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Abstract
Let K be a field of characteristic zero and K be an algebraic closure of K. Consider
a sequence of polynomials G = (g1,...,9s) in K[X7,...,X},], a polynomial matrix

F = [fi;] € K[X1,...,X,P*? with p < ¢, and the algebraic set V,(F,G) of points
in K at which all polynomials in G’ and all p-minors of F' vanish. Such polynomial
systems appear naturally in e.g. polynomial optimization, computational geometry.

We provide bounds on the number of isolated points in V,(F,G) depending on
the maxima of the degrees in rows (resp. columns) of F. Next, we design homotopy
algorithms for computing those points. These algorithms take advantage of the deter-
minantal structure of the system defining V,(F, G). In particular, the algorithms run
in time that is polynomial in the bound on the number of isolated points.

1 Introduction

Throughout, K is a field of characteristic zero with algebraic closure K, (X1,...,X,) is a
set of n variables, and K[X7, ..., X,,] is the multivariate polynomial ring in n variables with
coeficients in K. With this setup, let F' = [f; ;] € K[X;, ..., X,]’*? be a polynomial matrix,
with p < ¢. The first question which will interest us in this paper is to describe the set
of points & € K" at which the evaluation of the matrix F has rank less than p. In the
particular case p = 1, this simply means finding all common solutions of fii,..., fi,-

For any matrix F' over a ring R, and for any integer r, M,(F) will denote the set of
r-minors of F, and I.(F') will denote the ideal they generate in R. For any subset [ in
K[X,...,X,], V(I) will denote the zero-set of I in K", and for a matrix F with entries
in K[X1,...,X,], we will write V,.(F)) = V(I,(F)). In particular, for F' of size p x ¢, with
p < q, the set of points introduced in the previous paragraph is

Vo(F) = {x € K" | rank(F(z)) < p}.
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This is an algebraic set, since it is defined by the vanishing of all maximal minors of F'.

We will discuss below dimension properties of V,(F"). Recall that any algebraic set V' is
the finite union of its irreducible components: these are the maximal irreducible algebraic
sets contained in it (an algebraic set is irreducible if it is not the union of two proper algebraic
sets). The dimension of an algebraic set V' is the largest integer d such that intersecting V'
with d generic hyperplanes yields finitely many points; those algebraic sets with all irreducible
components of the same dimension are called equidimensional. We refer to e.g. [58, Chap. I
and II] for these notions.

For the problem above, it is natural to consider the case where n = ¢ — p + 1. Indeed,
results due to Macaulay [44] and Eagon and Northcott [21] imply that all irreducible compo-
nents of V,(F) have dimension at least n — (¢ —p+1); furthermore, in the case n = ¢ —p+1,
V,(F) has dimension zero for a generic choice of the entries of F' (this is proved for instance
in [62]). Of course, even if we assume n = ¢ —p+ 1, V,(F) may have components of positive
dimension; in this case, we will be interested in describing only its isolated points, that is,
the points in the irreducible components of V,(F) of dimension zero (this notion makes sense
for any field K; when K = R, these points are indeed isolated for the metric topology).

Studying the set V,(F') is a particular case of a slightly more general question. In addition
to matrix F', we may indeed take into account further equations of the form g; = --- = g, = 0,
for some G = (g1,...,9s) in K[Xy,...,X,]. In this setting, the natural relation between
the number n of variables, the size of F' and the number s of polynomials in G is now
n=¢q—p-+ s+ 1. Then, we define the algebraic set

Vo(F,G) = {x € K" | rank(F(z)) < p and gi(z) = - - - = g,(x) = 0};

this is thus the zero-set of the ideal I,(F) + (g1, ..., gs) (here (g1,...,gs) denotes the ideal
generated by g1, ..., ¢gs). Our main problem is the following.

Problem 1. For a field K, a matriz F € K[ X1, ..., X,[P*? and polynomials G = (g1, . .., gs)
in K[X7, ..., X,] such that p < q and n = q—p+s+1, compute the isolated points of V,,(F,G).

This problem appears in a variety of context; prominent examples are optimization prob-
lems [33, 41, 8, 32, 48], and related questions in real algebraic geometry [4, 6, 7, 9, 10, 11,
14, 16, 34, 52, 53, 55], where F' consists of the Jacobian matrix of G, together with one extra
row, corresponding to the gradient of a function that we want to optimize on V(G). Because
they show up several times in this introduction, we will refer to this particular class of inputs
as systems coming from optimization.

In several of these situations, we are only interested in the solutions of the system made
of minors M,(F) and G = (g1, ..., gs) at which the associated Jacobian matrix has full rank.
This subset of solutions is finite and is always a subset of the set of isolated points of V,(F, G)
[22, Theorem 16.19]; we call these points simple points. The set of simple points coincides
with V,(F,G) when the system M,(F'),G generates a radical ideal of dimension zero; this
case appears frequently in the context of algorithms in real algebraic geometry [9].

Hence, it also makes sense to look at the following slight variant of Problem (1).



Problem 2. For a field K, a matriz F € K[ X1, ..., X,[P*? and polynomials G = (g1, . .., gs)
in K[Xq,...,X,] withp <qandn=q—p+s+1, compute the simple points of V,(F,G).

We will represent the output of our algorithm using univariate polynomials. Let V C K"
be a zero-dimensional algebraic set defined over K. A zero-dimensional parametrization
X = ((w,vy,...,v,),\) of V consists of polynomials (w,vy,...,v,) such that w € K[Y] is
monic and squarefree, all v;’s are in K[Y'] and satisfy deg(v;) < deg(w), and A is a K-linear
form in n variables, such that

e \(vq,...,v,) =Yw mod w with w' = g—?;

o we have V = Z(%), with
Z(%) = {(“1(7),...,”"(7)) | w(r) :0}.

The constraint on A then says that the root of w are the values taken by A on V. This
representation was introduced in [42, 44], and has been used in a variety of algorithms, such
as those in [28, 30, 2, 29, 50, 31]. The reason why we use a rational parametrization, with w’
as a denominator, goes back to [2, 50, 31]: when K = Q, this allows us to control precisely
the bit-size of the coefficients, using bounds such as those in [57, 19]. The same phenomenon
holds with K = k(T), for a field k, in which case we want to control degrees in T of the
numerators and denominators of the coefficients of Z.

Our first result gives a bound on the multiplicities of the solutions of V,(F,G). To state
it, we need the following notation. Take F' = [f; j]1<i<pi<j<q In K[ X7, ..., X,]P*9. We will
consider two degree measures for matrix F'; these have been used before for determinantal
ideals, see for instance [49, 46]. For i = 1,...,p, we will write rdeg(F’, i) for the degree of the
ith row of F, that is, rdeg(F,4) = max(deg(fi;))i1<j<q similarly, for j =1,..., ¢, we write
cdeg(F, j) for the degree of the jth column of F, that is, cdeg(F, j) = max(deg(fi;))i<i<p-
For k > 0,

Ep(01,....0,) = > 0y

1< << <n

is the elementary symmetric polynomial of degree k in (dy,...,d,) and

Skla, ... qp) = Z ocil---a;f

i1+ tip=k,i; >0

is the kth complete symmetric polynomial in (s, ..., ).

Finally, we recall the notion of multiplicity of a point & with respect to an ideal I in
K[X1,...,X,]; this notion extends to ideals in K[X1,..., X,] by considering their extension
in K[X1,..., X,]. Werefer to [22, Chap. 3] and [18, Chap. 4] for more details on the following
notions.

The ideal I can be written as the intersection of finitely many primary components,
that is, I = Q1 N --- N Q, for some primary ideals @1, ..., Q,; this decomposition is said
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to be minimal when V(Q;) # V(Q;) for ¢ # j. Take x isolated in V(I); then there exists
a unique primary component ();, which must has dimension zero, such that x is in V' (Q;);
because we take a primary decomposition over K, we actually have V(Q;) = {x}. Although
minimal primary decompositions are not unique, the fact that @ is isolated implies that Q);
does not depend on the primary decomposition of I we consider; then, the multiplicity of
x is defined as the dimension of K[X1,..., X,]/Q;. When & = 0 € K", the dimension of
K[X1,...,X,]/Q; is the same as that of K[[X1,..., X,]]/I, where K[[X1,..., X,]] denotes
the formal power series ring in Xi,..., X, with coefficients in K (this follows from [18,
Theorem 4.2.2]).
The following is our first result.

Theorem 1. Let F be in K[X,..., X,|P*? and let G = (g1,...,95) be in K[Xq,...,X,],
withp < qandn=q—p+ s+ 1. Then, the sum of the multiplicities of the isolated points
of I,(F) + (g1, ..,9s) is at most min(c, ¢) with

c= deg(gl) T deg(gs)En—s(Cdeg<F7 1)7 s 7Cdeg(F7 Q))

and
¢ =deg(g1) - - - deg(gs)Sp—s(rdeg(F, 1),...,rdeg(F,p)).

When rdeg(G,i) = cdeg(F,j) = d for all 4,7, the two bounds given above coincide,
with common value deg(g;)---deg(gs) (pzl) d"~*%; otherwise, either of the two expressions
E,_s(cdeg(F,1),...,cdeg(F,q)) and S,_s(rdeg(F,1),...,rdeg(F,p)) can be the minimum.
For instance, consider the case s = 0 (so there are no equations G), and where the degrees
of the entries in F' are

N DN DN
—_ = =
ot Ot Ot
ENEEN BN

Here, we have p = 3,¢ = 4,5 = 0 and n = 2. Then, the quantity c is ¢ = F5(2,1,5,7) =
2-142-54+2-74+1-54+1-7+5-7="73, whereas ¢ = 6- 7> = 294. On the other hand, if
we take F' with degree profile

2 22 2
111 1|,
5555

with the same values of p,q,s,n, we get ¢ =6-7> =294 and ¢ = S5(2,1,5) =22 +2 -1+
2.5+ 12+ 1-5+ 5% = 47. For systems coming from optimization, where F is a Jacobian
matrix, we are in a situation similar to the second example, where the ¢th row degree of F’
is simply the degree of the corresponding equation, minus one.

Pioneering work of Giambelli-Thom-Porteous (see e.g. [25] or [26]) 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 a result focusing on isolated points and taking
into account multiplicities.

Previous work by Miller and Sturmfels [46, Chapter 15] proved very general results on
the multi-degrees of determinantal ideals built from matrices with indeterminate entries (in
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which case we have s = 0, but the assumption n = ¢ — p 4+ 1 does not hold); in particular,
they obtain analogues (and generalizations) of the result in Theorem 1 in that context.

Nie and Ranestad proved in [49] that the bounds in Theorem 1 are tight for two families of
polynomials (in a similar context where the polynomials are homogeneous in n+ 1 variables):

e when entries of F' are generic and homogeneous, and such that deg(f; ;) = cdeg(F,j)
for all 4, j, the ideal I,(F") has degree E,,(cdeg(F,1),...,cdeg(F,q));

e when entries of F' are generic and homogeneous, and such that deg(f; ;) = rdeg(F, 1)
for all 4, j, the ideal I,(F") has degree S, (rdeg(F,1),...,rdeg(F,p)).

From this, they deduce that the degree of the ideal I,(F) + (g1,...,¢s) is at most
deg(gy) - - - deg(gs) Sn—s(rdeg(F, 1), ... ,rdeg(F,p)), for systems coming from optimization
problems, assuming that this ideal has dimension zero. In this context, Spaenlehauer gave
in [62] an explicit expression for the Hilbert function of the ideal I,(F) + (g1, ...,gs), for a
generic input.

Our second result gives bounds on the cost of computing a zero-dimensional parametriza-
tion of the isolated solutions of V,(F,G) = V(I,(F) + (g1, -.,9s)). Our algorithms take as
input a straight-line program (that is, a sequence of elementary operations +, —, X) that
computes the entries of F' and G from the input variables Xy, ..., X,,; the length o of the
input is the number of operations it performs. This assumption is not restrictive, since any
matrix F' and polynomials G can be computed by a straight-line program (a naive solution
would consist in computing and adding all monomials in F' and G).

Theorem 2. Suppose that matriz F' € K[Xy,..., X,|P*? and polynomials G = (g1, ..., gs)
in K[Xy,...,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 ezist randomized algorithms that solve Problem (1) in either

O ((q>c(e + ) (o + q5+7)>

p

operations in K, with

¢ =deg(g1)---deg(gs) Ens(cdeg(F,1),. .., cdeg(F, q))

e = (deg(g1) +1)---(deg(gs) + 1) E,_s(cdeg(F,1) +1,...,cdeg(F,q) + 1),
v = max(deg(g;),1 <i < s)

0 = max(cdeg(F,i),1 <i < q)

or

(e sme)

p



operations in K, with

¢ = deg(q1) - -~ deg(gs) Sp—s(rdeg(F, 1), ..., rdeg(F,p))

¢ = (deg(gy) +1)---(deg(gs) + 1) Sp_s(rdeg(F,1) +1,...,rdeg(F,p) + 1),
v = max(deg(g;),1 <i < s)

a = max(rdeg(F,7),1 < j <p).

The assumption that all degrees are at least 1 is not a restriction. If deg(g;) = 0 for some
i, g; is a constant, so either the system is inconsistent (if g; # 0) or g; can be discarded.
Similarly, if say cdeg(F,i) = 0, the ith 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 ith column, except at most one, are non-zero without changing the column degrees.
The ith column of F (and the row of the non-zero entry, if there is one) can then be discarded.

Remark further that in the common situation where all degrees deg(g;), rdeg(F,7) and
cdeg(F, j) involved in the formulas above are at least equal to 2, we have the inequalities e <
2, e <% and (g) <e, (Z) < (5 as a result, the runtimes become polynomial in respectively
¢,0 and ¢/,0. This is to be compared with Theorem 1, which shows that min(c, ) is a
natural upper bound for the output size of such algorithms.

For solving Problem (2), one obtains slightly better complexity estimates.

Theorem 3. Suppose that the matriz F' € K[Xi,...,X,|P*? and polynomials G =
(91,---,95) in K[Xq,..., 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

o2 ((Z) ce(o+qd + 7))
o ((;) ¢e (o +pat ’y)>

operations in K, all notation being as in Theorem 3.

or

As above, in the common situation where all degrees involved are at least 2, the runtimes
become polynomial in ¢, o and , o’.

The probabilistic aspects are as follows: at several steps, the algorithms on which Theo-
rems 2 and 3 rely will draw elements from the base field at random. In all cases, there exists
an algebraic hypersurface H of the parameter space such that success is guaranteed for all
choices of parameters not in H.

As already said, our algorithms are based on a symbolic homotopy continuation. Homo-
topy continuation algorithms have become a foundational tools for numerical algorithms,
either in continuation of Shub and Smale’s early work [59], or along the lines of work by
Morgan, Sommese, Wampler (as summarized, for instance, in [13, 60]), with an emphasis
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on the algebraic geometry underlying these techniques. In this context, dedicated numerical
homotopy algorithms has also been developed to take into account sparsity in polynomial
systems (see e.g. [64, 63, 1]).

By contrast, their usage in symbolic contexts is more recent. Early references are [36, 15],
which deal with systems with no particular structure; further work extended this idea
to sparse systems (in the polyhedral sense) [40, 37, 38, 39] and multihomogeneous sys-
tems [35, 54]. In [54], these techniques are used to solve Problem (2), but the complexity
estimates obtained there depend on multi-homogeneous Bézout bounds involving the max-
ima of rdeg(F,1),...,rdeg(F,p) or cdeg(F,1),...,cdeg(F, q).

Most algorithms in the previous references have in common that they solve square sys-
tems, that is, systems with as many equations as unknowns; extensions of these methods
can deal with systems of positive dimension by essentially using variants of the algorithm
for square systems. One notable exception is given in [61] where dedicated homotopy al-
gorithms are given to solve Schubert problems which consist in determining linear spaces
of prescribed dimension which meet a set of fixed linear subspaces in specified dimensions.
Observe that such problems are formulated with rank conditions on some special matrices
(see e.g. [43]). These algorithms strongly exploit and are dedicated to the structure of the
Schubert problem through the Littlewood Richardson rule and an associated combinatorial
construction. Hence, as far as we know, they cannot be used to solve determinantal systems
of equations expressing that a given matrix with polynomial entries is rank deficient.

One of the contributions in this paper is to deal with determinantal systems of equations,
which are in essence over-determined; this is made possible by the algebraic properties of
determinantal ideals.

It is well-known that Grobner bases behave rather well on over-determined systems.
Starting from the determination of the Hilbert function of a determinantal ring due to
Conca and Herzog [17], complexity estimates are given in [24, 23] for computing Grébner
basis of ideals generated by either M, (F') when r < p < ¢, or G, M,(F') (for inputs coming
from optimization problems), but under some genericity assumptions on the entries of F' or
G, which are also assumed to all have the same degree. This series of works culminated with
the result obtained by Spaenlehauer in [62], where he removes this latter degree assumption
and provides sharp complexity statements, still under genericity assumptions.

Systems encoding rank defects in polynomial matrices have also been studied in the scope
of the so-called geometric resolution algorithm in [5], with a slight generalization in [56] com-
puting simple solutions (those isolated solutions which are not simple are not considered in
this line of work). As our algorithm here, these algorithms take as input straight-line pro-
grams but instead of using deformation techniques to build a global homotopy, determinantal
systems are solved incrementally in some chart. Hence, the complexity of these algorithms
depends here on the maximum degrees of the varieties defined by the considered intermediate
systems. Even without taking into account the dimension assumption, additional results are
needed to compare these intermediate degrees with the quantities involved in our complexity
estimates.

In the following paragraphs, we describe our results in more detail. As a preliminary, we



will need an algorithm which takes as input polynomials C' = (cy,...,¢,) and a point @ in
the zero-set of C, and which decides whether x is an isolated points of V(C'). This will be
used to solve Problem (1).

Without any other information, this decision problem is difficult to solve in a good
complexity. However, when a bound p 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 2, where we explain how to modify an algorithm by Mourrain [47] and
adapt it to our context.

In Section 3, we give an algorithm which takes as input a sequence of polynomials C
and computes a zero-dimensional parametrization of the isolated points of V' (C'), assuming
the existence of a suitable homotopy deformation. Explicitly, we suppose that C' involves
variables X = (Xi,...,X,), we let T be a new variable, and we suppose that we know a
family of polynomials B in K[T', X | such that B(1, X) = C. Let then A be the polynomials
B(0, X)), and suppose that V(A) is finite, and that we are able to find a zero-dimensional
parametrization of it efficiently. We will actually need a few further conditions (for instance,
at all points in V(A), the Jacobian matrix of these polynomials must have rank n).

We will see in Section 3 that when all these conditions hold, we can divise a homotopy al-
gorithm that lifts the points of V/(A) (that correspond to 7" = 0) into a curve C parametrized
by T'. The isolated points of V(C') all belong to the fiber of C above T'= 1, but some points
in this fiber can actually lie in positive dimensional components of V(C); the algorithm
of Section 2 will filter out such points. The complexity we obtain depends linearly on the
complexity of evaluating C' and polynomially on a bound on the sum of the multiplicites of
the isolated points of V(C') and the degree of the homotopy curve. When one only wants
to compute simple solutions, a variant of the homotopy algorithm is given: this is actually
simpler since we replace the algorithm of Section 2 with a simple criterion allowing us to
identify the simple solutions.

We will apply these results to our determinantal problems as follows. Given F' € K[X]P*?
and G = (g1,...,9s), we will build a matrix

U=(1-T)-L+T-F eK[T,X]P*
that connects a start matriz L to the target matrix F', together with a homotopy of the form
V=01-T)-K+T-G,

that connects a start system K = (ki,...,ks) to the target system G. In Section 4, we
prove that several assumptions of the algorithm of Section 3 are satisfied for such systems,
independently of the choice of L and K.

The actual construction of the system K will be rather straightforward; the difficulty lies
in the definition of a matrix L that will respect either the column-degree or the row-degree
of F' (while satisyfing all assumptions for the algorithm of Section 3). The column-degree
case is treated in Section 5 in a rather straightforward way, whereas the row-degree case is
more delicate, and is treated in Sections 6 and 7. In both cases, we bound the sum of the



multiplicities of the isolated points in V,(F,G) (thereby establishing Theorem 1), as well as
the degree of the homotopy curve.

2 A local dimension test

Let L be a field containing the field K and L be an algebraic closure of L. Let C =
(¢1,...,¢m) be polynomials in K[X], with X = (X;,...,X,,). Given a point  with coordi-
nates in L that belongs to the zero-set V(C) C L", we discuss here how to decide whether
is an isolated point in V(C'). We make the following assumption in the rest of this section:

A. We are given as input an integer p such that either @ is isolated in V' (C'), with multiplicity
at most p with respect to the ideal (C'), or « belongs to a positive-dimensional component

of V(C).

Without loss of generality, we also assume that m > n (otherwise, & cannot be an isolated
solution).

Proposition 4. Suppose that C' is given by a straight-line program of length o. If assumption
A is satisfied, we can decide whether @ is an isolated point of V(C') using

O(n*u* + n’mp® +nop*) C (uom)°W

operations in L.

Reference [12] gives an algorithm to compute the dimension of V(C') at x, but its com-
plexity is not known to us, as it relies on linear algebra with matrices of potentially large size
(not necessarily polynomial in u, o, m). Instead, we use an adaptation of a prior result by
Mourrain [47], which allows us to control the size of the 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: Mourrain’s original result depends on
the number of monomials appearing when we expand C', which would be too high for the
applications we will make of this result. Remark that the assumption that K (and thus L)
have characteristic zero is needed for Mourrain’s algorithm.

We assume henceforth that & = 0; this is done by replacing C by the polynomials
C(X + «), which have complexity of evaluation ¢’ = o + n. The basis of our algorithm is
the following remark.

Lemma 5. Let I be the zero-dimensional ideal (C) + m* ! where m = (X1, ..., X,,) is the
mazximal ideal at the origin. Then, 0 is isolated in V(C) if and only if the multiplicity d of
I at the origin 1s at most .

Proof. This follows from the following result [12, Theorem A.1]. For k > 1, let I} be the
zero-dimensional ideal (C) +m*, and let v, be the multiplicity of the origin with respect to
this ideal. Then, the reference above proves that the sequence (vy)g>1 is non-decreasing, and
that 0 is isolated in V(C) if and only if there exists k > 1 such that vy = vy, for any i > 0.
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e If 0 is isolated in V(C'), then by assumption A its multiplicity with respect to (C) is
at most p, and its multiplicity d with respect to I cannot be larger.

e Otherwise, by the result above, v,1 > v} holds for all £ > 1, so that v, > k holds for
all such k (since v; = 1). In particular, the multiplicity d of I at the origin, which is
V41, is at least po + 1. O]

Hence, we are left with deciding whether the multiplicity d of the ideal I at the origin
is at most p; remark that this multiplicity is equal to the dimension of L[X]/I, since I
is m-primary. We do this by following and slightly modifying Mourrain’s algorithm for the
computation of the orthogonal I+, that is, the set of L-linear forms L[X| — L that vanish on
I; this is a L-vector space naturally identified with the dual of L[X]/I, so it has dimension
d, the multiplicity of I at the origin.

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 setting.

The algorithm represents the elements in I+ by means of multiplication matrices. An
important feature of I* is that it admits the structure of a L[ X]-module: for k in {1,...,n}
and 3 in I+, the L-linear form X, - 8 : f — B(X,f) is easily seen to still lie in I+. In
particular, if 3 = (By,...,084) is an L-basis of I+, then for all k as above, and all 4 in
{1,...,d}, X - B; is a linear combination of fi,..., 3. Mourrain’s algorithm computes a
basis 3 = (04, . .., B4) with the following features:

e foriin {1,...,d} and kin {1,...,n}, we have Xy.- i = >, )\E?ﬁj (hence /\g? may
be non-zero only for j < i);

e [3; is the evaluation at 0, f — f(0);
e foriin {2,...,d}, f;(1) =0.

The following lemma shows that the coefficients ()\l(lj)) are sufficient to evaluate the linear

forms f; at any f in L[X]. More precisely, knowing only their values for j < i < s, for any
s < d, allows us to evaluate f31,..., s at such an f. The following lemma follows [47] in
its description of the matrices M ,; the (rather straightforward) complexity analysis in the
straight-line program model is new.

Lemma 6. Let s be in 1,...,d, and suppose that the coefficients AES) are known for i =
1,...,5,5=0,....i—1and k=1,...,n. Given a straight-line program I" of length o that
computes h = (hy,...,hg), one can compute B;(h,), foralli=1,...,s andr =1,..., R,
using O(s> o) operations in L.

Proof. By definition, for h in L[ X | and k = 1,...,n, the following equality holds:

By(Xh) Bi(h) AR A
= Mk,s ) with Mk,s = .
Bo(Xh) B(h) AR
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Remark that the matrices M, all commute with each other. Indeed, for any £,k in

{1,...,n}, and h as above, the relation above implies that
Br(h) 0
Ak,k’,s = 3
Bs(h) 0

where Ay s = My My o — My M, ;. Because the linear forms i, ..., s are linearly
independent, this implies that all rows of Ay s s must be zero, as claimed. We then deduce
that for any polynomial h in L[ X], we have the equality

Bi(h) pi(1)
L =My, M,,) | :

Ps(h) Bs(1)

On the other hand, our assumptions imply that the sequence (Si(1),...,08s(1)) is sim-
ply (1,0,...,0). To prove the lemma, it is then enough to note that the evaluations
hy(Mys,...,M,s),....hg(Mis,...,M,s) can be computed using the straight-line pro-
gram doing O(s® o) operations. O

Mourrain’s algorithm proceeds in an iterative manner, starting from 8% = (5;) (and
setting e; = 1), and computing successively 32 = (Bo,41,. .-, Ber)s B = (Bewstr- -+ Bes),
... for some integers e; < ey < e3... Mourrain’s algorithm stops when ey,; = e;, in which
case 031, .. ., P, is an L-basis of I+, and e, = 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 pu.
We do it as follows: assume that we have computed 31V, 3@ ... 3@ together with the
corresponding integers eq, e, ..., e, with e; < -+ < e, < . We compute B3+ and e/ q,
and continue according to the following:

o if ey.1 = ey, we conclude that the multiplicity d of I at the origin is e, < u; we stop
the algorithm;

e if ey, > p, we conclude that this multiplicity is greater than u; we stop the algorithm;
e clse, when e, < ey < p, we do another loop.

Because the e;’s are an increasing sequence of integers, they satisfy e, > ¢; hence, every time
we enter the loop above we have ¢ < u. To finish the analysis of the algorithm, it remains
to explain how to compute B+ from (BW, 3% ... BY) = (B,...,Be,).

As per our description above, at any step of the algorithm, f;,..., 3., are represented
by means of the coefficients /\E?, for0<j<i<e and 1<k <n. At step £, Mourrain’s

algorithm solves a homogeneous linear system 7, 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 Ty is a priori too large to fit our cost bound;
we will explain below how to resolve this issue.
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The nullspace dimension of this linear system gives us the cardinality e, — e, of B¢+Y.

Similarly, the coordinates of the ey,.; — e, vectors in a nullspace basis are precisely the
coefficients )\g? fori =e +1,...,e01, 7 =1,...,e0and k = 1,...,n (we have Ag? =0
for j = e, +1,...,i —1). For all £ > 2, all linear forms 3 in 3% are such that for all k
in {1,...,n}, X - 3 belongs to the span of 31, ..., 3%V in particular, a quick induction
shows that all linear forms in B8, ..., 3% 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 (X, B)(Xnf) = B(f) for any monomial f in L[X],
e (X, '-B)(f)=0if f € L[X] is a monomial which does not depend on Xj.
In other words, (X, '+ 8)(f) = B(dx(f)) holds for all f, where d; : L[X] — L[X] is the kth

divided difference operator

F(Xy, . X)) — f( X, X1, 0, Xggy -+, X))

One verifies that, as the notation suggests, X} - (Xk_1 - #) is equal to S. This being said, we
can then describe what the entries of T, are:

e the first n(n — 1)e;/2 equations involve only the coefficients )\g;) previously computed
(we refer to [47, 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
vp = (X B)(F(Xn e, Xp 0,000,0)), ey (X B ) (f(X s, X, 0,00,0)) )y

where f is a generator of I = (C) + m+*+1.

We claim that only those equations corresponding to generators ¢y, . . ., ¢;,, of the input system
C are useful, as all others are identically zero.
We pointed out above that any linear form 3; in f,..., 3., vanishes on all monomials

of degree at least ¢. Since we saw that we must have ¢ < p, all 5; as above vanish on
monomials of degree y; this implies that X, 1. B; vanishes on all monomials of degree ;1 + 1.
The generators f of m*™! have degree p + 1, and for any such f, f(Xy,...,X},0,...,0) is
either zero, or of degree p + 1 as well. Hence, for any k, 3; in i,..., 5, and f as above,
(X' B)(f(Xy,..., X},0,...,0)) vanishes. This implies that the vector v; is identically
zero for such an f, and that the corresponding equation can be discarded.

Altogether, as claimed above, we see that we have to compute the values

(Xk_l . /BZ‘)<C]‘(X1, e ,Xk70, ceey 0)),

fork=1,...,n,i=1,...,e,and j = 1,...,m. Fixing k, we let Cy = (¢;x)1<j<m, Where
¢jk is the polynomial ¢;(X7,..., X}, 0,...,0); note that the system C} can be computed
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by a straight-line program of length ¢/ = o + n. Then, applying the following lemma with
s =e; < pand h = C}, we deduce that the values (X, ' - 3;)(¢c;(X1, ..., X,0,...,0)), for k
fixed, can be computed in time O(p?(o + n)).

Lemma 7. Let s be in 1,...,d, and suppose that the coefficients )\E? are known for i =
1,...,5,5=0,....i—1and k=1,...,n. Given a straight-line program I" of length o that
computes h = (hy,...,hg) and given k in {1,...,n}, one can compute (X; ' - 3;)(h,), for
alli=1,...,s andr =1,..., R, using O(s*(c +n)) operations in L.

Proof. In view of the formula (X, ' 8)(f) = 8(dx(f)), and of Lemma 6, it is enough to prove
the existence of a straight-line program of length O(o+n) that computes (0x(h1), ..., 0k(hg)).

To do this, we replace all polynomials v_,, 11, ...,7, computed by I by terms n_,,11,...,7,
and V_py1,..., Vs, with np = (X1, ..., Xk1,0, Xgi1,. .., X,) and vy in L[X] such that
ve = n¢ + Xgve holds for all ¢, so that in particular v, = (7). To compute 7, and v,
assuming all previous 1, and vy are known, we proceed as follows:

o if 7, = Xy, weset =0 and vy = 1;

o if v, = X/, with & #£ k, we set 1y, = X and vy = 0;

o if 7, = ¢y, with ¢, € L, then we set 1y, = ¢, and vy = 0;

o if vy = v,, £,, for some indices ay, by < ¢, then we set n, = n,, £m, and vy = v,, £14,;

o if vp = v,,M,, for some indices ay, b, < £, then we set 7, = n,,7, and

Ve = NayVb, + Va, M, + XiVa, Vb, -

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

Taking all values of k into account, we see that we can compute all entries we need to set
up the linear system 7T, using O(u®n(o + n)) operations in L. After discarding the useless
equations described above, the numbers of equations and unknowns in the system 7, are
respectively at most n?u +m and npu; this implies that we can find a nullspace basis of it in
time O(n?y® +n?mu?). Altogether, the time spent to find BV from (31, 3?) ... BW) =
(B1,- -+, Be,) is O(n*u® + n?*mp? 4+ nou?).

Since we saw that we do at most u such loops, the cumulated time is O(n*u* + n?*mu® +
nopt), and Proposition 4 is proved.
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3 Symbolic homotopies

In this section, we work over our field K, still using n variables X = (X;,...,X,). Given
polynomials C = (¢q, ..., ¢,) in K[X]™, we give algorithms to compute a zero-dimensional
parametrization of the isolated points (or simple points) of V(C'), assuming the existence
of a suitable homotopy deformation of C. We assume m > n, otherwise no isolated point
exists in V(C).

Let T be a new variable and consider polynomials B = (by,...,b,) in K[T, X]; for 7
in K, we write B, = (by1,...,b,m) = B(1,X) C K[X] and we assume that B is such
that B, = C. Define further the ideal J = (B) C K|[T, X] and consider the folllowing

assumptions.
B;. Any irreducible component of V(.J) C K*! has dimension at least one.

B,. For any maximal ideal m C KT, X], if the localization J, C K[T, X], has height n,
then it is unmixed (that is, all associated primes have height n).

An obvious example where such properties hold is when m = n. Then, B; is Krull’s theo-
rem, and B, is Macaulay’s unmixedness theorem in the Cohen-Macaulay ring K[T, X, [22,
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[T', X|, with p < ¢ and n = ¢ — p+ 1; we discuss this, and
a slightly more general situation, in Section 4.

For 7 in K, we further denote by C(7) the following three properties.

Ci(1). For k=1,...,m, degx(br) = degx (brx) (where degx denotes the degree in X).

Cy(7). The only common solution to b (7, X) = --- = b¥ (7, X) =01s (0,...,0) € K",

where for k =1,...,m, bffk is the polynomial in K[Xj, X] obtained by homogenizing b,
using a new variable X,. In particular, V(B,) C K" is finite.

C3(7). The ideal (B;) is radical in K[X].
The first result in this section is the following.

Proposition 8. Suppge that assumptions By and By hold. Then, there exists an integer c
such that for all T in K, the sum of the multiplicities of the isolated solutions of B, is at
most ¢, and is equal to ¢ if C(T) holds.

We next give our algorithms for
e computing the isolated solutions of the polynomial system C = (cy,...,¢n);
e computing the simple solutions of the polynomial system C.

In order to control the cost of the algorithm, we introduce the following assumptions.
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D;. We are given 7 in K such that C(7) holds; without loss of generality, we assume that
7 = 0. We also suppose that we know a description of V' (Bj) by means of a zero-dimensional
parametrization Zy = ((wo, vo 1, - -, Von), A) with coefficients in K. The linear form X needs
to satisfy some genericity requirements, that are described in Subsection 3.2.

Ds. We know an integer e such that the union of the one-dimensional components of V({J)
in K" has degree at most e (we prove that ¢ > ¢ in Lemma 18).

D3;. We can compute B using a straight-line program of length o.
Then, the second main result in this section is the following.

Proposition 9. Assume that D1, Dy and D3 hold. Let ¢ be as in Proposition 8. 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 (eam)°W
operations in K.

The variant below focuses on the computation of simple points. We reuse the notations
introduced above.

Proposition 10. Under the assumptions of Proposition 9, there exists a randomized al-
gorithm 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.

3.1 Proof of Proposition 8

This subsection is devoted to prove Proposition 8. In the course 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 further purposes. In all the rest of
this subsection, we assume that By and By hold.

Consider an irredundant primary decomposition of the ideal J = (B) in K[T, X], of the
form J=0Q:N---NQ,, and let P,..., P, be the associated primes, that is, the respective
radicals of @)1, ..., Q,. We assume that Py, ..., P, are the minimal primes, for some s < r, so
that V(P,),...,V(P,) are the (absolutely) irreducible components of V(.J) c K"*!. By By,
these irreducible components all have dimension at least one. Refining further, we assume
that ¢ < sis such that V(P), ..., V(F,) are the irreducible components of V'(.J) of dimension
one whose image by 7y : (7,21, ...,2,) + T is Zariski dense in K.
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Lemma 11. Let 7 be in K and let x € K be an isolated solution of the system B.. Then,
(1,2) belongs to V(P;) for at least one index i in {1,...,t}, and does not belong to V(P;)
for any index i in {t+1,...,7}.

Proof. Because (7, x) cancels B, it belongs to at least one of V(Fy),...,V(P,). It remains
to rule out the possibility that (7, ) belongs to V(P;) for some index ¢ in {t + 1,...,r}.
We first deal with indices ¢ in {t + 1,...,s}. These are those primary components with
minimal associated 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(FP;) N V(T — 7) have dimension at least one. Since x is isolated in V(B,),
(1,2) is isolated in V/(B) N V(T — 1), so it cannot belong to V(P;) N V(T — ) for any i in

{t+1,...,s}.
We conclude by proving that (7, ) does not belong to V(F;), for any of the embedded
primes Py q,...,P.. We proceed by contradiction, assuming for definiteness that (7, )

belongs to V(Ps;1). Because Py is an embedded prime, V(Psy;) is contained in (at
least) one of V(P;),...,V(Ps). In view of the previous paragraph, it cannot be one of
V(Pis1),-..,V(Ps). Now, all of V(P),...,V(F,) have dimension one, so V(Psy1) has di-
mension zero (so it is the point {(7,x)}). For the same reason, if (7, x) belonged to another
V(P;), for some i > s+ 1, V(F;) would also be zero-dimensional, and thus equal to {(7,x)};
as a result, V(P;) would be equal to V(Psy1), and this would contradict the irredundancy of
our decomposition.

To summarize, (7,a) belongs to V(Psi1), together with V(F;) for some indices P; in
{1,...,t} (say P,..., P,, up to reordering, for some u > 1), and avoids all other associated
primes. Let us localize the decomposition J = Q1 N---NQ, at Py 1. By [3, Proposition 4.9],
Jp = les+1 N---N Qups+1 N Qsﬂpsﬂ is an irredundant primary decomposition of Jp_,,
in K[T, X]p,,,; the minimal primes are Pip,yso s Pup,

By Corollary 4 p.24 in [45], for any prime P;p,,, 7 = 1,...,u or i = s+ 1, the local-
ization of K[T', X|p,,, at P;p,,, is equal to K[T, X]p,. In particular, the height of P;p_ in
K[T, X]p,,, is equal to that of P; in K[T, X]p, that is, n if i = 1,..., u, since then V(F)
has dimension 1, or n 41 if ¢ = s + 1. Since u > 1, this proves that Jp_, has height n. As
a result, By implies that Jp,_ , is unmixed, a contradiction. O

Let us write J = J'NJ", with J'=Q:N---NQ; and J” = Q1 N---NQ,. For 7 in K,
we denote by J, C K[T, X] the ideal J + (T — 7), and similarly for J. and J.

Lemma 12. Let 7 and x be as in Lemma 11. Then, the multiplicities of the ideals J, and
JL at (1,x) are the same.

Proof. Without loss of generality, assume that 7 = 0 € K and & = 0 € K". We start from
the equality J = J’ N J”, which holds in K[T, X], and we see it in the formal power series
ring K[[T, X]]. The previous lemma implies that there exists a polynomial in J” that does
not vanish at (7,2) = 0 € K"*!. This polynomial is a unit in K[[T, X]], which implies
that the extension of J” in K[[T, X]] is the trivial ideal (1), and finally that the equality of
extended ideals J = J' holds in K[[T, X]]. This implies the equality J + (T) = J' + (T in
K][T, X]], and the conclusion follows. O
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Our goal is now to give a bound on the sum of the multiplicites of B, at all its isolated
roots, for any 7 in K.

To achieve this, we consider the Puiseux series field S = K((T')) in T with coefficients in
K. Since K is algebraically closed and of characteristic 0, S is algebraically closed (actually,
it is an algebraic closure of K(T')) and hence a perfect field.

Next, we consider the extension J of J in S[X], and similarly J" and J” denote extensions

of J" and J” in S[X].

Lemma 13. The ideal §J' has dimension zero and V (J') C S™ is the set of isolated solutions
of V(J) C S™.

Proof. From the equality J = J' N J” and Corollary 3.4 in [3], we deduce that J = J NJ".
The properties of J' (that the irreducible components of V'(J') are precisely those irreducible
components of V(J) that have dimension one and with a dense image by mr) imply our
claim. O]

Let us write ¢ = dimg(S[X]/J'). Because S is an algebraic closure of K(7T'), one has
dimg 7, (K(T)[X]/J") = ¢ where J is the extension of J’ in K(T)[X].

The following lemma relates this quantity to the multiplicities of the solutions in any
fiber B,. This proves the first statement in Proposition 8.

Lemma 14. 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 the lemma is also the sum of the multiplicities of the ideal J, at all (1, x),
for  an isolated solution of B,. By Lemma 12, this is also the sum of the multiplicities
of J. at all (1,«), for & an isolated solution of B,. We prove below that the sum of the
multiplicities of J. at all (r,x), for & such that (7, ) cancels J., is at most ¢; this will
be enough to conclude (for any isolated solution x of B,, (1,) is a root of J., though
the converse may not be true). Remark that the latter sum is simply the dimension of
KT, X]/J..

Let my,...,m; be monomials that form a K-basis of K[T, X]/J!; since T — 7 is in
J., these monomials can be assumed not to involve 7. We will prove that they are still
K(T)-linearly independent in K(7)[X]/.J’; this will imply that k < ¢, and finish the proof.

Suppose that there exists a linear combination Aymq + - - - + Agmy in J', with all A;’s in
K(T), not all of them zero. Thus, we have an equality a;/d; m, +- - - +ai /dy my, = a/d, with
ay,...,arand d,dy, ..., d; in K[T] and a in the ideal J’. Clearing denominators, we obtain a
relation of the form eymy +---+epmy € J', with not all e;’s zero. Let (T'—7)" be the highest
power of T'— 7 that divides all e;’s (this is well-defined, since not all e;’s vanish) so that we
can rewrite the above as (T'— 7)"(fimq + -+ + fymg) € J', with fi = e;/(T — 7)* € K[T
for all ¢. In particular, our definition of e; implies that the values f;(7) are not all zero.

Recall that the ideal J’ has the form J' = QN ---N Q. For ¢ = 1,... t, since Q;
is primary, the membership equality (7" — 7)“(fimy + - - + fymy) € J' implies that either
fimq + -+ + fymy or some power (T — 7)"", for some v > 0, is in @);. Since @; does not
contain non-zero polynomials in K[T], fimi + --- + frmy belongs to all Q;’s, that is, to .J'.
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We can then evaluate this relation at 7= 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,...,my
modulo J.. O

We now take 7 in K and we discuss the geometry of V(J) near 7; without loss of
generality, we suppose that 7 = 0. We already emphasized that the field S is an algebraic
closure of K(T'); we thus let ®4,...,®, be the points of V(J'), with coordinates taken in S.
In particular, we see that ¢ < ¢; we prove below that if C(0) holds, we actually have ¢ = ¢
(that is, that J is radical).

Any non-zero series ¢ in S admits a well-defined valuation v(p), which is the smallest
exponent that appears in its expansion support; we also set v(0) = co. The valuation v(®),
for a vector ® = (¢1,...,ps) 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, limg(®)
is defined as the vector (limg (i), ..., limg(ps)), with limg(y;) = coeff(p;, T) for all i.

Without loss of generality, we assume that ®q,...,®, are bounded, and ®,,,..., Py
are not, for some « in {0,...,c'}, and we define ¢1,..., ¢, by ¢; = limy(®;) € K" for
1=1,... K.

Lemma 15. The equality V(J' +(T)) = {¢; | i=1,...,K} holds.

Proof. Let (s1,...,s;) be generators of the ideal J' in K[T, X|; they also generate J' in
K(T)[X]. Then, the polynomials so; = s;(0, X) € K[X], for i = 1,..., h, are such that
J +(T) = (T,s01,--.,5u). Consider i < k, and the corresponding vector of series ®;.
We know that for j = 1,...,h, we have s;(®;) = 0. Since all elements involved have non-
negative valuation, we can take the coefficient of degree 0 in 7" in this equality and deduce
so,j(i) =0, as claimed. Hence, each ;, for i <k, is in V/(J' + (T')).

Conversely, take indeterminates 77,...,7T,, and let L be the algebraic closure of the
field K(71,...,Ty); let C C L™ be the zero-set of the ideal J’ - L[T, X] and consider the
projection C — L? defined by (7,zy,...,2,) — (7,Tixy + -+ + Tyx,). The Zariski closure
S of the image of this mapping is a hypersurface, that is, a plane curve. Since the ideal .J’
is generated by polynomials with coefficients in K, one deduces that S admits a squarefree
defining equation in K(T1,...,T,)[T, Ty).

Consider such a polynomial, say C', and assume without loss of generality that C' belongs
to K[T1, ..., T,][T, To]. Because C admits no irreducible component lying above T = 7, for
any 7 in K, C' admits no factor in K[T7; thus, C(0,T}) is non-zero.

Let ¢ € K[T},...,T,,T) be the leading coefficient of C' with respect to Ty. Proposition 1
in [57] proves that C/¢, seen in K(T1,...,T,, T)[Ty] C L(T)[T}], is the minimal polynomial
of VX, + -+ + T, X, in L(T)[X]/VJ' - L(T)[X]. The latter ideal is also the extension of
VI to L(T)[X], so C/{ factors as

C
—= I @ —Ti¥sy -+ = 1,05

l :
1<i<e!

18



in L/[Ty] where L/ is the generalized Power series ring in T" with coefficients in L. This gives
the equality
C=t]] (To—T1®ig - — T, ®i)
1<i<e!
over S[Ty,...,T,, Ty].

Let us extend the valuation v on S to S[T3,...,T,,Tp] in the direct manner, by setting
V(> foI50 - To) = min, v(f,). The fact that C' has no factor in K[T] implies that
v(C) = 0. Using Gauss’ Lemma, we see that the valuation of the right-hand side is v(¢) +
ZKKC i, with p; = v(®;) for all 7; note that p; < 0 for ¢ > k. Thus, we can rewrite

C= (T [] G-T1®in—-—To®in) [[ T T—T 11011~ =T T, P;,),
1<i<k r<i<c!

where all terms appearing above have non-negative valuation. As a result, we can take the
coefficient of T term-wise, and obtain

C(0,Ty) =s [[ (To—Tipir — - — Tugin),
1<i<k
where s is in K[T},...,T,]; note that s # 0, since C(0,Tp) is non-zero. By construction of
C, for any @ = (z1,...,2,) in V(J' +{(T)), Tyx1 + - - - + Tz, cancels C(0,T}), so x must be
one of ¢q,..., ps. O

To conclude the proof of Proposition 8, we now assume that property C(0) holds.
Lemma 16. ®4,..., P, are bounded; equivalently, k = ¢ .

Proof. We want to prove that ®,...,®. are bounded. Without loss of generality, one can
assume that they are all non-zero (a zero vector is bounded).

For i = 1,...,¢, write ®&; = 1/T%(V;4,...,¥;,), for a vector (V;q,...,¥;,) of
generalized power series of valuation zero, that is, such that all W¥;; are bounded and
(Yins- oy Yin) = limo(W;q,...,¥,;,) is non-zero. Hence, e; = —v(®P;), and we have to prove
that e; < 0. By way of contradiction, we assume that e; > 0.

The series ®; cancels by, ..., b,. For k=1,...,m, let bfl € K[T][X,, X] be the homog-
enization of by with respect to X. From the equality b (T% W, , ..., U, ) = T¢b,(P;),
we deduce that b (T% W, q,...,¥;,) = 0 for all k. We can write b, = byy + Tby, for
some polynomial b, in K[T', X], and C;(0) implies that degy (b;) < degx (bos). As a result,
the homogenizations (with respect to X)) of by, by and l;k satisfy a relation of the form
by = bl + XTBH | for some &), > 0. This implies the equality

b (T, Wy, W) + T (T, Uy, 0;,) = 0.

The second term has positive valuation, so that bg{k(Tei, U, 1,...,¥;,) has positive valuation
as well. Taking the coefficient of 7, this means that bgk((), Vi1, Yin) =0 (since e; > 0),
which implies that (¢;1,...,%:,) = (0,...,0), in view of C3(0). This however contradicts
the definition of (¢;1,..., %) O

19



Lemma 17. The ideal J' is radical; equivalently, ¢ = c.

Proof. We know that J' has dimension zero (Lemma 13), so it is enough 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 me, is a field. Recall that S is algebraically closed, hence
a perfect field. By the Jacobian criterion [22, Theorem 16.19.b], this is the case if and
only if the Jacobian matrix of B with respect to X has full rank n at ®;. We know that
;i = limy(®P;) is a root of By (Lemma 15), and the Jacobian criterion conversely implies that
since the ideal (By) is radical (by assumption C3(0)) and zero-dimensional (by assumption
C2(0)), the Jacobian matrix of By(X) = B(0, X) has full rank n at ¢;. 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

To finish the proof of Proposition 8, we have to establish that V(Bj) consists of exactly
¢ solutions. First, since V(By) is finite, Lemma 11 implies that « is in V(By) if and only
if (0,) isin V(J'+ (T)). Next, remark that the two previous lemma taken together imply
that ¢ = k; thus, in view of Lemma 15, to conclude, it is enough to prove that for i,7 in
{1,...,c}, with i # 4, we have p; # ;.

Suppose to the contrary that ¢; = ¢y. We know that the Jacobian matrix of By has
full rank n at ¢;; up to reindexing, we assume that rows 1,...,n correspond to a maximal
non-zero minor. Let B’ = (by,...,by).

Let z = v(®; — ®y); since ; = i, we have z > 0; it is finite else we would have ®; = &
which contradicts i # i’. We can thus write ®; = f + T7); and ®; = f + T%0;, for some
vectors of bounded series f,d;,d; such that all terms in f have valuation less than z; in
addition, limg(6;) # limg(d;7). Write the Taylor expansion of B’ at f as

B'(®;) = B'(f) + jac;(B', X)T*6; + T%r, =0

and
B/(¢i/) = B/(f) +jaCf(B/7 X)TZ(S,L/ + TZZ”{’Z-/ — 07

for some vectors of bounded series r;,7;. By subtraction and division by 77 we obtain
jacy(B', X)(0; — 0y) = T?r, for some vector of bounded series r. Since jac,;(B’, X) is
invertible, this further gives é; — §; = T*r’, where again ' is a vector of bounded series.
However, by construction the left-hand side has valuation zero, while the right-hand side has
positive valuation (since z > 0). Hence, we derived a contradiction to our assumption that
wi = wp. The proof of Proposition 8 is complete. (Although we do not need it now, the
linearization used above also implies that all ®; are actually power series.)
We end this section with the proof that e > c.

Lemma 18. Under the above notations and assumptions, the inequality e > ¢ holds.

Proof. By definition of the integer e given in Ds, and of the ideal J’, e is greater than or
equal to the degree of V(J'), which is an algebraic curve.
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The degree of this curve is greater than or equal to the cardinality of any fiber V(J.); in
particular, we have
V() < deg(V(J)) <e.

Besides, Proposition 8 establishes that the number of isolated points of V' (By) equals ¢
(because the ideal generated by (B, T') is radical, multiplicities are equal to 1). By Lemma 11,
all these points lie in V' (J}) which allows us to deduce ¢ < e. O

3.2 Proofs of Propositions 9 and 10

Let Zy = ((wo,v01,---,v0n), ) be a zero-dimensional parametrization of V' (By) obtained
by means of assumption Dy, with gp and all vy ; in K[Y]. Note that the degree of wy is the
integer c.

Decomposing %,. We start by decomposing %, into finitely many zero-dimensional
parametrizations %y ; = ((Wo j,Voj1s---,V0jn)s A)1<j<t, all with coefficients in K, such that
for j in {1,...,t}, there exist 4; = (ij1,...,%;,) such that the Jacobian matrix of (bo;)scs,
has full rank n at «, for all « in Z(%, ;).

If wy were irreducible, we would simply evaluate the Jacobian matrix of By at the point
(vo1/wy, ..., vo,/wg), which has coordinates in the field L = K[Y']/(wj), and find a non-zero
minor of size n in this matrix. It takes O(no) operations in L to compute this Jacobian
matrix, and O(mn?) operations in L to find an invertible minor, e.g. using Gaussian elim-
ination. 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 = K[Y]/(wy) is a product of fields. We can still apply the
same process as in the irreducible case; if the algorithm goes through, we have obtained our
answer. In general, one workaround would be to factor wg, but 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 [20].
Indeed, the only issue that may arise is that we attempt to invert a zero-divisor. If this is the
case, it means we have found a non-trivial factor rq of wy: we can then replace %, by two new
zero-dimensional parametrizations, %, = ((ro, (vo,1/S0) mod 7o, . .., (von/S0) mod ), A) and

0 = ((s0, (v0,1/70) mod sg, . .., (von/T0) mod sp), \), with sg = wy/r9, that define a parti-
tion of Z(%) into the subsets Z(%)) and Z(Z%|/) where r( vanishes, resp. is non-zero.

We can then start over again, from %, and %, independently. Overall, in the worst case,
this splitting process induces a extra factor O(c) in the runtime compared to the case where
wy is irreducible, for a total of O7(c?*(mn? + no)) operations in K.

Lifting power series and rational reconstruction. For j =1,... ¢, we can then apply
Newton iteration to the system (b;)ici; to lift Zo; = ((wo,j,vo1,---,v0,n), A) into a zero-
dimensional parametrization %; = ((w;,vj1,...,0;,),\) with coefficients in K[[T]/(T?),

for e as in Ds.
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As explained in [54, Section 2.2], using the algorithm of [31], this can be done using
O (ce(o +n?)n) operations in K. Using the Chinese Remainder Theorem, we can combine
all Z; into a single zero-dimensional parametrization % with coefficients in K[[T]]/(T?),
since for j # j', wo; and wp; generate the unit ideal in K[[T]]/(T%); this takes time
O (cen).

Using the notation of the previous subsection, the zeros of % in K[[T]]/(T?¢) are the
truncations of the power series roots ®q,...,®. of J'. Since V(J') has degree at most e,
knowing & at precision 2e allows us to reconstruct a zero-dimensional parametrization .&
with coefficients in K(7) such that Z(.%) = V(J’), with all coefficients having numerator
and denominator of degree at most e [57, Theorem 1]. This is done by applying rational
function reconstruction to all coefficients of %, as in [57], and takes time O™ (cen).

All in all, the total cost of this step is O (cen(o + n?)).

A finite set containing the isolated points of V(C'). As we did in the previous sub-

section for 7" = 0, we let ®),..., P, be the roots of J in the field of generalized power
series in 1" with coefficients in K at T = 1, with 7" = T — 1. Without loss of gener-
ality, we assume that ®/,...,®], are bounded, and @}, ,...,®/ are not, for some #’ in

{0,...,c}, and we define ¢}, ..., ., by ¢, = limg(®}) € K" for i = 1,...,x'. By Lemma 15,
V(J'+{(T-1)=A{¢ |i=1,...,k}.

We can now specify our requirements on the linear form \. Following [51] and [54], we
ask that \ is a well-separating element, that is:

1. A is separating for V(J') = {®], ..., D.};
2. X is separating for V/(J' +(T'— 1)) ={¢), ..., ¢l }.
3. v(AN(®;)) = p; for all i = 1,..., ¢, where v denotes the T"-adic valuation.

Applying Lemma 14 in [54, Section 3], these conditions are satisfied for a generic choice
of \. When this is the case, Lemma 4.4 in [51] shows how to recover a zero-dimensional
parametrization %#; = ((wy,v11,...,01,),A) with coefficients in K for the limit set
V(J'+ (T —-1)) = {¢, | i = 1,...,k'} starting from the previously computed rational
parametrization .7, in time O™ (cen).

When the chosen form 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
[54, Remark 14] for a discussion on probabilistic aspects.

Cleaning. Finally, summing all the previous costs, one performs
O™ (*(mn® +no) + cen(o +n?))

operations in K for the first three steps (decomposition of %, lifting and rational recon-
struction and getting a finite set containing the isolated points of V(C)).

Let us first show how to prove Proposition 9. Lemma 11 implies that for any isolated
solution  of C, (1, x) isin V (J'4+(T'—1)), so in a second time, we discard from V' (J'+(T'—1))
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those points that do not correspond to isolated points of V(C'). All such points belong to
a positive-dimensional component of V(C'). Hence, we can use the algorithm of Section 2.
By Proposition 8, we can take ¢ as an upper bound on the multiplicity of isolated solutions
of C.

Using the same dynamic evaluation techniques as in the first paragraph above, we can
use the algorithm of Section 2 as if Z(#;) were an irreducible variety, with an overhead
O (c) to account for the cost of operations in K[Y]/(w;). Since the number of splittings is
bounded by c¢ also, the total overhead is O™(c?). The runtime deduced from Proposition 4 is
then

O™ (*n* + &mn® + *no)
operations in K. Adding all costs seen so far, we prove Proposition 9. The resulting algo-
rithm, which we simply name Homotopy, is described hereafter.

Algorithm 1 Homotopy(I', %)
Input: a straight-line program T" of length ¢ that computes B € K[T, X|™
a zero-dimensional parametrization & of the system By
Output: a zero-dimensional parametrization of the isolated points of V(C'), with C = B,

1. decompose %, into (%o j)1<j<t
cost: O (?(mn? + no))

2. lift (ﬁo,j)lgjgt to (e@j)lgjét with coefficients in K[[T]]/<T2e>
cost: O™ (ce(o +n?)n)

3. combine (%;)1<;<; into Z with coefficients in K[[T]]/{T?)
cost: O™ (cen)

4. compute a zero-dimensional parametrization . with coefficients in K(7) 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* + >mn? + ®no)

The only difference to prove Proposition 10 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. Doing
that is easier than discarding those points which are not isolated. It suffices to construct a
straight-line program evaluating that Jacobian matrix; this yields a straight-line program of
length ¢’ € O(no). Next, one evaluates this matrix modulo wy, as done previously when
we were decomposing %, and use Gaussian elimination modulo w; to identify divisors of
wy that need to be removed. The overall cost is similar to that of decomposing %, that is,
O™ (*(mn? +no)) operations in K. The final cleaning step is done using Algorithm Clean of
[31] whose cost is dominated by the previous computations.
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All in all, the total cost is
O™ (*(mn? + no) + cen(o +n?))
operations in K. Taking into account the inequality e > ¢ (Lemma 18) this simplifies as
O™ (*mn® + cen(o +n?)),

which ends the proof of Proposition 10. In the sequel, the resulting algorithm is called
Homotopy_simple. It differs from Algorithm Homotopy at Step 6 where the cleaning step we
just described replaces the one of Homotopy.

4 Properties of determinantal ideals

The following sections will show how to apply the algorithms of the previous section to Prob-
lems (1) and (2), by applying Proposition 9 (resp. Proposition 10) to suitable deformations
of our input systems. This proposition requires several assumptions to hold: some (noted
B; and Bs; see Section 3) are related to the deformed system as a whole, while the others
(C; to C3) involve properties at the starting point of the homotopy (7" = 0). In this section,
we prove that a large variety of systems satisfy B; and Bs.

Let T and X = (X1,...,X,) be variables, let .J be an ideal in K[T, X], and let us recall
properties By and Bs:

B;. Any irreducible component of V(J) C K"*! has dimension at least one.

B,. For any maximal ideal m C K[T, X], if the localization J,, C K[T, X], has height n,
then it is unmixed (that is, all associated primes have height n).

We pointed out in the previous section that when J is generated by n polynomials, the
fact that these properties hold is well-known. To study the case of maximal minors of a
polynomial matrix, we will use the following results, taken from [21, Section 6]. Let R be
a Cohen-Macaulay ring and let I be the ideal generated by all p-minors of a p X ¢ matrix
F e RP*1 with p < ¢q. Then:

e if ] # R, then the height of I is at most ¢ — p + 1;
e if [ has height ¢ —p+1, then [ is unmixed (all associated primes have height ¢ —p+1).

Let then G = (g1,...,9s) be polynomials in K|T, X], with s < n, and let F be a
polynomial matrix in K[T, XP*?, with p < g. We define J = I,(F) + (g1, .- ., gs), that is J
is the ideal in K[T', X] generated by all p-minors of F, together with the polynomials G.

Proposition 19. Ifn=q—p+ s+ 1, the ideal J satisfies By and B,.

24



The proof occupies the rest of this section. Let B = M,(F'), the set of all p-minors of F,
and let Vi,...,V, be the K-irreducible components of V(J) € K". We prove in the next
paragraph that dim(V;) > (n+1) — (¢ —p-+1) holds for all i. Of course, we can assume that
V(J) # 0, so that J # K|[T, X|, otherwise the proposition itself would be vacuously true.

First, remark that for a point & in V(J) € K", and writing m C K|[T, X] for the
maximal ideal at x, the height of J, in K[T, X], is equal to (n + 1) — max{dim(V;) | 1 <
i < s,x € V}. Fori =1,...,s, let then @; be a point in V; that does not belong to
any other Vi, i’ # i, and let m; be the corresponding maximal ideal; then, the previous
equality becomes height(Jy,) = (n + 1) — dim(V;). Applying the first item mentioned above
in K[T, X, (which is Cohen-Macaulay), we deduce that (n+1) —dim(V;) < ¢ —p+1, that
is, dim(V;) > (n+1) — (¢ —p+1).

Notice that we can rewrite (n+1)—(¢—p+1) as s+1. Since G consists of s polynomials, all
irreducible components of V' (.J) must have dimension at least 1, by Krull’s theorem; property
B, follows.

We next prove By. Let J, = Q1N ---NQ; be an irredundant primary decomposition of
Jo in K[T, X], and let P,..., P, be the corresponding primes; we assume that the height
of Jy, is n, and our goal is to prove that all P;’s have height n.

Of course, we can restrict to an ideal m containing J; m is then the maximal ideal at a
point & € K"*! that belongs to V(J). The height of the localization J,, C K|[T, X],, can
be rewritten as (n + 1) — dim(V;), where V,, is the union of the irreducible components of
V' (J) passing through . Our assumption in By is that the height of J,, is 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(B) containing . We claim that dim(W) = s+1.
Indeed, we mentioned in the first paragraph that dim(W) > s+ 1. If dim(W) > s+ 1, then
by Krull’s theorem, every irreducible component of W N V(G) has dimension greater than
1; since W N V(G) is a subset of V(J) and contains @, we have reached a contradiction.
Now, the fact that dim(WW) = s+ 1 for any irreducible component of V(B) containing x
means that (B), has height n —s = ¢ —p+ 1. As a result, [22, Theorem 18.18] shows that
KT, X]n/(B)n is Cohen-Macaulay.

For an ideal I C K[T, X],, we denote by I its image modulo (B),. By the remarks
following [65, Theorem IV.5.9], Q; N ---NQ; is an irredundant primary decomposition of Jy,
in K[T, X]n/(B)w, with associated primes Py, ..., P;. In addition, if we let P,..., P, be
the minimal primes of J,,, for some s < t, P;,..., P, are the minimal primes of J,.

Our assumption says that Py, ..., P, have height n. Because K[T', X]n/(B)w is local and
Cohen-Macaulay, for any ¢ < ¢, we have

dim(K[T, X]u/(B)w) = dim((K[T, X]w/(B)n)/F;) + height(F)

by [45, Theorem 17.4(i)]. The factor ring (K[T, X]n/(B)n)/P; is simply K[T, X|n/F;, so
this can be rewritten as

s+ 1= dim(K[T, X]n/P;) + height(5).

For i < u, we have dim(K[T, X]n/P;) = 1, so that height(P;) = s; for i > u, the height of
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P; is necessarily s + 1. Because P, ..., P, are the minimal primes of .J,,, the height of .J,, is
thus s as well.

The ideal J,, is generated in K[T, X]n/(B)m by G = (g1, ..., 9s). Since K[T, X|n/(B)mn
is Cohen-Macaulay, J, is unmixed, that is, u = ¢. As a result, Q;N---NQ, is an irredundant
primary decomposition of J,, and J;, is unmixed.

5 The column-degree homotopy

We can now prove the first half of our results, dealing with the column degree structure of
our matrices. As input, we are given a matrix F' = [f; ;] € K[X1,..., X,]?*? and polynomials
G=(g1,--.,9s) in K[Xq,...,X,], withp < gand n=¢—p+ s+ 1. We want to compute
the isolated points (or the simple points) of V,(F, G), with

Vo (F,G) = {x € K" | rank(F(z)) < p and gi(z) = - - - = g,(x) = 0}.

In this section, we design an algorithm for these both tasks whose cost depends on
the column degrees d; = cdeg(F,1),...,d, = cdeg(F,q); note in particular that with this
notation, deg(f; ;) < d; holds for all 7, j. We will also write v; = deg(g1), - ..,7s = deg(gs).

We point out that (in the case where there are no polynomials (), the construction used
in this section was already in the appendix of [49], where it was used to bound the number
of solutions of determinantal systems (as we mentioned in the introduction).

Recall that for £ > 0, Ej(d1,...,d,) denotes the elementary symmetric polynomial of
degree k in (d1,...,4,).

Proposition 20. Suppose that the matriz F' € K[ X1, ..., X,[P*? and the polynomials G =
(91,---,95) in K[Xq,...,X,] are given by a straight-line program of length o. Then, the sum
of the multiplicities of the isolated points of V,(F, G) are at most ¢ =1 - - - YsEn_s(01, ..., 0q).

Assume that all ;s and 6;’s are at least equal to 1, and lete = (y1+1) - - (ys+1) Ep_s(01+
L,...,0,+1), vy =max(y1,...,7) and 6 = max(dy,...,0,). Then, there exists a randomized
algorithm that computes these isolated points

O ((Z) cle +c)(o+v+ q5))

The next proposition states a better complexity estimate when one only computes simple
points of V,(F,G).

operations in K.

Proposition 21. Reusing the notations introduced above, there exists a randomized algo-
rithm that computes the simple points of V,(F, G) using

o ((;) celo+v+ qa)))
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These propositions establish the first half of Theorems 1, 2 and 3.

We use the algorithms of Section 3. To match the notation of that section, we let
C = (¢1,...,Cs,...,Cp) be polynomials defined as follows: (ci,...,¢s) = (g1,--.,9s), and
(Cs41y---,Cm) are the p-minors of F, so that m = s + (g). Thus, V,(F,G) is the zero-set
of C.

Using the degrees ~;,...,7s and 91,...,0,, we construct a polynomial matrix L &
K[X]P*4, and polynomials M = (mq,...,m,) in K[X], to use as a starting point for the
homotopy algorithm. For any 1 < j < g and 1 <k <, let us define

>\j,k = )\j,k,O -+ Z Aj,k,EXb

(=1

where all ;¢ are random elements in K. Then, for j =1,...,¢q, we define

d;
A= T A
k=1

and we let L be the matrix

)\1 2)\2 s (])\q
A 22N - 2\

_ .1 . 2 q . q c K[X]qu. (1)
A 2PNy - P,

Fori=1,...,sand k =1,...,7, let us further define

n
Wi = i k0 + E i e Xe,
=1

where all p; ;o are random elements in K; then, we let

Yi
a; = Huzk
k=1

We can thus define the system of equations A = (aq,...,as,...,a,), with a; as above for
i =1,...,s, and where (as;1,...,a,) are the p-minors of L (taken in the same order as
those in the system C)).

Let T be a new variable and define the matrix U = (1 -T7)- L+ T - F € K[T, X|P*7.
We let B be the polynomials in K[T', X| given by B = (b1, ...,bs,...,by), where

e b=1-T)a;+Tg; fori=1,...,s
e (bsi1,...,by) are the p-minors of U, taken in the same order as those in C'.

We can then define J as the ideal generated by B in K[T, X]. Using the notation of
Section 3, we see that By = A and B; = C. Having in mind to apply Proposition 9 (resp.
Proposition 10) to compute the isolated points (resp. simple points) of V(C) = V,(F,G),
we now verify that all required assumptions are satisfied.
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Properties B; and B;. These follow from Proposition 19.

Property C;(0). We have to prove that for i = 1,...,m, degx(b;) = degx(a;).

For i =1,...,s, this amounts to proving that degx((1 — T)a; + T'g;) = degx(a;). The
latter is by construction equal to 7;. The former is at most ~; (since b; is the sum of two
polynomials of degree ~; in X), but since evaluating 7" at 0 in b; gives us g;, its degree in X
must be exactly ~;.

To each index i = s+1,...,m corresponds a sequence j; = (j;1, .- ., jip) such that b; and
a; are the minors built with columns indexed by j; in respectively U = (1 —T)-L+T - F
and L. In view of the shape of L, the polynomial a; is equal to ¢;A;, , -+ A;, , with

Jix Ji2 ]z,p

-2 -2

ji,l ji,Q T ]zp
G =1 . . .

:p :p -p

Jix Jiz T Jip

Because K has characteristic zero, ¢; is a non-zero constant, so that a; has degree 0;, | +---+

dj,,- Since the columns (]Z 1,---,Jip) of U have respective degrees at most (J;,,,...,d;, ),
b; has degree at most Jj, -+ 6, - However, evaluating T at 0 in b; gives us back the
polynomial a;, so b; must have degree exactly d;,, + -+ +9;, .

Property C5(0). We have to prove that the homogenization of the system A has no root at
infinity. Thus, let Xy be a new variable, and let A = (af?,... afl) be the homogenization
of A. Fori=1,...,s, we have

¥i n
ol =T ull with pff = (uinoXo + > tineXo),

k=1 =1
whereas for i =s+1,...,m,
a; =ciA;, A, forgi= (Jids-- -, Jip) as above,

where for j =1,...,¢q we set Al = Hk 1)‘]14’ with

)\fk = )\j7k7QX[) + Z >\j7k7€X€~
=1

To prove Cy(0), we start by writing down all projective solutions of this system (this will be
of use below), before adding the constraint X, = 0.
Since all af are products of linear forms, we find the solutions of A¥ by setting some of

these linear forms to zero. In order to cancel al, ... aff, we choose indices u = (uy, ..., u,),

) s )

with u; € {1,...,m}, ..., us € {1,...,7}, and we consider the equations

pit, =0, thatis, pu0Xo+ Z,U/i,ui,éXé =0,
=1
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forv=1,...,s. In what follows, we fix such an w. Then, for a generic choice of coefficients
I k.0, these equations are equivalent to

Xn—s+1 - (I)n—s—}—l,u(XOa s 7Xn—s)7 cee 7Xn = (I)n,u(X07 <. aXn—s)a

for some homogeneous linear forms ®,,_s11 4, ..., Py . After applying this substitution, for
all j =1,...,q, M can be rewritten as

8
H _ H
Aj”u‘ - H Aj7k7u'7
k=1

where
M = Nk0Xo + > NweXet D NwePeu(Xo, -, Xo).
/=1 l=n—s+1
Then, = (zg,...,x,) cancels af |, ... afl if and only if ' = (xo,...,z,_s) cancels the
product /\ﬁ,u e /\g’u, for any choice of p columns j = (j1, ..., Jjp).

Lemma 22. For ' in P"*(K), the products ML) - --)\iu(w') vanish for all choices
of columns j = (ji1,...,Jp) if and only if there exists {j1,..., jn—s} C {1,...,q} such that
M () == M) = 0,

Proof. Take an arbitrary representative a* of z’ in K"*t', and consider the polyno-
mial (1 4+ A, (x*)Y1)--- (1 + A, (2*)Y;), for new variables Y1,...,Y;. The products
M (@) - N (x7) are all zero if and only if this polynomial has degree less than p, that
is, if and only if ¢ — p+ 1 =n — s terms among A, (x*),..., A, (2*) vanish. O

For a given u and generic coefficients ;. ¢ and f1; ¢, the linear forms A, are all pairwise
distinct, so the condition of the lemma holds if and only if there exist § = {j1,...,Jn_s} C
{1,....q} and v = (vy,...,vn—s), with vy in {1,...,6;} for all k, such that AT =~ (x') =0
fork=1,....,n—s.

This implies that for a fixed u, the possible values of &' = (zg, ..., 7, s) € P**(K) are
determined as solutions of a linear system of size n—s. For a generic choice of the coefficients
Aj ke and fi; k¢, none of these points satisfies Xy = 0, so that C,(0) holds.

Property C3(0). From Cy(0), 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.
In addition, all the affine solutions to A are obtained by setting Xy = 1 in the projective

solutions of A, In other words, they are obtained by choosing indices w = (uy, ..., u;) with
up in {1,..., v} for all k, column indices j = (j1,...,Jn-s), and v = (v1,...,V,_5), With vy
in {1,...,0} for all k, solving the affine linear system

)\jl,vl,u(le P 7ans> = )\jn—sﬂ}n—s,u(X17 P 7ans> - O
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and using the expressions
anerl = ¢n73+1,u(X1a cee >ans)a cee 7Xn = ¢n,u(X1> cee 7ans)7

where ¢ (X1, ..., Xn—s) = Prosi1u(l, X1, ..., Xp—s) for all k. To prove that the ideal
generated by A is radical, we prove that at any point as described above, the Jacobian
matrix of A with respect to X1, ..., X, has full rank.

Let thus u, j and v be as above, let £ € K" be the corresponding point in V(A), and
consider equations (ay,...,as) first. Each such equation is a product of linear forms such
as a; = [ [}, pig, with p;,,(x) = 0. Since the coefficients fi; 5, are chosen generically, for
i=1,...,sand k # u;, p; x(x) is non-zero; as a result, in the local ring at @, the polynomials
(a1,...,as) are equal (up to units) to the linear forms (11,4, - - -, fsu, )-

Next, we consider the p-minors of L; in what follows, we write @’ = (x1,...,2,_5). Our
starting point is that due to the genericity of the coefficients A; s ¢, since

)\jl,v1,u == Ajnfsyvnfs,u - 0

only admits & as a solution, none of the other linear forms A, s, ,, vanishes at ’. Equivalently,
none of the other linear forms A;; vanishes at x.

Recall that n = ¢—p+ s+ 1, so that n —s = ¢ — (p — 1). Hence, there are exactly p — 1
columns of L not indexed by j = (ji,...,jn—s); call them §° = (ji,...,j, ;). We can then
consider the products

)‘j1)‘ji"‘>\j;71,...,)\ )\ji)\]

Jn—s 1
each of them (up to a non-zero constant) is a p-minor of L, so they appear as elements in the
sequence (Ggsi1,...,0m), Say as (Ge,...,q., ). 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;, v, .. s Aj, L on .-

To summarize, we have found that the linear equations (fi1uy,-..,Msu,) and
(MNjwors -3 Njn_own_,) belong to the ideal (A)y, where m is the maximal ideal at x. As

a result, the Jacobian matrix of A must be invertible at &, and C3(0) holds.

At this stage, we have established all assumptions necessary to apply Proposition 8.
Since B satisfies B1, By and A = By satisfies Cy, Cy, C3, 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.

Lemma 23. Under the above assumptions, ¢ = vy -+ YsEn_s(01,...,04).

Proof. To estimate ¢, note first that there are ~;---~, choices of w. For each choice of

u, there are E,_4(d;,...,0,) ways to choose j and v, where E,_ denotes the elementary
symmetric polynomial of degree n — s. O]
This proves the first part of Proposition 20. We can now inspect assumptions Dy, ..., Dy,

which are needed to apply the algorithms of Propositions 9 and 10. For the cost analysis
below, as in Theorem 2, we assume that all 7;’s and 9,’s are at least equal to 1.
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Property D;. We know that C;(0), C5(0), C3(0) hold, so we are going to compute a zero-
dimensional parametrization of V' (A). We do this by following the description of the solutions
of A given in the previous paragraph: for any choice of indices u, 3 and v as above, the
corresponding point & € K" in V(A) can be found by solving the linear system of size
n given by (fuy- -y tsws) and (Njyoyy -5 Njy_swn_.)s 80 in time O(n®). We repeat this
procedure ¢ times, using a total of O(cn®) operations in K.

Knowing all the points in V(A), we can construct a zero-dimensional parametrization
Ry such that Z (%) = V(A) in time O (cn) by means of fast interpolation [27, Chapter 10].
(Note that for practical purposes, we may modify the algorithm of Propositions 9 and 10 to
take into account the fact that all points in V(A) are in K™.)

Hence the total cost here is in O(cn®) operations in K..

Property D,. Next, we need to determine an upper bound e on the degree of the 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.

Lemma 24. Under the above assumptions and notation, e is bounded above by (v +
1) (vs+1)E s +1,...,0,+1).

Proof. Let us write V(B) = V(J')UV'UV”, where 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 (by By,
V(B) has no isolated point), and let H 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 on 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 is defined by an equation hg + h1 X7 + -+ h, X,, + hypy 1T = 0. This
equation allows us to rewrite T as n(Xy, ..., X,) = —(ho + Xy + -+ + hp,X,) /hns1; the
points in V(B)NV (H) are thus in one-to-one correspondence with the solutions of the system
(B, .-+, Bsy Bss1y - - -y Bm), where 5; = (1—n)a;+ng;, fori =1,...,s, and Bs11, ..., By are the
p-minors of the matrix v = (1—n) L+n F. Now, the polynomials (/31, ..., ) have respective
degrees at most (y; +1),...,(ys + 1), and the column degrees of v are 6; +1,...,0, + 1.

We can then apply Proposition 8, which shows we can take for e the integer (v; +
D) (s 4+ DB s(0y +1,...,6,+ 1). O

Property D3. Finally, we need to give an estimate on the size of a straight-line program
that computes the polynomials B = (by,...,b,,), assuming that we are given a straight-line
program I of size o that computes polynomials G = (g1, ..., gs) and the entries of F.
First, we estimate the complexity of computing the polynomials (by,...,bs). For i < s,
the ith polynomial b; is equal to (1 — T))a; + Tg;, where q; is a product of 7; linear forms in
n variables. This polynomial can be computed in O(n~;) operations in K, hence for a total
of O(n(vy + -+ - +7s)) operations for (ay,...,as), and O(c +n(y; +---+1s)) for (by,...,bs).
The polynomials (bs;1, . . ., by, ) are the p-minors of U = (1—T")- L+T-F. The polynomials
A1y ..., Ag can be computed in O(n(dy + --- + J,)) operations, so that the entries of U can
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be computed in O(o + n(d; + --- + §,)) operations. From that, all p-minors of U can be

deduced in O((Z) n?) further steps. To summarize, all polynomials in B can be computed
by a straight-line program I" of size o/ = O(o + (Z)n?’ +n(yn 4+ o+ +6g)).

Completing the cost analysis. We can then apply Proposition 9, whose runtime is

O™ (®mn? + c(e+ ®)n(o’ +n?)) operations in K; since m < n+ (Z), this can be simplified as

O~<c(e+c5)n <a+ (;J))n3+n(71+---+75+51+---+5q))>.

Since s < mn, vy = max(v,...,7s) and § = max(dy, ..., d,), our bound becomes
O~ (c(e + )n(o + (Z) n® +n?y + nqé)) :

This can also be rewritten as
O (c(e + (o + (Z) nd +n?y + nq5)) :

since one easily checks that e > 2" (because by assumption we have v; > 1 and §; > 1), so
that n € O7(e). A last factorization shows that the bound can be simplified to

O ((q) cle+ (o + v+ q5)) .

p

Using again that n < log,(e), we can omit the factor n® from the O7( ), and we conclude the
proof of Proposition 20. The resulting algorithm, called ColumnDegree, is described herafter.

Finally, to prove Proposition 21, we rely on the algorithm called ColumnDegree_simple,
which differs from ColumnDegree, only at the last step where Algorithm Homotopy_simple
is called instead of Homotopy. Hence, one applies Proposition 10, which yields a runtime
/

O (*mn®* + cen(o’ + n?)) operations in K. Using again m < n + (Z) < n(;), o =
O(o + (Z)n?’ + n(ny + ¢d)), we obtain as a bound

O ((;) nd +cen(o+ (;)nS +n27+nq5)) :

which we simplify as
O ((;)cen4(a ++ qé)) :

taking into account that ¢ < e. Since e > 2", the term n* can be absorbed in the O7(). This
concludes the proof of Proposition 21.
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Algorithm 2 ColumnDegree(I")
Input: a straight-line program I' of length o that computes

o FeK[Xy,...,X,|P* with deg(f;;) <9, for all j and p <g
e polynomials G = (¢1,...,9s) in K[X;,..., X,], withn=¢—p+s+1

Output: a zero-dimensional parametrization of the isolated points of V,(F,G)
1. for any sequence w = (uy,...,us), with u; € {1,...,7;} for all j

(a) for any subsequence 7 = (j1,...,Jn_s) of (1,...,q)
i. for any sequence v = (vy,...,v,_s), with vy in {1,...,d;} for all &
A. compute a zero-dimensional parametrization %; ;. of the solution of the
system
g = = fhsuy = Njpog = = Njy_sop_y = 0

cost: O(cn?), with ¢ =71+ Y5 En_s(01, ..., 04)

2. combine all (Zy jv)u,jo into a zero-dimensional parametrization %
cost: O (cn)
3. construct a straight-line program I'” that computes all polynomials B
length of I is 0’ = O(0 + ()1 + n(ar + -+ ap) +n(y + -+ 7))
4. return Homotopy (I, Z)
cost: O™ (®mn? + c(e + )n(o’ +n?)),
withe=(y1+1) - (e + 1) Ens(61 +1,...,0,+1)

6 Preliminaries for the row-degree homotopy

In this section, we work with two families of matrices of size p x ¢, with p < ¢, and with
entries that are polynomials in n = ¢ — p + 1 variables; we prove several properties that will
be used in our row-degree homotopy algorithm. Let ¢ = (o, ..., ;) be positive integers.
The matrices we consider are

)\gl )\gQ . )\gq

MH _ ?,1 2,2 2,q ’ (2)
H \H "
)‘p,l )‘p,2 T )‘p,q
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and matrices of a more specialized kind of the form

Af{l o .- 0 )‘fpﬂ T A{{q
N Y o
0 U )‘p,p Ap7p+1 T Ap,q

where the # superscript indicates that all entries are homogenous. In both cases, for all

1,7, the entry )\f{] is a product of o; homogeneous linear forms in n + 1 variables X, ..., X,
with coefficients in K (except when )\f{j is explicitly set to zero in the second case), that is,
Ay = I /\zHak

We are interested in describing the projective algebraic sets defined in P"(K) by the
p-minors of N and M¥ (note that these minors are all homogeous). In the rest of this
section, if A” is a matrix with polynomial entries that are homogeneous in X, ..., X,, we
use the notation V;(A#) to denote the projective set defined by its ¢-minors in P*(K), for
any t > 1 (we use the same notation for affine algebraic sets in those cases when the entries
of our matrices are polynomials in X7, ..., X,,; this should cause no confusion).

Proposition 25. For generic choices of the coefficients of the linear forms )\fj-,k, the follow-
ing holds:

e the projective algebraic sets V,(MH) and V,(Nf) have no solution at infinity (that is,

e the Jacobian matrices of I,(M™) and I,(N*) with respect to (Xo, ..., X,) have rank
n at every point of the above sets.

The bulk of this section is devoted to prove this proposition. Our strategy is to work
all along with linear forms with indeterminate coefficients, and establish the properties we
want in this context. Explicitly, we prove below properties called Jo(ex, q),Ka(ex,q) and
Ji(a, q), Ks(er, q), which establish the proposition. In what follows, for any ring R and any
matrix M € RP*4,if S is a subsequence of (1,...,p) and T a subsequence of (1,...,q), Mgy
is the submatrix of M obtained by keeping rows indexed by S and columns indexed by 7'
We also call this the (S, T')-submatrix of M.

Let thus A = q(n+ 1)(cq + - - - + «,); this is the number of coefficients needed to define

homogeneous linear forms )\fljk in Xg,..., X, fori=1,...;p,7=1,...,.qand k=1,..., q;.
If needed, we will write A = A(a, q) to make the dependency in a and ¢ explicit. Let then
£ be the sequence of A indeterminates £ = ([; ; 1,), for 4, j, k as above and r = 0, ..., n, and
define

H
Gk = lijkoXo + lije1 X1+ 4 b jrnXn,
as well as

[lb; = .. e K[g][X],

lvjvl Z:jzai

34



with X = (X0, X1,...,X,). We can then define the matrix

[11‘{1 [fq ]

My, = | : L | € K[E][ X (4)
(7 ... [H
p,1 D,q

Remark that for all ¢, j, the (7, j)-th entry of zmgq has degree «; in X ; this matrix is thus
the “generic” model of the matrix M seen previously.

Given A = (A r,) € KA, for any polynomial § in K(£)[X], we write (A, X) for the
polynomial obtained by evaluating [; j ., at A; ., for all indices 7, j, k,r as above, as long
as no denominator vanishes through this evaluation; the notation extends to polynomial
matrices. More generally, for a field L containing K, and A in LA, the notation (A, X ) is
defined similarly.

Let next A" = n(n+1)(cq+- - -+a,); as above, we will write A" = A’(e, ¢) when needed.
Let £ C £ be the sequence of A’ indeterminates £ = (; 1), for indices 4, j, k,r as follows:
iisin {1,...,p}, jisin {i,p+1,...,q}, and as previously, k£ is in {1,...,a;} and r is in
{0,...,n}. Remark that the polynomials [[’;, for i,j as above, are in K[£'] (X] c K[g][X],
and allow us to define

[{{1 0 0 [{{pﬂ T [{{,q ~
Na, =1 . : | e K[L[X]P. (5)
0 0 [:gp [zlf,erl e [gq

For A’ € K* and § in K(£)[X], the notation F(A’, X) is defined as in the case of polyno-
mials over K(£) described previously.

6.1 Setting up the recurrences

The basic idea behind the proofs below is the following: to prove that a property such as
rank-deficiency holds for a matrix fmgq, we prove that it holds for a matrix of the form ‘ﬁg{q,
and use an openness property. To prove that property for the latter matrices, we proceed by

induction, relying on the presence of the left-hand diagonal block. Indeed, for a matrix such

as MY | to be rank-deficient at & € P*(K(£')), at least one of {1}, ..., [/l must vanish at &.
Suppose for instance that [{{1(5:) = [52(53) = 0, while all other terms are non-zero.

Then, the ((1,2),(p + 1,...,q))-submatrix of MY (&) itself must be rank-deficient. The
constraints ({7, (Z) = [y(€) = 0 give us two linear equations, which allow us to eliminate
two coordinates of &, say X,,_1 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
Sﬁghm)’n_l(f}, (Xo,...,Xn_2)), with entries depending on Xy, ..., X, 5, for some vector of

coefficients $ obtained through the elimination of X,,_; and X,,. We can then invoke our
induction assumption on the latter matrix.

To formalize this process, for a subsequence ¢ = (iy,...,4,) of (1,...,p), we call the
(%, (p+1,...,q))-submatrix of MY, the submatrix of MY = associated to 4; it consists of the
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rows of ‘ﬁgq indexed by 2 and columns p+1,...,q. For such an 2, we let R; be the set of all
tuples r = (ry,...,7), withry in{1,...,a;, }, ..., rein{1,... ;. }; forany kin {1,... K},
ri will be the mdeX of the factor Ifi i Of 1. we cancel. For given 4 and 7, we will let
£, C £ be the mdetermmates corresponding to the coefficients of (7, ..., [T, and
of all entries [T ,,... [l of the submatrix associated to ¢ in MY .

By Gaussian elimination, we can rewrite the homogeneous linear equatlons (7 ==

11,81,71
(7 =0 as

Tryln,Th

annJrl = fnfliJrl,’l:,’!‘(XO? v 7Xn7/£)7 s 7Xn = fn,i,r(X(h e 7ann>7 (6)

for some homogeneous linear forms f,_, 414z, -, fnir of (Xo, ..., Xp—x) with coefficients in
K(£},). Applying this substitution in the entries of the submatrix of ‘ﬁgq associated to 2

gives us the s x (n— 1) matrix MY 1 (9ir, X'), with a; = (ay,, ..., o, ), whose entries are

products of homogeneous linear forms in X' = (Xo, ..., Xn—x), and where $); ,. is a vector of
A(ai,n — 1) elements in K(£7,.).

The main result we will use in this section is the following lemma, which summarizes
how the above process allows us to describe the projective zero-set of t-minors of 917 g for
any t < p. This will be the basis of several recursions.

Lemma 26. Fort in {1,...,p}, V(N ) C P*(K(£')) is the union of the sets

{@ Forrrir @), i @) | & € Vi (ML, 1 (91, X)) CP (K]}, (7)

for i = (i,...,ix) of length k € {p —t +1,...,min(p,n — 1)} and v in R;, and with
X'=(Xo,...,Xn_x), together with

{<1’ fl,im(l)’ s >fn,i77‘(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 2 = (i1,...,4,) of length k = n in (7) would lead to consider points in P°(K(£’)).

Proof. A point & € P*(K(£')) belongs to V(N ) if and only if some diagonal terms of
MY, vanish at &, say [T, (€) = 0 for k = 1,...,k (all other [[;(Z) being non-zero), and if
the submatrix of MY, associated to 4 = (iy,...,%.) has rank less than x — (p —t) at Z. In
particular, we must have k — (p —t) > 0, that is, k > p—t + 1.

For k = 1,... K, [gw () = 0 if and only if there exists 7 in {1,...,q;,} such that

(. . (®) =0. Thus, & is in V;(MNY ) if and only if there exists a subsequence = (i1,...,0x)
of (1,...,p), with k > p —t + 1, and 7 — = (ry,...,rx) in R; such that [[7, (&) = - =
(7 .. (&) = 0 and the submatrix of MY associated to 4 has rank less than f — (p—t) at .

Applying (6), we deduce that the coordlnates (o, ..., x,) of & satisfy
Tp—r+1 = fnfnJrl,i,r(j/)u cos Ty = fn,i,'r'(*fi/)a
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with & = (x¢,...,2,_x). In particular, x < 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(£)), that is, it is not identically
zero, since otherwise & would vanish as well.

For ¢ = (i,...,1,) with K < n — 1, applying the above substitution in the sub-
matrix of ‘ﬁH associated to. ¢ (which has size K x (n — 1)), the rank condition above

becomes that ?ﬁta n 1()”3”, ") has rank less than x — (p — t) at &', that is, &’ is in

Vi ooy (ML (92, X")). In this case, we are done.

When k = n, that is, ¢ = (i1, ...,1%,) (this can happen only if n < p), the linear equations
above determine & entirely; setting zo = 1, we obtain 1 = f1;,(1),...,Zn = frir(1). In
this case, the submatrix of ’ﬁHq associated to ¢ has size n x (n —1). Usmg the specialization
of the coefficients that sets the off-diagonal entry to 0 and the ith diagonal entries to X,
1 = 1,...,mn — 1, we see that its evaluation at & has rank n — 1; as a result ‘ﬁgq 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

{4 Fir (), (1)} 0

6.2 Solutions with higher rank defect

We discuss here the case t = p — 1. We take parameters @ = (a,...,q,) and ¢, with
2 < p < g, and we write A = A(a,q) and A = A' (e, q); we will establish the following
properties.

Ji(e, q). The projective algebraic set V,_1 (MY ) € P*(K(£)) is empty.
Ki(a,q). The projective algebraic set V,_1 (MY ) € P*(K(£L)) is empty.

The first step of the proof is to establish that for a and ¢ as above, K;(a, ¢) implies J; (e, q).
Let us thus fix & and ¢. Assumption K; (e, q) implies that V;,,l(mgq(/\’, X)) is empty for
a generic A’ in K. We will prove that ‘/;,_1(9315761(/&, X)) is empty for a generic A in K4,
which in turn establishes J; (e, q).

Consider the ideal I,_1 (9% ) in the polynomial ring K[£, X]in A+n+1 variables. This
ideal defines an algebraic set Z4, in K4 x P*(K), and we let A, , C K* be its projection
on the first factor: this is the set of all A such that V, (9% (A, X)) is not empty. Because
the source is a projective space, Ay 4 is closed (so its complement is open), and we just have
to verify that it is not equal to the whole KA. This follows readily from property K; (o, q),
which proves that generic matrices of the form ‘ﬁgq(/\’, X) do not belong to A, 4, so Ji (e, q)
holds.

We finish the proof by induction. We first take p = ¢ and consider K; (e, ¢). In this case,
n =1 and N4 g 15 @ diagonal matrix, whose diagonal entries are products of linear forms in
(Xo, X1) with indeterminate coefficients. Hence, no pair of entries ‘ﬁH have any common

solution in P'(K(£)), so the rank of MY, is at least p—1 at any & € IP’I( (£)). As aresult,
Ki (e, p) holds, and so does J; (e, p), by the claim in the previous paragraph.

37



Consider next a pair (o, q), with o = (ay,...,,) and 2 < p < ¢, and suppose that
Ji(e@,¢') holds for all (&,¢') with &’ = (af,...,0a;,), 2 <p' < ¢, p <pand ¢ < g; we
prove that Ki(a, ¢) holds (as above, this will also imply J; (e, q)).

Take t = p — 1 in Lemma 26. Then, the parameters (k — (p — t), a;,n — 1) used in each
expression (7) are of the form (k — 1, a;,n — 1), with 2 < x < min(p,n — 1). Since the
A(ay,n — 1) entries of §;, are algebraically independent over K, K($;,) is isomorphic to
KA\ jkr), foru=1...k j=1,. -1, k= yo, and 7 = 0,...,n — K, so that
Vn_l(i)ﬁgim_l(ﬁi,r,X )) has the same cardlnahty as V,{ 1M, _1). As a result, since a;
has length x > 2, and since we also have Kk <n —1, Kk < p and n — 1 < g, we can apply the
induction hypothes1s and deduce that all V,,_ l(ﬂﬁa 1D, X)) appearing in Lemma 26

are empty. This in turn implies that V,_, (‘ﬁg’q) is empty, as claimed.

6.3 Solutions at infinity

Next, we focus on the case t = p. We take parameters o = (a,...,q,) and ¢, with 1 < p <g,
and we write A = A(a, q) and A" = A’ (e, q); then, we prove the following properties.

Jo(at, q). The projective algebraic set V,(MY ) € P"(K(£)) has no point satisfying Xy = 0.

Ky(ex,q). The projective algebraic set V,(M4 ) € P"(K(£')) has no point satisfying X, = 0.

In particular, this implies that these sets are finite. We will prove these properties as we
did in the previous paragraph; the first step is thus to establish that for a and ¢ as above,
Ka(ax, q) implies Jo(a, q).

Let us thus fix o and ¢, and assume that Ky(ex, ¢) holds. We prove that V,(9% (A, X))
has no point at infinity for a generic A in K#; this will imply Jo(cr, ¢). Consider the ideal
generated by Ip(img’q) and X, in the polynomial ring K[£, X] in A + n + 1 variables. This
ideal defines an algebraic set Z,, , in KA xP"(K), and we let AL, . C K+ be its projection on
the first factor: this is thus the set of all A in K4 such that V;)(EJJTZ’(I(A, X)) has a point at
infinity. Because the source is a projective space, A,  is closed (so its complement is open),
and we just have to verify that it is not equal to the whole KA. This follows from property
Ka(ax, q), which implies that matrices of the form ’ﬁiq(/\’ X ), for generic A’ in K*', do not
belong to A, ,

Again, we finish the proof by induction. We first take p = ¢, and we prove that Ky(e, q)
holds (Jo(ex, q) will follow, by the previous paragraph). In this case, n = 1 and ‘ﬁg’q is a
diagonal matrix, whose diagonal entries are products of homogeneous linear forms in (X, X)
with indeterminate coefficients. Then, MY  has rank less than p at € P'(K(£')) if and
only if one of the linear factors of some diagonal term vanishes at . None of these linear
forms has a projective root at infinity, so we are done.

Consider next a pair (e, q), with o = (aq,...,a,) and 1
Jo(a',¢') holds for all (,q') with &’ = (af,..., ), 1 <P/
prove that Ky(ax, ¢) holds; as above, this will imply Jo(e, q).

Take t = p in Lemma 26. We first deal with the last contribution, corresponding to
i = (i1,...,1p), and thus Kk = n: by design, the corresponding point is not at infinity. For

and suppose that

<p<gqa
< < pand ¢ < ¢; we

<
¢, p
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the other contributions, the parameters (x — (p — t),a;,n — 1) used in (7) are of the form
(k,a;,n—1), with a; of length x € {1,..., min(p,n—1)}; since all conditions 1 < x <n—1,
k < pand n —1 < ¢ are satisfied, we can invoke the induction assumption. Since the
coefﬁcients $ir are algebraically independent, we deduce that none of the projective sets
V(MY 1 ($9ir, X)) appearing in Lemma 26 has any point with X = 0. As a consequence,
V(M4 ) has no point at infinity either, as claimed.

6.4 Refining J;

The following is a strengthening of property J; above. That property asserts that for any &
in P"(K(£)), the p x ¢ matrix M (x) has rank at least p—1, so that there exists a non-zero
(p— 1)-minor in this matrix. We claim that actually, each (p — 1) x ¢ submatrix of MY ()
has rank p — 1.

To rephrase this, consider e« = (a,...,0a,) and ¢, with 1 < p < ¢, together with
a matrix mf > built as smg,q before, but using products of homogeneous linear forms in
(n—1)+1=g—p+ 1 variables Xy, ..., X, _1, instead of n + 1 variables Xy, ..., X,,. Such
a matrix takes the form

H H
911 " 814
mi =1 : D | e K[B][Xo, ..., X1 )P, (8)
g[]);{l gijnq,q
with
gfljk = i k0X0 T Qi1 X1+ Gijkn—1Xn—1,
and

gﬁ] = gl'},[jyl e ggj,ai € K[®][X07 cee 7Xn71]7

where & = (g; ;%) are indeterminates, for i = 1,...,p, 7 = 1,...,¢, k = 1,...,a; and
¢ =0,...,n—1; we let B=gn(a; +---+ a,) be the total number of coefficients g; ;.
involved. In this context, the following property could be proved by induction as in the
other cases, but a direct proof is available.

Js(ax, q). The projective algebraic set V,(mf ) C P"'(K(®)) is empty.

To prove this property, take o = (o, . .., ) and ¢ as above. If ¢ = p, we have n = 1, so the
(1,7) entry of mqu has the form g; ;10 8ij0:.0X0"; hence, the determinant of this matrix
is non-zero, and the claim follows.

We can thus suppose ¢ > p, so that ¢ — 1 > p. Then, the ((1,...,p),(1,...,q¢ — 1))-
submatrix of mf]  is of the form Qﬁa 41, With entries depending on A(c,q —1) parameters
Let (¢;)ier be the p-minors of mZ , built by taking p — 1 of the first ¢ — 1 columns of mi I,
together with its last column. Any such minor can be expanded along the last column
as ¢ = glqcll 4+ - 4+ gp Cips where glq, o ,ggq are the entries of the last column, and
Cidy .- Cipare (p— 1) -minors from MY . Remark that (¢;;)ier1<j<p are all (p—1)-minors
of Sﬁaq y (if p=1, we have I = {1} and ¢; = g{’, with ¢;; = 1).
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By Js(a, ¢ — 1), we deduce that V(O ) c P"~1(K(®)) is finite. For all other points

o,qg—1
& in P*'(K(®)), MY | has full rank p at &, and thus so does m/] . Hence, we can focus
on the points in V,(M,, , ;). Consider a point & in this set; in particular, by Ja(er,q — 1),
we can take its first coordinate xy equal to 1. Using Ji (e, q — 1), together with our remark

on the (p — 1)-minors of MY |, we deduce that not all minors (c¢;;)ier1<j<p vanish at &.

Suppose thus that ¢, ;,(€) # 0; we prove that ¢;,(€) # 0, which is enough to conclude.
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 g{’},..., g/ | in MY,
and &, of cardinality B, = B — By stands for the coefficients of the entries g{’,..., g/ in

the last column of m[ . Let us further write

Cio(®) = 91 (2)Cio,1 (&) + - + 8y0q (E) i ().

Since V(MY ;) is finite, the coordinates of & are algebraic over K(®;). Thus, since 2o = 1,

the polynomial g (&) € K(&,)[®,] admits gj,.4,1,0 - - jo.g,05,.0 85 a specialization, by setting

to zero all coefficients g, 4k, for k = 1,... 05, and £ = 1,...,n — 1 (remark that these
coefficients belong to &;). For j # jo, g/ () € K(&1)[®,] admits 0 as a specialization, by
setting to zero all coefficients g;q k¢, for k = 1,...,0; and ¢ = 0,...,n — 1 (again, these

coefficients belong to &s).
The coeflicients ¢;, ;(€) are algebraic over K(®;), so that ¢; () is in K(&;)[®;]. By the
previous discussion, it admits

Bi0.0.1.0 " Bjo.q.0r50 0Ci0.jo (T)

as a specialization, which is non-zero. Thus, ¢;,(€) is non-zero, as claimed.

6.5 Multiplicity of the solutions

The following is the last property we prove for matrices MY and N . Again, we take

parameters o« = (aq,...,q,) and ¢, with 1 < p < ¢, and we write 4 = A(a,q) and
A" = A(a, q); we will establish the following.

Ji(a, q). The Jacobian matrix of the p-minors of E).Ttg’q with respect to X = (Xo,-.., Xn)
has rank n at all points in V(I ).

Ki(a,q). The Jacobian matrix of the p-minors of mqu with respect to X = (Xo,-.., Xn)
has rank n at all points in V(MY ).
As for other proofs involving both MY = and MY, we first show that Ky(c, ¢) implies J4(a, q).
We fix a and ¢, and we assume that Ky(ax, ¢) holds. Consider the ideal of the polynomial
ring K[£, X ] in A+ n + 1 variables generated by the p-minors of zmg{q, together with the
n-minors of the Jacobian matrix of these equations with respect to (Xo, ..., X,,). This ideal
defines an algebraic set Z, , in K4 x PY(K), and we let AL, C K+ be its projection on the

first factor. By construction, for A in K* — A,  the Jacobian matrix of M,(9ME (A, X))

a?q’
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has rank n at any & in V,(MY (A, X)). As before, because the source is a projective space,
A7, is closed (so its complement is open), and we just have to verify that it is not equal to
the whole K. This follows from property K(e, q), which proves that generic matrices of
the form ‘)?H do not belong to A”

Again, we ﬁmsh the proof by 1nduct10n We first take p = ¢, and we prove that Ky(a, q)
holds (J4(ex,q) will follow, by the previous paragraph). In this case, n = 1 and ’ﬁgq
a diagonal matrix, whose diagonal entries are products of homogeneous linear forms [flz
depending on (Xo, X;) and with indeterminate coefficients. The ideal I,(MNY ) is generated
by the product of the terms [Z %i» which admits no repeated factors; the conclusion follows.

Consider next a pair (« ,q) with @ = (aq,...,a,) and 1 < p < ¢ and suppose that
Ji(e',¢') holds for all (&,¢') with &’ = (af,...,0a},), 1 <p' < ¢, p <pand ¢ < g we
prove that Ky(e, g) holds; this will imply J4(e, q).

We take t = p in the formula of Lemma 26, and we first deal with the terms in (7). Thus,

we choose a subsequence © = (iy,...,i,) of (1,...,p), with 1 < x < min(p,n—1), and indices
r=(ry,...,r), with 1 <7, < a;, for all k. We prove that the Jacobian matrix of the p-
minors of 9”(57(1 with respect to X = (X, ..., X,,) has rank n at all points & = (xq, ..., T,)

of V(ML) such that &' = (xo,...,2,_,) is in Vo(ML. 1 (Hir, X)) C P “(K(£')), and
such that

Tp—k+1 = fn—m—i—l,i,’r(i/)a vy T = fn,i,’r(j/)- (9)

By Lemma 26, taking all such & into account, for all ¢ and =, will cover all points in
V;y(‘ﬁg’q), up to the exception of those points obtained from x = n, which will admit a
simpler treatment. For simplicity, we continue the proof with ¢ = (1,..., k), so that we have
a; = (ag, ..., q).

We are going to exhibit some polynomials that belong to Ip(‘ﬁgq), for which we can
control the rank of the Jacobian at . First, we prove that for ¢ in {1,...,x} and r in
{1,...,a;} = {r;}, as well as i in {k + 1,...,p} and 7 in {1,..., o}, the value (7%, (®) is
non-zero. We subdivide the indeterminates £’ into £; . and S” Where £}, corresponds to

1,77
the coefficients involved in [, . for i =1,... k, and in the Submatrix of ‘ﬁH associated to

i, and £ are the other coordinates. By Ja(og,n — 1), V(ML 1 ($ir, ’)) is finite; as a
result, since all entries of §);, are in K(£ ), all coordinates of & are algebraic over K(£; ).
For i, r as above, the coefficients of the equation

H
[i,i,r = liiroXo+ liir1 Xi + -+l nXy

are in K(£7,), thus algebraically independent over the field of definition of &, so that I[; (&)
is non-zero.

Remark 27. This implies in particular that the union in Lemma 26 is disjoint.

In the follovving two paragraphs assume £ > 2 and take i in {1,...,x}. We can then
define * = (1,...,i — L,i+1,...,K), & = (a1,..., 01,011, .., ), and we call M the
submatrix of ‘ﬁgq assomated to ¢*; this is a matrix with £ — 1 rows (indexed by ¢* in mfiq)
and n — 1 columns (of indices p+1,...,¢ in ‘ﬁf’q).
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We prove that there exists a (k—1)-minor ¢; of M such that ¢;(€) # 0. Let indeed m!” be
the matrix obtained by applying the substitution (9) in 917. This matrix has k — 1 rows and
n — 1 columns; its entries are products of linear forms in (n — k) + 1 variables Xy, ..., X4,
with coefficients that are algebraically independent over K. We can thus apply J3(a*,n—1)
to m#, and deduce that this matrix has full rank x — 1 at &'. Thus, 97 has rank x — 1 at

x, from which the existence of the minor ¢; follows. If kK = 1, we define ¢; = 1.
[H

We next deduce that for 7 in {1,..., s}, there exists a polynomial of the form b;lj; . in
the ideal I,(MY ), with b;(&) # 0. Indeed we consider the p-minor of 9N obtained by
taking the columns i,x + 1,...,p, and all K — 1 columns in the (k — 1)-minor ¢; (if Kk = 1,
there is no need to consider such columns). Usmg the factorization

61 6,8,75) with Bl - z KR 1 ’ [gi,rifl[g,{i,rﬂrl o [5,041-7

that minor evaluates to

bz[flz i with bz = Bi[nH—kl,n—&—I te [gpci.
Hence, b; [ﬁr belongs to ]p(mgq), and by the discussion of the three previous paragraphs,
bi(x) # 0, as claimed. In what follows, we write b = by - - - b, so that b(Z) # 0 and b7 is

in Ip(‘)’tg’q). This in turn implies that all polynomials

b(Xn—n—f—l - fn—f-c-i-l,i,r(X,)): R b(Xn - fn,i,T(X,))

are in I,(MY ) as well.
Slmllarly, for every s-minor 7 of the submatrix of M4 o, associated to 2, the polynomial

(1 epr U n belongs to I,(MY ). Thus, bnis in I (‘.TIH ) as well.
As a result, the polynomial bn(X Fr H+1ZT(X’),...,fmﬂ,(X’)) belongs to Ip(‘ﬁgq).
Now, v = n(X Fr HHM(X'), fn,z,r(X/)) is one of the x-minors of mgi’n_l(f)i’r,f(’),

and all k-minors of this matrix are obtained this way. To summarize, we have proved that

R,K,Tx

b ST bl and b+, for all k-minors v of sma . (950, X7

are in I,(MNY ), with b(Z) # 0. The Jacobian matrix of these polynomials at & is, up
to the non-zero constant b(Z), equal to that of I{', . ,... [ (which is simply a matrix
of constants), and of all k-minors v. Using our induction assumption, we know that the
Jacobian matrix of the ideal of k-minors v with respect to X’ has rank n — x at &. As a
result, the larger Jacobian matrix of all equations above has rank n at x, as claimed.

It remains to deal with the case 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, cee [fn, we obtain the fact that equations of the
form b(ff, . ,... bl . belong to Ip(‘ﬁH’ ), with b(&) # 0. The conclusion follows directly.

6.6 An algorithm

We conclude this section with an algorithm RowDegreeDiagonal, that applies the decom-
position in Lemma 26, in the case ¢ = p, to non-homogeneous matrices. Indeed, while
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homogeneity is used at several steps in the proof (and will be needed again when we apply
this result), our main algorithm deals with matrices without a homogeneous structure. Thus
we will consider a matrix N as in (3), but with Xy = 1. Explicitly, we have

M1 0 o 0 Mg o Ay
N () )\?’2 . () )\27?+1 . )\?7(1 | (10)
0 0 e >‘p7p )‘p,p+1 T )‘p,q

where for all 7, j, A;; is the product of o; linear forms (\; jx)1<k<a, With coefficients in K,
in variables Xi,...,X,. By Proposition 25, we deduce that for a generic choice of the
coefficients of these linear forms, V,(N) C K" is a finite set, whose structure is given by
Lemma 26. Besides, oberve that all points of V,(IN) are simple and isolated (this is an
immediate consequence of the second assertion of Proposition 25).

Algorithm RowDegreeDiagonal below takes as input the linear forms (); ;) and computes
a zero-dimensional parametrization of V,(N). In the algorithm, we assume the existence
of a subroutine RowDegree simple(I") which takes as input a straight-line program T" that
computes a polynomial matrix F' and a system of equations GG, and solves Problem (2) for
this input using a row-degree homotopy. We give such an algorithm in the next section. We
denote by Trow(0,7, @, q) the time spent by RowDegree simple(I') on input a straight-line
program of length o that computes F' with row degrees & = (o, ..., ) and ¢ columns, and
G = (g1,...,9s) of degrees v = (71,...,7s).

We will be use here the particular case of subroutine RowDegree simple where the input
matrix has the form

>\1,1 )\1,2 ce >\1,q
A2 A2z o0 A q

=" .y (11)
)‘p,l )‘pﬂ e /\pyq

where for all ¢,7, A;; is the product of o; (non necessarily homogeneous) linear forms
(Mijk)i<k<a; in n variables Xj,...,X,. In this case, each entry );; can be computed in
O(n«;) operations in K, so that the whole matrix M can be computed by a straight-line
program of length O(ng(aq + -+ -+ «,)). In this case there are no additional equations G, so
we denote the cost of Algorithm RowDegree_simple for such input by

TM,row(a7 Q) = Trow(nQ(al +oee At ap)? ()7 ., Q) (12)
We conclude this section with the cost analysis of Algorithm RowDegreeDiagonal.

Lemma 28. Let S, (o, ..., q,) be the degree n complete symmetric function of (ay,. .., ap).
The total cost of RowDegreeDiagonal((A; j )i k) is

Z iy 0, Trrow (g - )y,m— 1) +O7 (ng(c' + Sp(aq, ... ,ap))) ,

71:(11 7"'7iﬁ)
£<min(n—1,p)
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Algorithm 3 RowDegreeDiagonal((\; k)i k)

Input: linear forms (\; ;)i r making up the entries of N € K[Xj,...,X,|P*? as in (10),
withp<gandn=qg—p+1
Output: a zero-dimensional parametrization Z of V,(N)

1. for any subsequence ¢ = (iy,...,4,) of (1,...,p) with 1 <k < min(n —1,p)

(a) for any sequence © = (r1,...,7), with r, in {1,..., a4} for all k
i. apply Gaussian elimination to the system \;, ;,,, = -+ = Ai_i.. = 0 to
rewrite (X,—y+1,...,X,) as linear forms (fj;r)n—rt1<j<n 0 (X1, ..., Xp_s).

cost: O(3_; . n?)
ii. construct a straight-line program I';, that computes the matrix M;, €
K[X1,..., X "1 obtained by substituting (fijir)n—nti<j<n into
Ni (p+1,...9)- The length of I'; ;. is O(kn(cu, + -+ + ;).
cost: O(>; . (ai, + -+ + a;, )n?)
iii. #;, < RowDegree simple(I';,) (points have coordinates (Xi,..., X, ))
cost: Zi,r Torrow((Qiys ooy, ),n—1)
iv. deduce Z;, from %; . by adding the expressions for (X, .i1,...,Xp)
cost: O(3_; . cirn?)

2. if n < p, for any subsequence ¢ = (iy,...,4,) of (1,...,p)

(a) for any sequence r = (r1,...,7,), with 7, € {1,..., a4} for all k
cost: O(3_; . n?)

ii. create a zero-dimensional parametrization %;, such that Z(%;,) = {x;.}

cost: O(_;,.n)

i. let x;, be the solution of the system A;, ;, ,, = i siman

3. combine all (%;):, into the output #Z
cost: O7(3_;, cirn)

where ¢ is the cardinality of V,(N).

Proof. The cost reported at each step in the pseudo-code is the total amount of time spent
there, over all iterations (the sums in the first loop are for x < min(n — 1,p), the ones in
the second loop for k = n if n < p). Several steps are straightforward to analyze; we briefly
comment on a few others.

Step 1(a)ii uses the linear forms (fj; »)n—r+1<j<n to construct a straight-line program I'; ,.
that computes the entries of M;,. This is done by computing the coefficients of the linear
forms in (X3,...,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
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O((ay + -+ + a4, )n?) for all entries.

Step 1(a)iv consists in adding x coordinates (X,,_xyi1,-..,Xn) to a zero-dimensional
parametrization in variables Xi,..., X, ., where (X, _.i1,...,X,) are known as linear
forms (fjir)n—nti<j<n in (X1,...,Xp,_x): this is done by means of a matrix product in
size (k xn—k) by (n—k X ), where ;. is the cardinality of V,,(M;,.), for ¢ = (i, ..., ix).
The cost is thus O(c’; »n?); the sum of these costs is thus O(c'n?), since the sum of all ;.
is equal to ¢ by Remark 27.

The combination in the last step is done by fast Chinese Remaindering, in quasi-linear
time O7(3_; . i»n), which is O7(c¢'n). Thus, the total runtime is

g TM,row(<Oéi17'--7ain)7n_ 1)
=11, k)
T:(le"'zrﬁ)
k<min(n—1,p)

+ 07 | dn? + Z (i + -+ ag)n® + Z n’
i=(i1,0vin) i=(i1,0..vin)

r=(T1,..,") r=(T1,..,Tn)
k<min(n—1,p)

The costs reported in the sums do not depend on 7, so that this can be rewritten as

Z ail".OéinTM,rOW((ai17'“7Oéin),n_ 1)

+0O7 | dn*+ Z i, (g, Ao )nd Z o, - oy, n?
= (i1sin) i=(i1,00nsin)
k<min(n—1,p)
The final simplification comes from noting that > . o, - - -, (a;, + -+ -+ ay,), for © a subse-
quence of (1,...,p) of length x < min(n — 1, p), is bounded from above by S,(a1,..., ap).
The same holds for the second sum (which is empty if n > p). O

7 The row-degree homotopy

We now give algorithms to solve Problems (1) and (2) whose runtime will depend on the
row-degrees of the input matrix F. These algorithms are more complex than the ones in
Section 5, due to their recursive nature. This boils down to the fact that the start system we
use for the homotopy must itself be solved by means of several homotopies of smaller size,
along the lines of the discussion in the previous section.

Again, we are given a matrix F' = [f;;] € K[Xi,...,X,]”*? and polynomials G =
(91,---,9s) mMK[Xy,..., X,], with p < gand n = g—p+s+1, and we want to compute the
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isolated points (or the simple points) of V,(F,G), with
Vo(F,G) = {x € K" | rank(F(x)) < p and gi(z) = - - - = g,(x) = 0}.

We are now interested in designing algorithms for computing the isolated points or the
simple points of V,,(F, G) whose cost depends on the row degrees oy = rdeg(F,1),..., o, =
rdeg(F,p); with this notation, deg(f; ;) < «; holds for all 4,j. As in Section 5, we write
7 =deg(g1),...,7s = deg(gs) and we let @ = max(ay,...,q,) and v = max(yy,...,7s). We
start by stating our first result on computing the isolated points of V,(F, G). Recall in what
follows that where S,,_; is the complete homogeneous symmetric function of degree n — s.

Proposition 29. Suppose that the matric F' € K[ X1, ..., X,P*? and the polynomials G =
(91,---,9s) in K[Xy,...,X,]| are given by a straight-line program of length o. Then, the
multiplicities of the isolated points of V,(F,G) are at most ¢ =1 -+ vsSn—s(a1, ..., ).

Assume that all v;’s and «o;’s are at least equal to 1, and let € = (y1 + 1) (75 +
1)Sp—s(a1+1,...,a,+1), @« = max(ay,...,q®,) and v = max(yi,...,7s). Then, there exists
a randomized algorithm that computes the isolated points of V,(F,G) using

0 ((q> e + %Yo+ + pa))

p

operations in K.
We state now the complexity result for computing the simple points of V,(F, G).

Proposition 30. Reusing the notations introduced above, there exists a randomized algo-
rithm that computes the simple points of V,(F,G) using

O ((}g) de'(o+~v+ pa)>

These propositions complete the proofs of Theorems 1, 2 and 3.

operations in K.

7.1 Setting up the homotopy

We are again going to rely on the algorithm of Section 3. As in Section 5, we let
C = (c1,...,C5,Cs11...,Cp) be such that (c1,...,¢5) = (g1,.-.,9s) and (Csi1, .-+, Cm)
are the p-minors of F. Our main concern is to design a sequence of polynomials B =
(b1,...,bs, ..., by) in K[T, X] such that C = By, such that we can solve efficiently the
system A = By, and such that B has the same degree profile as our target system C.

The polynomials (by,...,bs) are defined as in Section 5, letting a; be a product of ~;
linear forms ;5 with randomly chosen coefficients, of the form

Yi n
a; = [Jpin, with pig=pigo+ Y pineXe (13)
k=1 =1
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and writing b; = (1 — T)a; + T'g; for i = 1,...,s. The difference will lie in the construction
of the start matrix used in the homotopy. The construction presented in Section 5 does not
carry over if we want to take row degrees into account. Instead, we use a deformation that
cancels out many off-diagonal terms; following the construction in the previous section, we
define N as in (10), that is

M1 0 o 0 Mg o Aig
B 0 Moo - 0 doprr o Aoy
0 0 e )‘p,p )‘p,p+1 T )‘p,q

where for all ¢, 7, A;; is a product of o; linear forms with random coefficients in K, of the
form

(677 n
Mg = [ igwr with Xk = Aijko + D NijweXe
k=1 (=1

Then, we define (bs11, ..., by) as the p-minorsof U = (1-T)-N+T-F,and B = (by,...,by).
The polynomials (as;1,...,a,) are defined as the p-minors of N, so that A = By; on the
other hand, we also have C = B;. Our next step is to prove that all assumptions of
Propositions 8 9 and 10 are satisfied for B and A = By, as long as the coefficients of
ai,...,as and N are chosen generically.

Properties B; and B, These follow from Proposition 19.

Property C;(0). We have to prove that fori = 1,...,m, degx (b;) = degx(a;). We already

established it in Section 5 for indices ¢ = 1,...,s. For 7 = s+ 1,...,m, we can readily see
that the degree of b; in X is at most oy + - - - + a, so it suffices to prove that the degree of
all p-minors (asy1,...,am) of N is oy + -+ + .

Indeed, any p-minor of N is of the form \; ; ---\; ;.(, for some sequence ¢ =
(i1,...,0x) C (1,...,p) of length x € {0,...,p} and some (p — x)-minor ¢ of N; (pi1,..q)-
Since the entries of V; (,41,..4) are products of linear form with randomly chosen coefficients
(Aijke), for a generic choice of these coefficients, the determinant ¢ has degree >, ¢i Q- As
a result, the corresponding p-minor of N has degree o + - - - 4 «,, as claimed.

Property Cy(0). Next, we prove that the system A = By has no solution at infinity.
As in Section 5, we introduce a homogenization variable X,, and we consider the system
Al = (aff ... af, ... af) obtained by homogenizing all equations in A. Thus we have

) Vs 9

Vi

n
aff = H Nf,{k with ,ufk = Nz‘,k,OXO + Z Mi,k,ZXL’
k=1 t=1
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fori=1,...,s, whereas ail, ..., al are the p-minors of the matrix
L0 0 AL,

v | 0 e o 0 )‘2,p+1 T A

0 0 - )‘ )‘ p.pt1 Apg

where A is the homogenization of Aij- (This latter property requires genericity of the
coefﬁ(:lents of the linear forms A[}; it is enough that each p-minor of N have degree oy +

4 y.)

The solutions of A" in P"(K) are found by first solving the equations (aff,... aff). As
in Section 5, all a are products of linear forms, so any solution of (af’,... a¥) is obtained
by setting some of these linear forms to zero (at least one for each i = 1,...,s). We choose
indices w = (uq,...,us), with ug € {1,..., 7}, ..., us € {1,...,7s}, and we solve

n
:uf:[uz — 0, that iS, /,Li7u2.70X0 + Z,ui’ui’ng = 0,
=1
forv=1,...,s. In what follows, we fix such an w. Then, for a generic choice of coefficients
i ke, these equations are equivalent to
Xn—s+1 - (I)n—s—l—l,u(XOa cee 7Xn—s)a cee 7Xn = (I)n,u(X07 ce aXn—s);
for some homogeneous linear forms ®,,_s11 4, ..., P, .. After applying this substitution, for

all 7,7, N can be rewritten as

H H H
>\1,1,u 0 0 >\,p+1u )‘,qu
H H
H 0 A2’27u e O A 7p+17u e A27(1711/
A ,
H H H
0 0 )‘,p7 )‘,p+1u )‘pqu

with

A{’]u—HA]ku, and AL, = ZA,JHXZJF Z Nidkt®ow(Xos oo Xols).

l=n—s+1

Remark that the entries of N are products of homogeneous linear forms in (n — s) + 1
variables (Xo,...,Xn_s), so that this matrix has the form seen in (3). As a result, for a
generic choice of the coefficients pi; ;¢ and A; e, the first item in Lemma 25 implies that
there is no projective solution to I,(NZX) satisfying Xy = 0. Taking into account all possible
choices of u, we deduce that there is no projective solution to A satisfying X, = 0, and
C2(0) is proved.
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Property C;(0). Finally, we have to prove that the Jacobian matrix of A has full rank
n at any point in V(A) ¢ K" Let thus € = (z1,...,2,) be in V(A); in particular,
Z = (1,71,...,2,) is a projective solution of A#. Thus, there exists u = (uy,...,u,) as
above such that

Tp—s+1 = gbn—s—i-l,u(xl e 7$n—s)a o In = Cbn,u(%, s a'xn—s)y

where @p o (X1,. .., Xps) = Pru(l,Xy,..., X, ) for all k, and such that and N has
rank less than p at &’ = (1,z1,...,2,—s). The second item of Lemma 25 shows that the
Jacobian matrix of M,(N[) with respect to Xo,..., X,,_s has rank n — s at &’. Since the
first coordinate of & is non-zero, and all generating polynomials of I,(NX) are homogeneous,
Euler’s relation implies that the Jacobian matrix of M,(V,) with respect to Xi,..., X,

has full rank n — s at @’ = (z1,...,2,_s), where
Miw 0 - 0 Apriu - Agu
N, 0 >\2’.2’u e 0 /\27p.+1’u e )\Q,Iq’u | (14)
0 0 Mppu Appiiu 0 Apgu
with

Q n—s n
Ai’j’u - H Ai’j’k7u7 and Ai)juk)u - Ai:jykvo + : :)\Zz.]:kszZ + : : Al)],k7£¢£au(X17 ttt 7XTL—S)'
k=1 /=1

— = l=n—s+1

We now prove that the Jacobian matrix of A with respect to X1,...,X,, has full rank at x.

The first step is similar to what we did in Section 5. For i = 1,...,s, a; is a product of
linear forms of the form a; = []}.; pix, with g, () = 0. Since the coefficients p; ., are
chosen generically, fori = 1,..., s and k # w;, p; () is non-zero; as a result, in the local ring
at @, the polynomials (ay, ..., as) are equal (up to units) to the linear forms (1 u,, - - - , fsu, )-

This further implies that

Xn—st1 = On-sira( X1y oo, Xoes)s oo, X — Ona( X1y oo, Xoss) (15)

belong to the ideal generated by (ay,...,as) in the local ring at x.

Next, we consider the p-minors (asy1,...,a,) of N. Let ( € K[Xq,...,X,] be a p-
minor of N, and let ¢, € K[X,..., X, 4| be the polynomial obtained after applying the
substitution in (15) in N. Since ¢ and all polynomials in (15) are in the ideal (A) - Oy,
the polynomial (, is in this ideal as well. Now, note that (, is a p-minor of N, as defined
n (14), and that all its p-minors are obtained this way. We pointed out above that the
Jacobian matrix of these equations with respect to Xi,..., X, _, has full rank n — s at o’
As aresult, taking all (,, into account, together with the equations in (15), we obtain a family
of polynomials in (A) - O, whose Jacobian matrix has rank n at x, and C;3(0) is proved.

In view of the previous paragraphs, we can then apply Proposition 8. Since B satisfies
Bi,By and A = By satisfies Cq, Cy, C3, we deduce that the sum of the multiplicities of the
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isolated solutions of C' = B is at most ¢/, where ¢’ is the number of solutions of A. Our
next step is to establish the value of ¢. This is done in Corollary 32 below, which proves
the first claim in Proposition 29. Recall below that S; is the degree t complete symmetric
function, for ¢t > 0.

Lemma 31. Let o = (o, . .., a,) be positive integers. and let Sy(a, ..., ) be the complete
symmetric function of degree t in a, ..., . For generic p x q¢ matrices N as in (10) or
M as in (11), with entries int = ¢ — p + 1 variables, V,(N) and V,(M) have cardinality
Se(oa, ..., ).

Proof. First, let us show that if the claim holds for /N in size p x ¢, it holds for M as
well. To this effect, we set up a homotopy between N and M, by considering the matrix
(1-=T)-N+T-M. The discussion in the previous paragraphs shows that (for generic choices of
the coeflicients) this matrix satisfies Properties By and B, together with C;(0), C2(0), C3(0).
We claim that Cy(1),Cy(1), C3(1) hold as well: the degree property in C;(1) is proved as we
did for C;(0), and Cy(1),Cs(1) are restatements of Lemma 25. As a result, we can apply
Proposition 8 to the specializations of (1 —T)-N+T-M at T =0 and T = 1, and conclude
that V,(NV) and V,(M) have the same cardinality, for generic choices of the coefficients
of N and M.

We finish the proof by induction. If p = ¢, then t = 1, N is diagonal, and its determinant
has degree a;+- - -+a, = Si(a, . .., a,), so our claim holds for N' (and thus for M). Suppose
now that the claim is true for all p’ < p and all ¢ < ¢ with p’ < ¢’ and for all choices of degrees
(aq,...,ay). Following Algorithm RowDegreeDiagonal (which is essentially a restatement of
Lemma 26) and Remark 27 (which states that the corresponding union is disjoint), we obtain

|V1YD(N)| = Z |VH(Mi77’)|a

i=(i1,0yir)

r=(T1,....,Tx)
for all subsequences © = (i1, ...,i.) of length x € {1,... , min(t —1,p)} and r = (ry,...,7rx),
with r, € {1,..., oy} for all k, and where matrix M;, has k < p rows and t —1 < ¢ columns,
with row degrees (a,,...,q;,); in particular, 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, ...,4) of (1,...,p). Altogether, we obtain

|‘/P(N)| = Z St—ﬁ(ailv"'aoéin)a

1=(11, sl ),
T=(T1,A..,T‘,§)

for k € {1,...,min(¢,p)}, since Sy = 1. For any given ¢ = (iy,...,i,), there are «y, - - -
choices of indices 7, so that we have

|V;7(N)| - Z 041‘1"'OéiNSt_,i(Oéil,...,O./iN),

=(01, sk

K

for ¢ = (i1,...,1,) subsequence of (1,...,p) with x € {1,..., min(¢,p)}. The latter sum is
precisely Si(ay,...,q,), so we are done. ]
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Corollary 32. For a generic choice of coefficients p; ke and A; j i, the cardinality ¢ of the
algebraic set V(A) is y1 - YsSn—s(01, ..., qp).

Proof. For a sequence u = (uy,...,us) as above, let V,, be the subset of V(A) consisting
of all those points & such that p;,,(x) = 0 for all <. Remark first that the sets V,, are
(generically) pairwise disjoint: we pointed out above that for « in V,,, any index i and any
k # w;, p; () is non-zero.

Let us thus fix w = (uy, ..., us). The cardinality of V,, is equal to the number of points in
V,(Ny,); this is a polynomial matrix of size p x ¢, with entries that are products of linear forms
in n—s = g—p+1 variables and with row degrees a, . .., a,. The previous lemma then shows
that for any wu, for generic choices of the coefficients, V,, has cardinality S, (o, ..., ap);
the conclusion follows. O

7.2 Towards the homotopy algorithms

Since By, By, C1(0), C5(0) and C3(0) hold, we are going to apply Proposition 10 to first
compute the simple points in V,(F,G). Indeed, the resulting algorithm RowDegree_simple is
used by the RowDegreeDiagonal of the previous section, which itself will be used to compute
the isolated points of V,(F, G), by means of Proposition 9.

In the following paragraphs, we discuss the required properties Dy, Do, D3 in this context.
In what follows, we assume that we are given a straight-line program I' of length o that
computes the input matrix F' and the input equations GG. Besides, we also assume that all
vi’s and «;’s are at least equal to 1.

Property D;. To perform the homotopy, we need a zero-dimensional parametrization
of V(A). We now describe how to obtain it; the process is based on Algorithm RowDe-
greeDiagonal given in the previous section, and makes up the first two steps in Algorithm
RowDegree_simple.

As a preliminary, we construct a straight-line program A that computes the entries of V:
for all ¢,7, A computes and multiplies the values of the «; linear forms involved in A ;
using O(ncy;) step. Its total length is oy = O(n?*(aq + -+ + ), which is O(n?*pa), with

a =max(aq, ..., qp).
Then, for any sequence w = (uq,...,us), with u; in {1,...,7;} for all j, we start by
solving the equations i1, = -+ = psu, = 0, to express (X,_s41,...,X,) as linear forms

(Gn—sttas -+ Ona) 0 (X1, ..., X,_4); this takes a total of O(~; - - -y,n?) operations in K.
From this, we deduce a straight-line program A, that computes the entries of matrix
N, from (14): it simply consists in A, to which we add O(n?) operations that evaluate
(Dn—stims - Pnu)- Given A, we can then apply Algorithm RowDegreeDiagonal to compute
a zero-dimensional parametrization Z,, of V,(N,). The number of points ¢ in the output is
Sn—s(cu,...,ap,) (Corollary 32), so by Lemma 28, Algorithm RowDegreeDiagonal takes time

T = Z iy Tarrow (g -y ), n— 8 — 1) + O7(Sy_g(an, . .., ap)n?). (16)

1=(11,..,ix)
k<min(n—s—1,p)
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Since there are 7; - - - v5 choices of w, the total cost is vy - - - T

The next stage consists in adding to each Z., which involves only variables
(Xi,...,X,—s), the expressions of (X,_si1,...,X,) obtained from (dn—si1us---,Pnw)-
As in the analysis of Algorithm RowDegreeDiagonal, the total runtime is
O(71 -+ VsSn—s(ai,...,a,)n?) = O(dn?). Finally, we combine the resulting parametriza-
tions (%y). into a single parametrization % using Chinese Remaindering, in time
O (71 ¥sSn—s(ai, ..., ap)n) = O™ (n).

Altogether, the overall time spent in computing the zero-dimensional parametrization %
of V(A) is

T+ 07 (dn)
=1 Ys Z ail "'O[i,;TM,I“OW((OéZ‘N'"7O{i,g)7n_S_ 1)+O~(Cln3). (17)

i:(ilv---vim)
k<min(n—s—1,p)

Property Dy;. Next, we need to determine an upper bound e’ on the degree of the 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. Proceeding as in Lemma 24 of Section 5, we can
take for ¢ the integer (y1 +1)--- (s +1)Sp—s(o1 +1,..., 0, + 1).

Property Ds;. Finally, we need to give an estimate on the size of a straight-line program
that computes the polynomials B = (by,...,b,,), assuming that we are given a straight-line
program I' of size o that computes polynomials G = (g1,...,gs) and the entries of F'. We
already defined a straight-line program A of size oy that computes all entries of N; for
an extra O((Z)n?’) operations, we can compute all entries of U = (1 —=7)- N + 7T - F and
all p-minors (bsy1,...,by,) of this matrix. Adding an extra O(n(y; + -+ + 7,)) € O(n*y)
operations (with v = max (71, ...,7s)), we can also compute all polynomials (ay, ..., as), and
thus (b, ..., by).

Altogether, we have obtained a straight-line program I'" that computes B = (by,...,b,,)
using o’ = o +on + O((g) n®+n?y) =0+ O((g) n?® + n?pa + n?y) operations.

7.3 Algorithm RowDegree simple

Algorithm RowDegree_simple that we deduce from the above discussion is given hereafter.
We indicate in the pseudo-code the arithmetic costs for intermediate steps.

All cost estimates were given in the previous subsection and are summarized in (17),
save for that of the last step. To estimate its complexity, we apply Proposition 10, which
gives a runtime of O7(¢*mn? + ce¢'n(0’ + n?)) operations in K for the cost of calling the
homotopy subroutine at the last step of Algorithm RowDegree_simple. Now, we write o’+n? =

o+ O((g) n® + n’pa + n?y), for which we use the upper bound (g) n?(o + pa + ) (recall
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Algorithm 4 RowDegree simple(T)

Input: a straight-line program T' of length o that computes F' € K[Xy,..., X,[P*? with
deg(fi;) <a;and G = (g1,...,9:) M K[Xy,..., X, | withp<¢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 N € K[Xj,..., X,]P*? as in (10)
length of A is O(n*pa)

2. for any sequence u = (uq, ..., us), with u; € {1,...,~,} for all j

(a) apply Gaussian elimination to the system of linear forms jiy,, = -+ = fsu, =
0 given at (13) to rewrite (X,—s41,...,X,) as linear forms (@pu)n—sti<k<n i
(X1, ., Xos)

cost: O(7y « - - ysn?)

(b) construct a straight-line program A, that computes the matrix N, €
K[X1,..., X,—s]P*? obtained by substituting (¢xu)n—s+1<k<n into N
length of A, is O(n?*pa)
(¢) #., < RowDegreeDiagonal(I',,) (points have coordinates (X1, ..., X,—s)
cost: vy - - sT, for T as in (16)
(d) deduce #,, from Z., by adding the expressions for (X, _si1,...,X,)
cost: O(d'n?), with ¢ =1 -+ vsSn_s(a1, ..., @)
3. combine all %, into #
cost: O (c'n)
4. construct a straight-line program I that computes all polynomials B
length of I" is o’ = O(0 + (!)n® + n’pa +n*7y)
5. return Homotopy_ simple(I’, %)
cost: O (*mn? + cde'n(o’ +n?)), with ¢’ = (1 +1) -+ (s + 1)Sp—s(n +1,..., 0, + 1)

a = max(ay, ..., o) and v = max(¥y,...,7s)). This gives the upper bound

O (c’2mn2 +cdéen (q
b

)n3(0 + pa +7)) :

Using the inequalities ¢ < €’ and m < n + (;) < n(Z), we see that the second term in the
sum is dominant. Thus, the bound for the cost of Algorithm Homotopy_simple becomes

o) <c’e’ (]z) n*(o + pa + v)) .
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Hence, the total cost of the algorithm is
TI‘OW(O-7 v, a, q) =y fysT + O <(;])) n4cle/(0' + pa + 7)) 5

with 7" as in (16). Since ¢’ > 2" (because a; > 1 and 7; > 1 by assumption), this becomes

Trow(0, v, @, q) =71+ 7T + O ((g) de'(o + pa + ’y)> ) (18)

This will now allow us to give an estimate on T 0w by solving a few recurrence relations.
Recall that T 0w describes the case where s = 0, so that ;- - -, = 1, and M is a p X ¢ input
matrix as in (11). In this case, we can take 0 = O((¢ —p)g(a1 + -+ ) € O((¢ — p)pqev);
following our convention in the previous section, the runtime Tio (0, (), (a1,...,ap),q) is
then written T row((Q1, ..., @), q).

Lemma 33. One can take

Tatrow((Q, ... 05),q) = O ((Z) Sq—pr1(0a, ..., 0p)S—pi1(ar + 1, a, + 1)pqa> ,

with & = max(ay, ..., qp).

Proof. Taking into account that v = 1, Equation (18), combined with the definition of T
in (16), gives the recursion

Torrow((Q1, .- 0p),q) = Z gy Topvow ((Qy s - ooy i), ¢ — D)

T=(11,.yi1)
x<min(q—p,p)

+ O~< (Z) SquJrl(Oél, R ,Oép)SquJrl(Oél +1,... , O + 1)pqa)); (19>

notice that a factor (¢ — p) disappeared from the last term, since it can be ab-
sorbed in the logarithmic factors in the O7( ). Let us rewrite the second summand as

Sq—pt1(ar,...,0p)C((aq,...,ap),q), with

Clo, ... ap),q) = O~<(§) Sqg—prilon +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 Ty 0w by finding a solution to the recurrence

TM,r0W<<0517-"704p)>Q) = Z ai1 "'OéiKTM,row((ain'"7ain)7q_p) (20)
1=(%1,...ix)
F»Smi;(q—p,p)
+ Syprilag, ..., o) K, (21)
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for some constant K, and replacing K by O~<(§) Sqg—pt1(ar +1,...,a, + 1)pqa). Now, a

quick induction shows that the solution of (20) satisfies

TM,row g (q —-p + 1)Sq7p+1<0417 v 7ap)K7
and the conclusion follows. O

We can then take the expression given in this lemma, and combine it with the definition
of T given in (16). Using the fact that n — s — 1 = ¢ — p, we have

T = Z iy Tagrow (g -5 i), @ — p) + O (Sy_pri(an, - ., ap)n).
1=(11,e-s0r)

x<min(g—p,p)

Using the previous lemma, we obtain that a term such as Ty ow((y, ..., 4.), ¢ — D) is

O <(q ;p> Sq—pt1—n(Qiys oy 05.)Sq—pr1—n(i, + 1, ., 0, + 1)k(q — p)a) '

As in the proof of the previous lemma, we rewrite this expression by factoring out the first
complete function, as S,—pr1-x(Q4y, ..., . ) D(y, ..., ., p,q), with

~( (4P
D(w,,...,q;.,p,q) = O <( B >Sq_p+1_,.;(0z¢1+1,...,ai~+1)li(q—p)a).

Now, we use the fact that (for the values of x that show up in the sum), we have
(.7 =)
K p
SquJrlfn(O&il -+ 1, ceey Oy -+ 1) < Sq,erl(Oél + 1, ceey, Op + 1)
Thus,
~ q
D(aip LR 7aimp7 Q) = O ((p) SquJrl(Oél + 17 o 7ap + 1>p(q _p)&) )

independently of the choice of o, ..., ;.. The sum in the definition of 7" becomes

~ q
Z iy - 0, Sqpr1—n(Qiy, - ai,) | O (( )qu+1<051 +1,.., 0+ 1)p(g —p)a) ;
i=(i1,0vir) P
x<min(g—p,p)
or equivalently

7 ((Z) Sq-p+1(a1, - ;) Sgpra(ar + 1. o + D)plg — p)a) .
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The value of T" we infer from this is

7 ((Z) Sq—pr1lar, ..., 0p)Sgpri(an + 1,0 0 + 1)plg — p)a+ Sy—pra(au, . .. ,ap)n3) :

We inject this value in the runtime analysis (18). Terms such as (¢ — p) or n® are polylog-

arithmic in €’; removing them, the first-hand term ;- - - 7,7 in (18) is then bounded above
by the second one, so that the runtime is simply

Trow(0, 7, @,q) = O ((;) ce'(o + pa +7))- (22)

This establishes Proposition 30.

7.4 Algorithm RowDegree

Algorithm RowDegree is similar to RowDegree simple: the only difference consists in calling
Algorithm Homotopy from Proposition 9 at the last step (5), instead of Homotopy_simple.
The cost of Algorithm Homotopy is O7(¢>mn? + (¢’ + ¢®)n(o’ + n?)). Using the facts
that o' = o+ O((?)n® +n’*pa +n’y), and that n is in O"(¢'), we rewrite this as O”(c>mn® +
d(e + ) (Z) (0 + pa+7)). Then, we use the inequality m < (;)n, which gives ¢/
(e +®) (2) n?; hence the first term can be neglected, and the runtime of Homotopy is thus

O (c’(e’ +®) (Z) (o + pa + 7)) .

The costs of all other steps are the same as those in RowDegree simple, and the analysis in
the previous section shows that can be neglected. As a result, the bound given above holds
for the whole algorithm, and Proposition 29 is proved.

mn? <
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