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Abstract

Multivariate polynomial systems arising in numerous applications have special struc-
tures. In particular, determinantal structures and invariant systems appear in a wide range
of applications such as in polynomial optimization and related questions in real algebraic
geometry. The goal of this thesis is to provide efficient algorithms to solve such structured
systems.

In order to solve the first kind of systems, we design efficient algorithms by using the
symbolic homotopy continuation techniques. While the homotopy methods, in both nu-
meric and symbolic, are well-understood and widely used in polynomial system solving
for square systems, the use of these methods to solve over-detemined systems is not so
clear. Meanwhile, determinantal systems are over-determined with more equations than
unknowns. We provide probabilistic homotopy algorithms which take advantage of the
determinantal structure to compute isolated points in the zero-sets of determinantal sys-
tems. The runtimes of our algorithms are polynomial in the sum of the multiplicities of
isolated points and the degree of the homotopy curve. We also give the bounds on the
number of isolated points that we have to compute in three contexts: all entries of the input
are in classical polynomial rings, all these polynomials are sparse, and they are weighted
polynomials.

In the second half of the thesis, we deal with the problem of finding critical points
of a symmetric polynomial map on an invariant algebraic set. We exploit the invariance
properties of the input to split the solution space according to the orbits of the symmetric
group. This allows us to design an algorithm which gives a triangular description of the
solution space and which runs in time polynomial in the number of points that we have to
compute. Our results are illustrated by applications in studying real algebraic sets defined
by invariant polynomial systems by the means of the critical point method.



Résumé

Les systemes polynomiaux multivariés apparaissant dans de nombreuses applications
ont des structures spéciales et les systemes invariants apparaissent dans un large éventail
d’applications telles que dans l'optimisation polynomiale et des questions connexes en
géométrie algébrique réelle. Le but de cette these est de fournir des algorithmes efficaces
pour résoudre de tels systemes structurés.

Afin de résoudre le premier type de systémes, nous concevons des algorithmes efficaces
en utilisant les techniques d’homotopie symbolique. Alors que les méthodes d’homotopie,
a la fois numériques et symboliques, sont bien comprises et largement utilisées dans la
résolution de systemes polynomiaux pour les systemes carrés, 'utilisation de ces méth-
odes pour résoudre des systemes surdéterminés n’est pas si claire. Hors, les systemes
déterminants sont surdéterminés avec plus d’équations que d’inconnues. Nous fournissons
des algorithmes d’homotopie probabilistes qui tirent parti de la structure déterminantielle
pour calculer des points isolés dans les ensembles des zéros de tels systemes. Les temps
d’exécution de nos algorithmes sont polynomiaux dans la somme des multiplicités des
points isolés et du degré de la courbe d’homotopie. Nous donnons également des bornes
sur le nombre de points isolés que nous devons calculer dans trois contextes: toutes les
termes de ’entrée sont dans des anneaux polynomiaux classiques, tous ces polynémes sont
creux, et ce sont des polynomes a degrés pondérés.

Dans la seconde moitié de la theése, nous abordons le probleme de la recherche de points
critiques d’une application polynomiale symétrique sur un ensemble algébrique invariant.
Nous exploitons les propriétés d’'invariance de ’entrée pour diviser ’espace de solution en
fonction des orbites du groupe symétrique. Cela nous permet de concevoir un algorithme
qui donne une description triangulaire de ’espace des solutions et qui s’exécute en temps
polynomial dans le nombre de points que nous devons calculer. Nos résultats sont illus-
trés par des applications a 1’étude d’ensembles algébriques réels définis par des systemes
polynomiaux invariants au moyen de la méthode des points critiques.
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Chapter 1

Introduction

Solving systems of polynomial equations over a given field is a classical and fundamental
problem in the fields of algebraic geometry and symbolic computation. Algebraic systems
arise in a number of symbolic and scientific applications in computer algebra [20, 45,
46], robotics [147], geometric modeling [2], signal processing [89], chromatology [134] and
structural molecular biology to name just a few.

A is a set of equations f; = --- = f,, = 0 with the f; multivariate polynomials in a
ring K[z1, ..., x,] in n variables with coefficients in a field K. In this thesis, K will always
be a field of characteristic zero. A system is called zero dimensional if it has finitely many
solutions, otherwise it is said to be of positive dimension. If we denote the algebraic closure
of K by K, then solving a zero-dimensional system then consists of finding all solutions
in the field K or in the field of real numbers. When the system is positive dimensional,
then solving consists of producing a description of the solutions set which allows one to
get desired information easily. In general, polynomial system solving is difficult, and it
is known as an NP-hard problem (see e.g. [71, 79]). The zero set in K" of a polynomial
system f = (f1,..., fm), denoted by V(f), is called the variety or algebraic set defined by
the system f.

Example 1.0.1. Consider n = 3 and K = Q, the field of rational numbers. The set
f = (z1209+ 23, 71 +232) is a polynomial system in Q[xy, x5, 23] with its associated algebraic
set being a curve in C (Figure 1.1(a)), so that the system f in Q[zy,x2, 23] has positive
dimension.

However, if we add the equation x; + x5 + 2 into the system f, we obtain a zero-
dimensional polynomial system g = (2129 + x3, 21 + 23, 11 + o + 2) in Q[w1, 2o, 3] With
the solution set of g in C* being {(—1,—1,—1),(—4,2,8)} (Figure 1.1(b)).

Several polynomial systems which come from practical applications have special struc-
tures. In this case one hopes to obtain algorithms for polynomial systems solving which
can take advantage of the added structure for more efficient computation. In this thesis,
we focus on a family of systems modelling rank defects in matrices with polynomial entries.



(a) V(.%'liUQ + 3,21 + x%) (b) V($11‘2 + x3, 21 + .7}%, 1+ X2 + 2)

Figure 1.1: Varieties of polynomial systems

1.1 Motivation and problem statements

Consider a sequence of polynomials G and a polynomial matrix F', with entries coming from
the ring K[z, ..., z,]. The problem of computing the points in K" at which all polynomials
G vanish and F' is not full-rank appears naturally in polynomial optimization [92, 111,
13, 90, 143], and related questions in real algebraic geometry [7, 10, 12, 14, 21, 22, 28, 35,
95, 156, 157, 158]. In these cases F' consists of the Jacobian matrix of G, together with
one extra row, corresponding to the gradient of a function ¢ with the problem being to
optimize ¢ on the zero set of G. We denote this Jacobian matrix by Jac(G, ¢).

A second interesting application is the problem of deciding whether an algebraic set
defined over Q, the field of rationals, is empty over a real field. This problem is tackled by
the critical point method (see e.g. [91, 99, 148, 97, 19, 18, 11, 10] and references therein),
and its principle is the following: choose a polynomial map reaching its extrema and having
a zero-dimensional critical locus. This method has been used to answer several problems in
real geometry, including for example quantifier elimination [103] and answering connectivity
queries [161, 157] to name just a few.

Problem. Given polynomials G and a polynomial matriz F', all entries are in K[xq, ..., x,].
Compute points = in K such that G(x) = 0 and F(x) is not full rank.

When there are no extra polynomials G, then the above problem is a particular case of
the more general MinRank problem, which arises naturally in numerous applications such
as cryptography and coding theory. Consider a matrix F', and a positive integer . Then
the MinRank problem is to find points in K at which the matrix F has rank at most
r. This problem plays an essential role in the cryptanalysis of several systems, including,
for instance the TTM cryptosystem [88], the ABC cryptosystem [137, 138], and the HFE
cryptosystem [118, 29, 173, 50].

For the systems coming from optimization, we also study the important case where the
input polynomials G and ¢ are all invariant under the action of the symmetric group S,,



that is, when G and ¢ are symmetric in (z1,...,2,). In this case we wish to exploit the
symmetric structure of G' and ¢ to reduce the complexity of the solving problem.

Problem. Given symmetric polynomials G and ¢, compute points = in K such that
G(x) =0 and Jac(G, ¢)(x) is not full rank, taking advantage of symmetric structures.

Symmetric polynomials in K[z1, . .., x,] form a subring K[y, ..., 2,]%" of K|xy,. .., z,].
For each integer k > 0, let 7 be the k-th elementary symmetric function in (xq,...,z,).
The fundamental theorem of symmetric polynomials [49, Theorem 3.10.1] implies that
K[z, ..., 2,]% is isomorphic (as a K-algebra) to the polynomial ring Kley, ..., e,], where
(é1,...,e,) are new variables. Note that, for 1 < k < n, deg(ng) = k, so in the domain
Kleq, ..., ey, the variables (eq,...,e,) can be viewed to have weighted degrees. This can
be studied using the concept of weighted polynomial domains. These are multivariate poly-
nomial rings K[zy, ..., z,| where each variable z; has a weighted degree w; > 1 (denoted
by wdeg(z;) = w;). When the weights are (1,...,1), we have the classical polynomial ring.

Note that the weighted structure also exists when considering bounds for solutions of
polynomial systems when comparing classical to weighted domains. With polynomial sys-
tems lying in a weighted polynomial domain, the weighted Bézout’s theorem (see e.g. [108])
states that the number of isolated solutions to polynomial systems of equations is decreased
by a factor of the product of the weights of the variables of the polynomial ring, when
compared to the classical Bézout’s theorem. Therefore, it is natural to study the following
problem.

Problem. Given polynomials G and a polynomial matrix F', with entries in a weighted
polynomial ring K[z, ..., x,]. Compute points & in K' such that G(x) = 0 and F(x) is
not full rank, taking advantage of the special structure of weighted domains.

Notice further that polynomials in weighted domains have a natural sparse structure
when compared to polynomials in classical domains; a polynomial is sparse if there are
few monomials with nonzero coefficients. For example, a polynomial in K[z, z9, 23] hav-
ing 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. Fur-
thermore, when the system consists of sparse polynomials, instead of using the classical
Bézout’s theorem to bound the number of isolated points in the zero set, one should use
the Bernstein-Khovanskii-Kushnirenko (BKK) theorem. The BKK theorem bounds the
number of isolated solutions of a system of sparse polynomials by the mixed volume of the
Newton polytopes of the equations. Thus, the final problem we study in the thesis is the
following.

Problem. Given polynomials G and a polynomial matriz F', with entries being sparse
polynomials. Compute points © in K such that G(z) = 0 and F(x) is not full rank with
a cost depending on the sparse structure of the input polynomials.



1.2 Complexity model and data structure

In this thesis, we use the straight-line program encoding, that is, a sequence of elementary
operations 4, —, X, to compute polynomials in K[xy,...,z,] (see Definition 3.6.1 for a
detailed description). Note that the straight-line program coding for the input of our algo-
rithms is not restrictive as we can see in Subsection 3.6.1 that this covers other encodings.
The reason we use straight-line program as the encoding is because some algorithms that
we use as subroutines use this encoding for their inputs.

We will represent the output of our algorithms using univariate polynomials. Let V' C
K" be a zero-dimensional variety defined by polynomials over K. A zero-dimensional
parametrization # = ((q,v1,...,v,), A) of V' consists of

e a square-free polynomial ¢ in K[y|, where y is a new indeterminate, such that ¢ is
square-free and with deg(q) = |V/|,

e polynomials (vy,...,v,) in K[y] with each deg(v;) < deg(q) and satisfying

V = {(Z}((TT)); cey U’}((TT))> c Kn|q(7) = 0}’ where ¢/ = %7

q

/

e alinear form A = A\; 21+ - -+, z, with coefficients in K, such that A\(vy, ..., v,) = yq
mod ¢ (so the roots of ¢ 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 [119, 131] and has been widely used as a data structure in
computer algebra, see for instance [83, 5, 85, 86, 154, 87]. One of the reasons why we
use this representation is that using a rational parametrization, with ¢’ as a denominator,
allows one to control the bit-size of the coefficients when K = Q or the degree in ¢ when
K is a field of fractions k(t), where k is a field [5, 154, 87].

1.3 Methods for polynomial system solving

There are several procedures for finding the solution set of a polynomial system. Below
we give a brief overview of some of these methods. In this thesis, we mainly focus on
homotopy methods, which are given in more detail in Section 3.7.

Homotopy methods

The idea behind homotopy methods is to deform a system with known roots into a target
system that we wish to solve. There are two kinds of homotopy algorithms: numeric and
symbolic homotopy algorithms. In this thesis, we focus on the latter algorithms.



Symbolic and numeric homotopy methods rely on deformation techniques which are
based on the perturbation of the target system and a subsequent symbolic or numeric path
following methods (see e.g. [4, 25, 33, 96, 129, 126, 165, 139]). More precisely, let V ¢ K"
be a zero-dimensional variety and W c K'*' be an algebraic curve such that 7 : W — K
onto the first coordinate is dominant (i.e. the Zariski closure of w(W) is K) with generically
finite fibers of degree ¢, 77!(1) = {1} x V holds, 77'(0) is an unramified fiber, and it is
easy to describe 771(0). Then, following ¢ paths of W along the parameter interval [0, 1],
one can find a zero-dimensional parametrization for V. Section 3.7 gives a more detailed
description.

The complexity of symbolic homotopy continuation methods is Ln®Med arithmetic
operations (see e.g. [34, 109, 162]), where

e [ is the complexity to evaluate the input system,
e ¢ is the number of paths to be followed, and

e ¢ is the degree of the curve W.

In comparison, the complexity of numeric homotopy continuation methods is Ln®®cy?
floating point operations (see e.g. [33]), where

e v is the highest condition number arising from the application of the Implicit Function
Theorem to the points of the following paths of 710, 1] N W.

There are several improvements which exploit the structure of the input system, for
example, taking advantage of sparsity patterns, to reduce the complexity of finding the
zero set of a given polynomial system by using homotopy methods. Homotopy algorithms
for sparse systems are so-called polyhedral homotopies (see e.g. [175, 104, 174, 110], [100,
101, 102] and references therein). Polyhedral homotopies preserve the Newton polytopes
of the input polynomials and rely on the BKK bound of the system.

We remark that most previously mentioned homotopy algorithms solve square systems,
that is, systems with as many equations as unknowns, although extensions can deal with
systems of positive dimension by using variants of algorithms for square systems. Note that
using slack variables as in [164], polyhedral homotopies apply to over-determined systems
but the control of their complexities is not known. Some dedicated homotopies have been
designed for special over-determined systems as in [106, 166]. As far as we know, they
cannot be used to solve the determinantal systems which we tackle in this thesis.

Finally, homotopy continuation techniques for multi-homogeneous polynomial systems
can be found in [109] and [159].



Geometric resolution

The geometric resolution algorithm has been more recently studied [123, 87, 124] but goes
back to [86, 84, 85]. Let V be a variety of dimension zero consisting of D points. A
geometric resolution of V' consists of a linear form ¢(X) = ug + wyzy + -+ + uyz, in
K[z, ..., z,] and polynomials (g, ws, ..., w,) in K[y], with y is a new variable, such that

e the linear form ¢ is a primitive element of V| i.e., {(x) # {(2), for all x # &’ in V.

e the polynomial ¢ is monic of degree D and ¢({(x)) = 0 for all ® € V; that is,
q = Ilzev y — U(x) is the minimal polynomial of ¢ over V.

o fori=1,...,n, deg(w;) < deg(q) and
V={(wi(r),...,w,(r)) : € K"andg(7) = 0} ;

that is, w;’s polynomials parametrize V' by the zeroes of q.

It is shown, for example in [87], that any generic enough hyperplane ¢(X) will separate
the points in V.

We remark that, given a zero-dimensional parametrization Z = ((q, v, ...,v,),A) of a
variety, we can obtain a geometric resolution of V' as the following. Since ¢ is square-free,
then ¢ is invertible in K[y|/(¢(y)). Then, setting w;(y) := (¢')"*(y) vi(y) mod q(y), for

1 <i < n, gives a geometric resolution ((q,ws,...,wy),\) of V.

Consider a system of polynomials f = (f1,..., fn) in K[zq,...,2,]. Forany 1 <i <n,
suppose that the algebraic set V; defined by (fi, ..., f;) is equidimensional of codimension i
(see Section 3.1 for precise definitions) and the Jacobian matrix of (fi, ..., f;) has full rank

at the generic points of V; (a system f satisfying all these conditions is called a reduced
reqular sequence). The geometric degree ¢ of the polynomial system f is defined as

§= max deg(V)).
The geometric degree of a polynomial system measures the largest degree attained by
adding the equations successively. If f is encoded by a straight-line program of length L,
then, there exists a randomized algorithm [84, Theorem 19] that computes a geometric

resolution of V() within complexity (nDSL)°M), where D is the numbers of points in
K'nV(f).

Later on, Giusti et al. [87] introduced an algorithm to compute a geometric resolution
of V(f) using O™ (n(nL + n*)d?¢?) operations in K, where d = maxj<;<,(deg(f;)) and w
is the exponent in the complexity of the multiplication of two matrices with coefficients in
Q. As we will use this algorithm in Section 7.2, we restate the result in [87].



Theorem 1.3.1. [87, Theorem 1] Let fi1,..., fn be polynomials in Klzy, ..., x,] of degree
at most d and given by a straight-line program I" of length at most L, such that (fi,..., fa)
defines a reduced reqular sequence.

Then there exists a randomized algorithm called GeometricResolution that takes I as the
input and computes a geometric resolution of the variety V(fi, ..., fn) by using

O (n(nL + n®)d*5?)

operations in K, where 0 is the geometric degree of (f1,..., fn)-

Grobner basis computations

Grobner bases which transform an input polynomial system into a triangular system was
originated by Bruno Buchberger in his PhD thesis [36]. The Gaussian elimination algorithm
applied to non-linear systems and the euclidean algorithm for multivariate polynomials are
performed in order to obtain Grobner bases. We will use Grobner basis computations
to perform our experiment in Section 10.4; for this latter purpuse, we give here a brief
overview of Grobner basis computations.

Monomial orderings on multivariate polynomial rings play an essential role in Grobner
basis computations. The most important example is the lexicographic (lex) ordering on
K[z, ..., x,], which are defined as z{* - - - 22" >=1ox xf ... 2P if and only if the first non-zero
entry of the vector (aq,...,a,) —(B1,. .., 5,) in Z" is positive. An ideal in K[xq, ..., z,] is
called zero-dimensional if the variety defined by this ideal is of dimension zero. Performing
Grobner basis computations in the lex ordering xy > x5 > --- > x,, on a zero-dimensional

ideal leads to an upper triangular structure such as the following

gl(x17 AR ,xn),- A 791431(561’ AR 7:1;”)7
Grr+1(Toy o T,y ey Oy (T2 oo T, e

Okp_1+1 (xn)a <oy Gk (QTn)

A system with such a structure can be solved by using a backward solve strategy.
That is, we first solve the variable z,, by using univariate equations g, ,.1(x,) = -+ =
Ok, () = 0, then we solve for the variable x,_; by using values of z, and equations
ko1 (Tn_1,2Tp) = -+ = gk, _,(Xn_1,2,) = 0, and so on, until all the solutions x,,...,x;
of the original system are found. This procedure is convenient since we only need to
solve univariate polynomial systems. However, the cost to compute the Grobner basis in
lex ordering by using Buchberger’s algorithm is expensive as the degrees of polynomials
occurring during the computation can become very large (see e.g. [112] and references
therein).

In a Grobner basis computation, pairs of polynomials (critical pairs) are chosen, the
leading terms of polynomials are eliminated and the difference, which is known as the S-
polynomial, is reduced by the current basis with respect to the fixed monomial ordering.



Many S-polynomials reduce to zero. However, if a new non-zero polynomial is found, then
it is added to the basis and new critical pairs appear.

In recent decades, there have been many improvements made to Buchberger’s algorithm.
In the F} algorithm [58], Faugere reduces a numerous number of critical pairs at the same
time by first constructing a matrix whose columns are indexed by the monomials and the
rows are indexed by polynomials appearing in the polynomial division process, and then
using linear algebra techniques to reduce this sparse matrix to a reduced row echelon form.
The result of this process is all S-polynomials of all pairs considered. However, many rows
reduce to zero in Fy, even when we also use the Buchberger’s criterion [36]. Latter on, in
the F5 algorithm [59], Faugere builds a new criterion to detect useless critical pairs, and
then to avoid unneeded computations. A variant of the algorithm in [59] which is suitable
for the complexity analysis can be found in [17, 16, 15].

Another important algorithm which is used for zero-dimensional systems is the FGLM
algorithm [61, 63, 107]. It takes as input a Grobner basis for some monomial ordering, for
example, the graded reverse lexicographical ordering, and outputs a Grobner basis for a
second monomial ordering, for instance, the lex ordering. The graded reverse lexicograph-

ical ordering (grevlex) on K[y, ..., x,] is defined by 28" -+ 22" > eviex 21" - - - 227 if and
only if either > ;o > >0, B or >0 ;o = >4 B; and the last non-zero entry of the
vector (v, ..., ) — (B1,...,0,) in Z" is negative.

The FGLM algorithm is central for solving zero-dimensional systems since it is more
efficient to compute first a Grobner basis in grevlex ordering by using algorithms from [58,
59] and then to convert into a Grobner basis for lex ordering by using FGLM algorithm.
Indeed the degrees of polynomials occurred in the grevlex Grobner basis are much smaller
than those in the lex basis. Then computing grevlex Grobner bases is more efficient than
computing lex Grobner bases directly. Furthermore, the complexity of the FGLM algorithm
is well understood and is polynomial in the number of solutions of the input system.

We refer the reader to the articles [61, 58, 59, 17, 16, 15, 63] and to references therein
for the state of art algorithms for computing Grobner bases. Also, the books of Cox et.
al. [45, 46] are good references for the reader to obtain a good overview of Grobner bases
and their applications.

1.4 Owur Contributions

Consider a sequence of s polynomials G in K[zy,...,x,] and a polynomial matrix F' in
K[zy,...,2,]P*9 with p < g and n = ¢ — p+ s + 1. The set of points in K", denoted
by V,(F,G), at which the polynomials G vanish and the matrix F' has rank defect is an
algebraic set.

In this thesis, our goal is to compute the isolated or simple points in V,(F', G). Isolated
points in V,(F', G) are points in the zero-dimensional irreducible components of V,(F', G).



Equivalently, these are all points  in V,(F', G) such that there exists a neighborhood of x
in which the system defining V,(F', G) has no other solutions. Simple points in V,(F, G)
are the points in V,(F, G) at which the associated Jacobian matrix of the system defining
Vo(F', G) has full rank. Note that the set of simple points is finite and is always a subset
of the set of isolated points of V,(F, G) [53, Theorem 16.19].

It is natural to assume that n = ¢ —p+ s+ 1. Indeed results due to Macaulay [131] and
Eagon and Northcott [52] imply that all irreducible components of the variety defined by
maximal minors of F have codimension at most ¢g—p+1. Then by Krull’s theorem [120, 53]
the irreducible components of V,,(F', G) have codimension at most ¢—p+s+1 . This implies
that the irreducible components of V,(F, G) in K" have dimension at least n—(q—p+s+1),
which is positive when n > ¢ — p + s + 1. Furthermore, in the case n = ¢ — p + 1 (when
s = 0), it is proved, for instance, in [167], that V,(F, G) has dimension zero for a generic
choice of polynomials G and entries of F'. Therefore, in this thesis, we restrict to the case
when n = ¢—p+s+1. Note that for the systems coming from optimization, this condition
is satisfied since in these cases p = s+ 1 and ¢ = n.

Note also that, even when n = ¢ — p + s + 1, the algebraic set V,(F,G) may have
components of positive dimension. In this case, we will be interested in computing the
isolated points in V,(F', G), while in some situations, we are only interested in computing
the simple points in V,(F', G).

We recall the notion of multiplicity of a point & with respect to an ideal I in K[z1, ..., z,].
This notion extends to ideals in K[xy, . .., x,,] by considering their extension in K[y, ..., z,].
We refer the readers to Section 3.1 for more details of the following notions. The ideal I
can be written as I = Q1 N---NQ,, for some primary ideals @)1, ..., Q,; this decomposition
is said to be minimal if V(Q;) # V(Q;) for i # j. For any isolated point « in V' (I), there
exists a unique primary component @);, for 1 < ¢ < r, which has dimension zero, such that
x is in Q;. Since we take a primary decomposition over K, one can has Q; = {x}. Although
minimal primary decompositions are not unique, the fact that x is isolated in V(1) implies
that ); does not depend on the primary decomposition that we are considering. Then,
the multiplicity of x is defined as the dimension of the K-vector space K[z1,...,z,]/Q;.
When « = 0 in K", by [46, Theorem 4.2.2], the dimension of K[zy, ..., z,]/Q; equals the
dimension of K[[z1,. .., %,]]/Q:, where K[[z1, ..., x,]] is the ring of the formal power series
in (x1,...,2,), with coefficients in K.

A local dimension test

Note that the set V,(F,G) is the same as V(C) where C = (¢1,...,Cs,Co415 ..., Cp) D
Kz, ..., x,], with m = s+ (g), (c1,...,¢5) = G and (cs41, - - -, Cp) the p-minors of F. We
use this representation when it is convenient for us.

Our first contribution is an algorithm which takes as input a polynomial system C =
(c1,...,¢p) and a point & € K" in the zero set V(C) of C, and decides whether z is an
isolated point of V(C).



Without any other information, this problem is difficult to solve efficiently. However,
when a bound p on the multiplicity of & as a root of C' is known, it is possible to get an
algorithm with a good complexity for this decision problem. Given a bound pu, we establish
an algorithm which solves this decision problem in time polynomial in the bound p, the
number of equations m, the number of variables n, and the complexity of evaluation of C'.
This result is given in Section 5.1, Chapter 5.

We remark that testing that a point x in V(C) is a simple point in V(C) is much
easier than deciding whether it is an isolated point. Indeed we only need to compute the
Jacobian matrix associated to C' and then find the rank of this matrix at .

Determinantal homotopy algorithms

Assuming there exists a suitable homotopy deformation, we give an algorithm which takes
as input the system C = (¢q, ..., ¢,) and computes a zero-dimensional parametrization of
the isolated points of V(C'). More precisely, let ¢t be a new variable, and suppose that we
know a family of polynomials B = (by,...,b,) in K[t, X|, where X = (zy,...,2,) such
that B(1,X) = C. Let A be the polynomials B(0, X) in K[X], and suppose V(A) is
finite, and that we are able to find a zero-dimensional parametrization of V(A) efficiently.
We then give symbolic homotopy algorithms which take as inputs the polynomials B,
together with a zero-dimensional parametrization of V(A), under certain regularity as-
sumptions, and which computes a zero-dimensional parametrization of either the isolated
solutions or the simple solutions of C'. This is where we use the local dimension testing
algorithms mentioned earlier.

The complexity we obtain depends linearly on the evaluation of C' and polynomially on
the sum of the multiplicities of isolated points (or simple points) in V(C') and the degree
of the homotopy curve. These algorithms are given in Section 5.2, Chapter 5. Note that
our algorithms work for any systems which satisfy certain regularity assumptions.

To apply these results to our determinantal problems, given polynomials G = (g1, - . ., gs)
in K[X] and F in K[X|?*? we will build a matrix

U=(1-1t) L+t FeK[t X"

that connects a suitable start matriz L to the target matrix F', together with a sequence
V = (vy,...,vs) in K[¢, X] of the form

V=(0-t)-M+t GeK[tX])

that connects a start sequence M = (my, ..., ms) in K[X] to the polynomials G. The start
system A = (aq,...,0s, 0541, - .-, 0y) in K[X] is given by (aq,...,as) = (mq,...,m,) and
(@st1y- ., am) are the p-minors of L, the deformed system B = (by, ..., bs, bsi1,...,by) in
K[t, X] is defined as (by,...,bs) = (vy,...,vs) and (bsy1,...,by) are the p-minors of U; all
the p-minors of L and U are followed the same order as those of F'. By this construction,
it is clear that B(1, X) = C and B(0, X ) = A. We show in Section 5.3 that these systems
satisfy all regularity assumptions for the determinantal homotopy algorithms above.



Determinantal varieties

Bounds on the number of isolated solutions of V,(F,G). As we have seen so far, the
number of solutions of a given system plays an important role in the polynomial system
solving. Our next contribution is to give bounds on the number of isolated points in

V,(F,G).

In order to state this, we will consider two degree measures for the matrix F' which
have been previously used in [144, 136]. For i = 1,...,p, we will write rdeg(F', i) for the
degree of the ith row of F = [f;;]i<i<pi<jq, that is, rdeg(F,i) = maxi<;j<,(deg(fi;))-
Similarly, for j = 1,...,¢q, we write cdeg(F, j) for the degree of the j-th column of F', that
is, cdeg(F, j) = max;<;<p(deg(fi;))-

We prove that the sum of multiplicities of the isolated points of V,(F',G) is at most
min(c, ¢), with

c = deg(g1) - - - deg(gs) - Nn—s(cdeg(F, 1), ..., cdeg(F,q))

and
d = deg(gl) e deg(gs) : hn—s(rdeg(Fa 1)a < ,rdeg(F,p)),

where 7(-) is the k-th elementary symmetric function and hg(-) is the k-th complete
symmetric function. This result is presented as a part of Chapter 6.

Computing zero-dimensional parametrizations of the isolated/simple points of V,(F,G).
Our algorithms take as input a straight-line program that computes G and all entries of
F from the input variables X. The runtimes of our algorithms are linear in the length of

a straight-line program that evaluates G' and all entries of F' and polynomial in the sum
of multiplicities of isolated solutions of V,(F', G) (which is bounded by min(c,¢’)) and the
degree of the homotopy curve which is at most min(e, ¢’), where

e = (deg(g1) +1)---(deg(gs) + 1) - np_s(cdeg(F, 1)+ 1,...,cdeg(F,q) + 1)
and

¢’ = (deg(gy) + 1)+ (deg(gs) + 1) - hy_s(rdeg(F,1) +1,...,rdeg(F,q) + 1).

The main step in our algorithms is using determinantal homotopy algorithms above.
To give concrete algorithms, we will have to specify how to define the polynomials M and
the matrix L, and how to solve the start system A = 0. The construction of the system
M will be straightforward. The main difficulty lies in the definition of a matrix L that will
respect either the column-degree or the row-degree of F' , while satisfying all assumptions
needed for the determinantal homotopy algorithms and allowing us to solve the resulting
system A = 0 easily. The column-degree case is treated in Section 6.2, while the more
complicated case, using the row-degree, is given in Section 6.3.



Determinantal varieties defined by sparse polynomials and application in weighted
domains

Consider polynomials G = (g1, ..., gs) and a matrix F' € K[z, ..., z,|’*? with all elements
of G and entries of F' being sparse. In this situation, we wish to describe the isolated zeros
of our algebraic set V,(F, G) only in the column-support case with the row-support case
left for future work. The tools used to create our sparse column support homotopy also
allows us to build a column homotopy algorithm for determinantal systems for weighted
degree polynomials. This work is presented in Chapter 7.

Bound on the number of isolated solutions of V,(F,G). For1l <i <s, let A, C N"
denote the support of g;, to which we add the origin 0 € N". For 1 <k <g¢, let B; C N"
be the union of the supports of the polynomials in the k-th column of F', to which we add
Oaswell. For1 <i<sand1 <k <gq, welet C; and D, be the convex hulls of respectively
Ai and Bk

We show that the sum of multiplicities of isolated points in V,(F, G) is at most

xX= >  MVQC,....C..D;,...., D),

iC{l,....q}"—*

where MV(-) denotes the mixed volume of some Newton polytopes.

Computing zero-dimensional parametrization of the isolated points of V,(F,G). Hav-
ing in mind to apply the determinantal homotopy algorithms, we determine a family of
possible start systems, that is, a family of polynomials M and matrix L, 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 bound y on the number of isolated points in V,(F', G)
and the degree of the homotopy curve, both depending on certain mixed volumes related
to the polynomials G and the columns of F'.

Note that we can compute the simple solutions of V,(G, F') as well by using the de-
terminantal homotopy algorithms for computing the simple points which does not require
any extra work.

Weighted determinantal varieties. Let w = (wy,...,w,) be positive integers and let
K[z1,...,2,]w be a polynomial ring of weights w. Consider a sequence of polynomials G
in K[X]w, with X = (.1317 . ,I'n), and a matrix F' = [fi,j]lgiﬁp,lgj,ﬁq in K[X]%Xq

We prove that the number of isolated points in V,(F, G) is decreased by a factor of
wy - -+ Wy, when compared to the problem that we study in classical domains (the polyno-
mial rings with weights w = (1,...,1)). That is, the sum of multiplicities of the isolated



points in V,(F, G) is bounded by
1

wl...wn

-wdeg(g1) - - - wdeg(gs) - n—s(Wedeg(F, 1) - - -, wedeg(F', q)),

where, for 1 < k < ¢, wedeg(F, k) = max;<i<,(wdeg(f;)) is the weighted degree of the
k-th column of F'.

We apply the determinantal homotopy algorithms once again; however, we do not
need to verify all assumptions in order to use these algorithms since we have mentioned
that weighted domains have a natural sparse structure, when compared to polynomials
in classical domains. We show that one obtains a speed-up which is polynomial in the
product of the weights to compute the isolated solutions of V,(F', G).

Invariant algebraic systems

We now move to our contribution for the problem of computing critical points defined by
symmetric polynomials. Given S,-invariant polynomials G = (g1, ..., gs) and ¢. We want
to describe the set W (¢, G) of points in K" at which G vanish and Jac(G, ¢) has not
full rank. One can verify that although the equations defining W (¢, G) are not invariant,
they form an equivariant system and the defined algebraic set W (¢, G) is invariant (see
Chapter 8 for more details).

Algorithm to turn an equivariant system into an invariant one. For positive integers
b, .. b, let Z; = (%1,...,2i4) be a set of ¢; indeterminates, for ¢ = 1,...,r. The
group Sy, X - -+ x &y, acts naturally on K[Z, ..., Z,]; it can be seen as a subgroup of the
permutation group S, of {1,... ¢}, with £ = ¢; + --- + £,, where S,, acts on the first ¢,
indices, Sp, acts on the next indices, and so on.

A sequence of polynomials ¢ = (q1,...,q) in K[Z,...,Z,] is called Sy, x -+ x Sy, -
equivariant if for any o in Sy, x --- x S, and i in {1,...,¢}, we have 0(¢;) = o)

Geometrically, the zero-set of V(q) in K is Sy, X -+ - X 8y, -invariant, although the equations
themselves may not be invariant.

Consider a sequence of Sy, X -+ x & -invariant polynomials p = (py,...,ps). The
fundamental theorem of symmetric polynomials allows us to work with polynomials in
Kley,...,e,], with e; = (e;1,...,€;4,) for ¢ = 1,..., 7, in order to represent a certain

“compressed” image V(p) C K’ of V(p). Here (e;1,...,e4,) are variables standing for
the elementary symmetric functions in Z; = (2;1, ..., zi4,). Computing this compression
saves considerable computations, indeed reducing the number by a factor of ¢;!---£,.!,
when compared to describing the set V(p). Therefore, it is meaningful to have an efficient
algorithm which turns an Sy, x - - - X Sy,-equivariant system into one which is S, x - - - xS, -
invariant.



Given an Sy, X -+ X &, -equivariant polynomials ¢ = (¢, ..., qs) of degrees at most d.
Our algorithm takes as input g and computes a sequence of Sy, X - - - X Sy -invariant poly-

nomials p = (p1,...,pe) such that V(q) and V(p) are the same in a suitable localization.
£+d)

The complexity of our algorithm is polynomial in ¢ and ( J

Algorithm to compute a symmetric representation of W(¢,G).  The global invariance
property of W (¢, G) allows us to split the set W (¢, G) into orbits under the action of the
symmetric group. The output of our algorithm will be a collection of zero-dimensional
parametrizations, one for each of the sets of the compression of the orbits of W (¢, G). We
will call such a data structure a symmetric representation of W (¢, G) (precise definitions
are in Section 9.2).

Suppose G = (g1, - - .,9s) and ¢ are S,-invariant polynomials in K[z, ..., z,], with the
degree at most d, and suppose that W (¢, G) is finite. We provide a randomized algorithm
that takes as input G and ¢ and outputs a symmetric representation for W (¢, G). The
runtime of our algorithm is polynomial in d*, (”+d), ( " ), with the size of the output of

d s+1
n+d—1>

our algorithm being at most ds< "

1.5 Related work

Bounds on the number of isolated points of V,(F',G), the general case

Pioneering work of Giambelli-Thom-Porteous (see e.g. [74] or [72]) already established
similar bounds under regularity assumptions (when V(G) is smooth and/or V,(F, G) has
the expected codimension). We are not aware of further generalizations focusing on isolated
points and taking into account multiplicities.

Previous work by Miller and Sturmfels [136, Chapter 15] proved general results on the
multi-degrees of determinantal ideals built from matrices with indeterminate entries (here
s = 0, but the assumption n = ¢ — p + 1 does not hold); they obtain analogues and
generalizations of our result in that context.

Nie and Ranestad proved in [144] that the bounds in our result for the sum of multi-
plicities of isolated points in V,(F',G) are tight for two families of polynomials when all
entries of F' = [f; ;] in K[z, ..., 2,]P*? are generic and homogeneous in n + 1 variables

e when deg(f; ;) = cdeg(F,j) for all 4, j, then the degree of the ideal generated by all
maximal minors of F is n,(cdeg(F', 1),...,cdeg(F,q));

e when deg(f; ;) = rdeg(F', ) for all 4, j, then the degree of the ideal generated by all
maximal minors of F' is h,(cdeg(F,1),...,cdeg(F,q)).



From this, they deduce that the degree of the ideal generated by G' and all maximal minors
of F is at most deg(gy) - - - deg(gs)hn_s(rdeg(F', 1), ... ,rdeg(F, p)), for systems coming from
optimization, assuming that this ideal has dimension zero. In addition, Spaenlehauer also
gave in [167] explicitly the Hilbert function of this ideal, for a generic input (F', G).

Algorithms to describe V,(F', G)

It is well-known that Grobner bases behave rather well on over-determined systems. Start-
ing from the determination of the Hilbert function of a determinantal ring due to Conca
and Herzog [43], complexity estimates are given in [66, 65] for computing Grobner bases of
ideals generated by either r-minors of F', for some integer 1 < r < p, or G and all r-minors
of F' for inputs coming from optimization problems. However, these require some generic-
ity assumptions on the entries of F' or G and in addition the input polynomials must also
have all the same degree. These works culminated with the result by Spaenlehauer in [167]
when he removes this latter degree assumption and provides sharp complexity statements,
still under genericity assumptions on the input (F, G).

Systems encoding rank defects in polynomial matrices have also been studied in the
scope of the so-called geometric resolution algorithm in [9] and [160]. The algorithms in
these references describe only points in V,(F, G) at which isolated solutions which are
not simple are not considered. Computing isolated points of V,(F,G) could be done
using Lecert’s equidimensional decomposition algorithm, still based on the geometric reso-
lution [123, 124]. The cost of these algorithms is quadratic in certain geometric quantities
(the degree of algebraic sets defined by subsystems of the determinantal equations we are
dealing with). This compares with the runtimes (see Theorem 4.2.3 for more details),

where the main contributions are the products (g) ce, respectively (Z) ce’, and where ce
and c¢/, are also of a geometric nature. Further work is needed to compare the degrees
involved in these complexity estimates with ours, and the resulting runtimes.

As previously mentioned, our algorithms are based on a symbolic homotopy continua-
tion with the references for this method in Section 1.3. Most aforementioned algorithms
solve square systems, that is, systems with as many equations as unknowns; though exten-
sions can deal with systems of positive dimension by using variants of algorithms for square
systems. On the other hand, we deal with determinantal systems of equations, which are
in essence over-determined, with more equations than unknowns which is made possible
by the algebraic properties of determinantal ideals.

Finally, algorithms in [159] can be used to find the isolated solutions of V,(F',G),
however, the complexity estimates obtained there depend on multi-homogeneous Bézout
bounds involving the maxima of rdeg(F',1),...,rdeg(F,p) or cdeg(F,1),... cdeg (F,q).



Sparse systems and weighted domains

Our results for sparse determinantal ideals gives the first set of homotopy algorithms which
simultaneously exploits both the determinantal structure and sparsity.

We remark 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
systems with a sparse structure, which could be solved using homotopy techniques, for
example, from [110] and [100, 101, 102]. 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.

Note also that the same reason can be seen when one wants to compute isolated points
of V,(F,G) in general. Furthermore, even when all isolated solutions to our determi-
nantal system lead to rank deficiency one, then using symbolic homotopy algorithms
for the new square system with Lagrange multipliers has the complexity depending on
deg(gy) - - - deg(gs)(cdeg(F, 1) + 1) - - (cdeg(F,1) + 1) (this quantity is greater than our
bound ¢) which is slower than our algorithms. Also, determinantal systems in the context
of Grébner bases [66, 65, 167] do not take into account the sparsity of the entries.

Weighted homogeneous systems have been studied before including some results about
weighted Bézout’s theorem, the Hilbert series, and the Hilbert function of weighted ho-
mogeneous ideal. There are also several works for the computation strategy for weighted
systems (see e.g. [67, 68] and references therein). To the best of our knowledge, there is no
previous work that exploits determinantal systems in the weighted structure of polynomi-
als.

Computing critical points for invariant systems

Pioneering work in [20, Section 14.2] and [65, 167] has established algorithms for determin-
ing critical points of a given function. When ¢ is linear, there exist algorithms to compute
such points using d°™ operations in K [20, Section 14.2]. More precisely, using Grébner
basis techniques, the paper [65, Corollary 3] establishes that, if the polynomials fi, ..., fs
are generic enough of degree d, then this computation can be done using

O(<n+nDreg>”+n <ds (d— 1) <Z:?1l>>3>

operations in K. Here Do, = d(s — 1)+ (d —2)n+ 2, and w is the exponent of multiplying
two (n x n)-matrices with coefficients in K. A generalization to systems with mixed degrees
can be found in [167]. In our algorithms, we do not need the genericity assumption of the
input.



On the other hand, there has been considerable work on solving symmetric algebraic
systems. Indeed, while it is always possible to compute the Grobner basis of a set of
symmetric polynomials, symmetries of the initial system are lost during the computation.
In [41], for a finite symmetry group, Colin proposed to use primary and secondary invari-
ants [170] to reformulate the problem. For the particular case of S,-invariant equations,
in [64], the authors compute a SAGBI-Grobner basis in the ring Kleq, ..., e,], where ¢; is
a variable corresponding to i-th elementary symmetric polynomial 7; in (x1, ..., x,). How-
ever, the polynomials defines W (¢, G) (G and all (s + 1)-minors of Jac(G, ¢)) are usually
not invariant, so these technique cannot be directly applied to our problem.

Note that although the system defines W (¢, G) is not invariant under the action of the
symmetric group S, it is S,-equivariant. For such S,-equivariant systems, following [62],
the authors in [69] used divided differences to construct a new system which is S,-invariant.
Our work is inspired by this reference, but the specific type of the equations that we
solve, involving minors of a Jacobian matrix, requires us to extend the work from [69].
Furthermore, no complexity analysis is given in that reference.

Finally, Nie and Ranestad proved in [144, Theorem 2.2] the size of W (¢, G) is bounded
by ¢ =d°(d—1)"* (Z) which is larger than our bound ¢ = d* (”+s_1) for the number of
points that our algorithm outputs. For example, when d = 2, we have ¢ = 2°(n + 1) while
c=2° (Z) More generally, when d and s are fixed, ¢ is polynomial in n (since it is bounded
above by d*(n+d—1)%) while ¢ is exponential in n (since it is greater than (d—1)"). When
s is fixed and d = n, ¢ is n°M2", whereas ¢ is %W (n — 1),

1.6 Organization of the thesis

This thesis consists of two main parts: Part I (from Chapter 4 to Chapter 7) contains our
results for determinantal systems and Part II (from Chapter 8 to Chapter 10) is devoted
for our contribution for invariant systems. The chapter contents are organized as follows:

e In Chapter 3, we recall some notions, notations, and some known properties of com-
mutative algebra and algebraic geometry, polynomial rings. The complexity model,
complexity estimates, and the data structures which are used in the thesis are also
included in this chapter; at the end of it, we introduce the basic ideas of symbolic
homotopy methods for polynomial system solving.

e In Chapter 4, we define precisely the problems that we are going to solve in the
determinantal ideals. We also give a summary for our results and a roadmap on how
to obtain them in this chapter.

e In Chapter 5, we provide an algorithm to decide whether a point in the zero-set of a
polynomial system is isolated. Our symbolic determinantal homotopy algorithms to
solve determinantal systems are given in this chapter as well.



e In Chapter 6, we study two degree measures for the matrix, the column-degree case
and the row-degree one, and show how to use the determinantal homotopy algorithms
in each situation.

e In Chapter 7, we show how to use the determinantal homotopy algorithms when all
entries of the input are sparse polynomials or in weighted polynomial rings.

e In Chapter 8, we give a detailed description for the problem that we would like to
treat in invariant polynomial systems and our contribution on this problem.

e In Chapter 9, we present how to describe group orbits of invariant sets, by means
of partitions of positive integers, and the data structure that we use to represent
invariant sets and some basic algorithms related to it. Our algorithm which turns a
block equivariant system into one which is block invariant is also presented in this
chapter.

e In Chapter 10, we show how to compute the data structure of the set of points
at which the symmetric polynomials G vanish and the Jacobian matrix Jac(G, ¢)
associated to G' and the symmetric polynomial ¢ is not full rank.

e In Chapter 11, we summarize our findings and provide some topics for future research.
Results in this thesis are papers as follows.

e Solving determinantal systems using homotopy techniques. Jon D. Hauen-
stein, Mohab Safey El Din, Eric Schost, and Thi Xuan Vu, accepted to Journal of
Symbolic Computation.

This article contains the results of Chapter 5 and Chapter 6.
e Homotopy techniques for solving sparse column support determinantal

polynomial systems. George Labahn, Mohab Safey El Din, Eric Schost, and Thi
Xuan Vu (submitted).

This article contains the results of Chapter 7.
e Computing critical points for invariant algebraic systems. Jean-Charles

Faugere, George Labahn, Mohab Safey El Din, Eric Schost, and Thi Xuan Vu (sub-
mitted).

This article contains the results of Chapter 9 and Chapter 10.



Chapter 2

Résumé en Francais

2.1 Motivations et problématiques

Le sujet central de cette these porte sur la conception d’algorithmes efficaces pour la réso-
lution de systéemes polynomiaux (également appelés “systemes algébriques”) a coefficients
dans un corps K qu’on supposera souvent de caractéristique zéro (a 'instar de Q, R ou C)
ou bien de caractéristique suffisamment grande.

De tels systemes modélisent des phénomeénes non-linéaires et statiques. Ceux-ci sont
légions notamment car ’essentiel des contraintes de la géométrie euclidienne (distance, co-
linéarité, orthogonalité, etc.) s’expriment algébriquement. Ainsi, la résolution de systémes
polynomiaux apparait dans de nombreuses applications des sciences de l'ingénieur, par
exemple en robotique [147], théorie du signal [89], chimie et biologie [140], et des sciences
du numérique comme, par exemple, la cryptologie (voir par exemples [88, 137, 138, 50]), la
géométrie algorithmique [20, 45, 46], la vision par ordinateur [145] ou encore la vérification
de programmes.

On distingue classiquement les systemes polynomiaux qui admettent un nombre fini
de solutions dans une cloture algébrique K de K (ils sont dits de “dimension zéro” par
abus de langage) des autres qui sont alors dits de dimension positive. Dans cette these, on
s'intéresse plus spécifiquement a la conception d’algorithmes pour la résolution de systemes
polynomiaux de dimension zéro.

Le caractere non-linéaire des problemes abordés rend parfois les méthodes numériques
délicates a certifier, qu’elles soient locales (comme celles fondées sur des itérations de
Newton) ou globales (comme celles fondées sur des homotopies numériques).

Ceci nous fait privilégier les méthodes algébriques, du calcul formel. Ces méthodes
peuvent parfois étre plus lentes en pratique mais, d’une part, elles sont plus robustes a
tout point de vue (notamment les sorties calculées sont des codages exacts des solutions) et
d’autre part, nombre des applications mentionnées plus haut ne nécessitent pas de réponse
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en temps réel. Enfin, le caractere algébrique des calculs menés permet de s’appuyer sur des
résultats de complexité théorique qui, bien souvent, ont un impact pratique tres concret.

Ainsi, dans notre contexte, “résoudre” des systemes polynomiaux a coefficients dans K
de dimension zéro va consister a calculer une représentation exacte des solutions dans K.
Comme on ’a dit, les solutions sont en nombre fini et les coordonnées de ces solutions sont

K-algébriques (c’est-a-dire qu’elles sont racines de polynémes univariés a coefficients dans

La représentation, classique, qui sera calculée par les algorithmes de cette these, s’inspire
du théoreme de 'élément primitif et trouve ses origines dans les travaux de Kronecker [119].
11 s’agit de représenter les coordonnées des solutions par I’évaluation de polynémes (ou frac-
tions rationnelles) univariées a coefficients dans K en les racines d’un polynéme univarié a
coefficients dans K également.

Par exemple, il est aisé, par un calcul simple d’algebre linéaire, de représenter (v/2, v/3)
en fonction de ¥ = v/2 + /3, en développant 1,9, 9%, 9%. Ainsi, de maniére générale, on
représentera les solutions de systémes polynomiaux dans Kz, ..., z,], de dimension zéro,
dont 'ensemble des solutions dans K est noté V, par la donnée de (q,v1,...,v,) dans
K[y] (ou y sera une nouvelle variable) via la paramétrisations rationnelle

[(n0 wmD gy
V-{(q/(T),...,q/m)eK L 4(r) o}

ol ¢ est sans facteur carré, les v; de degrés inférieurs a celui de ¢ et ¢’ est la dérivée de ¢
par rapport a y.

On peut remarquer ici que la cardinalité o de V coincide avec le degré de V. Ainsi
une telle représentation est de taille (n + 1)6 (ici la taille est simplement le nombre de
coefficients dans K dont on a besoin pour stocker ces polynomes dans la base monomiale
standard).

Le théoreme de Bézout (voir par exemple [30]) permet de borner ¢ par le produit des
degrés des polynomes du systeme de départ définissant V. Si D est le maximum de ces
degrés on a donc d < D" et ce majorant est atteint lorsque les polyndmes de départ sont
choisis génériquement (c’est-a-dire que les coefficients des systémes polynomiaux qui ne
satisfont pas cette propriété annulent une équation polynomiale non triviale).

Dans cette theése, nous portons notre attention sur des familles de systemes polynomiaux
particulierement structurées et qui interviennent dans diverses applications, notamment
celles de I'optimisation polynomiale, ou en robotique. Dans ces contextes, il est fréquent
de vouloir identifier des singularités qui sont définies par une chute de rang dans une
matrice a entrées polynomiales et d’éventuelles autres équations polynomiales.

Ainsi, sous des hypothéses de régularité (satisfaites génériquement), les points critiques
d’une application polynomiale & — ¢(x) restreintes a une variété définie par I'annulation
simultanée de polynémes G = (g1,...,9s) sont définies par une chute de rang dans la



jacobienne F', de taille (s + 1,n) associée a G, ¢ et bien sir 'annulation simultanée des
entrées de G.

Ce type structure a un impact sur la valeur de ¢ et, dans ce cas précis, la borne de
Bézout précédemment mentionnée n’est pas atteinte.

On s’intéresse donc en premier lieu au probleme algorithmique suivant.

Probléme. Soit G = (g1, ...,9s) une suite finie de polynomes et F une matrice de taille
pxq (avec p < q) dont les entrées sont aussi des polynomes, tous ces polynomes appartenant
a Klxy,...,z,] et tels quen = q—p+ s+ 1. Calculer les points isolés de ’ensemble des

points de K= qui annulent simultanément les entrées de G et en lesquels le rang de F
chute.

Nous considérerons plusieurs variantes de ce probleme, notamment celles ou les entrées
de G et F sont creuses ou bien bénéficient de propriétés d’invariance par action du groupe
symétrique.

2.2 Meéthodes pour la résolution de systemes polyno-
miaux

La résolution effective de systemes polynomiaux est étudiée depuis maintenant de nom-
breuses années et diverses méthodes ont été congues pour apporter des solutions algorith-
miques efficaces qui ont chacune leurs spécificités.

Dans cette section, nous faisons un tour d’horizon, non exhaustif, des méthodes de
résolution des systémes polynomiaux sur lesquelles nous nous appuyons dans cette these.

Homotopies. Ces méthodes s’appuient sur I'idée fondamentale suivante. On cherche a
“résoudre” (c’est-a-dire calculer les points isolés) d'un systéme d’équations polynomiales
donné a; = --- = ay = 0 dans K[zq,...,z,]. Pour cela, on tente d’identifier un systéme
d’équations polynomiales b; = --- = by = 0 dont on connait a priori (souvent par con-
struction) les solutions dans K et on attend que I'ensemble des solutions de ce dernier soit
de cardinalité supérieure ou égale au nombre de points isolés de notre systeme de départ.
On construit alors le systeme définissant une courbe d’homotopie

ta1+(1—t)b1:"':tCLN—F(l—t)bN:O

ou t est une nouvelle variable. Il s’agit alors de suivre les solutions du systeme by = - - - =
by = 0 en faisant varier le parametre d’homotopie de 0 a 1.

Le systeme a; = --- = ay = 0 est parfois appelé “systeme cible” et le systeme b; =
--- = by = 0 est lui parfois appelé “systeme source”.



Cette idée facile a énoncer trouve des déclinaisons tant numériques que symboliques
et leur mise en ceuvre nécessite de résoudre plusieurs problemes intermédiaires ; nous en
mentionnons quelques-unes ci-dessous :

e comment construire le systeme dont on connait les solutions?

e comment garantir qu’il suffit de suivre les solutions a ¢ = 0 pour récupérer celles
correspondant a t = 17

e comment garantir le comportement numérique du suivi des solutionsdet =0at =17

e comment faire ce suivi de solutions dans le contexte du calcul formel?

La littérature concernant les méthodes d’homotopie tant numériques que symboliques est
riche (voir par exemples [4, 25, 33, 96, 129, 126, 165, 139]) et apporte des solutions a ces
questions dans bien des cas mais pas dans le contexte déterminantiel évoqué ci-dessus.

Dans cette these, nous donnons en Section 3.7 une réponse précise et rigoureuse a la
premiere question et développons principalement des algorithmes d’homotopie symboliques
pour résoudre les problemes déterminantiels décrits dans le paragraphe précédent.

Résolution géométrique. Si le coeur méthodologique de cette these se situe dans la con-
ception d’homotopies adaptées au contexte déterminantiel, nous utiliserons quand méme,
dans certaines situations, et en interne dans nos algorithme, 1’algorithme de résolution
géométrique pour résoudre des systemes polynomiaux intermédiaires dont 1'union des so-
lutions constituera I’ensemble des solutions du probleme déterminantiel source.

Cet algorithme de résolution géométrique trouve ses origines dans [86, 84, 85] et est

décrit dans [123, 87, 124]. Etant donné un systéme a; = --- = ay = 0 dans K[zy, ..., 2,],
il procede incrémentalement en calculant les solutions de 'intersection de n — ¢ hyperplans
génériques Hy, ..., H,_; avec I’ensemble V; des solutions dy systeme a; = --- = a; = 0. Ces

solutions sont encodées par une paramétrisation rationnelle. A partir de ces solutions, on
utilise un itérateur de Newton symbolique (communément appelé remontée de Hensel en
calcul formel) pour obtenir un développement série définissant les voisinages de ces points
sur la courbe, dite courbe de remontée, définie par I'intersection de V; avec les hyperplans
Hy,...,H, ;1. Une étape de reconstruction rationnelle permet ensuite d’obtenir une
paramétrisation rationnelle de cette courbe (qui est valable globalement, hormis certains
points exceptionnels de la courbe). On continue le process de résolution en calculant une
paramétrisation de I'intersection cette courbe de remontée avec 'hypersurface définie par
a;+1 = 0, et ainsi de suite. Cette derniere étape d’intersection se ramene a la résolution de
systemes bivariés.

En plus de n et N, les deux parametres qui interviennent dans I’analyse de complexité
de cet algorithme sont :



e la complexité d’évaluation L du systeme de départ lorsqu’il est donné par un pro-
gramme d’évaluation (sans boucles ni division de polynémes);

e le maximum 9§ des degrés des variétés algébriques V; pour 1 <i < N.

Au final, l'algorithme de résolution géométrique de [87] est linéaire en L, polynomial en n
et N et quadratique en ¢ (a des facteurs logarithmiques pres).

Dans nos algorithmes d’homotopies symboliques dédiées aux structures déterminantielles,
on s’appuiera sur des remontées de Hensel similaires a celles évoquées plus haut pour cal-
culer une paramétrisation rationnelle de courbes d’homotopie.

Comme déja évoqué, on utilisera aussi directement ’algorithme de résolution géométrique
pour résoudre des systémes dont I'union de ’ensemble des solutions forme I’ensemble des
solutions de problemes déterminantiels sources.

Bases de Grobner. Obtenir des implantations efficaces des algorithmes précédemment
évoqués est un probleme en soi car il faut pour cela pouvoir s’appuyer sur des bibliotheques
particulierement optimisées pour 'arithmétique polynomiale et capables de manipuler effi-
cacement des programmes d’évaluation. Méme si des progres récents ont été effectués, dans
cette these on validera certains de nos résultats de complexité (notamment concernant les
probléemes invariants par symétries) en remplacant les calculs de résolutions géométriques
et d’homotopies symboliques par des calculs de bases de Gréibner.

Les bases de Grobner et l'algorithme de Buchberger sont introduits dans [36]. 11
s’agit d’un object fondamental permettant de définir une forme normale dans 'anneau
des polynémes K|z, ..., z,| quotienté par I'idéal engendré par les équations considérées et
ainsi résoudre le probleme d’appartenance aux idéaux polynomiaux.

Ces bases de Grobner sont calculées en fonction d’ordres monomiaux admissibles qui
permettent définir une division polynomiale multivariée. Les bases de Grobner d’idéaux
de dimension zéro calculées pour l'ordre lexicographique sur les variables, sous réserve que
celles-ci soient en position générique et que 1'idéal soit radical, sont dites en position shape
lemma, c’est-a-dire que les coordonnées des solutions sont polynomialement paramétrées
par la derniere variable pour l'ordre lexicographique. Cette sortie est ainsi tres similaire
aux paramétrisations rationnelles qu’on cherche a calculer.

Les algorithmes Fy et Fj; dus a J.-C. Faugere [58, 59] ont sensiblement amélioré les
calculs de bases de Grobner en pratique. Ils s’appuient sur des réductions a des opérations
d’algebre linéaire efficaces. Divers logiciels implantent ces algorithmes efficacement et
nous les utilisons pour valider expérimentalement les résultats obtenus sur les problemes
déterminantiels invariants par action du groupe symétrique.



2.3 Contributions

Dans la suite on considére s polyndémes G = (gi, . ..,gs) dans K[z, ..., z,] et une matrice
F dans K[z, ...,2,]P*% avec p < g et n = ¢ — p+ s + 1. L’ensemble des points de K",
ou les polynémes de G s’annulent et ou la matrice F' n’est pas de rang maximal est noté
Vo(F,G). On fera 'hypothese naturelle que n = ¢ —p+ s+ 1.

Un test de dimension locale

Remarquons que V,(F', G) coincide avec 'ensemble algébrique V(C') avec C = (¢4, .. ., ¢s,
Csi1y .-y Cm) dans K[z, ..., x,], avec m = s+ (Z), (c1,...,¢5) =G et (Csp1,...,cm) est la
suite des p-mineurs de F'.

Notre premiere contribution est un algorithme qui prend en entrée une suite de polynomes
C = (c1,...,cm) et un point & € K dans V(C), et qui décide si & est un point isolé dans
V(C).

Nous montrons que si on connait une borne g sur la multiplicité de  en tant que
racine de C, on peut décider si @ est isolé dans V(C) en temps polynomial en p, le

nombre d’équations m, le nombre de variables n, et la complexité d’évaluation de C. Ce
résultat est décrit plus précisément dans Section 5.1, Chapter 5.

Algorithmes d’homotopies déterminantielles

Sous I’hypothése d’avoir une déformation convenable pour mettre en ceuvre une homo-
topie, on donne un algorithme qui prend en entrée C = (cy,...,¢p,) et qui calcule une
paramétrisation rationnelle des points isolés de V(C). Cet algorithme s’appuie sur le test
de dimension locale évoqué ci-dessus.

Sa complexité dépend linéairement de la complexité d’évaluation de C, polynomiale-
ment de la somme des multiplicités des points isolés de V(C') et du degré de la courbe
d’homotopie. Ceci est décrit dans la Section 5.2, Chapter 5.

Nous montrons ensuite comment appliquer cet algorithme dans le contexte des systémes
déterminantiels.

Variétés déterminantielles

Bornes sur le nombre de points isolés dans V,(F,G). Nous prouvons que la somme
des multiplicités des points isolés de V,(F', G) est au plus min(c, ¢), avec

c = deg(g1) - - - deg(gs) - Nn—s(cdeg(F, 1), ..., cdeg(F,q))

et
¢ = deg(Ql) T deg(gS) ' hnfS(rdeg<F> 1)7 cee 7rdeg(F7p))7



ou ni(-) est la k-éme fonction symmétrique élémentaire et hg(-) est la k-éme fonction
symmétrique complete. Ce résultat est présenté dans le Chapter 6.

Calcul des points isolés/simples de V,(F,G). On donne des algorithmes qui prennent
en entrée un programme d’évaluation pour G et F' et calculent les points isolés/simples
de V,(F,G). Leurs complexités sont linéaires en la longueur du programme d’évaluation
et polynomiales en la somme des multiplicités des points isolés de V,(F', G) (bornée par
min(c, d)) et le degré de la courbe d’homotopie min(e, €’), avec

e = (deg(g1) +1)---(deg(gs) + 1) - nn_s(cdeg(F,1) +1,...,cdeg(F,q) + 1)

et
¢ = (deg(g1) +1) - (deg(gs) + 1) - np_s(rdeg(F,1) + 1,...,rdeg(F,q) + 1).

Variétés déterminantielles définies par des polynémes creux et applications aux
anneaux de polynémes pondérés

Nous montrons ensuite comment adapter les résultats précédents aux situations ou les
polynomes donnés en entrée sont creux.

Comme précédemment nous donnons d’abord une borne sur la somme des multiplicités
des zéros isolés de V,(F, G) puis un algorithme dédié pour calculer ces points. Cette borne
et la complexité de cet algorithme dépendent de volumes mixtes de systémes constitués
d’entrées de F' et des entrées de G.

Ces résultats sont ensuite spécialisés aux systeémes dits pondérés. On se donne w =

(wy,...,w,) des enties positifs et on note Klxy,..., 2|, anneau des polynémes en les
variables x1, ..., x, qui sont pondérées par w. On considere maintenant que les entrées de
G et F vivent dans K[zq, ..., 2]

Dans ce cas, on montre que la somme des multiplicités des points isolés de V,(F', G)
est bornée par

1

wl-..wn

’ Wdeg(gl) e Wdeg(gS) ’ nn—s(WCdeg(Fv 1) T 7WCdeg(F7 q)>>

ou pour 1 < k < ¢, wedeg(F', k) = max;<g<,(wdeg(f;)) est le degré pondéré de la k-éme
colonne de F'.

En appliquant nos résultats sur les systemes creux a ce contexte nous obtenons un
algorithme pour calculer ces points dont la complexité est bénéficie d’'une accélération de
I’ordre du produit des poids.



Systemes déterminantiels invariants

On considere maintenant le probleme de calculer les points critiques de I'application x —
¢(x) (out ¢ est un polyndme) restreinte a la variété V(G) dans le cas ou ¢ est les entrées
de G sont S,-invariants. On note cet ensemble de points critiques W (o, G).

On montre comment, en ne calculant qu'un point par orbite, on peut ramener ce prob-
leme a la résolution de systemes déterminantiels dans le contexte pondéré. Ici notre systéme
de poids naturel devient (1,...,n) et on montre que I’algorithme obtenu a une complexité

polynomiale en d*, (";d), (311)'

2.4 Organisation de la these

Cette these est structurée en deux parties. La partie I (qui contient les chapitres 4
a 7) décrit nos résultats sur les systemes déterminantiels. La partie II (qui contient les
chapitresr 8 a 10) décrit nos résultats sur les systémes déterminantiels invariants par action
du groupe symétrique.

Plus précisément, les contenus des chapitres s’articulent comme suit.

e Le Chapitre 3 constitue un rappel des notions préliminaires d’algebre commutative,
de géométrie algébrique qui seront utilisées dans la these. Nous rappelons également
quelques notions élémentaires liées au modele de complexité et aux structures de don-
nées que nous utilisons et nous introduisons les idées de base sur lesquelles s’appuient
les méthodes d’homotopies symboliques.

e Au Chapitre 4, nous définissons avec précision les probléemes algorithmiques portant
sur les variétés déterminantielles que nous résolvons dans cette these. Ceci nous per-
met de proposer un survol des résultats obtenus et une grille de lecture des chapitres
qui suivent.

e Le Chapitre 5 décrit un algorithme qui permet de décider si un point d’une variété
algébrique est isolé dans cette variété étant données quelques informations supplé-
mentaires comme une borne sur la somme des multiplicités des points isolés de cette
variété. Cet algorithme est ensuite utilisé dans un algorithme d’homotopie général
(qui pré-suppose la connaissance d’un systeme de départ adéquat) que nous décrivons.

e Au Chapitre 6, nous montrons comment instantier cet algorithme d’homotopie général
pour résoudre nos problemes déterminantiels. Nous utilisons deux mesures de degré
sur la matrice donnée en entrée : d’une part le degré par colonnes (qui n’est autre
que le maximum des degrés par colonne) et d’autre par le degré par lignes (qui est
le maximum des degrés par ligne). Pour chacune de ces mesures, nous donnons un
algorithme d’homotopie déterminantielle dédié.



e Au Chapitre 7, nous montrons comment utiliser et adapter ces algorithmes d’homotopie
pour le cas du degré par colonnes lorsque les polynomes de notre probleme sont creux
ou quasi-homogenes.

e Au Chapitre 8, on décrit dans le détail les problemes algorithmiques considérés pour
le cas des systemes déterminantiels invariants par 'action du groupe symétrique.

e Le Chapitre 9 décrit les notions préliminaires permettant de décrire les orbites des
solutions des problemes de calculs de points critiques invariants par action du groupe
symétrique. Nous donnons ensuite un algorithme qui prend en entrée les données de
notre probleme de calcul de points critiques ainsi qu’une caractérisation des orbites
qu’on cherche a calculer en termes de partitions d’entiers, et qui renvoie un systeme
algébrique encodant les solutions de I'orbite cible.

e Au Chapitre 10, nous montrons comment calculer une structure de données qui décrit
les points ot les polynomes symétriques G s’annulent, et ou la matrice jacobienne
Jac(G, ¢) associée a G et au polynéme symétrique phi n’a pas rang plein.

e Le Chapitre 11 conclut cette thése en résumant les résultats obtenus et proposant
quelques perspectives de recherche.

Les résultats obtenus font 'objet des trois articles ci-dessous :

e Solving determinantal systems using homotopy techniques. Jon D. Hauen-
stein, Mohab Safey El Din, Eric Schost, et Thi Xuan Vu, accepté au Journal of
Symbolic Computation.

Cet article contient les résultats des chapitres 5 et 6.
e Homotopy techniques for solving sparse column support determinantal

polynomial systems. George Labahn, Mohab Safey El Din, Eric Schost, and Thi
Xuan Vu, soumis au Journal of Complexity.

Cet article contient les résultats du Chapitre 7.
e Computing critical points for invariant algebraic systems. Jean-Charles

Faugere, George Labahn, Mohab Safey El Din, Eric Schost, and Thi Xuan Vu, soumis
au STAM Journal on Applied Algebra and Geometry.

Cet article contient les résultats des chapitres 9 et 10:



Chapter 3

Preliminaries

Throughout this thesis we let X denote the set of variables (x1, ..., z,).

3.1 Commutative algebra and algebraic geometry

In this section, we recall some standard notions and notations of commutative algebra
and algebraic geometry. We refer the reader to the books [135, 53, 46] for more detailed
descriptions.

3.1.1 Ideals

A nonempty subset I of a ring R is called an ideal if Oz € I and for all x,y in [ and r € R,
x+y €l and rr € I. Let R be a commutative ring with identity and S be a subset of R.
The ideal generated by S is the subset

<S>:{T151+"‘+Tk5k : Tl,.-.TkeR,Sl,-..,SkES,]CEN}-

If S has a single element s, this is called the principal ideal generated by s. An ideal I in
a commutative ring R is said to be

e maximal if there is no ideal J of R such that [ C J C R with I # J and J # R.
e prime if whenever a,b in R and ab € I, then eithera € [ or b € I.
e primary if ab € I implies that either a € I or b* € I for some positive integer k.

e radical if a* € I for any positive integer k implies that a € I.
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The radical of an ideal I in a commutative ring R, denoted by v/I, is defined as
VI={reR: el for some k € N};

this set is a radical ideal of R. We have some basic properties as follows: a prime ideal
is primary; if I is primary, then v/T is prime; if I is prime, then /I = I; every maximal
ideal of a commutative ring with identity is prime (the converse, however, is not true for
example, when R = Q[xy, x2] and I = (z1)).

Let I and J be ideals in a commutative ring R.

e The sum of I and J, denoted by I + J, istheset [+ J={a+b:a€landbec J}.

The product of I and J, denoted by I.J, is the set IJ ={a-b : a€ [ and b € J}.

The intersection of I and J, denoted by INJ,istheset INJ={a € R : a€1,J}.

The colon of I and J, denoted by [ : J,is theideal [ : J={re R :r-J CI}.

The saturation of I and J, denoted by I : J*, is the ideal [ : J* = U,>,(I : J").

In general, for ideals I and J of R, the product I.J is contained in I N.J, but does not need
to coincide with it. In addition, if I and J are any ideals, then VI N J = VI NVJ.

Let R be a ring. The Krull dimension (or simply the dimension) of R, denoted by
dim(A), is the supremum of the lengths r of all strictly decreasing chains pg D p; D -+ D p,
of prime ideals of A.

For a prime ideal p of R, the height or the codimension of p, denoted by height(p), is
the supremum of the lengths of all strictly decreasing chains of prime ideals

P=PooP1 O DPs

and the coheight, written coheight(p), is the supremum of the lengths of all strictly increas-
ing chains of prime ideals p = pg C p; C --- C p,. Then

coheight(p) = dim(R/p) and height(p) + coheight(p) < dim(R).

Note that, in some terminology, height(p) is called the rank of p, and coheight(p) the
dimension of p.

For a general ideal I C R, the height of I is defined as the infimum of the heights of
prime ideals containing I:

height (/) = inf{height(p) : I C p,p is a prime ideal of R}.
Since prime ideals in R/I correspond to the prime ideals in R containing I, then

coheight(I) = dim(R/I).



We also have

height(I) + dim(R/I) < dim(R).

For any R-module A, an element in r in R is called a zero divisor on A if ra = 0 for
some non-zero a € A. A commutative ring with identity having no zero divisors is an
integral domain. If a and b are in a field with ab = 0, then if a # 0, it has an inverse a™!,
and so multiplying both sides by a=! gives b = 0; in other words, every field is an integral

domain.

Theorem 3.1.1. [94, Theorem 18.A] Let R be an integral domain of finite Krull dimension.
For any p be a prime ideal of R, we have

height(p) + dim(R/p) = dim(R).

In addition, rings of polynomials are integral domains if the coefficients come from an
integral domain. Therefore, if K is a field, the polynomial ring K[z, ..., z,] is an integral
domain.

3.1.2 Algebraic sets and Zariski topology

A subset V € K" is said to be a K-algebraic set (or K-algebraic variety) if there exist
f=(fi,..., fm) in K[X] such that V is the zero set in K" of the system f = 0, that is,

V=V(f)={aeK": f(a) =0}.

If the algebraic set V' is the zero locus of a single polynomial, then V' is called a hypersurface.
When this single polynomial is linear, V' is called a hyperplane. Sometimes in the thesis,
we also write Z(f) for the algebraic set defined by f.

If V is a subset of K", we let Z(V') denote the ideal of the polynomials vanishing on
all points of V| that is, Z(V) = {f € K[X] : f(a) = 0 for all @ € V}. By Hilbert’s
Nullstellensatz [45, Theorem 2—Section 1-Chapter 4] we know that Z(V') is a radical ideal.

Proposition 3.1.2. [94, Chapter 1] Algebraic sets have the following properties

() is an algebraic set;

K" is an algebraic set;

the intersection of any collection of algebraic sets is an algebraic set;

the union of any finite collection of algebraic sets is an algebraic set.

Proposition 3.1.2 shows that algebraic varieties have the same properties as the closed sets
of a topology on K.



Definition 3.1.3. An algebraic set is called a Zariski closed set. The complement of a
Zariski closed set is a Zariski open set. The Zariski topology on K is the topology whose
closed sets are the algebraic varieties. The Zariski closure of a set V. C K" is the smallest
algebraic set containing V. A subset W C V of a variety V is Zariski dense in V' if its
closure is V.

It can be shown, for example, in [45], that the Zariski closure of a set U C K is
V(Z(U)), the set of points in K" where all polynomials that vanish identically on U also
vanish.

3.1.3 Generic properties of varieties

In algebraic geometry, there are some properties which hold for most objects of a given
type. For example, most square matrices are invertible and most univariate polynomials
of degree d have d distinct solutions. We use the term of “generic” to describe such a
situation.

Definition 3.1.4. Let X be a variety. Then a subsetY C X 1is called generic if it contains
a non-empty Zariski open subset of X. A property is generic if the set of points on which
that property holds is a generic set.

Thus a property is said to hold generically for a polynomial system f if there exists
a nonzero polynomial in the coefficients of f such that this property holds for all f for
which the polynomial does not vanish. Note that the notion of genericity depends on the
context, and so care must be exercised in its use.

For example, consider a quadratic polynomial ax? 4+ bx + c¢. Generically, the equation
ax?® + bx + ¢ = 0 has two solutions in K, counted with multiplicity. This property holds
when a # 0. Let O be a non-empty Zariski open subset of K defined as the complement
of the Zariski closed set V(a) in K. Then, for any a € O, the equation az? + bz + ¢ = 0
has two solutions in K, counted with multiplicity.

On the other hand, generically, the equation ax?® + bx + ¢ = 0 also has two distinct
solutions in K with this property holding when a(b? — 4ac) # 0. Therefore, if we define
the non-empty Zariski open subset O of K’ as the complement of the Zariski closed set
V(a(b? — dac)) in K, that is, O := K°\ V(a(b? — 4ac)), then for any point (a,b,c) in O,
the equation ax? + bx + ¢ = 0 has two distinct solutions in K.

3.1.4 Irredudant decomposition
A variety V is irreducible if it cannot be written as a union of proper subvarieties. That

is, if V. =Y U Z with Y, Z being subvarieties of V', then either V =Y or V = Z. A variety
V has an irredundant decomposition into irreducible subvarieties, V = V3 U---UV,, which
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Figure 3.1: Irreducible components of V (z2xy + a3 + 22 + 23 — 429 — 4)

is unique in that each V; is an irreducible subvariety of V' and if ¢ # j, then V; ¢ V;. We
call the subvarieties Vi, ..., V, the irreducible components of V.

Theorem 3.1.5. [45, Theorem 4—Section 6-Chapter 4] Every nonempty variety V can be
decomposed as a finite union

V=Viu---UvV,

of irreducible varieties, with no V; being a subset of any V; when i # j.

For a hypersurface defined by polynomial f, finding its irredundant decomposition is equiv-
alent to factoring f into irreducible polynomials.

Example 3.1.1. For the curve defined by V (z%x + 3 + 2% + 13 — 4x5 — 4), its components
are the circle defined by x? + 3 = 4 and the line z, = —1 (in Figure 3.1). This follows
from

Tiwy + 2 + 2 + a5 — day — 4 = (27 + 25 — 4) (23 + 1).

Definition 3.1.6. The dimension of an algebraic set V in K', denoted by dim(V'), s
the largest integer d such that there exists {iy,...,iq} for which the projection of V' on
Tiy, ..., &, has nonempty interior. The codimension of V' is then defined as n — dim(V').

The variety is equidimensional of dimension d if all its irreducible components have
dimension d.

By convention, the dimension of the empty set is —1. An algebraic set of dimension zero
is nonempty and finite.

Note that there are several equivalent definitions for the dimension of an algebraic set.
Let I C K[zy,...,2,] be the ideal defining the algebraic set V = V(I) ¢ K". Then the
dimension of V' is the Krull dimension of K[zy, ..., x,]/I, that is,

dim(V (1)) = dim(K[zy, ..., z,]/1).



Furthermore, the dimension of a variety V' C K equals the number of hyperplanes in
general position such that the intersection of these hyperplanes with V' is a nonzero finite
number of points in K.

Definition 3.1.7. Let V' be an irreducible variety of dimension d. The degree of an V is
the number of points in the intersection of V. with d generic hyperplanes.

If V is an arbitrary algebraic variety, its degree is defined as the sum of the degrees of
its irreducible components.

Example 3.1.2. Let V' be the curve defined in Example 3.1.1. Then V is equidimensional
of dimension 1 since all its irreducible components (a circle and a line) are one-dimensional.
The degrees of the circle and the line equal 2 and 1, respectively. So V' has degree 3.

3.1.5 Regular, singular, and critical points

Let V ¢ K" and Z(V) C K[zy, ..., z,] be the ideal associated to V. The tangent space to
V at & € V is the vector space T,V defined by the equations
of of

5&;($)U14""+‘axn

(w)vn =0,

forall finZ(V). Let f = (f1,..., fm) be generators of Z(V'). Then, for any polynomial f €
Z(V), there exist polynomials gy, ..., g, in Klxy,..., z,] such that f = g1 f1 + -+ gmSfim-
The tangent space to V at € V is the right kernel of the Jacobian matrix associated to
polynomials f

Ofh ... O
8$1 8$n
Jac(f) = | : :
ofs ... Ofs
ox1 Ozn

evaluated at x.

Suppose that V' is equidimensional, then a point x in V' is called reqular or nonsingular
if dim(7, V) = dim(V'); the singular points are those points of V' which are not regular. A
variety V' is nonsingular or smooth if it is nonsingular at every point in V.

Lemma 3.1.8 (Jacobian criterion). [53, Theorem 16.19] Let f = (fi,..., fs) be a sequence
of polynomials in K[z, ..., x,]. Assume that at any point x of V(Ff), the Jacobian matrix
associated to f has rank s. Then the ideal generated by f is radical and the variety V (f)
is either empty or smooth and equidimensional of codimension s.

Corollary 3.1.9. Let V' be a d-equidimensional variety and f be a set of generators of
the ideal defining a variety V. Then a point * € V is reqular if the rank of the Jacobian
matriz Jac(f) associated to f at x is n — d.



Consequently, the set of singular points of a variety V' of dimension d is a closed set; its
defining ideal is generated by the vanishing of the polynomials in f and the (n — d)-minors
of Jac(f).

Example 3.1.3. The variety V (2} — 2% 4+ 23) C C? (Figure 3.2(a)) has singularity at the
origin. To find all singularities, we need to find common solutions of

o} — 2 + a5 =307 — 20 =225, =0 (3.1)

with the last two equations being partial derivatives of z3 — x? + z2 with respect to x;
and zy. Clearly, only (0,0) is the solution of (3.1), so V(2?3 — 2% + 22) C C? has only one
singular point.

On the other hand, if we see the variety V(z% — 2?2 + 22) C C® (Figure 3.2(b)), we
have z3 is a variable. Then, all points of the form [0, 0,¢], with ¢ € C, are singularities of
V(z3 — 22 +23) C C3.

LY .

\, 15
| T L
\\ ,

N 05 =

\\\ - i AL
15 1 -5.5 R o5 A 15 -2
/5 i 4

// -17

V. 1.5

(a) V(a3 — 22 +23) Cc C? (b) V(23 — 22 + 23) c C3

Figure 3.2: Singularities

Consider an equidimensional variety V' C K". Let ¢ be a polynomial mapping V — K,
for some positive integer m. The differential of ¢ at a regular point  in V' is denoted
by dzp. A regular point x in V is called a critical point of the restriction of ¢ to V if
dpp(TpV) #K™. In other words, a point @ in V is a critical point of the restriction of ¢
to V if and only if @ is nonsingluar and dim(d,¢(73V)) < m. The first condition means
the rank the matrix Jac(f) evaluated at @ is n — d, and then the second one, together with

the fact that T,V is the nullspace of Jac(f)(x), implies that the matrix lJac(f)] has not

Jac(p)

full rank at &. We have the following result.

Lemma 3.1.10. [158, Lemma A.2] Suppose that V' is d-equidimensional. Let f = (f1,..., fs)
be a set of generators of the ideal defining V. Then the set of critical points of the restriction



of a polynomial mapping ¢ : V — K is

{a: €V : rank(Jac,(f)) = n — d and rank Bzzzgg

<n—d~|—m}.

3.1.6 Primary decomposition of ideals

In the view of Theorem 3.1.5 and the ideal-variety correspondence, every radical ideal in
K[z1, ..., z,] can be written uniquely as a finite intersection of prime ideals, I = PN---NP,,
where P; ¢ P; for i # j. It is not correct that any arbitrary ideal I can be written as an
intersection of prime ideals since the intersection of prime ideals is radical. However, we

can decompose an ideal into an intersection of primary ideals.

For a primary ideal I C K[zy,...,,], the radical ideal v/ of I is prime and is the
smallest ideal in K[z, ..., x,] containing I. If I is primary and VI = P, then we say that
I is P-primary and P is called the associated prime ideal of 1. A primary decompositionof
an ideal I is an expression of I as an intersection

I=Qin-NQ.

where @), ..., Q, are primary ideals; this decomposition is called minimal or irredundant
if \/Q; # v Q for all i # k and then the radicals P, = \/(Q); are then called the associated
primes of I.

Theorem 3.1.11. [45, Theorem 7-Section 7-Chapter 4] Every ideal in K[z1, ..., xz,] has
a minimal primary decomposition.

Example 3.1.4. Let I = (175, 7173) be an ideal in K[z,, x5, 23]. The primary decompo-
sition of I is I = (z1) N (xy, x3) and V(I) = {(0, x9, x3) : @9, x5 € K}U{(21,0,0) : 2, € K}.

For the example above, there is a one-to-one correspondence between the primary
decomposition of I and the irredundant decomposition of its zero set V(I). In general,
unlike the case of varieties or radical ideals, minimal primary decomposition need not be
unique. When there are embedded primes, primary decompositions are not unique. The
associated primes minimal with respect to inclusion are called the minimal primes, the
others are called embedded primes. Although minimal primary decomposition need not be
unique, the associated primes are uniquely determined [6, Theorem 4.5].

Example 3.1.5. Let [ = (23, 7179) be an ideal in K[z, z,]. For each k > 1, we have
different minimal primary decompositions

(1, m122) = (1) N (2], 22) = (1) N (2], 2122, 25).

The associated primes of I are P; = (x) and P, = (x, z5); the associated prime P; is an
embedded prime of I since (z1) C (x1,xa).



3.1.7 Localization

Let R be a ring. A subset S C R is called multiplicatively closed if 1 € S and for all a,b in
S implies ab € S. Let S be a multiplicatively closed set of R. We can define an equivalence
relation ~ on R x S by (a,s) ~ (a,¢') if and only if there is an element u € S such that
u(as’ —a's) = 0. We denote the equivalence class of a pair (a,s) € R x S by 2. The set of
all equivalence classes

Rsz{a:aERandSGS}
s

is called the localization of R at the multiplicatively closed set S. This localization is a
ring with addition and multiplication given by

a d as’'+ds a d ad

- +—=———and - — = —.

s s s’ s s ss
All ideals of Rg are of the form I Rg, with I is an ideal of R.

Proposition 3.1.12. [6, Proposition 4.9] Let S be a multiplicatively closed set of R. Let
I be an ideal of R and

be a minimal primary decomposition of I. For any £ < r, let Py, ..., P, be minimal primes
of I. Then

Is=QisN---NQs
s a minimal primary decomposition of Is in Rg, where forv=1,... (, Q;s is the local-
ization of Q; at S. In addition, the minimal primes of Is are Py g, ..., Ps.

If p is a prime ideal of R, then the set S = R\ p is multiplicatively closed since a & p
and b € p implies ab € p. In this case, the localization Rg which is denoted by R, is
called the localization of R at p. This is in spite of the fact that we actually localize R at
R\ p. For a prime ideal p of R, the prime ideals in the localization R, are in one-to-one
correspondence with the prime ideals of R contained in p. Therefore,

height(p) = dim(R,).
A ring R is called local if it has exactly one maximal ideal.

Lemma 3.1.13. If R is a local ring and I is a proper ideal of R, then R/I is also local.

Proof. Let us consider the map = : R — R/I given by m(r) = r + I. This map is a
surjective since any coset r + [ is the image of R/I. Let m be the maximal ideal of R. If
R/I has a maximal ideal m’ # m, then 77!(m’) # m is a maximal ideal of R, which is a
contradiction with the fact that R is a local ring. O

If p is a prime ideal of R, the ring R, is local with its maximal ideal being

pRp:{g:aEp,sg_ip}.

S



3.1.8 Cohen-Macaulay rings

Let R be a ring and let M be an R-module. A sequence of elements 71, ..., 7, in R is called
a reqular sequence on M (or an M-sequence) if (r1,...,rs)M # M, and fori=1,... s, 1;
is a non-zero divisor on M/(ry,...,1i_1)M.

If I C R is an ideal, and M is a finite R-module such that IM # M, then the depth of
I on M, denoted by depth([), is the length of any maximal M-sequences in I. A ring R
such that, for every maximal ideal m of R,

depth(m) = codim(m)
is called C'ohen-Macaulay. The Cohen-Macaulay property passes to polynomial rings.

Proposition 3.1.14. [53, Proposition 18.9] A ring R is Cohen-Macaulay if and only if
the polynomial ring R[z1, ..., x,] is Cohen-Macaulay.

The Cohen-Macaulayness also passes to localizations.

Proposition 3.1.15. [53, Proposition 18.8] A ring R is Cohen-Macaulay if and only if Ry
is Cohen—Macaulay for every prime ideal p of R.

Theorem 3.1.16. [135, Theorem 17.4(i)] Let R be a Cohen-Macaulay local ring. For a
proper ideal I of R, we have

height(1) + dim(R/I) = dim(R).

3.2 Determinantal varieties

In this section, we will present an important class of varieties, whose equations take the
forms of the minors of a matrix; this is the main subject of the thesis. In what follows,
rings are commutative and noetherian.

3.2.1 Determinantal ideals

Let L be a p X ¢ matrix with entries in a ring R. For a positive integer ¢ with ¢ < p, a
t-minor of L is the determinant of some ¢ x ¢t submatrix of L. The ideal I;(L) in R which
is generated by all t-minors of L is called the t-determinantal ideal of L. If we denote by
M, (L) the set of all t-minors of L, then I;(L) = (M;(L)) C R.

If t =1 and p = 1, then the codimension of a minimal prime of [;(L) is bounded by ¢
by using Krull’s theorem [53, Theorem 10.2]. Macaulay [131] generalized this result to the
case t = p arbitrary, giving the bound ¢ — p + 1 for the codimension of V,(L). Latter on,
Eagon and Northcott [52] give a generalization to the case when both ¢ and p are arbitrary.



Lemma 3.2.1. [52] Let R be a Cohen-Macaulay ring and L be in RP*?. Then:

(i) if I,(L) # R, then the height of I is at most g —p+ 1;

(ii) if I,(L) has height ¢ — p + 1, then I is unmized (all associated primes have height
q—p+1).

The following result gives a condition when the ring R/I;(L) is Cohen-Macaulay.

Theorem 3.2.2. [53, Theorem 18.18] Let R be a Cohen-Macaulay ring. Let L be in RP*9
and t be a positive integer at most p. If the codimension of I;(L) equals (q—t+1)(p—t+1),
then R/I,(L) is a Cohen-Macaulay ring.

S0P S S

is a matrix in RP*Y, then, for any ¢ < p, the ring R/I;(L) is Cohen-Macaulay (see e.g. [37]).

3.2.2 Left-hand diagonal block matrices

In what follows, for any ring R and matrix L in RP*? if S and U are subsequences of
(1,...,p) and (1,...q) respectively, Lg is the submatrix of L obtained by keeping rows
indexed by S and columns indexed by U. Sometimes in the thesis, we also call this the
(S,U)-submatrix of L. When R = Klzy,...,z,], a polynomial ring, the t-determinantal
variety V(L) of L in K" is then defined as V;(L) = V(I,(L)). It is easy to see that L is
not full rank at any point & € V;(L).

In the next part of the thesis, matrices with the following pattern are used frequently.
Consider a matrix

a0 0 bipy -0 by
L=|: - : | € Kmy, L x )P (3.2)

0 0 gp,p ep,erl T Epyq
For ¢ < p, any polynomial of the form ¢;, ;, ---¥;, 4, is in M;(L), where (iy,...,;) is a
subset of (1,...,p) of cardinality ¢. Therefore, for a matrix such as L to be rank-deficient

at ¢ € K", at least one of lia,...,¢,, much vanish at x.

Lemma 3.2.3. Let L be a matriz in K[xq,...,2,|P*? of the form as in (3.2). For x €
Vi(L), suppose i (x) = -+ = ;. (x) = 0, for some k < min(t,n), while all other
terms are non-zero. Then the ((i1,...,1), (p+1,...,q))-submatriz of L has rank less than

t —(p—k). In particular, one has k > p—1t+ 1.

Proof. Let (igy1, .. .,14,) be the complement of (iy,..., i) in (1,...,p). Thatis ¢; ,; () #0
for all r = k4 1,...,p. For any subsequence ¢ = (ji,...,ji—(p-r)) of (p+1,...,q), with



t>p—=Fk(sok>p—t+1), the determinant of a submatrix of L with columns indexed
by (ig+1,---,%) U is a t-minor of L. This determinant equals

Eik+17ik+1 T gipvip T Mg,

where m; is a t — (p — k)-minor of the submatrix L, i) (p+1,..q With columns indexed
by 2.

Since ¢;, ;. (x) # 0 for all r = k4 1,...,¢, then ;. ., ---{;,;, - m; vanishes at x if
and only if m;(x) = 0. Note also that these m;’s polynomials are all (t — (p — k))-minors
of L, ...i,),(p+1,....- This gives our claim. O

3.3 Sparse polynomial systems

Consider a system of n polynomials in n variables

[(X) == fu(X) =0,

where the polynomial f; has total degree d;. By Bézout’s theorem [30], this system has at
most dy - --d, isolated solutions, and exactly that number if the polynomials are generic
among all polynomials with the given degrees.

Polynomials from applications are not necessarily generic as they often have some
additional structure which we would like our count of solutions to reflect. For a =

(cv1,...,) € Z", we denote by X* = z{* - 20,

Definition 3.3.1. Laurent polynomials are polynomials represented in the form of finite
sum f =3 caX® with the set {a € Z™ : ¢ # 0} 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™.

For a polytope C in R™, the Euclidean volume of C in R" is denoted by vol,(C). Let
then Cq,...,C, be polytopes in R™ and consider the function

© . ()\1, cey )\n) — V01n<>\161 + -4 )\nCn),
where

i=1

is the Minkowski sum of the polytopes. The function ¢ is a homogeneous polynomial
function of degree n in \; (see e.g. [46, Proposition 4.9]).

Definition 3.3.2. The mixed volume MV(C) of polytopes C = (Cy,...,C,) in Z" is the
coefficient of the monomial Ay ...\, in ©(A1,..., ).



The following theorem gives a way to compute the mixed volume of a given collection
of polytopes in R". Efficient calculations of mixed volumes can be found in [47], [127],
[171], and [76, 75, 78].

Theorem 3.3.3. [46, Theorem 4.12] Let C = (Cy,...,C,) be polytopes in R™. Then the
mized volume of C can be computed as

MV(C) =Y (-1 X el (X,

k=1 1c{1,...n},|I|=k iel
where Y1 C; is the Minkowski sum of polytopes.

Example 3.3.1. Let A; = {(3,1),(1,2),(0,0)} and Ay = {(4,0),(1,1),(0,0)} in Z2. A
sparse polynomial system with supports A;, A, is a system defined by polynomials of the
following type:

fi(zy, 29) = axdwy +bri25 + ¢ and  fo(xy, 20) = da + ex129 + f, (3.3)

with a, ..., f are all non-zero in C.

The convex hull of f;(z1,z5) is C; = A; for ¢ = 1,2, and the Minkowski sum of the
polytopes Cy, Cy is a convex hexagon with vertices (0,0), (1,2),(2,3),(5,2),(7,1) and (4,0).
Figure 3.3 plots the polytopes C;, Cs, and the Minkowski sum of C; and Cs.

The Euclidean volume of C; (resp. Cy) which is the area of C; (resp. Cs) is 5/2 (resp.
2); in other words, voly(Cy) = 5/2 and voly(C;) = 2. In addition, the area of the Minkowski
sum C; +Cs of C; and Cy is 25/2, that is, voly(Cy 4+ Cy) = 25/2. Then, using Theorem 3.3.3,

one has
MV(Cl,Cg) == —VOIQ(Cl) - VOlQ(Cg) + VOlg(Cl + Cg) = &.

3.3.1 Initial forms

Let
p= Z cqait -l

be a Laurent polynomial with support S = supp(p). The field of definition may be our
field K, or, as will also happen below, a rational function field. Let e = (ey,...,e,) be
non-zero in Q™ and define

m(e,p) =min({e,q) : g€ S) and S.,={qge S : (e,q) =m(e,p)},

where (, ) is the usual dot-product in R™. Thus, Se, is the intersection of S with its
“support hyperplane” in the direction e.



—e— convex hull C; of fi(zq,x2)
—o— convex hull Cy of fa(x1, x9)
—e— Minkowski sum of C; and Cs

0 2 4 6 8
Figure 3.3: Minkowski sum of polytopes

Definition 3.3.4. The initial form of p with respect to e is defined to be

inite(p) = > cqait -l

In other words, inite(p) is the sum over all terms cqz{" --- 2% for which the inner
product (e, g) is minimized. For a vector p = (p,...,pn) of Laurent 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) : e non-zero in Q"} obtained in this manner is finite, since the support
of each p; has finitely many support hyperplanes.

Example 3.3.2. Consider e = (—1,1) in Q?. Let f = (fi(x1,22), fo(x1,72)) be polyno-
mials defined in (3.3). Then

m(e, fi) = =2,5, ={(3,0)}; and m(e, f2) = =4, Se.r, = {(4,0)}.
So, inite(f) = (inite(f1), inite(f2)) = (azize, dxt).

3.3.2 The BKK Theorem

Let f = (f1,..., fn) with each f; € K[X] with support 4; and associated convex hull C;.
The following well-known relates the number of isolated solutions of a sparse polynomial
system with the mixed volume. It is commonly refer to as the BKK bound (Bernstein,
Khovanskii, and Kushnirenko). A geometric interpretation is given in [73] and [82] and a
more refined version can be found in [152].



Theorem 3.3.5. [27, 121, 117, 46| Let f = (f1,. .., fn) be a sequence of sparse polynomials
in K[ X with supports Ay, ..., A,. Then the number of isolated nonzero solutions of V(f)
is bounded by MV(Cy,...,C,) where each C; is the convex hull of A;. The bound is tight
for a generic polynomial system.

Example 3.3.3. Let fi(x1,22) and fa(x1, 22) be polynomials in (3.3). From Example 3.3.1,
we have the mixed volume of the convex hulls of fi(z1,x2) and fo(x1,22) is 8 which agrees
with the number of solutions of the system fi(x1,z2) = fa(z1,x2) = 0 for generic choices
of the coefficients.

The BKK theorem asserts that the system f; = --- = f,, = 0 has at most MV(Cy, ...,C,)
isolated solutions in K" — {0}, with equality for generic choices of coefficients of fi, ..., f.
If the condition 0 € C; holds for 1 < i < n, then MV(Cy,...,C,) bounds the number of
solutions in K" (see e.g. [128, Theorem 2.4] and also in [56, 105, 151, 152, 153)).

Theorem 3.3.6. The mized volume MV(C,U{0},...,C, U{0}) is an upper bound for the
number of isolated zeroes, counting multiplicities, of the system fi =--- = f, =0 in K.

We conclude this section with some remarks on how the BKK bound plays a critical
role in polynomial system solving. Recall that for system (3.3), Bézout’s theorem gives
an upper bound of 16 for the number of isolated solutions, while the BKK bound of 8
is smaller and gives the exact number generically. To compute all solutions of (3.3) (or
polynomial systems, in general), the better bound is useful information, since one has
to find 8 solutions and so no more, which is important when we want to use homotopy
continuation methods. We will discuss this in more details in Section 3.7.

3.4 Weighted polynomial domains

Let w = (wy,...,w,) € N" be a sequence of integers. We consider polynomials in
K[z1,...,x,] where each variable x; has weight w; > 1 (denoted by wdeg(xy) = wy).

The weighted degree of a monomial (" ---x8" is wiaq + - - - + Wy, and the weighted
degree of a polynomial, denoted by wdeg, is the maximum of the weighted degree of its
terms with non-zero coefficients. For a polynomial g, the leading weighted homogeneous
component of g, denoted by lw(g), is the sum of terms which have weighted degrees equal

the weighted degree of g.

Note that weighted polynomial domains are particular cases of sparse polynomial rings.
For example, consider a polynomial ring K[z, z9, 23] with wdeg(zy) = k. The polynomial

g= 3:6? 4+ z129 + O3 + 97:5% — 102y + 221 + 1

in K[z, Ty, z3] which has weighted degree 3 with lw(g) = 323 + 2129 + bx3 is a sparse
polynomial supported by

A = (37 07 0)7 (17 17())7 (07 07 1)7 (2707 0)7 (07 170)7 (17070)7 <O7O7 0)



3.4.1 Weighted Bézout Theorem

Bézout’s theorem bounds the number of isolated solutions to polynomial systems of equa-
tions by the product of their degrees. With polynomial systems lying in a weighted poly-
nomial domain, one obtains better bounds by using the weighted Bézout theorem (see
e.g. [108]). Similar to the discussion at the end of Subsection 3.3.2, this is important
information in polynomial system solving.

Theorem 3.4.1. [108] Let K[z, ..., x,] be a polynomial ring of weights (w1, ..., wy,). Let
f=(f1,..., fn) be a sequence of polynomials in K[z, ..., x,]. Then the number of isolated
points of V(f) C K" is bounded by

Wdeg(f1) e Wdeg(fn)

wl...wn ’

This bound is exact if and only if the system (lw(f1),...,lw(f,)) have no common solution
other than (0,...,0).

3.4.2 Combinatorics of monomials

Counting the number of monomials in the total degree case is a classic combinatorial
problem. Let n,d be positive integers. The number of monomials in n variables having
total degree d is N, 4 = ("Jrj*l). The number of monomials in n variables having total
degree at most d is N, <4 = (";rd). In the more general case, this number is called a

denumerant.

Definition 3.4.2. Let w = (wy,...,w,) be a sequence of integers in N. The denumerant
Nu.a is the number of non-negative integer solutions (as, ..., a,) to the equation

wio + -+ wpoy, =d.

We define Nuy <4 = S0 Nup -
The formulas given in [42, Section 2.6] express the denumerants for some specific

weights. However, in general, there is no known formula to express NV, 4 as a function
of w and d. The asymptotic behavior of these denumerants is well-known.

Proposition 3.4.3. [70, Proposition IV.2] If w is fized and d goes to infinity, then

cd(wq, ..., w,
Nw7d — g ( 1, Y )Nn’d’
wl o e wn
where ged(wy, . .., wy,) denotes the greatest common divisor of the integers (wyq,. .., wy).

In addition, results in [1, Theorem 3.4], [3] and [177, Theorem 1.1] give upper bounds
for Ny g and Ny <q4.



Proposition 3.4.4. [1, 3, 177] We have the following bounds:

ged(wi,...,wn) _ ged(wi,e,wi)
® Nyg < E= N avs—nt1, where d =300, Wi gl 1)

o Ifn >3, then Ny <q < (d=w)--(d=wn)

nlwi-wp

3.5 The ring of symmetric polynomials

Consider the ring K[X] of polynomials in n variables X = (z1,...,,). The symmetric
group S, acts on this ring by permuting the variables. That is, for any ¢ € &, and

feK[X], o(f(X)) = f(Toq), - Tom))-

Definition 3.5.1. A polynomial is symmetric (or S,-invariant) if it is invariant under the
action of the symmetric group.

For k > 0, let A* be the set of homogeneous symmetric polynomials of degree k. The
symmetric polynomials form a subring A, = K[X]%" of K[X] which is a graded ring with
An = @iz0 A

For an integer k > 0, the k-th elementary symmetric function n(X) of X is the sum
of all products of k distinct variables z;, so that 7y = 1 and

nk(X) = Z Liy 0+ Ty,

1<i1 << <n

for k > 1. For an integer k > 0, the k-th complete symmetric function hy(X) is the sum
of all monomials of total degree k in the variables X, so that hg = 1 and

hk(X) = Z Lijy o Ty,

1< <-<ig<n
for £ > 1. In particular, hy = n;.

Theorem 3.5.2 (Fundamental theorem of symmetric functions). [49, Theorem 3.10.1] We
have
Ay =K, oo m)

and the ny are algebraically independent over K.

This theorem implies that, for any polynomial f in A, there exists a unique polynomial
f inKley,...,e,] such that B
f(X) = f(7717-~~777n)>



where e; are new variables corresponding to k-th elementary symmetric function 7.

Notions and results in this section can be extended to block symmetric polynomials.
Let r be a positive integer. For 1 < k < r, let X}, = (241,...,%Tke,) be a sequence of
{y, variables with ¢, > 1. The group S, X -+ x &, acts naturally on K[X7,..., X,].
Extending Theorem 3.5.2 gives

K[X,,..., X, ][50 >%Se = Kn,,...,n,],

where K[ X, ..., X,]|% 5t denotes the K-algebra of Sy, X - - - X Sy, -invariant polynomials
and for k = 1,....7, n, = (Mk1,--.,Mke,) denote the vector of elementary symmetric
polynomials in variables X}, with 7 ; has degree ¢ for all « = 1,...,¢;. In other words, for

any f € K[X1,..., X,]5 >S5  there exists a unique polynomial f € K[ey, ...,e,] such
that

(X, X)) = f(ny,---,m,), (3.4)
where e, = (€j1,...,eke, ) i a vector of new variables corresponding to elementary sym-
metric functions n,.

3.6 Computational model and complexity estimates

We devote this section to the description some basic algebraic tasks. Our computation
model is a RAM over a field K.

3.6.1 Straight-line programs

Let f be a polynomial of degree d in n variable. The usual encoding to represent f is
an array of the ("::d coefficients. In contrast, the sparse encoding only represents the
non-zero coefficient-exponent tuples. Such an encoding allows one to store bigger sets of
polynomials, especially when the degree d of f is very high.

In this thesis we use another way of representing a polynomial f, which is called the
straight-line program encoding. This encoding covers both dense and sparse encoding and
has additional advantages for our work.

The idea of using straight-line programs first appeared in the probabilistic testing of
polynomial identities. In computer algebraic applications, this encoding was first used with
the elimination of one variable problems [98, 113, 114] and later on, these were extended
to multivariate elimination problems (see e.g. [85, 84] and references therein).

Definition 3.6.1. Given a polynomial f, a straight-line program encoding (SLP for short)

of [ is a circuit ¥ = (Y_pi1s---sY0s Vs --->YL) Where v, = fiy_pi1 = X1, , Y0 = Ty
and for k >0, v is of one of the following forms:



® 7V — ax7y; or
® Ve = Vi * s

where x € {+,—,x}, a €K, and i,j < k.

The length of a SLP ~y is L and the length L(f) of f is the minimum of the lengths of
straight-line programs encoding f.

Example 3.6.1. The dense encoding of the polynomial 22 (here, the number n of variables

is 1 and the degree d of the polynomial is 2¥) is (1,0,...,0) with 2 zeroes, its sparse
encoding is (2%; 1), and a SLP encoding, for instance, is

k

=T, M =00 % = Ya = Ya Yao1 = 2 (3.5)

As a result, the length of the dense encoding of 22 is 2% 4+ 1, the length of its sparse
encoding is 2, and the length of its SLP encoding is bounded by d.

We remark that, under a linear change of variables sparse encodings do not behave
well, while straight-line programs do not change very much. For example, by adding
Y1 = Y1 + 7, where 7' ;| = y, before v; in the SLP in (3.5), one can deduce that the

length L((x+y)2d) is bounded by d+ 1, while both dense and sparse encodings have length
d
(%) = 0(2%).
In addition, the notion of SLP encoding covers both dense and sparse encoding notions.

More precisely, if d is the degree of f € Klzy,...,z,], then L(f) < 3(”Zd). This can be

seen as follows: the number of monomials of degrees at most d in K[zy,...,x,] is (”Zd :

taking the multiplication of all monomials of f with their coefficients and adding them
up requires 2(”+d) operations. Also, it is clear that if a polynomial f € Klzy,...,z,] has

n

degree d with N nonzero coefficients, then L(f) = O(Nd).

3.6.2 The probabilistic aspects

Our algorithms are randomized (or probabilistic) in the sense that they make random
choices of points which leads to a correct computations; those points are not in certain
Zariski closed sets of suitable affine spaces. In this sense, our algorithms are of Monte
Carlo type (see e.g. [8, 80]), that is, they returns the correct output with high probability,
at least a fixed value greater than 1/2. Note that the error probability can be made to
arbitrarily small by repeating the algorithms.

Although we will not estimate the probabilities that our algorithms are correct, these
probabilities can be controlled by using the Schwartz-Zippel lemma (see e.g. [163] or [80,
Lemma 6.44]). More precisely, we define sufficiently large finite sets of integers whose
cardinalities depend on the degrees of polynomials defining the mentioned Zariski closed
set previously and then make the needed random choices uniformly within these sets.



Lemma 3.6.2. [80, Lemma 6.44] Let R be an integral domain and S be a finite subset of
R. Let r be a polynomial in R[xy,...,x,] of degree at most d. Then, if r is not the zero
polynomial, then r has at most d (4S)"~! zeroes in S™.

Example 3.6.2. Let S be a set of complex numbers of cardinality 100 and let us consider
the generic quadratic polynomial f = ax?® + bz? + ¢. The polynomial f has two distinct
roots when A(a, b, ¢) = a(b? — 4ac) # 0.

Marking a uniform random choice (o, 3,7) for (a, b, ¢) in S, the probability that («, 3, )
is a solution of A(a,b,c) is at most m, using the Schwartz-Zippel lemma, which is
at most 1/30000. Therefore, by taking random values of a,b, ¢ in S, the probability that
ar? 4+ bx? + ¢ has two different roots is at least 1 — 1,/30000.

3.6.3 Basic complexity estimates

In the whole thesis, we will use the standard O notation: for functions f(x), g(x), we say
f(z) = O(g(x)) if there exists a positive number m such that | f(z)| < m|g(z)|. In addition,
we use O~ to indicate that polylogarithmic factors are omitted, that is, f(z) = O™ (g(z)) if

f(z) = O(g(x) log*(g(x)))" for some k.

We denote by w the exponent in the complexity estimate O(n“) for the multiplication
of two matrices of size n x n with coefficients in Q. The current state of the art for w is
2 < w < 2.3737 [44, 122, 168, 176).

3.7 Symbolic homotopy continuation methods

The aim of this section is to introduce the basic ideas of symbolic homotopy methods
as well as their application to polynomial system solving. Homotopy techniques play an
important role in this thesis, so for completeness, we include background details in this
section for the benefit of the reader. The objects in this section are square polynomial
systems. We will see in the next part of the thesis that homotopy continuation can be
extended to overdetermined systems (systems with more equations than unknowns).

Recall that homotopy continuation is a technique which deforms the solutions of a
simpler system (called start system) into the solutions of the system that we want to
solve (called target system). More precisely, suppose we seek the isolated solutions of a
system f = (f1,...,fn), where f; € K[xy,...,2,] for ¢ = 1,...,n. A start system is
g =(g1,-..,9n) which is in K[zy,...,z,]. Consider a deformation h = (hy, ..., h,) which
is defined as

hi=t-fi+(1—1t)-g € K[t,xq,...,2,],

Hog denotes logarithm to base 2.



where t is a new indeterminate. The system (hq, ..., h,) is sometimes called the homotopy
system or continuation system. For 7 € K, we write hj—, = (hi(7, X), -+, hp(7, X)); in
particular, we have hy—y = g and hy—; = f. Note that the system h € K[t, X]" may not
define a curve in KnH, for example, if f = —g, the fiber above ¢ = 1/2 has dimension n.

In what follows, for n € N and an algebraically closed field &, we denote by A™(K) the
n-dimensional affine space over .

3.7.1 The homotopy curve W

Let W =V(h) C K" and 7 : W — Al be the projection map defined by 7 (7, x) = 7.
The degree of 7 is defined as the number

c=max(ir (1) : 7 € Al and 77 '(7) is finite).

Suppose further that 771(0) is a zero-dimensional variety of degree ¢ and that the Jacobian
matrix Jacx (k) with respect to X is invertible for any point (0,x) € 7—'(0); the former
means 7~ '(0) has maximal cardinality while the latter implies that the ideal (h;,—o) C K[X]
is radical.

Let J =Q1N---NQ be an irredundant primary decomposition of J = (h) C K[t, X],
and let Pp,..., P, be the associated primes. For some s < ¢, we assume that P, ..., P,
are the minimal primes so that V(P;),...,V(Fs) are the irreducible components of W =
V(J) C K", That is, if we write W; = V(F,), for 1 <i<s, then W =W, U---UW;
is the irreducible decomposition of W. For a positive integer r < s, let W1, ..., W, be the
irreducible components of W such that the restriction 7|y, : W; — Al is dominant, that
is, the image w(W;) is Zariski dense, for 1 < i < r. We write W := Uj<;<,W;. The set
W is indeed a nonempty equidimensional variety of dimension one; the algebraic set W is
then called the homotopy curve and its degree is denoted by 4.

Lemma 3.7.1. The uniorLW = Ui<i<, W; s equz’dimension&l variety of dimension one.
In addition, for any T € K and any isolated solution x € K of h,—.(X), there exists
ie{l,...,r} such that (1,x) € W;.

Proof. Since W is defined by n polynomials h in n + 1 variables (¢, X), then by Krull’s
Theorem, any irreducible component of W has dimension at least one, which implies that
dim(W) > 1.

It remains to show that dim(W) < 1. For X € {Wy,..., W,}, let Y = 7(X) be the
image of X and A be the minimum value of dim(7~!(p)) on Y. Then by Fiber Dimension
Theorem (see e.g [93, Corollary 11.13]), we have

dim(X) = dim(Y") + A,



Moreover, we claim that A < 0. Indeed, if 771(0) N X = 0, then since 7 !(0) is zero-
dimensional and A < dim(771(0)), one has A < 0; otherwise \ is equal to 0. Therefore,
dim(X) < 1, and then dim(W) < 1.

For 7 € Kand ¢ € K" is an isolated zero of h;_,, (1, ) lies in an irreducible component
Z of W of dimension at least one. Furthermore, since (7, @) is an isolated point of Z N
V(t — ), the dimension of Z is one and 7(Z) = K. O

Lemma 3.7.2. The set W is the union of all irreducible components of W having non-
empty intersections with 7=1(0).

Proof. First we will show that 7=1(0) N ; is nonempty for all i = 1,...,r. Assume a
contradiction that there exists an irreducible component X € {Wy,...,W,} such that
771(0) N X = . Then there is a point 7 € K such that 77!(7) is finite and both 7|y (7)
and |y (7) have maximal cardinality for all Y € {Wy,..., W;} with 7=}(0)NY # 0. This
implies that f7—!(0) < 7 !(7), which contradicts with the fact that 7=*(0) have maximal
cardinality. Thus, 771(0) N W; # @ for alli =1,...,r.

Conversely, let X be any irreducible components of W such that 7=1(0) N X # (. Then
there exists a points € K such that « is isolated in V(hi=o); and so, by Lemma 3.7.1,
X is one of {Wy,..., W, }. O

Let us denote by Z the determinant of the Jacobian matrix Jacx (h) of h(t, X) with
respect to X. Then W is indeed the Zariski closure of V(J) \ V(2).

Lemma 3.7.3. The equality W =V (J : 2°°) holds.

Proof. Since the irreducible components of V(J : 2°°) are all irreducible components of
W so that the Jacobian matrix Jacx(h) does not vanish identically, so W C V(J : ).
The converse holds by using the so-called Lazard Lemma [141, Proposition 3.4]. This
lemma implies that V(J : 2°°) is one-dimensional and for any irreducible component C of
V(J : 2°), the image by 7 of C is dense. ]

Let us write J = J'NJ" with J/=Q:N---NQ, and J" =Q,.1N---NQ,. Let J' be
the extension of J" in K(¢)[X]. The Jacobian criterion implies that J’ is radical and the
variety V(3') € K(t)" is zero-dimensional of degree c.

With the above conditions, any point in V(J') can be considered as a vector of power
series in K][t]]. Indeed, the implicit function theorem implies that for any point a €
V(hi=), since Jacx (hy—o)(x) has full-rank, there exists a unique vector e, of power series
in K[[t]] such that

eq(0) = a and hi(t,eq) =0 for all 1 <i <n.

These vectors can be found by means of the Newton operator. Moreover, Lemma 3.7.2
implies that the correspondence V' (h,—¢) — V(J') given by a +— e, is one-to-one.



To summarize, by Lemma 3.7.1, for every isolated solution @ of h;—; (recall that h;—;
is our target system), there exists a one-dimensional irreducible component C of V' (h) C

K™ such that (1,z) € C and (C) = K. These one-dimensional irreducible components
corresponds to isolated points of V(h) C K(t)" by considering h € K[t][X]". Therefore,
to find the isolated points in V (h,—;), we deal with the isolated solutions of V (k) C K(t)
the latter class of isolated points can be found by means of the Newton operator.

Let Z = ((q,v1,...,v,),A) be a zero-dimensional parametrization of VW with all poly-
nomials having coefficients in K(¢). Theorem 1 in [162] gives a bound on the number of
performed Newton iterations.

Lemma 3.7.4. The degrees of numerators and denominators of all coefficients of (q, vy, . . .,
v,) are bounded by &, where 0 is the degree of the homotopy curve W.

3.7.2 Newton-Hensel Lifting

Let h = (hi(t, X), ..., ha(t, X)) be polynomials in K[t, X], where X = (z1,...,2,). For

any 7 € K, we write hy—, = h(r, X) in K[X]. Assume that V(hw) C K" is finite and
the ideal (h;—) C K[X] is radical. Let & = (avq,...,,) be a point in V(h;—g). We will

see that there exists a unique vector of formal power series €4 = (€a.1;- - -, €an) in K[[t]]"
such that
eq(0) = (eq1(0),...,ean(0)) =a and hi(t,eq) =--- = h,(t,eq) =0. (3.6)

The procedure of finding such vector of formal power series from a given point is called
Newton-Hensel lifting. We will follow arguments of [96, 87, 162, 109] (see also references
therein).

Since the ideal (h;—) is radical in K[X], the Jacobian matrix Jacx(hi—) of h—g
with respect to X is unimodular over K-algebra, which implies that the Jacobian matrix
Jacx (h) of h(t, X) with respect to X is also unimodular over the localization

(i, X1/ (), = Kltlo[X]/(h).
The Newton operator Np(X) associated to h(t, X) is defined as
Np(X)T = XT — Jacx(h)™' - h(X)" € K(X)™, (3.7)

where the superscript 7 denotes the transpose of a vector.

Given a point « in V(h;—), we define a recursive construction as follows:

e eV = o, and

o for k € Zsy, e = N, (elF=1).



In other words, for k € Zso, if N} denotes the operator obtained by applying the Newton
operator k times recursively, then we can define el*) = NF(a). We claim that the sequence
(€5 is well-defined. To do it, we prove the followmg claim.

Lemma 3.7.5. For an integer k € Z>y,

(a) the determinant of Jacx (h) at el is invertible in K[t]/{t) and

(b) hi(t,e®) =0 mod t** foralli=1,...,n

Proof. We prove this lemma by induction on k. For k = 0, the claim follows from assump-
tion that 77!(0) is unramified and the fact that a is in V(h—).

Let us assume that both (a) and (b) hold for £ > 0. We will show that (a) and (b)
also hold for k + 1. Since e**1) = Ny, (el"), where Ny, is defined as in (3.7), we have

hl (tv ec()ic))
T -1
(e(()’f*l) — eﬁ”) = —(Jacx(h)(egf))) : ; (3.8)
o (t, e))

together with the induction hypothesis (b) for k, one can deduce that

et — e =0 mod . (3.9)

Let us denote by F' the determinant of the Jacobian matrix Jacx (h) With respect to

variables X. Using the Taylor expansion of F' between the points e**) and e(®) gives
(k+1) - 8F e®)(el+D) (k) (k+1) _ _(k)\2
F(t,e, ™) = +Z@x e, 7 —ey)) mod (e e.’)’,
j
(k+1) _ S(k)\ _ /(1) (k) (k+1) _ (k) : N 7
where (el ey’)) = (ear Cols Com ey ) an ideal in K(¢). Moreover, from

the induction hypothesis (a), F(t,e) # 0 mod ¢ and by (3.8), e**1) — e*) = 0 mod t.
Therefore, F(t,e#*Y) is nonzero modulo ¢, which gives our claim (a) for k + 1.

To prove part (b) holds for k£ + 1, multiplying (gﬁi,... ) for 1 < i < n, to both

sides of (3.8) gives

> Ox

(ahi %) (el — o) = —hi(t,e)

Ox,’ " Oz, * *
and by Taylor expansion of h; between the points e((f“) and e((f) ,

", Oh;

hi(t, e D) = hy(t, e + 3
= 0z

(t,€)(el+) — ) mod (i) — el

«

This implies that h;(¢, e**1)) = 0 mod (e**!) — e"))2. Hence, together with (3.9), we can
conclude that h;(t,e®+D) = 0 mod 2", which is our claim (b) for k + 1. O



We now conclude the existence of the power series €4 = (a1, --,€an) in K[[t]]"
satisfying (3.6). As in (3.8), the equality e —e® =0 mod 2" holds for any k € Zx,

then for any 1 < ¢ < n, the sequence of rational functions (e(o]z)i)kzo converges to a power

series eq; of K[[t]]. By Lemma 3.7.5(b), for 1 < i < n, hi(t,e®) = 0 in (t)>"" for all
k € Zs, then the equality h;(t,es) = 0 holds in K[[t]] for any 1 < i < n. Finally, the
relation in (3.8) gives us eq(0) = a.

Algorithm 1 Newton-HenselLifting(h, v, §)

Input: h = (hy,..., h,) in K[t, X]* s.t V(he—) C K" is finite and (h) is radical
a point a = (aq,...,a,) in V(hi—o)
a positive integer § (to stop the algorithm at the precision ¢)

Output: the vector approximates o with precision ¢ in K[[¢]].

1. k< 0and e =
2. Jacx(h) < the Jacobian matrix of h with respect to X
3. while 1 <k < [log(d)]:

(a) compute e) = N, (el*V), where NI := X7 — Jacx(h)™' - h(X)"
(b) k<« k+1

4. return e{[1os(®)D

Lemma 3.7.6. Suppose polynomials h = (hy(t, X), ..., ha(t, X)) in K[t, X] are given by
a straight-line program of length L. Assume further that V(h,—o) is finite and the ideal
(hi—o) C K[X] is radical. Let o be a point in V (hi—y) and § be a positive integer.

Then there exists an algorithm, called Newton-Hensellifting, which takes h,a and )
as input and outputs the approzimation of a with precision s in K[[t]] in O(n(L + n?)d)
operations in K.

Proof. Previous result, for example, in [24, Theorem 1] or [84, Lemma 25], implies that

computing all partial derivatives <% requires O(nL) operations in K; therefore, the
J

>1<i i<n
same cost is needed in order to obtain tHeJIﬁatriX Jacx (k). At the core of the algorithm, we
need O(n?) operations to find the inverse of the Jacobian matrix in K and O(n?) operations
to update vector e*). Therefore, at the step k of the loop, O(nL + n®) operations are
performed. In total, the complexity of the algorithm is

[log(9)]
> O((nL +n?) = O(n(L + n?)é),

k=0

which finishes our proof. O



We remark that Newton-Hensel lifting appears in other important constructions in sym-
bolic computation, including factoring and ged for multivariate polynomials (see e.g. [81]).

3.7.3 Recover a zero-dimensional parametrization % of WV

Let ay, . .., a. be solutions of V' (hy—g). Fori =1,..., ¢, we apply Newton-Hensel lifting to
the system h to lift c; into a point e, in K[[t]]/(t*°), where § is the degree of the homotopy
curve W. These power series are all the solutions of the extension of J' to K((¢))[X], where
K((t)) is the field of fractions of the ring K[[t]].

Let A be a linear form in K[ X] separating (e, . .., ). Then the following interpolation
formulas
q=]](y — Aea,)) and v; = > e; 11 (y— X)) fori=1,....n
i=1 e=(e1,...,en) e'c{ea; €a.} e'#e

ec{ea;;€ac}

define a zero-dimensional parametrization Z = ((¢,v1,...,v,), A) of W; clearly, X is sepa-
rating for W as well. In addition, all polynomials (g, vy, ..., v,) have non-negative valua-
tion at t = 0; then, specializing the parametrization #Z at t = 0 gives a zero-dimensional
parametrization of the solution set {a, ..., a.} of V(hi).

We remark that, in general, given a family of zero-dimensional parametrizations (%;);c; =
((gis i1y, Vin), Nier, where (g, vi1, ..., Vi) are polynomials with coefficients in K(¢)|y]
for all i € I, we can combine all (%;);c; into a single zero-dimensional Z consisting
polynomials in K(¢)[y] such that Z(#Z) = U;e1Z(%;) by using Chinese Remainder Theo-
rem. If ((q1,v11,...,010),A) and ((g1,v21,...,V2,), A) are zero-dimensional parametriza-
tions of disjoint set with ¢; and ¢o relatively prime polynomials, then ((q1g2,vi1¢2 +
V21q1, - - - V1nG2 + Vanq1), A) is a zero-dimensional parametrization of their union.

3.7.4 Rational reconstruction

A zero-dimensional parametrization Z = ((q,v1,...,0,),A) of W consists of univariate
polynomials with coefficients lying in K[[t]]/(t?). Since the degree of W is §, know-
ing Z at precision 20 allows us to recover a zero-dimensional parametrization . =
((w,wy, ..., w,),\) with coefficients in K(¢) such that Z(.) = W, with all coefficients
having numerators and denominators bounded by d [162, Theorem 1]. This can be done
by performing Padé approximation (see e.g. [26, 80]) up to sufficient precision in order to
recover numerators and denominators in K[t] for the coefficients of the polynomials in the
parametrization .7 .

Lemma 3.7.7. [26, 80] Let v = p/q € K(t) be a rational function such that p and q are
relatively prime polynomial in K[t] with deg(p),deg(q) < §. Assume q(7) is nonzero for
some T € K and let Zfio it be the Taylor expansion of ¥ of order 25 centered at T, where



Y is a polynomial of degree i in (t — 7). Then one can compute p and q by using O™(9)
operations in K.

3.7.5 Specializing at t =1

Recall that h;—; is our target system. The study at ¢ = 1 is more complicated than the
situation at ¢ = 0 since the number of roots of h;—; may be fewer than c. For this purpose,
we consider the Puiseux series field K((t)) in ¢ with coefficients in K.

Any non-zero series ¢ in K({t)) admits a well-defined valuation v(¢), which is small-
est exponent that appears in its expansion support, with v(co) = 0. For a vector ® =
(¢1, ..., ¢n) of Puiseux series, its valuation is defined as

v(®) = min v(¢;).

1<i<n

A vector of Puiseux series is called bounded if its valuation is non-negative. For a vector
® = (¢, ..., d,) with entries in K{((£)), limo(®) is the vector (limg(¢y), ..., limg(¢,)) € K",
with limg(¢;) being the coefficient of t° in ¢;.

Let J' be the extension of J’ in K((t)). Let ®,, ..., ®, be the solutions of J” in the field
of generalized power series in ¢ with coefficients in K at ¢+ = 1, with ¢ =t — 1. Without
loss of generality, we assume that ®4,...,d. are bounded and others are not, for some ¢
in {1,...,c}. We define ¢4, ..., ps by p; = limg(P;) fori = 1,...,. Lemma 5.2.8 implies
that

V(I +(t=1)) ={e1,-. ., 00t

Following [155] and [159], we need some requirements on the linear form A to become
a separating element.

Definition 3.7.8. A linear form X\ in variables X with coefficients in K is a well-separating
element if the following conditions hold.

1. X is separating for V(J') = {®1,...,P.};
2. X is separating for V(J' + (t — 1)) = {p1,...,0c};
3. v(AN(®;)) = v(g;) foralli=1,..., ¢, where v denotes the t'-adic valuation.

Note that the first condition and the discussion from Subsection 3.7.3 implies that A
is separating V' (h,;=;) as well. Applying Lemma 14 in [159, Section 3|, we see that these
conditions are satisfied for a generic choice of \. When this is the case, Lemma 4.4 in [155]

shows how to recover a zero-dimensional parametrization 2 = ((r,r1,...,7r,),A) with
coeflicients in K for the limit set V(J' 4+ (t — 1)) = {¢; : i = 1,...,c} starting from the
previously computed rational parametrization . = ((w,wy,...,w,),\). We use a slight

modification from [159, Lemma 12].



Lemma 3.7.9. [159, Lemma 12| Suppose A be a well-separating element. Let . = ((w,wy,
.., Wy), A) be the corresponding zero-dimensional parametrization of VW over K((t')), and
let e = —v(w). Then the polynomials w* = t'°w and w} = t"wy, for allk =1,...,n are in
K[ )][y]-

Further, let ro be the leading coefficient of w*(0,y). We define

1 1
r=—w"(0,y) and 7ry=—w;(0,y)modr (1<k<n).
To To

Then the polynomials (r,r1,...,7m,) are such that

C/

r=TIt=Me) andri= 30 @i [T (5= A(®0)).

i=1 1<i<c 1<i'<c,i'#i

3.7.6 Cleaning non-isolated points

We have seen that for any isolated points @ € V(hi=1), (1,2) is in V(J' + (t — 1)), so we
need to discard from V' (J'+ (t — 1)) those points that do not correspond to isolated points
of V(hy=1). This can be done by our algorithm of Section 5.1-Chapter 5.

Algorithm 2 HomotopySquare(h, %, 0)
Input: h = (hy,...,h,) in K[t, X] such that (h;—g) C K[X] is radical
the set V, containing all isolated points of V (h;—)
an upper bound § on the degree of the homotopy curve
Output: a zero-dimensional parametrization % of the isolated points of V (h;—)

1. for all & € Vo, apply a Newton-Hensel lifting (in parameter ¢) to the system h to lift
a upto precision 20 to e, € K|[[t]]/{t*)

2. combine (eq)acv, into a zero-dimensional parametrization # with coefficients in
K[[#]/{t*) as in Subsection 3.7.3

3. find a zero-dimensional parametrization . with coefficients in K(¢) as in Subsec-
tion 3.7.4

4. compute a zero-dimensional parametrization 2 with coefficients in K as in Subsec-
tion 3.7.5

5. remove non-isolated points in V (h;=;) from Z(Z) to get %,




3.7.7 Degree bounds and start systems

Let f = (f1,..., fn) be the target system with deg(f;) = d;. As mentioned above, the
complexity of symbolic homotopy continuation methods is dependent on ¢, the number
of paths to be followed in the continuation. This number is also known as the number of
isolated solutions of f. Therefore, better bounds for ¢ give better algorithms, in complexity,
to solve the target system.

When homotopy continuation methods were first developed, the best commonly-known
bound for ¢ was the Bézout theorem bound, that is, ¢ < d;---d,,. A common choice for a
start system g = (g1, ..., 9n) was a random dense system with polynomials have the same
degrees as the target system. Bézout theorem implies that, generically, this start system
has exact d; - - - d,, isolated solutions. Another choice for the start system is

g =zt — B fori=1,...,n, (3.10)
which also has d; - - - d,, solutions. Recently, some authors use the products of generic linear
forms as a start system. More precisely, for i = 1,...,n, define

d;

9 =11 (Oéi,o,k + a1+ + ai,n,kxn>a (3.11)
k=1

where {; ;« }1<ij<ni1<k<a; are generically chosen in K. The number of isolated solutions of
this system is exactly d; - - - d,,. Furthermore, both systems of equations in (3.10) and (3.11)
are easy to solve: for system (3.10), values of x; are the d;-th roots of 3;/a; while for system
from (3.11) one only need to solve d - - - d,, linear systems by using, for example, Gaussian
elimination.

However, many polynomial systems have fewer solutions than general dense systems of
total degrees. For instance, system of equations from (3.3) has 8 solutions while the total
degree bound of 16. Another known example is the eigenvalue problem. Consider

AX = )\X, where A = (a;;) € C*". (3.12)

We might consider (3.12) as the following n+ 1 polynomial equations with n+ 1 unknowns
(N x1,. .., xp)

)\1'1 — (al,lxl +-- Cllml'n) =0
(3.13)
)\In - (an,l'rl + -+ an,n'rn) =0

b1$1+"'+bn.’l§'n—1:0

where (by,---b,) € C" are chosen at random. If (A, ) is an eigenvalue-eigenvector pair
of (3.12), then (A, kx) also satisfies (3.12); so, the last equation in (3.13) is used to normalize



the eigenvectors. The number isolated solutions of (3.13) is n while the Bézout theorem
bound is 2".

As a result, better bounds on the number of expected solutions and suitable start sys-
tems reduce time in solving polynomial system by using homotopy continuation methods.
For sparse systems, the BKK bound is used to bound the number of isolated solutions and
instead of building start systems as in dense cases, a much better choice is a generic start
system g = (g1, ..., gn) for which the g; have the same Newton polytope as the polynomi-
als f; for i = 1,...,n. Of course, the solutions of g = 0 must be found before apply the
homotopy continuation methods. For this purpose, authors of [110] propose a deforma-
tion, which combines Huber and Sturmfels homotopic procedures in [104] with symbolic
homotopy techniques, for solving sparse zero-dimensional polynomial systems.



Part 1

Determinantal systems
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Chapter 4

An overview

Consider a sequence of polynomials G = (g1,...,¢s) in K[X] and a matrix F' in K[X P9,
where X = (x1,...,x,). In this part of the thesis, we study the problem of computing the
set of points in K at which G vanishes and F has rank deficient.

4.1 Problem statements

Let G = (g1, .- ., 9s) be a sequence of polynomials in K[X] and F' be a matrix in K[X]P*?
such that p < g and n =¢—p+ s+ 1. The central question that we are interested in is to
describe the set

Vo(F,G) ={x € Kn]rank(F(a:)) <pand gi(x) = = gs(x) =0}.

A natural algebraic representation for the problem above gives rise to a determinantal ideal
which is generated by G and all p-minors of F'. For any matrix F', polynomials G, and an
integer r, we denote by M,(F') the set of r-minors of F' and by

IT(Fv G) = <917 s 7gS> + <MT(F>>7
the ideal generated by G and M, (F'). Then V,(F,G) is an algebraic set with
Vo(F,G) =V(I,(F,QG)).

Remark 4.1.1. [t is natural to assume that n = ¢ — p + s + 1. Indeed, results due to
Macaulay [131] and Eagon and Northcott [52] imply that all irreducible components of
V(M,(F)) have codimension at most ¢ — p + 1. Hence, the irreducible components of
V,(F, G) have codimension at most ¢ —p+ s+ 1 by Krull’s theorem. This implies that the
irreducible components of V,(F,G) in K" have dimension at least n— (q—p+s+1), which
is positive when n > q—p—+ s+ 1. In such cases, there are no isolated points in V,(F,G).

In addition, in the case n = q — p+ 1 (that is when s = 0), it is proved, for instance,
in [167], that V(M,.(F')) has dimension zero for a generic choice of the entries of F'.
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Note that for systems coming from optimization, this condition is satisfied since in this
case, when F' is the Jacobian matrix of G together the gradient of a function that we want
to optimize on V(G), we have p = s+ 1 and ¢ = n.

Even under this assumption, V,(F, G) may have positive dimensional components, so
we will be interested in describing only isolated points of V,(F, G).

Problem 1. For F € Klzy,...,2,/"*? and G = (¢1,...,9s) in Klzy,...,x,] such that
p<qandn=q—p+s+1, compute the isolated points of V,(F,G).

In several of these situations, we are only interested in the solutions of the system
made of minors M,(F') and G = (g1, ...,¢s) at which the associated Jacobian matrix has
full rank; these are simple points in V,(F, G). Hence, it also makes sense to look at the
following slight variant of Problem (1).

Problem 2. For F € Klzy,...,z,P*? and G = (g1,...,9s) in Klzy,...,x,], withp < ¢
andn =q—p+ s+ 1, compute the simple points of V,(F,G).

It is often the case that the polynomials making up G and entries of F' are in fact
sparse. For instance, in optimization problems, when the object function ¢ and polynomials
G = (g1,...,gs) are sparse, then so are entries of F'. A second example occurs when both
¢ and G are invariant under the action of the symmetric group, a situation which we make
more precise in Part II of the thesis. Therefore, we also study the following problem.

Problem 3. Consider sparse polynomials G = (g1,...,9s) in Klzy,...,z,] and F €
Klzq, ..., 2,]P*? with sparse entries such that p < q and n = q—p+ s+ 1, compute the
isolated points of V,(F,G).

The tools used to create our sparse column support homotopy also allow us to build a
column homotopy algorithm for determinantal systems for weighted 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). This procedure will be made more precise in Part II. As such
we look at the following slight variant of Problem (3).

Problem 4. Let K[xq,...,x,] be a polynomial ring of weights (wy,...,w,). For F €
Klzy,...,2,)P*" and G = (¢1, ..., gs) in K[xy, ..., 2z, such thatp < g andn = g—p+s+1,
compute the isolated points of V,(F, G).

4.2 Main results

Our first result gives bounds on the number of solutions of V,(F', G), counted with mul-
tiplicities. We will consider two degree measures for the matrix F' which have been used



before in [144, 136]. For i = 1,...,p, we will write rdeg(F,7) for the degree of the i-th
row of F', that is, rdeg(F',i) = max(deg(f;;))1<j<q- Similarly, for j = 1,...,q, we write
cdeg(F, j) for the degree of the j-th column of F, that is, cdeg(F', j) = max(deg(fi;))i<i<p-

Theorem 4.2.1. Let F be in K[zq,...,2,]P*? and let G = (g1, ..., 9s) be in K[z, ..., x,],
withp < qandn=q—p+ s+ 1. Then, the sum of the multiplicities of the isolated points
of the ideal generated by the p-minors of F and ¢1,...,gs is at most min(c, ') with

c = deg(g1) - - - deg(gs) - Nn—s(cdeg(F, 1), ..., cdeg(F,q))

and
d = deg(gl) to deg(gs) : hnfs(rdeg<F7 1)7 s >rdeg(F7p))>

where ny(+) is the k-th elementary symmetric function and hy(-) is the k-th complete sym-
metric function.

When rdeg(F, i) = cdeg(F',j) = d for all 4, j, the ¢ and ¢ coincide with the common
value deg(g;) - - - deg(gs) ( ql). Otherwise, one can take the minimum between 7,,_;(cdeg(F', 1),

p—

...,cdeg(F,q)) and h,_s(rdeg(F,1),... rdeg(F,p)).

Example 4.2.1. Consider the case there are no equations G' and the degrees of the entries

of F' are
7

N DN DN

1
1
1
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Here, s =0,p =q =3, and n = 2. Then
c=m(2,1,5,7) =73 and ¢ = ho(7,7,7) = 294,

and so the number of isolated points of V,(F', G) is at most 73.
On the other hand, if the degrees of the entries of F' are

2 2 2 2
111 1],
555 5

then ¢ = 15(5,5,5,5) = 100 and ¢ = hy(2,1,5) = 47. In this case, the number of isolated
points of V,(F, G) is bounded by 47.

For systems coming from optimization, where F' is a Jacobian matrix, we are in a
situation similar to our second example. That is the i-th row degree of F' is simply the
degree of the corresponding equation, minus one.

Our second result gives bounds on the cost of computing a zero-dimensional parametriza-
tion of the isolated solutions of V,(F', G) and so gives an answer for Problem (1).



Theorem 4.2.2. Suppose that matriz F € K[y, ..., x,[P*? and polynomials G = (g1, ..., gs)
in K[z, ..., x,] are given by a straight-line program of length o. Assume that (deg(g;))1<i<s,
as well as cdeg(F,1),...,cdeg(F,q) and rdeg(F,1),...,rdeg(F,p) are all at least equal
to 1.

Then, there exist randomized algorithms that solve Problem (1) in either

o ((Z)c(e +) (o + g6 + 7))

operations in K, with
¢ =deg(g1) - - - deg(gs) Nn—s(cdeg(F, 1), ..., cdeg(F,q)),
€= (deg(gl) + 1) e (deg(gs) + 1) nn—s(Cdeg(Fv 1) + 17 o 7Cdeg(F7 Q) + 1)a

~v = max(deg(g1), .. .,deg(gs)),
d = max(cdeg(F,1),...,cdeg(F,q))

O <<;> (e + ) (o +pa+ 7))

or

operations in K, with

d = deg(gl) T deg(gs) hn—s(rdeg(F7 1)7 s ,rdeg(F,p)),
¢ = (deg(g1) +1) - (deg(gs) + 1) hyp_s(rdeg(F,1) +1,...,rdeg(F,p) + 1),

v = max(deg(g1),. .., deg(gs)),
a = max(rdeg(F,1),...,rdeg(F,p)).

The assumption that all degrees are at least 1 is not a strong restriction. If deg(g;) =0
for some 7, then g; is constant. So, either the system is inconsistent (if g; # 0) or g; can
be discarded from the system. If the latter holds, then s decreases and so n is strictly
less than ¢ — p + s + 1 after this update which implies that there is no isolated point in
Vo(F,G), by Remark 4.1.1. Similarly, if say cdeg(F',i) = 0, then the i-th column of F
consists of constants. After applying linear combinations with coefficients in K to the rows
of F', we may assume that all entries in the i-th column, except at most one, are non-zero
without changing the column degrees. The i-th column of F' (and the row of the non-zero
entry, if there is one) can then be discarded. In other words, both p and ¢ decrease by 1,
so we still have n =q¢—p+ s+ 1.

Note that in the common situation where all measures (deg(g;))1<i<s, (rdeg(F',7))1<i<p,
and (cdeg(F', j))i<j<q involved in the formulas above are at least equal to 2, we have the
inequalities e < ¢, € < ¢?, and (g) < . As a result, the runtimes become polynomial in

either ¢, and ¢, with O"(c3¢) and O7(¢®0), respectively. This is to be compared with
Theorem 4.2.1, which shows that min(c, ¢’) is a natural upper bound for the output size of
such algorithms.

For solving Problem (2), we obtain slightly better complexity estimates.



Theorem 4.2.3. Suppose that the matrix F € Kz, ..., 2,/P*? and polynomials G =
(91,---,9s) in Klzy,...,x,] are given by a straight-line program of length o. Assume that
deg(g1),...,deg(gs), as well as cdeg(F,1),... ,cdeg(F,q) and rdeg(F,1),...,rdeg(F,p)
are all at least equal to 1.

Then, there exist randomized algorithms that solve Problem (2) in either

0 <<Z>ce<a + g6+ 7))
0 ((;) ce(o+pa+ 7))

operations in K, all notations being as in Theorem 4.2.2.

or

The difference in the runtimes for Problem (1) and Problem (2) comes from the fact
that we need an algorithm which takes as input a system and a point in the zero-set of
this system, and decides whether this point is isolated. The detailed description of this
algorithm is given in Section 5.1.

In Problems (1) and (2) we consider the row-degree and column-degree cases. However
when the polynomials G = (g1, ...,gs) and entries of F' are sparse, we study only the
column-support case. The row-support case is left for future work.

For 1 <i <s, let A; C N" denote the support of g;, to which we add the origin 0 € N".
For 1 < j < g, 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 1 <7 <sand 1 < j <gq, we let C; and D; be
the convex hulls of respectively A; and B;. Our next result gives the complexity to solve
Problem (3) as follows (see Theorem 7.1.10 below for a precise statement).

Theorem 4.2.4. Let F € Klzy,...,x,P*? be a matriz with entries being sparse polyno-
mials and G = (g1, ...,9s) in Klzy, ..., x,] be a sequence of sparse polynomials.

Then, there exist a randomized algorithm that solves Problem (3), with the runtime is
polynomial in x and the degree of the homotopy curve, where

X = Z MV(CI,...,CmDip"'JDin—s)'

1C{l,....q}""s
Moreover, there are at most x isolated points, counted with multiplicities, in V,(F, G).

Example 4.2.2. Consider the case when s = 1,p = 2,¢ = 3, and n = 3. Let F €
Q[$1,$2,$3]2X3 be

7623 + 12323 + 82120 + 14021 — 19329 — 16323 — 1 42?7 — 1932; — 64wy — 111 —16321 + 251
—92x% 4 3023 + 310x129 + 9021 — 6223 + 60 15522 — 34615 — 78 —62x1 — 86



and G = (—23x1 + 1023 + 155222 + 4523 — 623125 — 17322 + 602, — 78w — 8623 — 93) in
Q[l’1, T, l’g]. Then

={(4,0,0),(3,0,0),(2,1,0),(2,0,0),(1,0,1), (0,2,0),(1,0,0), (0,1,0),(0,0,1), (0,0,0) },
— {(3,0,0),(2,0,0), (1,1,0), (1,0,0), (0,1,0), (0,0,1), (0,0,0)},
={(2,0,0),(1,0,0),(0,1,0),(0,0,0)},
= {(1,0,0),(0,0,0)}.
The convex hulls of A4; and (B;)1<;<3 are respectively C; = {(4,0,0), (2,1,0),(0,2,0),
(07 0, 1)7 (1’ 0, 1)7 (07 0, O)}a D, = {(37 0, 0)7 (L L, 0)7 (07 L, O)a (07 0, 1)7 (O’ ’0)}7 D, = {(27 0, 0)7
0,1

(0,1,0),(0,0,0)}, and Ds = Bs. Then
MV(Cl,Dl,Dg) = 4, MV(Cl,Dl,Dg) = 2, and MV(Cl,DQ,Dg) = 1,

and so the number of isolated points of V3(F', G) is at most x = 7.

On the other hand, if we use our result from Theorem 4.2.1, we get a bound min(c, ¢’) =
44 for the number of isolated points of V5(F', G) with

c=4-15(3,2,1) =44 and ¢ =4 - hy(3,3) = 108.

Therefore, using x gives a sharp bound for the number of isolated points of Vo(F', G) in
this example.

Finally, our last result is to give the complexity to describe the isolated points of
V,(F', G) when polynomials G and all entries of F' are in some weighted polynomial rings.
As in the sparse case, we study only weighted column-degree case and weighted row-degree
case is left for future work. For this purpose, for 1 < ¢ < ¢, we define wedeg(F', j) for
the weighted degree of the j-th column of F', that is, wedeg(F', j) = max(wdeg(f;;))1<i<p-
Our result is stated as follows (see Theorem 7.2.2 for a precise statement).

Theorem 4.2.5. Let w = (wy,...,w,) in N>y and Kzy,...,z,] be a polynomial ring
of weights w. Suppose that the matriv F € K[z, ..., x,]P*? of weighted column degrees
(01,...,94) and polynomials G = (g1, .., gs) of weighted degrees (V1,...,7s)-

Then, there exists a randomized algorithm that solves Problem (4) with the runtime is
polynomial in ¢ and the degree of the homotopy curve é, where

Y1 Vs Maes(01, ... 0g)
H?:1 w;

max(wy, ..., W)

and

™
I

(1) (Yot 1) hs(61+1,...6,+ 1)

H?:1 Ww;

™
I

Moreover, the sum of the multiplicities of the isolated points in V,(F,G) is at most ¢.



Example 4.2.3. Consider the case when s = 1,p = 2,¢q = 3, and n = 3. F €
Qlx1, T2, 23] and G in Q[zy, 79, x3] be defined as in Example 4.2.2 with wdeg(z;) = 1,
wdeg(z2) = 2, and wdeg(z3) = 3. Then wdeg(G) = (4) and the weighted column degrees
of F are

wedeg(F,i) =i for 1 <i < 3.

Then ¢ = 4"7;'(5’.’12’1) = 22/3 and so the number of isolated points of V4(F', G) is at most 7,

which is coincident with the bound x in Example 4.2.2.

Again, if we use the bounds from Theorem 4.2.1, we obtain a bound min(c, ¢’) = 44 for
the number of isolated points of V,(F',G), which is not considered as a sharp bound. We
remark that, in general, ¢ and x are not coincident.

4.3 Roadmap of algorithms

To this end, we fix an ordering > on the p-minors of p X ¢ matrices and set m = s + (Z).
We start with F' and G as above and build the equations C' = (¢y,...,¢s,...¢p) where
(c1,...,¢5) = (g1,-..,9s) and (Cs11, ..., Cp) are the p-minors of F', following the order .

Example 4.3.1. Throughout the part, we will consider the following example, with K = Q,
n=2s=0,p=2andgq=3(son=¢—p+s+1),and we let F € K[z, 25]**3 be given
by

F_ T+ a9 —1 3x1 + 51y + 2 101 + 29 — 1 ]

2342+ 1003+ 3 22 +3mxe + 21 — 1 22 —dwywe + 25+ 3

The maximal minors C' = My (F') are

c1 = =723 — 38221y — T2? — 20x122 — 62129 + 202, + 523 + 222 4 1625 + 5,
Ccy = a:‘;f — 31]%.7)2 — 11xf — 13:10@% — 97x129 — 2621 — 10x§ + 10z9, and

ey = 15 + 4a2xy — 327 — 372129 — 1327 — Sy — 5225 — 3625 — 5.

As a preliminary, we will need an algorithm which takes as input polynomials C' and
a point « in the zero-set of C, and which decides whether x is an isolated point of V' (C')
(this will be used to solve Problem (1)). When a bound g is known on the multiplicity of @
as a root of C', it becomes possible to solve this problem in time polynomial in the number
of equations m, the number of variables n, the bound p, and the complexity of evaluation
o of C. This is detailed in Section 5.1, where we explain how to modify an algorithm by
Mourrain [142] and adapt it to our context.

Example 4.3.2. In Example 4.3.1, the maximal minors C = M;(F') generate a radical
ideal of dimension zero, so Problems (1) and (2) admit the same answer. There are 7



solutions, which are described by means of the univariate representation Z = ((q, v1,v2), A),
with
5249 4 n 5899 5 32593 , 719401 5 302473 , 1243 379

9557 T 6 Y T 050 Y T 5700 Y 5700 YT 4 Y 11407
461 o 30047 ; 2431807 , 87697 5 560363 , 64121 1341

g=y +

U= TY T 380 Y 2850 7 6 Y " 1000 Y T 50 YT e
_ 5209 g 5809 5 OTT7 . TIOAOL i 302473 ,  TAS8 2653
vz = y Y " a5 Y T a0 Y T s Y

285 38 Y T 50 1140°

and A = z5. The coordinates of the solutions are the values taken by (vi/q¢',v2/¢") at the
roots of q.

In our example, we have no polynomials G. The column and row degrees of F' are
(cdeg(F, 1), cdeg(F, 2), cdeg(F, 3)) = (2,2,2) and (rdeg(F, 1), rdeg(F, 2)) = (1,2).

Using Theorem 4.2.1, the column degree bound is ¢ = 12(2,2,2) = 12, the row degree
bound is ¢ = hy(1,2) = 7. The latter is sharp and it can be used for the bound p we
mentioned above.

In order to compute the isolated points, or the simple points, of V(C'), we work with
a deformation of these equations. We let ¢ be a new variable, and we define polynomials
V = (vy,...,vs) of the form

V=(1-t)-M+t-GeKtzy,...,x,]° (4.1)
that connect certain polynomials M = (my,...,ms) to the target system G, together with
the matrix

U=(1-t)-L+t-FeK[t,z,...,x,]"? (4.2)

that connects a suitable start matrix L to the target matrix F'.

e The start system A = (ay,...,as,...,ay,) in K[zy,...,2,] will be defined by tak-
ing (ay,...,as) = (mq,...,mg), and by letting (asi1,...,a,) be the p-minors of L
following the ordering .

e The parametric system B = (by,...,bs,...,by,) in K[t,xq,...,z,] will be defined by
taking (by,...,bs) = (v1,...,vs), and by letting (bsy1,...,by) be the p-minors of U
following the ordering .

In particular, setting ¢t = 0 in B gives us A, and setting t = 1 in B recovers C'.

In Chapter 5, we first prove some properties of the ideal generated by B, independent
of the choices of L and M. We then give symbolic homotopy algorithms which take as
input the sequence of polynomials B, together with a description of V(A) (under certain
regularity assumptions), and computes a zero-dimensional parametrization of either the



isolated solutions, or the simple solutions of C'. The complexity of these algorithms depend
on the degree of the ideal C' and the degree of the homotopy curve B (the number of steps
we perform).

As we have seen in Section 3.7, start systems play an important role in symbolic ho-
motopy algorithms with these systems being easy to solve. We will specify how to define
polynomials M and matrix L, and then how to find the solutions of A = 0. The main
difficulty lies in the definition of a matrix L that will respect either the column-degree or
the row-degree of F', while satisfying all assumptions needed for the algorithm of Chapter 5
and allowing us to solve the start system A = 0 easily.

In the case of column-support, we will have to study how to build polynomials M and
matrix L which exploits the sparsity of the input (F', G) and such that all assumptions
needed for the algorithm of Chapter 5 are still satisfied. Note that weighted polynomial
rings are particular cases of sparse domains. The only difference between column-support
homotopy algorithms and weighted column-degree homotopy algorithm is in the latter, we
use the weighted degree structure of the target system to build M and L. We do not need
to verify again all assumptions for the algorithm of Chapter 5. That is why we consider
our weighted column-degree homotopy algorithm is an application of our column-support
homotopy algorithm. Note also that we will use different algorithms to solve start systems
in these two domains.



Chapter 5

Determinantal homotopy algorithm

In this chapter, we give symbolic homotopy algorithms for computing the isolated points
or the simple points of the target system C = (cq,...,¢y) in K[X] with X = (xq,...,2,).
Recall that B = (by,...,b,) € K[t, X] is the homotopy system and A = (ay,...,a,) in
K[X] is a start system with B(0, X) = A and B(1, X) = C. We first need an algorithm
to determine whether a point « in V(C) is isolated.

5.1 A local dimension test

Let L be a field containing the field K with L the algebraic closure of .. Let C be a system
of polynomials in K[X] and z a point in V(C) c L". In this section, we discuss how to
decide if @ is an isolated point of V(C'). The main result of this section is the following
proposition.

Proposition 5.1.1. Suppose that C is given by a straight-line program of length o, and
that we are given an integer p such that either x is isolated in V(C'), with multiplicity at
most p with respect to the ideal (C), or x belongs to a positive-dimensional component of
V(C). Then, we can decide whether x is an isolated point of V(C') using

O(n*i* + n®my® + nop*) € (o m)°W

operations in L.

Bates et al. [23] give an algorithm to compute the dimension of V(C) at @, but its
complexity is not known to us, as this algorithm relies on linear algebra with matrices of
potentially large size which is not necessarily polynomial in u, o, and m. Indeed, we use
an adaptation of a prior result by Mourrain [142], which allows us to control the size of
matrices we handle. We only give detailed proofs for new ingredients that are specific to
our context, a key difference being the cost analysis in the straight-line program model.
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Mourrain’s original result depends on the number of monomials appearing when we expand
the polynomials C', which would be too high for the applications we will make of this result.
We remark that the assumption that K, and then L, have characteristic zero is needed for
Mourrain’s algorithm.

The rest of this section is devoted to prove Proposition 5.1.1. We assume henceforth
that = 0. More generally, if x = (aq,...,qa,), we can replace C by the polynomials
C' = C(X + x), which have complexity of evaluation ¢/ = ¢ + n with n extra operations
for computing (x; + ;)1<i<n. We first need the following remark.

Lemma 5.1.2. Let I be the zero-dimensional ideal (I) +m**1 where m = (x1,...,1,) is
the maximal ideal at the origin. Then, 0 is isolated in V(C') if and only if the multiplicity
of I at the origin is at most y.

Proof. For a positive integer k, let I, = (I) +m* be a zero-dimensional ideal in K[X], and
let vy, be the multiplicity of this ideal at the origin. The result in [23, Theorem 1] implies
that the sequence (v4)r>1 is non-decreasing, and that 0 is an isolated point in V' (C) if and
only if there exists a positive integer k such that v, = v, for all ¢ > 0.

If 0 is isolated in C, then by our assumption in Proposition 5.1.1, the multiplicity of 0
with respect to (C') is at most u, that is, the multiplicity of the origin with respect to [
can not be larger than p. Otherwise, by the result above, the inequality ;.1 > v, holds
for all £ > 1. This implies that v, > k, for all £ > 1, since v; = 1. In particular, the
multiplicity of I at the origin, which is v, is at least pu + 1. ]

Lemma 5.1.2 implies that we are left with deciding whether the multiplicity of I at
the origin is at most u; we remark that, since I is m-primary, this multiplicity equals the
dimension of L[X]/I. Let I+ be the diagonal of I, that is,

I = {B : L[X] — L such that 3(f) =0 for all f € I},

the set of all L-linear forms IL[X] — L that vanish on /. The L-vector space I is naturally
identified with the dual of L[ X /I, so, its dimension is equal the multiplicity of I at the
origin. Therefore, it is sufficient to do the computation of the orthogonal I*; we do this by
following and slightly modifying Mourrain’s algorithm. We do not need to give all details
of the algorithm, let alone proof of correctness; we just mention the key ingredients for the
cost analysis in our straight-line program setting.

Mourrain’s algorithm represents the elements in 7+ by means of matrices multiplication.
An important feature of I+ is that it admits the structure of an L[X]-module. For k =
1,...,n and B in I+, the L-linear form zy - 5 : f — B(x,f) is still in I+, In particular, if
B = (P1,...,Bq) is an L-basis of I+, then for k=1,...,nand alli € {1,...,d}, 2 - B; is
a linear combination of 3. Mourrain’s algorithm computes a basis B = (f,. .., q4) with
the following features:



e for 1 <i<dand1l <k <n, we have x - 3; = Yi<ij<i )\Z(-?ﬁj (hence )\Z(-? may be
non-zero only for j < i);

e [3; is the evaluation at 0, 51(f) = f(0) for all f in I;
o for 2<i<d, B(1)=0.

The following lemma shows that the coefficients ()\,(’Z)) are sufficient to evaluate the
linear forms (; at any polynomial f in L[X]. More precisely, for any 1 < s < d, knowing
only values of ()\Z(lj)) for j < i < s allows us compute the evaluations of f1,..., s at any
polynomial f in L[X]. The following lemma follows the description of the matrices My ;
the (rather straightforward) complexity analysis in the straight-line program model is new.

Lemma 5.1.3. Let s be in {1,...,d}, and suppose that the coefficients ()\,Ef;))lgiss71§j<i
are known for k = 1,...,n. Given a straight-line program T of length o that computes
polynomials h = (hq,...,h,) in L[ X], one can compute ;(h,), for all i = 1,... s and
u=1,...,r, using O(s*c) operations in L.

Proof. For h in L[ X] and k =1,...,n, we have

Bi(xh) Bi(h) A A
= Mk,s ) with Mk,s =
Bs(axh) Be(h) A oo A
We remark that the matrices M} all commute with each others. Indeed, for %k, k" in
{1,...,n}, by using basic linear algebra computations, one can verify that
51(33kh) Bi(wph)
Mk’,s = Mk,s ;
Bs('xkh) 5s(xk’h>
together with the relation above, we can deduce that
Bi(h) 0
(Mk,sMk’,s - Mk’,sMk,s) = .
Bs(h) 0
Moreover, since the linear forms fi,..., 03, are linearly independent, then all rows of

Aps = My My s — My (M, o must be zero, which means My, My s = My (M, s
for any k, k'

Then, for any polynomial h in L[ X], the following equality holds:

Bi(h) 51(1)
: =h(Mygs,...,M,;) :

Ps(h) Ps(1)



On the other hand, our assumptions imply that (5;(1), ..., Bs(1)) is (1,0,...,0). Therefore,
to conclude, we use the fact that the evaluations of (hy, ..., h,) at (My,,..., M, ) can be
computed using a straight-line program performing O(s30) operations in K. O

Mourrain’s algorithm proceeds in an iterative manner, starting from B = (3;) (and
setting e; = 1), and computing successively 83® = (8,41, .-+, Bey)s B = (Beyst, -+ Bes)s
..., for some integers e; < ey < ez < --- . The algorithm stops when ey.; = ey, in which
case f1,..., B, is an L-basis of I+, and ¢, = d. In our case, we are not interested in
computing this multiplicity, but only in deciding whether it is less than or equal to the
parameter u; we do it as the follows.

Assume that we have computed B, 33 ... B together with the corresponding
integers e, es, ..., eq, with e, < -+ < e, < . We compute B8+ and e, and continue
according to the following:

e if ¢y11 = ey, we conclude that the multiplicity d of I at the origin is e, < pu; we stop
the algorithm;

e if ey, 1 > p, we conclude that this multiplicity is greater than u; we stop the algorithm;

e clse, when ey < e;p1 < p, we do (¢ + 2)-th loop.

Since the sequence (e;)¢>1 is increasing with e; = 1, then it satisfies e, > ¢. Then, whenever
we enter the loop ¢, we have ¢ < p. It remains to explain how to compute 3“1 from

(ﬁ(l)”B(Q)? s 7/8(4)) = (517 s 7664)'

As per our description above, at any step of the algorithm, /3, ..., 3., are represented
by means of the coefficients A0 for 0 <j<i<erand 1 <k <n. At step £, Mourrain’s

2,7 7
algorithm solves a homogeneous linear system T, with n(n —1)e,/2 +m' equations and ne,
unknowns, where m’ is the number of generators of the ideal I = (C) + m*™!. Remark
that m’ is not polynomial in p and n, so the size of T} is a prior too large to fit our cost

bound; we will explain below how to resolve this issue in the straight-line program model.

The null dimension of this linear system gives us the cardinality e, — e, of B¢+D.
The coordinates of the e,y ; — e, vectors in a nullspace basis are precisely the coefficients

()‘z(‘,kj))ee+1§i§w+1,1§j§ee for k = 1,...,n. Note that )‘z(}kj) =0forj=e+1,...,i—1. For

all £ > 2, all linear forms 3 in B are such that for all k in {1,...,n}, ) - 8 belongs to

the span of BW), ..., 81 In particular, a quick induction shows that all linear forms in
BW, ..., BY vanish on all monomials of degree at least .
There remains the question of setting up the system 7,. For k in {1,...,n} and an

L-linear form 3, we denote by x;' - 3 the L-linear form defined by L-linearity as follows:

o (z.;'- B)(wpf) = B(f) for any monomial f in L[X],



o (z;'-B)(f) =0if f € L|X] is a monomial which does not depend on zy.

In other words, (z;," - 8)(f) = B(0x(f)) holds for all f, where 6, : L[X] — L[X] is the k-th
divided difference operator

flzr, o oyxn) — flag, oo e, 0, Tpgr,y ooy Ty)
Tk

f=

One can verify that, x - (v;,' - 8) is equal to 3. This being said, we can then describe what
the entries of T}, are:

e the first n(n—1)ey/2 equations involve only the coefficients )\,(-7’? previously computed
(we refer to [142, Section 4.4] for details of how exactly these entries are distributed
in Ty, as we do not need such details here).

e cach of the other m’ equations has coefficient vector
o= (@ B (e, 00, 0))sy (2 Be) (f (20,0, 0)) )
where f is a generator of I = (C) + m++1.

We claim that only those equations corresponding to generators cy,...,c, of the input
system C' are useful, as all others are identically zero.

Indeed, we pointed out above that any linear form f3; in f,..., 3., vanishes on all
monomials of degree at least ¢; in addition, as we saw that ¢ < u, all of these 3; vanish on
monomials of degree y. This implies that ' - 3 vanishes on monomials of degree u + 1.
The generators f of m*! have degree y + 1, and for any such f, f(zy,...,2,0,...,0) is
either zero, or of degree 1 4 1 as well. Hence, for any £, 3; in 1,..., 3, and f as above,
(z;"B)(f(21, ..., 24,0,...,0)) vanishes. This implies that the vector v; is identically zero
for such an f, and that the corresponding equation can be discarded.

In summary, we have to compute the values

(:v,;l -Bi)(cj(xr, ... 2, 0,...,0)),

for k =1,....,n,i =1,...,e, and j = 1,...,m. Fixing k in {1,...,n}, we let C}, =
(¢jk)1<j<m, wWhere ¢;j is the polynomial ¢;(z1,...,2,0,...,0); note that the system Cj
can be computed by a straight-line program of length ¢/ = o + n. Then, applying
the following lemma with s = ¢, < p and h = C}, we deduce that the values (z;" -
Bi)(cj(x1, ..., 2, 0,...,0)), for k fixed, can be computed in time O(u?(o + n)).

Lemma 5.1.4. Let s be in 1,...,d, and suppose that the coefficients )‘z(}];) are known for
1=1,...,8,7=0,...,i—1and k=1,...,n. Given a straight-line program I of length o
that computes h = (hy,. .., h,) and given k in {1,...,n}, one can compute (x;.' - B;)(hy),
foralli=1,...;s andu=1,...,r, using O(s*(c +n)) operations in L.



Proof. In view of the formula (z;' - 8)(f) = B(6k(f)), and of Lemma 5.1.3, it is suffi-
cient to prove the existence of a straight-line program of length O(c 4+ n) that computes

e (h)s- -, 81(h)).

To do this, we replace all polynomials v_,,11, ..., 7, computed by I' by terms n_,,11,...,7
and v_,.1,...,Vs, with

Ne = Ye(x1, .o 1,0, Tpi1, . .., Tpy)

and v, in L[ X] such that v, = 1, + zxv, holds for all ¢. In particular, one has vy, = 0 ()
for { = —n+1,...,0. To compute 7, and vy, assuming all previous 7, and vy are known,
we proceed as follows:

o if vy =z, weset n, =0 and v, = 1;
o if v, = xp, with & # k, we set 1, = xp and vy, = 0;
e if v, = dy, with d, € L, then we set 1, = dy and v, = 0;
o if vy = ~,,£V,, for some indices ay, by < £, then we set n, = 1,,£m, and v, = v,, £1p,;
o if vo = 7v,,M,, for some indices a,, by < ¢, then we set 1, = 14,7, and
Vp = NayVb, + Va, Mo, + TV, Vb, -

One verifies that in all cases, the relation v, = 7, + v, still holds. Since the previous
construction allows us to compute 7, and v, in O(1) operations from the knowledge of all
previous 71y and vy, we deduce that all 7, and vy, for { = —n +1,..., 0, can be computed
by a straight-line program of length O(o + n). O

Taking all values of k, from 1 to n, into account, we see that we can compute all
entries we need to set up the linear system 7, using O(un(o + n)) operations in L. After
discarding the useless equations described above, the numbers of equations and unknowns
in the system 7T} are respectively at most n?y + m and nu. This implies that we can
find a null space basis, for instance, by using Gaussian elimination, of this system in time
O(n?p?(n®u +m)). Altogether, the time spent to find B+ from (81, 33, ... BY) =
(B, - Be,) is O(n*p® + n®mu? 4+ nop?). Finally, since we saw that we do at most u such
loops, the cumulative time is O(n*u* + n?*mu3 + nopt), and Proposition 5.1.1 is proved.

We close this section by discussing how to apply such a result in Proposition 5.1.1.
The easiest way is to do so is when L. = K with @ a point in the zero-set of a polynomial
system in K[zq,...,z,]. In Subsection 5.2.3, we will apply it when L the fraction field of
the integral ring K[y]/(w), where y is a variable and w € K[y| is an irreducible polynomial.
In this setting, the coordinates of @ are expressed through the evaluation of a polynomial
in K[y| at one root of w. Classical arithmetic operation such as addition, subtraction and
multiplication are performed modulo w; inverting a non-zero element in K[y|/(w) boils
down to applying the Extended Euclidean Algorithm (see e.g. [80]).



5.2 Symbolic homotopy algorithms

Let C = (c1,...,¢p) in K[X] with X = (21,...,2,). In this section, we give algorithms
to compute a zero-dimensional parametrization of the isolated/simple points of V(C),
assuming the existence of a suitable homotopy deformation B of C. We can assume
m > n, since otherwise there is no isolated point in V(C'). This assumption is trivial for

determinantal systems since m = s + (Z) and n =q—p+ s+ 1 with ¢ > p.

Let ¢ be a new variable and consider polynomials B = (by,...,b,) in K[t, X]. For
T € K, we write B;—, = B(7,X) € K[X]. In particular, we assume that B,—; = C and
B;_y = A, a start system. We define the ideal J = (B) C K]t, X].

5.2.1 Bounds on the number of isolated points

Our first result in this section is to give a precise description on the number of isolated
solutions of B;—, = 0 for any 7 in K.

Proposition 5.2.1. Suppose that the following two conditions hold:

Bi. Any irreducible component of V(J) C K" has dimension at least one.

By. For any maximal ideal m C K[t, X], if the localization Jy, C K[t, X|n has height n,
then it is unmized (that is, all associated primes have height n).

Then there exists an integer ¢ such that for all 7 in K, the sum of the multiplicities of the
isolated solutions of By—, is at most c.

An obvious example where B; and By hold is when m = n. Then B is Krull’s theorem,
and B, is Macaulay’s unmixedness theorem in the Cohen-Macaulay ring K[t, X], [53,
Corollary 18.14]. More generally, these properties hold when B is the sequence of p-minors
of a p X ¢ matrix with entries in K[¢, X], with p < ¢ and n = ¢ — p + 1; we discuss this,
and a slightly more general situation, in Section 5.3.

The rest of the section is dedicated to proving this proposition. In the core of the
proof, we will give a precise characterization of the integer ¢ mentioned in the proposition,
although the statement given in the proposition will actually be enough for our later
purposes.

Consider J = Q1 N --- N Q, an irredundant primary decomposition of the ideal J =
(B) C K[t, X], and let Py, ..., P, be the associated primes, that is, the respective radicals
of Qq,...,Q,. We assume that Py,..., P, are the minimal primes, for some ¢ < r, so that

—n—+1

V(Py),...,V(P,) are the (absolutely) irreducible components of V(J) C K. By By,
these irreducible components have dimension at least one. Refining further, we assume that



u < is such that V(P,),...,V(P,) are the irreducible components of V/(.J) of dimension
one whose image by m; : (7,21, ...,%,) — 7 is Zariski dense in K (i.e. m; is dominant).

Let us write J = J'NJ”, with J' = QN---NQ, and J" = Q.1 N---NQ,. We consider
the Puiseux series field S = K({(t)) in ¢ with coefficients in K. Since K is algebraically closed
and of characteristic zero, S is algebraically closed (actually, it is an algebraic closure of
K(t)) and hence a perfect field. We consider the extension J of J in S[X], and similarly
let J' and J” denote the extensions of J' and J” in S[X]. Let us define

¢ = dimg(S[X]/J).

Lemma 5.2.2. Let 7 be in K and let & € K' be an isolated solution of the system By—,.
Then, (1, x) belongs to V(P;) for at least one index i in {1,...,u}, and does not belong to
V(P;) for any index i in {u+1,...,7}.

Proof. Since (7, ) is a solution of B = 0, it belongs to at least one of V(P,),...,V(F,).
It remains to show that (7, x) does not belong to V(F;) for some index i in {u+1,...,7}.

For indices i € {u+1,...,¢}, these are those primary components with minimal asso-
ciated primes P; that either have dimension at least two, or have dimension one but whose
image by 7 is a single point. In both cases, all irreducible components of the intersection
V(P)NV(t—r), for u+1 < i< /¢ have dimension at least one. On the other hand, since
@ is an isolated point in V(B,), (1, ) is isolated in V(P;) N V(t — 7). Therefore, (7, x)
cannot belong to V(P) NV (t —7) for any i € {u+1,...,¢}.

It remains to show that (7, ) does not belong to V(P;), for any of the embedded primes
Pyiq, ..., P,. Weprove this by contradiction by assuming that (7, ) isin V(P ), ..., V(P;,)
for some (+1 < iy < --- < <r. Since P,,, ..., P, are embedded primes, V(P,),...,V(F;,)
are contained in one of V(Py),...,V(F,). Further, all V(P,),...,V(FP,) have dimension
one, so V(P,),...,V(P,,) are zero-dimensional; then they are the point {(7,x)}. As a
result, V(P;,),...,V(P,) equal V(F,,) which contradicts the irredundancy of our decom-
position. Therefore, if (7, x) belongs to V(Pyy1), ..., V(F,), it has to belong to at most one
of those sets. Without loss of generality, let us assume (7, &) € V(Ppy1) and (1, 2) € V(F;)
fort+1<i<r.

To summarize, (7,x) belongs to V(FPpy1), together with V(F;) for some indices i
{1,...,u}, say Pi,..., P, up to reordering, for some p > 1, and avoids all other associated
primes. Let us localize the decomposition J = Q1 N---NQ, at Py . By Proposition 3.1.12,

JPZ-Q—I = Q1P5+1 m e m QpPz+1 m Q€+1PZ+1

is an irredundant primary decomposition of the ideal Jp, , in K[t, X] with the minimal

primes being Pip, ... ’PPPe+1’ P”leH'

Py

By Corollary 4 p.24 in [135], for any prime P
the localization of K[t, X]p,, , at B

P, With e = 1,....pori = {+1,
is K[t, X]p,. In particular, the height of P;p . in

Py Pyyq Pyiq



K[t, X]p,,, is equal to that of P; in K[t, X]p,. Moreover, dim(V(FP;,)) =1fori=1,...,p
and dim(V (Ppy1)) = 0. Therefore, by Theorem 3.1.1, fori =1,...,p,

height(P;) = (n + 1) — dim(V(F;)) = n,

and
height(Ppy1) = (n + 1) — dim(V (Ppy1)) =n + 1.

This implies height(Fp,, ) = n for i = 1,...,p and height(Ppi1p,,) = n + 1. Since
p > 1, then Jp, , has height n. As a result, By implies that Jp,,  is unmixed which is a
contradiction. O

Remark 5.2.3. The zero-set V(J') is the union of all one-dimensional irreducible compo-

nents of V(J) =V (B) C K" whose projection on the t-azis is dense. As a consequence,
we will call it the homotopy curve.

For 7 in K, we denote by Ji—, C K[t, X] the ideal J + (¢t — 7), and similarly for J/__
and J;_ .

Lemma 5.2.4. Let 7 and x be as in Lemma 5.2.2. Then, the multiplicities of the ideals
Jier and Ji__ at (T,x) are the same.

Proof. Without loss of generality, assume that 7 = 0 € K and ¢ = 0 € K. We will
see the equality J = J'NJ" which holds in K[t, X] in the formal power series K|[[t, X]].
Lemma 5.2.2 implies that there exists a polynomial in J* that does not vanish at (7, ).
Then this polynomial is a unit in K[[¢, X]], which implies that the extension of J" in
K[[t, X]] is the trivial ideal (1). This means the equality J = J’ holds in K[[t, X]], which
gives the equality J + (t — 7) = J' + (t — 7) in K[[t, X]]. Consequently, our conclusion
holds. [

We now can give a bound on the sum of the multiplicities of B;_, at all its isolated
roots, for any 7 in K.

Lemma 5.2.5. The ideal J' has dimension zero and V(J') C S™ is the set of isolated
solutions of V(J) C S™.

Proof. Since J = J'NJ", we have J = 3’ Ny by Corollary 3.4 in [6]. Moreover, the
irreducible components of V' (.J') are precisely those irreducible components of V' (J) that
have dimension one and with a dense image by m;, our claim holds. O]

Recall that ¢ = dimg(S[X]/J’). Let .J' is the extension of .J' in K(¢)[X]. Since S is an
algebraic closure of K(t), one has dimg,,, (K(t)[X]/J') = ¢. The following lemma relates
this quantity to the multiplicities of the solutions in any fiber B;—.. This gives our proof
for Proposition 5.2.1.



Lemma 5.2.6. Let 7 be in K. The sum of the multiplicities of the isolated solutions of
B,_, is at most equal to c.

Proof. The sum in this lemma is also the sum of the multiplicities of the ideal J. at all
(1,x), for & an isolated solution of B;—, = 0. By Lemma 5.2.4, this is also the sum of the
multiplicities of J/__ at all (7, 2), for « an isolated solution of B;_, = 0. Therefore, it is
sufficient to show that the sum of the multiplicities of J/__ at all (7, ), for @ such that
(1,x) cancels J/__, is at most c. Note that this sum is equal to the dimension k of the
K-vector space K[t, X|/J/_ . We also remark that for any isolated solution x of B, (7, x)
is an isolated root of J., though the converse may not be true.

Let my, ..., m; be monomials that forms a K-basis of K[t, X|/J/_ . Since T — 7 € J.,
these monomials are monomials in only X variables. We will prove that my,...,my are
still K(¢)-linearly independent in K(¢)[X]/J’. This will imply k& < ¢, and our conclusion
follows.

B Suppose that there exists a linear combination aymy + - - - + agmy, in J’, with all g;’s in
K(t) and not all of them zero. This means we have an equality

al a, a
7m1+...+7mk:

- 1
4 0 yt (5.1)

with all a}’s, d, and all d;’s are in K[t]; and a is in J'. Cleaning denominators in (5.1) gives
us a combination of the form

eymy + -+ emy € J/, (52)

with not all e;’s zero. Let m be the highest non-negative integer such that the relation
in (5.2) can be written as

(t—7)" (fima + -+ fymy) € T, (5.3)

with f; = e;/(t — 7)™ € K[t] for all i« = 1,...,k. In particular, f;(7) are not zero for all
t=1,..., k. Note that the number m is well-defined since not all ¢;’s vanish.

Recall that the ideal J’ has the form J' = Q;N---NQ,. For i =1,...,u, since Q; is
primary, the relation in (5.3) implies that either fimq+---+ fymy € Q; or (t—7)"" € Q; for
some n > 0. Since @); does not contain any non-zero polynomial in K[t], fimq+---+ femy
must belong to all Q;’s. This means fim; +-- -+ fymy is in J'. We can then evaluate this
relation at ¢ = 7. We saw that the values f;(7) do not all vanish on the left, which is a
contradiction with the independence of the monomials my, ..., m; modulo J;__ . O

5.2.2 Properties of the start system

With notation being as in Subsection 5.2.1, in this subsection we discuss the geometry of
V(J) at a neighborhood of t = 0. Note that B;—y = A is our start system. We will see



below that if some properties of the start system hold, we have that the number of isolated
solutions, counting with multiplicities, of A = 0 is equal to c.

We have already mentioned that the field S = K((t)) is an algebraic closure of K(t).
Thus we can let @4, ..., ®. be the points of V(J'), with coordinates taken in S; in particu-
lar, we can see that ¢ < c¢. Any non-zero series ¢ in S admits a well-defined valuation v(p),
which is the smallest exponent that appears in its expansion with a non-zero coefficient;
we also set v(0) = co. The valuation v(®), for a vector ® = (¢4, ..., ¢s) with entries in S,
is the minimum of the valuations of its exponents. We say that ® is bounded if it has non-
negative valuation; in this case, limy(®) is defined as the vector (limg(¢), ..., limg(¢s)),
with limg(¢;) = coeff(¢;, %) for all i = 1,...,s.

Proposition 5.2.7. With conditions in Proposition 5.2.1 and suppose further that the
following conditions hold:

Ci. All points @4, ..., P, are bounded.

Cy. The ideal (A) is radical and of dimension zero in K[X].
Then, A has exactly ¢ solutions, all of them having multiplicity one.

The rest of this subsection is devoted to prove this proposition. We define ¢1,. .., ¢¢
by @; = limg(®;) € K" fori=1,...,c.

Lemma 5.2.8. The variety V(J' '+ (t)) ={p; | i=1,...,c}.

Proof. We first prove that ¢; is in V/(J' 4 (t)) for i < . Let g1, ..., g¢ be generators of the
ideal J' in K[t, X]; they also generate J' in K(¢)[X]. Then

J H(t) = (910, 9e0),

where gro = g1(0, X) € K[X] for k =1,...,{. For i <, consider the vector of series ®;,
then gi(®;) =0 for k = 1,...,¢. Since ®; is bounded, that is all elements involved in ®;
have non-negative valuation, we can take the coefficient of t° which gives us grolei)) =0
for k=1,...,¢. This gives our claim.

Conversely, let t1,...,t, be new indeterminates and IL be the algebraic closure of the
field K(t,...,t,). Let C C L™ be the zero-set of the ideal J’' - L[t, X| and consider the
projection C — L2 defined by (7,ay,...,a,) = (7,t1a1 + -+ + t,a,,). The Zariski closure
S of the image of this map is a hypersurface.

Since the ideal .J is generated by polynomials with coefficients in K, we can deduce that
S admits a squarefree defining equation H in K(¢1, ..., t,)[t, to]. Without loss of generality,
we can assume that H is in K[ty, ..., t,][t, to]. Since H admits no irreducible component
lying above t = 7, for any 7 € K, the polynomial % admits no factor in K[t]. Thus,
H(0,tg, ..., t,) is non-zero.



Let h be the leading coefficient of H with respect to fo. Result in [162, Proposition 1]
proves that H/h, seen in K(ty, ..., t,,t)[to] C L(t)[to], is the minimal polynomial of t;x; +
o tpry, in L(1)[X]/V/J-L(t)[X]. The latter ideal is also the extension of v/’ to L(t)[X],

so H/h factors as

" = [ (to—t:1®i1— - — t,P;)

h 1<i<¢e!

in I'[¢], where L = LL[[¢]] is the generalized power series of ring in ¢ with coefficients in L.
This give the equality

H=h- H (tO - tl(bi,l - = tnq)i,n)
1<i<e!
over S[ty, ..., t,, to].

Since h and (tg — t1®;1 — -+ — t,®;,), for 1 < i < ¢/, are primitive in K[to, ..., %,][t],
then Gauss’ Lemma implies that H is primitive as well (recall that a polynomial h =
So<kem Mit® in Klto, ..., t,][t] is called primitive if the only common factor of (hg)o<k<m
is 1). As a result, we can take the coefficient of t° term-wise, and obtain

H(0,to, ... tn) = ho [[(to — tipin — -+ — tnpin),
where hg is in K[t1, ..., t,]. Note that hg is non-zero because H(0, to, ..., t,) is non-zero as
above. By the construction of #H, for any & = (av, ..., ap) in V(J + (1)), (tias + - - - thay,)
cancels H (0, to, a1, ..., ay), so a must be one of (¢;)1<i<e- O

Lemma 5.2.9. The ideal J' is radical. Equivalently, ¢ = c.

Proof. From Lemma 5.2.5, J' has dimension zero, so it is sufficient to prove that for i =
1,...,c, the localization of S[X]/J at the maximal ideal mg, is a field, or equivalently
that the localization of S[X]/J at mg, is a field. Since S = K((t)) is algebraically closed,
it is a perfect field. By the Jacobian criterion [53, Theorem 16.19.b], our claim holds if and
only if the Jacobian matrix of B with respect to X has full rank n at ®,.

By Lemma 5.2.8, we know that ¢; = limg(®;) is a root of B,—y. Since the ideal (B,_o)
is radical and zero-dimensional (by Cy), then the Jacobian matrix of B,—y = B(0, X ) with
respect to variables X has full rank n at ¢; by Lemma 3.1.8. Since this matrix is the limit
at zero of the Jacobian matrix of B with respect to X, taken at ®;, the latter must have
full rank n, and our claim that J’ is radical is proved. O

We can now finish our proof of Proposition 5.2.7. To do this, we have to show that
V(By=o) consists of exactly ¢ solutions, all with multiplicity one. First, since B;—g is finite
(from Cy), Lemma 5.2.2 implies that « is in V(B;—o) if and only if (0,x) is in V(J' + (t))
(recall that P, ..., P, are associated primes of Q1,...,Q, and J' = Q1N ---NQ,). Next,
taking C; and Lemma 5.2.9 implies that ¢ = ¢’. Thus, in view of Lemma 5.2.8, it suffices
to show that for 4,7 in {1,...,c} with ¢ # ¢/, we have p; # ;.



Lemma 5.2.10. For i, in {1,...,c} with i # ', we have @©; # Q.

Proof. Suppose on the contrary that ¢; = ¢; for some i # /. Since the Jacobian matrix
of By—g has full rank n at ¢;, there exists a corresponding maximal non-zero minor in
B. Without loss of generality, we can assume that B’ = (b,...,b,) gives this maximal
Nnon-zero Mminor.

Let z = v(®; — ®y). Since p; = @y, then z > 0; and z is finite since otherwise we would
have ®; = &, which contradicts with i # ¢'. Let us write ®; = ¢ + t*9; and ®; = ¢ + %0y,
for some vectors of bounded series ¢, d;, 0, such that all terms in ¢ have valuation less than
z. In addition, limg(d;) # limg(dy).

Consider the Taylor expansion of B’ at ¢
B'(®;) = B'(¢) + Jacx (B')(¢) t°0; + t*r; = 0 (5.4)

and
B,((I)i/) = B/(gb) + JaCx(B/)(¢) tzéi/ + t2z7"i/ = 0, (55)

for some vectors of bounded series 7;, 7. By subtracting equations (5.4) and (5.5) and
dividing by t*, we obtain
Jacx (B')(¢)(6; — di) = t*r,

for some vectors of bounded series r. Furthermore, Jacx (B’)(¢) is invertible, so one can
deduce
5i — (51'/ = tZT/, (56)

where 1’ = r/Jacx (B’)(¢) is a vector of bounded series. However, while (§; — d;) has zero-
valuation, t*r has positive valuation since z > 0 and »’ is bounded. This is a contradiction.
m

5.2.3 Homotopy algorithms

With all notation being as in the previous subsections, we now describe our algorithmic
framework for computing either the isolated solutions, or the simple solutions, of the system
C = (cy,...,Cn), assuming that conditions in both Proposition 5.2.1 and Proposition 5.2.7
are satisfied. The main result in this subsection is the following proposition.

Proposition 5.2.11. Suppose that assumptions By, By, Cq, and Cy hold and that we are
given,

e a straight-line program I' of length o that computes B;

e a zero-dimensional parametrization %y = ((wo, Vo1, - -,V0n), A) with coefficients in
K of V(A) = V(By=); the linear form X needs to satisfy some genericity require-
ments, that are described below. Note that wqg has degree c, where ¢ is defined in
Proposition 5.2.1;



+1

o an upper bound e on the degree of the homotopy curve V(J') € K" (see Re-

mark 5.2.3).

Then there exists a randomized algorithm Homotopy which computes a zero-dimensional
parametrization of the isolated points of V(C') using

O (mn® + c(e + )n(o +n?)) C (eom)°W
operations in K.

The variant below focuses on the computation of simple points.

Proposition 5.2.12. Under the assumptions of Proposition 5.2.11, there exists a random-
ized algorithm Homotopy__simple which computes a zero-dimensional parametrization of the
simple points of V(C') using

O (mn®+ cen(o +n%) C (eom)°V

operations in K.

Our goal in this subsection is to prove these propositions. Once this is done, in order
to obtain complete algorithms for Problems (1) to (4), we will still have to specify how
to define B and how to solve the start system A = B;_q; this is the purpose of the next
chapters. In Section 5.3, we will show determinantal systems B satisfy assumptions B,
and B,, while in the next chapters, depending on the context, we will construct systems
which satisfy assumptions C; and C, for the start systems A.

Decomposing %,.

Let %o = ((wo,v01, - --,V0n), A) be a zero-dimensional parametrization of the start system
V(Bi=o), with wy and all vp; in K[y]. Note that the degree of wy equals the degree of the
variety V' (B;—¢), which is the integer ¢ defined previously.

At the core of the algorithms, we need to use Newton-Hensel iterations to lift Z,.
Therefore, we first need to decompose %, into finitely many zero-dimensional parametriza-
tions Zo; = ((wo4,v0j15---5V04n), Ni<j<t, all with coeflicients in K, such that for j in
{1,...,t}, we know indices 4; = (41,...,%;») such that the Jacobian matrix of (bo)ici;
has full rank n at «, for all  in Z(%, ;).

If wy were irreducible, we would simply evaluate the Jacobian matrix of B;,— at the
point (vg1/wg, ..., von/wy), which has coordinates in the field L = Kly]/(wp), and find
a non-zero minor of size n in this matrix. Computing this Jacobian matrix takes O(no)
operations in L (see e.g. [84, Lemma 25]) and finding an invertible minor requires O(mn?)
operations in I by using, for example, Gaussian elimination. The total time, under the



assumption that wy is irreducible, is thus O(mn?+no) operations in L, that is, O™ (c(mn?+
no)) operations in K.

When wy is not irreducible, L. = Kly]/(wp) is a product of fields. We can still apply
the same process as in the irreducible case by factoring wy. However, we do not want our
runtime to depend on the cost of factoring polynomials (else our analysis would depend on
the bit size of the data when K = Q). Hence, we will use dynamic evaluation techniques,
as in [48] which is also known as the D principle. Indeed, the only issue that may arise is
that we attempt to invert a zero-divisor in IL. If this is the case, following the D5 principle,
the computation splits into branches and we find a non-zero factor rqy of wy.

We then replace %, by two new zero-dimensional parametrizations %, = ((ro, (vo.1/50)
mod 7o, . . ., (Vo,n/So) mod 1), A) and Z{ = ((so, (vo,1/r0) mod so, ..., (vo,/T0) mod sg), A),
with so = wo /7o, such that Z(%y) = Z(%,) U Z(Z), where 1y vanishes and is non-zero
on Z(%,) and Z(Zy), respectively. Then, we can restart from Z(Z%)) and Z(%) indepen-
dently. Overall, in the worst case, we arrive to ¢ branches, that is, the splitting process
induces an extra factor of O(c) in the runtime compared to the case when wy is irreducible.
Therefore, one needs O™ (c*(mn? + no)) operations in K.

Lifting power series and rational reconstructions.

For j = 1,...,t, we can then apply Newton-Hensel iteration to the system (b;);e;; to lift
Ho; = ((woj,V0,j1,---,V0jn), A) into a zero-dimensional parametrization %; with coeffi-
cients in K[[t]]/(t**), where e is the degree of the homotopy curve B and which is given as
input to the algorithm. By Lemma 3.7.6, this can be done using O (ce(o + n?)n) opera-
tions in K. Using the Chinese Remainder Theorem, we can combine all &; into a single
zero-dimensional parametrization % with coefficients in K[[t]]/(t%¢), since for j # j, wo
and wy ; generate the unit ideal in K[[¢]]/(t*); this takes time O™ (cen).

Using the notation of the previous subsection, as we have discussed in Subsection 3.7,
the zeros of Z in K[[t]]/{t?¢) are the truncation of the power series roots ®y,..., @, of J.
Since the degree of V' (J') is at most e, knowing Z# at precision 2e allows us to reconstruct
a zero-dimensional parametrization . with coefficients in K(¢) such that Z() = V (),
with all coefficients having numerator and denominator of degree at most e. This can be
done by applying rational function reconstruction to all coefficients of Z. There are n co-
ordinates (z1,...,x,) each has O(c) coefficients with each of coefficients having numerator
and denominator of degree O(e). Thus computing .7 from & takes O™ (cen) operations in
K. Therefore the total cost of this step is O (cen(o + n?)).

A finite set containing the isolated points of V(C).

Similar to what we did in the previous section for ¢t = 0, we let 9/1, ..., @/ be the roots of J'
in the field of generalized power series in t’ with coefficients in K at t = 1, where t’ =t — 1.
Without loss of generality, we assume that ®/,..., ®}, are bounded, and @}, ,,..., ®, are



unbounded, for some #’ in {0,...,c}, and we define ¢, ..., ., by ¢} = limy(®) € K" for
i=1,...,&. By Lemma 528 V(J' + (t — 1)) ={¢ | i=1,...,K'}.
We can now specify our requirements on the linear form A which are already given in

Definition 3.7.8. We restate those conditions here. We ask that A be a well-separating
element, that is:

1. X is separating for V(J') = {®},..., DL}, that is, all values A(®}),..., A(P)) are
pairwise distinct;

2. A is separating for V(J' 4+ (t — 1)) ={¢}, ..., ¢l |

3. foralli=1,... ¢, v(A(®;)) = v(P;), where v denotes the t'-adic valuation.

From Lemma 14 in [159, Section 3], we see that these conditions are satisfied for a generic
choice of .

When this is the case, Lemma 4.4 in [155] shows how to recover a zero-dimensional
parametrization #; = ((wy,v11,...,01,),A) with coeflicients in K for the limit set

V(J+{—=1)={|i=1,...,k'}

starting from the previously computed rational parametrization ., in time O (cen). We
refer to Subsection 3.7.5 for the construction of %, from .# (in that subsection, we use the
notion of 2 instead of % ).

When the chosen linear form A is not generic enough, the algorithm may fail, or output
a parametrization of a subset of the zero-dimensional set we aim to compute. We refer to
[159, Remark 14| for a discussion on probabilistic aspects.

In summary, at this stage, for the first three steps decomposition of %, lifting and
rational reconstruction and getting a finite set containing the isolated points of V(C'), we
perform

O™ (*(mn® +no) + cen(o +n?))

operations in K.

Extract the isolated points.

We now can finish our proof for Proposition 5.2.11. From Lemma 5.2.2; any isolated
solution  of C, (1,x) is in V(J' + (t — 1)), so we discard from V' (J' + (t — 1)) those points
that do not correspond to isolated points of V(C') by using the algorithm of Section 5.1.
Proposition 5.2.7 implies that we can take ¢ as an upper bound on the multiplicity of
isolated solutions.

We reuse the idea from dynamic evaluation techniques. If w; is irreducible, we can use
the algorithm of Section 5.1, with an overhead O™(c) to account for the cost of operations



in K[y]/{w1). If wy is reducible, splittings are performed with the number of branches is
bounded by ¢ and then the total overhead is O7(c?).

The runtime deduced from Proposition 5.1.1 to extract isolated points in V(C') is then
O (n* + &mn® + no) = O(mn® + b (n® + o)n).
Plugging all together gives an algorithm called Homotopy with its runtime being
O(ce(n®* + a)n + > mn* + E(n® + o)n) = O(c®mn® + c(e + ) (n® + o)n).

This finishes our proof for Proposition 5.2.11.

Algorithm 3 Homotopy(I', %y, €)
Input: a straight-line program I" of length o that computes B € K[t, X|™
a zero-dimensional parametrization %, of the system A = B,
an upper bound e on the degree of the homotopy curve
Output: a zero-dimensional parametrization of the isolated points of V(Bj-1)

1. decompose %y into (%o j)1<j<t
cost: O™(c*(mn® + no))
2. lift (%o j)1<j<t to (%;)1<j<; with coefficients in K[[¢]]/(t*¢)
cost: O™ (cen(o + n?))
3. combine (%;)1<;j<; into Z with coefficients in K[[¢]]/(t*)
cost: O™ (cen)
4. compute a zero-dimensional parametrization . with coefficients in K(¢) from %
cost: O™(cen)
5. deduce a zero-dimensional parametrization %; with coefficients in K from .
cost: O™ (cen)
6. remove from Z (%) points that are not isolated in V' (C')

cost: O7(®n* + Pmn? + ®no)

The Homotopy__simple algorithm.

The only difference to proving Proposition 5.2.12 is that we now need to discard from
V(J'+ (t — 1)) those points at which the Jacobian matrix associated to C' is not full rank.
This process is easier than discarding those points which are isolated by doing as follows.

First, we construct a straight-line program that evaluates the Jacobian matrix asso-
ciated to C'. As we said in the Decomposing %, step, this straight-line program has



length O(n o). Next, one evaluates this matrix modulo w;, as done previously when we
were decomposing %, and use Gaussian elimination modulo w; to identify divisors of w;
that need to be removed. The overall cost is similar to that of decomposing %, that is,
O™ (c*(mn? 4+ no)) operations in K.

In total, the cost of the Homotopy_ simple algorithm is
O™ (*(mn® +no) + cen(o +n?))

operations in K. Taking into account the inequality e > ¢ (Lemma 5.2.13 below) this
simplifies as
O (*mn® + cen(o +n?)),

which completes the proof of Proposition 5.2.12.

Algorithm 4 Homotopy simple(I", %, €)

Input: a straight-line program I' of length o that computes B € K[t, X|™
a zero-dimensional parametrization %, of the system A = B,
an upper bound e on the degree of the homotopy curve
Output: a zero-dimensional parametrization of the simple points of V(By_;)
1. run steps 1 to 5 of Homotopy(I', %y, €) to have %
cost: O7(c*(mn? + no) + cen(o + n?))
2. remove from Z(%,) points at which the Jacobian matrix of C is not full rank

cost: O7(c*(mn? + no))

We end this section with the proof of inequality e > ¢ used above.

Lemma 5.2.13. Under the above notations and assumptions, the inequality e > ¢ holds.

Proof. By definition, e upper bounds the degree of V' (.J'), which is an algebraic curve. The
degree of this curve is at least to the cardinality of any fiber V(J/_ ). In particular, we
have

1V (Ji=o) < deg(V(J)) <e.

Proposition 5.2.7 establishes that the number of isolated points of V' (B;—g) equals c¢. By
Lemma 5.2.2, all these points lie in V' (J{_,), which allows us to deduce ¢ < e. O

5.3 Properties of determinantal ideals

We have seen in Section 5.2 that in order to apply our homotopy algorithms, the deformed
system needs to satisfy assumptions B; and B,. In this section, we prove that determinantal
systems satisfy By and Bs.



Let t and X = (x1,...,x,) be variables, let V' = (vy,...,v,) be polynomials in K[t, X]
with s < n, and U be a matrix in K[t, X|?*¢ with p < ¢q. Let B = (by,...,bs,...by)
where (by,...,bs) = (v1,...,vs) and the polynomials (bsy1,...,b,,) are the p-minors of U.
In particular, m = s + (g). Let J = (B) be an ideal in K[t, X].

Proposition 5.3.1. If n=q —p+ s+ 1, the ideal J satisfies the following properties:

o Any irreducible component of V(J) C K"™" has dimension at least one.

e For any mazimal ideal m C K[t, X], if the localization J,, C K[t, X has height n,
then it is unmized (that is, all associated primes have height n).

We note that when p = 1, the ideal J is defined by m = s + ¢ polynomials in K[t, X]
withn =q¢—p+s+1=q+ s and so m = n. In this case, these properties are well-known
with the first one being Krull’s theorem, and the second being the Macaulay’s unmixedness
theorem in the Cohen-Macaulay ring K[t, X ]y, [53, Corollary 18.14].

The rest of this section is devoted for the proof in the general case, when J contains
maximal minors of a polynomial matrix with p > 2.

Let us denote by J C K[t, X] the ideal generated by only the minors (bsyy,...,by)

of B; and so J = (vy,...,vs) + J. Let Wy, ..., Wy be the K-irreducible components of
V(J)cC K", We have the following result.

Lemma 5.3.2. Forany 1 <i <k, dim(W;) > (n+1)—(¢—p+1).

Proof. Note first that we can assume V(J) # 0 so that J # K[t, X], since otherwise the
proposition itself would be vacuously true. Recall that for a point « in V(.J ) C e

m C K[t, X] is the maximal ideal at @, the height of J, C K[t, X]n is equal to

and

height(Jy,) = (n + 1) — max{dim(W;) |1 < i < k,x € W;}. (5.7)

Now for i = 1,...,k, let @; be a point in W; that ; ¢ Wy for all other i’ # i and let
m; be the corresponding maximal ideal. Using equation (5.7) gives

height(J,) = (n + 1) — dim(W;).

Furthermore, Proposition 3.1.15 implies that the ring K[t, X, is Cohen-Macaulay. Then
applying Lemma 3.2.1(i) with R = K[t, X, gives

(n+1)—dim(W;) <g—p+1

which gives our claim. O]



We now can finish our proof for the first property of Proposition 5.3.1. Since V' consists
of s polynomials, J = (V') + J, and noticing that in this case (n+ 1) — (¢—p+1) =s+1
then, by Krull’s theorem, all irreducible components of V' (J) C K" have dimension at
least one.

For the second property, let J, = Q1N --NQ), be an irredundant primary decomposition
of Ju in K[t, X|n, and let Py, ..., P. be the corresponding primes. We assume that the
height of J, is n, so we need to show that all P;’s have height n. Let J,, C K[t, X] be the
localization for J at m.

Lemma 5.3.3. The quotient ring K[t, X]n/{Jn) is Cohen-Macaulay.

Proof. Since m is a maximal ideal in K[t, X], then m is the maximal ideal at a point
ze K" withz € V(J). Then the height of J, in K[t, X], is

heightz), x1, (Jm) =n + 1 —dim(Vy),

where V,, is the union of the irreducible components of V(.J) that contain x. Our as-
sumption is that heightg, X]m(Jm) = n, that is, that dim(V,) = 1. Thus, every irreducible
component of V(.J) containing & has dimension 1.

Let W be an irreducible component of V' (J) containing . We claim that dim(W) =
s+ 1. Indeed, from Lemma 5.3.2, dim(W) >n —q+p=s+ 1. If dim(W) > s+ 1, then
by Krull’s theorem, all irreducible components of W NV (V), with V' = (vy, ..., v,), have
dimension at least 2. As W N V(V) is a subset of V(J) and contains &, we have reached
a contradiction with the first paragraph. Therefore, dim(W) = s + 1 for any irreducible

component W of V(J) containing @. This implies that

heightgy, x, (Jn) = (n+1) = (s+1)=n—-s=q—p+1

Note that the definitions of the height and the codimension of a prime ideal of a ring are
coincident. Furthermore, K[t, X],, is ‘Cohen-Macaulay by Proposition 3.1.15. As a result,
Theorem 3.2.2 shows that K[t, Xy /Jm is Cohen-Macaulay. O

For an ideal I C K[t, X]n, we denote by I its image modulo (J,). By the remarks
following [178, Theorem IV.5.9], Q; N---NQ, is an irredundant primary decomposition of
Jo in K[t, X]w/Jm, with the associated primes being Py, ..., P,. In addition, if Py,..., P,
are the minimal primes of Jy, for some v < r, then P, ..., P, are the minimal primes of
Ju. Furthermore, since the height of Jy is n, so Pi, ..., P, have height n as well.

We have the ring K[t, X /(Jw) is local by Lemma 3.1.13, and Lemma 5.3.3 implies that

this quotient ring is Cohen-Macaulay. In other words, K[t, X |/ (Jn) is a Cohen-Macaulay
local ring. As a result, for 1 < ¢ < r, by Theorem 3.1.16, one has

dim (K[t, X/ Jw) = dim((K[t, X]u/Ju)/F;) + height(F).



The factor (K[t, X]m/Jm)/P; can be simplified as K[t, X|n/F;, so we have
s+ 1 = dim(K[t, X|/P;) + height(P}).

For 1 < i < u, dim(K[t, X]n/P;) = 1, so height(P;) = s and for u < i < r, height(P;)
equals s + 1. Then the height of J, is s since Py, ..., P, are the minimal primes of J.

The ideal Jy = (v1,...,vs) C K[t, X|n/Jm, and K[t, X/ J is Cohen-Macaulay by
Lemma 5.3.3, so Jy is unmixed, that is, u equals . This implies that Q; N --- N Q, is an
irredundant primary decomposition of J,, and J, is unmixed. This finishes our proof for
the second property of Proposition 5.3.1.



Chapter 6

Determinantal ideals in classical
polynomial rings

6.1 A property of start systems

We have seen from the previous chapter that our systems need to satisfy conditions C;
and Cy. With our notation being as in the previous chapter, in this section, we provide an
equivalent condition to Cj.

Lemma 6.1.1. Suppose the following conditions hold:

o Fork=1,...,m, degx(by) = degx(ax), where degx denotes the degree of a polyno-
mial in X wvariables.

e The only common solution to al’(0,X) = --- = a®(0,X) = 0 45 (0,...,0) € K",
where for k =1,...,m, ail is the polynomial in K[zg, X| obtained by homogenizing
ap using a new variable xg.

Then, all ®q, ..., D, are bounded.

Proof. Since a zero vector is bounded, without loss of generality, one can assume that ®;

are all non-zero for i =1,...,c.

For i = 1,...,¢, we write ®; = 1/t%(V;4,...,¥,,), for a vector (¥;;,...,V,;,) of
power series of valuation zero. That is all ¥, ; are bounded and the vector (¢;1,...,¢;n) =
limg(W;1,...,¥,;,) is non-zero. Then e; = —v(V;), and we have to prove that e; < 0. By
way of contradiction, let us instead assume that e; > 0.

For k = 1,...,m, let bfl € Klxg,t, X] be the homogenization of b, with respect to
variables X . From the inequality

bl (9, W, 0, W) = 990, (T)
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and the fact that W, cancels bq,...,b,,, one can deduce that, for k=1,...,m,
b (%, Wig, -+, Wip) = 0.

Furthermore, we can write by = aj+tby, , for some polynomial by, in K[t, X], the first assump-
tion of this lemma implies that degy(by) < degx(ax). As a result, the homogenizations
with respect to X of by, a and b, satisfy a relation of the form

b = afl +alrtbf
for some 9, > 0. This implies the equality
af (1, W, 0, W) + R DI (1 Wy ) = 0.

The second term has positive valuation, so is aff (t%,V;,...,¥;,). Taking the coeffi-
cient of t°, this means that af(0,%;1,...,%in) = 0 (since e; > 0), which implies that
(Vi1 ..y ¥in) = (0,...,0) by the second property of the lemma. This however contradicts
the definition of (¢;1,...,;,) which is a non-zero vector. O

6.2 The column-degree homotopy

We can now prove the first halves of Theorems 4.2.1, Theorem 4.2.2, and Theorem 4.2.3
by using the homotopy algorithms and taking into account the column-degree structure of
our matrices.

As input, we are given a matrix F = [f;;] € K[X]P*? with X = (z4,...,2,) and
polynomials G = (g1, ..., ¢s) in K[X] such that p < gand n =g —p+ s+ 1, and we want
to compute either the isolated points or the simple points of

Vo(F,G) = {z ¢ K" | rank(F(z)) < p and g;(x) = --- = g(x) = 0}.
To match the notation of the previous chapters, let us define C = (cy,...,¢s,...,Cn)
where (c1,...,¢5) = (g1,...,9s) and (¢sy1,...,¢y) are the p-minors of F following the
fixed ordering >. In particular, m = s + (Z).

For j = 1,...,q, let cdeg(F,j) be the degree of the j-th column of F, that is,
cdeg(F', j) = maxi<;<,(deg(fi;)). For 1 < i < s, we write 7; = deg(g;). Recall that
for & > 0, n(d1,...,9,) denotes the elementary symmetric polynomial of degree k in

(61,....5,).

Proposition 6.2.1. The sum of the multiplicities of the isolated points of V,(F,G) is at
most

cC=mM "'Wsnn—s<51a~'-75q)'



Suppose that F' and G are given by a straight-line program of length o. Assume that all
0;’s and 7;’s are at least equal to 1. Then there exists a randomized algorithm which is
called ColumnDegree that computes these isolated points using

o ((2)0(6 + ) o+ v+ q5)>

operations in K, where

e=(r+1) (v + Dnos(dr +1,...,6,+ 1),
v =max(7y1,...,7s), and 6 = max(dy,...,Jd,).

When we are interested in computing the simple points of V,(F, G), we have a better
complexity estimate.

Proposition 6.2.2. Reusing the notations introduced above, there exists a randomized
algorithm which is called ColumnDegree simple that computes the simple points of V,(F, G)

using
O <<§> ce(oc+~v+ qé)))

In both cases, we use the homotopy algorithms from the previous chapter. To use
these algorithms, we need to define a start system A € K[X]™ and a deformed system
B € KJ[t, X|™, for a new variable ¢, such that all assumptions By, By, C;, and Cy are
satisfied. Note that the assumption C; is equivalent to the two conditions which are
stated in Lemma 6.1.1. In the case where there are no polynomials G as the input, the
construction used in this section is already in the appendix of [144], where it was used to
bound the number of solutions of determinantal systems V,(F').

operations in K.

6.2.1 Setting up systems

We first show how to construct a polynomial matrix L in K[X]P*¢ and polynomials M =
(mq,...,ms) in K[X]® used as the starting point for the homotopy deformation. For any
1<j<gand 1<k <dj, define

n
Ajk = ko + D Ak,
/=1

where all A; ;¢ are random elements in K. Then, for j =1,...,¢q, we define

d;
A= 1T M
k=1



and we let L be the matrix

)\1 2)\2 cee Q)\q
AN 2N o 2N

N B T e kpxprea. (6.1)
A 2PNy - P,

In addition, for i =1,...,sand k= 1,...,;, we define
Mike = i k0 T Z i ket T
=1

where all p; ;0 are random elements in K. Then we let M = (my,...,m,), with

Vi
m; = H,Ui,ka 1=1,...,s.
k=1

Finally, we define our start system A = (aq,...,as,...,ay,) as (a1,...,as) = (g1,---,9s)
and the polynomials (asy1, ..., a,) are the p-minors of L, following the ordering .
Next, we define our deformed system B = (by,...,b,). Let ¢t be a new variable and

define the polynomials V' = (vy,...,vs) in K[t, X]* by v; = (1—t)-m;+t-g; fori =1,... s,
and the matrix

U=(1-t)-L+t-FeK[t, X]P™.
We let B = (by,...,bs,...,by) be the polynomials in K[t, X] given by (by,...,bs) =

(v1,...,vs) and (bgyq,...,by) are the p-minors of U, following the ordering ». Then,
B;_; = C and B;_y, = A. Finally, we define J as the ideal generated by B in K[t, X].

Example 6.2.1. We illustrate this construction with Example 4.3.1 from the introduction.
In this case, there are no polynomials G, so s = 0. The column degrees d1, d9, 63 of F' are
all equal to 2, and we take

)\1 == (].OZL'l + Ty — 1)(171 + SZEQ - 5)
)\2 = (21’1 — L9 — 2)(31’1 + 3CC2 — 1)
A3 = (—$1 + T9 — 9)(—3%1 + 19 + 5)

Then, L is given by

A1 44Xy 9)s
The start system A = (2A1\2, 6A1 A3, —4A2)3) is the set of 2-minors of this matrix.

I l)\l 2o 3&]‘

Keeping in mind that we want to apply Propositions 5.2.11 and 5.2.12, we now verify
that all required assumptions are satisfied. From Proposition 5.3.1, the determinantal ideal
J = (B) C K[t, X] satisfy properties B; and By. Recall that to have Cy, it suffices to show
the two properties stated in Lemma 6.1.1.



6.2.2 Degrees of the start and deformed systems

We have to prove that for i = 1,...,m, degx(a;) = degx(b;). Fori =1,...,s, a; = v;
and b; = (1 —t) - a; +t - ¢; with degx(a;) = degx(c;) = i (a; and ¢; are polynomials in
K[X]); then degx (b;) < degx (a;). Furthermore, we have b;(0, X) = a;(X), so degx (b;) =
degx (ai) = -

For i = s+ 1,...,m, let 3, = (ji,,...,J;,) be the corresponding sequence of column
indices such that a; and b; are the minors built with columns indexed by 7; in L and U,
respectively. Then a; = a;Aj, --- A, where

ji1 jiz jip
P22 gt
Q= | . . .
o o 3

Since K has characteristic zero, so «; is a non-zero constant in K. Therefore,

deg(a;) = deg(A;, ) + -+ +deg(X;, ) = bj, + -+ 7,,-

On the other hand, since the columns (j;,, . . ., ji,) of U have respective degrees at most
0;. ,thenfori=s+1,...,m,

53' Jip

TR

degX(bz) S 5jil +---+ 5jip'
Moreover, it can be shown that b; = a; + ¢ - b;, for some polynomials b; in K[t, X], which
implies that b;(0, X) = a;(X). This gives us

degx (bi) = dj, + - +J;

Jip *

Hence, degx (b;) = degx (a;) for all i =1,...,m.

6.2.3 Solutions of the homogenization of the start system

We have to prove that the homogenization of the system A has no root at infinity. Let
7o be a new variable and let A” = (aff|... a!l) be the homogenization of A. Then, for

r'm
1=1,...,s, we have

i n
aiH = H quk with Mfk = (,Mi,k,()ﬂ?o + Z:u’i,k,@xe)'
k=1 =1

Since all, for i = 1,...,m, are products of linear forms, we find the solutions of A%

H

by setting some of these linear forms to zero. In order to cancel af, ... afl, we choose



indices w = (uq,...,us), with ug € {1,...,11}, ..., us € {1,...,7s}, and we consider the
equations

n
qufu =0, thatis, fy 070+ Zumi,ﬂg =0,

=1
fori=1,...,s.
Fori=s+41,...,m,
all = Ozl-)\i[l ...)\]I-;Ip, for j; = (ji,,---.Ji,) and a; € K as above,
where for j =1,...,q we set

0; n
H H i q
A= 11 A with X = Ajroo + > Nk
Pt =1

In order to cancel af,,,... afl, there are ¢ —p+1=n— s terms (A\,..., A ) among
N ,/\qH) which vanish, and we choose indices k = (ky, ..., k,—s), with ky € {1,...,0;, },
oy kn—s €{1,...,6;, .} such that

H _ _\H _
>\j17k1 - = )\jnfsaknfs - O

That is, for p=1,...,n — s,

n
H _
)\jp,k‘p - Ajﬁvkmo Zo + Z )\jpvkpvgl.e'
/=1

To sum up, any solution of A vanishes at a linear system

n n
[iu0T0 + D i 6Te = Njp o0 To + D Nj, ke = 0 (6.2)
/=1 =1

for fixed indices w = (uq,...,us) and k = (kq,...,k,_s). This implies that the possible
values of points in P"(K) which cancel A are determined as solutions of a linear system of
size n. For a generic choice of the coefficients \; ., and p; x ¢, none of these points satisfies
xo = 0, so that our claim holds.

6.2.4 Radical and zero-dimensional properties of (A)

We need to prove that the ideal (A) is zero-dimensional and radical in K[X]. From the
previous subsection, we know that the projective variety defined by A has no point at
infinity, so it is finite. As a result, the affine algebraic set defined by A is finite as well. It
remains to show that the ideal generated by A is radical. Equivalently, we need to prove
that at any points in V' (A), the Jacobian matrix of A with respect to 1, ..., x, has full
rank.



We have all the affine solutions to A are obtained by setting x, in the projective

solutions of A*. In other words, they are obtained by choosing indices w = (u1, ..., us),
with u; in {1,...,7,;} for all 4, column indices j = (ji,...,Jn-s), and k = (k1, ..., kn_s),
with k; in {1,...,6;,} for all 4, and solving the affine linear system

i (T1, oy @) = = Py (X1, ) = Ny (T1, -, ) = - = Nk (X1, ).

Let ¢ € K" be the corresponding point in V(A). We consider first the equations (ay, . . ., as);
each such equation is a product of linear forms such as a; = [T} ptir, with ;. (x) = 0.

Since the coefficients p; ., are chosen generically, for i = 1,...,s and k # w;, pix(x) is
non-zero. As a result, in the local ring at x, the polynomials (a4, ..., as) are equal, up to
units, to the linear forms (f41 4y, - - -, fsu, )-

Next we consider the p-minors of L. Due to the genericity of the coefficients \; ¢, since

)\jhkl == )\jnfsaknfs - O’

together with p;,, = 0 for ¢ = 1,...,s, only admits x as a solution, none of the other
linear forms A;; vanishes at .

Recall that n = ¢ —p+ s+ 1, so that n —s = ¢ — (p — 1). Hence, there are exactly
p — 1 columns indexed by j' = (ji,...,, ;) of L such that j; & 5 = (ji,...,jn_s) for all
=1,...,p— 1. We can then consider the products

YD VEEED VENURNID VP VRSP

Gnms Ay ARy

each of them (up to a non-zero constant) is a p-minor of L, so they appear as elements in the
sequence (asiq, ..., any), say as (ae,,. .., ae,_.). By the remark of the previous paragraph,
in the local ring at &, up to non-zero constants, these polynomials are respectively equal

to the linear forms A\j, &), .., Aj o k-
To summarize, we have found that the linear equations (Aj xy,-.., Aj,_ k. .) and

(H1ys-- s Msu,) belong to the ideal (A)y, where m is the maximal ideal at . As a
result, the Jacobian matrix of A must be invertible at @, and Cs holds.

Example 6.2.2. Let us see how the discussion above allows us to find all solutions to the
system A from Example 6.2.1.

Since s = 0, we do not need to involve indices u in our discussion: the matrix L
given in that example has rank less than 2 at x if and only if one of the conditions
AM(x) = Xa(x) = 0, Ai(x) = A3(x) = 0, or Ag(x) = A3(x) = 0 holds. Since each )\; is a

product of two linear forms, we obtain a total of 3 -4 = 12 points in V' (A), namely

(—11/2,7/2), (—13/3,14/3), (=2, 7/3), (—=8/11,91/11), (2/27,7/27),
(/4,-3/2),(6/13,—47/13), (4/3, 1), (11/7,8/7),(2,1), (3,4), (11, 20).

At this stage, we have established all assumptions necessary to apply Proposition 5.2.1
and Proposition 5.2.7. We deduce that the sum of the multiplicities of the isolated solutions
of C = B;_; is at most ¢, where ¢ is the number of solutions of A = B;_g.



Lemma 6.2.3. Under the above assumptions, ¢ = 71 - Vsln—s(01, ..., 04) where n,_g is
the (n — s)-th elementary symmetric polynomial.

Proof. The estimation of ¢ is trivial: there are v, - - -7 choices of w and 1,_4(d1,...,4,)
ways to choose indices 7 and k. O]

This proves the first part of Proposition 6.2.1.

6.2.5 Setting up parameters

In order to apply the homotopy algorithms of Propositions 5.2.11 and 5.2.12, we now need
to ensure that we can prepare the three inputs they need: a straight-line program for B, a
zero-dimensional representation of the solutions of A = B;_o and an upper bound on the
degree of the homotopy curve.

A zero-dimensional parametrization %, of V(A). We compute %, by following the
description of the solutions of A given in the previous paragraphs. For any choice of indices
u, j, and k as above, the corresponding point & € K" NV(A) can be computed by solving
the square linear system of size n. This system can be solve in time O(n?). In total, we
need to solve ¢ such systems, then the total cost of O(cn?) operations in K.

Knowing all the points of V(A), we can construct a zero-dimensional parametrization
Ko such that Z(%y) = V(A) in time O (cn) by means of fast interpolation [80, Chapter 10].
The total cost hence is in O(cn?) operations in K.

An upper bound on the degree of the homotopy curve. Let us write V(B) =
V(J)UV'uUV” where J' is the union of the one-dimensional irreducible components of
V(B) C K" whose images by the projection onto the first coordinate are Zariski dense,
V' is the union of the other components of dimension one of V(B), and V" is the union
of the components of higher dimension. We need to determine an upper bound e on the
degree of the curve V(J').

Let H = hg + hyxy + --- 4+ hyx, + hpiit be a generic hyperplane in coordinates
(t,x1,...,x,). Then, (V(J)UV')NV(H) is a finite set consisting of deg(V'(J')) + deg(V’)
points, whereas V" NV (H) consists only of components of positive dimension; these two
sets are disjoint. Thus, we can take for e the number of isolated points of V(B) NV (H).
The hyperplane H allows us to rewrite ¢ as

p([El, . ,ZL‘n) = —(ho + hlfL‘l 4+ -4 hnxn)/hn—l—b

The points in V(B) N V(H) are thus in one-to-one correspondence with the solutions
of the system (B1,...,0s, ..., 0m), where 5; = b;i(p(X),X) and (Bsy1,--.,0m) are the



p-minors of U’; following the ordering >, where
U=(1-p(X)) - L+pX)-FeK[X]P*.

The degrees of (1,...,0;) are (71 + 1,...,7s + 1) and the column degrees of U’ are
(01 +1,...,0,+1). We can then apply Proposition 5.2.1 which shows we can take for

e=(m+1) (v + Dm0+ 1,...,0,+1).

A straight-line program for B. Finally, we need to estimate the size of a straight-
line program that computes B = (by,...,b,), assuming that we are given a straight-line
program I of size ¢ that computes polynomials G = (g, ..., gs) and the entries of F'.

For i = 1,...,s, b = (1 — t)a; + tg; where a; is a product of ~; linear forms in n
variable. The polynomial a; can be computed in O(nvy;) operations in K, hence with a
total of O(n(y1 + -+ + 7)) operations for (ai,...,as), and O(c + n(y1 + -+ + 7,)) for
(b, ..., bs).

For i = s+ 1,...,m, b; are the p-minors of U = (1 —t) - L +t - F. The polynomials
A1, .., Ay can be computed in O(n(d; + - - - + J,)) operations, so that the entries of U can
be computed in O(o + n(d; + - - -+ §,)) operations. From that, all p-minors of U can be

deduced in O((Z)n3) further steps. To summarize, all polynomials in B can be computed
by a straight-line program of size O(o + <Z)n3 +nm+- s+ o+ +6,)).
Example 6.2.3. In our running example, starting from the points given in Example 6.2.2,
we obtain the zero-dimensional parametrization %y = ((wo, Vo1, v02), x2) for V(A), with

1o 1055660 ,, | 53137069 ,, 1093435073 , 820013219 o 18538617847 ,

W=y 27027 7 108108 7 186486 Y 972972 ¢ 486486
| 2418753031 ;1649924501 ; 1528208159 , 16255281049 , 5525025412
24948 Y 162162 7 5148 Y 69498 34749

7236468568 36111040
34749 7 891
TT0785 1, 20800447 ., 50442506 o 28536694169 . 30803680099 , 3580073831 ;

Y01 = 7081087 216216 7 81081 7 5837832 7 1459458 7 216216
8167305065 ; 73892007181 , GOL13381407 , 13255132840 , 23446514308 5841976
27027 Y 176904 7 138996 7 16038 7 104247 Y7 1287
1055660, 53137069, 1093435073 o 820013219 . 92693089235 . 2418753031
0.2 = 97027 Y 54054 7 162162 7 943243 7 186486 7/ 4153
1649924501 o 3056416318 , 16255281049 55259254120 , 7236468568 144444160
23166 7 1287 Y 722 Y 34749 Y 3159 Y 297

The degree bound for the homotopy curveise =3-3+3-3+3-3 = 36.

6.2.6 Completing the cost analysis

We can now apply Proposition 5.2.11 and Proposition 5.2.12 to find the isolated solutions
and the simple points of V,(F, G), respectively.



Algorithms in Proposition 5.2.11 have runtime is O™ (c®mn? + c(e + ¢®)n(d’ + n?)) op-

erations in K. Since m <n + (g), this complexity can be simplified as

O~<c(e+c5)n <a+(;‘2)713—1—71(71+~~~+”ys+51+"-+5q)>>.

Since s < n, v = max(v,...,7s), and § = max(dy,...,d,), our bound becomes
O (c(e + (o + (Z) n® +n’y + nq§)> :

This can also be rewritten as
O~ (c(e + ) (o + (2) n® +n’y + nq5)> :

since one easily checks that e > 2™ (because by assumption we have v; > 1 and ¢; > 1), so
that n € O(e). A last factorization shows that the bound can be simplified to

0 <<q> cle + o+ + q5)> .

p
Using again that n < log,(e), we can omit the factor n® from the O7( ), and we conclude
the proof of Proposition 6.2.1. The resulting algorithm is called ColumnDegree.

Finally, to prove Proposition 6.2.2, we design an algorithm called ColumnDegree simple,
which differs from ColumnDegree only at the last step, where Algorithm Homotopy simple
is called instead of Homotopy. One applies Proposition 5.2.12, which yields a runtime
O (®mn® + cen(o’ + n?)) operations in K. Using again m < n + é) < n(g), and

o' =0(c+ (g)n?’ + n(ny + ¢d)), we obtain as a bound

o <<q> n’+cen(o+ <q>n3 +n27+nq5)> :
p

p
O <<]q)>cen4(a+7+ q5)> :

taking into account that ¢ < e. Since e > 2", the term n* can be absorbed in the O7().
This concludes the proof of Proposition 6.2.2.

which we simplify as

Example 6.2.4. We apply the symbolic homotopy algorithm to the system B = (by, bs, b3)
of 2 x 2 minors of matrix U = (1 —t)- L+t- F, where F is as in Example 4.3.1 and L as
in Example 6.2.1.

Starting from % as obtained in Example 6.2.3, we obtain a zero-dimensional parametriza-
tion . of degree 12 with coefficients in Q(¢) that describes the homotopy curve defined



Algorithm 5 ColumnDegree(I)
Input: a straight-line program I' of length ¢ that computes

o FcKlxy,...,x,JP*9 with deg(f; ;) < J; for all j and p <gq
e polynomials G = (g1,...,9s) in K[zy,...,2,], withn=¢—p+s+1

Output: a zero-dimensional parametrization of the isolated points of V,(F', G).
1. for any sequence u = (uy,...,us), with u; € {1,...,~;} for all ¢

(a) for any subsequence j = (ji,...,Jn—s) Of (1,...,q)
i. for any sequence k = (ki,...,k,—s), with k; in {1,...,4;,} for all ¢

- compute a zero-dimensional parametrization %; ;j of the solution of
the system

/"Ll,ul == /’L57us = )\jlakl == )\jnfmknfs = 0
cost: O(cn?), with ¢ =1+ YsMu—s (01, . . ., 0y)

2. combine all (Zyj k)u.jk into a zero-dimensional parametrization %
cost: O (cn)
3. construct a straight-line program I that computes all polynomials B
length of I is ¢/ = O(o + <Z)n3 +n(ar+-+ap)+n(yn+--+7))
4. return Homotopy (I, %, e)
cost: O™ (¢®mn? + c(e + )n(o’ +n?)),
with e = (v + 1) - (3 + Vs (01 +1,..., 5 + 1)

by B = 0. The polynomials in .% are too large to be displayed here, all the more as we
are only interested in the points that .# describes in the limit ¢t — 1.

Note that one cannot simply substitute t = 1 in ./, since most denominators vanish.
Instead, we apply the procedure in [155] which is recalled in Lemma 3.7.9, which in this case
amounts to multiplying the polynomials in . by (¢t — 1)® before applying the substitution
t = 1. This leaves us with a zero-dimensional parametrization of degree 12 — 5 = 7, which
is precisely the one given in Example 4.3.2.

6.3 The row-degree homotopy

In this section, we are going to finish our proof for the second halves of Theorem 4.2.1,
Theorem 4.2.2, and Theorem 4.2.3 by using the homotopy algorithms and taking into



Algorithm 6 ColumnDegree simple(T)
Input: a straight-line program I' of length ¢ that computes

o FcKlxy,...,x,JP*9 with deg(f; ;) < J; for all j and p <gq
e polynomials G = (g1,...,9s) in K[zy,...,2,], withn=¢—p+s+1
Output: a zero-dimensional parametrization of the simple points of V,(F', G).
1. run steps 1. to 3. of ColumnDegree(I') to have I'" and %,
2. return Homotopy simple(T”, %y, )
cost: O™ (¢*mn? + cen(a’ + n?))

with e = (91 + 1) (s + 1)1pes (01 + 1, ..., 0g + 1)

account the row-degree structure of our matrices.
Suppose we are given a matrix F = [f;;] € K[X[?*? with X = (21,...,2,) and

polynomials G = (g1, ..., gs) in K[X] such that p < gand n=¢g—p+ s+ 1, and we want
to compute either the isolated points or the simple points of V,(F, G), with

Vo(F,G)={x € K" | rank(F(x)) < p and gi(x) = --- = gs(x) = 0}.

In this case we want to exploit the row-degree structure of F. For this purpose, we
define o; = rdeg(F,i) for i = 1,...,p, write vy, = deg(gy) for £k = 1,... s, and let
a =max(oq,...,0p) and v = max(y,...,7s).

Our result is the following propositions. The first one gives the complexity for comput-
ing the isolated points of V,(F, G), while the second proposition contains the complexity

result to find the simple points of the same set. Recall that h,_(-) is the complete homo-
geneous symmetric function of degree n — s.

Proposition 6.3.1. The sum of the multiplicities of the isolated points of V,(F',G) is at
most ¢ =1+ Yshp—s(ag, ..., qp).

Suppose that the matriv F € Klzy, ..., z,P*? and the polynomials G = (g1, ...,gs) in
Klzy,...,x,] are given by a straight-line program of length o. Assume that all ~;’s and
a;’s are at least equal to 1. Then, there exists a randomized algorithm called RowDegree
that computes the isolated points of V,(F',G) using

o ( (Z) (e + %) o+ + pa))

operations in K, where
d=m+1)-(vs+Dhps(0r+1,...,0,+ 1),
v =max(y,...,7s), and 6 = max(dy,...,Jd,).



Proposition 6.3.2. Reusing the notations introduced above, there exists a randomized
algorithm which is called RowDegree simple that computes the simple points of V,(F,G)

usIng
ox ((Z) de'(o+~+ pa))

Before giving a detailed description for our algorithms, we set up some necessary ma-
terial for the row-degree homotopy algorithms.

operations in K.

6.3.1 Preliminaries for the row-degree homotopy

In this subsection, we work with two families of matrices of size p x ¢, with p < ¢, and with
all entries being polynomials in n = ¢ — p + 1 variables. Let a = (a,. .., ;) be positive
integers. The first matrices we consider are

)\il )@2 .. )\gq
pH— |72t 722 >4 (6.3)
A A A

and matrices of a more specialized kind of the form

)\{{1 0O --- 0 )\{f ... )\H

I Hp+1 lqu
LH — O )\272 T 0 )\27194'1 U Aqu (6 4)

0 U )‘pm )‘p7p+1 )‘:mq
where the  superscript indicates that all entries are homogeneous. In both cases, for all
1, 7, the entry )\fg is a product of a; homogeneous linear forms in n+1 variables xg, 1, ..., 2,
with coefficients in K (except when )\fg is explicitly set to zero in the second case), that is,
)\ZHJ =TI, )\Zij In this subsection, we are interested in describing the projective algebraic

sets in P"(K).

In what follows, for any matrix A € R™*"™, where R is a ring, and sequences of integers
S,U, we denote by Agpy the submatrix of A obtained by keeping rows indexed by S and
columns indexed by U. We define A” is the homogenization of A, and for any integer r,
we use the notation V,(A¥) to denote the projective algebraic set in P"(K) defined by the
r-minors of A,

Proposition 6.3.3. For generic choices of the coefficients of the linear forms )\5‘;7,{:, the
following holds.



(i) The projective algebraic sets V,(P™) and V,(L™) have no solution at infinity (that
is, with xg = 0).

(ii) The Jacobian matrices of the sets of p-minors of P2, resp. of L, has rank n at
every point in V,(PH®), resp. V,(L™).

The rest of this subsection is devoted to proving this proposition. Our strategy is to
work all along with linear forms with indeterminate coefficients, and establish the properties
we want in this context.

Let A=¢q(n+1)(cq + - + a,) be the number of coefficients needed to define homo-
geneous linear forms )\ffjk inxg,...,xp, fori =1,...;p, 7 =1,...,gand k = 1,...,q;.
If needed, we will write A = A(ex, q) to make the dependency in a and ¢ explicit. Let
then Q be the sequence of A indeterminates, that is, Q = (I; jx.), for i, j, k as above and
r=20,...,n, and define

H
Gk = lijkoTo + lijrazr + -+ lijratn,

as well as
(=1 1o, € K[Q[xo, . 2],
From now on, we will denote by X’ the set of variables (zo,...,z,). We can then define
the matrix
[{{ Lo [fq
Beg) = | | € KIQ][X P (6.5)
[g Lo [gq

We remark that for any i, j, [

matrix P in (6.3).
Given A = (\jjxr) € K", for any polynomial § in K(Q)[X'], we write ©,(f) in K[X]

for the polynomial obtained by evaluating [; ; x.» at A; jxr, for all indices 4, j, k, r as above,
as long as no denominator vanishes through this evaluation; the notation extends to poly-
nomial matrices. More generally, for a field L containing K, and A in LA, the notation
O (f) is defined similarly.

We also define the generic model of the matrix L7 in (6.4). Let A = n(n + 1)(ay +
.-+ + ay,); as above, we will write A’ = A'(e, ¢) when needed. Let Q' = (I; ;1) C Q be
the sequence of A" indeterminates, for indices i, j, k,r as follows: 7 is in {1,...,p}, j is in
{i,p+1,...,q}, and as previously, k isin {1,...,«;} and r isin {0,...,n}. Note that the

polynomials [[7;, for 7, j as above, are in K[Q'][X'] C K[Q][X'], and allow us to define

. H . .
;; has degree o; in X' and P is the generic model of the

R
Movg)= |1 o 1 | e KX (6.6)

H o (H H
0 0 [p,p [p,p+1 [p,q



For A' € K and f € K(Q')[X'], the polynomial O, in K[X"] is defined as in the case of
polynomials § over K(Q)[X'].

The basic ideal behind the proofs below is the following: to prove that a property such
as rank-deficiency holds for a matrix B (a, ¢), we prove that it holds for a matrix of the
form £ (a, ¢), and then use an openness property to conclude our claim. To prove that
property for the latter matrices, we proceed by induction, relying on the presence of the
left-hand diagonal block.

Setting up the recurrences.

As we have seen in Lemma 3.2.3, for a matrix such as £7(a, q) to be rank-deficient at

x' € P"(K(£')), at least one of [{7}, ... [l "must vanish at a’. For instance, suppose that
[{{1(5'3/) = [5{2(5'3/) =0, (6.7)

while all other terms are non-zero. Then, the submatrix £{{; 5 41, (@, q) of £7 (e, q))
itself must be rank-deficient at @’. The constraints in (6.7) give us two linear equations,
which allow us to eliminate two coordinates of @', say x,, and x,,_;. We can perform the
corresponding substitution in the above submatrix, and we are left with a matrix of size
2 x (n — 1) that is of the form P ((ay, as),n — 1) in K[$H][x0, . . ., 7, _2)>*@7P) for some
vector of coefficients $) obtained through the elimination of z, and z, ;. We can then
invoke our induction assumption on the latter matrix B ((ay, as),n — 1).

To formalize this process, for a subsequence ¢ = (i,...,4x) of (1,...,p), we call the
submatrix of Sg’(pﬂmq))(a, q) the submatrix of £7(av, q) associated to ; it consists of the
rows of £7 (e, q) indexed by ¢ and columns p+1,...,q. For such an 4, we let R; be the set
of all tuples » = (r1,...,7y), with ry in {1,...,c;, } for s =1,... k; for any s in {1,..., k},
rs will be the index of the factor [g g OF [fkl 4, We cancel. For given % and 7, we will let
Q;, C Q' be the indeterminates corresponding to the coefficients of [/ ; ..., (7. and

of all entries [{f’pﬂ, . [fliq of the submatrix Sgy(pﬂwq))(a, q) associated to 4 in £7(a, q).

Example 6.3.1. Let p = 3,¢ = 6, and n = 4. Consider 7 = (1,2) C (1,2,3). The
submatrix £ ((ay, ag, az),3) associated to 4 is the green part of £

X
et — X
X X X X

If we consider oy = 1 and ay = 2, then R; = {(1,1),(1,2)}. In particular, for r =
(1,1) € Ry, one has Q;,. = (1,10, - b4, 21,0, - - -5 l220,4) U (ljno, - -5 hijina)asy<e U
(251,005 loj14)acj<e U (125,20 - - - l2j2.4)a<<6-



By using Gaussian elimination, we can rewrite the linear equations [Z = .. =

H 11,681,710
stk Th 0 as

Tn kit = Tkt (T0s - T k) s Tn = T (T0r - T k), (6.8)
for some homogeneous linear forms §, k114, -, fnir of (o, ..., 2n—k) With coefficients in

K(£;,). Applying this substitution in the entries of the submatrix of £7(cx, ¢) associated
to % gives us the k x (¢ — p) matrix B (a;, ¢ — p) in K[9; ., X'], with a; = (s, . .- Q)
whose entries are products of homogeneous linear forms in X’ = (o, . .., Zn_x), and where
$;,r is a vector of A(a;, g—p) elements in K(£; ,.). Recall that n = ¢g—p+1,s0 g—p =n—1.

The main result we will use in this subsubsection is the following lemma, which sum-
marizes how the above process allows us to describe the projective zero-set of t-minors of
£H(a, q), for any t < p. This will be the basis of several recursions.

Lemma 6.3.4. Fort in {1,...,p}, V(&L ) C P*(K(Q')) is the union of the sets

(@ foknin @), T (@) | 8 € Ve (B (0,m — 1) C PHER))} L (69)

fori = (i1,...,ix) of length k € {p —t+1,...,min(p,n — 1)} and 7 in R;, and with
X' = (zg,...,%n_y), together with

{(17 fl,i,r(l)a T 7fn,i,r<1))}

ift=pandn < p, with ¢ = (i1,...,i,) and r in R;.

We have to write a special case for t = p and n < p in the last part of the lemma,
since taking ¢ = (iy,...,4,) of length k = n in (6.9) would lead us to consider points in

PO (K(2Q))-

Proof. Similar to result in Lemma 3.2.3, a point & € P"(K(2')) belongs to V;(£ (e, q)) if
and only if some diagonal terms of £”(cx,q) vanish at &, say [[], (&) =--- =T, () =0
(all other [[;(2) being non-zero), and if the submatrix £ ., (e, q) associated to & =
(41,...,1) has rank less than t — (p — k) at &. In particular, we must have t — (p — k) > 0,

that is, k >p—t+ 1.

For s = 1,....k, I, (&) = 0 if and only if there exists r, in {1,...,a;,} such that
(... () = 0. Thus, Z isin V;(£] ) if and only if there exists a subsequence 4 = (iy, ..., %)
of (1,...,p), with k > p—t+1, and r = (r1,...,73) in R; such that [[], (&) = - =
T iom (@) = 0 and the submatrix of £7 (e, q) associated to ¢ has rank less than k — (p —t)

at x.
Applying (6.8), we deduce that the coordinates (Zy,...,Z,) of & satisfy

t%n—k-i-l - fn—k+1,i,r(57,)7 oy I = fn,i,r(i:,)7



with &' = (Zo,...,Zp_k). In particular, k < n, since otherwise this linear system would
have no solution. Recall that the coefficients are algebraically independent indeterminates.
Remark also that &' is a well-defined element of P"~*(K(2')), that is, it is not identically
zero, since otherwise & would vanish as well.

For ¢ = (i1,...,1;) with £ < n — 1, applying the above substitution in the submatrix
of £7,11. (e q) associated to ¢ which has size k x (n — 1), the rank condition above
becomes that P (c,n — 1) € K[$;,][X/]F==0)x("=1) has rank less than k — (p — t) at
&, that is, ' is in Vj_p—p (P (as,n — 1)). In this case, we are done.

When k equals n, that is, ¢ = (i1,...,1,) (this can happen only if n < p), the linear
equations above determine @ entirely; setting £y = 1, we obtain

fl — fl,i,r(l)a s wfjn = fn,i,r(l)'

In this case, the submatrix of £7,,, (e, q) associated to 4 has size nx (n—1). Using the
specialization of the coefficients that sets the off-diagonal entry to 0 and the i-th diagonal
entries to zg*, i = 1,...,n — 1, we see that its evaluation at & has rank n — 1; as a result
Sg’q has rank p — 1 at . Thus, we need to take k = n into account only if ¢ = p, that is,
if we are interested in the maximal minors; in this case, we have to take into account the

point {(1,f1:+(1), ..., fnir(1))} O

Solutions with higher rank defect.

We discuss here the case t = p — 1. We take parameters o = (ayq,...,®,) and ¢, with
2 < p < ¢, and we write A = A(a,q) and A’ = A'(a, q).

Lemma 6.3.5. The following holds:

Ji(ev,q). The projective algebraic set V,_1(PB¥ (a,q)) C P(K(Q')) is empty.

Ki(e, q). The projective algebraic set V,_1(£" (a, q)) C P*(K(LQ')) is empty.

Proof. The proof consists two step. The first step is to establish that for a and ¢ as above,
Ki(e, q) implies J; (e, ¢) and the second one is using an inductive argument to conclude
our claim.

Let us consider the ideal generated by the (p—1)-minors of B (e, ¢) in the polynomial
ring K[Q, X’ in A + n + 1 variables, with X" = (x¢,21,...,2,). This ideal defines an
algebraic set Z , in K" x P"(K). Let Ay, C K" be its projection on the first factor;
this is the set of all A such that V,_; (B (e, q)) is not empty. In particular, A, is closed
KA, and it is sufficient to verify that it is not equal to the whole space K. This follows

readily from property K (e, ¢), which proves that generic matrices of the form £% (o, ¢) in
K[A, X'] do not belong to A, ,. Therefore, if K;(ax, ¢) holds, J;(e, ¢) holds as well.



We finish the proof by induction. We first take p = ¢ and consider K;(e,¢q). In this
case, n = 1 and £(a,q) is a diagonal matrix, whose diagonal entries are products of
linear forms in (g, ;) with indeterminate coefficients. Hence, no pair of entries £%(a, q)
have any common solution in P!(K(£')), so the rank of £7(a, q) is at least p — 1 at any
z € PY(K(LQ')). As a result, K;(a,p) holds, and so does J;(a,p), by the claim in the
previous paragraph.

Consider next a pair (e, ¢), with o« = (a,..., ;) and 2 < p < ¢, and suppose that
Ji(e/,¢') holds for all (o, ¢') with &’ = (a,...,a,), 2 <p' < ¢, p' <pand ¢ < g; we
prove that K; (e, ¢) holds. As above, this will also imply J; (e, q).

Take t = p — 1 in Lemma 6.3.4. Then, the parameters (k — (p — t), a;,n — 1) used in
each expression (6.9) are of the form (k — 1, a;,n — 1), with 2 < k < min(p,n — 1). Since
the A(ay, n— 1) entries of §);,. are algebraically independent over K, K($); ) is isomorphic
to K(Asjur), fors=1,....k j=1,...,n—1,u=1,...,0, and r =0,...,n—k, so that
Vi1 (B (s, n — 1) has the same cardinality as Vi1 (B (c;,n — 1)). As a result, since oy
has length £ > 2, and since we also have k < n —1, k < pand n —1 < ¢, we can apply
the induction hypothesis and deduce that all Vk,l(iﬁi’nfl) appearing in Lemma 6.3.4 are

empty. This implies that V,_;(£% (v, q)) is empty, as claimed. ]

Solutions at infinity.

Now, we consider ¢ = p. We take parameters o = (v, ..., ®,) and ¢, with 1 <p < ¢, and
we write A = A(a,q) and A" = A'(«, q). We prove the following properties which imply
the first item in Proposition 6.3.3.

Lemma 6.3.6. The following holds:
Jo(ex,q). The projective algebraic set V(B (e, q)) C P(K(L)) has no solution at infinity,
that is, with xo = 0.

Ka(av, q). The projective algebraic set V,(£8 (e, q)) C P"(K(Q')) has no solution at infinity,
that is, with o = 0.

In particular, this lemma implies that the sets V, (B (v, q)) and V,(£# (v, q)) are finite.

Proof. We follow the same strategy as what we did in the proof of Lemma 6.3.5: the first
step is to establish that for o and ¢ as above, Ky(a, ¢) implies Jo(cx, ¢) and the second one
is using an inductive argument to conclude our claim.

Let us fix a and ¢ and assume that Ky(a, ¢) holds. We will show that for a generic

choice of A in KA, V,(0A(B (e, ¢))) has no point at infinity, which means Js(ex, ¢) holds.
Let us consider the ideal generated by the p-minors of B («, ¢) and z in the polynomial
ring K[Q, X’ in A + n + 1 variables, with X’ = (xg,21,...,2,). This ideal defines an



algebraic set Z,, , in K" x pr (K). Let A, C K™ be its projection on the first factor. This
is the set of all A such that V,( (e, q)) has a point satisfying x5 = 0. Since the projection

of a closed set is closed, it is sufficient to verify that it is not equal to the whole space B
This follows readily from property Ky (e, ¢), which proves that generic matrices of the form
£M (e, q) in K[A, X'] do not belong to A, .. Therefore, if Ky(er, q) holds, Jo(cx, q) holds

as well.

We finish the proof by induction. We first take p = ¢ and prove Ky(ex, ¢) holds. In this
case, £ (e, q) is a diagonal matrix, whose diagonal entries are products of linear forms
in (zg,2;) with indeterminate coefficients. Hence, no pair of entries £7(a, q) have any
common solution in P1(K(£’)), so the rank of £ (e, q) less than p at any & € PL(K(Q'))
if and only if one of the linear factors of the diagonal terms vanishes at . None of these
linear forms has a projective solution satisfying zo = 0. As a result, Ko(a, p) holds; and so
does Jy(a, p), by the claim in the previous paragraph.

Consider next a pair (e, ¢), with & = (a,...,q,) and 2 < p < ¢, and suppose that
Jo(a/,¢') holds for all (a/,¢') with &’ = (af,...,a,),2 <p' < ¢, p' <pand ¢ < g; we
prove that Ky(a, ¢) holds. As above, this will also imply Js(e, q).

Take ¢t = p in Lemma 6.3.4. If n < p, the corresponding sequences are © = (iy,...,1,)
with & = n. By design in Lemma 6.3.4, the corresponding projective point does not
satisfy zo = 0. Let us consider now n > p. The parameters (k — (p — t), a;,n — 1) used
in (6.9) are now of the form (k,a;,n — 1), with o of length £ € {1,... , min(p,n — 1)}.
Since all conditions 1 < k <n —1, k < pand n—1 < ¢ are satisfied, we can invoke the
induction assumption. The projective sets Vi ( gi,n—l(g)i,"’? X')) appearing in Lemma 6.3.4
has any point with z¢p = 0 because the coefficients $); , are algebraically independent. As
a consequence, V,(£" (e, q)) has no projective point satisfying zq = 0, as claimed. ]

At this stage, we complete our proof for the first property of Proposition 6.3.3. We
are going to finish the proof for second one by refining first the property Ji(e,q). The
property Ji(a, q) property asserts that for any & in P*(K(£Q’)), the p x ¢ matrix L (o, q)
evaluating at @ has rank at least p — 1. In other words, there exists a (p — 1)-minor in
B (a, q) that does not vanish at &. In the next property, we claim that each (p — 1) x ¢
submatrix of P (v, ¢) has rank p — 1 at .

Refining J;(a, q).

Consider & = (as, ..., ®,) and ¢, with 1 < p < g, together with a matrix p” (e« ¢), built as
B (e, q) before, but using products of homogeneous linear forms in (n—1)+1=q¢—p+1

variables xg, ..., z,_1, instead of n 4+ 1 variables xy, ..., z,. Such a matrix takes the form
9{{1 - g{{q
p(a,q) = | : D | € K[®][xo, ...y mpo1 P, (6.10)

H H
Op1 " Opg



with
ggk = 0ijk0%0 T Gijk1T1 +  + Bijkn—1Tn—1,
and
ol =gl ol €K[B][zo, ..., 20 1],
where & = (g, k) are indeterminates, fori = 1,...,p, j =1,...,¢, k = 1,...,a; and

0=0,...,n—1. Welet B=gn(a; +---+ o) be the total number of coefficients g, ;¢
involved.

Lemma 6.3.7. The following holds:

Js(a, q). The projective algebraic set V,(pXl ) C P""1(K(®)) is empty.

Proof. If p = ¢, then n = 1, so the (i, j)-entry of p (v, ¢) has the form g; j10 - i j.a;.020"-
Then, the determinant of this matrix is non-zero, and the claim follows.

Suppose now that ¢ > p, so that ¢ — 1 > p. Then, the ((1,...,p),(1,...,q — 1))-
submatrix of p(a, q) is of the form P (a, ¢ — 1), with entries depending on A(er,q — 1)
parameters. Let (¢;)ie; be the p-minors of pf (x, ¢) built by taking p — 1 of the first ¢ — 1
columns of p (e, q), together with its last column. Any such minor can be expanded along
the last column as

C; = gchi,l + -t gqu@p, (611)
where gfq, e ,g;{q are the entries of the last column of p#(a, q), and ¢; 1, ..., ¢;, are some

(p — 1)-minors of P (ax,q — 1). We remark that (c;;)ics1<j<p are all (p — 1)-minors of
P’ (a,q—1). If p=1, we have I = {1} and ¢; = g{’, with ¢1; = 1.

For any point & in P" }(K(8)) — V,(B?(a, ¢ — 1)), the matrix P (a,q — 1) has
full rank p at &, and thus so does p”(a,q). Therefore, we can focus on the points
in V,(P"(a,q—1)). Note that, by Jo(a, ¢ — 1), the set V,(P”(a,q — 1)) is finite in
P 1(K(®)), and for any point & = (Zo,..., &, 1), we can take the first coordinate Z,
equal to 1. Using Ji(a, ¢ — 1) and the fact that (c;;)ier1<j<p are all the (p — 1)-minors of
B (a,q — 1), we can deduce that not all minors (¢; j)ier.1<j<p vanish at &. Suppose that
Cig.jo (&) # 0, we prove that ¢; (&) # 0, which is enough to conclude our claim.

From (6.11) and the fact that ¢;, ;,(Z) # 0, in order to obtain ¢;, (&) # 0, it is sufficient
to show that g;, ,(&) # 0. Let us split the B indeterminates & into &; and &,, where &,
has cardinality B; = A(a,q — 1) and corresponds to the coefficients used in the entries
gfl, . 79{7{(171 in P (a, q), and B, of cardinality By = B — By stands for the coefficients
of the entries g{’ ,..., gl  in the last column of p” (e, ¢). Since V,(P"”(ax,q — 1)) is finite,
the coordinates of & are algebraic over K(&y).

Thus, since Ty = 1, the polynomial g%vq(i) € K(&;)[®,] admits 9jo.0.1.0 """ Bjo.g.a0 0
as a specialization, by setting to zero all coefficients g;, 4x¢, for & = 1,...,;, and ¢ =

1,...,n — 1. Note that the coefficients g, ¢, are in &y. For j # jo, gi' (Z) € K(S1)[,]
admits 0 as a specialization, by setting to zero all coefficients g; 4%, for k =1,...,a; and



¢ =0,...,n—1. We remark that g;,x, also belong to &,. The coeflicients ¢;, ;(€) are
algebraic over K(®,), so that ¢; (&) is in K(&;)[®,]. Therefore, it admits

Bjo.0,1,0 " ** oo 0Cin o (Z)

as a specialization, which is non-zero. Thus, ¢; (&) is non-zero, as claimed. O

Multiplicity of the solutions.

We now can finish our proof for the second property of Proposition 6.3.3. This is a directly
consequence of the following lemma.

Lemma 6.3.8. The following holds:

Ji(a, q). The Jacobian matriz of the p-minors of B (v, q) with respect to X' = (xo, ..., Tp)
has rank n at all points in V(P (e, q)).

Ki(e,q). The Jacobian matriz of the p-minors of £ (e, q) with respect to X' = (zq, ..., Tp)
has rank n at all points in V,(£7 (e, q)).

The rest of this subsection is devoted for a proof of this lemma. We follow the same
strategy which consists of 2 steps as what we did above. The first step is to establish that
for a and ¢ as above, Ky(a, ¢) implies J4(ex, ¢) and the second one is using an inductive
argument to conclude our claim.

Let us fix a and ¢ and assume that Ky(a, g) holds. We will show that for a generic

choice of A in KA, the Jacobian matrix of the p-minors of ©, (P (a, q)) with respect to
X' has full rank at all points in V,(04 (B (v, q)), which means J4(cx,q) holds. Let us
consider the ideal in the polynomial ring K[Q, X'] in A 4 n + 1 variables generated by the
p-minors of P (v, q) together with the n-minors of the Jacobian of these equations with

respect to X'. This ideal defines an algebraic set Z, , in K" x P*(K). Let A, C K" be
its projection on the first factor. This is the set of all A such that the Jacobian matrix
of the p-minors of O, (P (a, ¢)) has not full-rank n at all points in V,(Ox (P (e, q))).

Therefore, for A € K™ — A, .» the Jacobian matrix of the p-minors of O, (P (a,q)) has

)

full-rank n at all points in V,(04 (B (v, q))). Since the projection of a closed set is closed,

"

so it is sufficient to verify that A, is not equal to the whole space K. This follows
readily from property K4(e, ¢), which proves that generic matrices of the form £7 (e, ¢) in
K[A’, X'] do not belong to A7, .. Therefore, if Ky(cr, ¢) holds, J4(cx, g) holds as well.

We finish the proof by induction. We first take p = ¢ and prove Ky(ex, ¢) holds. In this
case, £ (a, q) is a diagonal matrix, whose diagonal entries are products of linear forms in
(7o, z1) with indeterminate coefficients. The ideal of p-minors of £ (e, q) is generated by
the product of the terms [Z, which admits no repeated factors; the conclusion follows.

2,09



Consider next a pair (e, ¢), with o = (a,..., ;) and 2 < p < ¢, and suppose that
Ji(@/,¢') holds for all (o, ¢') with &’ = (a,...,0a,), 2 <p' < ¢, p' <pand ¢ < g; we
prove that K4(et, ¢) holds. As above, this will also imply J4(e, q).

We take ¢ = p in the formula of Lemma 6.3.4, and we first deal with the terms in (6.9).
Thus, we choose a subsequence © = (iy,...,i) of (1,...,p), with 1 < k < min(p,n — 1),
and indices r = (rq,...,rg), with 1 < ry < o, for all s = 1,..., k. We prove that the
Jacobian matrix of the p-minors of £7(a, q) with respect to X’ has rank n at all points
Z = (%g,...,%,) of V(&7 (e, q)) such that &' = (Zo, ..., T,_) isin Vi (PBZ ($9ir, X)) C

ai,n—l

P=+(K(Q’)), and such that

'%n—k—i-l = fn_k_;'_l’i’r(fi,), PR ,jfn — fn,i,r(:i,)- (612)

By Lemma 6.3.4, taking all such & into account, for all < and =, will cover all points in
V,(£%(at,q)), up to the exception of those points obtained from &k = n, which will admit
a simpler treatment. For simplicity, we continue the proof with ¢ = (1,...,k), so that
we have a; = (o, ..., ax). We are going to exhibit some polynomials from the maximal
minors of £ (e, q), for which the Jacobian matrix of these polynomials has rank n at .
First, we establish the following property.

Lemma 6.3.9. Foric {1,...,k} andr € {1,..., 0} —{r;}, aswell asi € {k+1,...,p}
andr € {1,...,«;}, the value 1;; (&) is non-zero.

Proof. Recall that 9 . is the subset of " which contains indeterminates corresponding
to the coefficients of [[7; ... ([, and of all entries [/ ... I[l of the submatrix

associated to @ in £(ar,q). We subdivide Q' = Q} , U Q5.

By Ja(a,n — 1), the set Vi(P"(a,n — 1) is finite, with a; = (au,...,ax) and the
matrix P (i, n — 1) is in K[H;,][X**"D. As a result, since all entries of §);, are in
K(Q;,.), all coordinates of & are algebraic over K(Qj,.). For 4,7 as above, the coefficients
of the equation

H
Gir = liiro®o + liirizr + o 4 L rn®n

are in K(Qy7,), thus algebraically independent over the field of definition of &, so that
(7% (&) is non-zero. O

Let us assume now k > 2 and take i € {1,... k}. If k = 1, we let the polynomial ¢; in
Lemma 6.3.10 below as ¢; = 1. We define the sequences ¢* = (1,...,i—1,i+1,..., k) and
o = (oq,...,01,Q41,...,q;). Then, we denote by Sg,(p-l-l,...,q) € K[/, X|(k=Dx(r=1)
the submatrix of £7 (e, q) obtained by keeping rows indexed ¢* and columns indexed by
(p+1,...,9)

Lemma 6.3.10. There exists a (k—1)-minor ¢; of £ .\, . such that c;(®) is non-zero.



Proof. Let pX be the matrix obtained by applying the substitution (6.12) in 22* (p1,)"
This matrix has size (kK — 1) x (n — 1) with all entries are products of linear forms in
n — k + 1 variables (zo,...,z, k), with coefficients are algebraically independent over K.
We can thus apply Jg(a n — 1) in Lemma 6.3.7 to p¥, and deduce that this matrix has
full rank k¥ — 1 at &'. Thus, £ (p+1,..q Das rank k — 1 at @, from which the existence of
the minor ¢; follows. O

[H

Lemma 6.3.11. For any i € {1,... il 0

,k}, there exists a polynomial of the form b
the p-minors of £7(a,q) such that by(x

) is non-zero.

Proof. Let us consider the p-minor of £7(c,q) obtained by taking the columns (i,k +

1,...,p) and all k£ — 1 columns in the (k — 1)-minor ¢;, where ¢; is defined in Lemma 6.3.10
if k> 2 and ¢; if £ = 1. Using the factorization
ﬂ’l 1,0,74 with ﬁl - [zzl ' [fi,ri—l[fi,ri-ﬁ-l T [5,047;7

that minor equals to

bl with b, = Bl - e

By Lemma 6.3.10, ¢;(€) is non-zero and by Lemma 6.3.9, [fs(a?) is non-zero, for s
k+1,...,p. This implies that b;(&) # 0, as desired.

o

In what follows, we write b = by --- by, so that b(&) # 0 and bl}; is in the ideal of
p-minors of £ (a, ¢). This implies that all polynomials

b(-rnfk«#l - fnkarl,i,'r(X,))? s 7b($n - fn,i,r(X/))

are in this ideal as well. Similarly, for every k-minor 7 of the submatrix of £%(a, q)
associated to , the polynomial [',, ., - I 7 belongs to ideal of p-minors of £ . Thus,
bn is in this ideal as well. As a result, the polynomial bn(X’, fn,k+17i7r()2’), oo i (X"))
belongs to that same ideal. Now, 7 = n(}i",fn_m,,,r(}i"), . ,fn,i,r(X’)) is one of the

k-minors of &Ba n—1, and all k-minors of this matrix are obtained this way.

In summary, we have proved that

b[llq1 e b[fk . and b7, for all k-minors 7 of B

a;,n—1

are in the p-minor ideal of £ , with b(zZ) # 0. The Jacobian matrix of these polynomials
at & is, up to the non-zero constant b(&), equal to that of ({7, . ... [, (which is simply
a matrix of constants), and of all k-minors . Using our induction assumption, we know
that the Jacobian matrix of the ideal of k-minors v with respect to X’ has rank n — k
at &’. As a result, the larger Jacobian matrix of all equations above has rank n at &, as
claimed.

It remains to deal with the case when k = n, for n < p. As above, we may simplify

the discussion by assuming that ¢ = (1,...,n). In this case, the discussion is simpler:
proceeding as above, but dealing only with the polynomials [1 Lyeees [nH ., We obtain the fact

that equations of the form b1{!, . ,... . bl belong to the p-minor ideal of £ (e, ¢), with

n,m,rn

b(€) # 0. The conclusion follows dlrectly



6.3.2 Setting up the systems

Similar to the process we did in the column-degree homotopy algorithms, we first show
how to construct a polynomial matrix L in K[X]P*? and polynomials M = (my, ..., ms)
in K[X]*® used as the starting point for the homotopy deformation.

The polynomials M = (vy,...,vs) are defined in the same way as in Subsection 6.2.1.
Fori=1,...,s, let v; be

Vi n
mi = H Mg With g p = piko + Z i ke e (6.13)
k=1 =1
where all 1, o are random elements in K. Then M = (my, ..., m). The difference between

the column-degree case and the row-degree case lies in the construction of the start matrix
L. In the latter case, we use a deformation that cancels out many off-diagonal terms which
allows us to take row degrees into account. We define

Ma 0 o 0 Aipa o Ay
_ 0 /\?’2 . 0 )\27?)4_1 . /\?’q | (6‘14)
0 0 e )‘p,p )‘p,p+1 T /\p7q

where for all ¢, j, \; ; is a product of a; linear forms with random coefficients in K, that is,

(677 n
Aig = 1T Miges With Xije = Xijro + D Aijikee.

k=1 (=1

Our start system A = (aq,...,as, ..., ay) is then defined by taking (ay, ..., as) = (vy,...,vs)
and (asy1,...,a,) are the p-minors of L following the ordering ». We define

U=(1-1t) L+t FeK[t, X",

Then the deformed system B = (by,...,bs,...,by) is given by b; = (1 —t) -m; + 1t - g;
fori=1,...,s, and (bsy1,...,by) are the p-minors of U following the ordering . So, in
particular, B;_g = A and B;,—; = C.

Keeping in mind that we want to apply Propositions 5.2.11 and 5.2.12, we need to verify
that all required assumptions are satisfied. From Proposition 5.3.1, the determinantal ideal
J = (B) C K[t, X] satisfy properties B; and By. Recall that to have Cy, it suffices to show
two properties stated in Lemma 6.1.1. Therefore, it is enough to prove these properties
and condition C,.



Degrees of the start and deformed systems. We need to show that degy(ax) =
degx (by) for all k = 1,...,m. For k = 1,...,s, we have seen in Subsection 6.2.2 that
degx(ar) = degx(br). Similarly to column-degree case, we can see that, for k = s +
1,...,m, bg(0, X) = a, and

degX(bk) S 51 + -+ (Sp.
Then, it is enough to prove that deg(ay) =61 + -+ 0p, for k=s+1,...,m.

Indeed, any p-minor of L is of the form A;, ;, - - - A;,.;,¢, for some sequence © = (i1, ...,4) C
(1,...,p) of length ¢ € {0, ..., p} and some (p —£)-minor ¢ of L; (41, 4. Since the entries
of L; (p41,...q are products of linear form with generic choice of the coefficients (A; ),
the determinant ¢ has degree >;¢; . Hence, the corresponding p-minor of L has degree
oy + -+ + oy, as claimed.

Solutions of the homogenization of the start system. We need to prove that the
start system A = B;_q has no solution at infinity. Let z¢ be a new variable and we consider
the system A7 = (aff,... a¥, ... al) obtained by homogenizing all equations in A. Thus

we have

i "
ajl = [ iy with iy = pigomo + Y fikee

k=1 =1
for + = 1,...,s. Since the coefficients of \;; are generic for all 7,j, the polynomials
(ail, ..., aly are the p-minors, following the ordering >, of the matrix
/\{{1 91 0 )\ipﬂ /\iq
LH — 0 Azp = 00 Agp o Ay
H \H H
0 0 A At g
where A/, is the homogenization of \; ;.
As in Subsection 6.2.3, in order to cancel af, ... a¥, we choose indices u = (uy, ..., u,),
with u; € {1,...,m}, ..., us € {1,...,7s}, and we consider the equations

n
,uful = O7 that iS, /L@ui,().]fo + Z /Liﬂii,f‘rf = 0,

=1
for ©+ = 1,...,s. Then for a generic choice of coefficients of p; ¢, these equations are
equivalent to
Tpost1 = Co—si1u(Tos -y Tnes)s ooy Tn = P (X0, - oo, Tns),
for some homogeneous linear forms ®,,_;11 4, ..., Ppq. After applying this substitution,
for all 4, j, L' can be rewritten as
H H H
/\l,l,u 0 T 0 /\l,p—l—l,u T )‘l,q,u
0 pV o 0 pYil o o
H 2,2u 2.p+1lu 2.q,u X
L, = : : . : : ) : € Klzg, ...,z  (6.15)
H H H
0 0 Y )‘p,p,u /\p7p+1,u Y Ap,q,u



with

o n—s n
H H H
)\iajzu = H )\iajakzu’ and )\iyjykyu = Z >\7’7]»k»€xe + Z )\iyjykl@&u/(x()? R 7:CTL78)'
k=1 =0 l=n—s+1

By Proposition 6.3.3(i), for a generic choice of the coefficients p;x, and A; . ,, there
is no projective solution to the p-minors of LZ satisfying zy = 0. Considering all possible
choices of u, we can deduce that there is no projective solution to the system A# satisfying
Tog = 0.

Radical and zero-dimensional properties of (A). From the previous paragraph, we
know that there is no projective solution of A” at infinity, so it is finite. As a result, the
affine algebraic set defined by A is finite as well. It remains to show that the ideal (A)
is radical in K[X]; equivalently, we need to prove that the Jacobian matrix of A has full
rank at any point in V(A) Cc K.

Let x = (v1,...,v,) € K* be a point in V(A). Then & = (1,z) is a projective
solution of A¥. Following the argument from the previous paragraph, there exist indices
w = (uy,...,us), withuy € {1,....,m}, ..., us € {1,...,7s}, such that

Tp—s+1 = ¢n—s+1,u<vl B 7Un—s)7 ey T = d)n,u(vly ce. 7Un—s>7

where ¢py(z1... 00 ) = Opu(l,zy..., 2, ) for Kk =n—s+1,....,n. Let L7 be a
matrix defined as in (6.15). So, LZ has rank deficient at any &' = (1,v1,...,v,_,). By
Proposition 6.3.3(ii), one can deduce that the Jacobian matrix of the p-minors of L with
respect to xg, ..., T, has full rank at x’.

Let L, = L¥(1,2y,...,2,_,) be the dehomogenized matrix of L. That is

)\1,1,u 0 e 0 )\l,erl,u T )\1,q,u
0 Xogau - 0 A I P

Lu _ 2,.2, ' 2,p'+1, . 2,.q, 7 (616)
0 0 Ce )‘p,Pﬂt /\p,p—l-l,u Ce )\p,q,u

with

; n—s n
Nijuw =[] Mgk and Nijra = Nijro+ D NigkeTe + Y NijhkePeu(T1, ..o, Tnos).

k=1 (=1 l=n—s+1

Since the first coordinate of #’ is non-zero and all p-minors of L are homogeneous, Euler’s
relation implies that the Jacobian matrix of L, with respect to (z1,...,x,_s) has full rank
n—sat x.

We now can prove at any points in V' (A), the Jacobian matrix of A with respect to
x1,...,T, has full rank n. The first step is similar to what we did in Subsection 6.2.4. For



i=1,...,s, the equation a; is a product of linear forms a; = [} pix With p; ., () = 0.

Since the coefficients p; ;¢ are chosen generically, then p;x(x) # 0 for ¢ = 1,...,s and
k # u;. As a result, in the local ring at @, the polynomials (a4, ...,as) are equal, up to
units, to the linear forms (f41 4y, - - -, fsu, ). This further implies that

Tp—s+1 — ¢nfs+l,u(x17 s 7xnfs>7 s Ty — (bn,u(xl’ s 7:1;7173) (617>

belong to the ideal generated by (aq,...,as) in O,.

In the next step, we consider p-minor ¢ € K[zy,...,x,] of L. Let {, € K[z1,..., 2, ]
be the corresponding polynomial obtained after applying the substitution in (6.17) in L.
Note that ¢, is a p-minor of L,,, where L,, is defined in (6.16), and all p-minors of L,, are
obtained by this way. Since ¢ and all polynomials in (6.17) are in (A) - O, the polynomial
(u is in this ideal as well. Further, we have shown above that the Jacobian matrix of the
p-minors of L,, with respect to (x1,...,2,_s) has full rank n — s at &'. Then taking all (,
into account, together with the equations in (6.17), we obtain a family of polynomials in
(A) - O, whose Jacobian matrix has rank n at . This finishes our proof.

In view of the previous paragraphs, we can then apply Proposition 5.2.1 and Proposi-
tion 5.2.7. We deduce that the sum of multiplicities of the isolated solutions of C' = B;_;
is at most ¢/, where ¢ is the number of isolated solutions of A. We will establish precisely
the value of ¢ in Subsection 6.3.5.

6.3.3 A subroutine to solve the start systems

In this subsection, we let s = 0, and so n = ¢ — p+ 1. We consider matrices P and L as
in Subsection 6.3.1, but with o = 1. That is

Al Ag o Aig
_ Af’l Moz A?’q , (6.18)
>‘1.D,1 )‘p,2 )‘1;41
and
Mi 0 o 0 Aprr o Mg
_ [) )\272 0 )\27?)_,’_1 )\?7(] | (619)
0 0 - A Apprr 0 Apg

where for all 4,7, A;; is the product of ; linear forms (\;;x)i<k<a, in variables X =
(1,...,2,), with coefficients in K. The main result in this subsection is an algorithm called
RowDegreeDiagonal, that takes as input ()\; %) as above and computes a zero-dimensional



parametrization of the set V,(L). This algorithm will be used later to solve our start
system, when s can be positive.

Note that Proposition 6.3.3(i) implies that, for a generic choice of coefficients of the
linear forms (\; jx)1<k<a;, there is no projective solution of V,,(P*) and V,(L¥) at infinity,
so they are finite. As a result, the algebraic sets V,(P) and V,(L) are finite in K. We
also remark that the structure of L in (6.19) is similar to the matrix in (6.14); and we
have seen in Subsection 6.3.2 that the ideal I,(L) (when s equals 0) in K[X] are radical.
Hence, all points in V,,(L) are simple and isolated.

The main idea in RowDegreeDiagonal algorithm is the observation that x belongs to
V(L) if and only if some diagonal terms of L vanish at @, saying \;, ;, () = --- =\, (@)
for some indices 1 < iy < --- < ix < p and all others \;;(x) # 0. Then the submatrix
L, i) (p+1,.9) of L by keeping rows (iy,...,4;) and columns (p + 1,---,¢) has rank
deficient at . Furthermore, since \;_; forr =1,..., k is a products of «;, linear forms, so
Aini. () = 0 if and only if there exits r € {1,...,a;, } such that X; ; ,(x) = 0. Therefore,
it is sufficient to do the following:

1. Consider all choices of indices ¢ = (1 < iy < --- < i < p), with 1 <k < min(n,p).

2. For any such 2, consider all r = (r1,...,7), with r, € {1,...,a;,} for all ¢.

3. For any such ¢, 7, using the linear system A; ;, », = -+ = N, i..r, = 0 to rewrite
(Tp—gs1s- -+, Tp) linearly in (1, ..., Tp k).

4. If k = n, we are done. Otherwise, eliminate (z, ki1,...,2,) in the submatrix
L; p+1,.,q of L to obtain a matrix L (r4+1,q) € K[z, ..., 2,_4]**@P) Find the
values of (z1,...,z,_) for which L;,(p+1,-~.7q) has rank less than k, and the corre-
sponding values of (x,,_g11,...,2,) by back-substitution. Note that the latter matrix

is as in (6.18), but of size k x (¢ — p)

In Step 4 above, we reduce to Problem (2) which compute the simple points of Vi (L} (11 )
(without any extra polynomials G). Therefore, in the RowDegreeDiagonal algorithm, we
assume the existence of a subroutine RowDegree simple which take as input a straight-line
program I' that computes a polynomial matrix F' and a sequence of polynomials G, and
solves Problem (2) for this input using a row-degree homotopy algorithm. We give such
an algorithm RowDegree simple in Subsection 6.3.5.

Example 6.3.2. Let L € K|z, z5])**3 given by

I— —x1 + 1029 + 1 0 Ty + T2 + 2

N 0 (fL‘l —3$2+5)($1+2I2—4) (3ZL‘1—|—2£L'2— 1)(2£L'1 —31‘2+5) '
Here, n =2,p =2, ¢ = 3 and (o, ) = (1,2). Let us follow the procedure above for this
particular example:



Algorithm 7 RowDegreeDiagonal((\; k)i k)

Input: linear forms (\; ;) x making up the entries of L € K[z, ..., x,[P*? as in (6.19),
withp<gandn=q—p+1

Output: a zero-dimensional parametrization Z of V,(L)

1. for any subsequence © = (iy,...,4) of (1,...,p) with 1 <k < min(n — 1,p)

(a) for any sequence r = (r1,...,7%), with 7, in {1,...,ay,} for all ¢
i. apply Gaussian elimination to the system A; ;,», = -+ = A\, ix.r, = 0 tO
rewrite (Zy—g+1,...,%,) as linear forms (fj;r)n—iti<j<n 0 (Z1,. .., Tp_k).

cost: O(3; . n?)
ii. construct a straight-line program I';, that computes the matrix P,
in K[zy,..., 7, £/**"Y obtained by substituting (fiir)n—kt1<j<n into
L; (11, Thelength of I'; ;. is O((n — k)n(os, + - + o).
cost: O3 (as, + -+ 4 g, )n?)
iii. #;, < RowDegree simple(I';,.) (points have coordinates (71, ..., T, t))
cost: 3 Tpyow((Qiys .-y 0, ), m — 1)
iv. deduce %;, from Z%;, by adding the expressions for (v, _i1,...,%5)
cost: O(X; . ¢ ,1°)

2. if n < p, for any subsequence ¢ = (iy,...,4,) of (1,...,p)

(a) for any sequence © = (r1,...,7,), with r, € {1,..., o} for all ¢

i. let «;, be the solution of the system A = A

Inyin,"n 0

cost: O(3; . n?)
ii. create a zero-dimensional parametrization %;, such that Z(%;,) = {xi,}
cost: O(X;,. 1)

11,801,711

3. combine all (%;); . into the output #Z
cost: O (X, ¢ 1)

e With ¢ = (1), we can only take r = (1). The equation —x; + 10z + 1 = 0 gives the
substitution zy = (21 — 1)/10, which we inject into L) = [#1 + 22 + 2], to find
the solution (—19/11,—3/11).

e With ¢ = (2), we first take = (1), so we use z; — 3x2 + 5 to obtain x5 = (z1 +5)/3.
We inject this expression into Ls) 3) = [(3z1 + 222 — 1)(221 — 322 + 5)] to find two
solutions, namely (—7/11,16/11) and (0,5/3). With r = (2), we find two other
solutions, (2/7,13/7) and (—3/2,11/4).

e With ¢ = (1,2), we can take r = (1,1) or » = (1,2), which lead us to solve respec-
tively —z1 + 102 +1 =21 — 322+ 5 =0and —xy + 102y + 1 = 2y + 220 — 4 = 0;



we obtain two solutions, (—53/7,—6/7) and (7/2,1/4). Note that in Step 4, we are
in the case & = n, so there is no need to deal with the matrix L; ,41,..¢)-

Altogether, this gives us the 7 points where the rank of L is not two.

To analysis the complexity of RowDegreeDiagonal algorithm, we denote by Tyow (0, 7, &, q)
the time spent by RowDegree simple(I') on input a straight-line program of length o that
computes a polynomial matrix with row degrees a = (ay,...,q,) and ¢ columns, and
G = (q1,...,9s) of degrees v = (71,...,7s). When the polynomials G are absent, we
denote the cost of RowDegree simple(I') by Tiow(0o, (), @, q). As we said above, for the
moment, we only need to use this algorithm for a particular case when there are no ad-
ditional equations G, and the matrix P of size k x (¢ — p) as matrix P in (6.18). Each
entry A;; of such P matrix is a product of a; linear forms in n variables, so it can be
computed in O(na;) operations in K. Then the whole matrix P can be computed by a
straight-line program of length O(n(ay+- - -4a,)q). Thus, we denote the cost of Algorithm
RowDegree_simple for such input by

TP,row(aa Q) = T‘row(nq(al + -+ ap)> ()7 «, Q)

We conclude this subsection with the detailed presentation and cost analysis of Algorithm
RowDegreeDiagonal.

Lemma 6.3.12. Let hy, (o, . .., a,) be the n-th complete symmetric function of (aq, ..., ap).
For generic choices of the coefficients of (N jk)ijk, RowDegreeDiagonal((\;jx)ijx) com-
putes a zero-dimensional parametrization of V,(L) in time

> o T ron((@i i), n = 1)+ 07 (03¢ + halon, ..., 0p)))

1=(i1,..,0k)
k<min(n—1,p)

where ¢ is the cardinality of V,(L).

Proof. The cost of Step 1(a)i is straightforward as the cost of Gaussian elimination to a
linear systems of k equations is O(n?); so the total is 3°;, n®. Step 1(a)ii uses the linear
forms (fjir)n—k+1<j<n to construct a straight-line program I'; . that computes the entries
of L; pi1,..q, in which we replace x; by fjsr(z1,...,2p-p), for j =n —-k+1,...,n.
This is done by computing the coefficients of the linear forms in (xy,...,x,_x) obtained
after substitution. Each linear form requires a matrix-vector product with a matrix of size
(n — k) x n, for O(n?) operations, whence a total of O((a;, + - - - + a, )n?) for all entries.

For fixed sequences %, r, the size of P;,. is k x (¢ —p) which is k x (n — 1), then the cost
of RowDegree_simple(I'; ;) is T row( (i, - .., 4, ), n— 1); so the total cost of Step 1(a)iii is

> Trrow((@iys ... az),n—1).

i,r



Step 1(a)iv consists in adding k coordinates (z,—g41,...,2Z,) to a zero-dimensional
parametrization in variables (z1,...,%,_x), where (x,_gi1,...,%,) are known as linear
forms (fjir)n—k+1<j<n i (Z1,...,2Zu—k). This can be done by means of a matrix product
in size k X (n — k) by (n — k) x c;,, where ¢, is the number of solutions we obtain
from RowDegree simple(T';,.) (that is the number of points in Vi (P, ;)). The cost is thus
O(c; »n*) which gives the total cost for Step 1(a)iv is O(c'n?) since the sum of all ;. is
equal to .

The analysis for the Step 2’s complexity is straightforward. Gaussian elimination take
O(n?) operations in K, for fixed sequences 2, 7 and creating a zero-dimensional parametriza-
tion for a point of n coordinates requires O(n) operations. Finally, the combination in
Step 3 is done by fast Chinese Remaindering, in quasi-linear time O™(3_; ,. ¢’; »n), which is
O (c'n).

Thus, the total runtime is

Z TP,row((ah;"'?aik)?n_ 1)
1=(41,..,0k)
r=(r1,..., k)
k<min(n—1,p)

+0 | dn*+ > (gt ta )+ DY 0
1=(41,..y0) 1=(11,eenyin)
r=(r1,..., k) r=(r1,....,vn)

k<min(n—1,p)

The costs reported in the sums do not depend on 7, so that this can be rewritten as

Z Qjy ”'aikTP»TOW((Oéila"'7aik)7n_1)

i=(i1,-,i%)
k<min(n—1,p)

~ /02 3 3
+O | cn” + ooy rag(an o ta)n®+ Y ragn
2:(1177746) i:(ilv---vin)
k<min(n—1,p)

Finally, since

Z gy g (g 4o ) < hplog, ..., qp) and Z ey, < hplag,. . qp),

i=(i1,.,i%) i=(i1,...yin)
k<min(n—1,p)

we obtain our claim. O

Example 6.3.3. In Example 6.3.2, we already found the coordinates of all points in V(L)
(they may not be rational for other values of p, ¢). The only thing left to do is to describe



them by means of a univariate representation; we write it as ((w, vy, v9), x2), with

226 P 1428899 - 2137943 o 1146637 . 3111547 i~ 46547 390

w=y' - 337 T ous6a Y T 281502 Y T oased Y T 284502 ¥ T a7a32Y T 539
(589 g BOG3I0N 5 MATISSG0 | 1345585 , 9415375 , 843103 138935
v = + Y+ Yy Y+
77Y T 148 YT 9464 6776 94864 7 T 71148 6776
226 o 1428899 5 2137943 16637 o 15557735 , 139641 390
Vo = —=—Y — Yy + + Yy + —.
33 47432 9864 7 T 23716 ¢ T 284592 ¢~ 23716 7 " 77

6.3.4 Solving the start systems

To perform the homotopy, we need the solutions of the start system, that is, a zero-
dimensional parametrization of V(A). In this subsection, we describe how to obtain it.

The main step in our algorithm uses algorithm RowDegreeDiagonal given in the pre-

vious subsection. Recall that our start system A = (aq,...,aGs, ..., ay) is built as
(a,...,as) = (mq,...,mg), where (myq,...,my), of degrees (v1,...,7s), are given in (6.13)
and (@s+1,--.,an) are p-minors of L, where L, of row degrees (aq,...,q,), is defined
n (6.14).

For any sequence u = (uy,...,us), with u; in {1,...,7;} for all i, we start by us-
ing the equations py,, = -+ = fisu, = 0, to express (Tp—si1,...,%,) as linear forms
(Pn—sttmy s Pnw) 0 (T1,...,Ty_s). After substituting these linear forms into L, we get
the matrix L, from (6.16) which is in K[z, ..., 2, 4]P*?; we remark that n—s = ¢—p+1.

Then, we can apply Algorithm RowDegreeDiagonal with the input is the entries of L,,.
The final step is finding the values of (z,_si1,...,x,) by back-substitution. All of the
discussion lead to Algorithm RowDegreeStart(A) which takes a straight-line program that
computes M in (6.13) and L (6.14), and outputs a zero-dimensional parametrization of
Vo(L, V),

The rest of this subsection is devoted to analyze the cost of Algorithm RowDegreeStart.

Lemma 6.3.13. For generic choices of the coefficients of (N jk)ijk and (fix)ik, the Al-
gorithm RowDegreeStart(L, V') computes a zero-dimensional parametrization of V,(L, V')
mn time

Y1 Vs Z i, @ Tprow((Qiyy oy ),m — s — 1) + O7(dn ). (6.20)

i:(ll,,lk)
k<min(n—s—1,p)

Proof. Let Ayp be a straight-line program that computes L. For all 7, 7, Ar computes and
multiplies the values of the o linear forms invoked in A; ; using O(na;) steps. So, the total
length of A is o, = O(n?*(a;+- - -+a,)), which is O(n*pa), with a = max(ay, ..., q,). For
any sequence w = (uy, ..., us), expressing (T,—si1, - - ., Tn) as linear forms (¢4, - - -, Pn—su)
in (z1,...,7,_s) takes a total of O(v; ---v,n?) operations in K. From this, we deduce a



Algorithm 8 RowDegreeStart(A)

Input: a straight-line program A that computes L € K[xq,...,2,]P*? as in (6.19) and
M € Klzy,...,z,)* asin (6.13) withp < gandn=q¢—p+s+1

Output: a zero-dimensional parametrization of the points of V,(L, V')

1. for any sequence uw = (uy,...,us), with u; € {1,...,v;} for all ¢
(a) apply Gaussian elimination to the system gy, = -+ = s, = 0 from (6.13) to
rewrite (T,_st1,...,%,) as linear forms (¢pu)n—st1<k<n i (T1,..., Tp_s)

cost: O(7y « - ysn?)

(b) construct a straight-line program A, that computes the matrix L, €

Klz1, ..., z,—s]P*9 obtained by substituting (@xu)n—s+1<k<n into L
length of A, is O(n*pa)
(c) #., < RowDegreeDiagonal(I',,) (points have coordinates (x1,...,ZT,_s)

cost: vy -5, for 7 asin (6.21)
(d) deduce %, from Z. by adding the expressions for (z,_si1,...,2,)
cost: O(d'n?), with ¢ =1 -+ Yshp_s(aq, ..., ap)
2. combine all #,, into #
cost: O7(c'n)

straight-line program A,, that computes the entries of matrix L, from (6.16): it simply
consists in Ar, to which we add O(n?) operations that evaluate (¢, si1a,- -, Pna)-

Given a straight-line program A,,, we can then apply Algorithm RowDegreeDiagonal
to compute a zero-dimensional parametrization Z., of V,(L,). Corollary 6.3.15 in the
next subsection implies that the number of points in the output is h,_s(a,...,q,), so by
Lemma 6.3.12, Algorithm RowDegreeDiagonal takes time

T = Z iy Tprow((yy - oy, ),n— s — 1) +O~(hn_s(oc1,...,ocp)n3).

1=(i1,-,i%)
k<min(n—s—1,p)

(6.21)
Since there are ~y; - - - 7, choices of u, then the total cost of Step 1c is vy -+ - 757 .

Step 1d adds to each Z,,, which involves only variables (z1,...,%,_s), the expression
of (p—st1,...,2,) obtained from (¢,_st1u,-.-,Pnwu). As in the analysis of Algorithm
RowDegreeDiagonal, the total runtime is O(7y; - - - Vshy_s(ay, . . ., ap)n?) = O(dn?). Finally,
we combine the resulting parametrizations (%, ), into a single parametrization % using
Chinese Remaindering, in time O™ (y; - - - Yshn—s(c, ..., ap)n) = O7('n).

Thus, the overall time spent in computing the zero-dimensional parametrization % of
V(L,V)is 7T + O (dn?), as desired. =



6.3.5 The row-degree homotopy algorithms

We can now finish our proofs for Propositions 6.3.1 and 6.3.2 by establishing first a bound
for the number of isolated points, counting with multiplicities, of V,(F, G). Then we show
how to compute the simple points in V,(F', G) by an algorithm called RowDegree simple.
This algorithm is used by algorithm RowDegreeStart of the previous subsection. Finally,
by a minor modification of the algorithm, we show how to compute the isolated points of

Vo(F.G).

It is shown in Subsection 6.3.2 that the sum of the multiplicities of the isolated solutions
of C = B,_; is at most ¢, where ¢ is the number of isolated points in V(A), with A = B;_y.
It remains to establish the value of ¢’ which is given in Corollary 6.3.15 below.

Lemma 6.3.14. Let o = (ay,..., ) be positive integers, and let hi(aq, ..., ap) be the
complete symmetric function of degree k in o, ...,a,. For generic p x q¢ matrices L as
in (6.19) or P as in (6.18), with entries int = q¢ — p+ 1 variables, V,(L) and V,(P) have
cardinality hy(ou, ..., ap).

Proof. We first show that if the claim holds for L of size p x ¢, it holds for P of size p X ¢
as well. To do it, we set up a homotopy between L and P, where L is the start matrix
and P is the target one, by considering a deformation (1 —¢)- L +t¢- P. The discussion in
Subsection 6.3.2 shows that, for generic choices of the coefficients of the entries of L, this
matrix satisfies the properties C; and Cy at t = 0. Recall that the property C; is equivalent
to degree bound and no solution at infinity properties which are stated in Lemma 6.1.1.
We claim that the C; and C, properties (equivalently, degree bound, no solution at infinity,
no multiplicities) hold as well at ¢ = 1. The degree bound can be obtained by a similar
way as what we did for t = 0, and the latter two are restatements of Proposition 6.3.3. As
a result, we can apply Proposition 5.2.7 to the specializations of (1 —¢)- L+t - P at both
t =0and ¢ = 1, and conclude that V,(L) and V,(P) have the same cardinality, for generic
choices of the coefficients of L and P.

We finish our proof by induction on the sizes of the matrices and their row degrees. If
p =q, then t =1, L is diagonal and its entries are products of generic linear forms, so its

determinant has degree oy + - -+ 4+ o = hy(aq, -+, ). Then, our claim holds for L, and

so for P. Suppose now that the claim is true for all p’ < p and all ¢’ < ¢ with p’ < ¢’ and

for all choices of degrees (a1, ..., ). Following Algorithm RowDegreeDiagonal, we obtain
Va@D)l= > VilPir)l,

i=(11,...,i%)
r=(r1,..,Tk)

for all subsequences ¢ = (i1, ...,ix) of length k € {1,... min(t—1,p)} and r = (r1,...,7%),
with r, € {1,..., a;} for all k, and where matrix P, is from Step 1(a)ii of that algorithm.
If ¥ < pandt—1 < g, with row degrees (a;,,...,q;,), we can apply our induction



assumption to such matrices. In addition, if ¢ < p, we should take into account one extra
point for each subsequence (i1, ...,%) of (1,...,p). Altogether, we obtain

ViD= > hesla, .. 04),

i:(i17"'7ik)7
r=(r1,..,Tk)

for k € {1,...,min(¢,p)}, since hy = 1. For any given ¢ = (iy,...,1), there are oy, - - - i
choices of indices r, so that we have

V(L) = > i ag (o, q,),

1=(1,.-,0k)

k

for @ = (i1, ..., 1) subsequence of (1,...,p) with k € {1,...,min(¢,p)}. The latter sum is
precisely hi(aq, ..., a,), so we are done. ]

Corollary 6.3.15. For a generic choice of coefficients ji; k¢ and \; jie, the cardinality ¢
of the algebraic set V(A) is 1+ Yshn—s(0a, ..., ap).

Proof. For a sequence u = (uq,...,us), where u; € {1,...,v;}, as above, let V,, be the
subset of V/(A) consisting of all points & such that p;,,(x) = 0 for all i =1,...,s. We
remark that the sets V,, are generically pairwise disjoint as the ideal (A) C K[X] is radical.

For a fixed sequence u = (uy,...,us), the cardinality of V,, is equal the number of
points in V(L,,), with V(L,,) is a polynomial matrix of size p x ¢ and all entries of L,, are
products of generic linear forms in n — s = ¢ — p + 1 variables. Moreover, the row degrees
of L, are (oq,...,0q,). By Lemma 6.3.14, the cardinality of V,(Ly,) is hp—s(a1, ..., ap);
and then the conclusion follows as there are 7, - - - v, choices of u. O

Next, we show how to use Homotopy simple in Proposition 5.2.12 to compute the simple
points in V,(F', G). We start by a description of the required input for this algorithm. We
assume that we are given a straight-line program I' of length ¢ that compute the matrix
F' and the system of equations G.

A zero-dimensional parametrization of V(A). To perform the homotopy, we need
a zero-dimensional parametrization of the start system. This is done by using Algorithm
RowDegeeStart in Subsection 6.3.4 with the cost is given in (6.20).

An upper bound on the degree of the homotopy curve. Next, we need to determine
an upper bound €’ on the degree of the homotopy curve V(J'), where J’ is the union of the
one-dimensional irreducible components of V(B) C K" whose projection on the t-axis is
dense. Following a similar process as what we did in Subsection 6.2.5, we conclude that

we can take ¢’ = (y1 +1) -+ (Vs + 1) - hp—s(ar +1,..., 05 + 1).



Algorithm 9 RowDegree simple(T)

Input: a straight-line program T' of length o that computes F € K[zy,...,x,[P*? with
deg(fi;) <cojand G = (g1,...,9s) in K[zq,..., 2, withp<g¢gn=q¢—p+s+1
Output: a zero-dimensional parametrization of the isolated points of V,(F, G)

1. construct a straight-line program A that computes L € K[zy,...,2,/P*? as in (6.14)
and M € K[xzy,...,2,)° as in (6.13).

length of A is O(n%pa + nsy)

2. Xy < RowDegreeStart(A)
cost: given in (6.20)

3. construct a straight-line program I that computes all polynomials B
length of IV is ¢/ = O(o + (Z)n?’ + n’pa + n?y)
4. return Homotopy_simple(I, %, €’)
cost: O7(¢*mn? + de'n(o’ + n?)), with

6,:('Yl+1)"'(78+1)h"75<a1+1"“’ap+1)

A straight-line program for B. Finally, we need to give an estimate on the size of
a straight-line program that computes B = (by,...,b,), assuming that we are give a
straight-line program I" of length o that computes the input (F', G).

As we have seen in Subsection 6.3.4, a straight-line program A that computes the
matrix L and polynomials V has length O(n®pa 4+ n?y), where o = max(ay, ..., q,). For
an extra O((Z) n?) operations, we can compute all entries of U = (1 —¢)- L+t - F and all
p-minors (bsi1,...,by) of this matrix. Therefore, we have obtained a straight-line program
I that computes B = (by,...,b,,) using

od=0c+0 <<q>n3+n2pa+n27>
p

With all above, we can now give the Algorithm RowDegree simple and its cost. To esti-
mate this complexity, we use Lemma 6.3.13, which provides a cost to compute the solutions
of the start system, and Proposition 5.2.12 for the cost of Algorithm Homotopy simple.

operations in K.

Example 6.3.4. We show how to solve the example given in the introduction (Exam-
ple 4.3.1), using this time a row-degree homotopy. Recall that in this example, we have
s =0, (aq,9) = (1,2) and ¢ = 7. Thus, we do not need polynomials V'; our start matrix
L is taken as in Example 6.3.2.



We already gave in Example 6.3.3 a zero-dimensional parametrization %, of the solu-
tions of the start system, that is, of the 2-minors of L. The upper bound ¢’ on the degree
of the homotopy curve is ¢/ =224+ 2-3 + 3% = 19.

Running algorithm Homotopy simple, we construct a zero-dimensional parametrization
& with coefficients in Q(¢) that describes the homotopy curve; specialization at ¢t = 1 in it
does not induce any division by zero. Doing so gives us the zero-dimensional parametriza-
tion describing the zeros of the 2-minors of F' already seen in Example 4.3.2.

Given ¢, the length of a straight-line program that computes B, the complexity of
Algorithm Homotopy simple is O™ (¢?mn? + c’e¢'n(o’ 4+ n?)) operations in K. Since ¢/ =
o+ 0 ((g)ﬁ + n?pa + nzv), we can use O ((g)n3(a + pa + 7)) as an upper bound for
o’ +n?. This gives an upper bound of

O <c’2mn2 +dée'n (q) n*(o + pa + 7))
p
for the cost of Algorithm Homotopy simple. Moreover, since ¢ < e and m < n + ( ) <

q
») S
n(Z), the total cost of this algorithm becomes

O (c’e' (;])) n*(o 4 pa + 7)) :

Together with the complexity of Algorithm RowDegreeStart which is given in (6.20), the
total cost of Algorithm RowDegree simple is

ftoma) =27 +0 (o o +).

with 7 as in (6.21). Since ¢ > 2" (because o; > 1 and 7; > 1 by assumption), this
complexity becomes

Tow(0, v, 00,q) =71+ 7T + O ((;) de(o+ pa + 7)) : (6.22)

Note that .7 is depended on the Tp 0. This allows us to give an estimate on Tp oy
by solving a few recurrence relations. Recall that Tp o describes the case where s = 0,
so that 7, -+ = 1, and P is a p X ¢ input matrix as in (6.18). In this case, we can take
o0=0((¢q—p)glas+ -+ ap)) € O((¢ — p)pger). Following our convention, the runtime
Trow(0, (), (o1, ..., ), q) is then written Tp yow((a1, ..., ap), ).

Lemma 6.3.16. One can take
~ q
Tprow((a1,...,0p),q) = O <<p> hy—pir(oa, .o ap)hgpri(ar + 1,0 ap + 1)pqa> ,

with & = max(ayq, ..., qp).



Proof. Taking into account that v = 1, Equation (6.22), combined with the definition of
Z in (6.21), gives the recursion

TP,row((a17-~-aap)7q) = Z 041'1 "’aiNTP,rOW((O{iU-~~7Oéin)7q_p)
1=(11,... k)
Hémirll(q—p,p)

+ O~<<;> hg—pii(or, ... 0)Sq—pra(on +1,... 0 + 1)pqoz)); (6.23)

notice that a factor (¢ — p) disappeared from the last term, since it can be absorbed in the
logarithmic factors in the O7( ). Let us rewrite the second summand as

hg-prian, ... )C((an, ... ), ),
with
C(laq,...,ap),q) = O~(<;>hq_p+1(oz1 +1,...,0,+ 1)pqa>.

This term is at its maximum at the root of the recursion tree. Thus, we can find an upper
bound on Tp o by finding a solution to the recurrence

TP,rOW((ala"'7ap)7q) = Z ail "'aiﬁTP,row((aila"'7aim)7q_p) (624)
i:(ilr"viﬁ)
x<min(g—p,p)
+ hq—p—l—l(al) ce 7Oép)ff, (625)

for some constant K, and replacing K by O~((Z) hg—pti(ar +1,... ap+ 1)pqa>. Now, a
quick induction shows that the solution of (6.24) satisfies
TP,row S (q —p + 1)hq—p+1(a1; SR ap)Ka

and the conclusion follows. O

The following discussion will complete the proof of Proposition 6.3.2. From the expres-
sion given in Lemma 6.3.16, the definition of .7 given in (6.21), and using the fact that
n—s—1=q—p, we have

y = Z (07 aikTP,row((aily ce ,Oéik), q— p) + O~(hq,p+1 (Oél, . ,ap)n3). (626)
1=(%1,...,0k)

k<min(q—p,p)

Using Lemma 6.3.16 for Tp yow((vy, - - -, @, ), ¢ — p), We obtain

TP,row((aiU s >Oéik)7 q— p) =

O ((q ;p) hgpt1-k(Qys ooy ) hgpra—k(as, + 1,0, 0 + 1)k(g —p)a) ’



which can be expressed as hy_pi1_g(cu,, ..., 0, )D(,, ..., o, D,q) where

D(ay,...,04,p,q) =0~ <<q ;p) hg—pr1—k(ai, +1,... 04, + 1)k(q — p)a> )

We use the fact that (q;”) < (;1)), for the values of k that show up in the sum in (6.26),
and
hq_p+1_k(OéZ'1 + 1, cee Oy + 1) S hq_p+1(061 -+ 1, e O -+ 1),

to obtain
D(w,,...,04,p,q) =0 ((Z) hg—pi1(ar +1,... 0, + 1)p(q — p)a) ,
for any sequence @ = (i1, ..., ). This implies that
Tprow((Qiys ..oy ),q —p) =
O (hq_pﬂ_k(ozil, e Q) <Z> hg—pi1(ar+1,...,a,+ 1)p(q — p)a) ,

Therefore,
y = Z 7T ainhq—p+1—k<ai17 Ce ,Oéik> X

O ((}Z) hg—pii(on +1,...,0p + 1)p(q — p)a) + O (hg—pi1(ay, ..., a,)n®).
Furthermore, since

Z Qg - 'Oéimhq*pﬂfk(o‘in s ?O‘ik) < hq*PH(al’ T ’ap>’
k<min(q—p,p)

we can deduce that

Injecting the above value in the runtime analysis (6.22) and using the fact that terms such
as ¢ — p or n® are poly-logarithmic in €/, we have the first term 7, ---7,.7 in (6.22) is
bounded above by the second one in (6.22). Thus, the runtime of the RowDegree simple

algorithm is

Tiow(0,7,0,q) = O ((Z) c'e/(o +pa + 7)) : (6.27)

This finishes our proof of Proposition 6.3.2.



Proof of Proposition 6.3.1. Finally, we design an algorithm called RowDegree, which
differs from RowDegree simple only at the last step, where Algorithm Homotopy is called
instead of Homotopy simple. One applies Proposition 5.2.11, which yields a runtime of
O™ (" mn? + (¢ + ¢®)(0’ + n?)) operations in K. Using the facts that o’ = U+O((Z) n3+
n?pa+n?y), and that n is in O7(¢’), we rewrite this as O™ (> mn*+ (¢/+®) (Z) (o+pa+7)).
Using again the inequality m < n + (Z) < n(Z) gives ®mn? < (¢/ + ¢ 5)(;) n3. Then the
runtime of Homotopy is thus

0 (c’(e’ + %) @ (0 + pa+ 7)>

operations in K.

The costs of all other steps are the same as those is RowDegree simple, and the analysis
above shows that can be neglected. As a result, the bound given above holds for the whole
RowDegree algorithm. This ends our proof for Proposition 6.3.1

Algorithm 10 RowDegree(I")
Input: a straight-line program I' of length ¢ that computes

o F cKlzy,...,x,|P* with deg(f;;) <9; forall jand p <gq
e polynomials G = (g1,...,9s) in K[zy,...,2,], withn=¢—p+s+1

Output: a zero-dimensional parametrization of the isolated points of V,(F', G).

1. run steps 1. to 3. of RowDegree simple(I") to have IV and %,
2. return Homotopy(I", %y, ¢')
cost: O™ (Pmn? + ¢ (¢ + %) (o’ + n?))




Chapter 7

Determinantal ideals in sparse
domains and application in weighted
polynomial rings

Let K be a field of characteristic zero with K its algebraic closure. Given a sequence of
sparse polynomials G = (g1, ..., gs) € K[z, ..., z,]° and a polynomial matrix F = [f; ;] €
K[z, ..., x,]P*?, with its entries being sparse, such that p < gand n=qg—p+ s+ 1, 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. We design homotopy
algorithms for computing the isolated points in V,(F',G) which take advantage of the
determinantal structure of the system defining V,(F', G) and its sparsity. The complexity
of our algorithms depends on the support of the polynomials in G and F. In addition
we use these homotopy algorithms to compute the isolated points of V,(F,G) when all
entries of F' and elements of GG lies in weighted domains.

7.1 The column-support homotopy

Reusing notations from previous chapters, we are interested in describing the set
Vo(F,G) = {z € K" [rank(F(z)) < p and gi(2) = - - = g,(z) = 0},
which is an algebraic set defined by V,(F',G) = V(I,(F,G)), where
I(F,G) = (g1, 9s) + (My(F)),

the ideal generated by G and M,(F'), the set of p-minors of F. We first discuss some
properties of sequences of generic sparse equations.
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7.1.1 Generic sparse polynomials

In the later of the chapter, we will define a family of possible start systems, and we show
that a generic member of this family allows us to carry out the procedure successfully. In
this subsection, we give the definition of generic sparse polynomials and some properties
of the systems defined by these polynomials.

Consider finite sets Ay, ..., Ay in N", with §; denoting the cardinality of A; for all i. For
each i, we let M; = (m;1,...,m;s,) be the corresponding set of monomials in 1, ..., z,.
This allows us to define the “generic polynomials” fi, ..., f, supported on Ay, ..., As, by

05
fi = Z Ci kMg € K[Q:] [(ﬂl, o ,:Cn],

k=1
where € = (¢;1)1<i<r1<k<s; are new indeterminates. The total number of indeterminates
Cis L =F, 4

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

K[€][x1, ... 2] — Kz, ..., 2,
> Ga(@t e ant = Y galp)af oAl
aecNn aeNn

the notation carries over to vectors or matrices of polynomials.

Proposition 7.1.1. Suppose that fori =1,...,¢, A; contains the origin 0 € N*. Then
there exists a non-empty Zariski open set £y C K" such that for p € Qy, we have the
following:

(i) if £ <mn, O,(f1,...,fe) 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, 5, = 1 holds for all 7. Consider the map
o:K'xK' =K
(@, p) = Op(fr, . .-, o) ().

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 of the zero-set of (fi,..., ).

Indeed, since m;s, = 1, the columns corresponding to partial derivatives with respect
to f; contain an ¢ x ¢ identity matrix. As a result, by Thom’s weak transversality theorem



(see the algebraic version in e.g. [158]), there exists a non-empty Zariski open set 2; C K"
such that for p in €2y, 0 is a regular value of the specialized mapping

O, x € K'— O,(f1s- - fe) ().

In other words, the Jacobian matrix of ©,(fy,...,f;) has rank ¢ at any zero x € K" of
@P(flv s >f€)'

For ¢ < n, by Lemma 3.1.8, the ideal (©,(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 /). ]

7.1.2 Setting up the systems

We first construct a polynomial matrix L in K[X]P*? and polynomials M = (my, ..., my)
in K[X]* which are used as the start matrix and start polynomials for the homotopy
deformation. In order to build the polynomials M, 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 construction of L is derived from the unions
of the supports of the entries of F' per columns.

For 1 <i <s, let A; C N" denote the support of g;, to which we add the origin 0 € N".
For 1 < j < ¢, 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 7 and j we denote by ~; the cardinality
of A; and by d; the cardinality of B;, and let (my1,...,m;,) and (rj1,...,7;s,) denote
the monomials in (1, ...,%,) supported by A; and B;, respectively. We can then define
the “generic” polynomials supported on Ay, ..., As; and By, ..., B,.

Fori=1,...,sand j=1,...,q, we define

i d;
m; = Z 0; kM and t; = Z € kT 5k (7.1)
k=1 k=1

where all 9, and ¢;; are new indeterminates. Let ¢;;, for 1 < ¢ < pand 1 < j < g,
be pq additional new indeterminates so that A = {9;, ¢, ¢;;}, the set of all these new
indeterminates, has size

s q
N=> v+> d+pq
i—1 i—1
We then define the matrix

€111 G2t ... €4t

e = € K[z, .. ., )P (7.2)

Cp1T1 Cpata ... CpqTy



As before, for p in K" and any polynomial § 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 as well.

We will use £ and 9t = (my, ..., my) 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 B = (by,...,bs,...,b,,) the polynomials in K[2(][¢,z1,...,2,]| obtained by considering
the equations

o (by,....b)=(1—1t)- M+t -G, and

e (bsi1,...,b,,) are the p-minors of (1 —¢)- £+ ¢ F, following the order .

Having in mind to apply Propositions 5.2.11, we need to verify that all required as-
sumptions are satisfied. For any p in KN, Proposition 5.3.1 implies that the determinantal
ideal (0,(B)) C K][t, X] satisfy properties B; and B,. It remains to prove that, for a

generic choice of p in KN, our systems satisfy C; and Cy. Our goal in the next subsections,
from Subsection 7.1.3 to Subsection 7.1.5, is to establish the following result.

Proposition 7.1.2. There exists a non-empty Zariski open subset Q0 of K" such that for
p in Q, the system B := ©,(B) satisfies the properties C; and Cs.

In other words, we will prove that, for such a choice of p, the ideal generated by B,;—
in K[xy,...,x,] is radical and zero-dimensional and that the solutions of B in K((t))" are
bounded. Consequently, 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 ©,(8);—o. In Subsection 7.1.6, we will establish precisely the value of this number.

7.1.3 Radical and zero-dimensional properties of (A)

In this subsection, we prove that for a generic choice of p in KN, if we write B := ©,(*B)
in K[t, X], where X = (z1,...,x,), the ideal generated by B;—q in K[X] is radical and
zero-dimensional. The equations B;—y = A that we are considering given by (a4, ...,as) =
O,(my,...,my) and (as41, ..., ay) are the p-minors of ©,(£), following the order >.

Proposition 7.1.3. There exists a non-empty Zariski open set {y C K" such that for
p in Qy, writing B 1= ©,(°B), the ideal generated by By in Klzy,...,x,] is radical of
dimension zero.

The rest of this subsection is devoted for a proof of this proposition. First note that any
p-minor of £ has the form &;, _; m; ---m; , for some choice of columns i, ...,1,, where



<i,....i, is the determinant
€14, Cliy - cl,ip
(R : e KA.
cpail cpaiQ ct cpvip
Our first constraint on p is thus that ©,(¢;, ;) is non-zero in K, for all {i,...,4,}. In

this case, a point a in K cancels all the p-minors of ©,(£) if and only if it cancels all
products ©,(t;,) - - - ©,(t;,). This is the case if and only if there exists ¢ = {i,...,94ps1} C
{1,...,q} such that

Gp(ti1)<a) == ®p<tiq—p+1)(a) =0

(similar to what we have seen in Subsection 6.2 for column-degree homotopy algorithms).
Since we assume n = q¢ — p + s + 1, we can rewrite ¢ —p+ 1 as n — s.

Then, for a subset ¢ = {i,...,i,—s} C {1,...,q}, consider the polynomials R; =
(ti,---,%,_.). Proposition 7.1.1(i) implies that there exists a non-empty Zariski open set
0; C K" such that for p in 0;, the ideal generated by ©,(9;, M) is radical of dimension
zero. In addition, for subsets ¢’ and ¢ of {1,...,q} of cardinalities n — s such that ¢ # 7/,
the system defined by R, and 9t contains at least n+ 1 polynomials in K[2(][z, ..., z,].
By using Proposition 7.1.1(ii), there exists a non-empty Zariski open set 0y C K" such
that for p in O, the system O,(MR;ui, M) has no solutions in K"

Taking the intersection of these ¢; and @, (which are finite in number), together
with the condition that the determinants @p(Qh,,.Jp) do not vanish, defines a non-empty

Zariski open € C K". Thus, for p in €, the sets V(O,(R;,M)), for any subset ¢ of
{1,...,q} of cardinality n — s, are finite and pairwise disjoint, and their union is V(B;—).
In particular, the latter set is finite, which gives us the second half of our claim.

Take p in ©Q; and a in V(B;—g). We now prove that the ideal generated by B,;_g, that
is, by the p-minors of ©,(R) and ©,(my, ..., m,), has multiplicity one at a. This implies
that the ideal (B;—o) C K[X] is radical. For this, we will use the fact that o is the root
of the system O,(R;, M), for a unique subset ¢ = (i1,...,1,—5) of {1,..., ¢} of cardinality
n — s, and that ©,(2R;, M) has multiplicity one at c.

Recall that n = ¢ —p+ s+ 1, so that n —s = ¢ — (p — 1). Hence, there are exactly
p — 1 columns indices by j = (j1,...,Jp-1) of £ such that j, ¢ ¢ = (i1,...,in_s) for
all k =1,...,p— 1. For i € 4, the equations ©,(&;, . ;,_,itj ---tj,_,M;) appears among
the generators of B;—y. In the local ring at a, we can divide by the non-zero quantity
O©,(C,...jp1.its - - Tj,_1) (). This implies that locally at o, By—y is generated by the
polynomials O,(¢;,),...,0,(t;,_,) and ©,(9). The conclusion follows.

7.1.4 The associated Lagrange system

To establish the boundedness property, i.e., the property C,, since 8 is over-determined,
it will be convenient to introduce new variables £ = (¢y,...,¢,) and to work with the



Lagrange system consist of s + ¢ + 1 equations defined by
(1—=t)M+tG = [(, - L)L —t)M+tF) = t16;+---+t,0,—1=0, (7.3)

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

There are now N + p parameters in these equations, with elements of the parameter
space K7 written as o = (p, k), with p in K" and x in . For ¢ in K" and fa
polynomial with coefficients in K[, t], we write as usual 6,(f) for the polynomial whose
coefficients are obtained from those of f, with 2 evaluated at p and t evaluated at k. As
before, the notation carries over to vectors or matrices of polynomials as well.

For 1 <1 < n+p, H; can be decomposed as $; = u; + th; with both u; and b,
in K[, t][z,£]. In particular, note that the polynomials g = (p1, ..., finsp) form the
Lagrange system

my=----=mg = [61 fp])l = t1£1—|—+tp£p—|—1:0

in K[, t][x, £], so for i = 1,...,¢q, the polynomial ps; is (¢1 ;61 + -+ ¢pl,)v;.

In what follows, we discuss properties of the polynomials ©, () and their initial forms
inite (0, (p)), for e in Q™. Recall that the definition of initial forms can be found in
Definition 3.3.4. Our first claim is the following and the proof is straightforward.

Lemma 7.1.4. For o in (K- {0})V*? and e in Q"*P, init.(0,(p)) = O, (inite(u)).

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

Proposition 7.1.5. Let ¢ = (t%ci+ -+ ..., t* ¢+ -+ ) be in K{(t))"™P with, for all
i=1,....,n+p, e inQ and ¢; in K — {0}.

Then for o in (K — {0})NTP, we have the following: if ¢ cancels ©,(9), then ¢ =
(€1, Cntp) cancels O, (inite(p)), with e = (e, ..., €nyp)-

Proof. For i =1,...,s, we have ), = m; +t(¢g; —m;), so p; = m; and bh; = g; — m;. Thus
by construction, the monomial support of h; is the same as that of m;. This means that
for any term kx}'--- ;""" in b;, with k in K[Q], there exists a term k'z}*--- ;""" in u;,
where k' is one of the indeterminates 9; ;.

Take ¢ as in the statement of the proposition, and write a = 0,(9;), b = ©,(u;) and
¢ = 0,(h;), so that b(¢) + tc(¢p) = 0. Using our assumption on o, we deduce that for any
term of the form k@Y - - - ¢,\*7 appearing in tc(¢), there is a term &'@Y - - - ¢,1*? 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 inite(b).



The proof for the polynomials $s11,...,9s1q and pigy1, ..., flstq is similar, taking into
account that ps; = (¢1,;61 + -+ ¢p:0,)t;. Indeed, for i = 1,..., ¢, the monomial support
of hsy; is the same as that of usy ;. Then, if we define a, b, ¢ as above, our assumption that
no entry of o vanishes implies again that all terms of smallest valuation in a(¢) appear in
b(¢), and so add up to zero. Finally, for H,, 411 = Hnyp, we have that b, = 0, and the
claim follows as above. O]

Our last property requires a longer proof. For generic choices of o, it constrains the
possible roots of the system O, (init.(p)) introduced in the previous proposition.

Proposition 7.1.6. There exists a non-empty Zariski open set Qg C K" such that for

o € Qy, the following holds for any e in Q"P: for j = 1,...,n+ p, the system obtained
by setting the j-th variable to 1 in O, (inite(u)) has no solution in (K — {0})" =1,

The rest of the subsection is dedicated to proving this proposition. First note that
although there is an infinite number of vectors e to take into account, there is only a finite
number of possible systems inite (). Thus, in what follows, we assume e is fixed. Similarly,
without loss of generality, we assume j = 1, so that we are setting x; to 1.

Thus, we call o = (fi1, ..., in+p) the polynomials in K[, t][xo, ..., 2, 01, ..., ¢,] ob-
tained by setting x; to 1 in inite(p). We will prove that for a generic o in KN+p, the system
O,() C K[zg,...,xp, {1, ..., ¢) has no solution in (K — {0})"™~!. This system is indeed
the one mentioned in the statement of the proposition, since ©, and variable evaluation
commute by Lemma 7.1.4.

For i =1,...,n+p, denote by &; the subset of (2, t) consisting of those indeterminates
that appear in the coefficients of ;, so it also contains those that appear in the coefficients
of f;. With this convention, the sets &; are pairwise disjoint, and (&;,...,&,,) is the
set of all indeterminate coefficients (2, t) that appear in . For all i, we let t; be the

cardinality of &;, and we will write the elements of K" as i, sotthat 2 vector o € K 7
can be decomposed as o = (r1,...,7y4p). Given (rq,...,7;) in K B Or,...ry) denotes
as usual the mapping that evaluates the t;+- - -+t; indeterminates &1, ..., &; at (ry,...,r;).

The key property we will use below is the following.

Lemma 7.1.7. For any a in (K — {0})"™~' the polynomial v € K[S;] obtained by
evaluating xo, ..., %y, 0, ..., L, at the coordinates of o in [i; is non-zero.

Proof. For v =1,...,s and i = n + p, the coefficients of p; are sums of elements of G;, no
element in &; appears in two such coefficients, and all coordinates of o are non-zero; so
our claim holds.

Fori =s+1,....,n+p—1, since p; is (c1;-sl1 + -+ + ¢pi_slp)ti_s, its initial form
inite () is the product

inite(,ui) = inite(cu,sﬁl + -+ Cp’ifsép) inite<ti,s).



By setting x; to 1, we deduce that j; factors as ji; = f;g;, where the coefficients of both f;
and g; are sums of elements of G;, and no element in &; appears in two such coefficients.
Thus, the evaluations of f; and g; at a are non-zero, so the same holds for j;. n

To describe algebraic sets in the torus (K — {0})""~!, we work in K"'”, using a new
indeterminate y and taking into account the relation s - -- 2,0, --- £,y = 1. Then, we will
prove the following property.

Lemma 7.1.8. For a generic choice of (r1,...,r:) in K" 7" (in the Zariski sense), the

zero-set of Oy vy (1, ..., i) and xo - - - x,ly - - - Ly —1 has dimension at most n+p—1—i
. >n+p
m K.

Proof. The proof is by induction on ¢. The conclusion is trivial for ¢ = 0. Let us assume
that our claim holds for ¢+ — 1, for some index ¢ > 1, and prove that it also holds at
index 7. We proceed by contradiction, assuming our claim does not hold. In this case, the
vectors 71, . .., r; for which the zero-set of O, ;) (fi1, ..., ;) and xg - - - x,l1 - - - Ly —1 has

dimensi(gn at tmost n+p—1—iin K""? are contained in a hypersurface of the parameter
space K7, Then, there exists a non-zero polynomial P in K[Sy,...,&;] such that
Tttt

P(ry,...,r;) = 0. Thus, take (ry,...,r;_1) in K such that

o P(ry,...,ri1,6;) in K[&,] is not identically zero;

e the zero-set V of O, ,, )(ft1, ..., flim1) and - - 2,0y - - - £,y — 1 has dimension at

most n + p — @ in K" (this is possible by the induction assumption). By Krull’s
theorem, all its irreducible components have dimension exactly n + p — 1.

The first condition implies that for a generic r; in Kti, the zero-set of O, . ) (i1, - -, fli)
and xg---xpl; -+ - £,y — 1 has dimension at least n + p — i. Equivalently, this means that
intersection of V' and O, ,,)(f;) has dimension n + p —i. Let us see how to derive a
contradiction.

Let Vi,...,Vy be the irreducible components of V. Pick oy in Vi, ..., ay in Vy, and let
Y1, - .,7a be the polynomials in K[&,] obtained by evaluating s, ..., %, ¢, ..., £, at the
coordinates of ay, ..., ay, respectively, in ;. As we pointed in Lemma 7.1.7, all ~;’s are
non-zero, and thus so is [' ==~y ---y4 € K[Gi]. In particular, for a generic choice of r; in
Kti, Or,,...r) (1) vanishes at none of {ay, ..., g}, and so it intersects each V; (and thus
V) in dimension n + p — i — 1. This contradicts the previous paragraph. O

Using Lemma 7.1.8 with ¢ = n + p ends our proof for Proposition 7.1.6.



7.1.5 The boundedness property

We finally establish the property C; needed for our homotopy algorithm. We prove that
for a generic point p in K ', the solutions of B = 0,(B) in K({t))" are bounded.

Proposition 7.1.9. There exists a non-empty Zariski open set {23 C K" such that for
p € Qs, writing B := 0,(B), all points in V(B) C K{(t))" are bounded.

Proof. Let us define the set (23 first. By Proposition 7.1.6, there exists a non-empty Zariski

open set {2y C K" such that for any 0 = (p, k) in y, the following holds: for any e in
Q™P and any j in {1,...,n +p},ﬁthe system obtained by setting the j-th variable to 1 in
O, (inite () has no solution in (K — {0})"*?~!. We then define a non-empty Zariski open

0, C K" be the image of (), through the projection 7 : 0 = (p, k) — p. Finally, we let Q3
be the intersection of ) with (K — {0})¥ c K.
We take p in 23 and we need to prove that all solutions of © ,(B) in K(({t))™ are bounded.

Let a = (o, ..., a,) € K{(t))™ be such a solution. By construction, there exists a non-zero
(A1, .., Ap) € K(())? such that [A; --- A,] is in the left nullspace of £(ax). Let v € Q
be the valuation of this vector, and let (A},...,\}) € K" be the vector of coefficients of ¢
in (A1,...,Ap), so that (\},...,A}) is not identically zero. Then we take x = (k1,...,kp)

such that o = (p, k) is in Q5 and in addition x; # 0,..., k), # 0 and K1\ + - + KA, # 0.
This is possible, since all these conditions are Zariski-open. In particular, k1 A1+ -+ £KpA,
is non-zero. We can then define A = (\1,..., ;) by

S\i = )\i/(l’i',l)\l + -+ Hp>\p)

for all i = 1,...,p. Let us write ¢ = (o, A); our goal is then to prove that ¢ is bounded,
since it will imply that a is bounded.

By construction, the vector A = (Aq,...,),) is still in the left nullspace of £(cx) and
satisfies Ty Ay + -+ - + 7,A, — 1 = 0. Hence, the vector ¢ is in V(0,($)). Let us then write

=%+ Py )
with, for all i = 1,...,n +p, ¢; in Q and ¢; in K — {0}. Since none of the coordinates
of o vanishes, we can apply Proposition 7.1.5, and deduce that ¢ = (cy,. .., ¢utp) cancels

O, (inite(n)), with e = (€1, ..., €ntp).

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

s— (1 Co Cnip
C = Y e e
€c2 €én+p

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 7.1.6 asserts that the system obtained by setting the first variable
r1 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, in order to finish our proof of Proposition 7.1.2, it suffices to let €2 be the
intersection of €; (from Proposition 7.1.3) and 3 (from the proposition above).

7.1.6 Setting up parameters

Let the polynomials G = (¢1,...,9s) and F = [f; jli<i<p1<j<, be as before. To find the
isolated points in V,(F',G), we take B = O,(*B) as in the previous subsections, for a
randomly chosen p in KV and apply the Homotopy algorithm of Proposition 5.2.11.

Proposition 7.1.2 established the basic properties needed for the correctness of our
homotopy 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 5.2.11, 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. In the next section, we will 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,..., ¢, 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 i, j as above, we let ~;,
respectively d;, be the cardinality of 4;, 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

Y=yt Y+ p0 -+ dg). (7.4)

Finally, we let d be the maximum degree of all the polynomials in G and F'.

Number of solutions of the start system.

For p in the non-empty open set 2 C K" defined in Proposition 7.1.2, we have seen in
the proof of Proposition 7.1.3 that the solutions of the start system B;_y are the disjoint
union of the solutions of the systems ©,(R;, M), where for a subset ¢ = {i1,...,7,—5} of
{1,...,q} we write R; = (v;,..., v, ).

Fori=1,...,sand j =1,...,¢q, we let C; and D, be the convex hulls of respectively
A; and B;. Proposition 3.3.6 then implies that, for ¢ as above, the number of solutions of
0,(M;, M) in K" equals the mixed volume

XZ = MV(Cl, e 7CS7Di17 e 7Din—s)7



for any p in a certain non-empty Zariski open set Opgkk; C K". We define

X = Z Xi = Z MV<Cla"-7C57Di17--'7Din_5>7 (75)

i:{ila~~-7iﬂ,—s}c{1v~~~:Q} i:{il7~~:in—s}c{1:'~~7Q}

and let €' be the intersection of Q with the finitely many Ogkyk;. Then, for p in ', the
start system Bj;— has precisely x solutions. As we pointed out after Proposition 7.1.2, this
implies that the system B;—_; which we want to solve admits at most y isolated solutions,
counted with multiplicities.

Solving the start system.

We also need a zero-dimensional parametrization of V(B,—¢) for the homotopy algorithms.
To do it, it is enough to find the solutions of the systems ©,(9R;, ), for all sequences
i C {1,...,q} of the cardinality n — s. To solve the systems ©,(%R;, M), we rely on the
sparse symbolic homotopy algorithm of [110, Section 5], which is, from now on, called
SparseHomotopy. 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.

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, ..., As, By, ..., B;, _.
of M and MR; [104]. We then let w; be the maximum value taken by w; on the support,
and 9; be the maximum norm of the (primitive, integer) normal vectors to the cells of M;.
Then, the SparseHomotopy algorithm in [110, Theorem 6.2] compute as zero-dimensional

parametrization %; such that Z(%;) = V(0,(9R;,M)) using
O™ (nlog(d)x3Vsws)

operations in K.

Taking the union of all these parametrizations, using for example, [158, Lemma J.3],
does not introduce any added cost. Thus we obtain a randomized algorithm to compute a
zero-dimensional parametrization of V,(©,(9R, 9M)) using

O™ (n°ylog(d)x*Iw) (7.6)
operations in K, where we write

¥ := max(¥);) and w := max(w;) (7.7)



An upper bound on the degree of the homotopy curve.

Similar to what we have done in Subsection 6.2.5 and Subsection 6.3.5, it suffices to find an
upper bound p for the number of isolated points defined by the equations in B = ©,(B)
together with a generically chosen hyperplane.

Let h=C(y+ G o1+ -+ G xpn + (uyrt be a linear form defining such a hyperplane, for
(; € K. Then we can rewrite t as

(@1, .. x0) = —(Co+ G o1+ 4+ G an)/Cugr

The isolated points in V(B) NV (h) are in one-to-one correspondence with the isolated
solutions of the system B’ = (b,...,b,,b. ,...,b,,), where b; = (1 — p)m; + pg;, for

rm
i=1,...,s,and (b, ,...,b,) are the p-minors of the matrix

Vi=[,]=(01—-9) L+p-FecKlzy,... z,*.

Hence it is sufficient to bound the number of isolated solutions of V' (B').

For 1 <i < pand 1 < j < g, let B;; be the support of v; ;. We then define B =
Ui<i<pBi;, 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

D) (7.8)

tn—s

0= > MV(Ci,...,C., D;
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{ilvnwinfs}c{l,...,q}

solutions.

A straight-line program for B.

To obtain such a straight-line program, we fist compute the values of all monomials sup-
ported on Ay, ..., As, By, ..., B,. Then we combine these values to obtain the polynomials
(1—1)-0,(M)+1t- G and the matrix (1 —1t)-0,(£) +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. Therefore, we can obtain
the values of all monomials supported on A;,..., As, By,..., B, by using a straight-line
program of length O(nylog(d)). Besides, combining these monomials to obtain

(1—1t)-0,MM)+t-Fand (1—t)-0,(L)+t-F

takes another O(y) operations in K. Finally, it takes O(p* (g)) operations to compute
all p-minors of the latter matrix using a division-free determinant algorithm. Hence, a

straight-line program of length



Beo (m log(d) + p* (Z)) (7.9)

to compute all entries of B.

7.1.7 Completing the cost analysis

The previous discussion allows us to use the Homotopy algorithm from Proposition 5.2.11.
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.

Theorem 7.1.10. The set V,(F,G) admits at most x isolated solutions, counted with
multiplicities. There exists a randomized algorithm called ColumnSupport which takes G,
F, all lifting functions w; and subdivisions M; as input and computes a zero-dimensional
parametrization of these isolated solutions using

0" (n (v log(d)x*0w + x(0+x°) @ )>

operations in K, where v, x, 0 are as in respectively (7.4), (7.5) and (7.8), and ¥ and w as
in (7.7).

7.2 The weighted column-degree homotopy

Weighted domains arise naturally many applications, for example, in determining isolated

critical points of a symmetric function ¢ defined over a variety V(fi, ..., fs) defined by sym-
metric functions f;. In the second part of the thesis, we will see that the orbits of these criti-
cal points can be described by domains of the form Kley 1,...,€10,,€21,..,€205, €51, ...,

ers,| with e; ; the k-th elementary 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 classic domains. For example, a polynomial p € K[z, x2, 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|zy,...,z,] having weights



Algorithm 11 ColumnSupport(F', G)

Input: a matrix F € K[zy,...,2,/P*? with p < ¢; and polynomials G = (g, ..., gs) in
Klzy,...,z,), withn=q¢—p+s+1

Output: a zero-dimensional parametrization of the isolated points of V,(F', G).

L. construct £ = [¢;;t]i<i<pi<j<g € K[A|[z1,...,2,)P*? as in (7.2) and M =

Pl By g R

(my,...,my) in K[A][z1,...,2,]° asin (7.1)

Pl By g R

O,(M) = (mq,...,my) in Klzy,..., 2,
3. for any subsequence & = (i1,...,i,—s) of (1,...,q)
(a) o < SparseHomotopy(r;,, ..., i, ., M1,...,Ms)
cost: O™ (n5ylog(d)x*Yw)
4. combine all (%, ;); into a zero-dimensional parametrization %,
cost: O™ (on)
5. construct a straight-line program A’ that computes all polynomials B
length of A" is § as in (7.9)
6. return Homotopy(A', %, 0)
cost: 0" (x*(n + (2))n® + x(o + x*)n(B + n%)),

w = (wy,...,w,) € Z2,, the weighted Bézout theorem (Theorem 3.4.1) states that the
number of isolated points of V(f1,..., f,) C K" is bounded by

dy---d,
wlu..wn

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 = (¢1,...,9s) €
Klzq,...,2,]° with n = ¢ — p + s 4+ 1, assuming bounds on the weighted degrees of all
polynomials f;; and g;. Without loss of generality, we will assume that w; < -+ < wy,
and we will let (v4,...,7s) be the weighted degrees of (g1,...,gs) and (d1,...,d,) be the
weighted column degrees of F'.

7.2.1 Setting up the systems

We construct the start matrix L € K[X]P*? and start polynomials M = (my,...,my)
in K[X]*. For i = 1,...,s, let m; be a generic polynomial of weighted degree ~;. For



j=1,...,q, let r; be a generic polynomial of weighted degree §;. Then we define

C1,1T1 - Ci147q
M = (mq,...,m,) and L = : : , (7.11)

CpiTL =+ Cpglg

for a generic choice ¢; ;.

Fori=1,...,s, let A be a subset of N"
A;={(e1,...,en) EN" : wier + -+ wye, < ik,
and for j =1,...,q, let
B ={(e1,...,en) €EN" 1 wiey + -+ +wye, <65}

be a subset of N". The sets Aj, respectively B}, are the supports of generic polynomials
of weighted degrees at most ;, respectively ;. In other words, they are supports of
polynomials m, and r;, respectively. In particular, the monomial supports A, ..., A, of
g1,-..,gs are contained in the sets Aj,..., AL. Similarly, for 1 < j < ¢, B; C N" is
contained in the set B;-. Therefore, all requirements C;, Cy, and By, B, as well are satisfied.

7.2.2 Setting up parameters

Similar to what we followed, we need to ensure that we can prepare the inputs for the
homotopy algorithms: straight-line program for B, a zero-dimensional representation of
the solutions of A = B;—_y and an upper bound on the degree of the homotopy curve.

A straight-line program for B.

We follow the same approach as in the last subsection to obtain a straight-line program for
B, simply by computing all monomials of respective weighted degrees at most (71, ..,7s)
and (01, ..., d,), combining them to form the polynomials (1 —t)- M +¢- G and the matrix
(1—t)-L+t-F and taking the p-minors of the latter.

We benefit from a minor improvement here, as for a fixed «; or J; 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

reo ((vi+~~+v;+p(61+~~+6’q))+p4<z>>

to compute all entries of B.



Recall that a term such as 7/ denotes the number of monomials of weighted degree at
most ; in n variables, with v; < d for all i (and similarly for §7, for the weighted degree

bound d;). A crude bound is thus v;, 6% < (”er) for all i, j, resulting in the estimate

n

reo(w(*t 1) () -

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

wileg — 1)+ +wyle, —1) <
results in the upper bound a; < (y; + w1 + -+ - + wy,)"/(nlw; - - - wy,). Using results from
Proposition 3.4.4 gives more refined bounds for 7; and §; and hence also for T'.

A zero-dimensional parametrization %, of V(A).

As in the case of sparse polynomials, for a generic choice of ¢; ; and for polynomials m;
and r; with generic coefficients, the solutions of the start system A are the disjoint union
of the solutions of systems (R;, M) = (1, ... ,Ti,_.,M1,...,Mg), for ¢ = (i,...,ip_s) C
{1,...,q}">.

By the weighted Bézout theorem, the system (R;, M) has

Y- "}/5511 . 5in—s

C; =
wl PR w’I’L
solutions in K". Taking the sum over all subsets 4 of {1,..., ¢} of cardinality n — s, we
deduce that the number of solutions of B;—q is at most
~ ’71"'757’]n—s(517‘-'a5q)
= ;= , 7.13
-y ol (7.13)
where 1,,—5(d1, ..., d,) is the elementary symmetric polynomial of degree n—s in dy,. .., d,.

The discussion following Proposition 7.1.2 implies that the system B;—; which we want to
solve admits at most ¢ isolated solutions.

To find these solutions, as in the previous subsection, we solve all systems (R;, M)
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 [87].

For a subset ¢ = {iy,...,in—s} C {1,...,q}, let (d;1,...,d;,) denote the sequence
(Vs esVss Oigy e oy 04, ); We write
Ki = 1121]?2(”((17:’1 s di7kwk+1 L wn) and R = o Z K. (714)
- = i={i1,...,in—s tC{1,....,q}

Recall as well that we set d = max(7y1,...,7s,01,...,0,) and we arrange w = (wy, ..., wy,)
as wy < - < w,.



Lemma 7.2.1. Let M = (my,...,ms) and R = (r1,...,r,) be generic polynomials (in the
Zariski sense). Fort = {iy,...,in—s} C{1l,...,q}, one can solve (R;, M) by a randomized

algorithm that uses
, 2
o (wre (L))
Wy - - - Wy

Proof. Since the supports of R; and M contain the origin and they are generic polynomials,
by Proposition 7.1.3, the equations (R;, M) define a reduced regular sequence (possibly
terminating early and thus defining the empty set). We can thus apply the geometric
resolution algorithm, which is denoted by GeometricResolution, in Theorem 1.3.1. The
polynomials (R;, M) have weighted degrees at most (71, ...,7%s, i, ..,0;,_.); to simplify
indexing, as above, we rewrite this sequence of degrees as (d;1,...,d;,). For the same
reason, we rewrite the polynomials (R;, M) themselves as hy,. .., h,.

operations tn K.

The GeometricResolution algorithm in Theorem 1.3.1 takes its input represented as a
straight-line program that computes (R;, M). 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 M, and in particular (R;, M). We deduce that we can compute a
zero-dimensional parametrization of the solutions of (R;, M) using

O™ (n'T'd*$?)

operations in K. Here, 3; is the maximum of the degrees of the “intermediate varieties”
Vi,...,Vy, where V; is defined by the first i equations in (R;, M). Hence, to conclude, it
suffices to prove that ¥; < k;/(wq - - wy,).

Fix an index ¢ in {1,...,n}. We identify degree-one polynomials P = py+ pyzy +-- -+
Pnt, in K[z, ..., z,] with points in K. Then, there exists a non-empty Zariski open

set 2 c K™V guch that for (Pij)o<j<ni<i<n—t € &, defining P, as

Py =pio+piawi+ -+ 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
elimination to rewrite Py, ..., P,_; as

Toyr — ©er1(T1, o T0)y oo Ty — (1,1, Tp).

For k =1,...,¢0, let gp(x1,...,x¢) = hg(x1, ... 20, @1 (T1, - 20), oy (T, ..o, 20))
in K[zy,...,24. Because the sequence of weights is non-decreasing, these have respec-
tive weighted degrees at most dy,...,d, and, by construction, V(g,...,g,) is finite and
deg(Vy) = deg(V (g1, - .., 9¢)). Using the weighted Bézout’s theorem implies

dig -+ diy  diy-edigweyr - wy Ki

deg(V(g1,-..,90)) <

wl.--wz wl-..wn wl-..wn‘



Taking all possible 2 into account, we see that for a generic p we can compute zero-
dimensional parametrizations for all (R;, M) using

2
o <n4Fd2 (“) )
wl o o o wn

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

An upper bound on the degree of the homotopy curve.

As before, a suitable upper bound is the number of isolated intersection points in R
between V' (B) and a generic hyperplane. Let ( = o+ @14+ -+ (n Tp + (ur1t 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 —t) - M + ¢ - G), and all p-minors of
F'=(1—-t)-L+t-F,thatis, of V,(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+1 variables instead of n, and s+1 equations
G’ instead of s. The weighted degrees of the equations G’ are (w,,y; +1,...,79s + 1) and
the weighted column degrees of F' are (6;+1,...,0,+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

- (,yl_|_1)(75"‘1)7771—5(51“'1’7511—{_1)7 (715)

Wy - Wp—1

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

7.2.3 Completing the weighted column-degree homotopy

The previous sections allow us to use the Homotopy algorithm from Proposition 5.2.11. We
obtain the following result.

Theorem 7.2.2. The set V,(F, G) admits at most ¢ isolated solutions, counted with multi-
plicities. There exists a randomized algorithm which takes G and F' as input and computes
a zero-dimensional parametrization of these isolated solutions using

ON((é(é + )+ &P (“w)Q)n‘*r)

wl... n

operations in K, where I', ¢, k, € are as in respectively (7.12), (7.13), (7.14) and (7.15).



Algorithm 12 WeightedColumnDegree(F', G)

Input: a matrix F € Klzy,...,2,]P*? with wdeg(f;;) < 0, for all j and p < ¢; and
polynomials G = (g1,...,9s) in K[zy,...,x,], with wdeg(¢g;) =y, andn=q¢—p+s+1
Output: a zero-dimensional parametrization of the isolated points of V,(F', G).

1. construct L = [¢;;7]1<i<pi<j<q € Klz1,..., 2,7 and M = (my,...,m,) in
Klzy,...,2,)° asin (7.11)
2. for any subsequence ¢ = (i1,...,i,—s) of (1,...,q)
(a) construct a straight-line program A; that computes (ry, ..., 7 ., my,...,my)

length of A; = O(T") with I' is given in (7.12)
(b) Zo.; < GeometricResolution(A;)
cost: O™ (nTd*X?) with 3; < k;/(wy - -+ w,) and k; is given in (7.14).
3. combine all (%, ;); into a zero-dimensional parametrization %,
cost: O™(cn) with ¢ is given in (7.13)
4. construct a straight-line program A’ that computes all polynomials B
length of A’ is T"
5. return Homotopy(A’, %y, e)
cost: O™ (c®mn? + c(e + )n(T + n?)), with e is given in (7.15)

7.2.4 Example

In this section we provide an example illustrating the steps of our column-support homo-
topy algorithms. Let

G = (9923 + 9222 — 2287175 + 672, — 14025 + 98x3 + 25) € Q[xy, T2, 73]
and F € Q[xy, x2, 23)**3 be

922 + 65471z + 5922 + 4230873 + 65504 8622 + 65460z + 65414zs + 12381a3 +44 6547721 + 59898x3 + 76
6550122 + 51a1 + 6546622 + 5749623 +35 1622 + 9921 + 6550322 + 179503 + 31 65454z + 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
Bl - {(27 07 0)7 (17 07 0)7 (07 17 0)7 <O7 O? 1)7 (07 07 O)}J
82 = {(27 07 0)7 (17 07 0)7 (07 17 0)7 <O7 07 1)7 (07 07 O)}?
Bs ={(1,0,0),(0,0,1),(0,0,0)}.



Start system. The start system for (F', G) is built as follows. Let m; = 88z} — 82z% —
T0z129 + 4lxy + 9lzs + 2925 4+ 70 € Q[zy, 29, 23] a polynomial supported by A and
define ry = —782% — 4y + Hxo — 9l — 44, ry = 6327 + 10z, — 61lay — 2623 —
20, and ry = 88x1 + 95x3 + 9, polynomials in Q[zy, xo, x3] supported by (Bi, Ba, Bs). The
start polynomials M = (m;) and the start matrix is given as

L:<—62r1 26ry 1075

2x3
—83r, —3r, —447“3>€Q[$1’x2’$3] '

We remark that the coefficients in the start equation 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 L is given by (234477,
3558113, —1114r9r3) and hence Vo(L,my) = V3 U Vo U Vi, where

‘/1 - V(Tl,TQ,TTLl), ‘/2 - V(T17T37m1>a a’nd‘/é - V(T27r37m1)~
Parametrizations of Vi, V5, and V3 are given by

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

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

2051384458304467017  205138445830446701°  205138445830446701° 7
Ron = ((1076005625° + 2749690925y + 2278375403y + 797867887
95 9 70395 , 201161 171943
~ %Y 8 3m2Y * oes0 ¥ T Toseo V) )
Ros = ((410682625y° + 773879025y + 2045246267y — 666910765,
95 9 568575 , 88607 157697
~ %Y 5 Tosea?!  moioa? ~ Trasea V) 0e)

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

),$3)7

Ry = ((QO; vO,lva,QaUO,B)a )\)
= ((4715888798904593238258009062500y9 +
10476346966766553878790167132343750 4 +

205138445880446701 yores
2265193491697540283699777221137124035318470625yg_+

24226029904697233601296 ’
15866264491953179878625y" + - - ), xg) .

Degree bounds. The mixed volumes associated to our sub-square systems are MV, =
MV (conv(.A), conv(B;), conv(Bs)) = 3, MVy = MV(conv(A), conv(B;), conv(Bs3)) = 3, and
finally MV3 = MV(conv(A), conv(Bs),conv(Bs)) = 3. So x = MV; + MV, + MV = 9
which is a bound on the number of isolated solutions of V,(F', G). Note that this number
coincides with the actual number of isolated solutions of V5(L,m;) as the degree of g
equals 9.



A parametrization %#; of V5(F,G). We apply the Homotopy algorithm to the system
(My((1—t)F+tL), (1—t)m;+tg) and %, to obtain %Z;. As the coefficients of the result over
Q are quite large we illustrate this calculation over Fgs501, a finite field of 65521 elements.
In this case we obtain

o= ((y° +42377y° + 63439y" + 23268y° + 1541y° + 21916y"
+ 24479y 4 1064y> + 47617y + 765, 18447y + 58286y + 48619y°
+49312y° + 42721y* 4 440219° + 47621y* + 39038y + 13072,
9852y° + 30892y7 + 2923635 + 63043y° + 623y* + 8249y3
+ 22956y2 + 23577y + 41427, 3y” + 192335 + 56323y° + 58151y*
+ 8939y + 30577y + 13156y), z3)

and

P = ((y° +27502y° + 1022y + 42474y° + 21370y° + 47501y*
+ 37694y° + 13474y> + 49870y + 26489, 19690y° + 28497y"
+ 23045y° + 29265y° + 32212y* + 8948y> + 16460y>
+ 19357y + 9600, 264261° + 24119y” + 4842915 + 340313°
+ 32094y + 13559y> + 34993y + 59636y + 64778, y), z3).

We note that using the Algorithm ColumnDegree from Section 6.2 produces a degree
bound of 24, a considerable over estimate of the number of isolated zeros.



Part 11

Invariant algebraic systems
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Chapter 8

An overview

In this part of the thesis, we consider the problem of computing critical points of the
restriction of a polynomial map to an algebraic variety. We study the important case
where the input polynomials are all invariant under the action of the symmetric group S,,.
The problem of computing such points appears in many application areas including for
example polynomial optimization and real algebraic geometry.

8.1 Problem statement and main results

Let G = (g1, .. .,gs) and ¢ be polynomials in K[z, . .., z,]", with K a field of characteristic
zero. Let W (¢, G) be an algebraic set defined by the following equations

<gl> CIE ags> + <Ms+1(JaC(G7 ¢))> (81)

where, Jac(G, ¢) is the Jacobian matrix of (gi, ..., gs, ®) with respect to (z1,...,x,), and
M,.(F) denotes the set of all m-minors of a matrix F. If we assume that the Jacobian
matrix Jac(G) has full rank s at any point of V(G), then, Lemma 3.1.8 implies that the
algebraic set V(G) is smooth and (n — s)-equidimensional, and so that W (¢, G) is indeed
the set of critical points of ¢ on V(G) by Lemma 3.1.10.

Let d be a bound for the degrees of G and ¢. We provide a randomized algo-

rithm to compute a representation for the set W (G, ¢) whose runtime is polynomial in
ds, (”Zd>, (sil). This runtime is polynomial in the bound we give on the output size, as
well as the number of maximal minors in the matrix Jac(G, ¢).

Although gy, ..., gs and ¢ are S,-invariant, the equations in (8.1) are usually not invari-
ant. However, it can be shown that the system of equations in (8.1) is globally invariant.
That is for all o € S,,, and any f among either gy, ..., gs or the (s+ 1)-minors of Jac(G, ¢),
either o(f) or —o(f) belongs again to the same set of equations. This implies that W (¢, G)
is S,-invariant.
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Example 8.1.1. Let n =3,s =1 and ¢ = z1x903 — 317 — 319 — 3x3. The critical points
of ¢ over the sphere defined by g = x? + 23 + 22 — 6 are solutions of the globally invariant
system

2 2 2 2 2 2
(g9, vix3 — 2503 — 3w, + T2, T1T2 — Tox5 — X1 + 3T3, 1175 — X105 — 3T2 + 373 ).

These critical points are the intersection of three different colors in Figure 8.1. From this
figure, one can see that the set of these critical points is Sz-invariant.

(a) First part. (b) Second part.

Figure 8.1: Critical points of z;1yx3 — 371 — 379 — 323 over the sphere 22 + 22 + x% —6

The global invariance property allows us to split the set W (¢, G) into orbits under the
action of the symmetric group with the size of the orbit of a point in W (¢, G) depending
on the number of pairwise distinct coordinates of that point.

Example 8.1.2. For g and ¢ from Example 8.1.1, the points (2,1, 1), (0,v/3,v/3), (=2, —1,
—1), and (0, —v/3, —v/3) each have three elements in their respective Ss-orbits, while the
points (v/2,v/2,v/2) and (—v/2, —v/2, —+/2) have only one point in their orbits. This is the
entire decomposition of W(¢, g) into orbits, with the size of W (¢, g) being 14.

The different sizes of orbits needs to be considered for efficient computation. In order to
study the structure of these orbits and take into consideration pairwise distinct coordinates,
we make use of partitions of n. A sequence A = (nli1 ne ... nt), with the ¢; and n; positive
integers and n; < --- < n,, is called a partition of n if nily + ngoly + - -+ + n.l, = n.
Partitions of n will be used to parameterize orbits, with A as above parameterizing those
points in W (¢, G) having ¢; distinct sets of n; equal coordinates, ¢y distinct sets of ngy
equal coordinates and so on. We will write W, for the set of such orbits contained in

W (¢, G), so that W (¢, G) is the disjoint union of all W), for all partitions A of n.



Example 8.1.3. Let ¢ and g be defined in Example 8.1.1 and Example 8.1.2. The set W3,
of orbits parameterized by A = (1®) corresponds to the orbits with all distinct coordinates
(&1,&2,&3). This set is the zero set of

(9, —4, —2(x1 + 23 + x3), 2(27 + 25 + 23) + 8(2122 + To73 + T173) — 36).

The set Wiq1 91y of orbits parameterized by A = (1'2') is orbits of points of the form
(&1, &9, &), with & # &. Tt is the orbit of the zero set of

(23 + 223 — 6, a3 + 139 — 3, T9 — T3),

where the first polynomial is g restricted to the hyperplane xo = x3. In particular, W11
is the union of the orbits of the points (2,1,1),(0,v/3,v/3), (=2, —1, —1), (0, —/3, —/3)
seen in Example 8.1.2.

Figure 8.2: The zero set of (23 + 223 — 6,23 + x129 — 3, x5 — T3)

Finally, the set W31y of orbits parameterized by A = (3'), which is orbit of points of
the form (£1,&1,&), is the zero set of 3x3 — 6 = 0. This polynomial is g restricted to
hyperplanes x5 = x; and x3 = z7.

We provide a procedure to determine invariant polynomials that describe these S,,-

orbits. For an orbit parameterized by the partition \ = (nf1 n? ... nt), we work with

T

points which have distinct coordinates (&11,...,&10,,82.15 58205+ &r1y -y &rp,). In-
stead of m coordinates, there are only ¢ = ¢; 4+ --- 4 ¢, distinct coordinates for points in
this orbit. Invariance under permutations implies that single distinct points are permuted,
groups of two points are permuted, etc. This will allow us to work with polynomials in
Kley,...,e;] =Kle11,. .. €10,€21,---1€205,---,€r1,...,€r4], in order to represent a cer-
tain “compressed” image W} C K’ of Wy; here, e, = (ex1, - - ., erye,) are variables standing
for the elementary symmetric function in ¢ indeterminates.

Example 8.1.4. Continue previous examples, for A = (112!), we have ¢ = 2 and W} =

{(27 1)? (07 \/§)7 (_27 _1)7 (07 _\/g)}



Throughout the thesis, we will assume that W(¢, G), and thus all W and W, are
finite. Then, for A as above, the cardinality of W is smaller than that of W) by a factor

Uy =0 ( " ) (8.2)
Nyye ooy Ny oo oy Ny o oo, Ny

where each n; is repeated /¢; times in the multinomial term. We will prove some bounds,
which will be denoted by ¢, on the cardinality of WJ. The sum of the ¢,’s then gives us an
upper bound on the size of the output of our main algorithm; we will see that, in practice
(see Table 10.2), each of the ¢, provides an accurate bound on the cardinality of the finite
set W5. Moreover, we can prove that this sum is bounded above by ¢, where

c:d8<n+d_1>. (8.3)

n

We will see that, in practice (see Table 10.1), this is a rather rough upper bound but in
several cases, it compares well to the upper bound

t=d(d— 1) (“) (8.4)

S

from Nie and Ranestad [144, Theorem 2.2] on the size of W (¢, G). For example, when
d = 2, we have ¢ = 2°(n + 1) while ¢ = 2° (7;) More generally, when d and s are fixed, ¢
is polynomial in n (since it is bounded above by d*(n + d — 1)?) while ¢ is exponential in

n (since it is greater than (d — 1)"). When s is fixed and d = n, ¢ is n?()2" whereas ¢ is
nPM (n — 1),

The output of our algorithm will thus be a collection of zero-dimensional parame-
terizations, one for each of the sets WJ; we will call such a data structure a symmetric
representation of W (¢, G) (precise definitions are in Section 9). Rather than using Grob-
ner bases to compute such descriptions, we will use a symbolic homotopy continuation, so
as to control precisely the cost of the algorithm.

In our case we can make use of a sparse symbolic homotopy method given in Section 7
specifically designed to handle determinantal systems over weighted polynomial rings, that
is, multivariate polynomial rings where each variable has a weighted degree, which is a
positive integer. These domains arise naturally for our orbits: the domain arising from
an orbit parameter A has variables e;, which are defined corresponding to elementary
symmetric polynomials 7;;; since 7, has degree k, the variable e;; will naturally be
assigned weight k. The main result of this part is summarized in the following theorem.

Theorem 8.1.1. Let G = (g1, ..., gs) and ¢ be S,,-invariant polynomials in K[z, ..., x,],
with degree at most d > 2, and suppose that W (¢, G) is finite. Then, there ezists a
randomized algorithm that takes as input G, ¢ and outputs a symmetric representation for
the set W (¢, G), and whose runtime is polynomial in d°, (”;d , S&). Moreover, the total
number of points described by the output is at most d® (”+Z_1>.



Note that the runtime is polynomial in the bound we give on the output size, as well as
the number (Szl) of maximal minors in the matrix Jac(G, ¢). Section 10.2 gives a more
precise estimate on the runtime of the algorithm.

8.2 Organization of part 11

The second half of this thesis is organized as follows. In the next chapter, we provide several
properties of invariant polynomials, discuss in detail the sets W, and W} mentioned above,
and describe the notion of a symmetric representation for the set W (¢, G). Chapter 10
contains our main algorithm, called Critical Points_Per_Orbit, a proof of correctness, and
the runtime of this algorithm, finishing the proof of Theorem 8.1.1. Experiments to validate
our new algorithm is given in Section 10.4.



Chapter 9

Invariant algebraic representations

One of our key observations, formalized in the next chapter, is that the special nature of
our set of critical points allows us to split W (¢, G) into subsystems defined by the orbits
of the symmetric group S,,.

Definition 9.0.1. Let € be a point in K. The orbit of & which is denoted by S, (&) is the
set of form {o(€)|o € S,.}.

As mentioned in the previous chapter, the size of an orbit S,(&) will depend on the
number of pairwise distinct coordinates of & The general formula for this size is given
in (9.2).

Example 9.0.1. With n = 3, a point of the form (&, &, &) with & # & will have an
orbit of size 3.

As a result, we need to consider the separation of distinct coordinates in an orbit which
is what we do in this chapter. We do this through a discussion of the geometry of (finite)
S, -invariant subsets of K and the data structures we can use to represent them. Much of
what follows is preliminary for our description of orbits presented in the next section.

9.1 Partitions

Partitions play a major role in describing our orbits. In this section, we gather the ba-
sic definitions of partitions and of a few notions attached to them, which will be used
throughout this chapter.

Definition 9.1.1. A sequence A = (n{* n% ... n), with ¢;’s and n;’s positive integers and
ny < -+ < n,, is called a partition of n if nily + ngls + -+ + n,.l, = n. The number

=101+ ---+4 (. is called the length of the partition \.
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Example 9.1.1. Partitions of 5 are (1°), (11 21), (1 22), (123'), (2! 31), (11 4'), and (5%).

Sometimes it is convenient to use the ordered list (n1,...,n1,...,n,,...,n,) with each n;

repeated ¢; times to represent a partition A = (nf' n% ... ntr).

Definition 9.1.2. Consider integers n and n'. Let X\ and X be partitions of n and n/,
respectively. The union partition of A and X is AU X whose ordered list is obtained by
merging those of A and X .

Note that if X\ is a partition of n and X is a partition of n/, then A U X’ is a partition of
n+n'.

Example 9.1.2. Let (2!3') be a partition of 5 and (1'2!) be a partition of 3. Then
(1! 223", which is a partition of 8, is the union partition of (2! 3') and (1'2').

We will make use of the refinement order on partitions (see [133, p. 103] or [31, p. 16]).

Definition 9.1.3. Consider two partitions A = (n{' n& ... n) and N = (mf* m5> ... mks)
of the same integer n. We say that X refines X, if \ is the union of some partitions
(Nij)i<i<si<j<k;» where \;; is a partition of m; for all i,j.

Example 9.1.3. For the partitions of n = 3, we have (1%) < (1'2!) < (31).

Let A = (nf'n% ... n%) be a partition of n having length ¢. For k = 1,...,r, we will
denote by Zy = (2x.1, .-, 2k, ) & sequence of ¢ indeterminates. When convenient, we will
also index the entire sequence of indeterminates

(Zl, .. .,Zr) = (21’1, e 72’7"7&4) = (217. . .,Zg),

so that 21 = 21.1,..., 20 = 2,4,. From this point of view, introducing 7o = 0 and 7, = ¢; +
coo4 Ly, fork=1,...,r,any index ¢ in 1,...,¢ can be written uniquely as i = 7,_1 +u, for
some kinl,...,7rand win 1,...,¢;. Thus, the indeterminates zj 1, ..., 25, are numbered
2y ity -y Zryy With 7, = £,

Lo Ly

Definition 9.1.4. For a partition A = (n‘* n% ... nlr), we define the group

S)\:Sgl><~--><Szr.

The group Sy acts naturally on K[Z;, ..., Z,], and we will denote by K[Z,, ..., Z,]%
the K-algebra of Sy-invariant polynomials. Note that S, can be seen as a subgroup of the
permutation group Sy of {1,...,¢}, where Sy, acts on the first ¢; indices, Sy, acts on the
next f, ones, etc.



9.2 Symmetric representations

In this section, we describe the geometry of Sy-orbits in K, and we define the data structure
we will use to represent S)-invariant sets, and present some basic algorithms related to it.

The mapping F), and its fibers. For a partition A = (nl{l ny

the following two subsets of K :

... nt) of n, we define

(i) Cy : the set of all points & in K" that can be written as

E = (51,17-"751,17'"7&1,@17"%51,@17"'757‘,17"'757”,17'"751”,577"'751“,&)- (91)
—_—— —_—

ni ni Nr Ny

(ii) C§™< : the set of all € in Cy for which the & ;’s in (9.1) are pairwise distinct.

To any point € in K we can associate its type: this is the unique partition A of n such
that there exists o in S, for which o(£) lies in C§™°*. Since all points in an orbit have the
same type, we can then define the type of an orbit as the type of any point in it. Any orbit

of type A = (n{' n& ... n’) has size

n
=
ny,...,My,y...

since the stabilizer of a point in C{'" is Sit x - x Sir.

n!
= —FF 9.2
,TLT’...,nT) nl!él...ny_!&” ( )

Clearly all points in C5™* have type A, but this is not necessarily true for all points
in Cy. This can be understood with the help of the refinement order we introduced in
Section 9.1, as C, contains points of type X for all A’ > A\. More precisely, C, is the disjoint
union of all C"* for all X' > .

Example 9.2.1. For the partitions of n = 3, we have (1%) < (1'2!) < (3'). In addition,

(a) Cusy is K, while C?{?)Ct is the set of all points & with pairwise distinct coordinates.

(b) Ca1ary is the set of points that can be written & = (1,1, 82,1, &2,1), while ?}?20}) is the
subset of it where &1 # &21.

(c) Cny = C(S?tﬁi)‘:t is the set of points & whose coordinates are all equal.

For X\ as above, we define a mapping F) : C, — K by

E)\: Easin (91) = (771(51)7"'77731(51)7'"7771(Er)7"'777é7-(£7”))7



where for ¢ = 1,...,r and k = 1,...,¢;, nx(&) is the degree k elementary symmetric
function in & = (&1,...,&ys). One should see this mapping as a means to compress
orbits: through the application of F\, one can represent a whole orbit O of type A, which
has size vy := v, x £1!--- 4,1, by the single point

E\(ONCy) = B\(ONCsirier),

To put this into practice, we need to be able to recover an orbit from its image. Note
that the mapping E) is onto: for € = (e11,...,6,4,) in KZ, one can find a point £ in the
preimage F, ' (g) by finding the roots &1, ..., &, of

P(T)=T" —eixTH ' + -+ (1) ey,

for i = 1,...,7. Since we will use this idea often, we will write E}(e) = S,(§) for the
orbit of any such point € in E;'(e); this is well-defined, as all points in this fiber are

S,,-conjugate. More generally, for a set GG in Kz, we will write E5(G) for the union of the
orbits E3(e), for € in G, that is, E5(G) = U E5(e).
ecG

The image F)(C3"'Y) of those points having type A is an open subset O, C Kg, defined
by the conditions that the polynomials P; above are pairwise coprime and square-free. For
einK \ O,, the orbit E}(e) does not have type A, but rather type A, for some partition
N>

Example 9.2.2. With n = 3 and A = (1'2!), we have ¢ = 2 and E), maps points of the
form (&11,62.1,8&2.1) to (&11,&21). The polynomials Py, P, defined in the previous paragraph
are respectively given by P(T) = T — e11 and P(T) = T — €21, and O, is defined by
E1,1 7# €2,1.

The point € = (2,3) is in O,; the orbit E}(2,3) is {(2,3,3),(3,2,3),(3,3,2)}. On
the other hand, € = (1,1) is not in O,; the orbit E5(1,1) is the point {(1,1,1)}, and it
has type (3') > (1'2'). Finally, if we define G = {(1,1),(2,3)}, then E}(G) is the set
W= {(1,1,1),(2,3,3),(3,2,3), (3,3,2)}.

We will need an algorithm that computes the type X' of the orbit E}(e), for a given e
in K¢, and also computes the value that the actual compression mapping Ey takes at this
orbit. The algorithm’s specification assumes inputs in K (since our computation model is
a RAM over K) but the procedure makes sense over any field extension of K. We will use
this remark later in the proof of Lemma 9.2.3.

Lemma 9.2.1. There exists an algorithm Type Of _Fiber(\, &) which takes as input a
partition X of n with length ¢ and a point € in K¢, and returns a partition N of n of length
k and a tuple f in K*, such that

(i) X is the type of the orbit O := E(e)



(i) Ex(ONC™e) ={f}.

The algorithm runs in time O™ (n).

Proof. Write € = (€1.1,...,&.4,). The points in E;'(e) are obtained as permutations of
52(51,17"'751,17 ey 51,@17"'751,@17 ey 57’,17"'757’,17 sy fT',EM"'uéT,Er)’
—_———— —_———— —_——— —_————
ni ni Ny Ny
where for i =1,...,7, &1,...,&y, are the roots of

P(T)=T% — g T+ -+ 4 (=1)g;y, = 0.

Finding the type of such a point £ amounts to finding the duplicates among the &; ;’s, and
finding such duplicates can be done by computing the product

P= (T e T oo (=) hegy) oo (T = ea T 4 (= 1) ey, )

Ny

and its square-free factorization P = Q7" - -- Q7" with m; < --- < m, and all Q);’s square-
free and pairwise coprime. If k; = deg(Q;) then & has type X = (m{'m5? ... mF) with
A >\ If we write

Q=T" = fiuT" '+ (-1 fig, 1<i<s,
then our output is (X, f), where f = (fi1,.-., fsr.)-

Using sub-product tree techniques [80, Chapter 10] to compute P and fast GCD [80,
Chapter 14], all computations take quasi-linear time O7(n). O

Example 9.2.3. Let n =3 and A = (1121), with E)\(£171,€271,5271) = (5171,5271). We saw
that for € = (1,1) in K2, the orbit £5(1,1) is {(1,1,1)}, which has type X' = (3!).

Since n; = 1 and ny = 2, the above algorithm first expands the product (7' —1)(T —1)?
as T° — 3T? + 3T — 1, then computes its square-free factorization as (T'— 1)®. From this,
we read off that s = 1, m; = 3 and k; = 1, so that )\ is indeed (3'). The output is
(N, Ex(1,1,1)), the latter being equal to (1).

A data structure for S,-invariant sets. The previous setup allows us to represent
invariant sets in K as follows. Let W be a set in K, invariant under the action of S,,.
For a partition A\ of n with ¢, we write

Wy =S, (Wnestey c ' and W) = E\(WNEYH) ¢ K (9.3)
where S, (W NC§™M) is the orbit of W NC§™M under S, or, equivalently, the set of points
of type A in W (so this matches the notation used in the introduction).

For two distinct partitions A, A" of n, W) and W), are disjoint, so that any invariant
set W can be written as the disjoint union W = Uy, W). When W is finite, we then can
represent Wy by describing the image W. Indeed, the cardinality of the set W} is smaller
than that of the orbit W) by a factor of vy, and we can recover Wy as Wy = E(Wy).
Altogether, we are led to the following definition.



Definition 9.2.2. Let W be a finite set in K, defined over K and S,-invariant. A
symmetric representation of W is a sequence (N, %i)1<i<n, where the \;’s are all the
partitions of n for which Wy, is not empty, and, for each i, %; is a zero-dimensional
parametrization of Wy .

Example 9.2.4. Suppose n = 3 and
W = {(17 1, 1)’ (27 3, 3)7 (3’ 2, 3)7 (37 3, 2)}

Then with A = (1'2") we have Wy = {(2,3,3), (3,2,3), (3,3,2)}
Y2 = vy = 3, while with X = (3!), we have Wy = {(1,1,1)}, W}, = {(1)} C K' and
YN = Vy = 1.

A symmetric representation of W would consist of (A, %)) and (X, Zy), with V(%)) =
{(2,3)} and V(Zy) = {(1)}.

Our main algorithm will have to deal with the following situation. As input, we will
be given a representation of the set GG in Kg; possibly, some points in G will not be in the
open set O, (that is, may correspond to orbits having type X, for some X' > \). As usual,
the finite set G will be described by means of a zero-dimensional parametrization. Our
goal will then be to compute a symmetric representation of E}(G).

Example 9.2.5. Take n = 3, and let again A = (1'2'), with F)\(&11,&2.1,8.1) = (§1.1,&21).
Assume we are given G = {(1,1),(2,3)} C K°. In this case, E;(G) is the set W seen in
Examples 9.2.2 and 9.2.4, and the output we seek is a distinct coordinates representation
of W, as discussed in Example 9.2.4.

Lemma 9.2.3. There exists a randomized algorithm Decompose(\, %), which takes as
input a partition A of n with length ¢ and a zero-dimensional parametrization Z of a set

G C KZ; it returns a symmetric representation of E5(G). The expected runtime is O™ (D*n)
operations in K, with D = deg(Z) = |G].

Proof. In the first step, we apply our algorithm Type_Of_Fiber from Lemma 9.2.1 where
the input fiber is given not with coefficients in K, but as the points described by Z. A
general algorithmic principle, known as dynamic evaluation, allows us to do this as follows.
Let Z = ((q,v1,...,v0), ), with ¢ and the v;’s in K[y]. We then call Type_Of_Fiber with
input coordinates (vy, ..., vy), and attempt to run the algorithm over the residue class ring
K[y]/q, as if ¢ were irreducible.

If ¢ is irreducible, K[y|/q is a field, and we encounter no problem. However, in general,
K[y]/q is only a product of fields, so the algorithm may attempt to invert a zero-divisor.
When this occurs, a “splitting” of the computation occurs. This amounts to discovering
a non-trivial factorization of ¢q. A direct solution then consists of running the algorithm
again modulo the two factors that were discovered. Overall, this computes a sequence
(%;, N\iy Fi)1<i<n, where fori =1,... N,



(i) Z; = ((gi,vin,--.,vig), 1ti) is a zero-dimensional parametrization that describes a set
F; C F. In addition F' is the disjoint union of Fi,..., Fy;

(ii) A; is a partition of n, of length ¢;;
(iii) f; is a sequence of ¢; elements with entries in the residue class ring Kly]/q¢;;

(iv) for any € in Fj, corresponding to a root 7 of ¢;, Type_Of _Fiber(\, &) = (\;, fi(7)).

Since Type_Of_Fiber takes time O(n), this process takes time O™ (D?n), with D = deg(Z).
The overhead O™(D?) is the penalty incurred by a straightforward application of dynamic
evaluation techniques.

Fori=1,...,7, let V; = Ey'(F;), so that W = S, (V) is the union of the orbits W; =
Sn(V;). Then, from (iv) above we see that all points in W; have type A; and that (W)} is
the set G; = {fi(7) | ¢i(7) =0} C K" Using the algorithm of [146, Proposition 1], we can
compute a zero-dimensional parametrization .%; of G; in time O™ (D?n), with D; = deg(%;).
The total cost is thus O7(D?n).

The A;’s may not be pairwise distinct. Up to changing indices, we may assume that
A1, ..., Ag are representatives of the pairwise distinct values among them. Then, for ¢ =
1,...,s, we compute a zero-dimensional parametrization .7; that describes the union of
those V(.#}), for j such that A\; = A;. Using algorithm [146, Lemma 3], this takes a total
of O(D?n) operations in K. Finally, we return (\;, 7;)1<i<s- O

9.3 Some useful algorithms

In this section, we design some important algorithms which are needed to construct our
main algorithm in the next section. The first algorithm called Symmetric_Coordinates takes
an Sy-invariant polynomial and outputs its representation in the elementary symmetric
functions. The second algorithm called Symmetric which turns an Sy-equivariant system
into an Sy-invariant polynomials and keeps the same variety upto a localization.

9.3.1 S)-invariant polynomials: the Symmetric_Coordinates algorithm

Let A\ = (n{'n% ... n%) be a partition of n having length ¢, and, for i = 1,...,r, let
e; = (ei1,...,¢i) be a set of £; new variables. Then, by Theorem 3.5.2, for any f in
K[Z,, ..., Z,]%, there exists a unique f in Kley,...,e,] with
f(Zlﬂ"'azT):?(nla"'anr)a (94)
where n; = (i1, ..,My,) is the vector of elementary symmetric polynomials in variables

Z;. The goal of this subsection is to give an estimate on the cost of computing f from f.



Lemma 9.3.1. There exists an algorithm Symmetric_ Coordinates(X, f) which, given a par-
tition X\ of n and f of degree at most d in K[Zy,..., Z,]%, returns f such that f =
f(my,...,m,), using O~((£Jgd)2) operations in K.

The rest of this subsection is devoted to prove Lemma 9.3.1. Algorithm Symmet-
ric_Coordinates is a slight generalization of the procedure described in the proof of Blaser
and Jindal’s algorithm [32, Theorem 4|, which was written only for the case of r = 1, and
for polynomials represented as straight-line programs.

The key to the algorithm is the following. Assume we know an integral domain L
containing Kley, ..., e,], and vectors (y,..., ¢, of elements in L, where for each i, {; =
(Gity- -, Cig,) € LY are the ¢; pairwise distinct roots (with respect to T') of

P(T, &) =T" — (e + pi) )T + -+ (=1)" (e, + pig,), (9.5)

and where p;1, ..., pie are the elementary symmetric polynomials evaluated at 1,...,/;.
Then, f satisfies

f_(el,l + p1,17 . 7€T,ZT + pr,fr) - f<Cl7 ceey C'r) (96>
As in Blaser and Jindal’s algorithm, we take for I a ring of multivariate power series,
namely L = K][ey, ..., e]].

First, we need to show the existence of the power series ;. The following Lemma gives
a sufficient condition when the roots of a polynomial P(7)e;) are elements of the power
series ring L.

Lemma 9.3.2. [32, Lemma 14] Let P(T,e;) be a square free and monic polynomial in T
variable. If all roots of P(T,0) have multiplicity one, then the roots {(e;) of P(T,e;) can
be expressed into power series in L.

For polynomial P,(7) in (9.5), one has P,(7,0) = (T'— 1)--- (T — ¢;) which has ¢;
distinct roots. Thus the ¢; roots of P;(T) in (9.5) can be expressed as power series in e;.

Corollary 9.3.3. Fori = 1,...,r, P(T,e;) are polynomials given in (9.5). Then there
exists power series ¢; = (G, ..., Cig) € LY such that Py((p,e;)) =0 foralli=1,...,r
and k=1,...,¢;.

Now we use Newton’s iteration to compute the requested power series roots (; =
(City---»Cig;). In order to obtain the polynomial f, we only need truncations of these
roots at precision d; and then by equation (9.6), it suffices to substitute these degree d
truncations to f.

To finish our proof of Lemma 9.3.1, we analyze the complexity for Symmetric_Coordinates
algorithm. For ¢ = 1,...,r, we can obtain the truncation of ¢; using O7(¢; (z":{d>) oper-

fi +d

ations in K, where the factor ( J

) accounts for the cost of multivariate power series



Algorithm 13 Symmetric_ Coordinates(\, f)

Input: a partition A = (n1 n%...n’) and a polynomlal f in K[Zy,...,Z,]>
Output: a polynomial f in Kley, ..., e, with f(Z,...,Z,) = (771, cm,),

1. for any i in {1,...,7}
(a) construct p;1, ..., pie are the elementary symmetric functions of §; = (1,...,¢;)
(b) build the polynomial P;(T, e;) = T% — (e;1+ pi1 )T 4+ -+ (=1)% (esp, + pis,)
(c) applying a Newton-Hensel lifting (in parameter T') to P;(T e;) to lift ¢; to the
truncation Ci(d) of degree d = deg(f)
2. evaluate f at ( fd), .., ¢ D) to get a power series g in K[[ey, ..., e,]]
3. compute f = g(e11 — Pr1,- -1 — Pra,)

arithmetic [125]. Taking all 7’s into account, this adds up to O7(¢ (”d>) arithmetic opera-
tions. We then evaluate f at these truncated power series. Since f has degree at most d,
this can be done using O( (Hd)) (4, x) operations on {-variate power series truncated in de-

gree d, for a total of O7( Hd 2)

operations in K. This gives us f(eu +P115 s €0+ Pra,)-
We then apply the translatlon (€ij)ij < (€ij — pij)ij in order to obtain the polynomial
f, also at a cost of O~((£Jgd)2) operations in K. Through successive multiplications, we
incrementally compute the translates of all monomials of degree up to d and then, before
combining, using the coefficients of f(e1 1 + p11,. .., €re. + pre,)-

Example 9.3.1. Consider r = 2and f = z{”l+zf’2+22271z272—5 in K211, 219, 22,1, 22.2) 5252,
Then

P=T"—(e11+3)T +e1a+2and Py =T?— (ea1 +3)T + €22 + 2.

After applying Newton’s iteration and then truncating the roots at precision 3 for
(e11,e12) and precision 2 for (egq,e22), we get

2110 = —6€] | + 13€] je10 — e} , + 267 5 + 2¢ | — Bere10 + €1, — e+ e+ 1,

210 = 6€5 — 13€] jean + 9er 1€l 5 — 2675 — 2e1 1 + Berie1r — €5, + 2611 — €10 + 2,

291 = 26%71 —3eg1629 + 6372 — €1+ €0+ 1,

299 = —26371 + 3eg 1622 — 6332 +2e12 — €29+ 2.

We evaluate f at these truncated power series. Then truncating the result at precision
3 for (ey1,e12) and precision 2 for (ea 1, e22) gives
flets+3,e10+2,e01 4 3, €22 +2) = e} +9¢; ; — 3erie12 + 2Leyy — 9ey o + 2e05 + 10.

Finally, we use the substitution e;; <— €11 —3,e12 <= e12—2,e21 < €21 —3,€22 < €22 —2
to obtain
f = e‘;”l - 361’161,2 + 262’2 — 5.



9.3.2 S)-equivariant polynomials: the Symmetrize algorithm

As before we let A = (nf! n%? ... n’) denote a partition of n of length £ = ¢, 4 --4/,. The
aim of this subsection is to define Sy -equivariant systems of polynomials and give a detailed
description of an algorithm, called Symmetrize, that turns an S)-equivariant system into
one which is Sy-invariant. Recall that the group S, is defined in Definition 9.1.4. The
elements of Sy are permutations of {1,...,¢}, as explained in Section 9.1.

Definition 9.3.4. Consider a sequence of polynomials q = (q1,...,q) in K[Zy,..., Z,].
We say that q is Sx-equivariant if for any o in Sy and i in (1,...,¢), we have 0(¢;) = Qo)
or equivalently,

Q(Za(l)a ey Zg(g)) = qg(i)(zl, ce ,Zg).

In geometric terms, the zero-set V' (q) C K of such a system is S)-invariant, even though
the equations themselves may not be invariant. In what follows, we describe how to derive
equations p = (p1,...,p¢) that generate the same ideal as g (in a suitable localization
of K[Zy,...,Z,]) and are actually Sy-invariant. We will need an assumption, discussed
below, that z; — z;, divides ¢; — g, for all pairwise distinct indices 7, k.

Example 9.3.2. Let n = 3 and A = (122Y) sor =2, f; = 2, l, = 1 and £ = 3; we have
Sy =8y x S1. We take g = (q1, g2, q3), where

¢ = 275 (21 + 20 + 223) + 112273,

qo = 2125(21 + 22 + 223) + 212223,

G = 212223(21 + 20 + 223) + 212225
These polynomials satisfy both the equivariance property and the divisibility property.

Our procedure will produce the following polynomials:

p1 = (21 + 22 + 223) 23,
P2 = (Zl + Z9 + 22’3)2223 + (2’1 + Z9 + 223)212’3,
ps = z12023(21 + 20 + 223) + zlzgzg.

The polynomials (py, p2, p3) are symmetric in (21, 29) and (z3), that is, are Sy x Sj-invariant,
and they generate the same ideal as (q1, g2, ¢3) in the localization K[z1, 22, 23] (2; —2) (21— 25) (20— 23)

In order to construct a set of invariant generators we make use of divided differences of
a=(q1,---,q)

Definition 9.3.5. Consider a system q = (q1,...,q) of Sx-equivariant. The divided
differences are defined as qiy = ¢; fori in {1,..., €}, and for each set of k distinct integers
Ii={ir,... gy C{1,....0}, with k > 2,

Qi1 1 ein} T Qi ig— 18410tk ) (9.7)

qr = )
2 Ziq

r

for any choice of i,, i, in I, with i, # 1,.



It is known (see e.g. [69, Theorem 1]) that the recursive construction above defines ¢,
unambiguously (independently of the choice of 4,,4,). Another useful property of divided
differences is the following:

(i) if z; — 2z divides ¢; — ¢ for all 1 < i < k < {, then ¢; is a polynomial for all
Ic{1,...,t}.

The following proposition gives our construction of the polynomials p. Recall from
Section 3.5 that, for i > 0, 7;(y1,...,ys) is the degree i elementary symmetric function
in variables (yi,...,ys). Before state our main result of this section, we start with some
rather straightforward lemmas.

Lemma 9.3.6. Consider an Sy-equivariant sequence q = (qu,...,q) in K[Zy,..., Z,].
Then, for any I C {1,...,£} and any o in Sx, we have o(qr) = ¢o(r)-

Proof. By induction on the size of I. O

Lemma 9.3.7. Consider a sequence q = (q1,...,q) in K[Z,..., Z,], and suppose that

(i) 2z — z; divides ¢; — q; for 1 <i<j </,

(ii) q is Sx-equivariant.

Then, for k in {1,...,r} and s in {1,...,4;}, the polynomial ZZQJ;:H Qfisrotst1,..0) 15

invariant under any permutation of {zr +1, ..., Zr4s}-
Proof. For any 0 € S, permuting only {z;, 41, ..., 25,45}, we have,
TE+S TE+s TL+S
U( Z Q{i,7k+s+l,...,é}> = Z J((I{i,‘rk—i—s—i-l,.,.,é}) = Z A{o(i),mp+5+1,...,.0}
i=1 =7 +1 =T +1
by using the Lemma 9.3.6. Since o permutes {z;, 41, ..., 2, +s} and the last sum runs over
alli =7, +1,...,7 + s, it equals ZZTQJ;:H Uiyt st1,0)- O

We can now give one of our main result as the following.

Proposition 9.3.8. Suppose the sequence q = (qu, ..., q) inK[Zy, ..., Z,]" is Sx-equivariant
and satisfies z; — z divides q; — qi for 1 <i <k < /(.

ForO<k<r—1and1<j </, define

Tk+1
Pry = Z Qi mp 141,07}
1=T+1
j T+S

J
Pry+5 = Z nj—s(ZTk+s+27 s 7ZTk+1)( Z q{’i,Tk-‘rS-‘r].,...,Tr}) .
s=1 i=T+1



Then the sequence

D= (pb co oy Py Pritly - -5 Py ooy Prq 415 - - 7pTr)

is in K[Zy, ..., Z,)5. If all ¢;’s have degree at most d, then deg(p;) < d — £ + i holds for
i=1.....0

Proof. The degree bound comes by inspection. The fact that all entries of p are polynomials
follows from our first assumption. Proving that they are Sy-invariant requires more work,
as we have to deal with numerous cases. While most are straightforward, the last case
does involve nontrivial calculations.

Fix k € {0,...,r — 1}. We first prove that for

d 86{17"'7&64&}7
eic{m+1,...,7 + s}, and
e me{0,...,r— 1}, with m # k,

the term q; 7,4 s+1,...,7,} is symmetric in {241, -+, Zrsy +- Indeed, consider a permutation
o € S, that acts on {#,,11,..., 25,,, } only. By Lemma 9.3.6,

J(Q{i,m—i—s—&—l,...,ﬁ}) = Q{o(3),0(i+5+1),....0(1)} -

If m < k, then all indices i¢,7 + s + 1,...,7,. are left invariant by o while for m > k,
[0(i),0(tx + s+ 1),...,0(7)] is a permutation of [i, 7, + s+ 1,...,7.]. In both cases,

Q{o(i)s0(rits4+1)sso ()} = Qisrptstl,...m}» as claimed.

Consider first the invariance of p,, . By Lemma 9.3.7, the sum ZZET;H Qi 1,2}

is symmetric in {zr, 11, ..., 27, }. Next, foriin {7 +1,..., 7441} and m in {0,...,7 — 1},
with m # k, each term qg; ., 41,....,} is symmetric in {zr 415 - - ,sz+1}, making use of the
previous paragraph with s = £, ;. As a result, p,, , is Sy-invariant.

Now, for j in {1,...,0x41 — 1} and o in Sy, we prove that o(p,,+;) = DPr+;. Assume
first that o acts only on {2, 41,..., %5, }, for some m in {0,...,r — 1} with m # k. For
sin {1,...,7}, the polynomial 1;_s(2r, yst2; .-, 2r.,,) depends only on {z;41,..., 2, }
and so is o-invariant. Using our earlier argument we see that for i in {7, + 1,..., 7% + s}
the divided difference g, 15+41,...,,} 1S o-invariant. As a result, p,, 4; itself is o-invariant.

It remains to prove that p,, ;; is o-invariant for a permutation o of {7, +1,..., 741}
We do this first for ¢ = (7 + 1,7 + 2), by proving that all summands in the definition
of p;,+; are o-invariant. For any s in {2,...,7}, nj_s(2r,4+s+2,- - ., 2r,+1) does not depend
on (Zr, 41, Zr,+2), SO it is o-invariant. For s in {2,...,j}, the sum ZZQJ;:H Qfisrotst1,..7} 19
symmetric in (7 + 1, 7% + 2), since ¢ just permutes two terms in the sum while for s = 1,
Q{rp+1,742,...,»} 18 sSymmetric in (27,415 Zr,+2) by Lemma 9.3.6. Thus, our claim is proved
for o0 = (1, + 1, 7% + 2).



It remains to prove that p,, ;; is invariant in (2,49, .. ., sz+1). Foranyt=1,...,7, set

J Tk +S
Protit = D Mjms(Znrtsz, - 2ny) ( ) q{i7m+s+1,---,n})‘ (9.8)
s=t i:Tk—l-l

Then p;, +; = pr.+j,1 and we have the recursive identity

Tk—|—t—1
Pri+it-1 = Pritit + it (Gretats -5 Zryy) ( > q{z‘,m+t,...,n}>' (9.9)
=T +1
For any ¢, set 24 = (2r,41,- -, Zr+¢) and 2 = (2r 44, - -, 27, ). We will show that for
t=1,...,7, the polynomial p., ., satisfies:
Pro+j¢ 18 block symmetric in 2z, and 2441, (9.10)
Taking t = 1 implies that p,, 4 ; = pr.4j1 is symmetric in 29, = (27,12, ..., 25, ), as claimed.
To prove statement (9.10) we use decreasing induction on ¢ = j,...,1. The statement
is true when ¢ = j since in this case
T+
Pry+j5 = Z i r+j+1,...m )
i=T+1

which is symmetric in 2z.; by Lemma 9.3.7, while each summand q(; -, +j41,....-} is symmetric
in z;41. by Lemma 9.3.6. Assume now that (9.10) is true for some index t in {2,...,j};
we show that it also holds for ¢ — 1. That is, we have p,, . is block symmetric in z, and
zi41: and need to show that p;, 4,1 is block symmetric in z;_; and z;..

From Lemma 9.3.7, we have that ZZTETF;} Q{irp+t,...,m} 18 symmetric in 2z;,_;. Further-
more, from our induction hypothesis, the polynomial p,, y;; is symmetric in z.,_;, while
Nj—t+1(Zrp+4+1, - - -, Tkr1) depends only on z,.. Thus, in view of (9.9), we see that p,, ;1
is symmetric in z;_;. It remains to prove that it is also symmetric in z;..

We will prove this by showing o(p;, +j1—1) = Protjt—1 for any o = (7, +t+1, 74+ €) with
e€{t,t+2,... 41} For any such o with t +2 < € < /;,1, our induction hypothesis im-
plies that o (pr4j¢) = Prrje, While o(nj—t1(Zr o155 Tha1)) = Djorr1 Bttty -+ o Totn)
and 0-<Q{i77k+t,...,n}) = Q{i,re+t,..,m} hold for all 7. Together with (9.9), we get o(pr,4j-1) =
Pritji—1. Finally, if o = (7, + ¢t + 1,7 + t), then we have

U(nj7t+1(sz+t+la e 7Tk+1>) = njftJrl(Z‘rkth; Zrt42y - - - ;Tk+1)

and a(q{wﬁt,_“’n}) = Qijrp+t,...ry for all i =7, +1,... 7+t — 1. Notice that

Nj—t41(Zrptts Zrptrs o Thot) = it (Zmaeaty -+ o5 Thy1) =

(ZTkth - Zrk+t+1) Ujft(27k+t+27 .. 7ZTk+1)-



Therefore,

U(p‘rkJrj,tfl) — Pr+it—1 = U(p‘rk+j,t) — Pri+j,t
T+t—1

+ (Z’F}ﬁ-t - ZTk+t+1) T]j—t(ZTk+t+27 ey Z’Fk+1)< Z Q{i,Tk+t7...,T7»}>
i=7p+1
= U(p7k+j,t) — Dr+jit T+ nj—t(27k+t+27 cey ZTHI)
Thtt—1
Z (Q{i,7k+t+1,7k+t+2,...,n} - Q{z‘,rk+t,Tk+t+2,...,n})), (9~11)
iZTk+1

where the last equality follows from the definition of divided differences. In particular,

Tk—‘rj—l

0(Prtij—1) = Prtig—1 = O(Pr4sg) — Prtig T 2 (@imetittomm) — Qisrtismiit 2 })-
=7 +1

. +4 . .
Moreover, Since pr, 45 = Yot 1 Ufirp+j+1,...m}s then when o = (7, + 541, 7.+ j), we have

T+j—1
O(Pr4ig) = Pritig = 2 (@imtsmtiazem} — Qirtitlom})-
=T +1

This implies that o(pr+jj-1) — Pretsj—1 = 0.

When ¢ < j — 1, from equation (9.9), taken at index t + 1, if 0 = (1, +t+ 1, 7% + 1), we
also have
Te+t—1
U(Prﬁj,t) = U(Pfk+j,t+1) + Uj—t(zrk+t+2, ce ka+1)( Z Qi+t 42,070} + Q{‘rk+t,7k+t+1,...,7k+1})'
i=T+1

Then, by subtraction:

U(p7k+j,t) = Prp+i4,t = o-(ka+j,t+1) — Pr+jt+1 + Mj—¢ (ZTkthJer ceey ZTk+1)
Te+t—1
( Z (Q{i,Tk—l-t,Tk—i-t—i—Z...,n} - Q{i,rk—i—t—f—l,...,n}))
=T +1

and so

O(Prytjitt1) = Protjtrl =0 (Prit) — Protjt + Mt (Zrved2s o5 Zriy)
Tk+t—1

( Z (Q{i,'rk—i—t—l—l,...,'rr}_Q{i,7k+t,7'k+t+2,...,Tr}))' (9.12)
=T +1

Combining (9.11) and (9.12) gives o(pry+jt—1) — Prytit—1 = O(Prtit+1) — Prtjt+1- BY
induction, we have that p;, 4;;+1 is symmetric in 2.1 and so o(pr,4j1+1) = Prp+ji+1 for o =
(T +t + 1,7, +t) which in turn implies that o(pr, +j¢—1) = Pr.+jt—1. This gives our result. [



In addition, we will show that g can be written as a linear combination of p, that is, we
can find an ¢ x ¢ matrix polynomial U such that pU = q. The construction of U proceeds
as follows. Let M be the block-diagonal matrix with blocks My, ..., M, given by,

L mi(Zrgss s Zmin) M2(Zmtss -5 Zmn) =0 Nopp—2(Zm43, -0 20 ,) O
O 1 771 (ZTk+47 AR 27k+1) e 778)@4,173(sz+47 ct 7ZT]C+1) O
0 0 1 77@k+1,4(27—k+5,...727—k+1) 0
My = : : :
0 0 0 . 1 0
0 0 0 . 0 1

Note that det(Mj41) =1 for all 0 < k <r — 1 and hence det(M) = 1.

For a non-negative integer u, denote by I, the identity matrix of size u and by 0 a
zero matrix. Then for k=0,...,r—1and j =1,... ¢, 1, we define the following 7, x 7,
polynomial matrices. Set B, 41 =1I,,, C; 11 =1, , D, ;= I, , and

Rriti T A+l
I.| O 0 I, : 0
B7k+j = 0 E]f’] 0 y with Ek,] == Z‘Fk+j — Z‘I‘k+j*1 ,
0| 0 |I,,, 0 ... 0 —1 0
0 0 I, .
L] o 0 diag(zr,+j — Zr11)io1 0
CTk‘i‘j = 0 Fk,j 0 s with de' = _71 e _71 _71 0 ,
0| 0 | I, .., 0 0 | I, ,—;
diag(z-,+; —2)E1 | O 0
D, .= Gy I, ., 0 , G j™"rowis (1,...,1), restzeros.
0 0 L.,

Then we have the following.

Proposition 9.3.9. Suppose the sequence q = (qu,...,q) in K[Z1,..., Z,]" satisfies the
conditions of Proposition 9.3.8. Let A = [[1<;<j<,(2i—z;) be the Vandermonde determinant
associated with 21, ..., 2. Then the matriz U in K[Zy, ..., Z,|**, defined by

r—1 fry1
M- U= H H B7k+.j CTk+j DTk+j

k=0 j=1

has determinant a unit in K[Z,, ..., Z,,1/A] and satisfies pU = q.



Proof. The proof follows by induction. Define the row vector

h = (h7—0+1’ .. .,hﬁ, .. -,hn_ﬁ-l’ . '7h7'7>)

where, for k =0,...,r—1and j=1,..., k.1,

T+
h’rk—‘rj = Z Qi +5+1,...,70} - (913)
=T +1
Then, foralli=1,...,m, k=0,...,r =1, pr 10, = Nry e, and for j =1,... lp1 —1,
Pr+ji = Z nj—s(z'rk-i-s—i-% s 7ZTk+1) h7k+s~

s=1

Therefore, h = p M. Furthermore, det(M) = 1 and N = M~! is also a polynomial
matrix in K[Z] with det(IN) = 1.

We construct a matrix J which defines the column operations converting h into q as

follows.
r—1 L1

J = H H BTk+jCTk+jDTk+j € K[Zl"'WZT]TTXTT'

k=0 j=1
We will prove that this matrix satisfies ¢ = h J. Note first that, for k =0,...,r — 1 and
Jj =1, ..., x11 we have
o det(B;, ;) = det(Ey ;) = —1,
° det(CTkH) = det(Fk’j) = _71 tH (ZTk+j - Zt), and

d det<D7k+j) = Hzil(szJrj - Zt)'

This implies that

<

Tk

k+1 j—1
det(J) = o ] H H Zotj — 2t) | [ (Zre4j — 2) = @A for some a € K.

t=1

Define U = N J. Then p = qU, and det(U) is a unit in K[Z, ..., Z,,1/A], as claimed.

It remains to prove ¢ = hJ. For s =0,...,7,, define

q5:<Q{1,s+1 ..... 0} o sty Psrr o oo hn),

so that for s = 0 we have gy = h, whereas for s = 7. we have q,. = q. We prove the
following: for k in {0,...,r — 1} and j in {1,..., ¢},

Gr+j = Qr+j-1Br4+j Crptj Doy (9.14)



Our claim g = h J then follows from a direct induction, taking into account the values of
qo and q;, given above.

Take k in {0,...,r — 1} and j in {1,...,¢;}. Right-multiplying q,,+;—1 by B, +; only
affects the entry at index 7 + j. It replaces h,,_4; by

j—1

Z q{TkJ’_ikaJ’_jv'“?TT} (ZT]CJ'_.? - ZTkJ’_Z) - th+j'
=1

Using the defining relation of divided differences, we get

Urptisritiome} Bt = Znoti) = Urerimtg+lom) — Urebdomob g+ m}

The new entry at index 7 + j simplifies as —jq(r, +j,r+j+1,...} by using the definition of
hr+j in (9.13). When we multiply the resulting vector by C, ;, we affect only entries
from indices 7 + 1 to 7, + j. More precisely, the previous relation shows that we obtain
the vector

(q{lsz+j7""T’f‘} e q{TvakJrj:"':TT‘} q{Tk+17Tk+j+17"'7T’l‘} e q{Tk+j7Tk+j+17""T”‘} th+-7+1 e h/’rr) :
Finally, right-multiplication by D, ; affects entries of indices 1,...,7;. For i =
L,..., 7, it replaces qgir,1j..r} Dy

Uit} (Zrits = 20) F Uretg b Loty = Wisritg+lm )
Thus, the resulting vector is

(Q{1,7k+j+1,...,n} PRI TEMR S NE T G/ JE M P NS TS RN/ S S SR TS SR [ N R hn)
which is precisely g, +;, as claimed in (9.14). ]

Example 9.3.3. Consider again the polynomials ¢ = (¢1,2,93) and p = (p1, pa, p3) of
Example 9.3.2. The matrix U which relates p to q is constructed as follows. For k& = 0
and 7 = 1,2 let

100 1 00 1 00
B, =01 0}, C;=1010 D,=101 0},

0 01 0 01 0 01

1 29 — 21 0 29 — 21 0 0 1 00

B,=(0 -1 0|, C=| -3 -3 0|, Dy=]0 10

0 0 1 0 0 1 0 0 1

while for k =1 and 5 = 1 we have

10 0 10 0 z3 — 21 0 0
Bs=|01 0|, C3=101 0|, D3= 0 z3—29 0
00 -1 0 0 —1 1 1 1



In the case A = (1221),

1 00
M=|0 10
0 01
and hence
%(2’3 — Zl)(ZQ - Zl) ;21(22 - Zl)(Zg — 22) 0
U= (Blchl)(BQCQDQ)(B;gCng) = %(23 - Zl) %(23 - ZQ) 0

1 1 1

Note that det(U) = %(23 — 21)(23 — 22)(22 — Zl).

The formulas defining p are straightforward to implement. Recall the expressions defin-
ing p=(p1,...,pe): for k=0,...,7— 1, we have

Th+1
Pri+p1 = Z Qi1 +1,,70 )
1=Tr+1

and for j=1,..., 0,1 — 1,

J s
pm—l—j = Z nj—S(ZTk+S+27 RIS ZTk+1) ( Z q{Tk-ﬁ-i,‘rk-&-s-i—l,...,rr})-
s=1 =1

The main issue is to compute the divided differences g7, 4 +s+1,...-} appearing in
these expressions, for £k = 0,...,r — 1l and 1 <7 < 5 < f,y1. Once this is done, the
combinations necessary to obtain p,, ;; are easily carried out. The main ingredient in the
proof is the following lemma which describes the computation of a single divided difference.

Lemma 9.3.10. There ezists an algorithm Divided_ Difference(q, I) that takes as input q
as in Proposition 9.3.8 and a subset I = {iy,...,ix} of {1,...,¢}, and returns q;. For q
of degree at most d, the runtime is O™ (¢ (ezd)) operations in K.

Proof. For j =1,...,k — 1, we claim that given gy . i, _,}, We can obtain g, ;. using
O~(<Z§d>) operations in K.

To see this note that g, .. ;,_,) has degree at most d. In order to compute qy;, . i}, we

l+d
d

given there allows us to compute the values of both numerator and denominator in (9.7)

use evaluation / interpolation. Choosing ( ) points as prescribed in [39], the algorithm

in O7( (Zfld)) operations, then compute their ratio, and finally interpolate gy, ;3 in the
same asymptotic runtime. The result then follows. O]

We finish this section by the following proposition which describes the resulting algo-
rithm, called Symmetrize, and gives the cost of this procedure to compute the system p
from gq.



Algorithm 14 Symmetrize(\, q)

Input: a partition A\ = (n{'n%...n%) and a sequence of Sy-equivariant polynomials

q = (q1,-..,q) such that z; — z divides ¢; — qx for 1 <1 < k </{
Output: an Sy-invariant sequence of polynomials p = (py,...,p,) such that (p) = (g) in
K[Z,...,Z,|a, where A is the Vandermonde determinant associate with (Zi, ..., Z,)

k

1. settingp=0and 7, = > ¢, for k=1,...,r
i=1

2. for ke {0,...,r—1}

(a) for j e {1,..., 0k — 1}

Tr+s8

J
L prosj = 21 Nj—s(Zrptst2s s Zrpir) ( > Divided Difference(q, {i, 7% +s+1,...,7})
s=

Te+1

where 1;_,(-) is the (j — s)-th elementary symmetric function

(b) pry = kil Divided Difference(q, {i, 7421+ 1,...,7.})

i:Tk—l-l

3. return b= (pTo—i—la <oy Protbi—15 - - s Prp_q 415 - - 7p7'r)

Proposition 9.3.11. There exists an algorithm Symmetrize(\, q) which takes as input q
as in Proposition 9.3.8 and a partition A of n, and returns p as defined in that proposition.
For q of degree at most d, the runtime is O (3 (éfld)) operations in K.

Proof. Our Symmetrize algorithm proceeds as follows. Apply algorithm Divided_ Difference
from Lemma 9.3.10 to all [rx 4+, 7x+s+1,..., 7], fork=0,...;r—land 1 <7< s < ;.
There are O(£?) such indices, so this step takes O (£3 (ézd)) operations in K, allowing us
to compute all sums > 7| ¢, 47 +s+1,...,7,} for the same asymptotic cost.

Fork=0,....,r—1,7=1,...,0y;1—1and s=1,...,7, we then compute the elemen-

tary symmetric polynomial 7);_s(2z+st2; - - - 2r,, ), Which does not involve any arithmetic

operations. We multiply it by the above sum, with cost O~((ézd)), since the polynomials

involved in the product have degree sum at most d and at most ¢ variables. Taking all

indices k, j, s into account, this adds another O7(¢3 (‘]Zd)) steps to the total. [

)



Chapter 10

Computing critical points for
invariant algebraic systems

We can now turn to the main question in this second half of the thesis. Let G = (g1, - .., gs)
be polynomials in K[zy,...,z,]5, with s < n. Given a polynomial ¢ in K[z1,...,x,]%
we are interested in describing the algebraic set W(¢, G) defined by the simultaneous
vanishing of the polynomials

gi,---,9s, Ms1(Jac(G, 9)) (10.1)

where Mg, 1(Jac(G, ¢)) is the set of (s + 1)-minors of the Jacobian matrix Jac(G,¢) €
K[z1,...,2,]D*" Equivalently, this is the set of all  in V(G) at which Jac(G, ¢) has
rank less than s + 1.

If we assume that Jac(G) has full rank s at any point of V' = V(G), then V' is smooth
of codimension s (or empty) and W (¢, G) is the set of critical points of ¢ on it. However,
most of our discussion can take place without this assumption. For the sake of simplicity,
in any case, we will still refer to the solutions of (10.1) as critical points.

Y

10.1 Description of the algebraic set W (¢, G)

Fundamental to our results is the fact that W (¢, G) is invariant under the action of the
symmetric group. This follows from the next lemma, being a direct consequence of the
chain rule.

Lemma 10.1.1. Let g be in K[zq,...,2,] and 0 in S,,. Then for k in {1,...,n}, we have

. ( dg ) _ 9(a(9)) (10.2)

8xk (91:0(@ ’

Corollary 10.1.2. The algebraic set W (¢, G) is S,-invariant.
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Proof. Let € be in W (¢, G) and ¢ be in S,,. We need to show that ¢(§) is in W (¢, G),
that is, fi(c(&)) = 0 for all i and Jac(G, ¢) has rank at most s at o(§).

The first statement is clear, since & cancels G and G is S,-invariant. For the second
claim, since all g;’s and ¢ are S,-invariant, Lemma 10.1.1 implies that the Jacobian matrix
Jac(G, ¢) at o(&) is equal to (Jac(G, ¢)(€))A™!, where A is the matrix of o. Therefore,
as with Jac(G, ¢)(£), it has rank at most s . O

Remark that the proof of the corollary implies a slightly stronger property, which we
already mentioned in the introduction: the system gy, ..., gs, Ms11(Jac(G, ¢)) is globally
invariant (that is, applying any o € S,, permutes these equations, possibly changing signs).
However, instead of using this fact directly, our algorithm will use our result from the
previous section.

The corollary above also implies that the discussion in Section 9.2 applies to W :=
W (¢, G). In particular, for a partition A of n, the set Wy and WJ of (9.3) are well-defined.

In what follows, we fix a partition A\ = (nfl n% ... nl) of n and we let £ be its length;
we explain how to compute a description of Wy along the lines of Section 9.2. For this,
we let Z1,...,Z, be the indeterminates associated to A, as defined in Section 9.1, with
Z; = (2i1,-..,%4)- As in that section, we also write all indeterminates (z11,...,2.4,) as
(Zl, c. ,Z@).
Definition 10.1.3. With X\ and Z., ..., Z, as above, we define Ty, the K-algebra homo-
morphism Klxy, ..., z,| = K[Zy,..., Z,] mapping 1, ..., x, to

Bldy o3 R10y wvvy Rlfyy---9R101 -y Rrly---y 2Ly +ovy Rrfps--- ) Rrfy - (103)

—— — —— —

ni ni Ny Ny

The operator Ty extends to vectors or matrices of polynomials entry-wise.
We can now define

GY = T\(G) = (g1",....g1Y) and IV =T\(Jac(G, ¢)) = [ 1)

Y] } 1<i<s+1,1<5<n’

(10.4)

Notice that for f in K[z, ..., x,]%", and for any indices j, k in {1,...,n} for which Ty(z;) =

Tx(zg), we have
of of
(%) m (), w05

this follows by applying Lemma 10.1.1 to f and the transposition (j k). Thus

of of
’ﬂu(axl ,axn>:(f{?%,...,fﬁﬂ,.. S P Bl B B ),

ni ni Ny Ny

(10.6)

where fi[j-] are polynomials in the variables (Z,..., Z,).



Lemma 10.1.4. The columns of the transformed Jacobian matric JN have the form:

r

JW = (N Tl IR ), o)
~—

ni ni Ny Ny

Proof. This follows directly from (10.6), since

Do o) A A 9y 9gi
JOL Tl T d (JR, gy =Ty (2 2R
( s+1,1» s+1, n) A 81‘1 ) 81‘” an ( 0,1 ’ z,n) A (%1’ ) 8:En
fori =1,...,s, and all polynomials gy, ..., g, ¢ are in K[zy,...,z,]5". ]

We will then let FIN = [Fz[]]]lgigsﬂJSjg be the matrix with entries in K[Z,..., Z,]
obtained from Jac(G, ¢) by first applying T, and then keeping only one representative

among all repeated columns highlighted in the previous lemma.

Example 10.1.1. Let s = 1 and n = 5, so we consider two polynomials g, ¢ in K[z, ..., z5],
and take A = (1! 2%). Then

gw(zl,la 221 2’272) = TA(gl) = 91(2171, 22,1, 22,15 22,2, 22,2)>

and
Ta(52) TA(52) Ta(52)
FN — € Klz1,1, 22,1, 22,2]
TA(22) Ta(22) Ta(22)

2x3

It is easy to see that the polynomials G are Sy-invariant, where Sy is the permutation
group Sy, X -+ x 8y, introduced in the previous section. However, this is generally not the
case for the entries of FIIN,

Lemma 10.1.5. Let £ = (. ) be a row of FN. Then

(i) 2z — z; divides fi[’\] — fj[-’\] for1 <i<j</¥
(ii) W is Sy-equivariant.

Proof. For the sake of definiteness, let us assume that £ is the row corresponding to the
gradient of gy, with the other cases treated similarly.

For statement (i), we start from indices ¢,j as in the lemma and let S be the K-
algebra homomorphism K[Z;, ..., Z,] = K[Z, ..., Z,] that maps z; to z;, leaving all other
variables unchanged. Let u,v in {1,...,n} be indices such that fi[’\] = T\(0f1/0x,) and
fjw = T\(0f1/0z,) and o € S, the transposition (uv). From Lemma 10.1.1, we have that
o(0f1/0x,) = 0g1/0x, and applying S o Ty gives S(T(c(0g1/0x,))) = S(TA(9g1/0xy)).
For any h € Klzy,...,z,| we have, by construction, S(T,(c(h))) = S(Tx(h)). Applying



this on the left-hand side of the previous equality gives S( fl-[’\]) =5 fjm). As a result,

z; — z; divides fz-m — fjp‘], as claimed.

For statement (ii), we take indices k in {1,...,r} and 7,7 in {1,...,¢,}. Welet 0 € S,
be the transposition that maps (k,j) to (k, ;') and prove that a(f,?j) = f,L/\j/ As before,
there exist indices u, v in {1,...,n} such that f,?‘]] = T\(9g1/0z,) and f,?] T (0g1/0xy,).

g
Without loss of generality, assume that v and v are the smallest such indices. Then T

Maps Ty, - - ., Tyttp—1 10 25 and Ty, ..., Type,—1 1O 25 jr.

Let 7 € S,, be permutation that permutes (u, ..., u+0,—1) with (v,...,v+6,—1). From
Lemma 10.1.1, we get 7(0g1/0x,) = 0g1/0z,. Then T\(7(0g1/0x,)) = Tr(0g1/0x,) =
fiﬁ,. By construction, the left-hand side is equal to o(Tx(9g1/0z,)), that is, J(f,L:\}). O

Lemma 10.1.5 implies that we can apply Algorithm Symmetrize from Section 9.3.2 to
each row of FIN. The result is a polynomial matrix H™ in K[Z,, ..., Z,], whose entries
are all Sy-equivariant, and such that HN = FPUW, for some polynomial matrix UM
in K[Z1,...,Z,]>* Applying Algorithm Symmetric_Coordinates from Lemma 9.3.1 to the
entries of both G and HW gives polynomials G and a matrix HW, all with entries in
Kley,...,e,], with variables e; = (e;1, ..., ;4 ) for all 4, and such that

GP\] = ép‘](nl, Ce ,T]T) and HP\] = H—[)\](nla e 7777“)

The following summarizes the main properties of this construction. For the definitions

of the sets Cy, C§"', the mapping F)\ and the open set O, C KZ, we refer to Section 9.2.
From now on, we will denote by W = W(¢, G).

Proposition 10.1.6. Let \ be a partition of n of length (.

(i) If £ < s, then Ex(W NCy) is the zero-set of G in K

(ii) If £ > s, then W} = Ex(W™et) is the zero-set of GN and all (s + 1)-minors of HM
in Oy C Ke.

Proof. Let & be in the set C, defined in Section 9.2, and write

5 = (51,1a"'7€1,17"'7§1,K17'"a€1,€17"'7€7",17"'7€T,17'"757",57»7""57”,&')'
—_————

ni ni nr Ny

Set ¢ = ({11,612, ---,&me.) € K and e = E\(&) € K By definition, we have G(§) =
G (¢) and Jac(G, ¢)(€) = JN(¢); recall that the definition of the matrix JW is given
in (10.4).

Thus, & is in W NC, if and only if it cancels G and Jac(G, ¢) has rank at most s at &,
that is, if GN(¢) = 0 and JM(¢) has rank at most s. The point £ is in W N C§™et if all



the entries of ¢ are also pairwise distinct. In addition, we have GN(¢) = GP(g) and, by
construction, rank(JM(¢)) = rank(FMN(¢)). If £ < s then, since FN has £ columns, we
see that £ is in W N Cy if and only if € = E)(§) cancels GN. Since E) : C\ — K is onto,
this implies our first claim.

strict

Suppose further that £ is in C3™"'“", so that € is in O,. From Proposition 9.3.8, we have
HW = FNUWN, Our assumption on & implies that UM (¢) is invertible, so that FM and
HW have the same rank at ¢. Finally, we have HMN(¢) = HM(g). All this combined
shows that & is in Wi = Ex(W N CMY) if and only if € = E\(€) cancels G and all
(5 4 1)-minors of HM. Since the restriction E\ : C§"* — O, is onto, this implies the
second claim. O]

10.2 Algorithms for computing critical points

In this subsection, we present the main algorithm which is called Critical _Points_Per_ Orbit.
Consider symmetric polynomials G = (g1, ..., gs) and ¢ in K[ X such that the set W (¢, G)
is finite.

Critical__Points_ Per_ Orbit algorithm takes G and ¢ as input and outputs a symmetric
representation of W = W (¢, G). Using our notation from Chapter 9, this means that we
want to compute zero-dimensional parametrizations of W} = E\(W N C§™Y), for all parti-
tions A of n for which this set is not empty. The algorithm is based on Proposition 10.1.6,
with a minor modification, as we will see that it is enough to consider partitions of n of
length ¢ either exactly equal to s, or at least s+ 1.

10.2.1 Some subroutines
We first present some subroutines we use in our main algorithm.

e Prepare_ G(G, \) takes as input G' and a partition A and returns the sequence of
polynomials G,

e Prepare. G_H(G, ¢, \) takes as input G, ¢ as above and a partition A and returns
the sequence of polynomials G and the matrix HM.

e WeightedColumnDegree(G) takes as input polynomials G and returns a zero-dimensional
parametrization of the isolated points of V(G).

e WeightedColumnDegree( H, G) takes as input polynomials G, a polynomial matrix H
of size p x ¢, and returns a zero-dimensional parametrization of the isolated points
of V,(H,G).

e Decompose(\, Z) takes as input a partition A and a zero-dimensional parametrization
Z of a set G and returns a symmetric representation of E5(G).



e Remove_Duplicates(S) inputs a list S = (\;, Zi)1<i<n, Where each )\; is a partition
of n and Z%; a zero-dimensional parametrization, and removes pairs (\;, %;) from S
so as to ensure that all resulting partitions are pairwise distinct.

Note that the WeightedColumnDegree(G) procedure can be seen as a particular case
of the WeightedColumnDegree(H , G), where we take H to be a matrix with no row. The
choice of which entries to remove in the Remove_Duplicates(S) subroutine is arbitrary; it
does not affect correctness of the overall algorithm

10.2.2 The main algorithm

Our Critical__Points_ Per_ Orbit algorithm is given as Algorithm 15. The goal of the al-
gorithm is to compute zero-dimensional representations of W} = Ey(W N C5™iY) for all
partitions A of n for which this set is not empty. Recall that W = W (¢, G).

Algorithm 15 Critical Points_ Per Orbit(G, ¢)

Input: G = (g1,...,9s) and ¢ in K[zy, ..., 2,]%" such that W (¢, G) is finite

Output: a symmetric representation of W (¢, G)
1. S=]]
2. for A+ n of length s

(a) G = Prepare_ G(G, \)
(b) % = WeightedColumnDegree(GIV)
(c) append the output of Decompose(Z)) to S

3. for A\Fn of length in {s+1,...,n}

4. return Remove_ Duplicates(S5)

Proposition 10.2.1. Algorithm Critical_Points_Per_Orbit is correct.



Proof. Recall first that W is assumed to be finite. Hence this also holds for all W NC,, and
thus for all E\(WNC,). As a result, for A of length s, Proposition 10.1.6(i) implies that at
Step 2b, WeightedCqumnDegree(é[’\}) returns a zero-dimensional parametrization of G :=
E\(WNC,). Moreover, from Lemma 9.2.3, the output of Decompose(\, %)) is a symmetric
representation of E5(G). This representation is the orbit of W N Cj, that is, the set of all
orbits contained in W whose type X satisfies A’ > A. Taking into account all partitions A
of length s, the set of partitions X' > X covers all partitions of length ¢ € {1,..., s}, so that
at the end of Step 2, we have zero-dimensional parametrizations of W} for all partitions
of length ¢ € {1,...,s} (with possible repetitions). Calling Remove_Duplicates(S) will
remove any duplicates among this list.

The second loop deals with partitions A of length at least s + 1. Since we assume that
W is finite, WY is finite for any such A. Proposition 10.1.6(ii) then implies that the points
in W} are isolated points of the zero-set of G and of the (s + 1)-minors of HN. As
a result, W{ is a subset of V(Z,), for Z\ computed in Step 3b with all other points in
V(%)) corresponding to points in W with type A’ > A. In particular, after the call to
Decompose, it suffices to keep the entry in the list corresponding to the partition A, to
obtain a description of Wj. O

10.3 Cost of the main algorithm

In this subsection we provide a complexity analysis of our Critical_Points_Per_Orbit algo-
rithm by estimating the runtimes of all subroutines.

10.3.1 The Prepare procedure

For any partition A, we first need to transform G and ¢, in order to obtain the polynomials
G and the matrix H™ in Proposition 10.1.6.

Algorithm 16 Prepare_ G(G, \)

Input: a partition A = (n}! n&?

of degree at most d B
Output: the polynomials G in Key, ..., e,] as defined in Proposition 10.1.6

...n%) and a sequence of polynomials G in K[xy, . ..,,]5"

1. construct G = T, (G), where T} is the morphism defined in Definition 10.1.3
2. compute G = Symmetric_ Coordinates(\, GIN)

Lemma 10.3.1. There exists an algorithm Prepare_G(G, \) which takes as input G as
above and a partition X, and returns GN. If G has degree at most d, the algorithm takes
O~(n("$d)2) operations in K.



Algorithm 17 Prepare G H(G, ¢, \)

Input: a partition A = (nf* n? ... n%) and a sequence of polynomials G and a polynomial

map ¢ in K[z1, ..., 2,5 of degree at most d
Output: the polynomials G and the matrix H in K[ey,...,e,] as defined in Proposi-
tion 10.1.6

1. construct GM = T, (G)
2. compute the Jacobian matrix Jac(G, ¢) with respect to (x1,...,z,)

3. apply T} to all rows of Jac(G, ¢) and remove all redundant columns to get the matrix
FWNinK[Z,,..., Z,+t)x¢

4. forie{1,...,s+1}

i

2

(a) compute H, I = Symmetrize(A, FZLA]), where A,; is the i-th row of the matrix A
(b) for j € {1,...,¢}
N . : B . =
compute H; = Symmetric_ Coordinates(\, H;}), the (i, j)-th entry of H™

Similarly, there exists an algorithm Prepare_G_H(G, ¢, \) which takes as input G, ¢
as above and a partition X\, and returns G and HM. If G and ¢ have degree at most d,
then the algorithm takes O™ (n* (";d)Q) operations in K.
Proof. In the first case, applying T, to G takes linear time in the number of monomi-

als O(n("zd)) and gives us G, We then invoke Symmetric_ Coordinates(\, GIV), using

Lemma 9.3.1, in order to obtain G with the cost being ON(n(”zlLd))2 operations in K.

In the second case, we obtain G as above. We also compute the matrix Jac(G, ¢),

which takes O(n? (”Zd>) operations. For the same cost, we apply T, to all its entries and

remove redundant columns, as specified in Lemma 10.1.4, so as to yield the matrix F*. We
then apply Algorithm Symmetrize from Proposition 9.3.11 to all (s + 1) rows of FW . which

takes O™(n* (”;d>) operations, and returns HM. Finally, we apply Symmetric Coordinates

to all entries of this matrix which gives H and takes O™ (n? ("gd)z) operations in K. [J

10.3.2 The complexity of the WeightedColumnDegree procedure

Recall that on input polynomials G, a polynomial matrix H and an integer k, Algorithm
WeightedColumnDegree returns a zero-dimensional parametrization of the isolated points of
V(G, My(H)), where M (H) denotes the set of k-minors of H. We apply this procedure to
polynomials with entries in Kley,...,e.] = Kle11,...,€10,,€21, 16205,y €r1y---,Er0]
Estimating the runtimes for the WeightedColumnDegree algorithms follows from Theorem



7.2.2, for the weighted domains associated to various partitions of n. Thus we let A =

(nf'n% ... n) be a partition of length ¢, with £ > s.

The parameters that appear in Theorem 7.2.2 can be determined as follows. The
weights of variables (ey,...,e,) are w = (1,...,0y,...,1,...,¢.). Fori =1,... s, the
weighted degree of §Zm is the same as the degree of gi)‘] and so is at most d.

Note that all entries of the Jacobian matrix of G, ¢ have degree at most d — 1, then
using Proposition 9.3.8, for 5 = 1,..., ¢, the weighted column degree of the j-th column
of HW is at most d;j =d—1—{+j. In particular, if £ > d, then all entries on the j-th
column of HW equal zero for j = 1,...,¢ — d. Finally, in what follows, we let

+d n
r—n2(" | _
() ()

Partitions of length s. We recall that when the length ¢ of the partition A equals s,
we do not need to deal with a matrix H M. In this situation, one only needs to compute
the isolated points of V(GM).

12 Cr

Consider a partition A = (n{! n? ... n’’) and the corresponding variables (e1,...,e,),
with wdeg(e; ) =k foralli =1,...,7r and k = 1,...,¢;. We make the following claim: if
there exists i such that {; > d, then there is no isolated point in V(G™). Indeed, in such a
case, variable e; s, does not appear in GW, for weighted degree reasons, so that the zero-set
of this system is invariant with respect to translations along the e;,, axis. In particular, it
admits no isolated solution.

Therefore we can suppose that all £;’s are at most d. In this case, the quantities c, e, k
used in Theorem 7.2.2 become respectively
d’ n(d+ 1)°
O=-—, &= u, Ky = d° = wycy,
Wy W
with wy = £,!---£,. In this case Theorem 7.2.2 implies that V(G™) contains at most c,
isolated points, and one can compute all of them using

O ((cA(e,\ + ) + d%i)n‘ln) c O <d2c,\(e,\ + ci)n‘T)

operations in K.

Partitions of length greater than s. For a partition A of length ¢ greater than s, we
have to take into account the minors of the matrix H™. Note that the assumptions of
Theorem 7.2.2 are satisfied: the matrix HM is in Kley, ..., e,|¢T)*¢ with ¢ > s+ 1, and
we have s equations G in Kley, . .., e,], so the number of variables £ does indeed satisfy
l=0—(s+1)+s+1

We claim that if £ > d, then the algebraic set Vi, (ﬂ N G [’\}) does not have any isolated
point. Indeed, in this case, we pointed out above that the columns of indices 1 to ¢ — d



in HM are identically zero. After discarding these zero-columns from HM, we obtain
a matrix LW of size (s + 1) x d such that Vi, (HN, GW) = V., (LN, GN), and using
Remark 4.1.1 with p = s+ 1,¢ = d, s + 1 extra polynomials and n > ¢ shows that this
algebraic set has no isolated points.

Thus, let us now assume that ¢ < d. The matrix H™ has weighted column degrees
(61,...,0)) = (d—£,...,d —1), whereas the weighted degrees of all polynomials in G is
at most d. To estimate the runtime of WeightedColumnDegree( HM, GI), we will need the
following property.

Lemma 10.3.2. Let k be defined as in (7.14) withn =0, p=s+1, ¢ =¥, s+ 1 extra
polynomials, (61,...,00)) = (d—1—¢,...,d—1), and (71,...,7s) = (d,...,d). Then, for
partitions of length  at most d, one has

K=dn_s(d—1,...,d—=1).

Proof. Without loss of generality, we reorder the weights w as w’ = (wf, ..., wy;) such that
Wi < <

Take ¢ = (iy,...,0—s) C {1,...,¢},and let d; = (d;1, ..., d;s) be the sequence obtained
by reordering (d;,,...,0;,_,,d,...,d); we first compute the value of x; from (7.14). If
d;1 = 0 (which can happen only if ¢ = d), then x; = 0. Otherwise, the sequence d; starts
with d; 1 > 1 and increases until index ¢ — s, after which it keeps the value d. On the
other hand, the ordered sequence of weights never increases by more than 1, so that for all
k=1,....¢, we have w), < d;. In this case,

Ky = max (di1 - di gWii1 -+ W) = diy -+ djp = d°0;, -+ 0

1<k<t H=s?

note that this equality also holds if d;; = 0, since then both sides vanish. Since k =
Z’i:{il ..... ’i[_s}C{l ..... q} Ki, W€ get

K= > d®6s, -+ 0, =d°m_s(d—1,...,d —¥). (10.8)
iZ{il ,,,,, Zj,S}C{l ..... f}

as claimed. n

The procedure WeightedCqumnDegree(I_{ [’\],C_;[)‘]) then uses the algorithm in Theo-

rem 7.2.2 with input (I_{W, G’P‘]). Writing as before wy = ¢1!---£,.!, the quantities used in
the theorem become

dsng_s(d — 1, Ce ,d — 6)
= w) )

n(d+ 1) ne_s(d,...,d—C+1)
e\ = w) )

Ry = dsﬁgfs(d — 1, . ,d — ﬁ) = W)CH.




This implies that running WeightedColumnDegree (I_{ BR C_}W) uses
O ((c,\(m + )+ dzc?\)n‘lf)

operations which is again in
O (dQC)\(B)\ + ci)n“l“) :

As before, the number of solutions in the output is at most c,.

10.3.3 Finishing the proof of Theorem 8.1.1

We can now finish estimating the runtime of the Critical_Points_Per_Orbit Algorithm. For
partitions of length s, at Step 2a, we only need to compute G which takes O™ (n (":;d)z) op-

erations in K as per Lemma 10.3.1. At Step 2b, the procedure WeightedColumnDegree(G*)
takes at most O™ (d?cy(ey + ¢3)n'T") operations in K, as we saw in Subsection 10.3.2. The
output of this procedure contains at most ¢, points; then, by Lemma 9.2.3, the cost of
the call to Decompose at Step 2c is O™(¢3 n), which is negligible compared to the previous
costs.

For partitions of length greater than s, computing G and HWM at Step 3a takes

O™ (n* (";d)2) operations in K, by Lemma 10.3.1. At Step 3b, the procedure WeightedColumn

Degree(f[ [’\],G'P‘]) requires at most O (d?cy(ex + ¢})n'T") operations in K, as we saw in
Subsection 10.3.2. Again, since the number of solutions in the output is at most ¢, the
cost of Decompose at Step 3c is still O7(¢3 n) which, as before, is negligible in comparison
to the other costs. To complete our analysis, we need the following lemma.

Lemma 10.3.3. With all notation being as above, the following holds

> a<c and > en<e,

where ¢ = d* ("Jf_l) and e =n(d+1)° (":d)

Proof. The proof relies on the combinatorics of integer partitions and properties of ele-
mentary symmetric functions. To simplify our notation, for all 1 < s < ¢, we abbreviate
Ne—s(d—1,...,d —¥{) to go—s. Then, we claim that one has

Goos < d(d—1)--(d— € +1).

Indeed, let f(t) = (t+d—1)(t+d—2)---(t+d—{), so that f(1) =d(d—1)---(d—{+1).
From Vieta’s formula we have

y4
f(t) = Z Gr—st’
s=0



and so we also have f(1) = Zﬁ:o gi—s. Therefore,

A1)+ =Yg s

and so gr—s < d(d—1)---(d—C¢+1) forall 1 <s < /.

Now, for any partition A = (nf' ... nt) = n of length £y, we have

o = @ with wy =] &

WA i=1
_ TfA! 9oy—s
= dh(N) gy s,
where h(\) = H;: o= (Zlff!) and Fqg, s = ng. From our previous inequality we have
dd—1)---(d—1ty+1 d
Fapys < ( ) ) =
ly! 0y
and so
d
Yoo <<d| D k(N ( ) . (10.9)
An, £y >s An, £y >s 15)
Let a be a sequence of m + 1 numbers (ag, ai, . .., a,) and let pa(t) = " a; " be its

generating polynomial. The polynomial coefficients associated to a are defined by

(k:) _ {[t”] (Pa()F), if 0 <n < mk

n 0, if n <0orn>mk

where [t"] 3, ¢;it; = ¢, is the coefficient of ¢ in the series Y, ¢;t;. For any partition A of n,
let further X' be its conjugate partition. By [57, Lemma 2.1], we have

(1) = = anoma(;)) (10.10)

n An,
£y <n

where wg()) is the function we(\) = [T, af, and £y, y are the respective lengths of A

and \'. If we consider m =n, a = (1,...,1) = 1 and k = d, then equation (10.10) becomes

()= 2 (i)

£y <n



For any partition A of n, the length of its conjugate satisfies £y, < n and so

(1 +t+ -+ ") = (Z) =>"h(N) (Z) (10.11)

1 AFn
Furthermore,
d d > (d+i—1),
(1 bt tn)d _ (1 _ tn+1)d (1 . t)d _ <Z (_1)k <k> t(n+1)k> <Z ( +'l. >t2>,
k=0 i=0 ¢
where t" appears only when £ = 0 and ¢ = n. In other words,
d—1
[t”](1+t+~~+t")d:(n+n ) (10.12)
Combining (10.9), (10.11) and (10.12), gives
d d—1
 ome (g 1)
Arn, > n o) n
We prove the inequality Yy, 7> €x < n(d + 1)5(”Zd> similarly. O

As a result, the total cost of

o (erente (") ()

is incurred by our calls to WeightedColumnDegree and Decompose. Since ("Zd) < (n+

1) ("J“jfl), we will simplify this further, by noticing that for d > 2 we have

n+d-—1
n

n+d
n

orfene ((3) (1)

For the remaining operations, the total cost of Prepare G and Prepare_ G_H is

S (";‘df.

AFn,ly>s

e:n(d+1)5< )Sn(n+1)d55< > =n(n+ 1)

so this is

Since (":l“d) < (n+ 1)("+g_1), the binomial term in the sum is in O(n%c?), so the total

is O(n°c®), and can be neglected. Similarly, the cost of Remove Duplicates is negligible.
Therefore, the total complexity of Critical_Points_Per_Orbit is then in

o O N (O RO | BT O )

Finally, the total number of solutions reported by our algorithm is at most >y, 7, >s ta,
which itself is at most c.



10.4 Experimental results

In this section, we report on an implementation and set of experimental runs support-
ing the results in this paper. We compare our Critical Points_Per_Orbit algorithm from
Section 10.2 with a naive algorithm which computes a zero-dimensional parametrization
of V(I), where [ is the ideal generated by G and the (s + 1)-minors of Jac(G, ¢). Since
no implementation of the weighted determinantal homotopy algorithms is available at the
moment, both algorithms use Grébner bases computations to solve polynomial systems.
Furthermore, using Grobner bases computations is sufficient to see the advantage of our
algorithm when the symmetric structure is exploited in our algorithm.

Our experiments are run using the Maple computer algebra system running on a com-
puter with 16 GB RAM; the Grobner basis computation in Maple uses the implementation
of the Fy and FGLM algorithms from the FGb package [60]. The symmetric polynomials G
and ¢ are chosen uniformly at random in K[z, ..., z,], with K = GF(65521), and have the
same degree n as the number of variables, that is, deg(g;) = - - - = deg(gs) = deg(¢) = n;
the number s of equations G ranges from 2 to n — 1.

Our experimental results support the theoretical advantage gained by exploiting the
symmetric structure of the input polynomials. In Table 10.1, we first report the number of
points, denoted by D, that we compute using our algorithm; that is, D is the sum of the
degrees deg(Z,) that we obtain for all partitions A of length at least s. The next column is

D0 >s cﬂ, which is an upper bound on D (here, ¢, is as in Subsection 10.3.2); as we can
see, this bound is quite sharp in general. We next give the upper bound ¢ from (8.3), which
we proved in Lemma 10.3.3. While this bound is sufficient to prove asymptotic results (for
fixed input degree, for instance, see the discussion in the introduction), we see that it is
far from sharp.

Finally, we give the number of points deg(/) computed by the naive algorithm, together
with the upper bound ¢ from (8.4); in some cases, we did not complete computations with
the naive algorithm, so deg(/) was unavailable. We see that in all cases, the output of our
algorithm is significantly smaller than the one from the direct approach.



nis| D ‘ Dy >s cA‘ ¢ deg(7) ¢
412 79 80 560 856 864
413 47 48 2240 744 768
512 425 432 3150 15575 | 16000
513 | 357 370 15750 18760 | 20000
514 | 143 157 78750 11160 | 12500
6| 2| 2222 2227 16632 - 337500
6| 3| 2439 2453 99792 - 540000
6|4 | 1482 1503 598752 - 486000
6|5 | 470 486 3592512 - 233280

Table 10.1: Degrees and bounds

In Table 10.2, we report on our timings in a detailed fashion. Here, we give the
time needed to compute the zero-dimensional representations deg(Z,) obtained by our
algorithm, together with their degrees; Time(total) denotes the total time spent in our
algorithm. On the other hand, Time(naive) is the time to compute a zero-dimensional
parametrization for the algebraic set V(I) using the naive algorithm. Experiments are
stopped once the computation has gone past 24 hours, with the corresponding time marked
with a dash.

In our experiments, the output %, was always empty for partitions of length less than s.
Indeed, for any partition A of length at most s — 1, Z(%)) = V(g?], ..., g™N), where the g}”
are s polynomials in less than variables derived from the input GG. Since the polynomials G
are chosen at random, the evaluated block symmetric polynomials gg’\], ..., g™ are generic.
Furthermore, it is also possible to prove that in this case, V(gw, ..., gMN) is empty in K.
Therefore, Z(%,) to be empty for such partitions A of length less than s. However, we

point out that this output can be non-trivial in the general, non-generic case.



Partition(\) Time(Z)) | deg(#y) | [exn] | Time(total) || Time(naive) | deg([)
A= (1% 1.524s 7 8
A= (1221 0.684s 48 48
= (22) 0.2008 < g 3.136s 0.905s 856
A= (1131 0.380s 16 16
A= (1%) 2.497s 15 16
N = (1221) 0.772 . 3 4.468s 0.577s 744
A= (1°) 9.236s 9 11
A= (132h) 6.832s 142 146
A= (123) 2.128s 112 113 ]
A= (1'22) 5 3165 119 113 34.944s 2143.144s | 15575
= (1'4 0.316s 25 25
= (2! 3h) 0.392s 25 25
A= (1°) 18.829s 31 37
A= (1321 18.120s 202 209
A= (123) 16078 P 63 48.019s 3423.660s | 18760
A= (1122) 5.316s 62 63
A= (1°) 17.080s 44 53 ]
= (1921 120245 99 105 37.372s 969.396s 11160
A= (1) 44.979s 13 14
A= (1421 94.240s 334 338
A= (133) 110.615s 426 426
A= (1222) 413.351s 639 639
A= (23) 7.241s 72 72
= (1241 15.208s 216 g6 | D01.888 ) )
A= (112t 3h) 92.589s 432 432
A= (1151 0.756s 36 36
A= (2141 1.072s 36 36
A= (3?) 0.956s 18 18
A= (19) 92.881s 63 68
A= (1421 773.924s 756 765
A= (133) 114.064s 504 504
A= (1222) 495.432s 756 756 1658.071s - -
A= (2%) 7.356s 36 36
A= (124h) 9.236s 108 108
A= (1121 3h) 17.908s 216 216
A= (1) 98.312s 142 153
A= (142h) 591.78s 800 810 ]
A= (133) 26.1965 216 o6 | B42:250s ) )
A= (1222) 46.420s 324 324
A= (19) 154.808s 150 162
A= (1121 121.768s 320 304 | 20LT5% ; ;
Table 10.2: Algorithm timings




Chapter 11

Conclusions and Topics for Future
Research

11.1 Conclusions

In the first part of the thesis, we have provided determinantal homotopy algorithms to
compute the isolated and simple points of the set of the points at which a given sequence
of polynomials G' and a polynomial matrix F' is not full rank. Our algorithms take into
account all structures of the inputs such as when

e all polynomials G and entries of F' are dense and belong to classical polynomial rings;
e all polynomials G' and entries of F' are sparse;

e all polynomials G' and entries of F' are in weighted domains.

For each situation, we also give a bound for the sum of the multiplicities of the isolated
points that our algorithm needs to compute. While in the dense case, we study two degree
measures for the matrix F', the row-degree and the column-degree, in the sparse case (resp.
the weighted case), we consider only one measure which is called the column-support (resp.
the weighed column-degree). Note that our column supported homotopy algorithm is used
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(G) generated by symmetric functions in G.

In the second half of the thesis, we have provided a new algorithm for efficiently describ-
ing the critical point set of a function ¢ a variety V(G) with ¢ and the defining functions
of the variety all symmetric. The algorithm takes advantage of the symmetries and lower
bounds for describing the generators of the set of critical points and as a result is more
efficient than previous approaches.
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When G = (g1,...,9s) in Rlzy,...,2,], with R is a real field, then computing the
critical points of polynomial maps restricted to V(G) finds numerous applications in com-
putational real algebraic geometry. In particular such computations provide an effective
Morse-theoretic approach to many problems such as real root finding, quantifier elimina-
tion or answering connectivity queries (see [20]). We view the complexity estimates in our
result as a possible first step towards better algorithms for studying real algebraic sets
defined by S,-invariant polynomials.

For instance, let d be the maximum degree of the entries in G = (¢1, . . ., gs) and assume
that G generates an (n— s)-equidimensional ideal whose associated algebraic set is smooth.
Then under these assumptions, we observe that the set W(¢,, G) with

(bul(%17...,$n)—>(Il—u>2+“'+($n—'u/)2

and u € R, has a non-empty intersection with all connected components of V(G) N R".
Hence, when W(¢,, G) is finite for a generic choice of u, then one can use our algorithm to

decide whenever V(G) NR" is empty. This is done in time polynomial in d°, (”Zd), (Sil).

In such cases, for d, s fixed, we end up with a runtime which is polynomial in n as in
[172, 149, 150]. These latter references are restricted to situations when d < n is fixed.
If now, one takes families of systems where d = n and s is fixed, we obtain a runtime
which is polynomial in 2”. This is an exponential speed-up with the best previous possible
alternatives which run in time 20("1°8(") as in for example [20, Chapter 13] (but note that
these algorithms are designed for general real algebraic sets).

Obtaining an algorithm to decide whether V(G) N R™ is empty in time polynomial in
ds, (”;d>, (sil), without assuming that W (¢,, G) is finite for a generic u € R, is still an
open problem.

11.2 Topics for future work

Row supported homotopy algorithms. Still regarding critical point computations,
but for non symmetric 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 ap-
proach would be the follow the algorithm given in Section 6.3. for dense polynomials using
the row-homotopy algorithms. However, proving that in the sparse case, the corresponding
start systems satisfy the genericity properties we need is not straightforward.

Infinite number of critical points of invariant systems. When our algorithm is
applied in the deciding the emptiness of an invariant algebraic set over real fields, we have
assumed that the set W (¢,, G) is finite. It would be nice if we can remove this assumption
in the future work.



Computing critical points for invariant systems under some other groups. Our
results for computing critical points for invariant systems hold when the systems are invari-
ant under the action of the symmetric group S,,. A nice property in the symmetric polyno-
mial ring K[z1, ..., x,]% is that any polynomial f lying on this ring can be represented by
using unique polynomial f in Kley, ..., e,] such that f(n(X),...,n.(X)) = f(X), where
Me(X) is the k-th elementary symmetric function in X = (x4, ..., z,). Therefore, instead
of working with polynomials in K[X ], we can do our computation on the ring Kley, ..., e,],
which some how help us to reduce the number of computations by n!. However, when poly-
nomial f is invariant under the action of other groups, in general, the process of working
with a new polynomial f might not be hold. Our next goal is to study how can we exploit
the invariance properties of some other groups rather than the symmetric group §,.

Homotopy algorithms for the MinRank problem. Consider a matrix F' of size pxgq,
with all entries are in K[zq,...,2,], and a positive integer r. The MinRank problem is
finding points in K" at which the matrix F' has rank at most 7. Our results in Part I, in the
case there are no extra polynomials G, of the thesis study a particular case of the MinRank
problem with » = min(p, ¢) — 1. Faugere et al. [66] give new complexity bounds for solving
the MinRank problem using Grobner bases algorithms under genericity assumptions on the
input matrix F'. One of our next goals is to study how to use the homotopy continuation
methods in order to solve the MinRank problem, without any genericity assumptions on the
input. A primary goal is studying the case when n = (p—7r)(¢—r). Recall that, in this case,
when all entries of F' are generic, the ideal generated by its r-minors is zero-dimensional.

Grobner basis computation for sparse and weighted determinantal ideals. Given
a matrix F' in classical polynomial rings. Grobner basis computation is well understood
for dense determinantal ideals and the ideals define critical points (see [65, 66, 167] and
references therein). However, to the best of our knowledge, there is no previous work which
study Grobner bases algorithms for the determinantal ideals of F' when all entries of F' are
either sparse or in a weighted polynomial ring. We consider this problem as one of topics
for future work.
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