previous section, for a randomly
chosen p € K and apply the Homotopy algorithm of Proposition 3.1.

Proposition 4.1 established the basic properties needed for the correctness of our homo-
topy algorithm. To finish the analysis, and establish a cost bound, we now give upper bounds
on the parameters that appear in the runtime reported in Proposition 3.1, such as the size
of the input, the number of solutions to our start system and on the degree of the homotopy
curve; we also have to give the cost of solving the start system.

We first consider the case of arbitrary sparse polynomials, for which we state our results
in terms of certain mixed volumes; later we discuss the particular case of weighted-degree
polynomials. Some quantities will be defined similarly in both cases. As before, for i =
1,...,s A; C N" denotes the support of g;, to which we add the origin 0 € N", and for
j=1,...,q, B C N" is the union of the supports of the polynomials in the j-th column
of F, to which we add 0 as well. For indices 7, j as above, we let a;, respectively b;, be the
cardinality of A;, respectively B;. As input, in either case, we are given g and F' through
the list of their non-zero terms; this involves O(7) elements in K, with

yi=ar+ -+ as+plbi+ -+ by). (6)

Finally, we let d be the maximum degree of all the polynomials in g and F'.
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5.1 General sparse polynomials

Representing the input. The algorithm in Proposition 3.1 takes as input a straight-
line program representation of the polynomials B = 0,(8). To obtain such a straight-line
program is straightforward. We first compute the values of all monomials supported on
Ay, Ag, By, ..., By; we then combine them to obtain the polynomials (1 —1t)-0,(t)+¢-g
and the matrix (1 —¢)-©,(9M) 4+t - F, and take all p-minors in this matrix.

Computing the value of a single monomial supported on A;, respectively B;, can be done
through repeated squaring, using O(nlog(d)) operations in K. Hence, we can obtain the
values of all monomials supported on Ay, ..., As, By, ..., B, by using a straight-line program
of length O(n~ylog(d)). Combining these monomials to obtain (1 —¢) - ©,(t) + ¢ - g and
(1—1)-0,(M) +t- F takes another O(y) operations. Finally, it takes O(p* (Z)) operations
to compute all p-minors of the latter matrix using a division-free determinant algorithm.
Altogether, we obtain a straight-line program of length

Beo (m log(d) + p* (Z)) (7)

to compute all entries of B.

Number of solutions of the start system. For p in the open set 2 € K" defined in
Proposition 4.1, we saw that the solutions of the start system B;_y are the disjoint union
of the solutions of the systems O,(9M;, ), where for a subset ¢ = {41,...,%,_s} of {1,...,¢}
we write I; = (m;,,...,m; ).

Forv=1,...,sand j = 1,...,q, we let C; and D; be the convex hulls of respectively
A; and B;. Proposition 2.3 then implies that, for ¢ as above, the number of solutions of
0,(M;,t) in K" is the mixed volume

Xi = MV(CL c. ,637Di17 <o 7Din—s)

for any p in a certain non-empty Zariski open set Opki; C K. Define

X;: Z X’L: Z MV(Clyu-7657Di1a"-7Din75)7 (8)

i={i1,myin_s }C{1,....q} i={i1,in—s }C{1,.q}

and let " be the intersection of {2 with the finitely many Ogkk,;. Then, for p in ', the start
system B;_q has precisely y solutions. As we pointed out after Proposition 4.1, this implies
that the system B,;—; which we want to solve admits at most x isolated solutions, counted
with multiplicities.

Solving the start system. To solve the systems ©,(9;, v), we rely on the sparse symbolic
homotopy algorithm of [25, Section 5]. This algorithm finds the solutions of a sparse system
of n equations in n unknowns, with arbitrary support and generic coefficients (in the Zariski
sense); this means that in addition to the constraint p € €2, our choice of p will also have to
satisfy the constraints stated in that reference.

15



The runtime of this algorithm depends on some combinatorial quantities (we refer to the
original reference for a more extensive discussion): we need a so-called lifting function w;,
and the associated fine mized subdivision M;, for the support Ay, ... A, By, ..., B;, . of v
and 9M; [23]. We then let w; be the maximum value taken by w; on the support, and p; be
the maximum norm of the (primitive, integer) normal vectors to the cells of M;. Then, the
algorithm in [25, Theorem 6.2] compute as zero-dimensional parametrization %; such that
Z(%;) = V(0,(M;,v)) using O™ (n°ylog(d)x;uiw;) operations in K.

Taking the union of all these parametrizations, using for example, [29, Lemma J.3|, does
not introduce any added cost. Thus we obtain a randomized algorithm to compute a zero-
dimensional parametrization of V,(0,(9,t)) using

O™ (n°log(d)x*pw) (9)

operations in K, where we write p := max;(p;) and w := max;(w;).

Degree of the homotopy curve. The complexity of the Homotopy algorithm depends
on x, which measures the number of solutions which are tracked during the homotopy, and
on the precision t¢ at which we need to do the computations. As mentioned in Section 3, an
upper bound for p is the number of isolated points defined by the equations in B = ©,(8)
together with a generically chosen hyperplane.

Let h = o+ ¢ a1+ + Gy T + Gugat be a linear form defining such a hyperplane (here,
we take (; € K). Using it allows us to rewrite ¢ as

@(mla s 71771) = _(go + gl T+ -+ Cn xn)/Cn—f—L

The isolated points in V(B) N V(h) are in one-to-one correspondence with the isolated
solutions of the system B’ = (b},...,0.,b.,,...,b,), where b = (1 — p)r; + pg;, for i =
L,...,s, and (by,y,...,b,) are the p-minors of the matrix V' = [v; ;] = (1 — p)M + pF €
Klzy,...,z,]P*9. Hence it is sufficient to bound the number of isolated solutions of V (B’).

Fori=1,...,pand j = 1,...,q, let B}, be the support of v; ;. We then define B} =
Uir<i<pB; j, to which we add the origin if needed, and let D} be its Newton polytope. Similarly,
for i = 1,...,s we let C/ denote the Newton polytope of the support of b,. Then, the
discussion on the number of solutions of the target system still applies, and shows that the

system B’ admits at most
0= > MV(C;,...,CL, D, ..., D. ) (10)
{ilr--yinfs}C{ly--w‘Z}
solutions.
Completing the cost analysis. The previous discussion allows us to use the Homotopy
algorithm from Proposition 3.1. In addition to the polynomials g and matrix F', we also

need the combinatorial information w;, M; described previously. The sum of the costs of
solving the start system, and of the Homotopy algorithm is as follow.
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Theorem 5.1. The set V,(F,g) admits at most x isolated solutions, counted with multi-
plicities. There exists a randomized algorithm which takes g, F', all lifting functions w; and
subdivisions M; as input and computes a zero-dimensional parametrization of these isolated

solutions using
o <n5 <7 log(d)x*nw + x (0 + x°) (;) ))

operations in K, where 7, x, 0 are as in respectively (6), (8) and (10), and p and w as in (9).

5.2 Weighted-degree polynomials

Weighted polynomial domains are multivariate polynomial rings K|zy,...,z,| where each
variable x; has an integer weight w; > 1 (denoted by wdeg(x;) = w;). The weighted degree of
a monomial z{" - - - x%" is then )"  w;«a;, and the weighted degree wdeg(f) of a polynomial
f is the maximum of the weighted degrees of its terms with non-zero coefficients.

Weighted domains arise naturally in determining isolated critical points of a symmetric
function ¢ defined over a variety V(fi,..., fs) defined by symmetric functions f;. In [10],
with J.-C. Faugere, we show that the orbits of these critical points can be described by
domains of the form Klej1,...,€10,€21,---,€205,.--1€r1,...,6r4] With e;; the k-th ele-
mentary symmetric function on ¢; letters. Measured in terms of these letters, each e; has
naturally weighted degree k.

Polynomials in weighted domains have a natural sparse structure when compared to
polynomials in classical domains. For example, a polynomial p € K[z, 9, 23] having total
degree bounded by 10 has 286 possible terms in a classical domain. However in a weighted
domain with weights w = (5, 3,2) there are only 19 possible terms. Such a reduction also
exists when considering bounds for solutions of polynomial systems when comparing classical
to weighted domains. For instance, Bézout’s theorem bounds the number of isolated solutions
to polynomial systems of equations by the product of their degrees. With polynomial systems
lying in a weighted polynomial domain K[z, ..., z,] having weights w = (w1, ..., w,) € ZZ,,
the weighted Bézout theorem (see e.g. [24]) states that the number of isolated points of
V(fi,...,fn) € K" is bounded by

R with  d; = wdeg(f;). (11)
In this section we show how our sparse homotopy algorithm also allows us to describe
the isolated points of V,(F,g) where F = [f; ;] € K[z1,...,2,’*? and g = (g1,...,9s) €
K(zy,...,x,]° with n = ¢ — p 4+ s + 1, assuming bounds on the weighted degrees of all
polynomials f; ; and g;. Without loss of generality, we will assume that w; < --- < w,, and
we will let (71, ...,7s) be the weighted degrees of (g1, ..., gs) and (d1, ..., d,) be the weighted
column degrees of F'.
In particular, the monomial supports Ay,..., A, of ¢g1,...,gs are contained in the sets
Iy, AL, where A is the set of all (ey,...,e,) € N” such that wie; + -+ + wpe, < ;.
Similarly, for 1 < j < ¢, B; C N" is contained in the set B} of all (ey, ..., e,) € N for which
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wyey +- -+ +wpe, < 0;. The sets Af, respectively B, are the supports of generic polynomials
of weighted degrees at most 7;, respectively d;. We denote their cardinalities by ai, ..., a
and b),..., 0.

) » Yq

Representing the input. We follow the same approach as in the last subsection to obtain
a straight-line program for B = O,(8), simply by computing all monomials of respective
weighted degrees at most (v1,...,7s) and (dq,...,d,), combining them to form the polyno-
mials (1—1)-©,(t)+t-g and the matrix (1—1¢)-0,(9M)+¢- F and taking the p-minors of the
latter. We benefit from a minor improvement here, as for a fixed 7; or d; we can compute all
these monomials in an incremental manner, starting from the monomial 1, foregoing the use
of repeated squaring: this saves a factor nlog(d). Altogether, this results in a straight-line
program of size

FeO((a’1+~~-+a;+p(b’1+~--+b;))+p4<z>)

to compute all entries of B.
Recall that a term such as a; denotes the number of monomials of weighted degree at
most v; in n variables, with v; < d for all ¢ (and similarly for 0, for the weighted degree

bound 4;). A crude bound is thus a;, b < ("Zd), resulting in the estimate

re()(ng(nzd>+n4(}q))>. (12)

This is not the sharpest possible bound. Bounding a by the volume of the non-negative
simplex defined by

wi(er —1) + - +wn(en — 1) <
results in the upper bound o} < (v; +wy + -+ + w,)"/(nlw; - --w,). Using [5] and [33,
Theorem 1.1} gives more refined results for a; and b; and hence also for T".

Number of solutions of the start system. As in the case of sparse polynomials, we take
p in the open set Q C KV of Proposition 4.1 and set B = ©,(*B). In this case, the solutions
of the start system B,_ are the disjoint union of the solutions of systems ©,(9;, r), with
M = (my,...,m; ) fori={iy,....5, s} C{1,...,q}.

By the weighted Bézout theorem, the system ©,(9;, r) has

Y- "Ys(sil . 5%75

C; =
wl ... wn

solutions in K". Taking the sum over all subsets i of {1,...,¢q} of cardinality n — s, we

deduce that the number of solutions of B;—g is at most

M Vs Tn=s(01, - - -, Gg)

CcC = C; = y 13
P = e o
where 7,_5(01,...,d,) is the elementary symmetric polynomial of degree n — s in dy,...,J,.

The discussion following Proposition 4.1 implies that the system B;_; which we want to
solve admits at most ¢ isolated solutions.
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Solving the start system. To find these solutions, as in the previous subsection, we
solve all systems O,(9M;,r) independently. We are not aware of a dedicated algorithm
for weighted-degree polynomial systems whose complexity would be suitable; instead, we
rely on the geometric resolution algorithm as presented in [16]. In what follows, our first
requirement is that p be in the open set Q € KV of Proposition 4.1, but we will add finitely
many Zariski-open conditions on p.

For a subset ¢ = {i1,...,i,—s} C {1,...,q}, let (d;1,...,d;,,) denote the sequence

(Vs -y Ysy iy -+, 0;, ) sorted in non-decreasing order; we write
ki = max (d;1 - di w1 wy,) and K= g Kq. (14)
1<k<n "~ ’

= {i1,in—s } {1y}
Recall as well that we set d = max(y1,...,7s,01,...,0,).

Lemma 5.2. For i = {i1,...,i,_s} C {1,...,q}, and a generic p € K", one can solve
O©,(M;,r) by a randomized algorithm that uses

2
o <n4Fd2 <—I€i ) )
Wy - Wy,

Proof. The polynomials ©,(9%;, r) have weighted degrees at most (y1,..., Vs, iy, 0i,_,)-
We first reorder these equations in non-decreasing order of weigthed degree; we write the
reordered sequence of polynomials as (hq, ..., h,), their respective weighted degrees being at
most (d;1,...,din).

By Proposition 4.2, since the supports of 91; and r contain the origin, for a generic choice
of p, the equations ©,(9;, r) define a reduced regular sequence (possibly terminating early
and thus defining the empty set). We can thus apply the geometric resolution algorithm as
in [16, Theorem 1].

The algorithm in [16] takes its input represented as a straight-line program. To obtain
one, we take our straight-line program of length I' that computes B and set t = 0; the
resulting straight-line program computes all ©,(r) and ©,(my,...,m,), and in particular
©,(M;). We deduce that we can compute a zero-dimensional parametrization of the solutions
of ©,(M;,r) using O (n*T'd*X?) operations in K. Here, 3; is the maximum of the degrees
of the “intermediate varieties” Vi,...,V,, where V; is defined by the first ¢ equations in
©,(9M;,r). Hence, to conclude, it suffices to prove that X; < x;/(wy - - - wy,).

Fix an index £ in {1,...,n}. We identify degree-1 polynomials P = py+pi1x1+- -+ pntn
in K[z1,...,2,] with points in K""'. Then, there exists a non-empty Zariski open set
P C KO+ (=0 guch that for (pi,j)ogjgn,lgign—ﬁ S c@, deﬁning P; as

operations in K.

P =pio+piax+ -+ pinty

implies that V; N V(P;)--- N V(P,—¢) has cardinality deg(V;). Up to taking the p;;’s in
the intersection of & with another non-empty Zariski open set, one can perform Gaussian
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elimination to rewrite P;,..., P,_, as
Topr — Qo1 (X1, o T0), o T — @n(T1, -, Xp).

For k = 1,...,¢, let gi(x1,...,20) = hg(x1, ... 20, Qo1 (T1, - 20), ooy ou(T1, ..., 2p)) in
K[zy,...,24. Because the sequence of weights is non-decreasing, these have respective
weighted degrees at most d; 1, . . ., d; ¢ and, by construction, V (g1, ..., g¢) is finite and deg(V}) =
deg(V(g1,...,9¢)). Using the weighted Bézout’s theorem implies

dip-dig  dip--digwepr o wy Ki

deg(v(gla"wgf)) S - : - : L
wl“‘we wlnn-wn wl.--wn

Taking all possible ¢ into account, we see that for a generic p we can compute zero-dimensional
parametrizations for all ©,(9;, r) using

2
o <n4Fd2 (L) )
wl o« o wn

operations in K. As in the previous subsection, taking the union of all these parametrizations
does not introduce any added cost.

Degree of the homotopy curve. Finally, we need an upper bound on the precision ¢¢ to
which we do the computations. As before, a suitable upper bound is the number of isolated
intersection points in K"*! between V(B) and a generic hyperplane.

Let ¢ = (o+ G a1+ -+ + (uwy + (urit be a linear form defining such a hyperplane
(here, we take (; € K). We are interested in counting the isolated solutions of all equations
g =((,(1—1)-6,(t)+1t-g), and all p-minors of F' = (1 —1t)-0,(IM) + ¢ - F, that is, of
Vo(F',g').

Assign weight w; = 1 to t, so the weighted degree of ( is w,,. Then, the system above is of
the kind considered in this section, but with n 41 variables instead of n, and s+ 1 equations
g’ instead of s. The weighted degrees of the equations g’ are (w,,v1 +1,...,7s+ 1) and the
weighted column degrees of F' are (6, + 1,...,9, +1). As we pointed out when counting
the solutions of the start system, this implies that our equations admit at most e isolated

solutions, with

ez D+ Dol 1,0 +1) (15)

wl .. .wnfl

where 7,_, is the elementary symmetric polynomial of degree n — s.

Completing the weighted homotopy algorithm. The previous paragraphs allow us
to use the Homotopy algorithm from Proposition 3.1; we obtain the following result.

Theorem 5.3. The set V,(F,g) admits at most ¢ isolated solutions, counted with multiplic-
ities. There exists a randomized algorithm which takes g and F as input and computes a
zero-dimensional parametrization of these isolated solutions using

O~<(c(e + ) + & (ﬁ)Q)n4F>

n
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operations in K, where I', ¢, k, e are as in respectively (12), (13), (14) and (15).

6 Example
In this section we provide an example illustrating the steps of our homotopy algorithm. Let
g = (9923 + 927 — 228315 + 6721 — 14025 + 9825 + 25) € Q[z1, To, T3]

and F € Q[x1, z2, 23]**3 be

( 927 + 65471z + 592 + 4230873 + 65504 867 + 654601 + 654142 + 123813 + 44 65477z, + 598983 + 76 )

65501x% + 51x1 + 654662 + 5749673 + 35 163:% + 991 + 655032 + 179503 + 31 654541 + 4117823 + 65453

The support of g is A = {(3,0,0),(2,0,0),(1,1,0), (1,0,0), (0,1,0), (0,0,1),(0,0,0)} C Z3
with unions of the column supports of F' being

B, = {(2,0,0),(1,0,0),(0,1,0),(0,0,1),(0,0,0)},
By, = {(2,0,0),(1,0,0),(0,1,0),(0,0,1),(0,0,0)},
Bs = {(1,0,0),(0,0,1),(0,0,0)}.

Start system. The start system for (F, g) is built as follows. Let r = 8823 — 8222 — 70x,25

+ 41z; + 9lxs 4+ 2923 + 70 € Q[zq,x2, 23] a polynomial supported by A and define
mp = —78:10% — 4z 4+ bxo — 9lxy — 44, my = 63x§—|— 10z1 — 6129 — 2623 — 20, and ms3 =
88x1 + 955 + 9, polynomials in Q[zy, e, x3] supported by (By, B2, Bs). The starting poly-
nomial system r = () and the start matrix are given as

M — —62m1 26m2 1OM3
- —83m1 —3m2 —44m3

> S Q[zla T, $3]2X3.

We remark that the coefficients in the start vector and start matrix for this example were
chosen randomly, in this case with the help of the rand() command in Maple.

A parametrization of the start system. The set of 2-minors of M is given by (2344m ma,
3558mymg, —1114msoms3) and hence Vo(M,7r) = Vi3 U Vo U Vs, where

Vi =V(my,ma,r), Vo =V (my,mg,r), and V3 = V(mg, mg,r).
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Parametrizations of Vi, V5, and V3 are given by

For = ((10671923044484y> + 164650405712264y> + 541980679674061y + 393540496795784,
23707677043321206 ,  197994419338092137 3859258707817950

205138445880446701 " * 205138445880446701” + 205138445880446701°
2817387683743776 5,  334804957251324375 199554818581221524

2051384458804467017  2051384453304467017  205133445880446701
Ros = ((1076005625y% + 2749690925y> + 2278375403y + TITSGTSST,
95 9 70395 , 201161 171943
~ &Y 8332 ? * oes0 ¥ T Toseo ¥ )
Ros = ((410682625y° + 7738790252 + 2045246267y — 666910765,
95 9 568575 , 88607 157697
~ %Y 83 wr3ea?  meron? ~ wmazsd V™)

ay)7x3>7

Taking the union of (% ;)1<i<s gives a parametrization %, of V,(M,r) with

Ko = ((qo,v0,1,v0,2,v0,3), Mo)
= ((4715888798904593238258009062500]/9 4+

10476346966766553878790167132343750 4 +

205138445880446701 L
22651934916975402836997T7221137124035318470625 ¢

24226029904697233601296 -
15866264491953179878625y" + - - - ), 23).

Degree bounds. The mixed volumes associated to our square sub-systems are MV; =
MV (conv(A), conv(B;), conv(Bs)) = 3, MVy = MV(conv(A), conv(B;),conv(B;)) = 3, and
finally MV3 = MV/(conv(A), conv(Bs), conv(B;)) = 3. So x = MV, + MV, + MV3 = 9 which
is a bound on the number of isolated solutions of V4(F', g). Note that this number coincides
with the actual number of isolated solutions of V5(M, r) as the degree of gy equals 9.

A parametrization #; of V,(F, g). We apply the Homotopy algorithm to the system
(Mo((1—t)F+tM), (1—t)r+tg) and Z, to obtain #;. As the coefficients of the result over
are quite large we illustrate this calculation over Fgs501, the finite field of 65521 elements.
In this case we obtain
Bo = ((y° +42377y® + 63439y" + 23268y° + 1541y° + 21916y

+ 24479y + 1064y> + 47617y + 765, 18447y® + 5828617 + 48619y°

+49312y° + 42721y* + 44021%> + 47621y% + 39038y + 13072,

9852y® + 30892y + 29236y° + 63043y° + 623y* + 8249y°

+ 2295692 + 23577y + 41427, 3y + 19233y° + 56323y° + 58151y*

+ 8939y° + 30577y> + 13156y), z3)
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and

P = ((y° +27502y° + 1022y + 4247495 + 21370y + 47501y*
+ 37694y + 13474y> + 49870y + 26489, 19690y® + 28497y"
+ 2304515 + 29265y° + 32212y* + 8948y> + 16460y>
+ 19357y + 9600, 26426y + 24119y” + 4842945 + 34031y°
+ 32094y + 13559y> + 34993y + 59636y + 64778, y), z3).

We note that using the non-sparse homotopy algorithm from [17] produces a degree bound
of 24, a considerable over estimate of the number of isolated zeros.

7 'Topics for future research

We have presented a new homotopy algorithm for determining isolated solutions of algebraic
sets V,(F', g) for F' a px g matrix and g a vector having entries from a multivariate polynomial
domain. Our algorithm determines the bounds central to homotopy algorithms based on the
column support of the matrix F'. Our column supported homotopy algorithm can be applied
to the case where our entries come from a weighted polynomial domain. Such weighted
domains arise when we determine the isolated critical points of a symmetric function ¢
defined over a variety V' (f) generated by symmetric functions in f. The resulting complexity
is improved by a factor depending on the size of the symmetric group.

Still regarding critical point computations, but for non symmetic input F', g, the natural
bounds for a sparse homotopy would come from considering the row support rather than
the column support of F'. An interesting approach would be the follow the algorithm given
in [17] for dense polynomials. However, proving that in the sparse case, the corresponding
start systems satisfy the genericity properties we need is not straightforward; this is the
subject of future work.
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