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Abstract

A roadmap for a semi-algebraic set S is a curve which has a non-empty and con-
nected intersection with all connected components of S. Hence, this kind of object,
introduced by Canny, can be used to answer connectivity queries (with applications,
for instance, to motion planning) but has also become of central importance in effective
real algebraic geometry, since it is used in higher-level algorithms.

In this paper, we provide a probabilistic algorithm which computes roadmaps for
smooth and bounded real algebraic sets. Its output size and running time are polyno-
mial in (n.D)"'°8(@) where D is the maximum of the degrees of the input polynomials, d
is the dimension of the set under consideration and n is the number of variables. More
precisely, the running time of the algorithm is essentially subquadratic in the output
size. Even under our assumptions, it is the first roadmap algorithm with output size
and running time polynomial in (nD)™'08(@),

1 Introduction

Roadmaps were introduced by Canny [17, 18] as a means to decide connectivity properties for
semi-algebraic sets. Informally, a roadmap of a semi-algebraic set S is a semi-algebraic curve
in .S, whose intersection with each connected component of S is non-empty and connected:
connecting points on S can then be reduced to connecting them to the roadmap and moving
along it. The initial motivation of Canny’s work was to motion planning, but computing
roadmaps actually became the key to further algorithms in semi-algebraic geometry, such
as computing a decomposition of a semi-algebraic set into its semi-algebraically connected
components [12].



This paper presents an algorithm that computes a roadmap of a real algebraic set, under
some regularity, smoothness and compactness assumptions. In all this work, we work over
a real field Q with real closure R and algebraic closure C (the reader may replace Q by the
field of rational numbers Q, R by the field of reals R and C by the field of complex numbers
C). To estimate running times, we count arithmetic operations (+, —, X, =) in Q at unit
cost.

1.1 Prior results

Let S C R™ be a semi-algebraic set. If S is defined by s equations and inequalities with
coefficients in Q of degree bounded by D, the cost of Canny’s algorithm is s" log(s)DO(”4)
operations in Q [18]; a Monte Carlo version of it runs in time s”log(s)D°""). Subsequent
contributions [35, 32] gave algorithms of cost (sD)"°""; they culminate with the algorithm
of Basu, Pollack and Roy [10, 11] of cost s DOM*)  where d < n is the dimension of the
algebraic set defined by all equations in the system.

None of these algorithms has cost lower than D) and none of them returns a roadmap
of degree lower than Do), Yet, in the case of real algebraic sets, one would expect that
a much better cost D™ be achievable, since this is an upper bound on the number of
connected components of S, and many other questions (such as finding at least one point
per connected component) can be solved within that cost.

In [51], we proposed a probabilistic algorithm for the hypersurface case that extended
Canny’s original approach; under smoothness and compactness assumptions, the cost of that
algorithm is (nD)O(”l'S). In a nutshell, the main new idea introduced in that paper is the
following. Canny’s algorithm and his successors, including that in [51], share a recursive
structure, where the dimension of the input drops through recursive calls; the main factor
that determines their complexity is the depth r of the recursion, since the cost grows roughly
like D™ for inputs of degree D. In Canny’s version, the dimension drops by one at each
step, so the recursion depth r can reach n — 1.

In [51], we introduced new proof techniques for connectivity results that leave more
freedom in the construction of a roadmap, allowing us to decrease the depth of the recursion.
The algorithm in [51] used baby-steps / giant-steps techniques, combining steps of size O(y/n)
(where the dimension decreases by roughly y/n) and steps of unit size, leading to an overall
recursion depth of O(y/n).

The results in [51] left many questions open, such as making the algorithm deterministic,
removing the smoothness-compactness assumptions or generalizing the approach from hy-
persurfaces to systems of equations. In [14], we answered these questions, while still following
a baby-steps / giant-steps strategy: we showed how to obtain a deterministic algorithm for
computing a roadmap of a general real algebraic set within a cost of DOW'?) gperations in
Q.

The next step is obviously to use a divide-and-conquer strategy, that would divide the cur-
rent dimension by two at every recursive step, leading to a recursion tree of depth O(log(n)).
In [13], Basu and Roy recently obtained such an important result: given f in Q[X1,..., X,],
their algorithm computes a roadmap for V(f) NR" in time polynomial in n" log(n) pnlog®(n)
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while the output has size polynomial in n” log?(n) pnlog(n)  Note that this algorithm is not
polynomial in its output size; the extra logarithmic factors appearing in the exponents re-
flect the cost of computing with O(log(n)) infinitesimals. Since that algorithm makes no
smoothness assumption on V(f), it can as well handle the case of a system of equations
fi == fs =0 by taking f = . f?. Note also that this algorithm is deterministic.

In this paper, we present as well a divide-and-conquer roadmap algorithm. Compared to
Basu and Roy’s recent work, our algorithm is probabilistic and handles less general situations
(we still rely on smoothness and compactness). However, it features a better running time
for such inputs: both output degree and running time are polynomial in (n.D)™°8(@) (where
d is the dimension of the algebraic set we consider), the running time of our algorithm is
subquadratic in the size of the output, and the complexity constants that lie in the exponent
are made explicit.

1.2 Roadmaps: definition and data representation

Definition Our definition of a roadmap in the algebraic case is as follows. Let V' C C"
be an algebraic set (the set of common solutions in C" to some polynomial equations). An
algebraic set R C C" is a roadmap of V if the following holds:

e R is either an algebraic curve, or empty;
e R is contained in V/;

e each semi-algebraically connected component of V' N R" has a non-empty and semi-
algebraically connected intersection with R N R".

Finally, if C' is a finite subset of C", we say that R is a roadmap of (V,C) if we have in
addition:

e R contains CNV NR".

The set C' will be referred to as control points. For instance, computing a roadmap of
(V,{P1, P,}) enables us to test if the points P;, P, are on the same connected component of
VNR™

This definition is from [51]; it slightly differs from the one in e.g. [12], but serves the same
purpose: compared to [12], our definition is coordinate-independent, and does not involve a
condition (called RMj in [12]) that is specific to the algorithm used in that reference. Most
importantly, we do not deal here with semi-algebraic sets, but with algebraic sets only.

Straight-line programs Our algorithms handle mainly multivariate polynomials, as well
as finite sets of points and algebraic curves.

The input polynomials will be given by straight-line programs. Informally, this is a
representation of polynomials by means of a sequence of operations (4, —, x), without test
or division. Precisely, a straight-line program I computing polynomials in Q[X1, ..., Xy] is
a sequence 7, ...,vg, where for ¢ > 1, we require that one of the following holds:



e v, = (op;, \i,a;), with op; € {+,—, x}, \; € Q and —N + 1 < @; < i (non-positive
indices will refer to input variables);

® i = (op;, a;, bi), with op; € {+,—, x} and =N +1 < a;,b; <.

To I', we can associate polynomials G_x.1,...,Gg defined in the following manner: for
—N+1<1 <0, we take G; = X, n; for ¢ > 1, G; is defined inductively in the obvious
manner, as either G; = \;, G; = \; op; G, or G; = G,, op; Gp,. We say that I' computes
some polynomials fi, ..., fsif all f; belong to {G_n41,...,Gg}. Finally, we call E the length
of I.

The reason for this choice is that we will use algorithms for solving polynomial systems
that originate in the references [29, 30, 28, 31, 40], where such an encoding is used. This is not
a restriction, since any polynomial of degree D in n variables can be computed by a straight-
line program of length O(D"), obtained by evaluating and summing all its monomials.

Representing the output To represent finite algebraic sets and algebraic curves, we
respectively use zero-dimensional and one-dimensional parametrizations.

A zero-dimensional parametrization 2 = ((q, v1, ..., v,), [) with coefficients in Q consists
in polynomials (q,vy,...,v,), such that ¢ € Q[T is squarefree and all v; are in Q[7] and
satisfy deg(v;) < deg(q), and in a Q-linear form [ in the variables Xi,...,X,,, such that
((vi,...,v,) = T. The corresponding algebraic set, denoted by Z(2) C C", is defined in a
parametric manner by

q(a) =0, X =vi(a) (1<i<n);

it is thus a finite set of points parametrized by the finitely many roots of q. The constraint
on [ says that the roots of ¢ are the values taken by [ on Z(2). The degree of 2 is defined
as deg(q) = |Z(2)|. By convention, the sequence (1) is considered as a zero-dimensional
parametrization that defines the empty set.

Any finite subset @) of C" defined over Q (i.e., which can be written as the zero-set of
polynomials in Q[X7, ..., X,]) can be represented as Q) = Z(2), for a suitable 2. This kind
of description goes back to work of Kronecker and Macaulay [38, 41], and has been used in
computer algebra since the 1980’s [27, 29, 2, 30, 28, 48, 31, 40].

Next, we discuss the extension of this idea to algebraic curves. A one-dimensional
parametrization 2 = ((q,v1,...,v,),[,') with coefficients in Q consists in polynomials
(q,v1,...,v,), such that we have:

e g € Q[U,T] is squarefree and monic in U and T, with deg(q,U) = deg(q,T) = deg(q),

e v; are in Q[U, T and satisfy deg(v;, T') < deg(q,T),



and in linear forms [, ' in X;,..., X,,, such that

0 0
[(vl,...,vn):Ta—;modq and [’(vl,...,vn):U%modq.
The corresponding algebraic set, denoted by Z(2) C C", is now defined as the smallest

algebraic set containing the curve defined in a parametric manner by

_ 8q _ vl(nag) .
q(n, &) =0, 8_T(n’€> # 0, X; = % (1<i<n). (1)

The degree 0 of Z(£2) is the maximum of the cardinalities of the finite sets obtained by
intersecting Z(2) with a hyperplane (whenever such sets are finite). In all cases we use
one-dimensional parametrizations, we request additionally that § = deg(q).

Using for instance [52, Theorem 1], we deduce that all polynomials ¢, vy, . . ., v, have total
degree at most d; this is the reason why we use these polynomials: if we were to invert the
denominator dq/0T modulo ¢ in Q(U)[T] in (1), thus involving rational functions in U, the
degree in U would be quadratic in 4.

Thus, we are now using the points of the plane curve V(q) C C? defined by ¢(n,&) = 0
to parametrize the space curve Z(2); the condition on [ and I means that the plane curve
V(q) is the smallest algebraic set containing the image of Z(Z) through the projection
x — (I'(x), [(x)).

Any algebraic curve in C" defined by polynomials with coefficients in Q can be written
as Z(2), for some one-dimensional parametrization 2, by choosing [ and [' as random linear
forms in Q[X7, ..., X,] (this is classical; see for instance [31]). For a curve of degree d, such
a description involves O(nd?) monomials.

The output of our algorithm is a roadmap R of an algebraic set V: it will thus be
represented by a one-dimensional parametrization. Given such a data structure, we explained
in [51] how to construct paths between points in VNR™, so as to answer connectivity queries.

1.3 Main result

With these definitions, our main result is the following theorem. The input polynomials are
given by means of a straight-line program, whose length will be called F; as said above, we
can always use a trivial straight-line program of length O(D") to encode a polynomial of
degree D, so in the worst case we can take F = O(nD™). We make a regularity assumption
on these polynomials, that they should form a reduced reqular sequence. This means that for
alliin {1,...,s}, V(fi,..., fi) is equidimensional of dimension n—i and the ideal (f1,..., f;)
is radical, in the sense that any polynomial vanishing on V(fi,..., f;) must belong to that
ideal (in the next section, we review basic concepts of algebraic geometry along these lines).
In all this work, the soft-O notation O7(g) denotes the class glog(g)°W.

Theorem 1.1. Consider £ = (f1,..., f,) of degree at most D in Q[X1,...,X,], given by a
straight-line program of length E. Suppose that V (f) C C" has finitely many singular points,
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that V(£f) N R™ is bounded, and that the polynomials £ form a reduced reqular sequence.
Given a zero-dimensional parametrization € of degree p, one can compute a roadmap of
(V(£),Z(¥)) of degree

O (u163d(n 10g2 (n))2(2d+12 logsy(d))(logs (d)+6)D(2n+1)(10g2(d)+4))

using
O (MB 169dE(n lOgQ (n))6(2d+12 log,(d))(log,(d)+7) D3(2n+1)(10g2(d)+5))

arithmetic operations in Q, with d =n — p.

In other words, both output degree and running time are polynomial in the quantity
p (nD)™°8@; the running time is essentially cubic in the output degree, and subquadratic
in the output size — recall that if the bivariate polynomials returned as output have degree
§, the output size, in terms of number of coefficients in Q, is essentially nd?.

The algorithm is probabilistic in the following sense: at several steps, we have to choose
random elements from the base field, typically in the form of matrices or vectors. Every time
a random element ~ is chosen in a parameter space such as Q°, there will exist a non-zero
polynomial A such that success is guaranteed as soon as A(7y) # 0.

To our knowledge, this is the best known result for this question; compared to the recent
result in [13], the exponents appearing here are better. Even under our assumptions, Basu
and Roy’s algorithm relies on the introduction of several infinitesimals, which allow them
to alleviate problems such as the presence of singularities; our algorithm avoids introduc-
ing infinitesimals, which improves running times and output degree but requires stronger
assumptions.

1.4 Structure of the paper

This paper is accompanied by an electronic appendix. The goal of the main text is to give
the reader a global view and understanding of the objects and properties that are used; most
proofs are postponed to the appendix. Sections in the main text are indexed as 1, 2, ...;
sections in the appendix as A, B, ...

We start with a short section of notation and background definitions. In Section 3,
we introduce the notions of polar varieties and fibers that will play a crucial role in our
algorithm. Geometric properties of polar varieties and fibers allow us to give an abstract
version of our algorithm in Section 4, where data representation is not discussed yet.

We then introduce in Section 5 a construction based on Lagrange systems, that we
call generalized Lagrange system, to represent all intermediate data (as the more standard
techniques using minors of Jacobian matrices to describe polar varieties do not lead to
acceptable complexity results), from which the final form of our algorithm follows.

Properties of generalized Lagrange systems and their connection with polar varieties
and fibers are summarized in Section 5. The description of our concrete algorithm and its
complexity analysis are given in Section 7; they are based on several subroutines which are
presented in Section 6.



2 Algebraic sets

In this section, we first recall some basic definitions related to algebraic sets, that is, zero-sets
of systems of polynomial equations (for proofs and standard notions not recalled here, see for
instance [59, 44, 53, 25]). The last subsection introduces the concepts of charts and atlases,
which will form the basis of the correctness proofs of our algorithms.

2.1 Generalities on algebraic sets

An algebraic set V- C C™ is the set of common zeros of some polynomials f = (fi,..., fs) in
C[X1,..., X,]; we write V =V (f1,..., fs) = V(f). We denote by I(V) the ideal of V', that
is, the set of polynomials in C[Xj, ..., X,] that vanish at all points of V; the set V is said
to be defined over Q if I(V') can be generated by polynomials with coefficients in Q.

Two fundamental integer quantities associated to algebraic sets are dimension and degree.
Before defining them, let us mention that an algebraic set V' can be uniquely decomposed
into a finite union of irreducible algebraic sets (that is, algebraic sets which themselves cannot
be written as a finite union of proper algebraic subsets); they will be called the irreducible
components of V.

e The dimension dim(V') of an algebraic set V' C C™ can be defined either as the Krull
dimension of C[X1, ..., X,]/I(V), or equivalently as the number of generic hyperplanes
needed to obtain a finite set after intersection with V. We often write d = dim(V),
and the codimension of V' is defined as ¢ = n — dim(V).

For instance, an algebraic set V' C C" defined by a single equation f = 0 (where f is
not a constant) has dimension n — 1: intersecting V' with n — 1 generic hyperplanes
(defined by generic linear equations) and eliminating n — 1 variables thanks to the
linear equations leads to a univariate polynomial which has finitely many roots.

When all irreducible components of V' have the same dimension, we say that V is
equidimensional, or d-equidimensional if we want to make it clear that this dimension
is d.

e The degree of an irreducible algebraic set V' C C” is the number of intersection points
between V' and dim(V') generic hyperplanes (this is also the mazimal number of such
intersection points); the degree of an arbitrary algebraic set is defined as the sum of
the degrees of its irreducible components [34]. For instance, the degree of an algebraic
set V' C C" defined by a single squarefree equation f = 0 equals the degree of the
polynomial f.

Crucial for us will be the Bézout bound [34]: if polynomials f = (fi, ..., f) have degree
at most D, their zero-set V(f) has degree at most D?.

Most important for our purposes will be algebraic sets of dimension zero, and equidimensional
algebraic sets of dimension 1. The former are thus finite sets of points, for which degree equals



cardinality; the latter are algebraic curves, for which the degree is the number of intersection
points with a generic hyperplane.

Finally, we mention that algebraic sets are the closed sets for the so-called Zariski topology
on C"; the Zariski closure S of an arbitrary subset S of C” is thus the smallest algebraic set
that contains it. For f = (f1,..., fs) as above, the complement C" — V(f) will be written
O(f); it is open for the Zariski topology.

2.2 Local properties

Next, we discuss regular and singular points of an algebraic set. Let thus V' be an algebraic
set in C". For f in C[X},...,X,] and x in C", we denote by grad,(f) the evaluation of the
gradient vector of f at x. Then, the tangent space to V at x € V is the vector space TV
defined by the equations grad, (f)-v = 0, for all polynomials f in the ideal I(V').

If V is equidimensional, we define reqular points on V' as those points x where dim (7 V') =
dim (V') and singular points as all other points in V. The set of regular, resp. singular, points is
denoted by reg(V), resp. sing(V); the latter is an algebraic subset of V', of smaller dimension
than V. An equidimensional algebraic set V' is said to be smooth when sing(V) is empty.

For polynomials f = (f1,..., fs) in C[Xq,..., X,], jac(f) denotes the Jacobian matrix of
(f1,..., fs) with respect to X7, ..., X,; later on, we will also use the notation jac(f, ), which
for ¢ < n denotes the matrix obtained by removing the first ¢ columns from jac(f). As for
gradients, jac, (f) and jac,(f,7) denote the same matrices, with entries evaluated at a point
x in C™.

The following lemma is a direct consequence of [25, Corollary 16.20], and gives us a more
concrete description of the objects defined above.

Lemma 2.1. IfV C C" is a d-equidimensional algebraic set, whose ideal I(V') is generated
by polynomials £ = (f1,..., fs), then we have the following:

e at any point x of reg(V'), jacy(f) has full rank ¢ = n — dim(V') and its kernel is TV,

e sing(V) is the zero-set of f and all c-minors of jac(f).

2.3 Changes of variables

Several statements will depend on linear changes of variables. If K is a field (typically for us
C or Q), we denote by GL(n, K) the set of n X n invertible matrices with entries in K; when
K = C, we simply write GL(n) for GL(n,C). The subset of matrices in GL(n,K) which
leave invariant the first e coordinates and which act only on the last n — e ones is denoted
by GL(n, e, K); such matrices have a 2 x 2 block diagonal structure, the first block being the
identity. If extra variables are added on top of X = Xy, ..., X, these matrices will act only
on the X variables.

Given f in C[Xy,...,X,], and A in GL(n), f# denotes the polynomial f(AX) and for
V C C", VA denotes the image of V by the map ¢a : x — A~'x. Thus, we have that for
polynomials f = (f1,..., fs), V(f&) = ¢a(V(f)) = V(f)A.
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The success of our algorithms will depend on our change of variables being “lucky”, in
a sense that will always be made explicit. Our statements will take the form: “there exists
a non-empty Zariski open subset & of GL(n) such that for A in &, ... (some desirable
properties are guaranteed)”. Strictly speaking, we have only defined Zariski open and closed
sets in C”, but the definition carries over to subsets of GL(n) (which itself is open in C")
by considering the induced topology.

2.4 Fixing coordinates

The structure of the main algorithm will require us to constantly consider situations where
the first coordinates are fixed. For a fixed ambient dimension n (which will always be clear
from the context) and integers 0 < e < nand 0 < d < n—e, we denote by 7. 4 the projection

Ted - cr — Ccd
X=(T1,..,&n) = (Tet1,-.., Terd)-

For e = 0, m 4 is the projection on the space of the first d coordinates; in this case, we simply
write m,.

For d = 0, we let C° be a singleton of the form C° = {e}, and 7, is the constant map
x +— o (in this respect, we also make the convention that the empty sequence () is seen as
a zero-dimensional parametrization encoding the singleton {e}).

Consider a set V' in C" and a subset Q of C?, for some d € {1,...,n}. Then, the fiber
of V above @Q for the projection 74 is the set fbr(V, Q) = V N7y 1(Q); we say that V lies
over Q if m4(V') is contained in Q. For y in C?, we will further write fbr(V,y) instead of the
more formally correct tbr(V, {y}).

2.5 Charts and atlases

An equidimensional algebraic set V' C C™ is a complete intersection if it can be defined by
a number of equations equal to its codimension. This is a particularly convenient situation,
as many geometric properties are easier to comprehend in such a case.

We will not be able to ensure this property throughout our algorithm, so we will replace
it by a local version. We will also impose a smoothness property, leading us to the following
notion of chart. This definition applies to an algebraic set V' lying over a finite set (), together
with a set S lying over @) that we wish to exclude (this will be typically the set of singular
points of V| or a superset of it).

Definition 2.2. Let n,e be integers, with e < n, let QQ C C¢ be a finite set, and let V C C"
and S C C™ be algebraic sets lying over Q.

We say that a pair of the form ¢ = (m,h), withm andh = (hq, ..., h.) in C[Xq,..., X,],
is a chart of (V,Q,S) if the following properties hold:

Ci. O(m)NV — S is not empty;



Co. Om)NV =S =0(m)Ntbr(V(h),Q)—S;
Cs. the inequality c + e < n holds;

Cy. for allx in O(m) NV — S, the Jacobian matriz jac(h,e) has full rank c at x.

This definition is inspired by the construction in [16, Proposition 3.3.8]. The salient
points are the set equality C,, together with the rank condition C4. To understand the
latter, consider the particular case where the finite set @ is a single point (z1, ..., x.). Then,
the fiber tbr(V'(h), @) in Cy is defined by the equations (X; — x;)1<i<. and h, and the rank
condition in C4 says that the Jacobian matrix of these equations has full rank at x.

An easy consequence of this definition is that when V' is equidimensional of dimension d,
if v = (m, (hy,...,he)) is a chart of (V,@Q,.S), then as one would expect, ¢ = n —e —d. This
result is proved as Lemma A.8 in the electronic appendix.

Continuing the analogy with differential geometry, we will also rely on the notion of atlas

of (V,Q,5).

Definition 2.3. Let n,e be integers, with e < n, let Q C C¢ be a finite set, let V C C" and
S C C" be algebraic sets lying over Q.

An atlas of (V,Q,S) is the data of ¥ = (¢;)1<i<s, with ¥; = (m;, h;) for all i, such that:
Ai. each v; is a chart of (V,Q,S);

As. s> 1 (i.e., ¥ is not the empty sequence);

As. the open sets O(m;) cover V —S.

If V' is equidimensional, there always exists an atlas for (V,Q,sing(V")). Conversely,
the existence of an atlas for (V,@Q,S), for some set S, is not enough to ensure that V is
equidimensional. However, if this is known to be the case, and if (V, @, .S) admits an atlas,
then all singular points of V' are in S. As another example of a useful property, if (V, @, .S)
admits an atlas ¥ = (¢;)1<i<s, With ¢; = (m;, h;) for all i, and if all h; have the same
cardinality ¢, then V' is d-equidimensional, with d = n — e — c¢. These properties are proved
in Section A of the electronic appendix.

Given a matrix A in GL(n,e), and an atlas ¥ = (1;)1<i<s of (V, @, S), with V and S in
C", Q in C°¢ and v; = (my, hy) for all 4, we write Y = (YA))<ic, with YA = (mA, h) for
all i. Then, all 92 are charts of (VA,Q,S%), and 4* is an atlas of (V2,Q, S™) (note that
such a matrix A leaves Q invariant, so Q* = Q).

It is worth noting that the algorithms will never explicitly compute any chart or atlas;
however, we will rely on the properties of these objects to establish correctness.
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3 Fibers and polar varieties

The basic geometric constructions on which our algorithm relies are fibers, already described
above, and polar varieties. In this section, we state the main geometric properties (dimension,
smoothness) of these objects.

3.1 Polar varieties

Let @ be a finite subset of C¢, and let V' be an algebraic subset of C" lying over Q). If
V is d-equidimensional, for any integer d in {1,...,d} the open polar variety W° (e, d, V) is
defined as the set of critical points of 7, ; on reg(V'), that is, the set of points x in reg(V)
such that 7, ;(7V) has dimension less than d. We further define the following objects:

e Wi(e,d,V) is the Zariski closure of W°(e,d, V);
o K(e,d,V)=W?se,d,V)Using(V).

The set K (e, d, V') turns out to be closed for the Zariski topology. For instance, if e = 0 and
if the defining ideal of V' is generated by polynomials f = (f1,..., fs), using Lemma 2.1, we
can deduce that K(0,d,V) is the subset of V where jac(f,d) has rank less than ¢, where
¢ =n — d is the codimension of V' (this is proved as Lemma A.3 in appendix).

Since K (e,ci, V') contains W°(e,ci, V), and since it is Zariski closed, it must contain
W(e,cz, V) as well. Although we will be mostly interested in W(acz, V'), the superset
K (e,ci, V) will turn out to be slightly simpler to compute, as suggested by the remark
above. In cases where V' has no singular point, this distinction becomes irrelevant, as the
sets Wo(e,cZ, V), Wie,d, V) and K(e,d, V') all coincide.

Polar varieties as considered for instance in references [5, 6] and their successors corre-
spond to e = 0.

Polar varieties were introduced by algebraic geometers Severi and Todd in the 1930’s,
as a means to define characteristic classes, and they played an important role in singularity
theory in the 1970’s and 1980’s; see [46, 55| for a history of this subject. They were used
for algorithmic purposes in real geometry by Bank, Giusti, Heintz et al. in a series of
papers starting in 1997 [5], whose goal was to compute sample points on real algebraic sets
6, 7, 9, 50] and for polynomial optimization [8, 33]. While these ideas are close in essence
to other forms of critical point methods [12], the rich geometry underlying the construction
of polar varieties is the key to many useful results (see also [49, 3]).

Example 3.1. Figure 1 shows the real points of the polar varieties W(0,1,V) and W(0,2,V),
where V. C C? is the 2-dimensional sphere defined by X? + X3 + X2 — 1 = 0; these polar
varieties correspond to critical points of projections on respectively a line and a plane. In
this particular case, we see that W(0,1,V) is defined by
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Figure 1: The polar varieties W (0,1,V) and W(0,2,V), where V = V(X? + X7 + X7 — 1)

and that it has dimension zero. The polar variety W (0,2,V) is defined by
X+ X2+ X2 -1=X3=0
and it has dimension one.

This example suggests that when V' is smooth and equidimensional, W (0, J, V') has di-
mension d — 1. The next proposition will show that this dimension property indeed holds,
provided we are in generic coordinates. In this respect, one should notice that in general,
W(e,d,V4) differs from W(e,d,V)?: the geometry of polar varieties, in particular their
dimension, may change when one applies a linear change of variables to V.

The precise form of this dimension statement (which will be required in the proof of
Proposition 5.13 below) is constructive: given an atlas for V', we build atlases for its polar
varieties.

Let @ C C¢ be a finite set and let V' C C" and S C C" be algebraic sets lying over
(). Suppose that V is equidimensional of dimension d and consider an atlas ¥ = (¥;)1<i<s
for the triple (V, @, S). We are interested in the polar variety W (e, d, V), for an index d
in {1,...,d}. Locally, in the chart 1; = (m;, h;), this polar variety can be defined by the
cancellation of all minors in the Jacobian matrix jac(h;, e + ci), but all these minors give us
too many polynomials for them to define a chart for W (e, d, V). To resolve this issue, we
localize further, using in a critical manner the so-called ezchange lemma of [6, Lemma 4].
This idea is best seen on an example.

Example 3.2. We will use the following less straightforward example several times. Take
n=6,c=2andf = (f1, f2), with

h=Xi+X;+X2-1

and
fo=Xo X3+ X1 X6 + X3X5 — 1.

We take e = 0, so Q = {e}; one then easily checks that the algebraic set V defined by
fi = fo = 0 is smooth and has dimension d = 4 in C®; the polynomials (m = 1,f) form
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a chart, and actually an atlas, of (V,Q,S), with S = 0. This example was chosen to have
rather simple defining equations, while displaying the “generic” behavior.

Choose d = L%J =3, as we will do in our main algorithm; the corresponding truncated
Jacobian matriz for the two polynomials (f1, f2) is

| 20X, 2X5 0
Jac(f,3) = { 0 X Xll'

The set of all x in V' where jac,(f,3) has rank less than two is defined by (f1, f2), together
with three minors:
2X, X, 2X1Xs 2XsX,.

While none of these equations can be omitted in this definition, in the open set O(Xy) de-
fined by X1 # 0, only two of them suffice, namely 2X1 X5 and 2X,X4. Factoring out the
monomial X1, we see that in O(Xy), the polar variety W (0,3,V) is defined by the equations
(fh J2, X, X5)

The polynomial Xy was chosen as a non-zero 1-minor of jac(f,3). The other such minors
are (up to a constant) X3, X4, X5. One can verify that the open sets O(X;), O(X3), O(Xy)
and O(X5) cover the polar variety W(0,3,V), and that in each of these open sets, we can
define W (0,3, V') using only fi1, f and two further equations.

The following definition generalizes the construction in the example above, starting from

a (¢ — 1)-minor of jac(h, d).

Definition 3.1. For h = (hy, ..., h.) in C[Xy, ..., X,], for any integers din{l,...,n—cl,
and any (c — 1)-minor m"” of jac(h,d), we denote by H(h,d, m") the vector of c-minors of

jac(h, d) obtained by successively adding the missing row and the missing columns of jac(h, d)
tom”. There are n — c—d+ 1 such minors.

We can then state the basic construction of charts for polar varieties, which will be
immediately followed by the corresponding construction for atlases. In addition to the choice
of a (¢ — 1)-minor of the truncated Jacobian matrix of jac(h,d), the construction involves
the choice of a c-minor of jac(h) as well (as the non-vanishing of such a minor allows us to
guarantee that jac(h) has full rank). Taking into account arbitrary values of e, and not only

e = 0 as in the example, we arrive at the following definition.

Definition 3.2. Let Q C C¢ be a finite set and let V C C" and S C C" be algebraic sets
lying over Q. Let ¢p = (m,h) be a chart of (V,Q,S) and let d be an integer in {1,...,d}.
Suppose that h = (hy, ..., h.). For every c-minor m’ of jac(h,e) and every (¢ —1)-minor m”
of jac(h, e + d), we define Wepar (1, m',m") as the polynomials

Wenart (0, m',m") = (mm'm”, (h,H(h, e+ d,m"))).

Once we have made explicit the construction of charts, the construction of the whole
atlas follows readily.
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Definition 3.3. Let Q C C¢ be a finite set and let V C C" and S C C" be algebraic sets
lying over Q. Suppose that V is d-equidimensional, let ¥ = (1;)1<i<s be an atlas of (V,Q,S)
and let d be an integer in {1,...,d}. Write W = W(e,d, V) and for i in {1,...,s}, write
W = (mi, hi)- _

We define Waas(¥,V, Q, S, d) as the sequence of all those W epars (¢, m',m"), for i in
{1,..., s} and for m',m" respectively a c-minor of jac(h;, €) and a (c—1)-minor jac(h;, e+d),
for which O(m;m'm”) N W — S is not empty.

The following result is important in several aspects: it establishes dimension properties
of polar varieties, and does so in a constructive manner, by relating the atlas of V' to that
of the polar variety. This proposition is proved in Section B of the electronic appendix.

Proposition 3.4. Let QQ C C°¢ be a finite set and let V. C C" and S C C" be algebraic
sets lying over Q, with S finite. Suppose that V is equidimensional of dimension d. Let
¥ be an atlas of (V,Q,S), and let d be an integer in {1,...,d}. If2 < d < (d+ 3)/2,

there exists a non-empty Zariski open subset 4 (¢, V,Q,S,d) of GL(n,e) such that for A in

G (Y, V,Q,S,d), the following holds:

e cither W(G,J, VA) is empty, or

o W (W™, VA, Q, SA, cz) is an atlas of (W (e, d, YA), Q,SA), and W (e, d, VA) is equidi-
mensional of dimension d — 1, with sing(W (e, d, VA)) contained in the finite set SA.

The bound (d + 3)/2 for d is sharp: for higher values of d, polar varieties develop high-
dimensional singularities [9].

For e = 0, these claims were previously established by Bank, Giusti et al. [7, 9] in the
particular case where V' is smooth and a complete intersection. Without these properties,
the proof becomes more involved, but in the end relies on a local version of those in the
above references, working locally using the charts defined by . Let us also point out here
the results in [4], that deal with other situations: using arguments in the same vein as the
above references, that paper proves in particular equidimensionality of polar varieties, in
generic coordinates, when we work over a smooth quasi-affine algebraic set.

The value d = 1 is excluded from the above proposition, essentially because the proof
for that case would require a slight change in the arguments we use. We now show that a
stronger statement actually holds.

Our algorithm will compute the set K(e,1,W), with W = W(e,J, VA) and d as the
proposition above, and will require this set to be finite. Even if we had stated the pre-
vious proposition with d = 1, we would not be able to apply it to W, since K (e, 1,W) =
K(e, 1, W (e, d, V4)) is in general different from K (e, 1, W (e, d, V)A). However, this finiteness
result holds as well; for a proof of the following proposition, see Section D of the electronic
appendix.

Proposition 3.5. Let ) C C¢ be a finite set and let V C C™ be an algebraic set lying over Q).
Suppose that V' is equidimensional of dimension d, with finitely many singular points, and
let d be an integer such that 2 < d < (d + 3)/2.
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Then, there exists a non-empty Zariski open set %(V,Q,d) C GL(n,e) such that, for A

in %(V,Q,d), writing W = W(e,d, VA, either W is empty, or W is equidimensional of
dimension d — 1, with finitely many singular points, and K(e,1,W) is finite.

As claimed above, this implies in particular that W (e, 1, V4) is finite, as one can prove
that W(e,1,V#) is a subset of K(e,1,W) (this is proved as Lemma A.5 in the electronic
appendix).

The proposition above was proved in [51] in the case where V' is a hypersurface, that is,
defined by a single equation. In general, the basic idea of the proof remains the same (study
a suitable incidence variety and relate the choices of A that do not satisfy our constraint
to this incidence variety), but the proof requires significant adaptations, as polar varieties
cannot be described as simply as in the hypersurface case.

3.2 Fibers of a projection

In our algorithm, V' C C" is an algebraic set lying over a finite set () C C¢, equidimensional
of dimension d and with finitely many singular points. The following result shows that if we
are in generic coordinates, these properties carry over to fibers of the projection 7, 7 ;.

Precisely, starting from an atlas for (V,; @, 5), with @ in C¢, and given a finite set Q)" C
Cetd=1 lying over QQ, we show how to get an atlas of (V”,Q",S"), where V" is the fiber
tbr(V, Q"), for a suitable choice of S” (the notation used below is the one we will use in the
algorithm). The construction is straightforward: we mainly replace @ by the new set )" and
remove some useless charts from the collection. The only subtle point lies in the definition
of the set S”: we take S” = fbr(S U W (e, d,V), ("), as this set can be proved to contain all
singularities of the fiber V.

Definition 3.6. Let (Q C C¢ be a finite set and let V C C" and S C C" be algebraic sets
lying over Q. Suppose that V is d-equidimensional, let ¥ = (1;)1<i<s be an atlas of (V,Q,S)
and let d be an integer in {1, ... d}.

Fori in {1,...,s}, write 1; = (my,h;). Given a finite set Q" C Ct4=1 lying over Q,
we define Fauas(¥,V,Q, S, Q") as the sequence of all v; for which O(m;) N V" — S" is not
empty, with V" = tbr(V, Q") and S” = fbr(S U W (e, d, V), Q").

The following statement is a counterpart of Proposition 3.4 in the context of fibers. For
a proof of this statement, see Section C of the electronic appendix.

Proposition 3.7. Let Q C C° be a finite set and let V C C" and S C C" be algebraic
sets lying over @Q, with S finite. Suppose that V is equidimensional of dimension d. Let
Y be an atlas of (V,Q,S), and let d be an integer in {1,...,d}. If2 < d < (d+ 3)/2,
there exists a non-empty Zariski open subset 93(v,V,Q, S, CZ) of GL(n, e) such that for A in
(v, V,Q, S, d), the following holds.

Define W = W(e,d, VA) and let Q" C Ct9=1 be a finite set lying over Q; define V" =
fbr(VA,Q"). Let further 8" = fbr(S* UW (e,d, VA),Q"). Then:
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o 5" is finite,

o cither V' is empty or Funas($™, VA, Q, 5%,Q") is an atlas of (V",Q",S"), and V" is
equidimensional of dimension d — (d — 1), with sing(V") contained in the finite set S”.

The dimension claim is natural: imposing that V" lies over a finite subset Q" of C¢+4-1,
we expect to reduce the number of degrees of freedom by d — 1.

Similar statements were proved for instance in [50] in the case e = 0, for V' a complete
intersection; the proof of the proposition above reduces to this situation by working locally
on V', using the charts provided by the atlas ).

4 A family of algorithms

In this section, we describe in a high-level manner a family of algorithms to compute
roadmaps, that are inspired by Canny’s original design. While all geometric constructions
are specified, we do not discuss data representation yet. Correctness, and in particular the
dimension equalities written as comments in the pseudo-code, are subject to genericity pro-
perties; the main contribution of this section is to make these requirements entirely explicit.

4.1 Description

The family of algorithms described hereafter is based on a connectivity result which is the
combination of Theorem 14 and Proposition 2 in [51]; roughly speaking, this result says that
if we are in generic coordinates, to compute a roadmap of an algebraic set V, it is enough to
compute the union of (i) a roadmap of a well-chosen polar variety of V' and (ii) a roadmap
of fibers of a corresponding projection.

In the resulting algorithm, we take as input an integer e < n, an algebraic set V' C C”
that lies over a finite set () C C¢, and a finite set C of control points. We make the following
assumptions:

e 1 is d-equidimensional, for some d > 0,
e 1/ has finitely many singular points,

e VN R" is bounded.

As output, we return a roadmap of (V,C'). The algorithm is recursive, the top-level call
being with e = 0 and thus Q = {e} C C°.

When V is a curve, we simply return V. Else, we first choose a random change of variables
A and an index d denoted by d = Choose(d). The choice of d is the subject of Subsection 4.3;
our only constraints are that d is in {2,...,[(d+3)/2]} (the lower bounds ensures that the
corresponding polar variety has dimension at least one; the upper bound allows us to apply
the results of the previous section).
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After applying A, we determine a finite set of points in C¢~! written " in the pseudo-
code; explicitly, they are obtained as a projection of K (e, 1, W)U CA, with W = W (e, d, V*).
We recursively compute roadmaps of the polar variety W and of the fiber V" = fbr(V, Q"),
updating the control points, and we return the union of these roadmaps.

In the recursive call for the polar variety, the index e does not change; when we deal with
V", we increase the value of e to e +d — 1.

The following pseudo-code describes this recursive algorithm. The dimension statements
on the right border are the expected dimensions of the corresponding objects; genericity
conditions on the change of coordinates A will ensure that these claims are indeed valid
(except when said objects turn out to be empty).

RoadmapRec(V, @, C, d, e) d = dim(V)
1. if V is empty, return V'
2. ifd=1, return V

3. let A be a random change of variables in GL(n, e, Q)

4. let d = Choose(d) d>2
5. let W =Wi(e,d,V*) dim(W) =d —1
6. let B=K(e,1,W) U CA dim(B) = 0
7. let Q" =7, 5 ,(B) dim(Q") =0
8. let C'=CA U fbr(W,Q") new control points; dim(C’) =0
9. let C" = thr(C", Q") new control points; dim(C”) =0
10. let V" = fhr(VA, Q") dim(V") = dim(V) — (d — 1)

11. let R' = RoadmapRec(WV, Q,C'.d—1, e)
12. let R” = RoadmapRec(V",Q",C",d — (d —1),e+d — 1)
13. return R UR™

The main algorithm performs an initial call to RoadmapRec with V satisfying the same
assumptions as above, e = 0, Q = {®} C C° and Cj an arbitrary finite set of control points.
We add sing(V') to Cy at the top-level call, resulting in the following main algorithm.

MainRoadmap(V, Cp)

1. return RoadmapRec(V, {e}, Cy U sing(V'),dim(V), 0)
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4.2 Correctness

The nature of Algorithm RoadmapRec implies that the recursive calls can be organized into
a binary tree .7, whose structure depends only on the dimension d of the top-level input V'
and our choice function Choose. Describing this tree explicitly will be useful for the proof of
the theorem below.

Given a positive integer d, the tree 7 is defined as follows. Each node 7 is labelled with
a pair (d,,e;) of integers:

e the root p of .7 is labelled with (d,,e,) = (d,0).

e anode 7 is a leaf if and only if d; = 1. Otherwise, it has two children 7" (on the left)
and 7" (on the right). Define d, = Choose(d,). Then, 7" and 7" have respective labels
(d.r/, 67-/) and (dT//, 67//), with

dT/ = CZT — 1, € = €1 and dTN = dT — (CL — 1), Crn = €r —}—CL— — 1.

In other words, (d,,e,) are the last two arguments given to RoadmapRec at the recursive
call considered at node 7, so that the recursive calls of the main algorithm correspond to the
nodes of .7. The total number of nodes in .7 is 2d — 1.

The following theorem proves correctness of Algorithm MainRoadmap using this formal-
ism. In the statement of the theorem, we mention in particular internal nodes of .7 ; these
are the nodes that are not leaves, and they correspond to recursive calls where the dimension
is greater than one. We also refer to proper ancestors of a node 7: they consist of the parent
of 7, the parent of its parent, ..., all the way to the root.

Theorem 4.1. Assume that V is a d-equidimensional algebraic set with finitely many sin-
gular points and that V N R™ is bounded. Let Cy C C" be a finite set of points and let
(Ar)r internal node of 7 be @ family of matrices, with A in GL(n,e,, Q) for all 7.

There exists a family of non-empty Zariski open sets (9;)r internal node of 7, Where for all T,
. is in GL(n, e;) and depends on the matrices (Az)z proper ancestor of r» Such that the following
holds: if, for all internal nodes T of 7, A, is in 9, and if it is used as the change of variables
in the corresponding recursive call of RoadmapRec, MainRoadmap(V, Cy) returns a roadmap

of (V, Cy).

This theorem is proved in Section E of the electronic appendix. Here, we discuss briefly
the ingredients involved in the proof.

Consider the algebraic set V' given as top-level input to MainRoadmap, together with an
atlas @ of (V,{e},sing(V')). First, we show that the algorithm runs its course. To each
node 7 of .7, we associate the geometric objects V,, Q,, C, that are given as input in the
corresponding recursive call, as well as all objects defined there, such as the curve R, (if
dim(V;) = 1), and W,, B, Q”,C.,C” ... otherwise, together with an atlas v, of V.

This is done in a recursive manner. Assuming we have reached a node 7, we define the
Zariski open set ¢ as the intersection of those sets obtained by applying Propositions 3.4, 3.5
and 3.7 to V;,Q,,S; and the atlas 9. This allows us to ensure that the dimension claims
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on the right border of the description of the algorithm are valid (unless the corresponding
object is empty) and to define atlases for the children of 7, so that we can continue the
construction.

Correctness itself then follows from connectivity results proved in [51]. Propositions 3.4
and 3.5 imply that at each node 7, V, satisfies the assumptions of Theorem 14 in [51];
this result establishes that W, UV has a non-empty and connected intersection with all
connected components of V, N R"™. Knowing this, Proposition 2 in that same reference then
shows that given roadmaps R, and R/ for (W,,C’) and (V,CY), for C. and C” as defined
in Steps 8 and 9, R, U R,” is a roadmap of (VA7 CA7). Restoring the initial coordinates
proves our claim.

4.3 Discussion

Let us now suggest what kind of complexity one should expect in an idealized model. As we
will see, the function Choose which selects the integer d is the key factor to determine the
efficiency of the algorithm.

Assume that the input V' is described by polynomials of degree D in n variables; the
Bézout bound [34] implies that it has degree at most D™; initially, the set @) is empty, and
we may assume for simplicity that the set C' of control points has cardinality 2.

If we suppose that we enter RoadmapRec with V' of degree at most ¢ and ) and C' of
cardinality at most d, a reasonable rule of thumb is that the polar variety W (used in one
recursive call) and the set V" (used in the other recursive call) will have degree at most 6 D",
and that the same would hold in terms of cardinality for the new points () and C'. Under
the further assumption that all computations at a given recursive call can be done in time
polynomial in §D" | we deduce that the overall running time is polynomial in D™, where
r is the depth of the recursion.

Canny’s algorithm corresponds to defining d = Choose(d) = 2 at every step, so that r is at
most d = dim(V') < n — 1. For this choice, one can implement all required operations within
the complexity estimates claimed above without much difficulty, since all polar varieties
we consider are curves (so there is no further recursion on their side); this leads to a cost
polynomial in D",

Decreasing the depth r means increasing d, so that we have to deal with higher-dimensional
polar varieties; this in turn raises the question of how to efficiently represent them. In the
baby-steps / giant-steps algorithm of [51], we assume that V' is defined by a single polyno-
mial, and we let d = Choose(d) ~ /n. In that case, the polar variety has dimension close to
Vv/n, and we use Canny’s algorithm to process it, since polar varieties of hypersurfaces can
be described easily.

One expects to do better by choosing d = Choose(d) = | (d +3)/2] ~ dim(V)/2, yielding
a genuine divide-and-conquer algorithm, with a recursion depth of log,(d). We illustrate this
in the next subsection.

However, in the context of such divide-and-conquer algorithms, given algebraic sets V, Q)
passed as input to RoadmapRec, it does not seem manageable from the complexity viewpoint
to use generators of the defining ideal of V' to define W (e, d, VA): we already mentioned that
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polar varieties can be defined by the cancellation of minors of a Jacobian matrix, but that
there are too many of them for us to control the complexity in a reasonable manner. Our
solution will be to represent V' in C™ as the Zariski closure of the projection of an open
subset of an algebraic set lying in a higher-dimensional space.

In Section 5, we introduce this main technical contribution, the use of a data structure
that we call generalized Lagrange systems, for which we can describe all objects arising
throughout the algorithm and perform all required operations in a cost matching the rough
description above.

4.4 Examples

For an algebraic set V' of dimension d = 2 in 3-dimensional space, there is only one possible
behavior for the algorithm, which is to choose d = 2; in this case, we recover Canny’s
algorithm. The polar variety W and the fiber V" are then both curves, so there is no
need to work further in the recursive calls. Figure 2 illustrates this process on the familiar
example of a torus (see also [39, 12]). The main features of the algorithm appear on this
example: because they are critical loci, polar varieties intersect each connected component
of V. NIR™, but the intersection may not be connected; taking fibers allows us to re-establish
connectivity.

As mentioned in the previous subsection, we will be interested in the divide-and-conquer
approach where one takes d = L%J at every step. In order to illustrate the difference
between this and Canny’s original design, we consider the algebraic set V' C C® defined by
the polynomials f = (fi, f2) introduced in Example 3.2. The algebraic set V' is smooth,
equidimensional of dimension 4 and V N RS is compact. We take Cy = (); thus, on input
(V, Cy), MainRoadmap simply performs a call to RoadmapRec with input V, Q = {e}, C' = (),
d =4 (we are in dimension 4) and e = 0 (we have fixed the value of no variable).

Below, we describe the behaviour of RoadmapRec with the function Choose(d) = | 4£2
assuming that all changes of variables satisfy the assumptions of Theorem 4.1.

Steps 1-4 We choose a matrix A € GL(6,0,Q) and we take d = | (4 + 3)/2] = 3.

Step 5 We compute a representation of the polar variety W = W (0,3, V4). By Proposi-
tion 3.4, if W is not empty, it is equidimensional of dimension 2.

Steps 6—9 Propositions 3.5 and 3.7 imply that the sets B, Q",C’,C" considered at these
steps are finite, with Q" c C2.

Step 11 We do a recursive call to RoadmapRec with input W, Q = {e} C’, d = 2 (we are
in dimension 2) and e = 0 (we have not fixed the value of any coordinate).

A new matrix A’ € GL(6,0, Q) is chosen at Step 3, and we set d = |(2+3)/2] = 2. The
finite sets computed at Steps 6-9 are denoted by By, Qf, C7, CY and we have Q] C C.
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Figure 2: The torus V' with 2 control points (top), with its polar variety W (0,2, V') (middle)
and the whole roadmap (bottom)
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e Proposition 3.4 implies that the algebraic set R} = W(0,2, WA") considered at
Step 5 has dimension 1 or is empty; it is returned by the recursive call of Step 11.

e Proposition 3.7 implies that the algebraic set Ry, = fbr(W4A' Q7) considered at
Step 10 has dimension 1 or is empty; it is returned by the recursive call of Step 12.

Step 10 We compute a representation of the fiber V” = fbr(V4,Q"). Proposition 3.7
implies that V" is either empty or equidimensional of dimension 2.

Step 12 We do a recursive call to RoadmapRec with input V", Q”, C”, d = 2 (we are in
dimension 2) and e = 2 (since V" lies over the finite set Q" C C?).

Since dim(V"”) = 2, a new matrix A” € GL(6,2,Q) is chosen at Step 3, and we
set d = [(2+ 3)/2] = 2. The finite sets computed at Steps 6-9 are denoted by
By, Q4,Ch, CY, and we have Q4 C C.

e Proposition 3.4 implies that the algebraic set RY = W (2,2, V"*") considered at
Step 5 has dimension 1 or is empty. It is returned by the recursive call of Step 11.

e Proposition 3.7 implies that the algebraic set R = fbr(V"*", QY) considered at
Step 10 has dimension 1 or is empty. It is returned by the recursive call of Step 12.

Step 13 We take the union of the algebraic sets returned by the recursive calls of Steps 11
and 12 and undo the linear change of variables induced by A.

Hence, the binary tree .7 defined in Subsection 4.2 has the following structure.

{V,Q:{.}c@,ozw,dzz;,e:o}

[W, Q={o},C',d=2,c— o} [V",Q" CC2C" d=2,c= 2}

=1 [i=1] =1 [a=1

The depth of the recursion is only 2, while it would be 3 using Canny’s algorithm.

5 Generalized Lagrange systems

5.1 Overview

The core of our construction is the following definition. When we use this definition, the
indeterminates will be X = X;,..., X, together with some pre-existing blocks of Lagrange
multipliers. In the definition, we write these indeterminates as Y.
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Definition 5.1. Let h = (hy, ..., hc) be polynomials in K[Y], where K is a field and 'Y a
sequence of N indeterminates, let (Ly, ..., L) be new indeterminates and let d be an integer
in{1,...,N —c}. Then Lagrange(h,d, (L,...,L.)) denotes the entries of the vector

[Ly -+ L] -jac(h, d).

Because our assumption on d implies that ¢ < N — d, the existence of a non-zero vector
L= (ly,...,L.) that cancels the new equations Lagrange(h, d, (Li,...,L.)) characterizes the
set where the ¢ x (N — d) matrix jac(h,d) does not have full rank ¢; this will allow us
to describe polar varieties as projections of zeros of such systems. The following example

illustrates this idea.

Example 5.1. We continue with the polynomials f = (fi, f2) defined in Example 5.2. We
let [Ly, L] be a row vector of two new indeterminates, and we choose again d = 3. Then,
Lagrange(f, 3, (L1, Ly)) denotes the entries of the vector

2Xs 2X5 0
(L1 L] - { 0 X; XJ = 201Xy 2L1X5+ Lo X3 LX)

If we assume that X1 is non-zero, the last equation becomes Ly = 0, and the second and third
ones give L1 Xy = L1 X5 = 0. If we furthermore introduce a dehomogenization equation, such
as for instance 2Ly — Ly = 1, we obtain Ly = 1/2, Ly = 0, together with X, = X5 = 0.

In this example, we can see the main feature of such Lagrange systems: locally, one can
solve for the unknowns Lq, ..., L.. The projection of the solution set on the X-space gives
us equations X, = X5 = 0; together with the original polynomials f1, fo, this yields the
equations that locally define the polar variety seen in Example 3.2. The following propo-
sition shows that this is the case in general (in this proposition, we do not discuss yet the
dehomogenization we applied above, so all equations remain homogeneous with respect to
the Lagrange multipliers).

In what follows, given a non-zero polynomial m in K[Y, Lq,..., L.], for some sequences
of indeterminates Y and (Lq,...,L.) and a field K, K[Y, Ly, ..., L., denotes the ring of
rational functions of the form P/m”, for P in K[Y, Ly,..., L. and r in N.

Proposition 5.2. Let all notation be as in Definition 5.1, let m" be a (¢ — 1)-minor of

jac(h,d) and let v be the index of the row of jac(h,d) not in m”. If m” # 0, there exist
(P)i=1,..cijze M K[Y ] such that the ideal I generated in K[Y, Ly, ..., Le|mr by h and
Lagrange(h, d, (L1, ..., L.)) is the ideal generated by

ha LL H(ha CZ, m”)a (Lj - ijL)jZL.‘.,C,j;ﬁM
with H as in Definition 3.1.

Proof. Without loss of generality, we write the proof in the case where m” is the upper-left
minor of jac(h, d). In particular, ¢ = ¢ and the minors in H(h, d, m”) are built by successively
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adding to m” the last row and columns c, . .. ,n—ciofjac(h, ci), below, we denote these minors
by Mi,..., M, ;... Write jac(h, d) as the matrix

jac(h, d) = {m01’01 Vc_l’d_dﬂ} ,

Upc—1 Wi d—d+1
where subscripts denote dimensions. Since m” = det(m) is a unit in K[Y, Ly, ..., L¢]m», the
ideal considered in the proposition is generated in K[Y, Lq,. .., L]~ by the entries of
. ~ m=t o] 1 —v 1 0
Ly -+ L] jac(h, d) { 0O 1/|0 1| Ly o Ll um! w—um™'v

The first ¢ — 1 entries are of the form L; + [um™],;L,, so they are as prescribed, and the
latter are checked to be M L./m",..., M, ;. ,L./m", by computing minors of both sides
the equality. O

The construction presented so far would be sufficient if only one polar variety was needed.
However, our abstract algorithm computes polar varieties of polar varieties . .. ; as a result, we
will have to introduce several blocks of Lagrange multipliers. Our starting point will be the
n-dimensional space, endowed with variables X = X4,..., X,,. To construct polar varieties
in an iterated manner, our blocks of Lagrange multipliers will be written Ly, ..., Ly, where
each block L; has the form L; = L;,..., L; ,, for some integers ni,...,n;. The systems
thus obtained will be called generalized Lagrange systems.

The purpose of this section is to give the precise definitions of these objects and describe
their main properties. Of particular importance will be the notion of normal form, which
expresses the fact that one can solve for the Lagrange multipliers, as we did above in the
case of a single block of multipliers.

5.2 Definition of generalized Lagrange systems

The definition of generalized Lagrange systems is simple: it involves straight-line programs
and zero-dimensional parametrizations as defined in Subsection 1.2.

Definition 5.3. A generalized Lagrange system is a triple L = (I, 2,.%), where

o [' is a straight-line program evaluating a sequence F of polynomials in Q[X, L] of the
form F = (£ f,...,f), with L = (Ly,...,Lg) and where

- X=(Xy,...,X,)

— £ =(f1,.... fp) is in Q[X] of cardinality p;

— fori=1,....k, Li=(Li1,..., Lin,) is a block of n; variables;

—fori=1,....k £ = (fix,..., fip,) is in Q[X,Ly,...,L;] of cardinality p; and
fi; has total degree at most 1 in Ly for 1 < j <p;, and 1 < s <1,
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e 2 is a zero-dimensional parametrization with coefficients in Q, defining a finite set

Q=2(2)c Ce;

e .7 is a zero-dimensional parametrization with coefficients in Q, defining a finite set
S =17() C C" lying over Q;

o fori=0,....k, (n4+ni+--+n)—pP+p+--+p)>e.

We will also write F = (Fy,..., Fp) for the whole set of equations, and let N be the total
number of variables, so that

N=n+n+---+n, and P=p+p +- -+ Dps.
Finally, we will write d = N —e — P, so that by the last item above we have d > 0.

We also attach to a generalized Lagrange system a combinatorial information, its type,
which allows us to easily derive complexity estimates.

Definition 5.4. Let L = (I', 2,.%) be a generalized Lagrange system. Its type is the 4-
uple T = (k,n,p,e), where k, n = (n,ny,...,ng), p = (p,p1,...,Px) and e are as in
Definition 5.5.

In geometric terms, we will consider the set of zeros of F that lie over ) and avoid
S, and most importantly the projection of this set on the X-space. In all that follows,
this particular projection will be denoted by mx : C¥ — C"; the canonical projection
(21, ..., 2,) — (x1,...,2.) is still denoted by ..

Definition 5.5. Let L = (I, 2,.¥) be a generalized Lagrange system, let F in Q[X, L] be
the sequence evaluated by T, and let Q), S and N be as in Definition 5.3. We define the
following objects:

e I(L) = tbr(V(F),Q) — nx'(S); this is thus the set of all (x,£) in CN that cancel F,
such that m.(x) belongs to Q and x is not in S;

N

(L) =mx(2(L)) Cc C*;

N

L) C C™ is the Zariski closure of % (L).

Since % (L) is the object we will be most interested in, we will say that L defines % (L).

A few remarks are in order. First, note that the integer d in Definition 5.3 is the dimension
one would expect for (L), if for instance the equations F define a reduced regular sequence.

Second, while we have % (L) C % (L) — S, the inclusion may be strict, as the following
example shows (with S = ().
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Example 5.2. We illustrate these notions with the polynomials £ = (f1, f2) of Examples 3.2
and 5.1; the only mild difference with the previous example is that Lagrange multipliers will
now be denoted by Ly = [Ly 1, L1 ] instead of [Ly, Lo]. In this ezample, and its extensions
below, we denote by I' any given straight-line program that evaluates f.

Since V (f) is smooth, L = (I, 2,.%) is a generalized Lagrange system that defines V (f),
where the zero-dimensional parametrizations 2 = () and . = (1) respectively define {8} C
CY and the empty set. There is nothing else to say for L, since there are actually no Lagrange
multipliers in it.

We saw that Lagrange(f, 3, L) is the sequence of polynomials

2011 Xy, 2013 X5+ L12X3, L12X;.

Consider then the linear form { = 2L, 1 — Ly — 1 already used in Example 5.1; from this,
we can derive a straight line program I that evaluates (f,Lagrange(f,3,L1),¢). The triple
L'=(I",2,7) is then a generalized Lagrange system of type T' = (1, (6,2), (2,4),0).

Ezample 5.1 implies that in the open set O(X1) defined by X1 # 0, % (L) is defined by
fi=fo=X4=X5 =0, so that % (L') coincides locally with the polar variety W (0,3, V).
Globally, a calculation shows that the set % (L") consists of the polar variety W (0,3,V),
minus the lines (0,2,1,0, —1,u)yec and (0,—2,—1,0,1,u)yec. The Zariski closure of % (L)
is exactly W(0,3,V).

5.3 Definition of local and global normal form properties

We now introduce some properties, called local and global normal forms, which will be
satisfied by the generalized Lagrange systems that we consider to compute roadmaps. Given
a generalized Lagrange system L = (I', 2,.7) that defines V' = % (L), these properties will
in particular allow us to define charts and atlases related to V', establish dimension and
smoothness properties, and assert correctness of our algorithms.

We start with a definition of systems where the variables L are “solved” in terms of the
variables X. In all that follows, we still write L = (Ly,...,Lg), with L; = (L; 1, ..., Lin,)

and N=n—+n;+ -+ ng.

Definition 5.6. Let M be non-zero in Q[X] and consider polynomials H in Q[X, L]y, with
X and L = (Ly,...,Lg) as above. We say that H is in normal form in Q[X, L]y, if these
polynomials have the form

H= (hlu Sy hc; (Ll,j - Pl,j)j:l ..... nyy (Lk,j - Pk,j)j:l ..... nk) >
where all h; are in Q[X] and all py; are in Q[X]y. We call h = (hy,..., h.) and p =

(Lij — pij)i<i<ki<j<n; respectively the X-component and the L-component of H.
Remark that in this case, the total number of polynomials in H is ¢ + N — n.

We can now define local normal forms for generalized Lagrange systems; the existence of
such local normal forms expresses the fact that we can locally solve for the variables L over
V =% (L), while having a convenient local description of V.
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Definition 5.7. Let L = (I', 2,.%) be a generalized Lagrange system that defines a set V,
and let all notation Q, S, ... be as in Definition 5.3. A local normal form for L is the data
of ¢ = (m,0,h, H) that satisfies the following conditions:

Li. m and 0 are in Q[X] — {0} and H is in normal form in Q[X, L]m, with X-component
h=(hi,... h);

Lo. |H| = |F|, or equivalentlyn —c = N — P;

Ls. (F,I) = (H,I) in Q[X,L]m, where I C Q[X] is the defining ideal of Q;
Ly. (m,h) is a chart of (V,Q,5);

Ls. 0 does not vanish on O(m)N% (L).

The idea behind this definition is that the systems F and H define the same solutions
(x,£), at least for those x that lie above @ and do not cancel md (this is L3). We ask that m
defines the open set corresponding to a chart of V' (this is L4), but we need more: expressing
the variables L in terms of X necessarily introduces a denominator, which is the polynomial
0; we authorize that it may vanish somewhere on V', but not on O(m) N % (L); this is Ls.
Given a local normal form ¢ as above, we will call 1 the chart associated with ¢.

Example 5.3. Continuing with the same example as above,

1

¢l = <X17 17 (f17f27X47X5)7 (fl7f27X47X57L1,1 - §7Ll,2)>

is a local normal form for L', corresponding to the open set O(Xy), giwving us the chart
(X1, (f1, fo, X4, X5)) of (W(0,3,V),{e},0); here, we have d = 1 since solving for L1 and
Ly 5 introduces no further denominator. Corresponding to the open set O(X3), a calculation
gives the local normal form

1 X5 X5

:X7X+X7 ) 7X7XX7 ) 7X7XX7L a9 v ., v +
¢2 ( 3 3 5 (fl fQ 4 1 5) (fl f2 4 1425 1,1 2X3+X5 1,2 X3+X5

)
with in particular the chart (Xs, (f1, fo, X4, X1X5)) of (W(0,3,V),{e},0). Here, we have
0 = X3+ X5, which is the denominator we introduce in order to solve the linear equations for
Ly 1 and Ly 5 over O(X3). The locus where this denominator vanishes on O(X3)NW(0,3,V)
1s precisely the two lines mentioned in Example 5.2.

We can finally introduce the global version of the previous property. Starting from a
family of local normal forms ¢; = (m;,0;, h;, H;), we will cover V' — S using the open sets
O(m;), in effect obtaining an atlas of (V, @, S). However, we may not be able to ensure that
the smaller open sets O(m;0;) cover V — S as well (since % (L) may be smaller than V' — S,
as in the previous example). Instead, given an “interesting” irreducible set Y contained in
V', but not in S, we add the condition that as soon as some m; does not vanish identically on
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Y, m;0; itself does not vanish identically on Y, so we can make sense of the corresponding
description by the polynomials H; almost everywhere on Y. For instance, if Y = {y} is a
single point, and m; does not vanish at y, 0,m; does not vanish there either.

Taking into account several such Y’s, not necessarily irreducible, we are led to the fol-
lowing definition.

Definition 5.8. Let L = (I, 2,.7) be a generalized Lagrange system that defines a set V,
and let all notation Q, S, ... be as in Definition 5.3. A global normal form of L is the data

of @ = (¢:)1<i<s such that:
Gy, each ¢; has the form ¢; = (m;,9;,h;, H;) and is a local normal form of L;

Gy. ¢ = (my, hy)1<i<s is an atlas of (V,Q,5).

Let further % = (Y1,...,Y,) be algebraic sets in C". A global normal form of (L; %) is
the data of ¢ = (¢;)1<i<s such that Gy and G hold, and such that we also have, for i in
{1,...,8} and j in {1,...,1}:

Gs. for any irreducible component Y of Y; contained in V' and such that O(m;) Y — S is
not empty, O(m;0;) NY — S is not empty.

We say that L, resp. (L, %), has the global normal form property when there exists ¢ as
above satisfying (G, Gg), resp. (Gy, G2, G3). Given a global normal form ¢ as above, we will
call ¢ the atlas associated with ¢.

Example 5.4. We already saw two charts for L' above, built in the open sets O(X;) and
O(X3), where X1 and X3 are two non-zero 1-minors of the truncated Jacobian of the original
system £. Two more minors can be considered, namely X4 and X5. The Lagrange system we
consider has no solution over O(Xy) NV, so we need not consider X,. For X5, we obtain
the local normal form

1 X; X5

S S P B
2 X, + X0 X3+X5)

One then checks that ¢ = (p1, Pa, ¢3) is a global normal form for L'.
When L possesses the global normal form property, one can deduce several useful pro-

perties on the sets Z(L) and % (L). For instance, the following proposition is proved in
Section F of the electronic appendix.

Proposition 5.9. Let L = (I', 2,.%) be a generalized Lagrange system and let ¥ = (Fy, ..., Fp)
in Q[X,L] and e > 0 be as in Definition 5.5. If L has the global normal form property, the
following holds:

¢3 = <X57 X3+X57 (flaf27X17X3X4)a (f17f27X17X3X47L1,1_

e the Jacobian matriz jac(F,e) has full rank P at every point (x,£) in Z(L);

o the restriction mx : (L) — % (L) is a bijection.

It is important to note that just as for charts and atlases, while local and global normal
forms are a useful tool to establish properties such as the ones above, the algorithms will
not explicitly compute any global normal form.
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5.4 Initialization and changes of variables

The simplest generalized Lagrange systems involve no Lagrange multipliers at all: they
essentially consist in a straight-line program I' that computes a reduced regular sequence
f=(f,...,f,) in Q[Xy,...,X,], together with a zero-dimensional parametrization of the
singular locus of V'(f). Here, we take e = 0 and thus () = {e}; in this case, recall that we make
the convention that the empty sequence () is seen as a zero-dimensional parametrization of
such a Q.

Because there is no canonical choice for a zero-dimensional parametrization of the singular
locus, we will take it as input. When V' (f) is smooth, so that sing(V'(f)) is empty, we represent
it using the sequence (1).

Proposition 5.10. Let I' be a straight-line program that evaluates polynomials £ = (f1,..., f,)
in Q[X] that define a reduced reqular sequence and such that sing(V (f)) is finite, and let .7
be a zero-dimensional parametrization of sing(V (f)).

Ifp <mn, then L = (T',(),.%) is a generalized Lagrange system of type (0, (n), (p),0) such
that % (L) =V (f). If % = (Y1,....,Y,) are algebraic sets contained in C", then (L; %) has
the global normal form property, with ¢ = ((1,1,f,f)) as a global normal form.

The proof is an immediate consequence of the definitions.

Our abstract algorithm in Section 4 uses several changes of variables. In all cases, they
are chosen in GL(n,e, Q), for some integers e < n. Suppose then that L = (', 2,.¥) is a
generalized Lagrange system of type (k,n, p,e), and recall that ' is a straight-line program
which evaluates a sequence of polynomials F in Q[X, L] as in Definition 5.3. For A in
GL(n,e), we define LA as LA = (I'A, 2,.74), where ' is obtained from I' by applying the
change of variable I' to the X-variables X1, ..., X, only; it computes polynomials FA. Tt is
immediate that LA is a generalized Lagrange system, of the same type as L. Note also the
following straightforward equalities:

A

UL =w (L) and %(LA)=%(L) .

We can apply the same construction to systems in normal form. Given a local normal form
¢ = (m,0,h, H) of L, we define ¢* in the natural manner, as the 4-uple (m#, 04 h# HA).
Here as well, for the last entry, we let A act on the X variables of the polynomials H; thus,
if H has the form

H= (/74; oy he, (LLj - pl,j)j:l ,,,,, nyy (Lk,j - pk,j)j:l ..... nk) )
then HA is

H= (h{\, e hA (LLJ — pA-)j:1

1 e Lj

Naturally, ¢* is a local normal form of LA.
Finally, if ¢ = (¢;)1<i<s is a global normal form of L, resp. of (L, (Y1,...,Y;)), then
¢™ = (¢2)1<i<s is a global normal form of LA, resp. of (LA, (YA,...,YA)).

T
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5.5 Generalized Lagrange systems and polar varieties

Starting from a generalized Lagrange system L that defines an algebraic set V = % (L),
we are now interested in constructing generalized Lagrange systems for polar varieties of V.
The following definition associates to L a new generalized Lagrange system Wiagrange (L, U, J),
where d will denote the index of the polar variety we consider, and u is a vector of constants.

This definition generalizes the process described in Example 5.1.

Definition 5.11. Let L = (I', 2,.%) be a generalized Lagrange system of type (k,n,p,e),
withmn = (n,ny,...,n,), p= (p,p1,---,0k) and L =Ly, ... L, and let F C Q[X, L] be the
polynomials computed by T'. Let N =n+ny +---+ny, P=p+p1+---+ p, and let d be
an integer in {1,...,N —e — P}.

Let Lyy1 = Lys1a,-- -, Lii1p be new indeterminates. Foru = (uy,...,up) in QF, define

F, = (F7 Lagrange(F, e + CZ, Lit1), wilpyin+ - +upLlipp — 1>,

where Lagrange(F, e + d, Li11) denotes the entries of the vector

[LkJrl,l e Lk+1,P] -jac(F, e+ d).
We define Wiagrange(L, 1, CZ) as the triple (I, 2,.7), where I, is a straight-line program
that evaluates F,.

In other words, we take our input equations and we add the linear equations involving
Lagrange multipliers that describe that jac(F, e—i—a?) is rank-deficient. The affine form involv-
ing the coefficients u allows us to dehomogenize the equations involving the new Lagrange
multipliers.

In order to make this definition unambiguous, let us explain how to construct I'): take
the straight-line program I', together with the straight-line program obtained by applying
Baur-Strassen’s differentiation algorithm [15] (to compute the Jacobian of F/)), and do the

matrix-product vector and the dot product in the direct manner.

Lemma 5.12. With notation as above, Wiyagrange(L, 1, d) is a generalized Lagmngﬁ system
of type (k+1,n',p',e), withn' = (n,ny,...,ng, P) and p' = (p,p1,- -, pk; N —e—d+1). In

particular, the total numbers of indeterminates and equations involved in Wiagrange(L, U, d)
are respectively

N =N+P and PP=N+P—e—(d—1),
sothat N' —e — P =d — 1.

Proof. The only point that deserves mention is that N’ — P' > e, which is true because
N —P =e+(d—1)and d > 1. O

In the following proposition, we state how normal form properties are transferred from
L t0 Wiagrange(L, u,d). The statement of the proposition is technical; here is what it says
in essence. If L defines V C C” and has the global normal form property, we expect
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Wiagrange(L, U, d) to possess it as well, and we expect this generalized Lagrange system to
define the polar variety W (e, d, V'), at least in generic coordinates. However, this may not
be the case: the global normal form of L involves denominators, and if these denominators
vanish identically on some irreducible component of W (e, (j, V'), we are not able to derive a
meaningful description at these points.

This proposition shows why we introduced the notion of global normal form attached to
(L;Y1,...,Y,), for some algebraic sets Yi,...,Y,. Indeed, we will prove that for a generic
choice of u and of a change of coordinates A, if we assume that (L, W (e, d, V*)), or equiv-
alently (L, W (e, d, VA)Afl), have the global normal form property, then our claim indeed
holds. Since we may have to prove the same property for further constructions of polar vari-
eties (or fibers, where the same issue will arise), we are led to the general kind of statement
made here, involving some extra algebraic sets Y;. The proof of the following proposition is
in Section G of the electronic appendix.

Proposition 5.13. Let () C C° be a finite set and let V C C" and S C C" be algebraic sets
lying over Q, with S finite. Suppose that V' is equidimensional of dimension d, with finitely
many singular points.

Let 4 be an atlas of (V,Q,S), let d be an integer in {2,...,d} such that d < (d+ 3)/2,
and let A € GL(n,e) be in the open set 4 (v, V,Q,S,d) defined in Proposition 3./; write
W =Wi(e,d,V»).

Let L = (I', 2,.%) be a generalized Lagrange system such that V = % (L), Q = Z(2)
and S = Z(). Let % = (Y1,...,Y,) be algebraic sets in C" and let finally ¢ be a global
normal form for (L; (WA, %)) such that 1 is the associated atlas of (V,Q, S).

There exists a non-empty Zariski open set (L, ¢, A, %) C C¥ such that for all u in
I (L,p, A, )N QF, the following holds:

° WLagrange(LA, u,d) is a generalized Lagrange system that defines W ;

o [fW is not empty, then (WLag@nge(LA, u, J), XY admits a global normal form whose
atlas is Wous($™, VA, Q, S5, d) (Definition 3.5).

Example 5.5. We illustrate Definition 5.11 starting from the polynomials £ = (f1, f2) we
have been using since Example 5.2, namely

=XT+X;+XZ-1
fo=Xo X5+ X1 X6+ X3X5 — 1.

Recall that T denotes a straight-line program that evaluates f. Since V(f) is smooth, we saw
that L = (I',(), (1)) is a generalized Lagrange system that defines V (f).

Nezt, take the generalized Lagrange system L' = (I, (), (1)) of Example 5.2, where I is
a straight-line program that evaluates ¥ = (f, Lagrange(f,3,L1),¢) and ( is the linear form
¢ =2Ly1—Lio—1. This generalized Lagrange system was built according to Definition 5.11,

starting from polynomials £ = (f1, f2); we saw in Example 5.2 that % (L') is none other than
W(0,3,V(f)), which has dimension 2 (in this case, no change of variables was necessary).

31



To do one more step, we now consider a (6 X 6) invertible matriz A with entries in
Q. Taking Ly = [Lay,...,Lag] and a random vector u = (uy,us, ug, ug, us, ug) € Q°, we
build now a new generalized Lagrange system WLagrange(L’A, 2,u) = (I, 2,7) as in Defi-
nition 5.11, where I is a straight-line program that evaluates FA, Lagrange(F4,2) and the
linear form
V' =1Ly +usLos + usLlog+ wsLlos + usLos + ugLog — 1.

Proposition 5.13 shows that for a generic choice of A and u, %(WLagrange(L’A,Q,u)) coin-
cides with W (0,2, W (0,3, V(f))A).

Since the type of L' was (1,(6,2),(2,4),0), and since we add 7 equations and 6 variables,
the type of the new generalized Lagrange system is (2,(6,2,6),(2,4,7),0).

5.6 Generalized Lagrange systems and fibers

Suppose that L = (I', 2,.7) is a generalized Lagrange system which defines an algebraic set
V=% (L) C C" let @ =Z(£2). We now build a generalized Lagrange system that defines a
fiber of the form fbr(V,Q"), for some Q" C C*"4~! lying over ), and we study its properties
(remark that the notation Q” or d are those that were used in our abstract algorithm).

Definition 5.14. Let L = (I', 2,.%) be a generalized Lagrange system of type (k,n,p,e).
Let N = n4+ny+- - -+ny, and P = p+p,+- - -+pi and let d be an integer in {1,...,N—e—P}.

Let 2" be a zero-dimensional parametrization that encodes a finite set Q" C CH=1 and
let finally %" be a zero-dimensional parametrization that encodes a finite set S” C C™ lying

over Q". We define Fragrange(L, 2", ") as the triple (I', 2", .7").

In all cases where we use this construction, L will have the global normal form property;

then, the quantity N — e — P that appears above is none other than the dimension d of
U (L).

Lemma 5.15. With notation as above, Fiagrange(L, 2", .7") is a generalized Lagrange system
of type (k,n,p, e+ d— 1). In particular, the total numbers of indeterminates and equations
involved in Fragrange(L, 2", .7") are respectively N' = N and P' = P, so that N' — (e + d—
1)—P =d—(d-1).

Proof. The only point that deserves a verification is that (n+ny+- - -+ng)—(p+p1+- - -+pp) >
e+d—1, or equivalently that N —e — P > d — 1; this inequality actually holds by definition
of d. 0

We can finally show how global normal form properties are inherited through this con-
struction. The following statement is a close analogue for fibers of the one we obtained
previously for polar varieties; its proof is in Section H.

Proposition 5.16. Let Q C C¢ be a finite set and let V C C™ and S C C" be algebraic sets
lying over QQ, with S finite. Suppose that V is equidimensional of dimension d, with finitely
many singular points.
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Let 4 be an atlas of (V,Q,S), let d be an integer in {2,...,d} such that d < (d+ 3)/2,
and let A € GL(n,e) be in the open set 43(v,V,Q, S, d) defined in Proposition 3.7; write
W =Wi(e,d,V»).

Let 2" and " be zero-dimensional parametrizations with coefficients in Q that respec-
tively define a finite set Q" C Cet4=1 lying over Q and the set S” = fbr(SA U W, Q"), and
let V" = tbr(VA Q").

Let L = (I', 2,.) be a generalized Lagrange system such that V- = % (L), Q = Z(2)
and S = Z(Y). Let % = (Y1,...,Y,) be algebraic sets in C" and let finally ¢ be a global
normal form for (L; (V”Afl, %)) such that ¥ is the associated atlas of (V,Q,S). Then the
following holds:

® Frogange (LA, 2", .7") is a generalized Lagrange system which defines V"

o if V" is not empty, (Fragrange(L*, 2", "); ™) admits a global normal form whose
atlas is Fagas (™, VA, Q, 8%, Q") (Definition 5.6).

6 Solving generalized Lagrange systems

We now describe the routines used in our main algorithm for “solving” generalized Lagrange
systems — for instance, to compute a one-dimensional parametrization of a set of the form
% (L), when it is known to have dimension one, or compute critical points on this set.

These routines rely on variants of algorithms in [31], and as such, their running time
depends on degree bounds for the varieties defined by the systems we have to solve (see
Section 2 for preliminaries on degrees of algebraic sets). Generalized Lagrange systems
possess a multi-homogeneous structure which will allow us to give strong degree bounds
for these varieties. We start by stating these bounds; they are variants of the classical one
(see e.g. [56, 57]) adapted to our setting. Next we state our complexity results for various
computational problems as mentioned above.

6.1 Degree bounds

Let e be a non-negative integer. In this section, we consider polynomials F = (F}, ..., Fp)
in C[X,Ly,...,Lg], with n — e, nq,...,n; variables in the respective blocks X, Ly, ..., L,
and having degrees in X, Ly, ..., L, respectively bounded by

(D1,070,...,0) for Fl,...,Fp
(DQ,l,O,...,O) for Fp+1,...,Fp+p1

(Da,1,1,...,1) for Fypotp, 41+ Fpretpys

so that P = p+py+- - -+ pg; the total number of variables is N —e, with N = n+n+---+ny.
We assume that all p;’s and n;’s are positive (including n and p).
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The structure of these systems is essentially that of the generalized Lagrange systems
our algorithm will construct by repeating the constructions defined in Section 5, except
that we only have n — e variables in the first block: this accounts for the fact that in
generalized Lagrange systems, we will ensure that the first e variables can assume finitely
many values (so we may essentially see them as being constant for such degree calculations).
As for generalized Lagrange systems, we assume that the following properties are satisfied
for 0 <i<k:

N;,—e>PF;,, with Ny=n+---+n;, and P,=p+---+p;. (2)
Remark in particular that N = Ny, and P = P,.

Definition 6.1. Given integers k,e, D1, Dy and sequences of integers n = (n,nq,...,ng)
and p = (p,p1,-..,pk) as above, we define Dg(k,e,n, p, D1, Ds), as

k—1
Dg(k, e,n,p, Dy, Dy) = (P + 1)F DI Dy~ T N7,
=0

The quantity Dg(k, e, n, p, Dy, D) is derived from calculations that are in essence in-
tersection products in the Chow ring of the multi-projective space P"7¢ x Pt x ... x P".
Concretely, this means that it is an upper bound on the sum of coefficients of a truncated
product of the form

(D1¢o)P (Do + )P -+ (Dalo + G 4+ + Go)PF mod (¢, ¢ v h)

in Z[QOa <1a s 7Ck:]
Let A be the ideal generated by all P-minors of jac(F). We consider the Zariski closure

V of V(F) — V(A): the irreducible components of V' are thus those irreducible components
of V(F) where jac(F) has generically full rank P. For i < P, let V; be the Zariski closure
of V(Fy,...,F;) — V(A); thus, Vp = V. Our main result in this subsection is the following
degree bound.

Proposition 6.2. Suppose that all inequalities in (2) hold. Then, for i in {1,...,P}, V;
has degree at most Dg(k,e,n, p, Dy, Ds).

This proposition is proved in Section I of the electronic appendix of this paper. The key
feature in this bound is that even though we have many equations of degree Dy or D (later
on, we will have P ~ n? such equations), these degrees only appear with exponent O(n);
the other terms in the product are of a combinatorial nature. This is to be compared with
a direct application of Bézout’s theorem, which would lead to bounds of the form DY D§ P
and would be unsuitable for our purposes.

We will use this result in the following context. If L = (I',2,.¥) is a generalized
Lagrange system with the global normal form property, Proposition 5.9 will allow us to
apply the previous proposition; it will imply that the algebraic set % (L) has degree at most
ko, with kK = deg(2) and § = Dg(k,e,n,p, D, D — 1): indeed, there are k points in Z(2),
and we apply the proposition above each of these points.
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6.2 Algorithms for generalized Lagrange systems

Let L = (I', 2,.7) be a generalized Lagrange system of type (k,n, p, e), where I is a straight-
line program of length E that computes polynomials F = (f f;,... f;), with f C Q[X] and
f; € Q[X,Ly,...,L;] for 1 <i < k. Below, the integer D denotes the maximum degree of
the polynomials in f; then, by Definition 5.3, for 1 < ¢ < k, the maximum of the degrees in X
(resp. Ly, ...,L;) of the polynomials in f; is at most D —1 (resp. 1). We writed = N —e— P,
still using the notation of Definition 5.3.

The goal of this paragraph is to state complexity estimates for routines which take as

input L, assuming that L has the global normal form property, and do the following:

e return a one-dimensional parametrization of %/ (L), when this set has dimension d = 1;

e return a zero-dimensional parametrization of Wi(e,1,% (L)) — S, with S = Z(.%),
assuming that this set is well-defined and finite;

e take a zero-dimensional parametrization 2" as an additional input and return a zero-
dimensional parametrization of the fiber tbr(% (L), Z(2")), assuming that this set is
finite.

Whenever the algorithms below return parametrizations, these parametrizations will have
coefficients in Q.

These algorithms are based on the geometric resolution algorithm of [31, 40] (that itself
follows previous work of [29, 30, 28]), with a slight modification. Indeed, since the generalized
Lagrange system L = (I', 2,.%) defines an algebraic set V' = % (L) lying over Q) = Z(2), our
algorithms need to “solve” equations with coefficients in Q[T]/{(q), where ¢ is the squarefree
polynomial appearing in 2. If ¢ was irreducible, we could directly apply the techniques
in [31, 40], but in general, we have to rely on dynamic evaluation techniques [22]. Details
are given in Section J.

The quantity 6 = Dg(k,e,n,p, D, D — 1) introduced in Definition 6.1 will play a crucial
role in the cost analysis of our algorithms, as will the degrees k = deg(2) and o = deg(.¥).
The main feature of the geometric resolution algorithm of [31, 40], which will be crucial for
our main result, is that its running time is polynomsial in these quantities.

We recall that our algorithms are randomized, in a sense that was described in the
introduction: failure can occur only if one of our randomly chosen values happens to belong
to some hypersurface of the corresponding parameter space.

We start with the routine SolvelLagrange that computes a one-dimensional parametri-
zation of %/ (L) when it has dimension d = 1; the proof is in Section K of the electronic
appendix.

Proposition 6.3. There exists a probabilistic algorithm SolvelLagrange which takes as input
a generalized Lagrange system L of type (k,n,p,e) such that N —e — P = 1, and returns
either a one-dimensional parametrization with coefficients in Q or fail using

O™ (N?*(E + N*)(D + k)k*8* + Nkrdo?)
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operations in Q, using the notation introduced above. If either

e % (L) is empty,

e or L has a global normal form,

then in case of success, the output of SolvelLagrange describes % (L). In addition, % (L) has
degree at most k9.

Next, we state complexity estimates for computing W(e, 1, % (L)) — S, with S = Z(.¥),
whenever this set is well-defined and zero-dimensional. For a proof of the following proposi-
tion, see Section L of the electronic appendix.

Proposition 6.4. There exists a probabilistic algorithm Wy which takes as input a general-
ized Lagrange system L of type (k,n,p,e) and returns either a zero-dimensional parametri-
zation with coefficients in Q or fail using

O~((k, + 1)2d+1N4d+8ED2d+1I€252 + NO,Q)

operations in Q, using the notation introduced above. If either % (L) is empty, or

(L) is d-equidimensional (so that W(e,1,% (L)) is well-defined),

o U
o Wi(e,1,% (L)) is finite,

e and (L;W(e,1,% (L))) has a global normal form,

then in case of success, the output of Wy describes W (e, 1,% (L)) — S, with S = Z(.). In
addition, the finite set W(e,1,% (L)) — S has degree at most kON4(D — 1 + k)<.

Finally, we give complexity estimates for the computation of fibers. The following pro-
position is proved in Section M of the electronic appendix.

Proposition 6.5. There exists a probabilistic algorithm Fiber which takes as input a gener-
alized Lagrange system L = (I'; 2,.%) of type (k,n,p,e) and a zero-dimensional parametri-
zation 2" of degree k", defining a finite set of points Q" C C*T¢ lying over Q = Z(2), and
which returns either a zero-dimensional parametrization with coefficients in Q or fail using

O (N*(NE + N*)Dr"*§? + No?)

operations in Q, using the notation introduced above. If either

o 7 (L) is empty,

e orthr(%(L),Q") is finite and (L;tbr(% (L), Q")) has a global normal form,

then in case of success, the output of Fiber describes for(% (L), Q") — S, with S = Z(). In
addition, tbr(% (L), Q") — S has degree at most K"9.
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7 Main algorithms

We finally describe and prove the correctness of our main algorithms; they are the con-
crete version of the abstract algorithms RoadmapRec and MainRoadmap given in Section 4.
Whereas we had maintained some flexibility in the choice of the parameter d in these ab-
stract algorithms, we now choose the value d = |(d + 3)/2], as we saw that it leads to a
recursion tree of logarithmic depth.

The geometric objects taken as input or constructed in the algorithms of Section 4 will
be encoded by the generalized Lagrange systems introduced in Section 5 and (for finite
sets) by zero-dimensional parametrizations; the output is encoded by a one-dimensional
parametrization.

7.1 Description

We start with the description of our recursive algorithm RoadmapReclLagrange, which is the
concrete counterpart of algorithm RoadmapRec of Section 4. It takes as input

e a generalized Lagrange system L = (I', 2,.%) which has the global normal form prop-
erty;

e a zero-dimensional parametrization ¢ that describes control points.

In order to implement all operations, we use basic subroutines manipulating zero-dimensional
or one-dimensional parametrizations such as Union (of zero-dimensional or one-dimensional
parametrizations), Projection (of zero-dimensional parametrizations) and Lift (that computes
tbr(Z(¢), Z(L2)) where ¢ and £ are zero-dimensional parametrizations). These routines are
described in Section J of the electronic appendix; here, we will simply mention that they run
in time polynomial in N and all involved degrees. We also use the routines SolvelLagrange,
W; and Fiber which were described in the previous section.

Some of these routines may return fail; in that case, by convention, the algorithm
RoadmapReclagrange and the upcoming top-level algorithm MainRoadmaplagrange return
fail as well. Finally, in the algorithm, for A € GL(n,e,Q), we use notation such as
€A for readability; more precisely, this should be read as ChangeVariables(4’, A) where
ChangeVariables is a routine that takes as input ¥ and A and returns a zero-dimensional
parametrization that encodes Z(%)*.

RoadmapReclagrange(L, €) L=T,2.Y)
1. ifd = N —e — P <1, return SolvelLagrange(L)
2. let A be a random change of variables in GL(n, e, Q) and u be a random vector in Q”
3. let d = [(d+3)/2] d>2; d~d/2
4. let I = Wragrange (LA, u, d) dy =d—1~d/2
5. let 2 = Union(W, (L"), 6*) dim(Z(%4)) =0
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6. let 2" = Projection(%,e +d — 1)
7.
8
9

let ¢ = Union(%*, Fiber(L', 2"))

. let € = Lift(¢", 2")
. let .#" = Union(.#2, Fiber(L', 2"))

dim(Z(2"

new control points; dim(Z(%”

dim(Z(.7’

) =0
) =0
new control points; dim(Z(%€")) =0
) =0
) =0

10. let .7" = Lift(", 2")

11. let #' = RoadmapReclLagrange(L’, ¢”)
12. let L = Frogrange(L*, 2", .5")

13. let #” = RoadmapReclLagrange(L”, €")
14. return Union(%’Afl,(%"Afl)

dim(Z(.7"

dL//:d—(d—l)ﬁd/Q

Our main algorithm takes the following input:

e a straight-line program I' that computes a reduced regular sequence f = (fi,..., f,) in
Q[X] = Q[Xj, ..., X,], such that V(f) satisfies the assumptions of our main theorem,

e a zero-dimensional parametrization ¢ encoding a finite set of points in V.

It starts by constructing a zero-dimensional parametrization . which encodes sing(V'(f))
using a routine SingularPoints, then calls RoadmapRecLagrange, taking as input the general-
ized Lagrange system (I, (),.#). The routine SingularPoints is described in Section J.5.4 of
the electronic appendix.

MainRoadmapLagrange(I", %)
1. . = SingularPoints(I")

2. return RoadmapRecLagrange((T', (),-¥), Union(%p,.7))

7.2 Correctness

To prove the correctness of MainRoadmapLagrange on input (I', %)), it is sufficient to prove
the correctness of RoadmapReclLagrange with input (I, (),.#) and Union(%y,.).

The strategy of our proof is to establish that this algorithm computes the same objects
as RoadmapRec when taking d = |(d + 3)/2]. As in Subsection 4.2, we consider the binary
tree .7 recording the recursive calls to RoadmapRec.

To each node of the tree .7, one can now associate integers (k,,n,, p,,e,), that will be
the type of the generalized Lagrange system L, given as input to RoadmapReclLagrange in
the corresponding recursive call. We can then denote by P, the sum of the entries of p,
(that is, the total number of equations in L.). With this notation, our correctness statement
can be formulated as follows.
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Proposition 7.1. Consider polynomials f = fi,..., f, in Q[X1,...,X,], given by a straight-
line program T", that define a reduced reqular sequence.

Suppose that V- = V(f) C C™ has finitely many singular points and that V(f) N R™ is
bounded. Consider also a zero-dimensional parametrization %, that describes a finite set
Cy C C".

Suppose that the matrices (A;)r internal node of 7 Satisfy the assumptions of Theorem 4.1.
Then, there exists a family of non-empty Zariski open sets %, C CP, for 7 an internal node
of 7, such that the following holds.

Consider vectors (Ur)r internal node of 7, With W, in Q" for all 7. If, for all internal
nodes T of 7, u, is in £, A, and u, are used in the corresponding recursive call of
RoadmapReclagrange, and if all calls to subroutines such as Union, Projection, Wy, Lift are
successful, then MainRoadmaplLagrange(I', 6y) returns a roadmap of (V,Cy).

The proof is given in Section N of the electronic appendix; we briefly discuss its main
points here.

As in Subsection 4.2, to each node 7 of .7 are associated the algebraic sets V., B, ... that
are used by our abstract algorithm at the corresponding recursive call. In addition, we now
also have a generalized Lagrange system L., together with zero-dimensional parametrizations
B, 2" etc. The gist of the proof is to establish that at each such node 7, L, defines V,,
and similarly Z(4,) = B;, etc.

In order to prove this by induction, we rely on Propositions 5.13 and 5.16. They show the
existence of a Zariski open .#, C C such that if u, belongs to .# ., then the generalized
Lagrange systems L/ and L” defined at Steps 4 and 12 respectively define the polar variety
W, and the fiber V.

In order to apply these propositions, we need to assume that L, has the global nor-
mal form property; then, we know that this property is transferred to the descendants L.
and L”. However, we pointed out while stating the two propositions above that we need
slightly stronger assumptions: when for instance we build polar varieties, we actually need
(L., WA 1) to have the global normal form property in order to deduce that it is still the case
for /. Having in mind to apply this property recursively means that at the top-level, the
initial generalized Lagrange system must have the global normal form property in conjunc-
tion with a host of algebraic sets, corresponding in essence to all objects built throughout
the algorithm. This is however precisely guaranteed by Proposition 5.10.

7.3 Complexity analysis

This final paragraph is devoted to the complexity analysis of Algorithm MainRoadmapLagrange.
In the last section of the electronic appendix, we prove the following result. Taken with Pro-
position 7.1, it establishes the main result stated in the introduction.

Proposition 7.2. Consider polynomials £ = fi1,..., f, in Q[X1, ..., X,] of degrees bounded
by D, given by a straight-line program I' of length E, that define a reduced regular sequence.
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Suppose that V- = V(f) C C" has finitely many singular points and that V(f) N R™ is
bounded. Consider also a zero-dimensional parametrization %o of degree j that describes a
finite set Cy C C™.

Suppose that all matrices A, and all vectors u, satisfy the assumptions of Proposition 7.1,
and that all calls to subroutines such as Union, Projection, Wy, Lift are successful. Then,
MainRoadmapLagrange(I', 60) either returns fail or returns a one-dimensional parametriza-
tion of degree bounded by

O (u163d(n logQ(n))Q(Qd—HQ logy (d))(log2(d)+6)D(2n+1)(10g2(d)+4))

USINg
O (MS 169dE(n 10g2 (n))6(2d+12 logQ(d))(logz(d)+7)D3(2n+l)(10g2(d)+5))

arithmetic operations in Q, with d =n — p.

We refer the reader to Section O of the electronic appendix for the detailed cost analysis
of this proposition. Instead, we give here the main lines of an argument that shows that the
running time is polynomial in p(nD)"°e(@,

The divide-and-conquer nature of the algorithm implies that at all stages, the total
number of variables N in the generalized Lagrange systems we handle is O(n?); as a result,
the quantity Dg(k, e, n, p, D, D — 1) associated to any of these generalized Lagrange systems
is seen to become (n.D)°™,

In geometric terms, all the inputs to our algorithms are pairs of the form (V,Q), with
V' lying over a finite set (), together with control points C. Using the upper bound above,
Proposition 6.2 implies that the degree of the fiber of V' above each point of @ is (n.D)°™.

We also need to control the growth of the sets (). Using the degree bound in Proposi-
tion 6.4, one can deduce that the degree of @@ (as well as that of all finite sets computed
in the algorithm, and in particular the set of control points) grows by a factor (nD)°™
through each recursive call. Hence, all these sets admit an overall degree bound of the form
p(nD)Pe(d) - The running time of the algorithm can be analyzed along the same lines,
once we notice that for the subroutines we use, the running time is essentially polynomial in
the input and output degrees.

7.4 Example

We illustrate the execution of MainRoadmaplagrange when I is a straight-line program eval-
uating the polynomials f = (f1, f2) C Q[Xj, ..., X given in Example 3.2 and %, = (1) is
the parametrization encoding the empty set (so we have no control points).

In the example of Subsection 4.4, we showed the execution of the divide-and-conquer
version of the abstract algorithm RoadmapRec on the variety V' = V(f). In what follows, we
focus on data representation by means of generalized Lagrange systems, and in particular
on their types; recall that they take the form (k,n, p,e), where k is the number of blocks of
Lagrange multipliers that were introduced, n gives the number of unknowns in each block,
p gives the number of equations in each block, and e indicates how many variables are fixed.
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The set % (L) defined by a generalized Lagrange system L is expected to have dimension
In| — e — |p|, where | | denotes the sum of the entries of a vector. The reader can then verify
how the description below matches that in Subsection 4.4.
Since V' is smooth, the parametrization . computed by SingularPoints defines the empty
set and RoadmapReclLagrange is called with inputs the generalized Lagrange system L =
(T, (), (1)) and the parametrization (1); the generalized Lagrange system L has type (0, (6), (2),0).
In what follows, we assume that we are under the assumptions of Proposition 7.1, so that
correctness is guaranteed.

Steps 1-3 We have d = 6 —2 = 4; a matrix A € GL(6,0,Q) and a vector u = (uy, uz) € Q
are randomly chosen (Step 2) and we have d = 3 (Step 3).

Step 4 We construct the generalized Lagrange system L' = Wryagrange(L®, 1, 3); it is the
triple (I, (), (1)) where I'" is a straight-line program evaluating
ot oft o
fansza (L1, L) - [giﬁ gi& giﬁ] , wLyg 4+ uglio — 1.
0X; 0Xs 0Xe
This construction is essentially what was described in Examples 5.1 and 5.2 (except
that we did not apply a change of variables in those examples).

The type of L' is (1,(6,2),(2,4),0). By Proposition 5.13, % (L) is the polar variety
W = W(0,3,V(f%)); by Proposition 3.4, if it is not empty, it has dimension 2, as
confirmed by the type of L, since 2 = (6 +2) — 0 — (2 +4).

Step 11 This step consists in a recursive call to RoadmapReclLagrange with inputs L’ and
€', where €' is constructed in Steps 5-10. In this recursive call, we have d = 2 and
d = 2. Denoting by A’ € GL(6,0,Q) the matrix chosen at Step 2 of that recursive
call, the behavior is as follows:

e the generalized Lagrange system constructed at Step 4 has type (2, (6,2, 6), (2,4, 7),0);
it encodes W (0,2, WA"), which either is empty or has dimension 1 = (6424 6) —
0—(244+7). Its construction was illustrated in Example 5.5.

e the generalized Lagrange system constructed at Step 12 has type (1, (6,2), (2,4),1)
and encodes the fiber for(W4', Z(2V)), where 2/ is built at Step 6 of that recur-
sive call; it is either empty or has dimension 1 = (6 +2) — 1 — (2 +4).

The recursive calls at Steps 11 and 13 will consist in executing SolveLagrange on their
respective inputs and return one-dimensional parametrizations. The last step takes
the union of the curves encoded by these parametrizations.

Step 12 At this step the generalized Lagrange system L” = Flagrange(L*, 2", .%") is con-
structed. It has type (0, (6), (2),2). Proposition 5.16 ensures that L” defines the fiber
V" = fbr(VA,Z(2")), which is equidimensional of dimension 2 = 6 — 2 — 2, if it is not
empty.
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Step 13 This step consists in a recursive call to RoadmapRecLagrange with inputs L” and
¢". Here, we have d = 2 and d = 2. Denoting by A” € GL(6,2,Q) the matrix chosen
at Step 2, we now have the following behavior:

e the generalized Lagrange system constructed at Step 4 has type (1, (6,2), (2, 3), 2);
it encodes W(2,2, V" A”), which either is empty or has dimension 1;

e the generalized Lagrange system constructed at Step 12 has type (0, (6),(2),3)
and will encode the fiber fbr(V"A", Z(24)), which is either empty or has dimension
1.

The output of this step is a one-dimensional parametrization of the union of these
curves.

Step 14 This last step takes the union of the one-dimensional parametrizations computed
through the recursive calls of Steps 11 and 13, and restores the initial coordinates.

In the figure below, we show how the recursive calls are organized into a binary tree. The
labels of the internal nodes of the tree indicate the input of RoadmapReclLagrange and the
dimension of the set it defines; at, the leaves, the input defines a curve.

L=0.0.0) d=4]

[(L',sﬂ), d= 2] [(L", "), d= 2}

d=1] ld=1]ld=1] [d=1]
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locally closed sets, basic properties of polar varieties and, in the last section, of charts and
atlases that are used further.
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A.1 Locally closed sets

We say that a subset V° of C™ is locally closed if it can be written V° = ONZ, with O Zariski
open and Z Zariski closed. For x in such a V°, we define TxV° as Ty Z (this is independent
of the choice of Z or O).

The dimension of V° is defined as that of its Zariski closure V', and we say that V°
is equidimensional if V' is. When it is the case, we define reg(V°) = reg(V) N V° and
sing(V°) = sing(V) N V°; we say that V° is non-singular if reg(V°) = V°.

A first example of a locally closed set is the set reg(V), for V' an equidimensional algebraic
set. The following construction shows some other locally closed sets that will arise naturally
in the sequel. Let f = (fy,..., f,) be polynomials in C[X7,...,X,], with p < n. We define
Vieg(f) as the set of all x in V' such that jac(f) has full rank p at x. Since jac(f) having rank
less than p is a closed condition, V2, (f) is locally closed.

We also define Vi (f) as the Zariski closure of Vi (f). It is the union of the irreducible
components V; of V (f) such that jac(f) has generically full rank p on V;; if Viee(f) is not empty,
it is (n — p)-equidimensional by the Jacobian criterion [25, Theorem 16.19]. Besides, if jac(f)
has full rank p at some point x € Vieg(f), x is in reg(Vieg (f)), so we have V2, (f) C reg(Vieg(f)).
The converse may not be true, so that the inclusion may be strict in general.

Slightly more generally, let () be a finite subset of C® and let f = (fi,..., f,) be in
C[Xy,..., X,], with now p < n —e. Just as we defined Vi (f) and Vieg(f) when e = 0,
we can define V2, (f, Q) and Vie(f,Q): the former is the set of all x in fbr(V (f), Q) such

reg

that jac(f, e) has full rank p at x, and Vi (f, Q) is the Zariski closure of Vi, (f,@)). By the

reg
Jacobian criterion, Vieq(f, Q) is either empty or (n — e — p)-equidimensional.
The following lemma will help us to give local descriptions of algebraic sets.

Lemma A.1. Let V C C" be an algebraic set and let O C C™ be a Zariski open set. Suppose
that there exists an integer ¢, and that for all x in O NV there exist

e an open set O, C O that contains X,

o polynomials hy = (hx1,...,hxe) in C[Xq,..., X,], withc <n,
such that

e 0NV =0,.NV(hy)

e jac(hy) has full rank ¢ at x.

Then, V° = O NV is either empty or a non-singular d-equidimensional locally closed set,
with d =n — ¢, and for all x in ONV, T,V° =TV = ker(jacy (hy)).

Proof. If ONV is empty, there is nothing to prove, so we will assume it is not the case. Take
x in ONV and let O, and hy be as above. By the Jacobian criterion [25, Theorem 16.19)],
we know that there exists a unique irreducible component Z of V(hy) containing x, that Z
has dimension d = n — ¢, that Z is non-singular at x and that Ty Z is the nullspace of the
Jacobian of hy at x.
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In the next few paragraphs, we prove that Z is actually an irreducible component of V|
and that it is the only irreducible component of V' containing x.

We restrict O, to an open set O, still containing x, so as to be able to assume that
Ol NV(hy) = O N Z. On the other hand, by restriction to O, we also deduce that
OLNV =05 NV(hy), so that OL NV = O N Z. The Zariski closure of O N Z is equal to
Z (since the former is a non-empty open subset of Z), so upon taking Zariski closure, the
former equality implies that Z is contained in V.

Next, we prove that Z is actually an irreducible component of V. Let indeed Z’ be
an irreducible component of V' containing Z, so that we have Z C Z' C V. Taking the
intersection with O, we deduce that O, NZ C OLNZ" C O, NV. Since the right-hand
side is equal to O N Z, we deduce that O N Z = O N Z', which implies that Z = Z'.

Similarly, we prove that Z is the only irreducible component of V' containing x. Let indeed
Z" be any other irreducible component of V. The inclusion Z” C V yields O/.NZ" c OnZ.
This implies that O N Z" is empty, since otherwise taking the Zariski closure would yield
7" c Z. Thus, we have proved our claim on Z; it implies in particular that TV = Ty Z,
that is, ker(jac, (hy)).

We can now conclude the proof of the lemma. We know that O NV is a locally closed
set, and we assumed that it is non-empty. Besides, its Zariski closure V"’ is the union of the
irreducible components of V' that intersect O. Let V” be one of them and let x be in ONV".
Because x is in O NV, the construction of the previous paragraphs shows that V" coincides
with the irreducible variety Z defined previously, so dim(V"”) = n — ¢. This proves that V'
is d-equidimensional, with d =n — c.

Finally, we have to prove that for all x in O NV, x is in reg(V’). We know that there
exists a unique irreducible component Z of V' that contains x, that Z is non-singular at x
and that 75 Z = ker(jac,(hy)). But then, Z is also the unique irreducible component of V'
that contains x, so x is indeed in reg(V”). O

A.2 Ciritical points and polar varieties

Let V' C C" be an equidimensional algebraic set (possibly empty) and let ¢ : V' — C™ be a
polynomial mapping. A point x € reg(V) is a critical point of ¢ if dxp(TV) # C™, where
dyy is the differential of ¢ at x. We denote by W°(p, V) C reg(V) the set of all critical
points of ; this is a locally closed set. A critical value of ¢ is the image by ¢ of a critical
point; a reqular value is a point of C™ which is not a critical value.

We also define K(p,V)as the union of W°(¢, V) and sing(V). The following lemma
shows in particular that this is an algebraic set.

Lemma A.2. Suppose that V is d-equidimensional. Given generators £ of I(V'), the follow-
ing holds:

: | jacy (f)
We(p,V) = q{¢x €V | rank(jac,(f)) =n —d and rank | %
(V) = {x € V | k(e (£) et)

<n—d+m}

o1



and

_ jacy(f) N
K(p,V) = {X € V | rank [jacx(@)} <n d—i—m}.
In particular, K(p,V) is Zariski closed, and we have K(p,V) =W (p, V) Using(V), where
W (e, V) is the Zariski closure of W°(p, V).

Proof. For xin V', x is in W°(¢, V) if and only if we have x € reg(V') and dim(dxp(TV)) <
m. By Lemma 2.1, the first condition amounts to the rank condition rank(jac,(f)) = n — d.
When this is satisfied, since T,V is the nullspace of jac,(f), the second condition amounts
to

ank {.]acx(f)} <n—d+m,
jac(p)

which proves the formula for W*° (¢, V). To prove the one for K (¢, V'), observe that sing(V')

is the subset of V' where jac(f) has rank less than n — d, so that K (¢, V) is the subset of all

x in V such that

(rank(jacx(f)) — n—d and rank [3253(3] <n—d+ m)

or
rank(jac, (f)) <n — d.

Now, if jac,(f) has rank less than n — d, then [jzs"((;))] has rank less than n — d + m, so

the condition above is equivalent to the one given in the statement of the lemma. The last
property follows immediately, since the above expression of K (¢, V') shows that it is Zariski
closed. 0

Polar varieties are a particular case of the previous definition: if V' is a d-equidimensional
algebraic subset of C" lying over a finite subset @ of C¢ then we have W°(e,d,V) =
We(mea, V), W(e,d, V) = W(meq,V) and K(e,d,V) = K(m.q4,V). In particular, we obtain
that

K(e,d,V)=W(e,d,V)Using(V).
The following lemma, which handles the simple case e = 0, is similarly a direct consequence
of Lemma A.2.

Lemma A.3. If V C C" is a d-equidimensional algebraic set, I(V) = (f) and d is in
{1,...,d}, then K(0,d,V) is the zero-set of £ and of all c-minors of jac(f,d), where c = n—d

1s the codimension of V.

Lemma A.4. Let QQ be a finite subset of C¢, and let V' be an algebraic subset of C™ lying
over Q). If V is d-equidimensional, the following inclusions hold:

We(e,1,V) C W°(e,2,V) C--- C W(e,d, V).
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Proof. Lemma A.2 shows that for 1 <i <4i' <d, W°(e,i,V) and W°(e, i, V) are defined by
rank conditions on matrices

M., — dack(®) 14 M, Jac(f) 7
: jacy (me.i) *7 jace (mer)

where f is a finite set of generators of the ideal of V. The latter matrix is obtained by adding
i" — i rows to the former one; hence, if jac,(f) has rank n — d and M; x has rank less than
n —d+ 1, My x has rank less than n —d + 7. O

Also, one of the constructions which are used in our roadmap algorithm consists in
considering polar varieties of polar varieties (see Section 4). In this context, the following
lemma will be useful.

Lemma A.5. Let Q) be a finite subset of C¢, and let V' be an algebraic subset of C™ lying
over (). Suppose that V s d-equidimensional, and let d be an integer in {1,...,d}. Suppose
further that W = W (e, d, V') is equidimensional. Then W°(e,1,V), and thus W (e, 1,V), are
subsets of K(e,1,W).

Proof. When W°(e, 1,V) is empty, we are done. Hence, assume it is not empty and let x
be in W¢(e,1,V). Lemma A.4 implies that x is in W. Since we have assumed W to be
equidimensional, it makes sense to consider its singular and regular loci. If x is in sing(W),
then x is in K(e, 1, W), by definition, so we are done. Assume now that x is in reg(WW), and
denote by TyW the tangent space to W at x.

By definition of W¢(e,1,V), x is in reg(V) and dym.1(TxV) # C. Moreover, since
W cV, T.W C TV. We deduce that dyxm,1(15xW) # C; hence x is in W°(e, 1, W), and we
are done. O]

An essential ingredient for our algorithms is the control of the dimension of polar varieties
of an algebraic set V' C C", together with the dimension of fibers taken on these polar
varieties, under the assumption that V' is equidimensional with finitely many singular points.
We mention the following result in this direction, which holds in generic coordinates; it is
sufficient for us to state it for e = 0.

Lemma A.6. Let V' be an algebraic subset of C", and suppose that V s d-equidimensional,
with finitely many singular points. Then, for d in {1,...,d}, there exists a non-empty Zariski
open set 9 (V,d) C GL(n) such that, for A in G (V,d), for any x € C¥=1, fbr(W(0,d, V*),x)
and fbr(K(0,d, V), x) are finite.

This result is proved in [50, Theorem 1]. Note that the assumptions of that theorem
require that V' be non-singular, but this result extends to our setting where sing(V’) is finite.
Indeed, that assumption was only used to ensure another property, that the dimension of
K(0,d,VA) be at most d — 1; the claim we are making here still holds as soon as sing(V) is
finite.

Finally, we will have to consider the case of locally closed sets instead of algebraic sets.
Suppose thus that V° C C" is a locally closed set with Zariski closure V' and that V°
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is d-equidimensional; let further ¢ be a polynomial mapping V' — C™. Then, we define
We(p,V°)as W (e, V°) =W°(p, V)N Ve. In this context, we say that y € C™ is a regular
value of ¢ on V° if o7 (y) N V° and W°(p, V°) do not intersect, and a critical value of ¢
on V° if they do.

In particular, if V lies over a finite set Q C C¢, for all d € {1,...,n}, Wo(e,cz, Ve) is
defined as We(e,d, V°) = We°(e,d, V)N V°,

A.3 Properties of charts and atlases
A.3.1 Charts

In this paragraph, we state a few of properties of charts, as defined in Definition 2.2.

Lemma A.7. Let QQ C C€ be a finite set and let V C C™ and S C C" be algebraic sets lying
over Q).

Let vp = (m,h) be a chart of (V,Q,S), withh = (hy,...,h.). Then, O(m)NV — S is a
non-singular d-equidimensional locally closed set, with d = n — e — c¢. Besides, for all x in
O(m)NV =S, T,V =(0,...,0) xker(jac, (h, ¢€)).

——

e

Proof. Let U C C" be the non-empty Zariski open set O(m) — S. For all x = (z1,...,2,) in
U NV, let hy be the polynomials (X; — z1,..., X, — z.,h). Letting U, C U be an open set
containing x such that fbr(V (h), @) and fbr(V (h),y) coincide in U’ , where y = (21, ..., Z.),
we are in a position to apply Lemma A.1 to V, U, and hy. The lemma proves that 4 NV
is either empty or a non-singular d-equidimensional locally closed set, with d = n —e — ¢,
and that for all x in U NV, T3V = ker(jacy (hx)). This is exactly the claimed result (since
we know that & NV is not empty). [

Lemma A.8. Let QQ C C° be a finite set and let V C C™ and S C C" be algebraic sets lying
over ().

Suppose that V' is d-equidimensional and let 1 = (m,h) be a chart of (V,Q,S). Then
O(m)NV — S is contained in reg(V'), and h has cardinality c =n — e — d.

Proof. The previous lemma implies that for all x in O(m) NV — S, T,V has dimension
n —e — ¢, and also proves that the Zariski closure of O(m) NV — S has the same dimension.
Since this Zariski closure is the union of some irreducible components of V', it has dimension
d=dim(V), so d =n — e — ¢, and every x as above is in reg(V). O

Conversely, provided that V' is equidimensional, the following lemma shows that charts
always exist at regular points.

Lemma A.9. Let Q C C° be a finite set and let V. C C"™ and S C C" be algebraic sets lying
over Q.

Suppose that V is d-equidimensional. Forx inreg(V)—.S, there exists a chart ) = (m,h)
of (V,Q,S) such that x € O(m).
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Proof. Let x = (x1,...,2,) be in reg(V) — S, let y = (21,...,2.) € Q and let H =
(X1 —21,...,Xe — @, by, ..., hy) be generators of the ideal of Vy, = fbr(V,y). Without loss
of generality, we assume that the polynomials hy, ..., hs lie in C[ X1, ..., X,], by evaluating
the variables Xi,..., X, at 21, ..., x.. We also consider a polynomial ¢ € C[Xq, ..., X.] such
that ¢ vanishes at all points of @) except y; note that this implies that O(q) NV = V4.

Since x is in reg(V), and thus in reg(V},), the rank of jac(H) at x is the codimension ¢’ =
n—d of Vy; equivalently, due to the shape of the polynomials H, jac(H, e) has rank ¢ = ¢’ —e
at x. Up to renumbering the polynomials in H, one can suppose that h = (hy, ..., h.) is such
that jac,(h, e) has full rank ¢, or equivalently, that h’' = (X} —xq,..., Xe — 2¢, by, ..., he) S
such that jac,(h’) has full rank ¢'.

We let m be a c-minor of jac(h, e) such that m(x) # 0 and let Z be the Zariski closure of
O(gm)NV (h'). Since x € O(gm)NV (h'), Z is not empty. Also, at all points of O(qm)NV (h/),
jac(h, e) has full rank ¢, or equivalently jac(h’) has full rank ¢’. We deduce by Lemma A.1
that O(gm) NV (h') is a non-singular d-equidimensional locally closed set, lying over y and
containing x; in particular, there is a unique irreducible component Z’ of Z which contains x,
and it has dimension d [19, Chapter 9, Theorem 9].

We claim that Z' is contained in V5. Indeed, since x belongs to reg(Vy), and Vj is d-
equidimensional, there is a unique d-dimensional irreducible component Y of V;, that passes
through x. Since all polynomials H, and thus h’, vanish on Y, we deduce that O(¢gm)NY
is contained in O(gm) NV (h'); taking the Zariski closure, we deduce that Y is contained in
Z (since O(gm) NY is a non-empty open subset of Y, its Zariski closure is Y). Thus, Y is
d-dimensional, irreducible, and contained in Z; this implies that Y = Z’, proving our claim.

Let now U be the Zariski closure of Z — V: it is the union of all irreducible components
of Z that are not contained in V. We proved before that there is a unique irreducible
component Z' of Z which contains x, and that Z’ is contained in V4, and thus in V; as a
consequence, X is not in U. Then, there exists a polynomial m’ in the ideal of U such that
w’'(x) # 0. Define m = gmm’; we claim that ¢» = (m, h) is a chart of (V, @, 5).

C;. Since by construction x € O(gmm’) NV — S| this set is not empty.

Co. We have to prove that O(gmm/)NV =S = O(gmm’)Nfbr(V (h), Q)—S. Observe that due
to our choice of ¢, this amounts to proving that O(¢gmm’)NVy—S = O(¢gmm’)NV (h')—S.

One inclusion is straightforward: if x" is in O(¢gmm’) NV, — S, all polynomials H vanish
at x’, and so do all polynomials h'. Conversely, take x" in O(¢gmm’) NV (h’) —S. This
implies that x’ is in V’, but it cannot be in U, since m/(x’) # 0; thus, x’ must be in V,
or equivalently in V5, and we are done.

Cs. By construction, c=n —d — e, so ¢+ e = n — d satisfies ¢ + e < n.

C4. Finally, take x" in O(¢gmm’) NV — S. We have to prove that jac(h,e) has full rank ¢
at x’; this is immediate from the fact that m(x’) # 0, and that m is a c-minor of that
same matrix.

Since by construction x is in O(gmm’), the proof is complete. n
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We finish this paragraph with a straightforward result: we can read off the polar varieties
as those points where the rank of a submatrix of the Jacobian of h drops.

Lemma A.10. Let Q C C¢ be a finite set and let V C C" and S C C" be algebraic sets
lying over Q).

Suppose that V is d-equidimensional, let 1 = (m,h), with h = (hy, ..., h.), be a chart of
(V,Q,S), and let d be an integer in {1,...,d}. Then, for x in O(m)NV — S, x belongs to

W(e,d,V) if and only if jac,(h,e + d) does not have full rank c.

Proof. Let x be in O(m) NV — S. By Lemma A.7, T4V coincides with (0,...,0) x
ker(jac, (h, e)). Since x is in reg(V) (Lemma A.8), it belongs to W (e, d, V) if and only if it
belongs to W (e, d, V). This is the case if and only if the projection ker(jac, (h, e)) — Cn—¢~4
is not onto, and elementary linear algebra, as in Lemma A.2, implies that this is equivalent

to the submatrix jac, (h, e + d) having rank less than c. O

A.3.2 Atlases

In this section, we investigate properties of atlases (Definition 2.3), as a way to describe
coverings of an algebraic set V' by means of charts.

Let V € C" and S C C" be algebraic sets lying over a finite set () C C°. Consider
an atlas ¥ = (V;)1<i<s of (V,Q,S), with ¢, = (m;,h;) for all i. When the vectors of
polynomials h; in charts ¢; do not have the same cardinality, one may not expect that V'
be equidimensional. Even when they all have the same cardinality, there may still be the
possibility that V' has isolated points in S, so the following lemma is the best we can hope
for in this direction.

Lemma A.11. Let Q C C€ be a finite set and let V C C" and S C C" be algebraic sets
lying over Q.

Let ¥ = (V4)1<i<s be an atlas of (V,Q,S), with each ; of the form (m;, h;). If all h;
have common cardinality c, then V — S is a non-singular d-equidimensional locally closed
set, with d =n — e — c.

Proof. Lemma A.7 shows that for all i < s, O(m;) NV — S is a non-singular d-equidimen-
sional locally closed set. Properties A; and Az in Definition 2.3 conclude the proof of the
lemma. [

When we know that V' is equidimensional, better can be said.

Lemma A.12. Let Q C C° be a finite set and let V C C" and S C C" be algebraic sets
lying over Q).

Suppose that V' is d-equidimensional and let ¥ = (m;,h;)1<i<s be an atlas of (V,Q,S).
Then sing(V') is contained in S, and all h; have common cardinality c =n — e — d.

Proof. Lemma A.8 proves that each O(m;) NV — S is contained in reg(V'), so their union is.
By assumption, the union of the sets O(m;)NV —S contains V' — .5, so that V — S is contained
in reg(V'). The same corollary also proves that all h; have cardinality ¢ =n —e — d. O
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Slightly less elementary, the following lemma shows that atlases always exist.

Lemma A.13. Let Q C C€ be a finite set and let V' C C™ be an algebraic set lying over Q).
Suppose that V' is d-equidimensional. Then, there ezists an atlas of (V,Q,sing(V)).

Proof. Applying Lemma A.9 with S = sing(V'), we deduce that for all x in reg(V), there
exists a chart ¥y = (mx, hy) of (V,Q,sing(V)), such that my(x) # 0. The open subsets
O(my) cover V. — 8 = reg(V); the following compactness argument shows that we can
extract a finite cover from it.

Let I be the defining ideal of V. Then, the zero-set of I 4 ((1x)xereg(v)) is contained in
sing(V'). Let J = (f1,..., f) be the defining ideal of sing(V'); then, every f; belongs to the
radical of I + ((mx)xereg(v)). Thus, there exists for all i an expression of the form

fir=2_ cixmxt 1, 3)

xeEK

for some finite subset F' of reg(V). This implies that the finitely many O(my), for x in F,
cover reg(V'), which proves As by taking 1 = (¢x)xer-

It remains to prove that A holds, or in other words that F' is not empty. If that were
not the case, Eq. (3) would imply that V' C sing(V'), a contradiction. O

B Proof of Proposition 3.4

The goal of this section is to prove Proposition 3.4 which we recall now: Let () C C¢ be a
finite set and let V. C C™ and S C C" be algebraic sets lying over QQ, with S finite. Suppose
that V' is equidimensional of dimension d. Let 1 be an atlas of (V,Q,S), and let d be an
integer in {1,....d}. If2 < d < (d+3)/2, there exists a non-empty Zariski open subset

(Y, V,Q,S,d) of GL(n,e) such that for A in 4% (¥, V,Q, S,d), the following holds:
e cither W(e,az, VA is empty, or

o W (W™, VA Q, SA, cZ) is an atlas of (W (e, d, YA), Q,SA), and W (e, d, VA) is equidi-
mensional of dimension d — 1, with sing(W (e, d, VA)) contained in the finite set SA.

B.1 Geometry of polar varieties

We start with preliminary material. As was mentioned when we stated this proposition, we
need a local variant of results from [9, Section 3], which were proved for smooth complete
intersections. Since the proofs are somewhat subtle, we prefer to give them here in extenso,
in order to avoid overlooking any difficulties.

Throughout this subsection, we use the definitions and notation introduced in Sec-
tions 2, 3 and A.1. Let h = (hy,...,h.) be polynomials in C[X7,...,X,]. We are going to
prove a few results about polar varieties associated to the locally closed set V.2 (h), provided

reg
we are in generic coordinates. These results are summarized in the following proposition.
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Proposition B.1. Let h = (hy,...,h.) in C[Xy,..., X,], with1 < c < n. Let d be an
integer satisfying 1 < d < d, with d =n — c. )
Then, there exists a non-empty Zariski open set 4'(h,d) C GL(n) such that, for A in

¢'(h,d), the following properties hold:

(1) for all x in VS (h™), there exists a c-minor m' of jac(h®) such that m'(x) # 0;

reg
(2) all irreducible components of the Zariski closure of the set W°(0,d, Vieg(h™)) have
dimension d — 1,

(8) if d < (d+3)/2 then for all x € Voo (W™), there exists a (c—1)-minor m” of jac(h®, d)
such that m”"(x) # 0;

(4) for every c-minor m/ of the Jacobian matriz jac(h®) and for every (¢ — 1)-minor m”
of the truncated Jacobian matriz jac(h®,d), the polynomials (h* H(h* d,m")) (see
Definition 3.1) define W°(0,d, Vi, (h?)) in O(m'm"), and their Jacobian matriz has

full rank n — (d — 1) at all points of O(m'm”) NW°(0,d, Ve (hA)).

) Vreg

The rest of Section B.1 is devoted to the proof of this proposition.

B.1.1 Sard’s lemma and weak transversality

In this paragraph, we re-prove two well-known transversality results (Sard’s lemma and
Thom’s weak transversality) in the context of algebraic sets. These claims are folklore, but
we did not find a suitable reference for them.

The cornerstone of transversality is Sard’s lemma; here, we give a version for (possibly
singular) algebraic sets. Note that [44, Proposition 3.7] establishes this claim when V is
irreducible and ¢ is dominant. We will show that the same arguments apply, up to minor
modifications.

Proposition B.2. Let V C C" be an equidimensional algebraic set and let ¢ : V — C™ be
a polynomial mapping. Then o(W°(p, V) is contained in a hypersurface of C™.

Proof. Let us write the irreducible decomposition of the Zariski closure of W°(¢, V') as
We(p,V) = Ui<i<,y Zi,

where the Z,; are irreducible algebraic subsets of V. We suppose, by contradiction, that
e(W°(p,V)) is dense in C™. Then, p(Z;U---UZ,) is dense as well, which implies that (up
to renumbering) ¢(Z1) is dense in C™.

By [44, Proposition 3.6] (which applies to dominant mappings between irreducible va-
rieties), there exists a non-empty open subset Z) of Z; where all points are regular and
non-critical for ¢.

To continue, we prove that the equality W°(p, V) = We(p, V) Nreg(V) holds. Indeed,
since W°(p, V') is contained in both We(p, V) and reg(V), it is contained in We(p, V) N
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reg(V). Conversely, Lemma A.2 implies that W°(p,V) = K(p,V) Nreg(V), and that
K(p,V) is an algebraic set. Since W°(p, V) is contained in K(p, V), its Zariski closure is
contained in K (p, V') too, so We°(p, V) Nreg(V) is contained in K (¢, V) Nreg(V), that is,
in We(p, V).

Taking the intersection with Z1, the previous claim implies that W*° (¢, V)NZ; = reg(V)N
Z1; in particular, this is an open subset of Z;. More precisely, this is a non-empty open
subset of Zy: if W°(¢p, V)N Z; were empty, we would have W°(p, V) = W°(p, V) — Z;, and
thus We(p, V) C We(p,V) — Z; C ZyU---U Z,; taking the Zariski closure would yield
We (e, V) C ZyU---UZ,, a contradiction.

Hence, both Z] and W°(p, V) N Z; are non-empty open subsets of Z;. Since Z; is
irreducible, they must intersect at some point x. Since x is in Z7, x is regular on Z; and
dxp(TxZ1) = C™ (recall that dx¢ denotes the differential of ¢ at x). Since x is in W°(p, V),
x is regular on V and dyp(TxV) # C™. However, dyxp(TxZ1) is contained in dyp(TxV), a
contradiction. ]

We continue with Thom’s weak transversality theorem, specialized to the particular case
of transversality to a point; this can be rephrased in terms of critical / regular values only.
Our setup is the following. Let n, d, m be positive integers and let ®(X,0) : C* x C¢ — C™

be a polynomial mapping. For ¥ in C?¢ &, : C* — C™ denotes the induced mapping
x — &(x, 7).

Proposition B.3. Let O C C" be a Zariski open set and suppose that 0 is a reqular value
of ® on O x C%. Then there exists a non-empty Zariski open subset U C C? such that for
allv € U, 0 is a reqular value of ®y on O.

Before proving this proposition, let us establish a basic lemma.
Lemma B.4. Let M be a matriz of the form [M; ] Then the equality
rank(M) = rank(M,; ) + rank(Ms|ker(M,))

holds, where Mj|ker(M;) denotes the restriction of the linear map defined by My to the
kernel of M.

Proof. Let (a,b) be the dimensions of M. From the equalities

dimker(M;) = rank(Ms|ker(M;)) + dim ker(Ma|ker(M;))
= rank(M;|ker(M;)) + dim(ker(Maz) N ker(M;))
= rank(M;|ker(M;)) + dim ker(M),

we deduce
b — rank(M;) = rank(M;|ker(M;)) + b — rank(M)

and thus rank(M) = rank(M;) 4 rank(Ma|ker(My)). O
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of Proposition B.3. Let X' = ®71(0)N (O x C?) and let X C C" x C? be the Zariski closure
of X'. We will first prove: if X' # 0, X is (n+d — m)-equidimensional, and X' is contained
in reg(X).

Assume that X’ # (), and take (x,9) in X’; then, by assumption, jac(, »(®) has full
rank m. Since in a neighborhood of (x,4), X coincides with ®~1(0), the Jacobian criterion
25, Theorem 16.19] implies that there is a unique irreducible component X 4 of X that
contains (x,), that (x,) is regular on this component, that dim(X ) =n + d —m and
that T(x,9) X (x,9) is the nullspace of jac(x,ﬁ)(fl)).

Since every irreducible component of X intersects X', this implies that X itself is equidi-
mensional of dimension n + d — m, and thus that X’ is contained in reg(X). We are thus
done with our claims on X; note that we have also proved that for (x,) in X', Tix0X is
the nullspace of jac, ) (®) in C* x C?.

Denote by 7 : C" x C? — C? the projection (x,9) + 1. We now prove: if ¥ € C¢ is
such that 0 is a critical value of ®y on O, then ¥ is a critical value of the restriction of ™ to
X.

Let ¥ € C? be such that 0 is a critical value of ®y on O. Thus, there exists x in
We(dy, O) such that ®(x, ) = Py(x) = 0. Since x lies in W°(dy, O), the matrix jac, (Py) =
jac x g (@; X) has rank less than m.

On the other hand, our construction shows that (x,®) is in X’ (so X’ is not empty), and
thus, using the above claim, in reg(X). To conclude, we prove that (x,9) is in W°(w, X);
this is enough since by construction ¥ = 7(x, ). Let us consider the matrices

jaC 9y (P) = [jaC(0) (D3 X)) jacy s (P;0)]

and ‘ .
_ Jac(x,ﬁ) ((I), X) Jac(x,ﬂ)<q); @)

M 0

dxn Lici '
By Lemma B.4, we have the equality rank(M) = rank(jacy 4)(®))+rank(r | ker(jac y ) (®))).
Since, as we saw above, the nullspace of jac, »(®) is the tangent space to X at (x,9), we
get

rank(M) = rank(jac , ) (®)) + rank(m | Tix9)X).

Recall that by assumption, rank(jacy ) (®)) = m, so that
rank(M) = m + rank(7 | T(x,9)X).

On the other hand, one sees that rank(M) = rank(jacy »)(®; X)) + d. Since we have noted
that rank(jac 4)(®; X)) < m, we deduce that rank(r | T(x.9X) < d, as requested.

We can now conclude the proof of the proposition. Proposition B.2 shows that the critical
values of T on X are contained in a hypersurface of C% say A. Let & = C? — A; this is a
non-empty Zariski open subset of C?. The former assertion shows that for all J € U, 0 is a
regular value of &y on O, as claimed. m

60



B.1.2 Rank estimates

In this paragraph, we prove a key result towards Proposition B.1, following a construction
from [7, 9].

We consider polynomials h = (hq,...,h.) in C[Xy,...,X,], with 1 < ¢ <n, and we let
d = n—c. We further denote by A = Ay 4,...,A1,,...,Aq1,. .., Agp a family of dn new in-
determinates. For d < d, A _; denotes the dn indeterminates Aty oo Ay o Agrs - A

and the (¢ + d) x n polynomial matrix J; is defined as

jac(h)
P
A;i,l Ad,n
We will often view elements a € C" as vectors of length d of the form a = (ay, ... ,a;) with

all a; in C™; for such an a, the matrix J;(X,a) (where the indeterminates A are evaluated
at a) is then naturally defined. When a is a sequence of linearly independent vectors, we
say that a has rank d. We start with a result that is a slight generalization of [7, Lemma 3].

Lemma B.5. Leta € C, Y° = {x € Vieg(h) | rank(Jz(x,a)) < c+ d—1} and Z be an
irreducible component of the Zariski closure of Y°. Then, Z has dimension at least d—1.

Proof. Let a be the ideal generated by all (¢ + d)-minors of the (¢ + d) x n matrix J3(X, a).
One can rewrite Y° as Y° = V2 ,(h) NV (a) C Vieg(h) NV (a). Thus, if the extended ideal
a- C[Vieg(h)] is not a proper ideal of C[Vieg(h)], Vieg(h) NV (a), and thus Y°, are empty, and
we are done; we suppose it is not the case.

Since Ve, (h) is an open subset of Viez(h), Y° is an open subset of Vieg(h) NV (a), and its
Zariski closure is the union of some irreducible components of Vie.(h) NV (a). Let us take
one of these irreducible components; call it Z. If we let p be the ideal of definition of Z in
C[Vieg(h)], then, by definition, p is an isolated prime component of the determinantal ideal
a - C[Vieg(h)]. By [24, Theorem 3], the height of p is at most n — ¢ — (d — 1). This implies
that the codimension of Z in Vieg(h) is at most n — ¢ — (d—1). Since Vieg(h) has dimension

n — ¢, Z has dimension at least d — 1. O]

Our key result in this paragraph is the following claim on the rank of J; which says
that for suitable values of d, and for a generic a, the matrix Jj(x,a) has rank defect at
most one for any x in V2 (h). Surprisingly, it does not use transversality; only dimension
considerations.

Proposition B.6. For d in {1,...,|(d + 3)/2|}, there exists a non-empty Zariski open

subset & C C™ such that for all (x,a) € V2, (h) x &, the matriz Ji(x,a) has rank at least
c+d—1.
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For d as above, let us denote by a g the property in the proposition, so that proving the
proposition amounts to proving that aj holds for d =1,...,[(d+3)/2]. Obviously, a; holds,
since for all x in V2, (h), jacy,(h) has rank ¢ = ¢+ 1 —1 (so we can take & = C"). Thus, we

reg
can now focus on the case d > 2.

For such a d, we will consider pairs of the form m = (Myow, Meor) Where myoy, C {1,...,c+
d—1} and mey C {1,...,n} are sets of cardinality ¢c+d—2, and such that {1,...,¢} C Moy
To one such m, one can associate the square submatrix Jy, of size ¢ +d — 2 of J; whose rows
and columns are indexed by the entries of m,, and m¢,. Thus, J, contains all rows coming
from jac(h) and excludes two rows depending on the variables A _j;, one of them being the
last row of J;. We denote by gm the determinant of J; this is a polynomial in C[X, A_ i1l
which we will see in C[X, A_;] as well when needed. -

We denote by Subj the set of all pairs m = (Mrow, Meol) as above such that, additionally,

there exists (x,a) € V2 (h) x C such that gm(x,a) # 0. Then, for m € Subj, we introduce

reg
the following condition:

R : There exists a non-empty Zariski open subset &, C Cd such that for all (x,a) in
Ve, (h) x &, if gm(x,a) # 0, the matrix Jj(x, a) has rank at least ¢ +d — 1.

reg

Lemma B.7. Let d be in {2,...,d}; suppose that aj | holds, and that Ry, holds for all
m € Sub;. Then a; holds.

Proof. Under the assumptions of the lemma, we define &7 as the intersection of &; | x C" C
C? (which is well-defined, since a; ; holds) with all &,, for m € Subg; this is still a non-

empty Zariski open subset of Cdn,

Let us prove that this choice satisfies our constraints. We take (x,a) in V2 (h) x &7, and

we prove that the matrix J;(x, a) has rank at least ¢+ d — 1.
Let a’ be the projection of a in C“~U". Because x is in Vg, (h), and because by con-
struction a’ is in &;_;, we know by the induction assumption that the matrix J; ,(x,a’) has

rank at least ¢+ d — 2. Since (by assumption) jac, (h) has full rank ¢, this implies that there
exists a non-zero minor of size ¢+ d — 2 of J;_,(x,a’), that contains the first ¢ rows. In other
words, there exists m in Subj; such that gm(x,a) # 0.

Because a is in &7, we deduce that J;(x, a) has rank at least ¢ + d — 1, concluding the
proof. O]

_ Recall that we already established that the statement a; of Proposition B.6 holds for
d = 1. Thus, in order to prove Proposition B.6 (by induction on d), it suffices to establish
the following lemma.

Lemma B.8. Ford in {2,...,|(d+3)/2]} and m in Subj, Ry, holds.

Proof. Let d and m = (Myow, Meot) € Subj be fixed. We let iy, in {c+1,...,c+ J} be the
two row indices not in myy and ji, ..., j;_j,o be the column indices not in me,.
Let us split the indeterminates A_j into A’ and A”, where A” contains the 2(d — d + 2)

variables

and A LA

i2,J17 *

Ai1,j17 s 7Ai1,jd,g+2 12,04 dyo
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and A’ contains all other ones, arranged in any order. Note in particular that the determinant
gm belongs to C[X, A’]. Accordingly, any a € C will be written as a = = (a’,a”), with
a e Cdn 2(d—d+2) and a’ e C2 (d— d+2)

For u € {1,2} and v € {1,...,d — d + 2}, let us consider the (c + d — 1)-minor g,, €
C[X, A_j] of J; obtained by selecting all rows / columns from m, as well as the one indexed
by (iu, j»), which corresponds to the position of the variable A;, ;, in J;. There are 2(d—d+2)
such minors, one for each variable in A”, and they can be written as gy, = Ai, j,gm + Pups

with h,, € C[X,A]. )
Introduce a new variable 7" and consider the algebraic set Z C C"*¥+1 defined by
Z = V(h17"'7hca 91,15+ 392 4—d42s ng_l)
The Jacobian matrix of these equations with respect to the variables X, A’, A", T is
jacch) 0 0 O
* * D 0
* *x % Om

Y

where D is a diagonal matrix of size 2(d — d+ 2) having g, on the diagonal. Thus, this
Jacobian matrix has full rank ¢4 2(d —d+2)+ 1 at every point of Z (note that gm(x,a) # 0
implies that jac,(h) has full rank c).

Next, we prove that Z is not empty. Indeed, since we assume that m is in Suby, there

exists (x,a) € Vg,(h) x C* such that gm(x,a) # 0. Write a = (a’,a"). Because gn, belongs
to C[X,A], we can change the values of a” without affecting the fact that gm(x,a) # 0.
Since we have seen that the polynomials g,, have the form g,, = A;,;, gm + hyuw, With
hy, € C[X, A}, it is thus always possible to find suitable values for the variables A” that
ensure that g, ,(a) = 0 for all u,v. To summarize, Z is not empty, and thus by the Jacobian
criterion, it is equidimensional of dimension d + dn — 2(d — d + 2).

Let Z' be the Zariski closure of the projection of Z on C"*" obtained by forgetting the
coordinate T'. Note that the restriction of the projection Z — Z' is birational; we deduce
that Z’ is still equidimensional of dimension d 4+ dn — 2(d — d + 2). Finally, let Z” be the
Zariski closure of the projection of Z’' on Cd obtained by forgetting the coordinates X; thus,
Z" has dimension at most d+dn —2(d—d+2). This implies that Z” is a strict Zariski closed
subset of C%. Indeed, our assumption 2d < d + 3 implies that d + dn — 2(d — d+ 2) < dn.

Let us take &, as the complementary of Z” in C%™. To conclude, we prove that for all
(x,a) in V2, (h) X &, if gm(x,a) # 0, the matrix J(x,a) has rank at least ¢+d — 1. Indeed,

reg

for (x,a) in Vi, (h) x &, such that gnm(x,a) # 0, we can define t = 1/gm(x,a). The point

(x,a,t) does not belong to Z (otherwise a would be in Z”), which implies that g, ,(x,a) # 0
for some index (u,v). The claim follows. O

B.1.3 Proof of Proposition B.1

As above, we consider polynomials h = (hy,...,h.) in C[Xy,..., X,], with 1 < ¢ < n and
we let d = n —c. Recall what we have to prove: for d € {1,... ,dN}, there exists a non-empty
Zariski open subset ¢¥’(h,d) C GL(n), such that for A in ¢'(h,d), the following holds:
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(1) for all x in V2 (h#), there exists a c-minor m’ of jac(h®) such that m’(x) # 0;

reg

(2) every irreducible component of the Zariski closure of W°(0, d, Vieg(h*)) has dimension

d—1;

(3) if d < (d+3)/2 then for all x in Voo (h*), there exists a (¢ —1)-minor m” of jac(h*, d)
such that m”(x) # 0;

(4) for every c-minor m’ of the Jacobian matrix jac(h®) and for every (¢ — 1)-minor m”
of the truncated Jacobian matrix jac(h®,d), the polynomials (h* H(h*, d,m")) (see
Definition 3.1) define W°(0,d, V.2, (h®)) in O(m/m”), and their Jacobian matrix has

) Vreg

full rank n — (d — 1) at all points of O(m'm”) N W°(0,d, V2, (hA)).

) Vreg

For d as above, consider the polynomial mapping

(I) . Cn—&-c-{—cz—l—(in — Cc+n

(X,)\,ﬂ,a) — h(X),[/\1 D VR fﬁd]_ :, .. :7 ;

note that the matrix involved is none other than J; For a in CCZ”7 we denote by &, the
induced mapping C"t¢*4 — C™ defined by ®,(x, A, ) = ®(x, A\, 9, a).

Lemma B.9. Let of C C"t4 be the open set defined by the rank conditions rank(jac, (h)) =
c and X # (0,...,0). There exists a non-empty Zariski open subset Uy of C™ such that for
all a in Us, a has rank d and for (x, \,9) in o N ®;1(0), the Jacobian matriz jaci x.9)Pa
has full rank ¢ +n.

Proof. In Section 3.2 of [9], the following fact is proved: for any (x, A, 9, a) in o7, the Jacobian
matrix jac, y go)® has full rank ¢ 4+ n. This is in particular true for (x, \,%,a) in ®~1(0),
so applying the weak transversality theorem (Proposition B.3) to ® on &7 x Cd shows the
existence of a non-empty Zariski open subset U/; of Cd" such that for all a in Uj;, and for
(%, A, 9) in @ NP, 1(0), the Jacobian matrix jac, y 4 (®a) has full rank c+n. Upon restricting
U;, we may in addition assume that for all such a, rank(a) = d. O

Let U; € C% be as in Lemma B.9. When d < (d + 3)/2, we let & C C% be as in
Proposition B.6 else we set &; C C™ as the set of a’s such that a has rank d. We consider
the subset ¢’(h,d) C GL(n) of all invertible matrices A such that the first d rows of A~! are
in & NU;. This is a non-empty Zariski open subset of GL(n). In what follows, we take A
in ¢'(h,d), and we prove that the conclusions of the proposition hold. We will in particular

let b € C9" be defined by taking the first d rows of A~!; thus, b is in &7 and Uj.
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Take first x in V3, (h®). The first point is clear, by definition of Vjo,(h*). Consider

next the matrix identity jac(h®) = jac(h)*A. A first consequence of it is that Vo, (h)* =
Ve (h#). Tt implies further that

N (S N [ O

Let Y° = {x € Vig,(h) | rank(Jz(x,b)) < c+ d—1}. By Lemma A .2 and the above identity,
we deduce that W°(0,d, V2, (h*)) = Y°. The following lemma will allow us to estimate

) Vreg

the dimension of Y°, and thus of W°(0,d, V.2, (h*)).

) Vreg

Lemma B.10. Let &/ be as in Lemma B.9. Then Y° is the projection of o/ N ®,'(0) on
the X-space.

Proof. A point x € Vg, (h) belongs to Y*° if and only if J;(x,b) has rank less than ¢ + d,
that is, if and only if there exists a nonzero vector [A; --- A, ¥y --- ¥;] in the right
nullspace of Jj(x,b) (recall that this matrix has more columns than rows). For any such
A1 oo Ac ¥y -+ 5], Aq, ..., A cannot be all zero, since then this would imply that b has

rank less than d. [

Using the Jacobian criterion in the form of Lemma A.1, together with Lemma B.9, we
deduce that o/ N @ 1(0) is either empty or a non-singular d-equidimensional locally closed
set.

We can now prove the second point of Proposition B.1. If & N ®,'(0) is empty, its
projection Y is empty as well, and so is W°(0, d, Vieg(h™*)). Otherwise, we saw in Lemma B.5
that each irreducible component of Y° has dimension at least d— 1, so the following lemma
is sufficient to conclude. In this lemma, we denote by 7mx the projection on the X-space.

Lemma B.11. The locally closed set Y° has dimension at most d—1.

Proof. We saw that the Zariski closure C' of &7 N®;1(0) is a d-equidimensional algebraic set.
Let us write C' = U;¢;C;, with all C; irreducible of dimension d.

For i in I, let T; be the Zariski closure of mx(C;), so that the projection C; — T; is a
dominant mapping between irreducible varieties. The set Y° is contained in the union of the
T)’s, so it is enough to prove that dim(7}) < d — 1 holds for all i.

Remark first that for all i, Y° N T} is dense in Tj. Indeed, define C! = &/ N &, (0) N Cj;
by construction, this is a dense subset of C;, so that T; is also the Zariski closure of mx (CY).
On the other hand, mx(CY) is contained in Y°, and thus in Y° N T}, and we just saw that it
is dense in T;. Thus Y° N 7T; itself is dense in T;.

Fix ¢ such that dim(7;) is maximal, and let J C I be the set of all indices j € I such that
T; = Tj; thus, for j not in J, T; N T} is a proper subvariety of 7;. This allows us to define a
non-empty open set €2 C T; such that for y in €2, the following properties are satisfied:

e for all j in J, for any irreducible component F' of Wil(y) N Cj, F has dimension
d — dim(7;) (this is by the theorem on the dimension of fibers for the projection
C; = T; =T));
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e for all j not in J, nx'(y) N C; is empty;
e yisin Y°.

Take such a y. Then, 7' (y) N C is the union of the sets mx'(y) N Cj, for j in J, so it is an
equidimensional algebraic set of dimension d — dim(77;).

On the other hand, mx'(y) N/ N ®,'(0) has positive dimension, since it is defined by a
homogeneous system (and does not consist only on the trivial solution [0---0]). Since this
set is contained in 7y (y /) N C, the latter must have dimension at least one. Altogether, this
implies that dim(7}) < d — 1, which implies that dim(Y°) < d — 1. O

We prove now the third point, taking x in Vr‘;g(hA) and y = Ax, so that y € Vr‘;g(h)
Because we assume that d < (d + 3)/2 and that b is in &;, we deduce from Proposition B.6
that J;(y,b) has rank at least ¢+ d—1. Because A is a unit, the matrix equality (4) implies
that jac(h?, d~) has rank at least ¢ — 1 at x, and the third claim follows.

Only the last point is left to prove. Take m’ and m” as in the proposition, respectively
a c-minor of jac(h®) and a (¢ — 1)-minor of jac(h®,d); without loss of generality, we can
assume that m” # 0. Let further ¢ be the index of the row of jac(h®, d) not in m”.

By Lemma A.2; we know that

We(0,d, Ve, (h*)) = {x € V2, (h?) | rank(jac, (h*)) = ¢ and rank(jac, (h*, d)) < ¢}.

) Vreg reg

Inside O(m'), V2 (h*) coincides with V (h*). As a consequence, inside O(m’), W°(0,d, V2 (hA))

reg » Vreg
coincides with the set of all x in V(h*) such that all c-minors of jac(h®, d) vanish at
x. Restricting further, we deduce from the exchange lemma of e.g. [6, Lemma 4] that
inside O(m'm”), W°(0,d, Vieg(h™)) coincides with V(h#, H(hA,d,m")), for the polynomi-
als H(hA,cZ, m”) introduced in Definition 3.1. Thus, it remains to prove that for all x in
V(b2 H(h* d,m")) N O(m'm"), the Jacobian matrix of (h* H(h® d,m")) has full rank,
equal to n — d + 1. (This will in particular reprove the second item in our proposition B.1,
but only in the open set O(m'm”).)

Let Ly,---,L. and Ti,...,T; be new variables. We deduce from (4) that the ideal

generated by the entries of the vector

e e < . jac(h )
[Ll LC T1 T'd] |: 1d~ 0
also admits for generators the entries of

[Ly -+ LTy - Ty [iaclgh) }A

Looking at the first equation above, and using Proposition 5.2, we deduce that there
exist (p;j)j=1,..cjz and (7;),_; _;in C[X],» such that in C[X, L, T],,~, the ideal generated
by the entries of

.....

: A
hA Ly - L Ty - T - { 1JE~LC(hO) }
d
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admits for generators polynomials of the form

hA’ LLH(hA’CZ7 m//)v (Lj _ijL)j:1 ----- C,j#L) (Tl _TiLL)izl d (5)

.....

On the other hand, we also observe that

hA [Ly - LTy - Ty {jaclgh) }A

coincide with the entries of the polynomial vector ®f, where ® : Crtetdtdn _ Cetn g the
polynomial mapping defined at the beginning of this paragraph, and where the superscript
A indicates that A acts on the variables X.

Now, let x be in V(h®, H(h®, d, m”))NO(m'm"). Define first A, = 1, then \; = p;(x) for
j=1,...;¢,j #rand ¥; = 1;(x) fori = 1,... ,d; these are all well-defined, since m”(x) # 0.
It follows that (x, A, 1) cancels all equations in (5). Let y = Ax. The previous statements
show that (y, A, d) is in ®,(0). Now, recall that b is in Uj; besides, since m’(x) # 0, x is
in V2, (h*) and thus y is in Vi, (h). Since also A # 0, Lemma B.9 implies that jacy , »(Pp)
has full rank ¢+ n at (y, A, 9).

Through the change of variables A, this implies that the Jacobian of ®f has full rank
c+n at (x,A,7), and this in turn implies the same property for the Jacobian of

h?, LHMWA d,m"), (L; — p;L)j=1,..ci00 (Ti—Tili)iy g
This finally implies that the Jacobian matrix of (h®,H(h®,d, m")) has full rank n — d + 1
at x, so the proof is complete.

B.2 Charts and atlases for polar varieties

We can now prove that if ¢ is a chart for a triple (V, @, S), the construction Wepar (1, m', m”)
of Definition 3.2 does indeed define a chart for W(e,d, V'), at least in generic coordinates
and for some suitable values of d.

Lemma B.12. Let ) C C° be a finite set and let V C C™ and S C C" be algebraic sets
lying over Q. Suppose that V is d-equidimensional, let v = (m,h) be a chart of (V,Q,5),
and let d be an integer in {1, ... d}.

There exists a non-empty Zariski open 48 (¢, V, Q, S, CZ) C GL(n,e) such that, for A
in Gt (¢, V,Q, S, J), the following holds, where we write W = W (e, d, VA,

e For any minorsm’ and m” of jac(h®) as in Definition 3.2, writing W epar, (W™, m’, m") =
(mAm/m” 1), the set O(mAm'm")NW —SA coincides with O(m“m'm”)Nfbr(V (h'), Q)—
SA.

o Form/,m" as above, if O(mAm'm"YNW — SA £ 0, then Wepars (W™, m/,m") is a chart

of (W,Q,5%).
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Moreover, when we additionally assume that d < (d + 3)/2, the following holds for A in

gt (v, V,Q, S, d).
o The sets O(mAm'm”) — SA, taken for all m',m", cover O(m*)NVA — SA,

o The sets O(mAm'm”) — SA, taken for all m',m” such that O(mAm'm”) N W — SA is
not empty, cover O(m*)NW — SA,

Proof. For y = (z1,...,2.) in @, let hy be the polynomials
h([L’l, ey T, Xe+1, Ce ,Xn>,

which are in C[X41, ..., X,]; more generally, for any f € C[X3,...,X,], fy will be defined
in this manner. Let further ¢4 be the non-empty Zariski open subset of GL(n—e) obtained by
applying Proposition B.1 to hy: this is valid, since, by assumption d < d and, by Lemma A .8,
hy involves n — e — d equations in n — e variables, so the assumptions of that proposition
are satisfied.

Let ¢, C GL(n,e) be obtained by taking the direct sum of the identity matrix of size
e with the elements of ¢/, and let finally @ehart(4) V. Q, S, ci) be the intersection of the
finitely many %, ’s. This is a non-empty Zariski open subset of GL(n,e). We now take A in
@Gehart (4 V. Q, S, d), we let A’ € GL(n — e) be its second summand, and we prove that the
claims of the proposition hold.

Because A is block-diagonal and leaves the first e variables invariant, for any polynomial
h and for any y in @), we have (hy)A' = (h#)y; we simply write it h;}. Geometrically, we
define the algebraic sets VyA C C" (by restricting the points in V4 to those lying over y) and
Vy’A C C" ¢ (by forgetting the first e coordinates from VyA), and similarly the sets S;f‘ cCcr
and S;,A c Ccr.

Let now m’,m” be minors of respectively jac(h,e) and jac(h,e + d), and let h' =
(h,H(h, e + d,m’)). We first prove the following claim: in the open set O(m*m'm") — S4,
fbr(V(h'), Q) coincides with W°(e,d,V*) and at any of these points, jac(h',e) has full rank
n—e—(d—1).

Fix y in @, so that mj and m{ are minors of respectively the matrices jac(hﬁ‘) and

jac(h;?,ci). The polynomials h{ are precisely the polynomials considered in point (4) of
Proposition B.1. Because A’is in &, that proposition implies that the polynomials hy, define
we(d, Ve (h)) in O(m{m}), and that their Jacobian matrix has full rank n — e — (d—1)

» Vreg .
everywhere on O(mjm})) N W°(0,d, Vi, (h2)).
Using Cy and C4 for ¥ and restricting to the fiber above y, we deduce that in O(m?) —
A A R : o A : A A .
Sy Vé coincides with Vo (hg'), so in O(mgmymy) — S, the polynomials hy define
We(0,d, Vy’A) as well. Transporting all objects back to C", and taking the union over

all y € @, we obtain that in O(m*m/m”) — S#, fhr(V(h'),Q) is the disjoint union of
all We(e,d, VyA), which is none other than W°(e,d,VA). Besides, at any of these points,

jac(h', e) has full rank n — e — (d — 1), so our claim is proved.
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We can now prove the first two items. As a preliminary, remark that the number of
polynomials in Wepa (2, m',m") is ¢ =n —e — (d —1); then, d +e=n— (d — 1), so the
assumption d > 1 implies ¢ + e < n, which will establish C3 below.

Writing W = W (e, d, VA), we saw in Subsection A.2 the inclusions

We(le,d, V&) ¢ W c Kl(e,d,V*) =W?°(e,d, V) Using(VA).

Let us take the intersection with O(m#m’'m”) — SA. Lemma A.8 shows that O(m#) — S4
does not intersect sing(V4), so we deduce that O(mAm'm”) N W — SA = O(mAm'm”) N
We(e,d,VA) — SA, which is equal to O(mAm'm”) N for(V(h'), Q) — SA in view of the
claim above. This remark, and the rank property for jac(h’, ¢) mentioned just above, prove
properties Cy and C4 for Wepare (2, m’, m”); if O(mAm'm”) N W — S4 is not empty, we also
have C;, and C3 was proved above. Thus, we are done with the first two items in the lemma.

The third point is easier. Take x = (11,...,7,) in O(mA) N VA — SA 5o that y =
(x1,...,7,) is in @, and let z = (2;1,...,7,). Since x is in O(mA) N VA — SA& by C, for
YA, the matrix jac(h®, e) has full rank ¢ at x; equivalently, the matrix jac,(h{') has full rank

o (WA
c at z, so z is in Vg, (hy).

Now, we assume additionally that d < (d + 3)/2. Due to our choice of A, we can apply
Proposition B.1; we deduce from points (1) and (3) of that proposition that there exist
minors m’, m” of jac(h) and jac(h, d) that do not vanish at z. Now, there exist minors m/
and m” of jac(h®, ) and jac(h®, e 4 d) such that m’ = my, and m” = mJ. In particular, we
deduce that m/(x) and m”(x) are both non-zero, so x is actually in O(m“m/m”) — S&. The
third item is proved.

The fourth point is obvious. Take x = (x1,...,z,) in O(mA)NW — SA4. Then, x is in
O(mA)NVA =S4 so, since d < (d+ 3)/2 by assumption, there exists m’ and m” as before
such that x is in O(mAm'm”) — SA. In particular, O(mAm/m”) "W — S4 is not empty. [

Lemma B.13. Let Q C C¢ be a finite set and let V C C™ and S C C" be algebraic sets
lying over Q, with S finite. Suppose that V' is d-equidimensional and let d be an integer in
{1,...,d}. Then all irreducible components of W (e,d,V) have dimension at least d — 1.

Proof. Up to replacing n by n — e and W(e,d, V) by W((),d, V), and to working over all
points of ) independently, we can assume that e = 0 (so as to allow us to use Lemma B.5,
which was written in this context). Then, it is enough to prove that for any x in W*(0, d, V),
any irreducible component of W (0, d, V') passing through x has dimension at least d — 1.

Consider the atlas ¢ = <¢Z>1SZSS of (V,{e},sing(V)) introduced in Lemma A.13, and
write ¢; = (my,h;) for all i. We know from Lemma A.12 that all h; have cardinality
¢ = n — d. Besides, there exists an index i such that x is in O(m;) — sing(V'), and in this
open set, Lemma A.10 shows that

reg

W(0,d,V) and &evwinmmm%@@»<ﬂ

coincide. In particular, the irreducible components of W (0, d, V') containing x are also the
irreducible components of the Zariski closure of the locally closed set on the right-hand side.
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Now, for x in O(m;) — sing(V'), the matrix jacy (h;, d) satisfies the following equality:

jacx<hi)

rank [ 1; 0

] = ¢ + rank(jacy (h;, d))
so applying Lemma B.5 finishes proof. O

B.3 Proof of the proposition

We can now prove Proposition 3.4. Write ¥ = (1;)1<i<s. To each 1;, we associate the non-
empty Zariski open subset (¢, V, @, S, d) of Lemma B.12, and we let ¢ (P, V,Q, 5, d)
be their intersection; it is still non-empty and Zariski open.

Take A in % (2, V,Q,S,d) and write W = W (e,d,V*); assume that W is not empty
(otherwise, there is nothing to do). Then, by Lemma B.13, all irreducible components of W
have dimension at least d — 1 > 1. Let us prove that Watlab(’l,b VA Q,SA. d ~) is an atlas of
w.

e For all minors m’ and m” of jac(h?) as in Definitions 3.2 and 3.3, the second item in
Lemma B.12 shows that if O(m&m/m”)NW — SA is not empty, Wepar (W2, m’,m”) is
a chart of (W, Q, S?). Thus, we have proved A;.

e We next prove As, that is, that all corresponding O(m®m/m”) cover W — SA. For any
fixed 7, the last item in Lemma B.12 shows that the sets O(m2m'm”) "W — SA cover
O(m; ) NW — SA. Since the open sets O(m#) cover V — SA and thus W — S4, o

clalm is proved.

e A, follows from the fact that W is not contained in S* (since W have dimension at
least 1, and S is finite).

Hence, Watlas(v,bA, VA, Q,SA,CZ) is an atlas of W. Lemma A.12 shows that all sequences
of polynomials appearing in the atlas @ have the same cardinality; this implies that all
polynomial sequences appearing in Wat1as(¢A, VA, Q,SA,J) have the same cardinality as
well. As a result, Lemma A.11 implies that W — SA is a non-singular (J — 1)-equidimen-
sional locally closed set. Since all irreducible components of W have dimension at least 1,
W is the Zariski closure of W — SA. Thus, W itself is (d — 1)-equidimensional, and singular
points of W (e, d, VA) are contained in S*; in particular, they are in finite number.

C Proof of Proposition 3.7

The proof of Proposition 3.5 uses Proposition 3.7; hence, we prove the latter first. Its
statement is as follows: Let Q C C€ be a finite set and let V C C"™ and S C C" be algebraic
sets lying over Q, with S finite. Suppose that V is equidimensional of dimension d. Let
Y be an atlas of (V,Q,S), and let d be an integer in {1,...,d}. If2 < d < (d+ 3)/2,

70



there exists a non-empty Zariski open subset 95(¢,V, Q, S, d) of GL(n,e) such that for A in
(v, V,Q, S, d), the following holds.

Define W = W(e,d,V2) and let Q" C C*t=1 be a finite set lying over Q; define V' =
fbr(VA,Q"). Let further 8" = fbr(SA U W (e,d, V*),Q"). Then:

o 5" is finite,

o cither V" is empty or Fagas(¥™, VA Q,5%,Q") is an atlas of (V",Q",5"), and V" is

equidimensional of dimension d — (d — 1), with sing(V") contained in the finite set S”.

The outline of this section is similar to that of Section B: we first work locally, showing
how to construct a chart for the set above, then handle global properties.

Lemma C.1. Let Q C C° be a finite set and let V C C" and S C C" be algebraic sets lying
over Q). Suppose that (V, Q) is equidimensional of dimension d, with finitely many singular
points, let 1) = (m,h) be a chart of (V,Q,S) and let d be an integer in {1,...,d}.

There exists a non-empty Zariski open 450 (¢, V, Q, S, d) C GL(n,e) such that, for A
in G (4 V,Q, S, d), the following holds.

Let Q" C Ct1 be a finite set lying over Q and define V" = fhr(VA Q"). Let further
S" = fbr(SA U W(e,cz, VA),Q"). Then either O(m®) N V" — S" is empty or v* is a chart
of (V".Q",S"), and S" is finite if S is.

Proof. For y in Q, let V] C C"7¢ be the algebraic set obtained by forgetting the first e
coordinates in Vi, = fbr(V,y), let 4, be the Zariski open set associated to Vj and d by
Lemma A.6 and let %', C GL(n,e) be obtained as the direct sum of the size-e identity
matrix and %,. Finally, we take for 452 (¢), V, Q, S, d) the intersection of all %fy, for y in
Q

Take A in 92 (), V, Q, S, d), and let A’ € GL(n—e) be its second summand. Lemma A.6
shows that for any y in Q and x in C?1, fbr(WW (0, d, V;A),x) is finite. Transporting back
to C”, this shows that for y in Q and x in C¢*4~! lying over y, fbr(WW (e, d, V), x) is finite.
Considering all y € @Q at once, this implies that for any finite Q” in C¢*¢~! lying over Q,
fbr (W (e, d, VA), Q) is finite. So if we assume that S is finite, S” = fbr(SAUW (e, d, VA, Q")
is finite as well.

We have thus proved the last claim. Let then V" = fbr(VA Q") and assume that O(m*)N
V" — 5" is not empty; we can now establish the defining properties of a chart.

C,. By assumption, O(m®) N V" — S” is not empty.

Cy. By construction, O(m#) NV" — 8" = O(mA) N tbr(VA, Q") — S”, which is equal to
O(m*)NVAnN 71';:&71(@”) — S”. Because 1 is a chart of (VA,Q,S*), and because
S” contains SA, we can rewrite this as O(m*) N fbr(V (hA), Q) N 7re’+1d~_1(Q”) —S", or

equivalently as O(m*)Nfbr(V (h?), Q") — 5", since Q" lies over ). Thus, C, is proved.
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C3. We have to prove that ¢+ e+d — 1 < n. By assumption on d, we have c+e+ d—1<
c+e+d—1,and by Lemma A8, d=n—e—c,sothat c+e+d—1<n—1, which
is stronger than what we need.

C,. Finally, we have to prove that for all x in O(m®) N V” — S”, the Jacobian matrix
jac(h® e+ d — 1) has full rank ¢ at x. Any such x does not belong to S”, and thus
does not belong to fhr(W (e, d, VA, Q"). Since x lies over Q”, we deduce that x is not
in W(e,d, V*). Because x is in O(m?), Lemma A.10 implies that jac(h®, e + d), and
thus jac(h®, e+ d — 1), have full rank at x.

The lemma is proved. O]

of Proposition 3.7. Write ¥ = (¢;)1<i<s; for i in {1,..., s}, we write ¢; = (m;, h;). To each
1, we associate the non-empty Zariski open subset @chart (1), V. Q, S, d) of Lemma C.1, and

we let 93(1p,V,Q, S, d) be their intersection; it is still non-empty and Zariski open. Take A
in %(¢,V,Q, S, d) and write

V" = fbr(VA Q") and S = fhr(SA U W (e,d, VA),Q").
Because A isin %(v¢, V, Q, S, J), it is in particular in &5 (¢, V, Q, S, CZ) for some 1 < i < s.
Then Lemma C.1 proves that since S is finite, S” is finite.
Let us further assume that V" is not empty; Krull’s principal ideal theorem then implies

that every irreducible component of V" has dimension at least d — (d — 1) > 0. We now
prove that Foas(™, VA, Q, 5%, Q") is an atlas of (V”,Q",S").

e Up to reordering the v;, we can write Fouus(¥™, VA, Q, 5%, Q") = () 1<i<s). In
Lemma C.1, we proved that each such 1A is a chart of (V”,Q”,S"), so we have proved
that A; holds.

e By assumption, the open sets O(m;), i =1,...,s, cover V — S, which implies that the
sets O(m#), for the same values of i, cover VA — S4. This implies that the open sets
O(mA),i=1,...,s, cover V" — " since V C V and S C S”. Since we kept only

those A for which O(m#) NV” — S” is not empty, this establishes As.

e In order to prove A, it suffices to verify that V" is not a subset of S”; this is case, since
we saw that V" has positive dimension, and S” is finite.

Hence, we have proved that F.(9p™, VA, Q, 54, Q") is an atlas of (V”,Q",S").
Lemma A.12 shows that all h; have the same cardinality. As a result, Lemma A.11

implies that V" —S” is a non-singular (d — (d — 1))-equidimensional locally closed set. Since
all irreducible components of V" have dimension at least d — (d — 1) > 0, we deduce that V"

itself is (d — 1)-equidimensional and has all its singular points in S”. O
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D Proof of Proposition 3.5

The goal of this section is to prove the finiteness properties of polar varieties stated as
Proposition 3.5; they read as follows: Let ) C C¢ be a finite set and let V- C C" be an
algebraic set lying over Q. Suppose that V' is equidimensional of dimension d, with finitely
many singular points, and let d be an integer such that 2 < d< (d+43)/2. Then, there ezists
a non-empty Zariski open set %(V, Q, d) ¢ GL(n, e) such that, for A in %(V,Q, d) writing
W = W(e, d VA, either W is empty, or W is equidimensional of dimension d — 1, with
finitely many singular points, and K(e,1,W) is finite.

This claim extends to an arbitrary equidimensional algebraic set V' results that were
already proved in [51] in the hypersurface case. The proof techniques are similar, but slightly
simpler for some aspects (we do not rely anymore on some deep results of Mather’s on generic
projections [42]), and more involved in some others (polar varieties are easier to define for
hypersurfaces).

To prove this result, one can assume without loss of generality that e = 0. Assume indeed
that we have proved our claim in that case. For an arbitrary value of e, consider the finitely
many points y € () one after the other; for any such y, define V;, C C"~¢ as the set obtained
from fbr(V,y) C C™ by projection on the last n — e coordinates: applying the case e = 0 of
our proposition to the sets Vy, it is enough to take the intersection of the finitely many open
sets %(Vy,d) C GL(n — ), and embed this intersection into GL(n,e) by taking the direct
sum with the identity matrix of size e.

D.1 The locally closed set X°

In all that follows, we use the notation of Proposition 3.5. For g = (g1,...,g;) € C%, let pg
be the mapping (z1,...,23) — g1 + - + ggrg; we will denote by gy € C¢ the row vector
(1,0,...,0), so that pg, om; is simply the projection 7. With this notation, our goal is thus
to prove that for a generic choice of A,

We (0,1, W(0,d, VA)) = W°(0, pg, 0 73, W(0,d, V?))

is finite.

In this paragraph, we define a set X° € C™ x C" x C? consisting of triples (A, x,g)
such that x is in W°(0,d,V*) and pg o 7; vanishes on T3 W (0,d, V*). In order to ensure
that this set is locally closed, we will restrict A to a suitable open set of GL(n), on which a
“uniform” description of the polar varieties will be available.

The construction is slightly technical, but simple in essence: we construct a family of
polynomials (written P below) in an algorithmic manner, which will ensure that it defines
the polar variety W (0, d, VA) for a generic A.

Let F = (Fy,...,Fs) C C[Xy,...,X,] be generators of the ideal of V' and let 2 =
(;j)1<i.j<n be a matrix of new indeterminates. We define F# as usual, as the set of poly-
nomial (F}(AX), ..., Fy(AX)), and we define the polynomials G and J in C[][ X1, ..., X,]
as the sets of (n — d)-minors of respectively jac(F?) and jac(F%,d), where the derivatives
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are taken with respect to Xi,..., X, only. For A in GL(n), the polynomials G(A,X) C
C[Xy,...,X,] are defined by evaluating the variables 2 at A.

Lemma D.1. For A in GL(n), the zero-set of (F*, G(A,X)) is sing(V*) and the zero-set
of (FA,J(A, X)) is K(0,d,V#).

Proof. For A in GL(n), the ideal (FA) is the defining ideal of V4, and the polynomials
G(A,X) and J(A, X) are simply the corresponding minors of the matrix jac(F*); our claim
for sing(V#) is then straightforward, and that for K(0,d, V4) follows from Lemma A.3. [

Applying a radical ideal computation algorithm, say for definiteness that in [58, Theo-
rem 8.99], we obtain a finite set of polynomials H C C(21)[X1,..., X,] that generate the
radical of the ideal (F*,J) in C(2A)[X1,...,X,]. For A in GL(n), the polynomials H(A, X)
are defined similarly to the polynomials G(A, X) above (provided no denominator vanishes),
and the following lemma shows that they have the expected specialization properties.

Lemma D.2. There exists a non-empty Zariski open subset #; C GL(n) such that for A
in 1, the polynomials H(A,X) are well-defined and the ideal (H(A, X)) is radical, with
zero-set K(0,d, V).

Proof. Because we are in characteristic zero, it is possible to compute the radical of an
ideal, over either C(A)[X1,...,X,] or C[Xy,...,X,], using an algorithm that does only
arithmetic operations in (4, —, X, +) and zero-tests; this is the case for the algorithm of [58,
Theorem 8.99] that we mentioned above (and would not be the case in positive characteristic).

We choose for #] a non-empty Zariski open set where all steps performed to compute
the radical of (FA J(A, X)) over C[X},...,X,] are the mirror of those done to compute
H over C(2A)[X},...,X,]. For instance, #] can be taken as the locus where none of the
(finitely many) non-zero rational functions in C(2() that appear during the computation is
undefined or vanishes. For A in ], the ideal (H(A, X)) is then radical, and its zero-set is
K (0, d, VA), in view of the previous lemma. ]

Doing similarly for colon ideal computation, using for instance the algorithm in [58,
Corollary 6.34], we obtain a finite set of polynomials

PcCR)Xy,...,X,]
that generate the colon ideal (H) : (F* G).

Lemma D.3. There exists a non-empty Zariski open subset 5 C £, such that for A in 5,
the polynomials P(A,X) are well-defined and the ideal (P(A,X)) is radical, with zero-set
W (0,d,V4).

Proof. The first point is proved as in the previous lemma, by choosing an open set 5 C
1 where all algorithmic steps in colon ideal computation specialize well. Then, because
(H(A, X)) is radical (by the previous lemma), we know that (P(A, X)) is radical as well. To
prove the second point, we use the fact that for any A in %5, the zero-set of (P(A, X)) is the
Zariski closure of K(0,d, V) —sing(V*) since (H(A, X)) is radical and defines K (0,d, V*)

(by the previous lemma). The latter set is simply W°(0,d, VA), so we are done. ]
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We are going to restrict further the Zariski open set J#; by taking its intersection with
the following subsets of GL(n):

e the non-empty open set 4 (1, V, {e},sing(V),d) C GL(n) defined defined by applying
Proposition 3.4 to the atlas ¥ of (V, {e},sing(V')) given in Lemma A.13; it ensures that
W (0,d, V) is either empty or (d — 1)-equidimensional and that sing(W(0,d, VA)) is
contained in sing(V4).

e the non-empty open set ¥;(v, V, {e},sing(V'),d) C GL(n) defined by applying Propo-
sition 3.7 to the same atlas; it has the property that for A in this set, the restriction
of m; , to K(0,d,VA), or equivalently to W (0, d, V), has finite fibers;

Let us then call /73 the intersection of the non-empty Zariski open sets %3, 4 (1, V, {8}, sing(V'), d)
and %(1p, V, {e},sing(V),d) in GL(n); this is a non-empty Zariski open subset of GL(n).
Having defined .#; allows us to define X° ¢ C" x C" x C? as the set of triples (A, x,g)
such that the following holds:

e A isin 3,

e x isin W°(0,d, V4),
e pg oy vanishes on T, W (0,d, V2).
Lemma D.4. The set X° is locally closed.

Proof. Let g1,...,9; be new indeterminates that stand for the entries of g = (g1,...,9;),
and consider the set X° € C" x C" x C defined through the following properties:

e A isin 5,
e (A x)isin V(P)—-V(F* G),
e the matrix obtained by adjoining to jac(P, X) the row with entries

g1,--.,050,...,0]

has rank n — (d — 1) at (A, x,g).

By construction, X°' is locally closed, since it is the intersection of three locally closed sets
(note that .#; is an open subset of GL(n), which is itself open in C*). We conclude by
proving that X° = X°. The defining conditions on A are identical on both sides; we then
inspect those on (A, x) and finally on (A,x,g).

Lemmas D.1 and D.3 show that since A is in %3, (A, x) belongs to V(P) — V(F?*,J) if
and only if x belongs to W (0,d, VA) — sing(V*), that is, to W°(0,d, V), so the defining
conditions on (A, x) are the same for X° and X°'.
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Finally, we deal with the last conditions. In view of the above, we can assume that
A is in J# and that x is in W°(0,d, VA). Remark in particular that in this case, x is in
reg(W(0,d, V2)), since A € #; implies that sing(1W(0,d, V*)) is contained in sing(V4),
whereas x is in W°(0,d, V) C reg(V*). Remember as well that W(0,d, VA) is (d — 1)-
equidimensional. This, together with Lemma D.3, implies that jac(P, X) has rank n— (J —1)
at (A,x) and that its nullspace is T3, W (0,d, V*). The rank condition on the augmented
matrix is then equivalent to pg o 77 vanishing on T, W (0, d, V2). O

D.2 The dimension of X°

In this paragraph, we prove that X° has dimension at most d+n?. This is done by applying
the theorem on the dimension of fibers twice. We define the projection

m: CPxCrxcCcl o C

(A,x,8) = A

and ) :
mx: C" xC'xC¢ —» C»
(A, x,g) — X

Then, for A in %3, X5 denotes the fiber 73 (A) N X° € C** x C" x CY. In order to prove
the bound on dim(X°), we will first prove that X has dimension at most d and apply a
form of the theorem on the dimension of fibers to my. To prove the dimension bound on X5 ,
we will apply the same theorem, but to the restriction of mx to X3.

The definition of X° implies that (A, x, g) is in X% if and only if x is in W°(0, d,V2) and
pg © 77 vanishes on T W (0,d, V), and Lemma D.4 implies that X° and thus X% are locally
closed subsets of C"* x C" x C4.

As a useful preliminary, we prove the following lemma on the dimension of fibers on
locally closed sets.

Lemma D.5. Let S° C C™ be a locally closed set and let r € N be such that the Zariski
closure of m.(S°) has dimension s. Assume that for all x in m.(S°), the fiber m '(x) N S°
has dimension at most t. Then S° has dimension at most s + t.

Proof. Let T be an irreducible component of the Zariski closure of S° and let 7" = S° N T
because S° is locally closed, one deduces that T is an open dense subset of T'.

Let further C be the Zariski closure of 7,.(7'). We claim that dim(C') < s. Indeed,
because 1" is dense in 7', we infer that C is also the Zariski closure of m,.(7"). Since 7,(T")
is contained in ,(S°), we conclude that its Zariski closure has dimension at most s.

Since T" is open dense in T, we can write 77 = T — Y, where Y is a strict algebraic
subset of T'; in particular, dim(Y) < dim(7"). Let us then consider the restriction of 7,
to a projection T" — C' and let m be the dimension of its generic fiber, so that we have
m = dim(7T) — dim(C'). We claim that for a generic x in C, the fiber 7 !(x) N'Y has
dimension less than m.
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To prove this claim, we decompose Y into its irreducible components, and distinguish
those whose projection is dense in C' from the others. Let us thus write Y =Y, U---UY, U
ZyU---UZ,, with all Y}, Z; irreducible, and such that for all 7, j, m.(Y;) is not dense in C' and
7,(Z;) is dense in C. We can then consider fibers of the form 7, *(x) N'Y; and 7, '(x) N Z;
separately.

e For 1 < i < u, there exists an open dense subset O; of C' such that for x in O;, the
fiber 7 1(x) NY; is empty.

e For 1 < j <w,let m;- be the dimension of the generic fiber of the restriction of 7, to
Zj. This implies that m) = dim(Z;) — dim(C) < m (since dim(Z;) < dim(7’)). Thus,
there exists an open dense subset U; of C' such that for x in Uj, the fiber 7, (x) N Z;
has dimension m;, which is less than m.

Our claim on the fibers 7! (x) N'Y is thus proved. Now, for x in C, the fiber ' (x) NT"
is the set-theoretic difference of the Zariski closed sets 7, '(x) N'T and 7, '(x) N Y. For a
generic x in C', 7, *(x) NT has dimension m, so in view of the previous discussion, we deduce
that for a generic x in C, the fiber 7 *(x) NT" is a locally closed set of dimension m as well.

On the other hand, for any x in C', our assumption says that this fiber has dimension at
most ¢, so that ¢ > m. Since m = dim(7T") — dim(C) > dim(T") — s, we get dim(7) < s + ¢.
Doing so for all 7', we get dim(S°) < s + 1. O

Let A be in .#5. In order to bound the dimension of X%, we will apply the previous
lemma to the restriction of the projection mx to X% .

Note that the image of X% by mx is contained in W*°(0, d, VA). For all x in W°(0, d, VA,
let thus X3 , be the fiber Tx (x) N XS. Remark that set of all g such that (A, x,g) belongs
to X° is a vector space, say Fxa C CY, since pugiag = apg + a'pg for all a,a’ € C and
g, g € C% then, X3, , takes the form {A} x {x} x Exa.

First, we need a lemma estimating the dimension of the vector space Fx a, or equivalently

of X3 &
Lemma D.6. For A € GL(n) and x € W°(0, d, V™), the following equality holds:
dim(rg(TW (0,d, V*))) + dim(X3 ) = d.

Proof. For a given A and x, g belongs to Exa if and only if the linear form pg van-
ishes on m;(T,W(0,d,VA)). Thus Eya is isomorphic to the dual of the cokernel of 77 :

T W (0, d, VA — CJ, and the dimension equality follows. O

Thus, in order to control dim(X3 ,), we need to discuss the possible dimensions of
Ti(TW (0,d, VA)), for x € W°(0,d, VA). Tt is then natural to introduce the sets

oA = {x € W(0,d,VA) | dim(mj(T:W(0,d, VA))) = d — i} for 1 <i < d.

The following lemma relates the dimension of 7,.(7%S°) and =, (S°), for m,. a projection and
S° a locally closed set.
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Lemma D.7. Let S° C C" be a locally closed set and let r,s € N be such that for all x in
S°, m.(TxS°) has dimension at most s. Then the Zariski closure of 7,.(S°) has dimension at
most s as well.

Proof. Let Z C C™ be the Zariski closure of S°, and let Z4,..., Z} be its irreducible com-
ponents. We will prove that the Zariski closure C; of 7,.(Z;) has dimension at most s for all
i. This will be enough to conclude, since the union of the sets C; contains m,.(S°).

Fix : < k. Let B; = S°NZ; — UyxZy. Remark that B; is an open dense subset of Z;,
and that for x in B;, 1xS° = Ty Z;, so that m,.(TxZ;) has dimension at most s.

On the other hand, applying Sard’s lemma in the form of [44, Theorem 3.7] to the
restriction of m, to Z;, we know that there exists a non-empty Zariski open subset O; of
C; such that for x in 7, }(O0;) Nreg(Z;), dim(n,(TxZ;)) = dim(C;). Intersecting 71 (O;) N
reg(Z;) with B;, we obtain a non-empty open subset U; of Z; such that for x in U;, we have
simultaneously dim(m,(7%Z;)) = dim(C;) and dim(w,(7%Z;)) < s. O

Lemma D.8. For all A € J5 and for all i € {1,... ,J}, Sia 18 a locally closed subset of
C" of dimension at most d — i, and UL Sy A is a partition of W°(0, d,VA).

Proof. Since A is in 3, W (0, d, VA) is either empty or (d — 1)-equidimensional, and in that
case its singular locus is contained in that of V4.

We can of course suppose that W (0, d, V™) is not empty. Then, for allx € W°(0,d, VA) C
reg(W(0,d, VA)), T, W(0,d, V*) has dimension d — 1, which implies that its image by m; has
dimension at most d — 1. This implies in turn that U%_, S° ' Is a partition of W°(0, d, VA).

Next, we prove that each S7, is a locally closed set. Indeed, WO(O,d, VA) is locally
closed, and for x in W°(0, d, VA) C reg(W(0,d, VA)), m5(TxW(0,d, VA)) having dimension
d — i amounts to jac(P(A,X),d) having rank n — d — i + 1 at x, which is a locally closed

condition.
We can now fix i € {1,...,d}. Since S? 'a 18 a subset of K(0, d,V*), and since A has

been chosen in the Zariski open set 5 C %(v, V, {o},sing(V),d), we conclude from the
defining property of ¥%;(1, V, {e},sing(V), OZ) given in Proposition 3.7 that for all y € Cd,
the fiber 7rdfl(y) N S; 4 is finite (precisely, the defining property of ¥;(1), V, {8}, d) applies to
the fibers of m; |, which is stronger than what we use here).

Next, we prove that the Zariski closure of 77(S; 5) has dimension at most d —i. Take
x in S7 5, so that in particular x is in reg(W (0, d,VA)). We know that S? 'a 1s contained in
We(o, ci, V4), so upon taking Zariski closure and tangent spaces, we deduce that TSP a 18
contained in %W (0,d, V). This implies that T7(T3S5 a) is contained in z(T: W (0, d,VA)).
Because x is in S 5, we deduce that 7;(7S7 o) has dimension at most d —i. Lemma D.7

then implies that the Zariski closure of 73(S2,) has dimension at most d — i, as claimed.
Using the finiteness property for the fibers of 7; (previous paragraph), Lemma D.5 then
implies that dim(S7 ) < d — i as well. O

We can then deduce an upper bound on the dimension of X5 .
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Corollary D.9. The set X5 has dimension at most d.

Proof. By Lemma D.8, W°(0,d, V*) is the disjoint union of the locally closed sets
oA = {x € W(0,d,VA) | dim(rz(T:W (0,d, VA))) = d — i} for 1 <i < d,

with in addition dim(S?,) < d — i for all i.

For i as above, let us further define X;a=X30N % ( 7 a); this is still a locally closed set
in C"* x C" x C?. By construction, mx (X5 o) is contained in S} 4, so its Zariski closure has
dimension at most d — i (Lemma D.8). On the other hand, because 7x (X7 o) is contained

in S5, we also know that for every x in mx (X5 »), the fiber 7' (x) N X5 5, which is equal to
X3 x> has dimension i (Lemma D.6).

Applying Lemma D.5, we deduce that X7, has dimension at most d. Since X9 1is the
union of the finitely many subsets X7 5, its Zariski closure is contained in the union of the

Zariski closures of those sets, so it has dimension at most d as well. O
We now come to the main result of this paragraph.
Corollary D.10. The set X° has dimension at most d+n.

Proof. This follows from applying Lemma D.5 to the restriction of the projection my : C"™ x
C"xC% — C™ to X° and using the previous lemma to bound the dimension of the fibers. [

D.3 Proof of Proposition 3.5

We can now complete the proof of Proposition 3.5. We start by turning the situation around
and considering the projection

¢ C”xCrxCd 5 ¥ xCd

We claim that most fibers of this projection are finite. Precisely, let Y C C™ x C9 be the
Zariski closure of the set of all (A, g) € C" x C% such that the fiber ¢"'(A, g)NX° is infinite.

Lemma D.11. The set Y s a strict Zariski closed subset of Cc™” x C,

Proof. By definition, Y is Zariski closed, so it remains to prove that it does not cover
C™ x C?. Let Z be an irreducible component of the Zariski closure of X°. Corollary D.10
shows that Z has dimension at most d + n2, so either ¢(Z) is not dense in C** x C%, in
which case for a generic (A, g) € C™ x C? the fiber s71(A,g) N Z is empty, or it is dense in
C"” x Cd, in which case that fiber is generically finite. ]

Because Y is a strict Zariski closed set of C" x CCZ7 we claim that there exists a non-zero
g, € C? and a non-empty Zariski open set J#; C %5 in C™ such that for A in %4, (A, g) is
not in Y. Indeed, consider the projection C" x C? — C? and its restriction to an irreducible
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component Y’ of Y. Either this restriction is dominant, in which case its generic fiber has
dimension less than n?, or the image is contained in a strict Zariski closed subset of C?.

Let us take g; and #; as above, with in addition g; non-zero. For A in %, the fiber
¢"'(A,g) is finite. In other words, there exist finitely many x in W°(0,d, V) such that
pg, 07 ; vanishes on T, W (0,d, V*). The following lemma shows how we will obtain a similar
result for go = (1,0, ...,0)" instead of g;.

Lemma D.12. Let B be in GL(n) of the form

B 0
=5 0]

with B' in GL(d). Then, for A in GL(n), the following equalities hold:
VAB — (VA)B . W°(0,d, VAB) = W°(0,d, VA)®  and W(0,d, VAB) =W (0,d, V*)B.
Besides, for x in W (0, d, VAB) we have
T W (0,d, VAB) = (T.5 1 W(0,d, V*))B

and for u in T,,yW (0, d, VAB) and g in C‘i, we have

(pg © 7g) (W) = (pr—rg 0 T)(u® ),

Proof. The first equality is a direct consequence of the definition of V#; it implies in par-
ticular that sing(VAB) = sing(VA)B. In [50, Section 2.3], we prove that K(0,d, VAB) =
K(0,d,V*)B: in view of the previously noted equality of sing(VAB) and sing(VA)B, we
deduce that 1W°(0,d, VAB) — WO(O,J, VA)B and similarly for their Zariski closures, that
W(0,d, VAB) = W(0,d, VA)B. The fourth equality follows immediately.

To prove the last equality, take u in T,W(0,d, VAB) and g in C% The third equality
implies that u is of the form vB, for some v in T, z-1 W (0, d, VA). Due to the form of B,
we can write T;(u) = 73(vB) = 7;(v)®, which implies that pg(m;(u)) = pg(7;(v)), with
g =B 'g. ]

Let us choose any B and B’ as in the lemma, with additionally B’ 'g, = g; (such a
B’ exists, because g; is non-zero). We then let 4, C C" be the non-empty Zariski open
set defined by % = {AB | A € .#,}. We will now prove that % fulfills the conditions of
Proposition 3.5.

Take A in % and write A = A’B, with A’ in J#;. Because A’ is in J#;, and thus
in 3, we know that either W(O,CZ, VA') is empty, or it is equidimensional of dimension
d— 1, with finitely many singular points. If it is not empty, the previous lemma shows that
W(0,d, VA) = W(0,d, VA)B, so that W(0,d, VA) is equidimensional of dimension d — 1,
with finitely many singular points as well. This proves the second property.

It remains to prove that K (0,1, W (0,d, VA)) is finite; for this, as said in the introduction
of this section, it is enough to prove that W°(0, 1,W(O,J, VA)) is finite. By definition,
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x is in W°(0,1,W(0,d, VA)) if and only if x is in reg(W(0,d,V*)) and 7, vanishes on
TW(0,d, VA).

Remark that there are only finitely many x in reg(1 (0, d, V4)) that are not in W°(0, d, V2):
indeed, any such x is in W (0, d, VA — We(0, d, VA), which is by construction contained in
the finite set sing(V4). Thus, to conclude, it is enough to show that there exist finitely many
x in W°(0,d, VA) such that m; vanishes on T, W (0, d, V).

Lemma D.13. Forx in W*°(0, d, VA), 71 vanishes on T, W (0, d, VA if and only if (A, xB™" g1)
belongs to ¢ (A, g1).

Proof. Take x in W*(0, d,VA)andlety = XBfi. The previous lemma shows that T, W (0,d, VA) =
(T, W (0,d, VA))B, and that for v in T,W(0,d, VA") and u = vB, we have

mi (1) = (pg © 77) (W) = (pg, 0 TP(V)-

Thus, m; vanishes on T, W (0, d, VA) if and only pg, om; vanishes on T, W (0, d, VA", Because,
by assumption, A’ is in J#; and (by the previous lemma) y is in W°(0, d, VA), this is the case
if and only if (A’,y,g;) is in X°. This is equivalent to (A’,y, g1) belonging to s 1(A’, g;). [

The construction of % implies that ¢~!1(A’,g;) is finite, so our finiteness property is
proved.

E Proof of Theorem 4.1

In this section, we prove the following statement (Theorem 4.1) on Algorithm MainRoadmap(V, Cy).
To state this result, recall that the recursive calls of RoadmapRec are organized into a binary
tree that we denoted by 7.
Assume that V' is a d-equidimensional algebraic set with finitely many singular points and
that V NR" is bounded. Let Co C C™ be a finite set of points and let (A;)r internal node of 7
be a family of matrices, with A in GL(n,e., Q) for all T.
There exists a family of non-empty Zariski open sets (9;)r internal node of 7, Where for all T,
. is in GL(n, e;) and depends on the matrices (Az)# proper ancestor of r» Such that the following
holds: if, for all internal nodes T of 7, A, is in 9, and if it is used as the change of variables
in the corresponding recursive call of RoadmapRec, MainRoadmap(V, Cy) returns a roadmap

of (‘/7 Co)-

E.1 An induction property

Let V C C” be a d-equidimensional algebraic set with finitely many singular points and let
C' be a finite set in C™ which contains sing(V).

Let (A.); internal node of 7 b€ a family of matrices, with A in GL(n,e,, Q) for all 7. We
are going to associate to each node of .7 some algebraic sets such as V., Q.,C,,S;,..., and
an atlas @ of (V,,Q.,S;); if 7 is an internal node, we also associate to it the subset ¢, of
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GL(n, e;) mentioned in the theorem. In order to initialize the construction, we also consider
an atlas @ of (Ve sing(V)) (such an atlas always exist; see Lemma A.13).

The construction is by induction on the nodes 7 of .7; the induction property will be
written as follows:

T : There exists a family of non-empty Zariski open sets (%7)7 proper ancestor of 7, With ¥z
in GL(n,e;z) for all 7, and with the following properties. Suppose that A; belongs
to ¥; for all proper ancestors 7 of 7. Then, we associate to the node 7 the objects
V-, Q~,S;, C-, %), which satisfy the following:

t;. @, is a finite subset of C¢ and S, C; are finite subsets of C";
to. Vi, S, C; lie over QQ;;

ts. either V. is empty, or V, lies over (), and is d.-equidimensional with finitely many
singular points, in which case . is an atlas of (V,,Q,, S;);

t4. the inclusion S; C C; holds.

The root p of 7 (which has no proper ancestor) satisfies T, provided we define
V;) = Va Qp =, Sp - Sing(vp)u CP = C7 d)p - 'l/)

Suppose now that an internal node 7 satisfies T. We define the subset ¢4, of GL(n,e,) as
follows:

e If A- belongs to ¥+ for all proper ancestors 7 of 7, and if V. is empty, we take
4. =GL(n,e,).

e If A- belongs to ¥ for all proper ancestors 7 of 7, and if V, is not empty, we define
. as the intersection of the sets

G, Ve, Qr,5-,d,),  %(Ve,Q.d)  and %y, V;, Qs S, d,)

of Propositions 3.4, 3.5 and 3.7.

e Else, we take &, = GL(n,e,).

In the first two cases, we then define B,,Q7,CL,C!, W, = W(eT,JT,VTAT) and V' =
for(VA7 Q") as in algorithm RoadmapRec.

Lemma E.1. If an internal node T satisfies T, and if Az belongs to ¥ for all ancestors T
of T (including T itself), then B;,Q",CL,C are finite.

Proof. We are necessarily in one of the first two cases in the previous case discussion. When
V., is empty, all statements are clear. Otherwise, the finiteness of B, and thus of its projection

"', are consequences of Proposition 3.5. The first item in Proposition 3.7 implies that C’ is
finite, and C? is finite because it is a subset of C.. O
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Let 7/, 7" be the children of an internal node 7. If we are under the assumptions of the
previous lemma, using in particular Definitions 3.3 and 3.6, we set

Vi = W7'7 QT’ = QT7 ST/ = 571_\7—, C‘r’ = 07/—7 "1b = Watlas(wﬁ‘ryV:rATaQﬂS?TdeT)

T

and
Vo = V!, Q= Q” Sy = fbl“(S?'r uw,, Q’T/), Crn = 07/_/,

T

and finally
Yo = FatlaS(wa7 ‘/TAT7 Qr, Sn‘-ATv Q:)
Note that, by the previous lemma, C,/, Q) and C.», Q. are finite.

Lemma E.2. If an internal node 7 satisfies T, its children " and 7" satisfy T.

Proof. This is mostly a routine verification. Property T at either 7/ or 7”7 amounts to
assuming that A: belongs to ¢; for all ancestors 7 of 7, including 7 itself. In particular, we
are under the assumptions of the previous lemma.

By definition, Q),» = @), C C* is finite; as pointed out above, the previous lemma implies
that this is also the case for Q),» C C”. Moreover, S, is finite by construction, and S, is
finite by Proposition 3.7. Thus, item t; is proved.

Then, one easily sees that V.., S.,C. lie over Q. = Q.; the same holds for 77 by
construction. Thus, item t, is proved. Next, we have to prove that the following holds:

e cither V., is empty, or V., lies over (), and is d,-equidimensional with finitely many
singular points, in which case v, is an atlas of (V./, Q., Sy);

e cither V.~ is empty, or (V,~ lies over .~ and is d,»-equidimensional with finitely many
singular points, in which case 1 _, is an atlas of (Vy», Q.», S;»).

When V. is empty, both V., and V,.» are empty. Otherwise, both statements are consequences
of Propositions 3.4 and 3.7, so t3 is proved. We finally prove t4: because C» = C’ contains

CA7 which itself contains SA = S, (by induction assumption), property t, holds for 7.
For 7", recall that S,» = fbr(SA~ UW,, Q"), whereas Cr» = fbr(CA~ UW,,Q"), so the claim
follows from the similar property at 7. O]

Thus, repeated applications of the previous lemma allow us to define a family of non-
empty Zariski open sets ¢, C GL(n, e, ), for 7 internal node of .7, for which all nodes of .7
satisfy property T.

E.2 Proof of the theorem

In the previous subsection, we showed how to define all objects attached to 7; we now
prove that the algorithm MainRoadmap correctly returns a roadmap of (V, Cy). The proof is
similar to that of our first generalization of Canny’s algorithm [51], adapted to the fact that
we handle more general polar varieties.

83



The key ingredient is a connectivity result which is part of [51, Theorem 14]. As stated,
the theorem in that reference also handles the transfer of some complete intersection proper-
ties to systems defining the polar varieties we were considering. These complete intersection
properties do not hold in our more general context, but the proof of the connectivity state-
ment given in [51, Section 4.3] does not use them.

The following statement combines this connectivity result and [51, Proposition 2], which
ensures that taking the union of roadmaps of the polar variety W and the fiber V" =
for(V, 7, 5 1(B)) with B = K(e,1,V)UK(e,1,W) U C, one obtains a roadmap of V. Ob-
serve that Lemma A.5 implies that B = K (e, 1, W)UC this yields the following proposition.

Proposition E.3. Let V and Q) be algebraic sets in C™ and C¢ such that V' lies over @), is
d-equidimensional with finitely many singular points and V- NR" is bounded. Let C' C C™ be
a finite set of points and let d be in {1,...,d}. Suppose that the following assumptions hold:

e VNR" is bounded;

o cither the set W = W (e, d, V') is empty, or W is (d— 1)-equidimensional with finitely
many singular points;

o the set B = K(e,1,W) U C is finite;

o cither the set V" = tbr(V,Q"), with Q" = 7, 7 (B), is empty, or V" is (d — (d—1))-
equidimensional with finitely many singular points;

o the set C' = C Uftbr(W,Q") is finite.

Let further C" = tbr(C’,Q"). If R' and R" are roadmaps of respectively (W,C") and (V",C"),
then R'U R" is a roadmap of (V,C).

This proposition allows us to prove Theorem 4.1. In the previous section, we defined a
family of non-empty Zariski open sets 4, C GL(n,e,), for 7 internal node of .7, for which
all nodes of .7 satisfy property T. Suppose now, as in the theorem, that A, is in ¥4, for
all internal nodes 7 of 7. By property T, we associate to each node 7 of 7 the objects
Vi, Qr, S-, Crp., which satisfy properties ty, ..., t4.

To each node 7 of the tree .7, we can then associate an algebraic set R, in the obvious
manner:

o if 7 is a leaf, we define R, as V,,

e clse, letting 7/ and 7" be the children of 7, we denote by R, the union of the curves
~1 —1
RS and R%; .

Lemma E.4. For any node T of 7, R, is a roadmap of (V,,C.).
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Proof. First, remark that if V' N R"™ bounded, V, N R" is bounded for any 7 in .7 indeed,
all these algebraic sets are obtained from V' by a combination of either taking polar varieties
or fibers, through changes of variables with coefficients in Q.

The proof of the lemma is by decreasing induction on the depth of 7. If 7 is a leaf (i.e.
d, = 1), we know from T that V, is either empty or l-equidimensional, so our assertion
holds. Thus, we can suppose that 7 is not a leaf and we let 7/ and 77 be the children of 7.

If V; is empty, both V. and V,» are empty, so (by the induction assumption) R, and R~
are empty; as a result, R, is empty, and our claim holds. Else, assumption T implies that
V; is d,-equidimensional with finitely many singular points, so that VA~ does too; besides,
similar statements hold for V- and V,~, and all sets B, and C. are finite.

We are thus in a position to apply Proposition E.3. Together with the induction assump-
tion, that proposition implies that R, U R, is a roadmap of (VA7 CA~). We deduce that

R, = Rf?;l U Rf,,;l is a roadmap of (V,, C;). O

Applying Lemma E.4 to V and Cy U sing(V') shows that MainRoadmap(V,C) returns
a roadmap of (V,Cy U sing(V')), which is in particular a roadmap of (V,Cy). This proves
Theorem 4.1.

F  Proof of Proposition 5.9

Let us recall the statement of Proposition 5.9. Let L = (I'; 2,.%) be a generalized Lagrange
system and let B = (Fy, ..., Fp) in Q[X,L] and e > 0 be as in Definition 5.3. If L has the
global normal form property, the following holds:

e the Jacobian matriz jac(F, e) has full rank P at every point (x,£) in P(L);

e the restriction mx : P(L) — % (L) is a bijection.
We start with two useful lemmas.

Lemma F.1. Let L = (I', 2,.%) be a generalized Lagrange system, with U = % (L), V =
(L), Q =2(2) and S = Z(&), and let F = (Fy,...,Fp) in Q[X,L] and e > 0 be as
in Definition 5.5. Suppose that ¢ = (m,0,h,H) is a local normal form for L. Then, the

following equalities hold in C™:
Omd)NU = Omd)Ntbr(V(h),Q)— S5
= Om)NV —5.
Proof. For the first equality, note that U is contained in 7, !(Q). Thus, for x in O(md) N
7. 1(Q), we have to prove that x is in U if and only if h(x) = 0 and x is not in S. Suppose
that x is in U and let F be the sequence of polynomials evaluated by I' as in Definition 5.3.
Thus, there exists £ € CV~" such that F(x,£) = 0. Because 7.(x) is in Q, and m(x)d(x) is

not zero, Lz implies that (x,£) cancels H and so x cancels h; besides, by definition of U, x
is not in .S. We are done for the first inclusion.
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Conversely, suppose that x cancels h and does not belong to S. Since m(x)d(x) # 0, we
can determine £ € CY~" using the L-component of H, as no denominator vanishes. Then,
(x,£) is a root of H, and thus (by L3) of F. Finally, we assumed that x does not belong to
S, s0 (x,€) isin (L), and x is in U = %Z (L), as claimed.

To prove the second equality, observe that, through property Cs of charts, L4 implies that
Om)NV =S =0(m)Nthr(V(h),Q) — S and intersect with O(d). O

Next, we relate the Jacobian matrix of the polynomials F in a generalized Lagrange
system L = (', 2,.) and that of the polynomials H in a local normal form.

Lemma F.2. Let L = (I', 2,.%) be a generalized Lagrange system, with Q = Z(2) C C¢,
let F in Q[X, L] be the sequence of polynomials evaluated by I' as in Definition 5.3 and let
I be the defining ideal of Q.

Suppose that ¢ = (m,0,h,H) is a local normal form for L, with h of cardinality c.
Then, there exists a (P x P) matriz S with entries in Q[X]my, such that jac(H,e) =
Sjac(F,e) holds over Q[X, Llm/(F, I) and such that det(S) divides any c-minor of jac(h, e)
in Q[X7 L]mb/<F7 I>

Proof. Since the ideal I is generated by polynomials in Q[ X7, ..., X], the equality (H) = (F)
in Q[X, L]/ implies the existence of a (P x P) matrix S with entries in Q[X, L],/ such
that jac(H,e) = Sjac(F,e) over Q[X, L]n/(F,I). We can use the L-component of H to
eliminate all L variables appearing in S, so as to take all entries of S in Q[X],p; this maintains
equality modulo (F, I), so the first point is proved.

Let then m' be a c-minor of jac(h, e), and let m’ be the corresponding (¢ x ¢) submatrix of
jac(h,e). We can embed m’ into a unique (P x P) submatrix M’ of jac(H, e), by adjoining
to it all rows corresponding to the L-component of H, and all columns corresponding to
the L variables. Due to the block structure of H, and thus of jac(H,e), we have that
det(M’) = det(m’) = m'.

Let finally M” be the (P x P) submatrix of jac(F,e) obtained by selecting the same
columns as those for M. From the equality jac(H,e) = Sjac(F,e), we obtain M’ = SM”
over Q[X, L]m/(F,I). We deduce that the determinant of S divides that of M’, which is
m’, in Q[X, L]m/(F, I). O

Corollary F.3. Let L = (I', 2,.%) be a generalized Lagrange system, with U = % (L),
Q=2(2) and S = Z(Y) and F in Q[X, L] as in Definition 5.5.

Suppose that ¢ = (m, 0, h, H) is a local normal form for L. For x in O(md)NU, and for
all € such that (x,£) is in Z(L), the Jacobian matriz jac(F,e) has full rank P at (x,£).

Proof. Let x and £ be as in the statement of the corollary and let V' = %/ (L). Lemma F.1
implies that O(md) NU is contained in O(m) NV — S. Consequently, by property L, of local
normal forms and property C4 of charts, the Jacobian matrix jac(h, e) has full rank c at x;
this easily implies that the matrix jac(H,e) has full rank P at (x,£). Because (x,£) is in
V(F,I), Lemma F.2 above implies that the equality jac(H,e) = Sjac(F,e) holds at (x, £).
Thus, jac(F, e) has full rank P at (x, £). O
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of Proposition 5.9. Let U = % (L), V = % (L), Q = Z(£2) and S = Z(¥); let further
¢ = (¢i)1<i<s With ¢; = (m;,9;, h;, H;) be a global normal form of L and (x,£) be in Z(L),
so that x is in U = % (L). Since U C V — S, property G of global normal forms implies
that there exists ¢ such that x is in O(m;). By Ls, x is in O(m;0;) N U, and Corollary F.3
implies that jac(F,e) has full rank P at (x,£). We have proved the first point.

Next, we prove that the restriction mx : Z(L) — % (L) is a bijection. By construction,
we know that it is onto, so we have to prove that it is injective. Let thus x be in U. As
we saw above, since ¢ is a global normal form, there exists i € {1,...,s} such that x is in
O(m;0;) NU. If £ € CN7" is such that (x,£) is in Z(L), then (x,£) cancels (F,I), so by
Ls, it cancels (H;, I). As a result, the value of £ is uniquely determined, as it is obtained by
evaluating the L-component of H; at x. O]

Using this result, we exhibit the relationships between the sets Z(L), % (L) and % (L)
associated to a generalized Lagrange system L, and the set Ve (F, Q) defined in Subsec-
tion A.1, where F and () are as in Definition 5.3. These claims will be used in Section K.

Lemma F.4. Let L = (I, 2,.%) be a generalized Lagrange system, with QQ = Z(2), S =
Z(), Fin Q[X,L] and d = N — e — P as in Definition 5.3. Let further Y = Viee(F, Q) C
CN. If L has the global normal form property, the following holds:

P(L) =Y —75(S), %(L) = nx(¥ — 75 (S)).

In addition, Y, 2(L) and % (L) are d-equidimensional.

Proof. Using Proposition 5.9, we know that jac(F,e) has maximal rank at any point of
PD(L) = thr(V(F), Q) — 7" (S); this implies that 2(L) =Y — 75 (S). The last equality is
straightforward from the fact that % (L) = mx(Z2(L)).

As was mentioned in Subsection A.1, the Jacobian criterion shows that Y is either empty
or d-equidimensional. By the global normal form property, % (L) is not empty, so neither is
Y; thus, Z(L) is d-equidimensional as well (in the sense that its Zariski closure is) and the
only missing part is the fact that % (L) is d-equidimensional.

This will follow from the second item in Proposition 5.9, which states that the projection
P(L) — % (L) is one-to-one. Let indeed Z be the Zariski closure of Z(L), and let Z =
Ui<i<sZ; be its decomposition into irreducible; we saw above that all Z; have dimension d.

For ¢ in {1,...,s}, define Y;° = Z(L) N Z;; each Y7 is a locally closed set, with Zariski
closure Z;, and their union is equal to Z(L). This in turn implies that %/ (L) is the union of
the sets mx (Y;°). Denoting by V; the Zariski closure of wx (Y;°), this also implies that % (L)
is the union of U;_,V;.

Because the Zariski closure V; of mx(Y;°) coincides with that of mx(Z;), it must be
irreducible. The inequality dim(V;) < d clearly holds for all ¢; on the other hand, by
Proposition 5.9, the fibers of the restriction of mx are all finite, so Lemma D.5 implies
that d < dim(V;) holds as well for all . This implies that % (L) is d-equidimensional, as

claimed. O
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G Proof of Proposition 5.13

This section is devoted to the proof of Proposition 5.13, whose statement is as follows: Let
Q C C° be a finite set and let V C C™ and S C C" be algebraic sets lying over Q, with S
finite. Suppose that V' is equidimensional of dimension d, with finitely many singular points.

Let v be an atlas of (V,Q,S), let d be an integer in {2,...,d} such that d < (d+ 3)/2,
and let A € GL(n,e) be in the open set 4 (¢,V,Q, S, d) defined in Proposition 3.J; write
W =Wi(e,d,VA).

Let L = (I', 2,.%) be a generalized Lagrange system such that V = % (L), Q = Z(2)
and S = Z(). Let % = (Y1,...,Y,) be algebraic sets in C" and let finally ¢ be a global
normal form for (L; (WA, %)) such that 1) is the associated atlas of (V,Q,S).

There exists a non-empty Zariski open set (L, ¢, A, %) C C¥ such that for all u in
I (L,p, A, )N QF, the following holds:

° WLagrange(LA, u,d) is a generalized Lagrange system that defines W ;

o [fW is not empty, then (V\/Lag@nge(LA7 u, J), XY admits a global normal form whose
atlas is Wagas(P™, VA, Q, 8%, d) (Definition 3.3).

G.1 Local analysis

First, we deal with local normal forms. In order to prepare for the proof of the main
proposition in the next subsection, we introduce here extra statements related to a new set
of points 2.

Proposition G.1. Let Q C C* be a finite set and let V C C"™ and S C C" be algebraic sets
lying over Q), with S finite. Suppose that V' is equidimensional of dimension d, with finitely
many singular points.

Let L = (I, 2,.%) be a generalized Lagrange system of type (k,n,p,e) that defines V,
with Q@ = Z(2) and S = Z(.); write n = (n,nq,...,ng). Let ¢ = (m,0,h,H) be a
local normal form for L and let ¢ = (m,h) be the associated chart of (V,Q,S); write h =
(hi,...,h.) and

H= (hl, oy he, (Ll,j - pl,j)jzl ..... nys - (Lk,j - Pk,j)j:l ..... nk) .

Let d be an integer in {2,...,d}, such that d < (d+ 3)/2, let A € GL(n,e) be in the open
set Ghart () V,Q, S, d) defined in Lemma B.12 and let W = W (e, d, VA).

Let m' and m" be respectively a c-minor of jac(h®,e) and a (c — 1)-minor of jac(h®, e +
d) and let (W', h') = Wear (W™, m',m") be as in Definition 3.2, with in particular w' =
mAm/m”. Suppose that the following holds:

e for each irreducible component Z of WA such that O(m)N Z — S is not empty,
O(md)NZ — S is not empty;

o O(m')NW — S4 is not empty.
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Finally, let 2 be a finite subset of O(M'dA) N VA — SA. Then, there exists a non-empty
Zariski open set F (L, ¢, A,m/,m", Z) C C¥ such that foru in Z (L, ¢, A, m' m", 2)NQF,
the following holds:

o There exists a non-zero polynomial 0y in Q[X]| and (pr+15u)1<j<p M Q[X]wor,, such
that, writing

H/u = (h,7 (Ll,j — pﬁj)lgjﬁnn ey (Lij - pﬁj)lgjgnka (Lk+1,j - pk—l—l,j,U)lSjSP)
¢, = (', 0,0, H,) is a local normal form for Wiagrange (L*, u, (j),

u —

e 0!, vanishes nowhere on Z";

o the sets O(w') N % (Wiagrange (LA, 1, d)) — SA and O(w') N W — SA coincide.

The proof of this proposition will occupy this subsection; we freely use all notation introduced
in the proposition. We start by proving that the localization Q[X],a is well-defined.

Lemma G.2. The polynomial m'd* is non-zero.

Proof. By L, applied to L, the polynomial ? (and thus 9*) is non-zero. Since we assume
that O(m') N W — SA is not empty, m’ is non-zero. O

First, we deal with the Lagrange system associated with HA. In all that follows, we
recall that we write ¢ = |h| and that the notation Lagrange is from Definition 5.1.

Lemma G.3. Let ¢ be the index of the row of jac(h®, e + J) that does not belong to m”.
There exist rational functions (piyy ;)j=1,..cjz M Q[X|woa such that in Q[X, L' ya, the
ideal (H”, Lagrange(H, ¢ 4 d, Ly41)) coincides with the ideal

MyLiirss - My o o goyLisra,

A A A
h®, (L1 — pithi<i<nns -0 (Lkj = Piji<i<ng
)
K
(Lk+1,j - pk-+17ij+1,L>j75L7 Lk+1,c+17 - 7Lk+1,P

where My, ..., M, .. ;. are the c-minors of jac(h® e +d) obtained by successively adding
the missing row and the missing columns of jac(h®, e +d) to m”.

Proof. The proof is in two steps. First, due to the special form of the polynomials HA,
we show that the Lagrange system associated with these polynomials can be rewritten in a
very simple manner in terms of the Lagrange system of h®. Recall that H” takes the form
H” = h? (L j — p2)1<i<ki<jcn,- Foriin {1,... k} and j in {1,...,n;}, let us consider the
column of jac(HA, e + d) corresponding to derivatives with respect to L; ;. The gradient row
of the equation L, ; — pfj has a 1 at the entry corresponding to this column, and this is the
only equation giving a non-zero entry in this column. As a result, the equation Lji1, = 0
appears in the Lagrange system, where u is the index in {c¢ + 1,..., P} of the equation
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L;; — pp. This proves that in Q[X, L']y,a, the ideal (H”, Lagrange(H*, e + d,Lgy1)) is the
ideal generated by

<HA, Lagrange(h® e +d, [Lii11,- .-, Lii1e)), Lk+17c+17---aLk+1,P>~

Lemma A.8 shows that d = n—e— ¢, so inequality d < d can be restated as e+d <n-—ec.
Thus, since we also have m” # 0 (since m’ # 0), the assumption of Proposition 5.2 are
satisfied. This proposition implies that there exist rational functions (p} +17j)j:1,...,c,j7ﬁL in
Q[X],woa such that in Q[X,L']ypa, the ideal (h®, Lagrange(h®, e + d, [Lys11, ..., Lis1c]))
is the ideal generated by

A *
(h®, MiLyyry, .. M, gir Lt (Liyrj — pk+17ij+1,L)j7£L>7

where My,..., M, _,_. ;. , are the c-minors of jac(h?, e+ci) obtained by successively adding
the missing row and the missing columns of jac(h®, e + d) to m”. This finishes the proof of
the lemma. O

As before, call F the polynomials computed by I'. We can now use the relationship
between HA and FA in order to rewrite the Lagrange system of F4.

Let I be the defining ideal of ). From Lemma F.2, we know that there exists a
(P x P) matrix S with entries in Q[X]qasa, such that jac(HA e) = Sjac(FA,¢) holds
over Q[X, L]yapa/(FA I) and such that det(S) divides m’ in Q[X, L]a,a/(F4,I). Since
m#? divides m’, all previous equalities carry over to Q[X, L]oa /(F4, I).

Lemma G.4. There exists a matriz T with entries in Q[X]|yoa such that the product T S
computed over Q[X, L]oa/(FA,I) is the identity matriz.

Proof. Because det(S) divides m/, and thus w’, in Q[X, L]y,a/(FA, I), S admits an inverse
with entries in Q[X, L]woa/(F#, ). This inverse may be rewritten using the L-component
of HA, so as to involve the X variables only. O]

For i in {1,..., P}, let Li ,; € Q[X,Lij1|woa be the ith entry of the size-P column
vector T*Lj ,,, where we see Ly as a row vector of size P, and let Ly, be the row vector

[Lii11s-- - Ligapl-
Let further h’ be the sequence of polynomials k%, ... A% M, ..., M, _. . g, Recall
that for u = (us,...,up) in QF, the system we consider in the generalized Lagrange system

WLagrange(LA, u, d) is
F, = (FA’ Lagrange(F™ ¢ + d, Ly11), wyLpi11 + -+ upLpi1p — 1>.

Introducing the new equation w;Lyy11 + -+ + upLpyp — 1 will allow us to cancel some
spurious terms Ly, appearing in Lemma G.3.
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Lemma G.5. Let u be in QY. In Q[X,L'|woa, the ideal (F.,I) coincides with the ideal

/ A A
I, W, (Lij = ptjhcicns - (Lkj = Prji<i<ng
* * * * *
(Lk+1,j - Pk+1,ij+1,L)j7éw Lk+1,c+17 s >Lk+1,Pa
UL+ tuplppp—1

Proof. The matrix T satisfies the equality
jac(FA, e) = Tjac(HA e)
over Q[X, L]oa/ (II‘A, I). Discarding the first d columns in this equality, we get jac(FA, e+
d) = T jac(H*, e+d) over Q[X, L],yoa /(FA, I). Left-multiplying by the row-vector L1, and
using the fact that (FA I) = (HA, I) shows that the ideal (I, F2, Lagrange(F2,e+d, Ly;1))
is the ideal generated by
<I, H”, Lagrange(H”, e + d, Lz+1)> :

Evaluating the entries of Lyyi at Li,,,,..., Ly, p and using Lemma G.3 shows that in
Q[X, L'],oa, the ideal (I, HA, Lagrange(H”, e + d, L}, ,)) coincides with the ideal

A A A
I, h®, (Lij—piiici<nss - (Lkg = Prjici<ng
* - * * ok * .
MlLk—i—l,u e 7Mn—e—c—d+1Lk+1,L’ (Lk-i—l,j Pk+1,ij+1,L)J7éw
* *
Lk+1,c+17 tot 7Lk+1,P

Let now u be in Q. We deduce from the previous equality that in Q[X, L/],y,a, the ideal
(F,, I) is the ideal generated by

I, b (Lij—pti)icicns - (Lkj — ppj)i<i<ne

* N *
MlLk’—i—l,L’ ttt Mn—e—c—d+1Lk+l,L7
* * * * * :
(Lk—i—l,j - pk+1,ij+1,L>j5£L7 Lk+1,c+1a R Lk—i—l,P
Ui Lgp1q+ - +upLppip—1

Let u},...,u% be the entries of the size-P vector Su, which lie in Q[X],,a. Then, due to
the definition of Lj, ; as the ith entry of T'Lj  , the equality

uLy1g + - +uplypp=wili g+ +uplip
holds in Q[X, L']ypa /(Fy,, I). As a consequence, ujLi,,, +---+uply,, p—1isin (F,, ).
We deduce further that
(Uiprs1a + -+ Uiy perre) Ly, — 1

is in (F,I), where we write pgi1, = 1. This shows that the ideal (F,I) is the ideal
generated by

! A A
I, W, (Lij—pi)icicns -5 (Lij = Prj)i<i<n
* * * * *
(Lk+1,j - Pk+1,ij+1,L)jséw Lk+1,c+17 s 7Lk+1,P7 )
U Lgp1g+ - +uplppp—1

as claimed. n
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To continue, we will rely on genericity properties for u, that we describe now. Let
U = (Uy,...,Up) be new indeterminates, let (¢;;)1<;j<p be the entries of T* and let M be
the (P x P) matrix with entries in Q[U, X],,a defined by

t11 = Pryrater 0 tup — Prypratup
L, k+1,0%¢, Ly k+1,07¢,
= * *
M tCal - pk+1,ctL71 e tQP - pk+1,ctL7P ) (6)
U, . Up
ter1 EE tev1,p
i tpa e tpp i

We let M* be the matrix M multiplied by the minimal power of m’0* such that M* has
entries in Q[U, X] and let further A € Q[U, X] be the determinant of M*. Finally, for u in
QF, we denote by 9/, the polynomial 94A(u, X) € Q[X].

Lemma G.6. Let u in QF be such that A(u,X) # 0. There exist rational functions
(Pr+1ju)i<j<p in Q[X, L'lway such that in Q[X, L], the ideal (Fy,I) is equal to the
ideal

(I, W, (Lij—p)icicns - (Lig — pejhi<icns (Lkt1y — Pratju)1<i<p).

Proof. Starting from the conclusion of Lemma G.5, it remains to solve for the variables
Lj41,. Let us consider the subsystem

(LerLj - PZHJ’LZH,L)#L, LZH,CH’ cee L2+1,P7 urLpy11+ - +upLlpyp— 1.
This is an affine system in the indeterminates Lyy1 1, .., Lrt1.p, with matrix M(u, X). By
construction, the determinant of M(u, X) is invertible in Q[X, L'y, , and the result follows
using Cramer’s formulas. O]

In what follows, we let H}, be the polynomials in Q[X]wo: given by

Hlu = (hlv (Ll,j - pﬁj)lﬁjgnm ) (Lk,j - p}:j)lgjgnk, (Lk+1,j - pk+1,j,u)1gng) .

Remark that these polynomials, as well as 0/, itself, depend on the choice of u.

The following results will allow us to ensure the existence of values of u that satisfy
the assumptions of the former lemma. Remark that % (Wpagrange (L, 1, d)) is contained in
% (L), since we add equations and 2 and .¥” do not change.

Lemma G.7. For x in O(w') N % (L)*, the polynomial A(U,x) is not identically zero.
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Proof. It suffices to prove the existence of one value of u for which A(u, x) # 0. Because x is
in O(mA)N% (L), the local normal form property Ls implies that it is in O(m#04)N% (L)4,
and thus in O(m'02) N % (L)#; in particular, both matrices S and T can be evaluated at x.
Besides, because x is in % (L)#, there exists £ € CV such that (x,£) is in fbr(V(F4), Q).
Since m'0” does not vanish at x, the equality TS = 1 that holds over Q[X, L]yoa /(F4, 1)
still holds after specialization at (x,£).

Let then u = (uq,...,up) be the value at x of the row of index ¢« in T*. Evaluating
Up,...,Up at uy,...,up in the determinant A(U, x) of M (U, x) gives us the determinant of
T*(x), which is non-zero. As a result, A(U,x) itself is non-zero. ]

Lemma G.8. Foru in QF and x in O(W') N % (WLagrange (L2, 1, d)), 0, (x) = 04 (x)A(u, x)
18 non-zero.

Proof. We need to prove that neither 9* nor A(u, X) vanishes at x. Because % (Wragrange(L*,
is contained in % (L)*, and O(m’') is contained in O(mA), x is in O(m?) N % (L)?; so 4
does not vanish at x, by L5 for L — as claimed.

Since m’(x)0”(x) is not zero, the matrix M(u,x) of Eq. (6) is well-defined. Suppose that
its determinant is zero, or equivalently that A(u,x) = 0: this means that the rows of the
matrix M(u, x) are dependent. Thus, there exists v € CF non-zero such that vM(u,x) =
0 - 0]

Because X is in % (Wiragrange(L™, 1, d)), there exists £ in CN'~" such that F/ (x,£) =
0. Recall from the proof of Lemma G.6 that the system F., involves in particular linear
equations in the unknowns Lgi11,..., Lgi1,p, with matrix M(u,X) and right-hand side
0...010--- 0], with 1 at entry c. After evaluation at x, £ and left-multiplication by v,
we deduce that v, = 0. As a result, the matrix M (U, x) itself is singular, or in other words
A(U,x) = 0. However, since x is in O(m’) N % (L)*, this contradicts Lemma G.7. O

We are now going to prove that for a generic choice of u, the previous construction gives
a local normal form of WLagmnge(LA, u, d), we start by defining the Zariski open subset of
C? where this will be the case.

First, we define a finite set of points associated to W = W (e, d, VA, Let Zy,...,7Z, be
the irreducible components of W, and assume without loss of generality that Z,,..., Z, are
those irreducible components of W that have a non-empty intersection with O(m’) — SA; by
assumption, ¢ > 1, since O(m’)NW — S is not empty. Now, recall that m’ = m“m/m”, so for
iin {1,...,¢'}, we have in particular that Z; has a non-empty intersection with O(m#)— S4.
Thus, by assumption, Z; has a non-empty intersection with O(m#94) — SA. Because Z; is
irreducible, we deduce that O(m'0%) N Z; — S4 is not empty. We thus let z; be an element
in this set, for ¢ in {1,...,¢'}, and we let 2" (W) = {z,...,2¢}. Remark that ¢ > 1 means
that 2" (W) is not empty.

Recall as well that we are given a finite subset 2~ of O(m'dA) N VA — SA&. We can then
define 27 = 2° (W)U 2. This is a finite subset of O(mdA) N VA — SA,

Any z in 2" is in O(mA04)NVA -S4 and thus (by Lemma F.1) in O(mA0*)N% (L)A —
SA and eventually in O(m/)N% (L)*, so Lemma G.7 implies that the polynomial A(U, z) is
not identically zero. We let # (L, ¢, A, m’,m”, 2") C C? be the non-empty Zariski open set
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defined as C¥ — V(A(U,z,)---A(U, z,)), where we write 2" = {z,...,2,}. Since 2 (W)
is not empty, s > 1.

Lemma G.9. Suppose that u belongs to I (L, ¢, A,m/,m”", Z"). Then O(m")N% (W Lagrange (LA, 1, J))—
SA =0(m)NW — S4A,

Proof. Because s > 1 and u belongs to & (L, ¢, A,m’,m", Z7), A(u,z;) # 0, which implies
that the polynomial A(u, X) is non-zero. We can thus apply Lemma G.6, which implies that

O(m'd},) N fbr(V(FY,), @) = O(m'd},) N fbr(V(Hy,), Q),

where the O( ) notation denotes here open subsets of C¥'. Since m'd/, is in Q[X], we deduce
the equality

O(m'd},) NTIx (fbr(V (FY,), Q)) — S* = O(m'd,,) N Ix (fbr(V(HY,), Q) — 5%,

where the O( ) now denote open subsets of C", as usual.

By definition, % (Wyagrange (L™, u, d)) = x (fbr(V(F,,), Q)) — SA. Also, remark that H/,
is in normal form and h’ is the X-component of H; ; consequently, we have

O(md}) N (Wiagrange (LA, 1,d)) = O(m'd},) 0 fbr(V (1), Q) — 5.
By Lemma (.8, this can be rewritten as
O(m') N % (Weagrange (L™, 1, d) = O(m'd,) N fbr(V (), Q) — S*.

On the other hand, since we suppose that O(m’) N W — SA is not empty, and that A is in
the open set (1), V, Q, S, d) defined in Lemma B.12, that lemma shows that (m/,h’) is
a chart of (W, Q, S™), so that we have the equality

Omd)NW — S4 = O(m'd),) Ntbr(V(h'), Q) — S*.

Combining the former two equalities, we thus deduce

O(M') N % (Wiragrange (L™, 1, d)) = O(m'd)) N W — SA. (7)

We are going to relate the left- and right-hand sides of this equality to those appearing in
the statement of the lemma.

Let A be the union of the irreducible components of % (Wiragrange (LA, 1, J)) which have
a non-empty intersection with O(m’), so that we have, by an immediate verification:

a;. O(m')N A= 0m)N% Wragrange (L2, 1, d)),

ay. A = O() N % (Wragrange (LA, 1, d)), because % (Wragrange(L*, 1, d)) is the Zariski
closure of % (Wpagrange(L™, 1, d)).

94



Similarly, let B be the union of the irreducible components of W which have a non-empty
intersection with O(m’) — S#; in other words, using the notation given prior to this lemma,
B =272,U---UZy. We claim that B is also the union of the irreducible components of
W which have a non-empty intersection with O(m’d) — SA. Consider indeed an index i
in {1,...,¢'}. By construction of z;, 92(z;) is non-zero, and by assumption on u, A(u,z;)
is non-zero; thus, 0), does not vanish at z;. Our claim is thus proved (since the converse
inclusion is immediate), so as above, we have

b, O(m)NB -S4 =0(m)NW — S4,

by. B =0m0,)NW — 54 (where we use the second characterization of B).

Using Eq. (7), as well as a; and by, we deduce that A = B. Finally, using a; and by, we
conclude that

O(m') N % (Wragrange (LA, 1, d)) — S* = O(m') N W — S&,
as claimed. ]
We can now conclude the proof of Proposition G.1. Take u in
I (L, ¢, A,m',m", 2)NQF.

As we saw in the proof of the previous lemma, A(u, X) is non-zero, so 9, is non-zero and
H;, is well-defined. We now prove that ¢}, = (m’,0,,h’,H;)) is a local normal form for
WLagrange(LAa u, d)

L;. By construction, m" and 9}, are in Q[X] — {0} and H, is in normal form, with X-
component h’.

Ly. On one hand, we have |[H} | = |H]~+n—e—c—oi—|—1+P. On the other hand, Lemma 5.12
shows that |F,| =P+ N —e—d+ 1. By L, for L, we know that [H| +n —c¢ = N, so
that [H, | = |F.,|.

Ls. We proved in Lemma G.6 that the equality

(Fy, I) = (Hy, I)
holds in Q[X, L]w, .

Ly. Since O(m') N W — SA is not empty, Lemma B.12 shows that (m/,h’) is a chart of
(W,Q, ™). Lemma G.9 shows that O(m') N % (Wiagrange (LA, 1, d)) — SA = O(m') N
W — SA so (m', 1) is also a chart of (% (Wragrange (LA, 1, d)), @, S™).

Ls. This is a restatement of Lemma G.8.

The last point is to prove that 9], vanishes nowhere on 2". Indeed, by construction, for all
z in 2, 92(z) is non-zero (by assumption on 2°) and A(u,z) is non-zero (by definition of
F(L,p, A,m/,m", Z7)).
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G.2 Proof of the proposition

The rest of this paragraph is devoted to prove Proposition 5.13. We start by defining the fam-
ily of local normal forms we will use for the generahzed Lagrange system Wi agrange (d LA u).
Let the global normal form ¢ of (L; WA , %) be written as ¢ = (¢;)1<i<s, With qbz =
(m;,0;, h;, H;) for all i. For i in {1,...,s}, we let ¢ = (m;, h;) be the chart of (V,Q,S5)
associated with ¢;, so that ¥ = (¢;)1<i<s.

For all (i,m',m”), where ¢ is in {1,...,s} and m/,m” are respectively a c-minor of
jac(h®, e) and a (¢c—1)-minor of jac(h®, e+d), we let (m] b, ) = Wenare (0, m/, m”)
be the polynomials introduced in Definition 3.2; in partlcular mZ !t = = mAm'm”. We de-
fine ¢ as the set of all these (i,m’,m”), such that O(m},, ,)NW — S4 is not empty. Note
that ¢ is empty if W is empty.

Let (i,m',m"”) be in ¢ and let Z;,...,Z, be the irreducible components of the sets
YA YA such that Z; ¢ W and O(m] Zm m,,) N Z; — S* is not empty (note that the
Zj’s, as well as the mdex ¢, depend on (i,m',m"), although our notation does not reflect
this). For jin {1,...,0}, O(m®)NZ; — S% is in particular not empty; as a result, applying
Gs to ZA71 shows that O(mAD;-A) N Z; — S® is not empty. Because Z; is irreducible, this
finally 1mphes that O(m; .. a0 N Z; — S is not empty; we thus let z; be an element in
this set and we set 2 = {21, ..., 2}

When (¢ is empty, we set #(L,¢, A, %) to be the whole C”. When ( is not empty,
J(L,¢p,A, %) will be defined using Proposition G.1. Let us first verify that for any
(z,m’,m”) in (, the assumptions of Proposition G.1 are satisfied.

We take (i,m',m”) as above. The definition of ¥4 (¢, V, @, S, J) given in the proof of
Proposition 3.4 proves that A is in the non-empty Zariski open set (¢, V, Q, S, CZ)
defined in Lemma B.12. The global normal form assumption shows that for each irreducible
component Z of WA such that O(m;) N Z — S is not empty, O(m;d;) N Z — S is not empty.
By construction of ¢, O(m}, ., ..) "W — SA is not empty. Finally, 27 v is contained in
o, ., oM NVA -S4

Applylng Proposition G.1, we deduce that there exists a non-empty Zariski open subset

zm m'

me

j<L7 ¢i7 A7 m/a m”, t%<Z',7n’,m”) - CP
such that for uw in J(L, ¢;, A, m',m", Z i yr.m»), the following holds:

e there exists a non-zero 0’

i me w10 Q[X] and polynomials Hj /v in Q[X, Ly ]y o
such that Y

m! ,m!" " i,m/ m! u

! /
hzm ;m! ’Hi,m’,m”,u)

¢/ ! ot - (m/ " 0/

i,m’ m' u i,m’ m' Vim/ m'

is a local normal form for Wi agrange (L, 1, J),

o 0 vanishes nowhere on 2 ;7 1

'L m/ m//

e the sets O(m}, ) V% (Wragrange (LA, 1 ,d))—S™ and O(m, ) VW — S coincide.
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Finally, let (L, ¢, A, %) be the intersection of all # (L, ¢;, A, m',m", Z"; yr m»), for (i, m',m”)
in (; this is a non-empty Zariski open subset of C¥. In what follows, we take u in
J(L,¢,A,? ) and we prove the assertions in the proposition. We start with an easy lemma.

Lemma G.10. With the above notation, O] ., ) N % (Wragrange(LA, 1, d)) — S* is not
empty if and only if (i,m’,m") is in .

Proof. Suppose first that (i, m',m”) is in . By assumption on u, the three items above hold;
the third one, and the fact that (i, m’,m") is in ¢, imply that O(m] ., ,.» )% (W Lagrange (LA, 1, (Z))—
SA is not empty.

Conversely, suppose now that O(m;, ., ,.») N % (Wragrange (L™, 1, d)) — S™ is not empty.
Because % (Wipagrange( LA, 1, d)) is the Zariski closure of % (Wragrange(L™, 1, d)), we deduce

that O(m}, ) N % (Wragrange (L™, 1, d)) — S# is not empty. Take x in this set. Because

U (Wiagrange (L™, 1, d)) is contained in % (L)*, we deduce from Ls applied to ¢7* that o
does not vanish at x. Lemma G.5 then implies that x cancels h;m,,m,,, so that x is in

for(V (h,,s ), Q). The first item in Lemma B.12 implies that x is in W, so we are done. [

Lemma G.11. Foru in S (L, ¢, A, %), the equality % (Wiragrange(L*, 1, d)) = W holds.

Proof. For all ¢ in {1,...,s}, let { be the set of all triples (i, m’, m”), where m’ and m” are
respectively c-minors of jac(h®,e) and (¢ — 1)-minors of jac(h®, e 4+ d), and let ¢; be the
subset of (] for which O(m; ., )W — SA is not empty. In particular, ¢ is the union of
all ¢;; similarly, we let ¢’ be the union of all (/.

By Lemma G.10, O(m; .1 ,.n) N % (Wiagrange (L™, 1, d)) — S* is not empty if and only if

(i,m',m") is in (. We are going to use this remark to prove first that % (Wragrange (LA, u, d))—
SA =W — SA,

Let ¢ be in {1,...,s}. We know from the third item in Lemma B.12 that the sets
o} ., .») =S4, for (m',m") in ¢/, cover O(mp) N VA — 54 Because ™ is an atlas of
(VA Q,S*), the sets O(mA)NVA — SA themselves cover VA — SA and we deduce that the
sets O(m/, ) — SA for (i,m',m") in {', cover VA — SA.

Since both % (Wpagrange(LA, u, J)) and W are subsets of V4, these sets cover in parti-
cular % (Wiagrange (L4, 4, J)) —SA and W — SA. However, we saw above that the only triples
(¢, m', m") for which the intersections O(w , .,)O"W—=S% or O(w] ., )% (WiLagrange(LA, 1, d))—

i,m’,m

SA are not empty are those in ¢ (this is by construction of ¢ for W and by Lemma G.10 for

U (Wiagrange(L2, 1, d))). Thus, we deduce that the sets O] . pr) — SA, for (i,m/,m") in

¢, cover both % (Wiragrange (LA, 1, d)) — S# and W — S4.
On the other hand, due to our choice of u, we have seen that the following holds for all
(z,m’,m”) in (:

O], n) VYU (Wiagrange (LA, 1, d)) — S& = O, .. .) W — S&,

i,m’,m i,m/,m
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The last two paragraphs imply that % (Wpagrange (L4, 1, d)) SA =W -S4 asclaimed. Since
U (W Lagrange (LA, 4, J)) is the Zariski closure of % (Wpagrange (L, u, d)), which does not inter-

sect SA, we deduce that % (Wiagrange (LA, 1, d)) is also the Zariski closure of 7 (Wi agrange (L2, 1, d))—
SA.

If W is empty, we are done (since then % (Wiyagrange (L4, u, d)) — S* is empty, and thus
its Zariski closure % (Wiragrange(L*, 1, CZ)) is empty as well). On the other hand, if W is not
empty, the facts that V' is equidimensional of dimension d, with finitely many singular points,
and that A isin 4 (¢,V,Q, S, d) show that one can apply Proposition 3.4 and deduce that
W is (d — 1)-equidimensional. Since d > 2 (so that d — 1 > 1) and S is finite, W is the
Zariski closure of W — SA. The lemma is proved. O

We can now conclude the proof of the proposition. For u in .7 (L, ¢, A, %), we already
know that Wiagrange (LA, 1, d) is a generalized Lagrange system, and the previous lemma

shows that % (WiLagrange (LA, 1, a?)) is equal to W. Now, we assume that W is not empty; it
remains to construct a global normal form for it.
Let ¢!, be the set of all local normal forms G s i v defined above, for (i, m’,m")

in (. We prove that céu is a global normal form for (WLagrange(LA,u,cZ); @A), and that
Wattas (W™, VA, Q, S™, d) is the associated atlas of (W, Q, S4).

G;. We saw above that all ¢/ are local normal forms for Wi agrange (L4, 1, d).

1mmu

Gy. We must now prove that the sets

wl Il — (m/ i h/

i,m’m i,m/,m’ i,m’,m”)?

for (i, m’,m") € ¢, form an atlas of (% (Wragrange(L*, 1, CZ)), Q, SA), or equivalently of
(W, Q, S*). Remark that this family precisely defines

Watlas(qu; VA7 Qa SA7 J)

Recall that V' is d-equidimensional, with finitely many singular points, and that A
is in (¢, V,Q, S, J), hence, all assumptions of Proposition 3.4 are satisfied. That
proposition 3.4 proves that Woae(1®, VA, Q, 54, J) is an atlas of (W, Q,S*), so our
claim is proved.

Gs. Recall that we write % = Yj,...,Y,. Let Z be an irreducible component of Y;-A, for
some j in {1,...,7}. Suppose that Z is contained in W, and let (i,m',m”) € { be
such that (9( W) N 2 — SA is not empty. We have to prove that 0 i dOES
not vanish 1dentlcally on Z.

By construction, for such a Z, there exists an element z in the finite set 2, ,,y mr N Z.
We saw previously that for our choice of u, 9, ,.» , vanishes nowhere on 2Z7; ;s ;3 as

a result, o}, ., does not vanish at z, and thus does not vanish identically on Z.
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H Proof of Proposition 5.16

In this section, we prove Proposition 5.16, whose statement is as follows: Let () C C¢ be a
finite set and let V. C C"™ and S C C" be algebraic sets lying over QQ, with S finite. Suppose
that V' is equidimensional of dimension d, with finitely many singular points.

Let v be an atlas of (V,Q,S), let d be an integer in {2,...,d} such that d < (d+ 3)/2,
and let A € GL(n,e) be in the open set Y5(,V,Q, S, d) defined in Proposition 3.7; write
W =Wi(e,d,V»).

Let 2" and %" be zero-dimensional parametrizations with coefficients in Q that respec-
tively define a finite set Q" C Cet4=1 lying over Q and the set S” = fbr(SA U W, Q"), and
let V" = fbr(VA,Q").

Let L = (I', 2,.%) be a generalized Lagrange system such that V = % (L), Q = Z(2)
and S = Z(). Let % = (Y1,...,Y,) be algebraic sets in C" and let finally ¢ be a global
normal form for (L; (V”Afl, %)) such that 1 is the associated atlas of (V,Q,S). Then the

following holds:
® Frogange(L*, 2", .7") is a generalized Lagrange system which defines V"

o if V" is not empty, (Fragrange(L*, 2", ."); ™) admits a global normal form whose
atlas is Fagas (™, VA, Q, 8%, Q") (Definition 5.6).

As we did in the previous section, we start with a local analysis which we use to prove
the global statement.

H.1 Local analysis

In this paragraph, we consider a local normal form ¢ = (m,d,h, H) of L. We show how to
deduce a local normal form for FLagrange(LA7 2" "), for a suitable choice of .#".

Proposition H.1. Let Q C C€ be a finite set and let V C C™ and S C C" be algebraic sets
lying over ), with S finite. Suppose that V' is d-equidimensional with finitely many singular
points.

Let L = (I, 2,.%) be a generalized Lagrange system of type (k,n,p,e) such that V =
(L), Q=2(L2) and S =Z(.7). Let ¢ = (m,9,h,H) be a local normal form for L and let
¥ = (m, h) be the associated chart of (V,Q,S). Let d be an integer in {2,...,d}, such that
d < (d+3)/2, let A € GL(n,e) be in the open set 44, V,Q, S, d) defined in Lemma, C.1
and let W = W (e,d, V™).

Let 2" and /" be zero-dimensional parametrizations with coefficients in Q, that respec-
tively define a finite set Q" C Ct4=1 lying over Q and the set S” = fbr(SA U W,Q"), and
let V' = fbr(VA Q"). If O(mA)N V" — S" is not empty, then ¢ is a local normal form for
FLagrange(LAa Q”7 y”)'

In what follows, we write F for the polynomials computed by I'. Suppose that O(m#) N
V" — S" is not empty and let A, and all further notation, be as in the proposition; note in
particular that ¢ = (m#, 04 h# H#). The following items check the validity of Ly, ..., Ls.
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L;. Because ¢ is a local normal form for L, ¢* is a local normal form for LA. Then, since
L, concerns only the polynomials in ¢, it continues to hold here.

L,. For the same reason, and because the defining equations in FLagrange(LA, Q" ") are
simply F4, Ly remains valid.

Ls. Property L3 for L states that (F,I) = (H,I) in Q[X,L]y,; it implies the equality
(FAT) = (HAI) in Q[X,L]apa. Let then I’ € Q[X] be the defining ideal of Q".
Adding I’ to both sides of the former equality gives the requested (FA, I') = (HA, I')
in Q[X, L|apa, since I C I'.

Ls. Because O(m#) NV” — S” is not empty and A is in 4 (), V, Q, S, CZ), Lemma C.1
shows that 1 = (m# h#) is a chart of (V",Q",S").

Ls. By construction, % (Fragrange(L*, 2",.#")) is contained in % (L*). Applying L; for
LA, we deduce that O(m*)NUA = O(mA02)N% (L*). Intersecting with % (FrLagrange (L*, 2", "))
proves Ls.

H.2 Proof of the proposition

We can now prove Proposition 5.16. Since we assumed that A is in %(,V,Q, S, d), all
assumptions of Proposition 3.7 are satisfied and we deduce that V" is either empty or V"
equidimensional of dimension d — (J — 1), with finitely many singular points.

We already know that Fragrange(L*, 2", %") is a generalized Lagrange system; the next
lemmas then prove that V" = % (FLagrange (LA, 2",.7")). Below, we write ¥ = (m;, h;)1<;<s

and QZ’) = (gbl, ce ,gbs), with sz = (mi, Di, hi, Hl) for 7 in {1, ey S}.
Lemma H.2. V" is the Zariski closure of for(% (L)*,Q").

Proof. Since % (L)* is contained in VA, fbr(% (L)*, Q") is contained in V" = fbr(VA Q");
the Zariski closure of fbr(% (L)*,Q") is then contained in V" as well. Thus, we have to
prove the converse inclusion. This is immediate when V" is empty. Now we will assume that
V" is not empty, so that it is equidimensional of dimension d — (d — 1). Since we assumed
2<d<dandd < (d+3)/2, we deduce that d — (d — 1) > 1.

Let Z be an irreducible component of V”. Because Z has positive dimension d— 1, there
exists x in Z — S, and thus there exists X' = xA ' in ZA™' — 5. Because P = (my,hy)1<ics
is an atlas of (V, @, S), and x’ is in V, we deduce that there exists i in {1,..., s} such that
x' is in O(m;). As a consequence, O(m;) N ZA™" — S is not empty.

Remark that Z2™" is an irreducible component of V”Afl, and is thus contained in V.
Because (L; V" Afl, %) has the global normal form property, property Gz and the statement
in the last paragraph imply that Z’ = O(m;9;) N ZA — S is not empty. In particular, Z’ is
a Zariski dense open subset of ZA™", and thus Z’ A is Zariski dense in Z.

On the other hand, ZA™" is contained in V, so Z' is contained in O(m;;) NV — S. By
Lemma F.1, Z is thus contained in O(m;0;) N % (L), and thus in % (L); as a result, Z'* is
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contained in % (L)*. Since Z, and thus Z’ A lie over Q”, we deduce that Z'* is contained in
for(% (L)*,Q"). Taking Zariski closures, we deduce that Z itself is contained in the Zariski
closure of fbr(% (L)*,Q"). Proceeding in this manner with all irreducible components of
V" we finish the proof. O

Lemma H.3. V" = % (FLagrange (L2, 27, 7).

Proof. We have to prove that V" is the Zariski closure of % (Fragrange(L*, 2",.%")). By
construction,

%(FLagrange<LA> Qﬁ? ‘5/”)) - fbr<%(L)A7 Q//) - SH'

This implies the inclusions

%(FLagrange<LA7o@”7c§ﬂ”>> C fbr(%(L)A,Q") C U/ U SH.

Let us temporarily denote by U’ the Zariski closure % (Fragrange(L*, 2", ")) of % (FLagrange(LA, 2" 7).
Since S” is finite, the previous inclusions and the previous lemma show that U’ C V" C
U'US”. Because S” is finite and V" is equidimensional of positive dimension, the right-hand
inclusion implies that V" C U’, from which the requested equality V" = U’ follows. ]

We can now prove the proposition. The first item follows from Lemma H.3, and when
V" is empty, there is nothing more to prove.

If we assume that V" is not empty, it remains to show how to construct a global normal
form for it. We first define the local normal forms we will use for the generalized Lagrange
system Fragrange(L*, 2",.#"). Up to reordering ¢, we can suppose that there exists s’ €
{0, ..., s} such that O(mA)N V" — S” is not empty for 1 <i < s, and empty for i > s'. We
let @' = (¢f,...,0%). We prove now that ¢’ satisfies properties Gy, Gy and Gs.

G;. We saw in Proposition H.1 that for all ¢, with i < ', are local normal forms for
FLagrange(LAa Q”v y”>'

Gy. Let 90’ = (¥A)1<i<y; we need to prove that 1)’ is an atlas of

(]

<%(FLagrange(LAa QU? y”))a Qlla SH)?

or equivalently, by Lemma H.3, of (V”,Q",S"). Definition 3.6 shows that 1)’ is none
other than the set of polynomials Fa.(v¥®, VA, Q, S, Q"). Since all assumptions
of Proposition 3.7 are satisfied, that proposition proves that /" is indeed an atlas of
(V" Q",S"), so our claim is proved.

Gs. Recall that we write % = Y7,...,Y,. Let Z be an irreducible component of Y}A, for
some j in {1,...,7}. Suppose that Z is contained in V", and let 7 in {1,...,s'} be
such that O(m#) N Z — S” is not empty. We have to prove that O(m#A02) N Z — S is
not empty.
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Let x be in O(m#) N Z — S”. Because x is in Z, and thus in V", x lies over ”. In
particular, x is not in S# (since if it were, it would belong to fbr(SA, Q"”), and thus to
S”). In other words, x is in O(m#) N Z — S4.

Then, x' = x* ' belongs to O(m;) N ZA — S, so that O(m;) N ZA" — S is not
empty. Besides, Z27" is an irreducible component of Y;, and it is contained in V. We
deduce (by applying Gs to L) that O(m;0;) N ZA ' — S is not empty, and thus that
O(mA0A) N Z — SA is not empty.

To summarize, both O(m#) N Z — $” and O(mA0A) N Z — SA are non-empty open
subsets of the irreducible set Z, so their intersection O(mA9A)N Z — S” is non-empty
as well.

I Proof of Proposition 6.2

The main goal of this section is to prove Proposition 6.2, whose statement is as follows:
Consider polynomials F = (F, ..., Fp) in C[X,Ly, ..., L], withn—e,ny, ..., ny variables in
the respective blocks X, Ly, ..., L, and having degrees in X, Ly, ..., Lx respectively bounded
by

(DI,0,0,...,O) fOTFl,...,Fp

(DQ,].,O,...70) fOT Fp+17"'7Fp+p1

(.Dg7 1, 1, ceey 1) fO’f’ Fp+-"+pk_1+1’ ce 7Fp+-~~+pk7

the total number of variables being N — e, with N = n+mny + --- +ng. Write furthermore
Ni=n+n+---+n;,and P, =p+p+---+p;, fort =0,...,k, and suppose that the
following holds for allt =0, ..., k:

e n; and p; are positive,
[} ]\/vZ — € Z PZ

Let finally A be the ideal generated by all P-minors of jac(F) and consider the Zariski closure
V of V(F) — V(A). Then fori in {1,..., P}, V; has degree at most Dg(k,e,n,p, Dy, Ds),

with
k—1

Dg(k,e,n,p, Dy, Do) = (P + 1)¥ DDy~ P T NI
i=0
This proposition is proved in the second half of this section; we start by proving a general
multi-homogeneous bound that is a variant of classical ones (see e.g. [56, 57]), adapted to
our setting.
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I.1 A multi-homogeneous Bézout bound

As above, consider blocks of variables X, Ly, ..., Ly of respective lengths n — e, nq,...,ng,
and let N = n + ny + -+ + nyg, so that the total number of variables is N —e. We say
that a polynomial f in C[X,Ly,..., L] has multi-degree bounded by (Dq, D1, ..., Dy) if its
degree in the group of variables X, resp. L;, is at most Dy, resp. D;, for 1 < ¢ < k. Our
goal here is to give an upper bound on the degree of algebraic sets defined by polynomials
in C[X,Ly,...,L;] in terms of their multi-degrees.

All along, we let m be the ideal (¢7~°', ¢, ... ¢ ™) in Z[Co, G-, G, Tf Ads a
polynomial in Z[(y, (1, - - -, Ck), |A]oo is the maximum of the absolute values of its coefficients,
and |Al; is the sum of the absolute values of its coefficients. If I is an ideal in C[X, Ly, . .., Ly],
V(I) will denote its zero-set in CV.

Proposition I.1. Let Fy, ..., Fp be polynomials in C[X, Ly, ..., L] of multi-degrees respec-
tively bounded by (D;o, Di1,...,Diy), fori =1,...,P. Let V.C CN7¢ be the equidimen-
sional component of V(F, ..., Fp) of dimension N —e — P. Let further

P
A= H(Di,o o+ Di,lCl +---+ Dz,ka) mod m.

i=1
Then deg(V) < |Al;.

This paragraph is devoted to prove Proposition I.1. This result is in essence the calcula-
tion of an intersection product in the Chow ring of the multi-projective space P"~¢ x P™ x
-+« x P which is indeed Z[(y, (1, - . -, (x| /m. However, the proof does not require familiarity
with the techniques of intersection theory; we rely on the aforementioned results of van der
Waerden and a theorem of [43] for these aspects.

Let Xo, L1, - . ., Li,o be homogenization variables and let X" and L, ..., L}, be the blocks
of variables obtained by adding respectively Xo, L1g,...,Lro to X and Ly,...,L;. To a
polynomial f in C[X,Ly,...,L], we associate f obtained by homogenizing f in each
block of variables separately. To an ideal I in C[X,Ly,..., L], we associate the ideal I*
generated by the polynomials {f# | f € I'}. Conversely, for F in C[X',L},...,L,], o(F) is
the polynomial obtained from F’ by evaluating X, and all L;o at 1.

In what follows, we let I be the radical of the ideal (F},..., Fp) C C[X,Ly,...,L;] and
let I = PiN---NP; be its prime decomposition. We further let ¢’ < ¢ and I’ = P;N---NPy be
the intersection of the components of dimension d = N — e — P (reordering may be needed);
thus, we have

deg(V') = deg(V(Py)) + - -« + deg(V (Py). (8)

Lemma 1.2. The ideal I'" is radical and PHEN...NPI is its prime decomposition.
Proof. First, we establish the following easy facts:
1. If fisin C[X,Ly,..., L], then o(f7) = f.
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2. If J is an ideal of C[X, Ly, ...,Lg] and F is in J# o(F) is in J.

The first item is obvious. To prove (2), note that the assumption says that F'is a polynomial
combination of polynomials f#, for f in J; apply ¢ to conclude, using fact (1).

Now we can prove that all ideals P are prime, and that for all i ' in {1,...,¢},(P;N
Pi)H =PHNPI and P ¢ PH. The first two statements are [37, Proposition 4.3.10.b-d].
For the last one, suppose that PHZ C PH and let f be in P;. Then, f isin PH, so fH is

in PI; applying o, f = ¢(f¥) is in Py (facts (1) and (2)). This proves that P; C Py, a
contradiction.

Iterating the second property above, I’ = PHN...NPI: by the first property, all P
are prime (so I'" is radical) and by the last one, P/ ¢ P/ holds for all i # j. This proves

the lemma. O

If J is a homogeneous ideal of C[X’, L}, ..., L], V*(J) will denote the projective algebraic
set it defines in PN=¢** If Z is a projective algebraic set in PN =¢** we denote by deg(Z2)
its degree, which is defined as in the affine case.

Finally, note that if J is an ideal in C[X,Ly,...,L;], J¥ € C[X/,L},...,L}] is multi-
homogeneous, and thus homogeneous in N — e + k + 1 variables, so V(J#) c PN=¢* ig
well-defined.

Lemma 1.3. If P is a prime ideal in C[X, Ly, ..., L], the inequality
deg(V(P)) < deg(V"(PM))
holds.

Proof. Consider the affine cone C defined by P# in CVN—¢**+1 By construction, the degree
of C equals deg(V"(PH)).

Intersecting with the linear space V/(Xo—1,L19—1,...,Lgo— 1) yields an algebraic set
C’, with deg(C") < deg(C); note as well that C” is defined by P and all linear equations
Xo—1,Lip—1,..., Lo — 1. Finally, projecting on C¥~¢, we obtain that deg(V(P)) <
deg(C”), and we are done. ]

If J' is a multi-homogeneous ideal in C[X',L},... L], V™ (J') will denote the multi-
projective algebraic set it defines in P"~¢ x P™ x --- x P™ (the super-script mp indicates
that the set lies in a multi-projective set).

The dimension of a multi-projective algebraic set Z in P"~¢ x P™ x - .- x P™ is the Krull
dimension of C[X',L,...,L}]/I(Z) minus (k + 1), where I(Z) is the multi-homogeneous
defining ideal of Z. By [56, Par. 12, pp. 754], if P is a prime ideal in C[X, Ly, ..., L],
dim(V(P)) = dim(V™(PH)). Equidimensional multi-projective algebraic sets are defined
as in the affine or projective cases.

For any integer ¢, let R(¢) be the set of (k + 1)-uples of integers

m = (mg, my,...,mg) € NFH!
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such that |m| = ¢, where we write |m| = mg + my + - -+ + my. Let then Z C P"¢ x P™ x
x P™ be an f-equidimensional multi-projective algebraic set. The multi-degree of Z is a
vector 6(Z) = (0(Z, m))mem(): for any such m, 6(Z, m) is the number of intersection points

of Z with my, ..., my generic hyperplanes in respective coordinates X', L, ..., Lj.
We can now return to the proof of our proposition. Recall that I is the deﬁning ideal
of V, and that Py,..., Py are its prime components.

Lemma I1.4. The multi-projective set V™ (I'"™) is equidimensional of dimension d = N —
e — P and satisfies

deg(V Z sV, m).
me‘ﬁ(d

Proof. By the remark above, each V™ (P#) has dimension d = N — ¢ — P. Because all P}
are prime, we can use Van der Waerden’s result [57] stating that

deg(V"(PI)) = Y (V™ (P), m).

meR(d)
Combining this with the bound in Lemma 1.3, we obtain
deg(V(P)) < Y 6(V™(P[),m).
meR(d)

Finally, we sum over i = 1,...,t. On the left, from (8), we get deg(V"). On the right, we get

S5 s e m) = Y S s(vrr(p),m).

1<t’ meR(d) meR(d) i<t

Now, V™ (I'") is equidimensional of dimension d and thus, for all m,
> (V) m) = s(vrr(r), m).
i<t/
This proves the lemma. O
Recall now that our input polynomials are denoted by F}, ..., Fp. In the following lemma,

if Z is a multi-projective algebraic set in P"7¢ x P™ x - .. x P" 7, will denote the union of
the irreducible components of Z of dimension d.

Lemma 1.5. Let J be the ideal J = (FIH, .., FEY. Then
deg(V) < > 6(V™(J)a,m).
meR(d)

Proof. Fix a multi-index m such that |m| = d. Recall that I is the radical of the ideal
(F1,...,Fp) and that I’ is the intersection of those prime components of I which have
dimension d = N —e — P.

We are going to prove the inequalities

SV ('™, m) = s(V™(I")y,m) and  §(V™P(IM)y,m) < §(V™(J)g, m).
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e Lemma [.2 shows that P N ... N PH is the prime decomposition of I’ H. similarly,
Pi'N---NP{! is the prime decomposition of I*. For j > ¢/, the dimension of V"™(P/)
is greater than d; we deduce that V(1) = V™ (') and the first equality follows.

o Let K be the ideal (Fy, ..., Fp), so that I = v/K. Proposition 4.3.10.c of [37] shows
that I! = VKH, so that V() = V™ (KH) and V™ (I1"); = V™ (K™),. On the
other hand, Corollary 4.3.8 of [37] shows that K = .J : (XoL1--- L) This implies
S(VmP(KH) m) < §(V™(J)g, m) and thus gives the second claimed inequality.

The conclusion immediately follows from Lemma 1.4. O]

For m = (mg, my,...,my) in R(d), recall that 6(V™(J)4, m) is the number of intersec-
tion points of V™ (J)4 with mg, my, ..., my generic hyperplanes Hy 1, ..., Hy m, in respective
coordinates X', L,... L. Because d = N — e — P, this is thus also the generic number of
isolated solutions of F{, ... FH Hyy,..., Hpm, in P77 x P™ x ... x P" (the intersections
of higher-dimensional components of V"?(.J) with Hy 1, ..., Hym, have positive dimension).
Let Ap be the polynomial

P

Ay = H(Di,OCO + DG+ -+ DjgCr).

i=1
By the multi-homogeneous Bézout theorem given in [43], we deduce that

S(V™(J)a)m < coeff(Agq™ - G, ¢ %)
< coeff(Ag, ¢o ™0 - (T

We deduce from Lemma 1.5 the inequality

deg(V) < Z coeff(Ag, (gm0 -+ (™).
meR(d)

To conclude the proof of Proposition 1.1, it suffices to observe that the last sum equals |A|,
with A = Ay mod m.

I.2 Proof of the proposition

We can now prove Proposition 6.2. Consider a non-negative integer e, polynomials F =
(F1,...,Fp) in C[X,Ly,... L], with n — e, nq,...,n; variables in the respective blocks
X, Ly, ...,Lg, and having multi-degrees bounded by

(Dl,0,0,...,O) for Fl,...,Fp
(DQ,LO,...,O) for Fp+1,...,Fp+p1

(Dg, 1, 1, ceey 1) for Fp+"'+pk71+17 ce 7Fp+"'+pk7
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and we assume
Ni—e>PF;, with Ny=n+---+n; and P=p+---+p;. 9)

Let A be the ideal generated by all P-minors of jac(F'), and for i < P, let V; be the Zariski
closure of V(Fi,..., F;) — V(A). Our goal is to prove that for ¢ in {1,..., P}, V; has degree
at most Dg(k,e,n, p, Dy, D), with

k-1
Dg(k,e,n,p, Dy, Do) = (P + 1)¥ DDy~ P T NI
i=0
In what follows, as in the previous section, m is the ideal (¢F—<™ ¢t ..., Z’“+1> in
Z[CO? s >Ck]
Lemma 1.6. Suppose that all inequalities in (9) hold. Let 0 < i < k and let A be a
homogeneous polynomial in Z[Co, ..., C Z[Co, ..., ] with non-negative coefficients, of

degree less than P;, and reduced with respect to m. Let also b = do(y + - - - + d;(;, with all d;
positive integers and B = Ab mod m. Then, |A]sx < |B|s-

Proof. Let z = (;°---(;" be a monomial that appears in A with a non-zero coefficient, so
that z is reduced with respect to m. We will prove that there exists ¢ < i such that 2’ = 2(,
is reduced with respect to m. Since all d;’s and all coefficients of A are positive integers, this
implies that the coefficient of z in A is less than or equal to that of 2’ in B, and the claim
|Aloo < |Blso follows.

We argue by contradiction, assuming that for all £ < i, z(, is not reduced with respect
to m.

First, remark that since A is reduced with respect to m, we have ug < n —e and u, < ny
holds for £ = 1,...,i. On the other hand, if z{, is not reduced with respect to m, we have
either up +1 > n —e (if £ = 0) or up + 1 > ny (otherwise), since (; is the only variable
whose exponent changes; in view of the inequalities above, this implies that ug = n — e
(if ¢ = 0) or uy = ny (otherwise). If this is the case for all values of ¢, z has total degree
n—e+mny+---+n; = N; — e; this is impossible, since z has total degree less than P; and
P, < N;—e, by (9). O

Let
A= (D160)"(DaCo + G1)P* -+ (Dalo + 1 + -+ - + ()" mod m.

The next lemma shows that it will be enough to prove an upper bound on the coefficients
of A.

Lemma 1.7. Suppose that all inequalities in (9) hold. For all 0 < i < k, the inequality
deg(V;) < (P + 1)*|A|o holds.

Proof. Define ag = D1(p and for £ = 1,... k, ag = (Ds(o+ (1 + -+ + ;). Let P_; = 0 and,
for/{ =—-1,....k—1and 5 =1,...,pp1, define further

4P ... P, .
Agj = ag---a, a,, ; mod m;
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remark that this polynomial has degree P, + j, and that A = A;_q,,.

Fix now ¢ in {1,..., P}. There exists a unique ¢ in {—1,...,k — 1} such that P, < i <
Pyiq; let then j = i@ — Py, so that ¢ = P, + j; note that 0 < j < pyy; and that Ay, has
degree 7. Proposition .1 gives the bound deg(V;) < |A |1 (since V; is the union of some of
the minimum dimensional components defined by the first i equations). Remark next that
for all £, j, Ay, has total degree at most Py, so it has at most (P, + 1) non-zero coefficients.
As a consequence, we get deg(V;) < (Pr + 1)*|Ar]oo-

It remains to give an upper bound on |Ay;|s. Fix ¢ in {—1,... k — 1}, and take first
Jin {1,...,pip1 — 1}. Then, Ay;11 = Agjary mod m. Since Ay lies in Z[Cp, . . ., (4], has
degree P, + j < Ppyq, and apyq = Do+ (1 + - - - + (41 has positive coefficients, Lemma 1.6
shows that |Ag oo < |Arjt1]0o-

Consider now ¢ in {—1,...,k — 2} and j = pgy1, so that

Ag_;_l,l = Ag,pz+1ag+2 mod m.

Now, Ayp,,, has degree Pppy < Py, lies in Z[(, ..., (1] C Z[Co, .-, Ct2), and appo =
DoCy+ (1 + - -+ + (pio has positive coefficients. Thus, as before, we deduce from Lemma 1.6
that [Asp,, |l < A1l Altogether, this proves that for all £, 7, |4y |ec < |Alw, as

claimed. O]
The inequality in the next lemma is then sufficient to prove Proposition 6.2.
Lemma 1.8. The inequality |A| < DDy P Hf:_ol NN holds.

Proof. The polynomial A is homogeneous of total degree P, = p+- - -+py, so all its monomials
have the form (;° - -- (%, with ug+---+up =p+---+pg, up <n—eand u, < ny for £ > 1.

Then, considering successively (g, ..., (y, we see that the coefficient of this monomial in A is
P ppit e (uitug) (Pl +-+pp—u2— - — Uk) o (pk—1 + DK — Uk) (pk)
172 :
U1 Uk—1 Uk

Since ug + - -+ +ux = p+ - - - + pg, this equals
DfD;/,Op(pl + P — U —"'—Uk> (pk—l + Dk —Uk) (m) (10)
Ul Uk—1 Uk

Next, we use the fact that

to deduce
Pet ot pe—ug— s — g =gt Ul =P =~ P

and
Pet -+ D — Uy — - — U, =Ug+ - F U —D— - — Do

This implies respectively
pettpr—u——upg<n—e+n+-+n g —p——p1=N_1—e— P
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and

Peto P — U — U S n—etngc N g —p— - — Py
< g+ Ney—e— Py
< Ny—e
< N,

Finally, since (a) < a®*, we have thus proved the inequality

b
(pe +ooo P — U — o — uk) < NgNZ*lfefpe’l.
Uy

Using this upper bound and uy < n — e in (10) proves our claim. O

J Solving polynomial systems

The contents of this section is independent from most previous ones: we revisit algorithms
for solving polynomial systems, with a focus on dimension zero and dimension one.

Finite sets of points will be encoded by zero-dimensional parametrizations: we discuss
basic algorithms for this data structure in Subsection J.1; curves will be represented by a
one-dimensional analogue, which is the subject of Subsection J.2. In Subsections J.3 and J.4,
we present extensions of these questions to computations over products of fields, which will be
needed later on. Finally, the longest paragraph in this section is Subsection J.5; it presents
an adaptation of the geometric resolution algorithm of [31] (which follows [29, 30, 28]) to
systems with coefficients in a product of fields. The ideas we use to solve this question
are well-known (dynamic evaluation techniques), but controlling their complexity is not
straightforward. The final subsection uses these results to describe an algorithm called
SingularPoints that was mentioned in the main text.

In all algorithms below, we count arithmetic operations {4, —, X, +} in Q at unit cost.
To state our complexity estimates we use the O7( ) notation, so logarithmic factors are
omitted: fisin O7(g) if there exists a constant a such that f is in O(glog®(g)). For instance,
over Q[X], polynomial multiplication, Euclidean division, extended GCD computation and
squarefree factorization in degree D can all be done using O™(D) operations in Q [26].

For most algorithms involving solving systems of multivariate polynomial equations, we
will use a straight-line program encoding for the input, as was already done for generalized
Lagrange systems.

Many algorithms below are probabilistic, in the sense that they use random elements in
Q. Every time a random vector v is chosen in some parameter space QF, there will exist
a non-zero polynomial A such that the choice leads to success as soon as A(y) # 0. Most
such algorithms are Monte Carlo, since we are not always able to verify correctness in an
admissible amount of time. If we are able to detect some cases of failure, we return the string
fail (but even when we do not return fail, we do not guarantee that the output is correct).
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J.1 Zero-dimensional parametrizations

Let K be a field of characteristic zero and K be its algebraic closure. A zero-dimensional
parametrization 2 = ((q,v1,...,vn),[) with coefficients in K consists in a sequence of
polynomials (g, v1, ..., vy), such that ¢ € K[T] is squarefree and all v; are in K[T'] and satisfy
deg(v;) < deg(q), and in a K-linear form [ in variables X7, ..., Xy, such that [(vy,...,0ox) =
T. We already used several times the fact that the corresponding algebraic set, denoted by

2(2) C KN, is defined by
q(a) =0, X; =vi(a) (1<i<N);

the constraint on [ says that the roots of ¢ are precisely the values taken by [ on Z(2). The
degree of 2 is then defined as k = deg(q), and we call ¢ the minimal polynomial of 2. By
convention, when N = 0, 2 is the empty sequence; it defines {o} C C° and we set x = 1.

Zero-dimensional parametrizations are used in our algorithms to represent zero-dimen-
sional algebraic sets. In the following paragraphs, we describe a few elementary opera-
tions on zero-dimensional algebraic sets defined by such an encoding. All zero-dimensional
parametrizations used in this section have coefficients in K = Q; we will use K = C as well
in the next sections.

We first mention a concept that will appear, implicitly or explicitly, on several occasions.
If 2 =((q,v1,...,vn),[) is a zero-dimensional parametrization with coefficients in Q, we call
decomposition of 2 the data of parametrizations 2, ..., 2, with 2; = ((¢;, vi1, ..., vin),[),
such that ¢ = ¢;--- ¢ and for all 7,7, v;; = v; mod ¢;. Geometrically, this means that we
have decomposed Z(2) as the disjoint union of Z(2,),...,Z(Z2;).

We can now continue with our basic algorithms, starting from an algorithm performing
linear changes of variables on zero-dimensional parametrizations.

Lemma J.1. Let 2 be a zero-dimensional parametrization of degree r, with Z(2) Cc CV,
and let A be in GL(N,Q). There exists an algorithm ChangeVariables which takes as input
2 and A and returns a zero-dimensional parametrization 24 such that Z(2%) = Z(2)A
using O"(N%k + N3) operations in Q.

Proof. Suppose that the input parametrization 2 consists in polynomials (g, v,...,vy)
in Q[T] and a linear form [. First, we compute A~ in time O(N?). Then, computing a
parametrization of Z(2)4 = pa(Z(2)), with g4 : x — A~1x, is simply done by multiplying
A~ by the vector [vy,...,vy]!, and multiplying A? by the vector of coefficients of I, so the
running time is O"(N?k) operations in Q. O

Next, we consider set-theoretic operations such as union, intersection and difference.
The first operation of this kind takes as input zero-dimensional parametrizations 2 and
2’ encoding finite sets of points in C¥; it computes a zero-dimensional parametrization
encoding Z(2) — Z(2'). The algorithm is described in Lemma 3 in [47] and leads to the
following result. This result is probabilistic (the algorithm chooses at random a linear form
in Xy, ..., Xy that must take pairwise distinct values on the points of both Z(2) and Z(2")).
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Lemma J.2. Let 2 and 2’ be zero-dimensional parametrizations, with Z(2) and Z(2') in
CV of respective degrees k and k'. There exists a probabilistic algorithm Discard which takes

as input 2 and 2' and returns either a zero-dimensional parametrization 2" or fail using
O™ (N max(k, ')?) operations in Q. In case of success, Z(2") = Z(2) — Z(2').

Algorithm Union below takes as input a sequence of zero-dimensional parametrizations
21,...,2, and it returns a parametrization encoding Z(2;) U --- U Z(Z;). The algorithm
is given in Lemma 3 of [47] as well, for the case s = 2; the general case is dealt with in the
same manner, and gives the following result.

Lemma J.3. Let 24,..., 2, be zero-dimensional parametrizations, the sum of whose degrees
being at most k, with Z(2;) C CV for alli. There exists a probabilistic algorithm Union which
takes as input 21, ..., 2, and returns either a zero-dimensional parametrization 2 or fail

using O"(Nk?) operations in Q. In case of success, Z(2) =Z(2;)U---UZ(2,).

The next algorithm takes as input a zero-dimensional parametrization 2 and a poly-
nomial G. It returns a zero-dimensional parametrization encoding Z(2) N V(G). We will
actually not use this algorithm as it is, but rather an extension of it with coefficients in a
product of fields; we give this simpler version first as a starting point for the product of fields
version.

Lemma J.4. Let 2 be a zero-dimensional parametrization of degree k, with Z(2) C C¥, and
let G € Q[Xy,...,Xn| a polynomial given by a straight-line program T" of length E. There
exists an algorithm Intersect which takes as input 2 and I and returns a zero-dimensional
parametrization of Z(2) NV (G) using O"((N + E)k) operations in Q.

Proof. We are given an input parametrization 2 consisting in polynomials (q, vy, ...,vy) in
Q[T] and in a linear form [, and a straight-line program I" that computes a polynomial G.
The output consists in polynomials ((r, wy, ..., wy),[), with r = GCD(q, G(v1,...,vy)) and
w; = v; mod r for all i. To compute r, we rewrite it as r = GCD(q, G(vy, ...,vy) mod q).
First, we compute

G(v1,...,vy) mod ¢

by evaluating the straight-line program for G at vy, ..., vy, doing all operations modulo ¢;
this takes O™ (Ek) operations in Q. The subsequent GCD takes O7(k) operations in Q, and
the Euclidean divisions used to compute wy, ..., wy cost O (Nk) operations in Q. O

Finally, we deal with projections and their fibers. Given a zero-dimensional paramet-
rization 2 encoding Q = Z(2) C CV and an integer e, we now want to compute a
zero-dimensional parametrization encoding 7.(Q). The following result is an immediate
consequence of [47, Lemma 4].

Lemma J.5. Let 2 be a zero-dimensional parametrization of degree r, with Z(2) Cc CV.
There exists a probabilistic algorithm Projection which takes as input 2 and e and returns

either a zero-dimensional parametrization 2' or fail using O"(N?k?) operations in Q. In
case of success, Z(2') = m.(Q).
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In the converse direction, algorithm Lift below takes as input two zero-dimensional
parametrizations 2 and Z encoding respectively Q = Z(2) c CV and R = Z(#) C C° with
e < N. Tt returns a zero-dimensional parametrization of the fiber tbr(Q, R) = Q N7 ' (R).

Lemma J.6. Let 2 and % be zero-dimensional parametrizations of degrees at most k with
Z(2) Cc CN, Z(#) € C° and e < N. There exists a probabilistic algorithm Lift which
takes as input 2 and % and returns a zero-dimensional parametrization 2’ using O™ (Nk?)

operations in Q. In case of success, Z(2') = Z(2) Nn,  (Z(X)).

Proof. Welet 2 = ((q,v1,...,vn),l) and Z = ((r,wy,...,we),v) with [ = [ X 4+ [y Xy
and v = 11 X+ - -+ 1. X.. We replace v by a new random linear form, for a cost of O™(ex?),
using [31, Lemma 6]. Since v is randomly chosen, we can assume that it separates the
elements of Z(#Z) U.(Z(2)), that is, that it takes pairwise different values on the points of
that set.

Let s = GCD(q, r(v1v1 + - -+ + vev.)). We claim that if « is a root of ¢, then s(a) =0
if and only if the point x = (vi(@),...,vx(a)) € Z(L2) satisfies m.(x) € Z(Z). Indeed,
if m.(x) is in Z(Z), then 0 = v(7.(x)) = rvi(a) + -+ + veve(a) is a root of r, and thus
r(vv1+- - -+veve) () = 0. Conversely, suppose that s(a) = 0, so that r(v1v;+- - - +v.0.) () =
0. In other words, v1v;(a) + - - - 4+ Veve () = v(me(x)) is a root of r. Write o = v(m.(x)), and
let y = (wyi(0),...,we(0)) € Z(Z). By construction, v(y) = o, so v(y) = v(m.(x)). By our
assumption on v, this means that y = m.(x), so m.(x) is in Z(Z%), as claimed.

We first compute 7(v1v; + - - - + v, ) mod ¢, by evaluating it at vyv; + - - - + v, is O7(k?)
operations. Then, the previous discussion shows that it is enough to return ((s,t1,...,tx),[
where t; = v; mod s for all i; these are computed using O™ (Nk) operations.

>

J.2 One-dimensional parametrizations

Next, we discuss the one-dimensional analogue of the parametrizations seen above. As
above, let us first consider an arbitrary field K of characteristic zero. A one-dimensional
parametrization 2 = ((q,v1,...,vn), [, I') with coefficients in K consists in the following:

e polynomials (q,vq,...,vy), such that ¢ € K[U,T] is squarefree and monic in both U
and T, together with additional degree constraints explained below, and such that all
v; are in K[U, T| and satisfy deg(v;, T') < deg(q,T)

e linear forms [, ' in X;,..., Xy, such that

0 0
[(vl,...,vN):Ua—j({modq and ['(vl,...,vN):Ta—;modq.
This can thus be seen as a one-dimensional analogue of a zero-dimensional parametrization.

The corresponding algebraic set, denoted by Z(2) C KN, is now defined as the Zariski
closure of the locally closed set given by

8q Ui(nv 5) .
) = 07 A 3 07 XZ = ]. S S N .
a0n,€) o n.€) # B 1<iSN)
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Remark that Z(2) is one-equidimensional and that the condition on [ and I' means that
the plane curve V(q) is the Zariski closure of the image of Z(2) through the projection
x> ((x), ().

We define the degree k of 2 as the degree of Z(2). Due to our assumption on [ and [,
and using for instance [52, Theorem 1|, we deduce that all polynomials ¢, v;,...,vy have
total degree at most k.

The additional degree constraint mentioned in the first item above is that ¢ has degree
eractly  in both T and U (so under this assumption, we can simply read off x from ¢).

This constraint is actually very weak: because K is infinite, any algebraic curve in K" and
defined over K can be written as Z(2), for a suitable one-dimensional parametrization 2,
simply by choosing [ and I' as random linear forms in X7, ..., X with coefficients in K [31].

In the following paragraphs, we always take K = Q; we use K = C in the next sections.
We describe a few elementary operations on algebraic curves defined by such an encoding.
As a preliminary remark, note that if 2 has degree x, storing 2 involves O(N#?) elements
of Q, as each bivariate polynomial in 2 has total degree at most k.

Lemma J.7. Let 2 be a one-dimensional parametrization of degree at most k, with Z(2) C
CV, and let A be in GL(N, Q). There exists an algorithm ChangeVariables that takes as input
2 and A and returns a one-dimensional parametrization 24 such that Z(24) = Z(2)A
using O"(N?k? + N3) operations in Q.

Proof. The proof is similar to that of Lemma J.1; it suffices to work on bivariate polynomials
instead of univariate ones, whence the extra cost. O

Lemma J.8. Let 2 and 2’ be one-dimensional parametrizations, with Z(2) and Z(2') in
CV of respective degrees k and k. There exists a probabilistic algorithm Union which takes
as input 2 and 2’ and returns either a one-dimensional parametrization 2" or fail using

O™ (N max(k, k')?) operations in Q. In case of success, Z(2") = Z(2)UZ(2').

Proof. First, we ensure that the pairs of linear forms associated to 2 and 2’ are the same;
then, we use extended GCD techniques to combine them.

For the first step, we pick two new random linear forms b, §’ in X1, ..., Xy, and compute
two new parametrizations .# and ., both having h and b’ as associated linear forms and
such that Z(.) = Z(2) and Z(.9") = Z(2').

Suppose that the linear forms associated to 2 are called [ and [, and let us explain how to
replace the second linear form [' by b’ in 2. We proceed as in Lemma J.3 (up to the harmless
fact that the parametrizations of X,..., Xy now take the form X; = v; g—;{)d, but working
over the base field Q(U). Using the results of [47, Lemma 2], this takes O™ (Nx?) operations
in Q(U). Letting ¢ denote the minimal polynomial of 2, the fact that deg(q, U) = deg(Z(2))
implies that the projection Z(2) — C given by x — [(x) is finite; as a result, as in [31], for
a generic choice of b', in the output of this step, all coefficients are in Q[U].

In order to keep the cost of computing with the extra variable U under control, we work
using truncated power series in Q[[U —uy]] instead of rational functions. We choose randomly
the point of expansion ugy for our power series. For all choices of ug, except finitely many of
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them, we can run the former algorithm with coefficients in Q[[U —u0]] and not encounter any
division by a series with positive valuation (if we do, we return fail). The degrees in U of all
coefficients in the output are at most k = deg(q, U) = deg(q, T), so is it enough to truncate
all power series modulo (U — )", As a result, the total cost is O"(Nk3) operations in Q,
instead of O7(Nk?) for the algorithm of Lemma J.3.

This process gives us a one-dimensional parametrization #. We then proceed similarly
to replace [ by b in Z, obtaining a parametrization .#’; this mainly amounts to exchanging
the roles of U and T, taking into account the particular form of denominator that appears in
the parametrizations. We then follow the same steps with 2’ obtaining a one-dimensional
parametrization .#”, for a total of O"(N&'?) operations.

In the second stage, we compute the union of Z(.#) and Z(.¥’). As above, we want
to follow the algorithm given in Lemma J.3, but with coefficients in Q(U). We apply the
same techniques of computations with truncated power series coefficients; this induces the
same overhead O (max(k,~x')) as it did in the previous paragraphs, so the cost is again
O™ (N max(k, ')?) operations in Q. O

Next, we deal with projections and their fibers. Given a one-dimensional parametrization
2 encoding V = Z(2) Cc C¥ and an integer ¢ < N, we may want to compute a one-
dimensional parametrization encoding the Zariski closure of 7.(V'). Remark however that
7e(V) may not be purely one-dimensional: some irreducible components of V' may project
onto isolated points (with thus infinite fibers). These points will not be part of the output;
only the one-dimensional component will be.

Lemma J.9. Let 2 be a one-dimensional parametrization of degree at most k, with V =
Z(2) Cc CN, and let e be in {2,...,N}. There exists a probabilistic algorithm Projection
which takes as input 2 and e and returns either a one-dimensional parametrization 2’ or fail
using O~ (N?k3) operations in Q. In case of success, Z(2') is the one-dimensional component

of me(V').

Proof. We start from 2 = ((q,v1,...,vy),[,l'), and we first apply an algorithm similar to
that of Lemma J.5, with polynomials in Q(U)[T] instead of Q[T’]. This computes polynomials
(r,wi,...,w.) and linear forms [ (given as input) and b’, where the latter depends only
on Xi,...,X.. As in Lemma J.8, we circumvent the problem of computing with rational
functions by working with power series in U — ug, for a randomly chosen wug; we need power
series of precision O(k), so the total cost increases to O"(N?x3). This part of the algorithm
may return fail (if we attempt a division by a power series of positive valuation); otherwise,
it returns a one-dimensional parametrization.

At this stage, we have replaced I' by a new linear form b’, that depends only on X, ..., X..
This does not give a one-dimensional parametrization of m.(V") yet, since [ still involves all
variables. As a second step, we follow the same routine, working this time in Q(7")[U]. The
cost is again O™ (N2k3). O

The final operation is somewhat similar to algorithm Discard introduced for zero-dimen-
sional parametrizations, with a slight twist: given a one-dimensional parametrization 2 that
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defines a curve V = Z(2) c C¥, and given points S in C¢, for some e < N, we want to
compute a parametrization for the Zariski closure of V — 7 1(.9).

Lemma J.10. Let 2 be a one-dimensional parametrization of degree at most k, with Z(2) C
CV, and let Z be a zero-dimensional parametrization of degree at most k!, with Z(#) C C¢.
There exists a probabilistic algorithm Discard which takes as input 2 and % and returns
either a one-dimensional parametrization 2' or fail using O"(Nkmax(k, k')?) operations in

Q. In case of success, Z(2') is the Zariski closure of Z(2) — n; Y (Z(Z)).

Proof. Let us write 2 = ((¢,v1,...,vn), L) and Z = ((r,wy, ..., w.),v), with all polyno-
mials in 2 in Q[U, T] and all polynomials in % in Q[X]. The parametrization we are looking
for has the form 2" = ((¢/, v}, ..., V), L, l'), for some factor ¢’ of ¢, and with v/ = v; mod ¢’
for all 4.

Suppose without loss of generality that ¢ has positive degree in T' (if ¢ = 1, there is
nothing to do; if ¢ is in Q[U], exchange T" and U). Then, we obtain the result by running the
zero-dimensional algorithms Lift from Lemma J.6 and Discard from Lemma J.2, with input
2 and Z; the coefficients should be taken in Q(U), but as above, we use power series in U
of precision O(r). The cost estimate follows from the results in these two lemmas, up to an
O (k) overhead due to the fact that we work with power series of precision O(k). O

J.3 Working over a product of fields: basic operations

In the next subsections, we will deal with zero-dimensional and one-dimensional paramet-
rizations with coefficients in a product of fields instead of Q; these will be well suited to
handle algebraic sets lying over a given finite set (). In this paragraph, we review definitions
and describe several basic operations for polynomials over a product of fields.

Let ¢ be a monic, squarefree polynomial of degree x in Q[T] and define A = Q[T]/(q).
Because we do not assume that ¢ is irreducible, A may not be a field; it is the product of the
fields Ay = Q[T /{c1), ..., Ay = Q[T]/{cs), where ¢q, ..., ¢, are the irreducible factors of g.

We describe here how complexity results for basic computations over Q can be extended
to computations over A. If ¢ were irreducible, it would be straightforward to deduce that
working in A induces an overhead of the form O7(k). For a general ¢, one workaround would
be to factor it into irreducibles and work modulo all factors independently; however, we do
not allow the use of factorization algorithms in Q[T]: they may not be available over Q,
or too costly. The results below show that for many questions, we will be able to bypass
factorization algorithms and pay roughly the same overhead O7(k) as if ¢ were irreducible.

Regardless of the factorization of ¢, addition, subtraction and multiplication in A can
be done in O7(k) operations in Q. Similarly, addition, subtraction and multiplication of
polynomials of degree D in A[X] can be done within O7(Dk) operations in Q.

However, because A may not be a field, some notions need to be adapted. The first
obvious remark is that a non-zero element v in A may not be invertible; however, we can
test whether u is a unit in A, and if so compute its inverse, using O™ (k) operations in Q,
by means of an extended GCD computation in Q[T between ¢ and the canonical lift of u
to Q[T]. In Lemma J.24, we will need the following straightforward extension of this result

115



to inversion in extension rings of A (the degrees we use here are those that will be needed
when we apply this result).

Lemma J.11. Let F,G be polynomials in AlY, X|, with degree at most § in X and Y and
with F monic in X. Suppose that for any root a of q in C, the polynomials F(c,Y, X) and
G(a, Y, X) are coprime in C(Y)[X]. Then, for all u € Q except a finite number, and for
any integer D, G is invertible in A[Y, X]/{(Y — u)°P, F) and one can compute its inverse
using O™ (Dkd?) operations in Q.

Proof. Our assumption implies that for any root « of ¢, the polynomial G(«, Y, X) is invert-
ible in C[Y, X|/{((Y — u), F(«,Y, X)) for all values of u except for a finite number. Taking
all roots of ¢ into account, we deduce that, except for a finite number of values of u, G
is invertible in A[Y, X|/{((Y — u), F(Y, X)); when it is, Proposition 6 in [20] shows that its
inverse can be computed in O7(kd) operations in Q. Using Newton iteration modulo the
powers of (Y — u) [26, Chapter 9], the claim of the lemma follows. O

The notion of greatest common divisor (GCD) in A[X] requires a more significant adap-
tation: we require GCD’s to be monic; as a result, we may have to split ¢ into factors and
output several polynomials that will play the role of GCD’s modulo the factors of ¢q. Ex-
plicitly, if F, G are in A[X], a GCD of (F,G) consists in pairs (¢, H1), ..., (¢, H), with ¢;
monic in Q[T] and H; monic in Q[T]/(¢;)[X], such that ¢ = ¢; - - - ¢. and such that the ideals
(qi, H;) and (g;, F', G) coincide for all i. Note that q,...,q. are not necessarily irreducible,
so that such a GCD may not be unique.

To compute a GCD as above, we run the fast extended GCD algorithm in A[X], as if A
were a field, but using dynamic evaluation techniques [22]: if we are led to attempt to invert
a zero-divisor in A, knowing this zero-divisor allows us to split ¢ into two factors; we can
then continue with further computations in two branches independently. These ideas were
studied from the complexity viewpoint in [1, 21], leading to the following result.

Lemma J.12. Let F,G be in A[X] of degree at most §. Then, one can compute a GCD
(1, H1),--.,(q-, H,) of F and G using O™ (kd) operations in Q.

As an application, we discuss how to define and compute a squarefree part of a polynomial
F in A[X]. As above, we impose the output to be monic. Then, a squarefree part of such
an F' consists in pairs (¢, Hy), . .., (¢, H;), such that ¢ = ¢; - - - ¢, and for all 4, H; is monic
in Q[T]/{(¢g;)[X], and the ideal (g;, H;) is the radical of the ideal (g;, F') in Q[T, X]; as for
GCD'’s, this squarefree part is not uniquely defined. Using the GCD algorithm above, we
deduce easily the following cost estimate for squarefree part computation.

Lemma J.13. Let F' be in A[X] of degree at most . Then, one can compute a squarefree
part (g1, Hv), ..., (qr, Hy) of F using O™ (kd) operations in Q.

In a similar vein, we will say that F € A[X] is squarefree if the ideal (g, F') is radical.
This definition will carry over to multivariate polynomials F* with coefficients in A (we will
need F' bivariate, at most).
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Finally, we discuss the computation of resultants. For this question, there will be no
splitting involved in the output, since the resultant can be defined over any ring. However,
in the algorithm of Subsection J.5, we will need further a rather complex setup: we compute
resultants of polynomials, not over A, but over a power series ring over A. Explicitly, we
work over the ring

B=Alt,ty,....tn, U/t t1, ... tn)% (U — u)PT),

for some new variables t,t1,...,ty,U and uy € Q and integers D, J; remark that storing an
element of B uses O(kNDJ) elements of Q. Remark as well that B is the product of the
rings B, for a a root of ¢, with

B, = Clt, t1,....tx, U, T/ {(t, ty, ..., t5)% (U = ug) P (T — ).

For a polynomial F' in B[X] and a root « of ¢, we denote by F,, the image of F' in B,[X]
obtained by evaluating T" at a. Finally, in the following lemma, we use subresultants of two
polynomials, for which we use the definition of [26, Chapter 6] (these are elements of B; they
are sometimes called principal subresultants).

Lemma J.14. Let F, G be in B[X] with F' monic of degree § and deg(G) < §. Suppose that
for every root a of q, every non-zero subresultant of F,, and G, is a unit in B,. Then, one
can compute the resultant of F and G using O”(N Drd?) operations in Q.

Proof. As a preliminary, remark that additions and multiplications in B can be done using
O™ (N DkJ) operations in Q (power series arithmetic in N 4 1 variables induces an extra
O(N) factor; computations modulo (U — ug)??*! induce an additional O™(DJ)). Inversions
(when feasible) could be done for a similar cost, but we will not use this fact directly.

One can compute the resultant of polynomials with coefficients in a field in quasi-linear
time using the fast resultant algorithm of [26, Chapter 11]. For more general coefficient
rings, this may not be the case anymore, but workarounds exist in some cases.

Precisely, we will use the fact that the former algorithm can still be applied to polynomials
over any ring, provided all the non-zero subresultants of the input polynomials are units.
Indeed, when it is the case, Theorem 11.13 in [26] implies that all remainders in the Euclidean
remainder sequence have invertible leading coefficients, so this sequence is well-defined (the
proof uses a formula established over a field in Lemma 11.12 of that reference, which actually
holds over any ring); the fast resultant algorithm can then be executed.

When the base ring is a product of fields such as A, we can always reduce to such a
situation through splittings. This may not be enough for us in general (as B is not a product
of fields), but under the assumptions of the lemma, we will see that we can ensure such a
property.

Consider first the polynomials Fy and Gq lying in A[X] obtained by evaluating U at wg
and t,t1,...,ty at zero in F and GG. As said above, one can compute the resultant of such
polynomials by adapting the resultant algorithm of [26, Chapter 11] to work over A, similarly
to the adaptation of the fast GCD algorithm used in Lemma J.12. As in Lemma J.12, the
total time of this step is O7(kd) operations in Q.
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Splittings may occur, yielding a result lying in a product of the form A; x --- x A, with
A; of the form A; = Q[T]/{g;) for all i and with ¢ = ¢; - - - ¢s. Due to these splittings, modulo
each ¢;, the whole Euclidean remainder sequence is well-defined (that is, all remainders have
invertible leading terms); by means again of the formulas in [26, Theorem 11.13], we deduce
that all non-zero subresultants of Fy mod ¢; and Gg mod ¢; are invertible in A,;.

For iin {1,..., s}, we are going to compute the resultant R; of F; and G; in B;[X], where

B; = At t1, ..., tx, UL/ {(t tr, ... t8)% (U — 1))

and where (F;, G;) are the images of (F,G) modulo ¢; (computing these remainders takes
O™ (N Dk6?) operations in Q by fast simultaneous modular reduction [26, Chapter 10]). The
last operation will then be to apply the Chinese Remainder theorem, in order to recover a
result in B, rather than in the product of the B,’s. The cost of that step will be O™ (N DkJ).

Thus, we can focus on the computation of a single resultant R;. Fixing an index ¢ in
{1,..., s}, we claim that we can follow the same subresultant algorithm, but with coefficients
now in B;, and that all non-zero subresultants of F; and G; are units in B;: this is proved in
the last two paragraphs. If this is the case, then the running time will be O7(§) times the
cost of arithmetic operations (+, X, +) in B;, which is O7(NDk;6), with x; = deg(g;). The
total is O™(N Dk;6?) per index i, for a grand total of O7(N Dkd?); this will prove our claim
on the cost of the calculation.

Let F;p and G, be the polynomials in A;[X] obtained by evaluating U at wuy and
t,t1,...,ty at zero in F; and Gy, or equivalently by reducing F{ and Gy modulo ¢;. Re-
call that we pointed out earlier that all the non-zero subresultants of I, and G, are units
in A,;.

Let o € B; be one of the non-zero subresultants of F; and G;, say o = det(Sk(F;, G;)) for
some index k < deg(G;) using the notation of [26, Chapter 6]; we have to prove that o is a
unit in B;. Because o is non-zero, there exist a root « of ¢; such that o(«a) € B,, is non-zero,
with B, as defined above this lemma. But o(«) is then a non-zero subresultant of F,, and
G, (since F' is monic). By assumption, this implies that o(«) is a unit in B,. In particular,
we obtain that the image of o(«) is non-zero in B, /(¢,t1,...,tn, U —ug), which implies that
the image of o itself is non-zero in B;/(t, t1,...,tn, U — ug) = A;. But, because F' is monic,
omod (t,t1,...,tx, U —ug) € A; is a subresultant of F;, and G;p, so the remark in the
previous paragraph implies that it is a unit in A;. Thus, by Hensel’s lemma, we deduce that
o is a unit in B;. ]

J.4 Equations over a product of fields

In this paragraph, we show how one can make sense of systems of equations with coefficients
in a product of fields, and we explain how the notions of parametrizations seen before can be
extended to include the case of coefficients in a product of field. The last subsection shows
how to use these data structures to design an intersection algorithm that will be central to
our general polynomial system solving algorithm.

In all this section, q is a monic squarefree polynomial in Q[T], and we define the product
of fields A = Q[T|/{q). We let k denote the degree of q.
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J.4.1 Systems of equations

Consider polynomials F = (F}, ..., F) in the ring A[X. 1,..., Xy] (the choice of indices in
the variables will turn out to be natural in our applications below). To a root « of ¢ in C,
we associate the evaluation mapping ¢, : A — C, naturally defined as ¢,(f) = f(«); this
mapping carries over to polynomial rings over A.

We can then define the polynomials F, = (¢, (F;))1<i<s, so that each F, is a vector
of s polynomials in C[X.41,...,Xx|. Finally, to our system F, we can then associate the
algebraic sets (V4,)g(a)=0, where each V,, = V(F,) lies in CV~¢.

A prominent example of this situation is when we are given a whole zero-dimensional
parametrization 2 = ((q,v1,...,0), [), together with polynomials f in Q[X1,..., Xy]. We
can then define the polynomials

F="F(v,...,0 Xey1,...,Xn) mod q

which lie in A[Xc;1,..., Xy], and the associated algebraic sets (V, = V(Fq))g(a)=0- On the
other hand, defining as usual @ = Z(2) C C¢, the zero-set

V =tbr(V(f),Q) c C¥

can be decomposed as the disjoint union of the sets Vi, for x in ). For any such x =
(x1,...,x.), a = [(x) is a root of ¢, such that x; = v;(«) for i = 1,... e, and one verifies
that Vi can be rewritten as (z1,...,2.) X V,, for V,, € C¥~¢ as defined above.

In the same context, we may as well be interested in the set V' = Vi (f, @), which was
defined in Subsection A.1 as the Zariski closure of the set of all points in fbr(V (f), Q) where
jac(f,e) has full rank. Then, V' is the disjoint union of the sets V, for x = (xy,...,x.) in
Q, with V] of the form V] = (z1,...,x.) x V., where ao = [(x) is the root of ¢ corresponding
to x and V is defined as V| = Vies(Fo).

In terms of data structures, we will often assume that polynomials F are given by means
of a straight-line program, say I'. In this context of computations over A, we will assume
that I" has coefficients in A: this means that [" has input variables X1, ..., Xy, operations
+, —, X and uses constants from A instead of Q. As before, the length of I' is the number
of operations it performs.

J.4.2 Dimension zero

Let g and A be as above. A zero-dimensional parametrization Z = ((r, We41, - - . , Wn ), h) with
coefficients in A consists in polynomials (7, we41, ..., wy) such that r € A[X] is monic and
squarefree (in the sense of Subsection J.3) and all w; are in A[X] and satisfy deg(w;) < deg(r),
and in a linear form b in X1, ..., Xy with coefficients in Q, such that h(wes1, ..., wy) = X.
The degree of Z is defined as that of r.

For any root a of ¢, we can then define %, as the zero-dimensional parametrization
with coefficients in C, obtained by applying the evaluation map ¢, defined above to the
coefficients of all polynomials in %Z. The algebraic sets associated to &# are then naturally
defined as the family (Z(%,))q(a)=0, Where each Z(Z,) is a subset of CN~¢.
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Lemma J.15. Let ¢ and Z be as above, let k be the degree of q and v be the degree of
Z. There exists a probabilistic algorithm Descent which takes as input ¢ and % and returns
either a zero-dimensional parametrization %' with coefficients in Q or fail using O™ (Nr2~?)
operations in Q. In case of success, Z(R') = Uya)y=0Z(%s) in CN~¢.

Proof. First, we replace h by a new random linear form, say b’ = §1 X1 + -+ + b’y Xn; this
is done using the algorithm of [47, Lemma 2] with coefficients in A. The algorithm involves
only operations (+, X), except for a squarefreeness test; in our case, this test is done using
Lemma J.13 (if the output is false, we return fail). Altogether, the cost of this first step
is O"(Nk~?) operations in Q. Call ((’,v. 4, ...,vy),b’) the resulting parametrization with
coefficients in A.

Then, we compute the minimal polynomial of %’ by applying the bivariate change-of-
order algorithm of [45] to ¢ and 7/, this time with coefficients in Q; this takes O7(k?~?)
operations in Q (choosing b’ random ensures that the output polynomial is indeed square-
free). Computing the parametrizations that describe the values of X1, ..., Xy is then done
by modular compositions on the polynomials v/ 4, ..., vy, as in [47], in time O"(N£*y?). O

Often, we will actually know more than ¢: we will be given a zero-dimensional paramet-
rization 2 = ((q,v1, ..., ve), [) with coefficients in Q. In this case, we can define Z(2, %) as
the finite set defined by

g(a) =0, r(a,&) =0, X;=v(a) (1<i<e), X;,=wi(a,§) (e+1<i<N).

In other words, Z(2, %) is the disjoint union of the finite sets (vy(a),...,ve()) X Z(Z.a),
for o a root of ¢. In this situation, we can deduce a zero-dimensional parametrization with
coefficients in Q for this set.

Lemma J.16. Let 2 and % be as above, let k be the degree of 2 and -y the degree of Z%.
There exists a probabilistic algorithm Descent which takes as input 2 and % and returns

either a zero-dimensional parametrization %' with coefficients in Q or fail using O™ (Nr2~?)
operations in Q. In case of success, Z(#') = Z(2,R).

Proof. The algorithm is entirely similar to that of Lemma J.15, except that in the last
stage, we also apply modular compositions to the polynomials vy, ..., v, in order to obtain
a description of the values of X,..., X.. The overall analysis does not change. O

Not any family of finite algebraic sets (Va)g(a)=0, With V, € CV=¢ for all o, may be
described as V,, = Z(%,), for some zero-dimensional parametrization & with coefficients in
A. For instance, since we require that r be monic and squarefree in A[X], all V,,’s must have
the same cardinality.

Thus, to represent a family of finite algebraic sets (V,)g(a)=0, With V,, C CY=¢ for all a,
we will use a sequence of pairs (g1, %1), - - ., (qs, %) with, for all i, ¢; monic in Q[T] and %; a
zero-dimensional parametrization with coefficients in A; = Q[T]/{(q;), and with ¢ = ¢; - - - g,
such that the following holds. For any root « of ¢, there exists a unique ¢ in {1,..., s} such
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that ¢;(a) = 0. Then %, , is well-defined, and we require that V, = Z(%,;,). We will call
(q1,%1); - .., (qs; %#s) zero-dimensional parametrizations over A for (V,)g(a)=o-

Even then, not every family of algebraic sets (V4 )qa)=0 can be represented by zero-
dimensional parametrizations over A, since the fields of definitions of the various sets V,
also matter. There is however one class of examples where we can assert it will be the case,
and which encompasses all examples we will see below: take two families of polynomials F
and G in A[X.,1,...,Xn] and, for any root « of ¢, define V,, C CN~¢ as the set of isolated
points of the Zariski closure of V(F,) — V(G,). We claim that in this situation, there do
exist zero-dimensional parametrizations over A for (V,,)ya)=0: simply take ¢i,...,¢s as the
irreducible factors of ¢, and let Z%; be the zero-dimensional parametrizations for the ideal
that defines the isolated points of the Zariski closure of V(F) — V(G) over the fraction field
of Q[T]/(g:;). Of course, the algorithms below will avoid factoring ¢ into irreducibles.

We continue with some algorithms to perform elementary set-theoretic operations on sets
(Va)g(a)=0 using such a representation. First, we give a cost estimate for applying a linear
change of variables.

Lemma J.17. Let (q1, %), .., (qs,%s) be zero-dimensional parametrizations over A that
define algebraic sets (Vo )q(a)=0, let k be the degree of 2 and «y be the maximum of the degrees
of #,...,%s, and let A be in GL(N —e,Q).

There exists an algorithm ChangeVariables which takes as input

(q17'%1)a ) (qu%s)

and A and returns zero-dimensional parametrizations (q, Z),. .., (qs, Z*) over A that
define the algebraic sets (V) ga)=0 using O"(N?ky + N?) operations in Q.

(67

Proof. For i = 1,...,s, we can apply Algorithm ChangeVariables from Lemma J.1 with
coefficients in A; = Q[T']/(¢:), since this algorithm only involves operations (+, x) in A; and
inversions in Q. The cost is thus O"(N?y + N?3) operations in A;, which is O7(N%k;y + N?)
operations in Q, and the conclusion of the lemma follows by summing over all 7. n

As announced prior to Lemma J.4, we will also need below an algorithm to inter-
sect finite algebraic sets of the form (V,)4)=0 with a hypersurface. We assume that the
algebraic sets (Va)q(a)=0 are represented by means of zero-dimensional parametrizations
(q1,%1),...,(qs,%s) over A, and that the hypersurface is defined by a polynomial G in
A[Xci1,...,Xy]. As done before, we will assume that G is given by a straight-line program
I’ with coefficients in A.

Lemma J.18. Let (q1, %), .., (qs,%s) be zero-dimensional parametrizations over A that
define algebraic sets (Va)q(a)=0, let & be the degree of 2 and ~y the maximum of the degrees
of #1,...,%s.

Let further G be a polynomial in Al Xci1,...,Xn]|, given by a straight-line program T of
length E.

There exists an algorithm Intersect which takes as input (q1,%1), ..., (qs, %s) and T and
returns zero-dimensional parametrizations (¢, %), ..., (q;, %;) over A that define the alge-
braic sets (V) q(a)=0, with V. = Vo NV (G) for all o, using O™ ((E + N)k7y) operations in Q.
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Proof. Asin Lemma J.4, we first compute g = G(Weq1, . .., wy) mod r; this requires O7(Ek7)
operations in Q. We can then compute a GCD

(Qh hl)a ) (q57 hs)

of r and g in A[X]; the cost is O7(kv) by Lemma J.12.

We conclude by computing v; ; =v; mod ¢; (fori=1,...,eand j=1,...,s) and w; ; =
w; mod (gj, hj) (fori =e+1,...,N and j =1,...,s), all in O (Nk7y) operations. Finally,
we return the pairs 2; = ((q;,v14,-.-,0e;), ) and Z; = ((hj, Wes1 4, - -, WN;), b). ]

J.4.3 Dimension one

The previous idea can be extended to represent curves. A one-dimensional parametrization
X = ((r,wey1, ..., wy),b,H") with coefficients in A consists in the following:

e polynomials (7, Wey1,. .., wx), such that r» € A[U, X] is squarefree (in the sense of Sub-
section J.3) and monic in both U and X, all w; are in A[U, X| and satisfy deg(w;, X) <
deg(q, X); we will impose the same degree constraint as in Subsection J.2 (detailed

below);
e linear forms b, b" in X,,1,..., Xy with coefficients in Q such that, as in Subsection J.2,
we have
b )= U2 modr and 1 )= X% mod
Wesl, -, WN) =Uzz modr an Wesl, - -, WN) = X oo mod 7.

As in dimension zero, we will mostly be interested in the situation where we know a
zero-dimensional parametrization of the form 2 = (q, (vq,...,0.),[). We can then define
Z(2, %) as the Zariski closure of the locally closed set defined by

@=0  ran=0 x(an#0
q& - 7“0%77» - 8X CY,?],
and
Xi=ula) (1<i<e), X,=land (oo
X (Oé, 7, 5)

When g or r is constant, Z(2, %) is empty. Else, it is an algebraic curve that lies over Z(2);
furthermore, it is the disjoint union of the finitely many curves Zy, for x in Z(2), where Zy
is defined as Zyx = fbr(Z(2,#),x) and thus lies over x.

Equivalently, for any root a of ¢, we define Z,, as the one-dimensional parametrization
with coefficients in C obtained by applying the evaluation map ¢, to the coefficients of all
polynomials in %Z. Then, also associated to % are the algebraic sets (Z(%a))q(a)=0, Where
each Z(%,) is a subset of C¥N=¢. For x = (z1,...,7.) in Z(2), Zyx = (v1,...,7) X Z(R),
where o = [(x) is the root of ¢ corresponding to x.

In terms of degree, for a a root of ¢, we let -, be the degree of curve Z(%,,), and let 7y be
the maximum of all ~,. Using [52, Theorem 1], we deduce that for any root « of ¢, ¢, (r)
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has degree at most 7, in both U and X, and similarly for the polynomials w;. Thus, r and
all w;’s have degree at most v in both U and X.

Our last constraint, mentioned above, is that for all o, r(a, U, X) has degree 7, in both
U and X; since we assumed that r is monic in both U and X, this actually implies that
Yo = 7y holds for all a.

Lemma J.19. Let ¢ and Z be as above, let k be the degree of 2 and ~y the degree of Z.
There exists a probabilistic algorithm Descent which takes as input 2 and Z and returns
either a one-dimensional parametrization Z' with coefficients in Q or fail using O (Nr3~3)
operations in Q. In case of success, Z(#') = Ug(a)y=0Z(Xa).

Proof. As we did several times in Subsection J.2, we follow the zero-dimensional version of
the algorithm (which was in this case Lemma J.15), with the intent of doing all computations
over Q(U); the algorithm chooses a new linear form in X.,q,..., Xy at random, and for a
generic choice, the output coefficients will actually be in Q[U].

In order to avoid computations with rational functions in U, we replace them by power
series in U — ug, for a randomly chosen ugy. Since the output has degree at most kv in U,
the overhead compared to the zero-dimensional case is O7(k7), and the cost increases to
O™ (Nk343) operations in Q. O

Continuing the analogy with the case of dimension zero, we may not be able to represent
any family of algebraic curves (V,)ga)=0 as Vo = Z(Z.), for a one-dimensional parametriza-
tion Z with coefficients in A. The workaround will be the same: we consider a sequence of
pairs (q1,%1), - .., (qs, %s) with, for all ¢, ¢; monic in Q[T] and %; a one-dimensional para-
metrization with coefficients in A; = Q[T]/(¢;), and with ¢ = ¢; - - - ¢, such that the following
holds. For any root « of ¢, there exists a unique ¢ in {1,...,s} such that ¢;(o) = 0. Then
R o 1s well-defined, and we require that V,, = Z(%,.). We will call (¢1,%), ..., (qs, %)
one-dimensional parametrizations over A for (V,)qa)=o- As in dimension zero, an arbitrary
family (Va)g(a)=0 may not admit such a representation; in all cases of interest to us, though,
it will be the case.

We conclude with a cost estimate for applying a change of variables, in precisely this
context.

Lemma J.20. Let (q1,%),...,(qs,%s) be one-dimensional parametrizations over A that
define algebraic sets (Va)q(a)=0, let & be the degree of 2 and ~y the maximum of the degrees
of #1,...,%s, and let A be in GL(N —e,Q).

There exists an algorithm ChangeVariables which takes as input

(q17%1)a R (QSWQS)

and A and returns one-dimensional parametrizations (q1, #1), ..., (qs, Z®) over A that de-
fine the algebraic sets (V) ya)=0 using O (N?k~* + N®) operations in Q.

Proof. The proof is similar to that of Lemma J.7, but working over the rings A; = Q[T]/{(¢;)
instead of Q. n
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J.4.4 An intersection algorithm

Finally, we describe the main step for the algorithms of the next paragraphs, following [31,
40]. We are interested in “computing” an intersection such as VNV(G), or such as the Zariski
closure of VN V(G) — V(H), for an algebraic set V' and polynomials G, H. Following the
philosophy of those references, that goes back to [29, 30, 28], both input and output will be
represented by means of hyperplane sections, since this is sufficient to perform the required
tasks (in a numerical context, similar “witness points” feature prominently in algorithms
based on homotopy continuation methods, see [54] and references therein).

The algorithms below are direct extensions of those in [31]; the main difference is that
here, all computations are done over a product of fields.

As in the previous paragraphs, ¢ is a monic squarefree polynomial in Q[7T], and A is
product of fields A = Q[T]/(g). As usual, we fix two integers N and e, and in what follows
we work in CV~¢ (these will be the actual choices of dimensions when we use this algorithm
in the next paragraph). As in Subsection J.4.1, for a root « of ¢ and a family of polynomials
Fin A[X..1,..., Xn]|, we write F,, for the polynomials in C[X.y1, ..., Xy] obtained from F
through the evaluation map ¢, : A — C.

The algorithm relies on the following assumptions.

81- (Va)q(a)=o is a family of algebraic sets, with each V, either empty or d-equidimensional
in CN—¢,

go. F=(F,...,Fp), with P =N — e —d, are polynomials in A[X.,1,..., Xy] such that
for each « root of ¢, if V,, is not empty, it is contained in V(F,,), and the matrix jac(F,)
has generically full rank P on all the irreducible components of V.

In addition, we consider two further polynomials G and H in A[X.,4,..., Xy]. For a root
of q, we define V! = V, N V(G) C CV~¢; our next assumption is then the following:

gs. each V! is either empty or (d — 1)-equidimensional.

We can finally define V" = (V.),)=0 by letting V. be the Zariski closure of V, — V/(H) for
any root « of q.

To analyze the upcoming algorithm, we let x be the degree of ¢, § be the maximum of the
degrees of the algebraic sets V,,, for o a root of ¢ and D = max(deg(G),deg(H)). In terms
of data representation, we will suppose that F, G, H are given by a straight-line program I'
with coefficients in A, as defined in Subsection J.4.1; we denote by E an upper bound on
the length of it.

Finally, we use the following short-hand in all this paragraph: if y = (y1,...,yq) is in
C4, we write 7(y) = (y1,...,y4-1) € C?¥L. Then, the main result of this paragraph is the
following.

Proposition J.21. There exists a probabilistic algorithm Solvelncremental which takes as

input F, G and H as above and zero-dimensional parametrizations (q1, %), - . -, (qs, %s) over
A, and returns either zero-dimensional parametrizations (¢, %), ..., (q/, %)) over A or fail

using O"(N(E + N3)Dré?) operations in Q, and with the following characteristics.
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Suppose that g1, g, g3 hold. There exist a non-empty Zariski open subset N of GL(N —
e), and, for A in A, a non-empty Zariski open subset Na of C¢, such that if y € Na,
and if the input (q1, %), ..., (qs, %s) describes (tbr(V2,y)) )0, then in case of success,

«

the output (¢!, Z"),...,(q),Z") of Solvelncremental describes (fbr(V"*, 7(¥)))g(a)=0-

The proof of this proposition will occupy the rest of this paragraph. We start by dimen-
sion and degree properties.

Lemma J.22. Suppose that g1, g» and gz hold. There exists a non-empty Zariski open
subset M of GL(N — e), such that for A in A, and for every root o of q, the following
holds. There exists a non-empty Zariski open subset M a o, of C¢ such that for'y in M a .,
we have:

o the fiber for(VA y) is empty or of dimension zero, and has the same degree as V,,

o the fiber tbr(VA w(y)) is empty or one-equidimensional, and has the same degree as
Va,

o the fibers fbr(V!* 7(y)) and fbr(V'™* n(y)) are empty or of dimension zero, and have
the same degree as respectively V. and V.

Proof. Fix a root « of q. If V,, is empty, all assertions obviously hold, so we will assume that
we are not in this case. By g;, we deduce that V, is d-equidimensional.

Then, for a generic change of variables A in GL(N — e), VA is in Noether position with
respect to the projection on the first d variables. For such choices, all fibers for the projection
on these d variables are zero-dimensional, and all of them in a Zariski dense subset of C?
have degree deg(V,). Similarly, all fibers for the projection on the first d — 1 variables are
one-equidimensional, and all of them in a Zariski dense subset of C4~! have degree deg(V},)
(for all this, see for instance [23, Corollary 2.5]). The same argument applies to the set
V! and V! (which are either (d — 1)-equidimensional or empty by g3) to prove the third
point. O

Algorithm Solvelncremental follows the intersection process of [31]; the only nontrivial
difference is that our computations take place with coefficients taken modulo ¢, or factors
of it. If ¢ were irreducible, we could simply point out that the algorithm of [31] still applies
over the field A = Q[T]/{q), and we would be done. Without this assumption, the only steps
that require attention are those involving inversions in A.

The length of the exposition in [31] prevents us from giving all details of the algorithms,
let alone proofs of correctness: we briefly revisit the main steps in the algorithm and indicate
the necessary modifications. First, starting from zero-dimensional parametrizations over A
for the finite sets (fbr(VAy)), we recover one-dimensional parametrizations over A for the
curves (fbr(VA 7(y))) (Lemma J.23 below, to be compared to [31, Lemma 3]). Then, we
perform an intersection process (Lemma J.24 below, to be compared to [31, Lemma 16]).
Altogether, we simply lose a factor O7(k) in the running time, and combining these two
lemmas proves Proposition J.21.
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Lemma J.23. There exists an algorithm Solvelncremental-Lift that takes as input zero-
dimensional parametrizations (qi,%#1), ..., (qs, %s) over A, and returns either one-dimen-
sional parametrizations (¢, %#y), ..., (q., Z".) over A or fail using O"(N(E + N3)kd?) opera-
tions in Q, and with the following characteristics.

Suppose that g1, g, g3 hold. For A in ., there exists a non-empty Zariski open
subset My of C%, such that if y € 4"y, and if the input (q1, %), .., (qs,%s) describes

(tbr(VA,y))g(a)=0s then in case of success, the output (¢}, %), . .., (¢, Z#.) of Solvelncremental-Lift

[0}

describes (fbr(Va™, 7(y)))g(a)=o-

Proof. The first restriction is that A should satisfy the assumptions of the previous lemma.
Further restrictions on y are needed: for any root « of g, the fiber fbr(VAy) should have the
same degree as V,, itself (see the previous lemma), and the square Jacobian matrix jac(F,, d)
should be invertible on all points of fbr(VA y). Proposition 4.3 in [23] shows that under
assumption gy, this is the case for a generic choice of y. Taking all roots « into considerations
defines the set .Z’,.

Let then (q1, %), ..., (qs, %) be the input zero-dimensional parametrizations over A
for (fbr(VA,y))g(a)=0, with for all i, Z; = ((r;, wies1,- .-, win),b;), all polynomials in %
having coefficients in A; = Q[T]/(¢;). Remark that deg(r;) < ¢ holds for all ¢ and that
K1+ -+ ks = K, with &; = deg(g;) for all 7.

First, we restrict our attention to those roots a of ¢ for which V,, is not empty. Since we
assume that V,, and fbr(V2, y) have the same degree, it suffices to discard those pairs (g;, %;)
for which %; defines the empty set, i.e. for which r; = 1. At the end of the process, we
will then re-introduce some “dummy” pairs for those indices, of the form (¢;, %), where Z;
is a one-dimensional parametrization of the form (say) ((1,0,...,0),bh,,b.) that defines the
empty set. In order to avoid introducing further notation, we still write (g1, %1), . . ., (qs, %s)
for the remaining objects.

We are going to work with all pairs (¢;, %;) independently. For this, we first have to
transform the straight-line program I" that computes F into straight-line programs I'y, ... ',
where I'; has coefficients in A;: for a given 4, this is done by replacing all constants in A
that appear in I by their images modulo ¢i, ..., qs; altogether, this take O (FEk) operations
in Q. Then, for i =1,...,s, we follow Algorithm 2 from [31], with coefficients in A;. This
consists in two steps:

e inverting the matrix jac(F, d)(w; et1, ..., w;n) over B; = Q[T, X|/{q;, 7:);

e using this inverse, applying a version of Newton iteration, to compute a one-dimensional
parametrization %, with coefficients in A;.

In the first step, we compute the matrix jac(F,d) evaluated at (wje41,...,w;n) and its
determinant (the cost is subsumed by the cost of lifting given below). The assumption made
above on y implies that the inversion we attempt is indeed feasible (if not, we return fail).
Then, as explained in [20, Proposition 6], the determinant can be inverted using O (k;J)
operations in Q.
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The second part of the algorithm is the lifting per se; this part does not require any
inversion, so the analysis in [31, Lemma 3] carries over to our situation over A;, giving a
running time of O"(N(E+ N?)§?) operations (4, x) in A;, or O"(N(E+ N?)k;6%) operations
in Q. Summing over all 7 concludes the proof of the lemma. m

Combining Solvelncremental-Lift and algorithm Solvelncremental-Intersect below is enough
to prove Proposition J.21.

Lemma J.24. There ezists an algorithm Solvelncremental-Intersect that takes as input one-
dimensional parametrizations (¢, %), - - ., (¢., Z.) over A, and returns either zero-dimensional
parametrizations (¢}, #Y), ..., (¢, Z}) over A or fail using O"(N(E + N?)Drd?) operations
in Q, and with the following characteristics.

Suppose that g1, g2, g3 hold. Then, there exist a non-empty Zariski open subset A"
of GL(N —e), and, for A in A", a non-empty Zariski open subset A"y of C?, such that
if y in M, and if the input (¢, %)), ..., (d,, Z.) describes (for(VA 7(y)))qa)=0, then in
case of success, the output (¢, %Z),...,(q/, %) of Solvelncremental-Intersect describes the
set (for(V™, 7(y))) g(o)=o-

Proof. The first assumptions on (A,y’) are that all sets fbr(VA,y’) are empty or one-equidi-

mensional and have the same degree as V,; similarly, all sets fbr(V A, y') must be empty or
zero-dimensional and have the same degree as V' (see Lemma J.22). The algorithm requires
further assumptions on (A,y’), which are mentioned in [31, Lemma 16] and discussed in
detail in [23, Proposition 4.3]. We shall not need to give them in detail here; using [23,
Proposition 4.3], it is enough to note that they hold for generic choices of A and y’ as above,
which leads to the existence of the open sets .#Z" and .’} .

Let (qy, %), ..., (q., Z.) be the input one-dimensional parametrizations over A for the
sets (fbr(VA,y'))g)=0, with for all i, Z, = ((ri,Wiet1s---,win),h;,b5), where r; is in
AU, X], with A; = Q[T]/(q}). Now we write x; = deg(q}) and we remark that ki +- - +rs =
k. Up to discarding all (¢}, Z;) for which r; = 1, we may assume that none of the sets
fbr(VA,y’) is empty; at the end of the process, we will reintroduce pairs (¢}, Z!') for those
pairs we discarded, with Z! = ((1,0...,0),1;), for some linear form v;.

The algorithm starts as in the previous lemma, replacing I' by straight-line programs
I'y, ..., 'y having coefficients in respectively Ay, ..., A;. The cost of this preparation will be
negligible compared to what follows.

We will work independently with all pairs (¢, %;); this time, we follow [31, Algorithm
11]. Let us thus fix i in {1,...,s}. Algorithm 11 in [31] relies on four subroutines, which are
called (in that order) Algorithms 8, 7, 9 and 10 in that reference. We review them briefly
and underline the steps that require adaptation when working over a product of fields (that

is, those steps that involve inversions).

e In the first one (Algorithm 8), the only difficulty arises when we invert dr;/9X modulo
the ideal ((U — uo)P°*L, r;) in A;[U, X], for a randomly chosen uy € Q. Our genericity
assumptions on A and y imply that this inversion is feasible and that we are under the
assumptions of Lemma J.11; in view of that lemma, this can be done using O™ (Dk;?)
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operations in Q; all other steps in Algorithm 8 carry over to arithmetic over A; without
modification and their costs add up to O7(N?Dk;6%) operations in Q. If the inversion
is impossible, we return fail.

The output of this step is a sequence of polynomials
Ri,Vietr,...,Vin
in B;[X], with
B; = At test, ... tn, UL/ (t tega, - tn)2 (U — ug) P,
where ¢,t.y1,...,tx are new variables.

In the second subroutine (Algorithm 7), we perform a similar inversion as in the pre-
vious step, but with coefficients in a ring of the form

A’i[tate-i—l) s atN]/<(tate+1a cee 7tN)2>

instead of A;: this can be done by first computing the inverse over A; (as in the previous
step, so we can again apply the result of Lemma J.11), then doing one step of Newton
iteration to lift the inverse modulo

((t ter1, - tn)?).
This results in an overhead of O(N), for a total of O7(N Dk;6?) operations in Q.

Then, we compute the resultant S; of two polynomials of degree at most § in B;[X],
with as above

Bi = Aty teyrs oo tn, UL tern, oo tn)?, (U — ug) 0T,
These polynomials are derived from G and from the output
Ri7 ‘/72,6-0—17 R ‘/i,N

of the previous step; using the straight-line program I'; for GG, they are computed in
O™ (N(E + N?)Dk;0?%) operations in Q.

The discussion in [31, Section 6.3] then shows that for a choice of A and y satisfying
the genericity assumptions mentioned in the preamble, the assumptions of Lemma J.14
are satisfied; as a result, the running time of the resultant computation is O™(N? Dx;?)
operations in Q. If these assumptions are not satisfied, Lemma J.14 will attempt a
division by a power series of positive valuation; if this is detected, we return fail.

The cost of all other operations, which involve no inversion in A;, adds up to a similar
O™ (N?Dk;6%). The total for this subroutine is thus O (N(E + N?)Dk;4?%) operations

in Q.
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e Next subroutine is Algorithm 9, where we compute a squarefree part of a polyno-
mial (derived from polynomial S; above) of degree at most D¢ in A;[U], followed by
O(N) simpler operations on such polynomials (Euclidean divisions). We handle the
squarefree part computation using Lemma J.13 using O™ (Dk;0) operations in Q; the
Euclidean divisions take O7(N Dk;0) operations in Q.

Invoking Lemma J.13 may induce a factorization of ¢; into polynomials q; ..., q; .;
we continue the computations modulo each ¢;, separately. This requires reducing the
coefficients of O(N) polynomials of degree Do with coefficients in A; modulo ¢; ,: this
is done by fast modular reduction using a total O"(N Dk;0) operations in Q.

For k =1,...,7;, Algorithm 9 further requires an inversion in the ring A, ;[U]/(M, ),
with A;x = Q[T/{q;), where M;; is a monic polynomial of degree at most D4
derived from the outcome of the above squarefree computation. For a choice of A and
y satisfying the genericity assumptions in the preamble, it is proved in [31] that all
these inversions are feasible; using again [20, Proposition 6], each of them is seen to
cost O7(Dk;x0) operations in Q, where k; is the degree of ¢;,. The total for these
inversions is O™ (Dk;6) and altogether, the cost of Algorithm 9 is O7(N Dk;0) operations

in Q.

If some inversion turns out to be not feasible, we return fail.

e For k =1,...,7;, Algorithm 10 finally entails the evaluation of our input polynomial
H at elements of residue class rings of the form A; x[U]/(M; ), with A;; as above and
all M ; of degree at most Dd (derived from the polynomials M;, above), followed by
a GCD computation in degree D¢ in the rings A, ;[U] and O(N) Euclidean divisions
in similar degrees. The output of the algorithm is then directly deduced from these
results.

For a given index k, the cost of evaluating H is O7(EDk;d) operations in Q. The
GCD computation is handled using Lemma J.12, for a cost of O7(Dk;x0); the cost of
all Euclidean divisions is then O™(NDr;;d). In total, the cost for a given index i is
O™ ((E + N)D«x;9)).

In the next section, we will use again this last subroutine; as in [31], we will refer to
it as Algorithm Clean

Altogether, the cost for a given index i is O"(N(E + N?)Dr;6%); the total is thus O°(N(E +
N?)Dké?) operations in Q. O
J.5 Polynomial system solving

We now reach the main part of this section: some algorithms for solving systems of poly-
nomial equations. As before, we consider N — e coordinates X . 1,..., Xy and let ¢ be a
squarefree polynomial of degree x in Q[T7].
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Our main results in this paragraph are Propositions J.27 (in Subsection J.5.2) and J.30
(in Subsection J.5.3); these are estimates on the cost of solving equations with coefficients
in A = QI[T]/(q), respectively of the form F(x) = 0 (under some regularity assumptions)
and F = G = 0 (under regularity assumptions only on F). All are based on the geometric
resolution algorithm in [31] and its variant in [40]. The only difference is that computations
are run modulo ¢ (or factors of it), whereas in previous references the same results were
given over QQ; thus, we have to rely on the algorithm described in the previous paragraph.

J.5.1 Basic definitions

Let F = (F1,..., Fp) be polynomials in the ring A[X.;1,..., Xy], with P < N —e. In this
short paragraph, we define the objects associated to F that will play a prominent role in the
sequel.

For a a root of ¢, we define polynomials F,, € C[X,.1,..., Xy]| as in Subsection J.4.1; we
will feel free to use the same notation for further families of polynomials. We will be interested
in the family of algebraic sets (Va)q(a)=0, Where each algebraic set V,, = Vi (Fo) C CN=¢ ig
as in Subsection J.4.1. As was pointed out in Subsection A.1, by the Jacobian criterion ([25,
Theorem 16.19], or Lemma A.1), each V, is either equidimensional of dimension d = N —e— P
or empty.

Defining the set A of maximal minors of jac(F), which thus have size P, and the Zariski
open sets O, = CN ¢ —V(A,), Vi, = Vieg(F,,) is by definition the Zariski closure of V(F,)N
O,.

The algorithm will solve the whole system F by considering all intermediate systems it
defines. For 1 < i < P, we thus denote by F; the sequence (F,..., F;); if a is a root of ¢,
we then let V; , the Zariski closure of V(F; ) N O,; when i = P, we recover V,, = Vp,.

Lemma J.25. For each root a of q, the following holds:

o for 1 < i < P, the matriz jac(F;,) has generically full rank i on each irreducible
component of V; o;

o for1 <i< P,V,, is either empty or equidimensional of dimension N — e — i,

o for 1 < i < P, Vio NV (Fi414) is either empty or equidimensional of dimension
N—-—e—1—1.

Proof. Fix a root a of g; suppose that ¢ < P and that V;, is not empty.

Let A; , be the set of maximal (¢ x4) minors of jac(F;,). If all the minors in A, , vanish at
a point x € CN~¢ then all the minors in A, vanish at x, so V(A ,) is contained in V(A,),
and thus V(F;,) — V(A,) is contained in V(F;,) — V(A;,). Letting f/m be the Zariski
closure of V(F; ) — V(A ), we deduce that V;, is the union of the irreducible components
of f/i,a not contained in V/(A,). By the Jacobian criterion, f/m is (N — e —i)-equidimensional
or empty. This implies that all irreducible components of V;, have the same dimension
N — e — 1, so the first two items are proved.
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Suppose further that ¢ < P. Because V;, is equidimensional of dimension N —e — 4, any
irreducible component of V; , NV (Fj414) has dimension either N —e —ior N —e —i — 1.
Let us prove that the latter necessarily holds. Assume that there exists such an irreducible
component Z of dimension N — e —i. Then, Z must be an irreducible component of V;,
itself, and Fj, , vanishes identically on Z.

Because Z is contained in V,, it is contained in V(F;,), and because Fji;, is zero
on Z, Z is actually contained in V(F;;;,). As a consequence, Z — V(A,) is contained in
V(Fit14) —V(A,). Because Z is an irreducible component of V; ,, we know that the Zariski
closure of Z — V(A,) is Z itself, so that Z is contained in V;;1,. This is a contradiction,
since Vi1, has dimension N —e —¢ — 1. O

The cost of our algorithms will depend on the degree of the intermediate algebraic sets
Via. The actual notion we will use is the following, taken from [28].

Definition J.26. For 1 < i < P, we denote by d; the maximum of the degrees of the sets
Via, for o a root of q. We call 6 = max(y,...,0p) the geometric degree of F.

J.5.2 Solving F =0

With notation as above, our first goal is to give an algorithm that solves equations F = 0,
with F = (Fy,...,Fp) in A[X.1,...,Xn]|. More precisely, we restrict our attention to
dimension zero or one, and we compute zero, resp. one-dimensional parametrizations of the
family (Vi) g(a)=0, With Vi, = Vieg(F). In other words, we focus on the cases P = N — e and
P=N-e—1.

Proposition J.27. There exists a probabilistic algorithm Solve_F that takes as input a
squarefree polynomial q and a straight-line program T with coefficients in A, with the fol-
lowing characteristics: Suppose that I' has length E, computes polynomials F of degree at
most D, that q has degree k and let § be the geometric degree of F. Then,

e when P = N — e, Solve_F(q,I") outputs either zero-dimensional parametrizations over
A or fail using O°(N3(E + N3)Dké?) operations in Q. In case of success, the output
describes the family (Va)q(a)=0, where Vo, = Vieg(Fy) for all o

e when P = N —e — 1, Solve_F(q,T") outputs either one-dimensional parametrizations
over A or fail using O"(N3(E + N3)Drd?) operations in Q. In case of success, the
output describes the family (Va)q(a)=0, where Vo = Vieg(Fo) for all o

The proof of this proposition will occupy this paragraph. Given an (N — e) x P matrix
S with entries in Q, we will denote by Js the determinant of jac(F)S. Given such an S,
for 1 < i < P and for a a root of ¢, we denote by V; s, C CN7¢ the Zariski closure of
V(Fia) —V(Jsa), with F; , as defined in the previous paragraph. The algebraic sets V; g
are simpler to define than the sets V;, (we do not need to involve all determinants in A,);
the following lemma shows that they coincide for a generic choice of S.
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Lemma J.28. There exists a non-empty Zariski open subset & of CN=9 such that for S
in &, for alliin {1,..., P} and all roots o of q, Vig.a = Via holds.

Proof. Let us first fix a root « of ¢ and ¢ in {1,..., P}. Recall that by construction, V;, is
the Zariski closure of V/(F,,) — V(A,), where A, is the ideal generated by all P-minors of
jac(F,), and Vg , is the Zariski closure of V(F;,) — V(Js ). In what follows, we prove the
slightly more general result: let Z be any algebraic set in CN=¢. Then, for a generic choice
of S, the Zariski closures Z' and Z" of respectively Z — V(A,) and Z — V(Js ) coincide.

Let Z1,...,Z ) be the decomposition of Z into irreducible components. Then, 7' is
the union of those Uy that are not contained in V(A,), whereas Z” is the union of those
that are not contained in V' (Jg,). Thus, we have to prove that for a generic choice of S, for
all k, Z), is contained in V(A,) if and only if it is contained in V' (Jgq).

Suppose first that Zj is contained in V(A,) and let x be in Z. By assumption, the
Jacobian matrix jac(F,) has rank less than P at x; thus, it is also the case for jac(F,)S, for
any S in QW= so 7, is contained in V(Jg). In other words, for any S, if Z, is contained
in V(A), it is contained in V(Js).

Conversely, suppose that Zj, is not contained in V(4A,), so there exists x in Zj, such that
jac(F,) has rank P at x. This implies that there exists S in QW ~9” such that jac(F,)S
still has rank P at x, so for this particular choice of S, Zj is not contained in V'(Js,). The
set of S for which this holds is a Zariski open subset &}, of CV=9 (because Jg(x) is a
polynomial in S), that is non empty in view of the previous remark.

Taking for & the intersection of the finitely many Zariski open subsets

61,om SR Gl(a),aa

for all roots « of ¢, proves our claim and hence the lemma. O

If S satisfies the assumptions of the previous lemma, we obtain the following alternative
description for Vi;, from V;,. This shows that we will be able to apply the algorithm of
Subsection J.4.4 to the present situation.

Lemma J.29. Suppose that S belongs to &. Then, for 0 < i < P, and for every root a of
¢, Vit1,a s the Zariski closure of Vi o NV (Fii1.0) — V(Jsa)-

Proof. Fix a root « of ¢ and ¢ in {1,..., P — 1}. Under our assumption on S, the previous
lemma shows that V;, and V1, are the Zariski closures of respectively V(F; o) — V(Js.)
and V(Fi+1,a) - V(Js7a).

Let us write V(F; ) as AUB, where A, resp. B, is the union of the irreducible components
of V(F; ) where Jg, vanishes identically, resp. is not identically zero. As a result, V; , = B.
On the other hand, we deduce that V(Fi114) = (AN V(Fif14)) U(BNV(Fii1.4)), so that
Vit1.a is the Zariski closure of BNV (Fj14) — V(Js.a). Since we have seen that B =V ,,
the lemma is proved. O

The bulk of Algorithm Solve_F is an incremental intersection process: fori =0,..., P—1,

we start from zero-dimensional parametrizations over A for the sets fbr(V2 y,), for some
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random y; in Q¥ ¢% and A in GL(N — e, Q) and deduce one-dimensional parametrizations
over A for the sets fbr(Vii‘l’a, Vit1), where y;.1 is obtained from y; by discarding its last
entry.

Assuming that S belongs to &, the operation above will be done by applying Algorithm
Solvelncremental of Proposition J.21 to the sets (V;,), the system F;, G = F;;; and H = Js;
indeed, Lemmas J.25, J.28 and J.29 show that we are then under the assumptions of this
proposition. There is a slight difference, however, for ¢« = 0: then, there are no equations
to use for the lifting step of that algorithm; in that case, it is straightforward to bypass the
lifting step and directly enter the intersection step.

As input, the algorithm of Proposition J.21 requires zero-dimensional parametrizations
over A for the sets fbr(\/;ﬁ, Vi), together with a straight-line program that evaluates Fy, ..., Fj,
G and H. What we are given is a straight-line program I" of length E for ¥ = Fi, ... Fp.
However, due to the definition of Jg, it is easy to deduce a straight-line program I that
computes F and Jg of length £/ = O(NE + N*) = O(N(E + N3)), where the first term
gives the cost of computing F and its Jacobian matrix, and the extra O(N?) steps amount
to computing the determinant giving Jg (which has degree at most N D). As a result, the
cost of one call to Proposition J.21 is O7(N?(E + N3)Drd?).

Applying this P times, we obtain zero-dimensional parametrizations over A for the sets
(tbr(VAy))g(a)=0, for some A in GL(N —e,Q) and y in QY= using O°(PN?*(E +
N3)Dké?) operations in Q, which is O"(N3(E + N3)Dkd?).

If P= N — e, each V, is either zero-dimensional or empty, and the set fbr(VA y) is
simply equal to VA itself. Thus, we can finally undo the change of variables A by using
Algorithm ChangeVariables from Lemma J.17, using a negligible O™ (N?kd + N?) operations
in Q. This proves the first part of Proposition J.27.

If P= N —e—1, each V, is an algebraic curve, or it is empty. Starting from the
zero-dimensional parametrizations for the sets fbr(VA y), where y is in Q, we first apply
Lemma J.23 in order to obtain one-dimensional parametrizations over A for the sets VA (the
cost is within the bounds given above). As above, we conclude with a change of variables,
using Algorithm ChangeVariables from Lemma J.20. The cost is O7(N?k§? + N3) operations
in Q which is negligible. This concludes the proof of Proposition J.27.

J.5.3 Solving F=G =0

In this second paragraph, we discuss a refinement of the previous question. In addition
to ¢ and to the polynomials F = (F},..., Fp) introduced previously, we also consider a
family of new polynomials G = (Gy,...,G¢) in A[Xey1,. .., Xy, where we write as before
A = Q[T]/{q). Notation for polynomials F, or G, is as in the previous paragraphs.

Recall from Subsection 2.4 that for aroot o of ¢, Vig, (Fq) is the set of all x = (241, ..., Zn)

in V(F,) where jac(F,) has full rank P. We are interested here in describing the sets

(Ya)g(a)=0, Where for any root « of g, Y, is the set of isolated points of V5, (Fa) NV (Ga) C
CV-e.

Proposition J.30. There exists a probabilistic algorithm Solve FG that takes as input a

133



squarefree polynomial ¢ and a straight-line program I with coefficients in A, with the follow-
ing characteristics.

Suppose that T has length E', computes polynomials F and G of degree at most D,
resp. D', that q has degree k; let & be the geometric degree of F and & = D'V 7.
Then Solve_FG(q,I") outputs either zero-dimensional parametrizations over A or fail using
O (N3(tE' + tN + N3)D"kd"*) operations in Q, with D" = max(D, D'). In case of success,
the output describes (Yo)q()=0, where Yy, is the set of isolated points of Vg, (Fo) NV (Gy) for
all .

In addition, the degree of each set Y, is bounded by o'

In order to prove Proposition J.30, the results of the previous paragraph cannot be applied
directly, as we do not restrict ourselves anymore to the points where the Jacobian of the
whole system F, G has full rank. However, the fact that we only want isolated solutions will
allow us to find a workaround.

We start with the degree bound. Let us first define as in Subsection J.5.1 the algebraic
sets (Va)g(a)=0, where V, = Vi (Fo) C CV—¢. In addition, we recall that for a root a of ¢,
O, is the Zariski open set C¥=¢ -V (A,), where A, is the set of P-minors of jac(F,). Then,
we can establish the following easy statement.

Lemma J.31. For any root « of q, Y, is the set of isolated points of Vo, NV (Gg) N O,.

Proof. By definition, Y, is the set of isolated points of V2, (F,) NV (G,). Starting from the

reg

definition of V, as the Zariski closure of V.2 (F,) = V(F,)NO,, we obtain V,NO, = V2 (F,).

reg reg

This implies that V, N V(G,) N O, = V2, (F,) NV (G,), and looking at the set of isolated

reg
points on both sides proves our claim. O

For any root a of ¢, V,, has by construction degree at most 9§, and Lemma J.25 shows
that it is either equidimensional of dimension N — e — P or empty. As a consequence,
Proposition 2.3 in [36] implies that the degree of V, N V(G,) is at most D'V "7 Using
the lemma above, this proves the first point in Proposition J.30.

Let a = (aiy,...,an_c_p;) be in QW= and, for i in {1,..., N — e — P}, define

Gi=ai Gy + -+ ;G

remark that in all that follows, polynomials G} and the algebraic sets they define depend on
the choice of a, but we chose not to add a subscript to our notation.

For any root « of ¢, we denote by Yp,, the algebraic set V,, = Vieg(F,) and, for 1 <i < N—
e— P, we denote by Yp,; o the union of the irreducible components of V,NV (G ,,, ..., G} ) of
dimension N —e—(P+1) that have a non-empty intersection with O, (as before, the subscript
indicates relative codimension). In particular, for i = N —e — P, Yy_., has dimension zero;
we will prove below that for a generic choice of a, the equality Y, = Yy_.o N V(G,) holds.

For i in {0,..., N —e — P}, the set Yp,;, is further decomposed into

R I
YP—I—i,a and YP+i,a7
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where Y/, , (the regular part) is the union of all irreducible components of Yp; o that are
not contained in V(Gj,, ) and Y2, , (the irregular part) is the union of all other irreducible
components.

In what follows, we rely on the choice of an (N — e) x P-matrix S with entries in Q, as
in the previous paragraph.

Lemma J.32. For a generic choice of S, and fori in {0,...,N —e— P — 1}, the following
holds for each root a of q:

o Y, ,NV(Gi ) is either empty or equidimensional of dimension N —e— (P+i+1);

o Ypyiy1a is the Zariski closure of Y5, , N V(G ) — V(Jsa);
o ifi < N—e—P—1,Y[, | isthe Zariski closure of Y5, \AV (G} )=V (Js.aGlina)-

Proof. In all that follows, we fix a root a of q. The first item is a direct consequence of the
definition of Y}ii’a. Next, fort=1,...,N —e — P — 1, write
R I Oa d
VOé N V( /1,a7 te 7G;,a) = YP+i,a U YP+7L,a U YP—H’,a U YP+i,a7
where Y/, and Y}, , are as above, Y  is the union of the irreducible components of
Ypiq that do not intersect the open set O, and Y, ; , are all other irreducible components,

which must have dimension greater that N — e — (P + ). Intersecting with V(G7,, ), we
obtain that V, N V(G ,, ..., G} ,) is the union of the following sets:

Ylf—i—i,a N V( ;—i—l,a)? Ylg-‘ripz N V<G;+1,oz)> Ylggfi,a N V(G;—Q—l,a)? Ylgl—i-i,oz N V( ;—i—l,oz)'

The set Ypyit1, is obtained by keeping only the irreducible components of the above sets
that have dimension N —e— (P +i+1) and that intersect O,. The last three terms above do
not contribute to this construction, so we deduce that Yp ;41 is the union of the irreducible
components of Y, , NV (G}, ,) that intersect O,.

Because O, = CN7¢ —V(A,), we deduce that Yp,;y1, is the Zariski closure of Y}§+i,a N
V(Giy1a) — V(Aa). As we saw in the proof of Lemma J.28, this means that Ypi11,4 is the
Zariski closure of Y2, , N V(G ,,) — V(Jsa), for a generic choice of S. This proves the
second item.

If i < N —e— P — 1, the definition of Y4, , implies that it is obtained by discarding
from Ypi;+1 4 all irreducible components on which G 12,0 Vanishes identically; the last item
follows. [

The previous lemma holds for any choice of a. For a generic choice of a, the following
lemma further gives a description of the sets V, NV (G, ..., G} ,).

1,00

Lemma J.33. For a generic choice of a, the following holds for any root o of q. Let © be in
{1,...,N —e— P} and let Z be an irreducible component of Vo, NV (G ..., G},). Then,

1,a

either Z is contained in V, NV (G,,), or the following two properties hold:
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o dim(Z) =N —e— (P +1i);
o forx in ZN 0O, —V(Ga), jac(Fa, G, ..., G} ,) has full rank P +i at x.

Proof. This is a restatement of the first two items of Theorem A.8.7 in [54] taking into
account that for a as above, a point x in V,, N O, is a regular point on V. O]

When a satisfies the assumptions of the previous lemma, the first item in this lemma
shows that for any root a of ¢, Vo, N V(GY,,...,G},) is the union of V, N V(G,) and

(possibly) of some algebraic set of pure dimension N —e — (P +1i). Fori =N —e — P, we
obtain in particular the following result, as announced above.

Lemma J.34. For a generic choice of a, and for any root o of q, the equality Y, = Yy_¢ oM
V(Gq) holds.

Proof. As usual, we fix a root « of ¢. Recall that we proved in Lemma J.31 that Y, is the
set of isolated points of V, N V(G,) N O,.

On the other hand, taking i = N —e — P in Lemma J.33, we deduce that V, N
V(G4 -GN e_pg) is the union of V, N V(G,) and of finitely many isolated points.
Since Yy _cq is the set of isolated points in Vo, NV(GY ;- -+, Gy po) N Oa, we deduce that
YN_c.o is the union of the finite set Y, we are interested in and of some isolated points, say

Y/, that are not in V(G,). The conclusion follows. O

As a result, we are now going to show how to compute a description of the sets Yy_¢ q,
since filtering out the undesired extra points will raise no difficulty. To this end, we follow
the intersection process of Subsection J.4.4.

To start the process, we deal with equations F only. This is done using the algorithm
Solve_F given in the previous paragraph; we obtain zero-dimensional parametrizations over
A for the finite sets fbr(Vlﬁfa,y), for @ a root of ¢, and for some A in GL(N —e) and y in
QN using O°(N3(E' + N3)D"k6?) operations in Q. We then remove all those points

that cancel the polynomials G ,, for a as above. For a generic choice of A and y, the

remaining points define the sets fbr(Ylﬁ?aA, y).

This hardly impacts the running time: this last step is done using Algorithm Clean of [31],
which we already used in the proof of Lemma J.24. The analysis made in that proof remains
valid, and shows that this step takes O™ ((£' +t 4+ N)D&rd)) operations in Q, since the cost
of evaluating G} is O(E’ +t). We will bound the cost so far by O"(N?(E' +t + N3)D"k4?).

Using the last claim in Lemma J.32, the same process allows us to compute zero-
dimensional parametrizations over A of witness points for the families of algebraic sets
Yf{?a, . ,Yﬁfefm; the last step is done by applying the second claim in that lemma in-
stead, giving us zero-dimensional parametrizations for the sets (Yn_ca)q(a)=0- Let us verify
that at every stage, we are indeed under the assumptions of Proposition J.21:

e By construction, for any root a of gq, YPEJri,a is either empty or equidimensional of
dimension N — e — (P +1).
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e For any such «, the polynomials F,,, G’ ,, ..., Gj , vanish on Yj_ﬁi_a, and we claim that

for a generic choice of a, the matrix jac(Fa, G ,,...,G},) has generically full rank
P + 7 on each irreducible component Z of Yjﬁi’a. The second item in Lemma J.33
ensures it: Z cannot be contained in V,, NV (G,) (otherwise, it would be contained in
V(Gi,, ), which we assume is not the case) and Z N O, — V(G4) is non empty, so
there exists x in Z N O, — V(G,) where said Jacobian matrix has full rank.

o Y, ,NV(G,,,) is either empty or (N — e — (P + 1))-equidimensional: this is the
first item in Lemma J.32.

In terms of complexity, remark that all G/, ..., Gy_._p can be computed by a straight-
line program of length O(E’ + tN), and that for all i < N — e — P and for any root « in ¢,
Vi, . has degree at most ¢’ = 6DV 7°"F (using again Proposition 2.3 in [36]). As a result,
the total cost is O"(N3(E' 4+ tN + N*)D"k§"®) operations in Q.

At this stage, we have obtained a description of the sets (YNA_E,a)q(a):o by means of pairs
(1, %1),...,(qs,%s). In view of Lemma J.34, we keep only the points on the sets YNAfe,a
where Gﬁa, . .,Gfa all vanish; this is done by applying ¢ times the Algorithm Intersect
from Lemma J.18. The cost is O (tkd'(E’ + N?)), since evaluating G* induces an O(N?)
additional cost in the straight-line program for G; this is negligible compared to the previous
cost.

We are thus left with pairs of the form (¢}, %), ..., (q,,Z#,) that form zero-dimensional
parametrizations over A for the sets (YaA)q(a)zo. As in the previous paragraph, we use algo-
rithm ChangeVariables from Lemma J.17 in order to obtain zero-dimensional parametrizations
over A for the sets (Yy)g(a)=0, using O"(N?kd + N?) operations in Q, which is negligible.
This concludes the proof of Proposition J.30.

J.5.4 An application

We end this paragraph with a first application of the routine Solve_FG. Let f = (fi,..., f,) C
Q[X1,...,X,] be a reduced regular sequence defining an algebraic set V(f) C C" such that
sing(V'(f)) is finite. We apply Solve_FG to compute a zero-dimensional parametrization of
sing(V/(f)).

One possible approach would be to solve the system consisting of f and all p-minors of
its Jacobian matrix. In the following proposition, we use Lagrange systems instead, since it
allows us to obtain a slightly better cost.

Proposition J.35. Let I' be a straight-line program of length E that computes a reduced
regular sequence £ = (f1,..., fp), with deg(f;) < D for all i, and such that sing(V (f)) is
finite. Suppose that D > 2.

There exists a probabilistic algorithm SingularPoints which takes as input £ and either
returns fail or returns a zero-dimensional parametrization using O~ (ED 1) operations in
Q. In case of success, the output describes sing(V (f)) and it has degree bounded by nD*".

Proof. Consider new indeterminates L = (L4, ..., L,), and the system G consisting of f and
Lagrange(f, 0, L), where the second term denotes the entries of the matrix [L; --- L,]-jac(f).
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The set we want to compute is the projection on the X-space of the solutions of the system
G=0,(Ly,...,L,) #(0,...,0). We are going to reduce the solution of this set of equations
and inequations to several instances of systems that can be solved by means of Algorithm
Solve_FG.

Let us partition V(f) into subset (V;)o<i<p, where V; is the subset of all x in V' (f) where
jac(f) has rank i; we are thus interested in describing Vj, ..., V,—1. Fix ¢in {0,...,p—1}: at
any such point, the solution set Sy of Lagrange(f, 0, L) is a linear subspace of C? of dimension
p —1, so that the intersection of Sx with (p—i— 1) random linear forms (u;-L = 0)1<j<p—i—1
and 1 random affine form uy - L = 1 is a single point £.

Let us thus introduce the systems G;, for i = 0,...,p — 1, where G; consists of the
2p + n — i equations f, Lagrange(f,0,L), (u; - L = 0)1<j<p—i—1 and up - L = 1. We claim
that for a generic choice of all u;’s, the isolated points of V(G;) C C"*? are precisely those
points (x, £y), for x in V;.

Take a point (x,£) in V(G;). If the Jacobian matrix jac(f) had full rank at x, we would
necessarily have £ = 0, a contradiction with the constraint uy - L = 1. Hence, x is in
sing(V'(f)). Suppose in addition that (x,£) is isolated in V(G;): this implies that £ is an
isolated solution of the linear system Lagrange(f,0,L)|x—x, (u; - L = 0)1<j<p—i—1, uo-L = 1:
since the u;’s are chosen generic, this implies that jac(f) has rank p —i at x, and x is indeed
in V;.

Conversely, the discussion of the previous paragraphs shows that any point (x,£y), for
x in V;, is indeed a solution of Gj;; we have to prove that it is isolated. We saw above
that any point (x/,£') in V(G;) is in sing(V(f)), and x is isolated in sing(V(f)) (as this
set is finite). By construction, £, is isolated among the solutions of Lagrange(f,0, L)|x—x,
(u; - L =0)1<j<p—i—1, g - L = 1, so we are done with the proof of our claim.

Let F be the empty set. The algorithm calls Algorithm Solve_FG of Proposition J.30
p times, with inputs (say) ¢ = X, e = 0 and straight-line programs I'p,...,I',_; that
respectively evaluate the polynomials Go, ..., G,_;. Since there are no polynomials F, in
each case, we obtain the isolated solutions of V(G;); then, we project them on the X-space
and return the union of the corresponding finite sets of points.

For a given index i, the polynomials in G; involve n+p < 2n variables, have total degree
at most D, and can be computed by a straight-line program of length O(nE +n?), where the
first term corresponds to the overhead induced by the calculation of all partial derivatives
of f, and the second one to all dot products. Because we assume D > 2, we can neglect
polynomials in n compared to terms of the form D" in our soft-O estimates. For each index
i, the cost of Proposition J.30 then becomes O"(ED**1) and the bound on the degree of
the output is D?"; in particular, the sum of the output degrees is at most nD?". The total

time spent in the subsequent projection and union operations (Lemmas J.3 and J.5) is then
O~ (D*). 0
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K Proof of Proposition 6.3

In this section, we prove Proposition 6.3. We consider a generalized Lagrange system L =

(', 2,.7) of type (k,n,p,e), where I is a straight-line program of length E that computes
polynomials F = (f f;,... f), with f C Q[X] and f; C Q[X,Ly,...,L;] for 1 < i < k.

As in Definition 5.3, we write d = N — e — P; we let D denote the maximum degree of

the polynomials in f, 6 = Dg(k,e,n,p, D, D — 1) is as in Definition 6.1. Finally, we write
Q=272(2)CCand S=7Z() C C" as well as k = deg(2) and o = deg(.¥).

With this notation, we prove the following: There exists a probabilistic algorithm SolvelLagrange

which takes as input a generalized Lagrange system L as above, such that N —e — P =1,

and returns either a one-dimensional parametrization with coefficients in Q or fail using

O (N?*(E + N*)(D + k)k*8* + Nkdo?)

operations in Q, using the notation introduced above. If either

o % (L) is empty,

e or L has a global normal form,

then in case of success, the output of SolveLagrange describes %/ (L). In addition, % (L) has
degree at most KO.

K.1 Algorithm IsEmpty

We start by an auxiliary function for testing emptiness.

Proposition K.1. There exists a probabilistic algorithm IsEmpty which takes as input a
generalized Lagrange system L and returns either true, false or fail using O"(N3(E+ N3)(D+
k)kd* + Nk26% + No?) operations in Q, using the notation introduced above. If either

e % (L) is empty,
e or L has a global normal form,

then in case of success, IsEmpty decides whether % (L) is empty.

Before proving this proposition, we introduce notation that will be useful below. Let us

write 2 = ((¢,v1,...,0), 1), define A = Q[T]/(q), and let F be the polynomials F(vy,...,0e, Xet1, ...

that lie in A[X.4q,..., Xn]|. Recall that we assume that polynomials F are given by a
straight-line program I'; replacing all inputs Xi,..., X, by vy,...,v. in I', we obtain a
straight-line program I' with coefficients in A that computes the polynomials F. The fol-
lowing lemma gives an upper bound on the geometric degree (see Definition J.26) of these
polynomials in terms of 9.

Lemma K.2. The geometric degree of F is at most §.
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Proof. The definition of generalized Lagrange systems implies that all inequalities in (9)
are satisfied. Thus, applying Proposition 6.2 to the systems F, = ¢,(F) (as defined in
Section J.4.1), for a a root of ¢, proves our inequality. n

The other notation we will need is the following. Let A be the set of maximal minors
of jac(F,e), let O be the Zariski open set CY — V(A) and let finally V = V.o (F, Q) be the
Zariski closure of fbr(V(F),Q) N O. Recall as well that we denote by mx : C¥ — C" the
projection on the X-space.

of Proposition K.1. Choose d random linear forms A with coefficients in Q in all variables
X,Ly,...,Lg, and let F’ be the system obtained by adjoining A to F. Just as we defined V
as the Zariski closure of tbr(V(F), Q) N O, we define V' = Vi, (F’, Q) as the Zariski closure
of tbr(V(F'),Q) N O, where O’ is the Zariski open set CV — V(A’) and A’ is the set of
maximal minors of jac(F’, e). Remark that F’ consists of P +d = N — e equations, so that
jac(F’, e) is actually square of size N — e, and A’ simply consists in the determinant of that
matrix. In particular, by Proposition J.27, V' is a finite set, so we can alternatively define
it as V' = tbr(V(F),Q) N O'.

Under the assumptions that either % (L) is empty or L has a global normal form, we are
going to prove that for a generic choice of A, V' is contained in mx'(S) if and only if % (L) is
empty. The condition on V' will be tested using Algorithm Solve_F introduced in Section J.

Suppose first that % (L) is empty. In this case, Z(L) is empty as well, which implies
that fbr(V(F), Q) is contained in 7% (S). As a result, V', which is a subset of fbr(V(F), Q),
is contained in 7x'(S) as well.

Suppose on the other hand that L has a global normal form. By Lemma F.4, V is
equidimensional of dimension d and it does not lie over S (since otherwise, the third equality
in that lemma would imply that % (L) is empty, whereas it establishes that % (L) is d-
equidimensional). As a consequence, for a generic choice of d linear forms A, V N V(A) is
a non-empty finite set, not contained in mx'(S). To conclude this discussion, we will now
prove that in this case, for generic A, V' =V N V(A) (so that, as claimed above, V' is not
contained in 7' (S)).

Take x in V’, so that x is in fbr(V(F’), Q) and jac(F’,e) has full rank N — e at x. This
implies that x is in fbr(V(F), Q) and that jac(F,e) has full rank N —e —d = P at x, so
x is in thr(V(F),Q) N O, and thus in V. Since x also cancels the linear forms A, x is in
V' N V(A). Conversely, for a generic choice of A, every point x in V' N V(A) is non-singular
on V, and V(A) intersects V transversally at x (this is for instance a consequence of [54,
Theorem A.8.7]). For such an x, 7TV is the nullspace of jac(F, e) at x, so the transversality
condition means that jac(F’, e) has full rank N — e at x. This proves that x is in V.

As announced above, the discussion in the last paragraphs shows that for a generic choice
of A, and under the assumption that either % (L) is empty or L has a global normal form,
V' is contained in mx'(S) if and only if % (L) is empty. Algorithm IsEmpty is then simple.
Starting from polynomials F/, we define F/ = F'(v1,...,0e,Xeq1,...,Xy), so that these
polynomials lie in A[X.,1,..., Xy]. As was pointed out in Section J.4.1, V" is the disjoint
union of the sets x x V! for x in @, where o = [(x) is a root of ¢ and V! = Vi, (F",).
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Thus, we use Algorithm Solve_F of Proposition J.27, with input ¢ and (a straight-line
program for) F’. Upon success, the output is a family of zero-dimensional parametrizations
over A of the form (qi, %), ..., (qs; Zs) for the sets (V)4(a)=0, where each %; has the form
i = ((TiyWies1, ..., wiN),b;), and has coefficients in A; = Q[T]/(g;). We can then define
the zero-dimensional parametrizations

R; = ((r;,v1 mod ¢, ..., v, mod g;, W ey1, ..., win),H;),

for 1 <i < ssothat (¢1,%,),...,(qs,Z.) are zero-dimensional parametrizations over A for
the sets

(vi(@), ..., ve(@)) X V2)g(a)=o0-
Using Algorithms Descent from Lemma J.15 and Union from Lemma J.3, we obtain a zero-
dimensional parametrization Z’ of degree kd with coefficients in Q that defines the union of
these sets, that is, V’. Finally, we can test whether V' = Z(%') is contained in 7x'(S) using
Algorithm Lift from Lemma J.6.

Let us give the cost of all these steps. The system F’ can be computed by a straight-
line program I" of length £ = E + O(N?), where the second term stands for the cost
of computing linear forms A. From this, we can deduce a straight-line program I that
computes polynomials F’ with the same number of steps, by replacing all inputs X,..., X,
by v1,..., v, in I".

If all polynomials f have degree at most D, then all polynomials in F and F’ have degree
at most D + k. Finally, the geometric degree ¢" of F' is less than or equal that of 1~7‘, since all
additional equations are linear. Since we saw above that the latter is at most §, we deduce
that the cost of calling Solve_F(g,T") is O"(N3(E + N3)(D + k)x6?) operations in Q. The
total cost of all calls to Descent, Union and Lift is O"(Nk?6% + No?). O

K.2 Proof of the proposition

We can now prove Proposition 6.3. First, we call IsEmpty (Proposition K.1): if the output
is true, we simply return the one-dimensional parametrization that defines the empty set;
the cost O°(N3(E + N3)(D + k)xd? + Nk?*5? + No?) will be negligible compared to that
of other steps. Else, we may assume that there exists a global normal form for L. Then,
by Lemma F.4, % (L) is the Zariski closure of mx(V — 7x'(S)), with V' = V,o(F, Q). By
definition of the geometric degree (Definition J.26), and using Lemma K.2, we obtain that V'
has degree at most xJ; as a consequence, the degree of % (L) admits the same upper bound.
In order to compute a one-dimensional parametrization of % (L), we first apply the
routine Solve_F given in Proposition J.27 to ¢ and the straight-line program [ that computes
F. This gives us one-dimensional parametrizations over A for the sets (Va)g(a)=0, Wwith
Vo, = Vieg(Fyo), and the cost is O"(N3(E + N3)(D + k)xé?) operations in Q. As in the
proof of the previous lemma, we apply next Algorithms Descent and Union, but in their
one-dimensional versions (Lemmas J.19 and J.8); the cost is O"(Nk33®) operations in Q.
As output, we obtain a one-dimensional parametrization of V' with coefficients in Q, and
we saw above that it has degree at most xkd. Discarding those points in V' whose image by 7x
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lies in S is done using the routine Discard of Lemma J.10. This requires O (N max(xd, o)?)
arithmetic operations in Q at most and the extra cost is bounded by O™ (N#36* + Nkdo?).

The last step of this algorithm applies projection 7mx, by means of algorithm Projection
from Lemma J.9; the cost is O"(Nk3§?) operations in Q. The cost given in this lemma is an
upper bound on all costs seen so far.

L. Proof of Proposition 6.4

We prove now Proposition 6.4. The setup is exactly as in the previous section: we consider
a generalized Lagrange system L = (I', 2,.%) of type (k,n, p,e), where I is a straight-line
program of length E that computes polynomials F = (f fi,... ), with f C Q[X] and
f; C QX,Ly,...,L;] for 1 <i<k. Wewrited=N —e— P, D is the maximum degree of
the polynomials in f, 6 = Dg(k,e,n,p, D, D — 1). Finally, we write @ = Z(2) C C° and
S =272() C C" as well as k = deg(2) and o = deg(.¥).

Then, we prove the following: There exists a probabilistic algorithm Wy which takes
as input a generalized Lagrange system L as above and returns either a zero-dimensional
parametrization with coefficients in Q or fail using

O~((k, + 1)2d+1N4d+8ED2d+1I€2(52 + NO_Q)
operations in Q. If either % (L) is empty, or

(L) is d-equidimensional (so that W (e, 1,% (L)) is well-defined),

wU
Wie,1,% (L)) is finite,

o (L;W(e,1,%(L))) has a global normal form,

then in case of success, the output of Wy describes W (e, 1,% (L)) — S. In addition, the finite

set W(e,1,% (L)) — S has degree at most kKON (D — 1 + k).

Lemma L.1. Let Q C C€ be a finite set and let V C C" and S C C" be algebraic sets
lying over @), with S finite. Suppose that V' is d-equidimensional with finitely many singular
points.

Let further L = (I, 2,.7) be a generalized Lagrange system, withV =% (L), Q = Z(2),
S = Z(S), F in Q[X,L] as in Definition 5.3 and define d = N — e — P. Suppose that
(L;W(e,1,V)) has the global normal form property and that W (e, 1,V) is finite, and let G
be the set of P-minors of jac(F, e+1). Let finally Z be the isolated points of Vi, (F, Q)NV(G).
Then, W(e,1,V) — S =mx(Z) - S.

Proof. We denote by Y° the locally closed set

for(V(F,G), Q) — x (S) = 2(L) N V(G).
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First, we prove that W(e,1,V) — S = mx(Y°). By assumption, there exists a global normal
form

¢ = (¢i)1§i§s

of (L;W(e,1,V)) with ¢; = (m;,0;,h;, H;). We claim that W(e,1,V) — S is contained in
the union of the open sets O(m;0;). Indeed, take x in W(e, 1,V) — S, so x is in particular in
W(e,1,V). Since W (e, 1,V is by assumption finite, x is actually an irreducible component
of W(e,1,V). Besides, since x is in V' — S, Gy implies that there exists 7 in {1, ..., s} such
that x is actually in O(m;) NV — S; by Gga, this implies that 9; does not vanish at x, as
claimed.

We start by proving that mx(Y°) C W(e, 1,V); this will actually prove that mx(Y*°) C
Wi(e,1,V)—S, since the projection mx (Y°) avoids S. Let thus (x,£) be in Y°. Then, (x, £) is
in (L), and x isin Z (L) C V —S. We deduce by Gy and Lj that there exists i € {1,...,s}
such that x is in O(m;0;) N % (L).

Denote by I the defining ideal of ). By Lemma F.2, there exists a (P x P) matrix S
with entries in Q[X]y,0, such that jac(H;, e) = Sjac(F,e) over Q[X, L]u,»,/(F, ). Since, by
definition of Y°, jac(F, e + 1) has rank less than P at (x,£), we deduce that jac(H;,e + 1)
also has rank less than P at (x,£). Since H; is in normal form, we conclude that jac(h;, e+1)
has rank less than c at x. As a result, since x is in particular in O(m;)NV — S, Lemma A.10
shows that x is in W(e, 1, V).

Conversely, we prove that Wi(e,1,V) — S is contained in mx(Y°). Let thus x be in
W(e,1,V)—S. In view of our preliminary remarks, we know that there exists i € {1,..., s}
such that x is in O(m;9;). Since x is also in V' — 5, Lemma F.1 implies that x is in Z (L).
As a result, there exists € such that (x,£) is in Z(L). It remains to prove that jac(F,e + 1)
has rank less than P at (x, £).

By Ls, (x,£) is in fbr(V(H;),Q). On the other hand, as we saw above, there ex-
ists a (P x P) matrix S with entries in Q[X]y,0, such that jac(H;,e) = Sjac(F,e) over
Q[X, L]0, /(F,I). Thus, to prove that jac(F,e + 1) has rank less than P at (x,¥£), it is
enough to prove that

e the determinant of S does not vanish at x;

e jac(H;, e + 1) has rank less than P at (x,£).

We start with the first assertion. By properties Ly and C4, we deduce that jac(h;, e) has full
rank ¢ at x; the last statement in Lemma F.2 then implies that det(S) is non-zero at x, as
claimed. We now prove the second assertion. Because (m;, h;) is a chart of (V,Q,5), and
V' is d-equidimensional with finitely many singular points, one can apply Lemma A.10 to V'
and deduce that jac(h;, e + 1) has rank less than ¢ at x. Using again the fact that h; is the
X-component of H;, and that H; is in normal form, we deduce that jac(H;, e 4+ 1) has rank
less than P at (x,£), as requested.
At this stage, we have proved that

Wi(e,1,V)— S =7mx(Y°), with Y° = thr(V(F,G), Q) — 75" (S).

143



Next, we prove that Y° is finite and that jac(F,e) has full rank P at every point in Y°.

We saw above that W(e,1,V) — S is contained the union of the open sets O(m;0;) and
thus (by Lemma F.1) in %/ (L). Using again the global normal form property, one can apply
Proposition 5.9 and deduce that mx induces a bijection between Wi(e,1,V) — S and its
preimage mx' (W (e, 1,V) — S) N Z(L), so that in particular, 75 (W (e, 1,V) — S) N Z(L) is
finite; that lemma proves as well that jac(F,e) has maximal rank at any point of that set.
Applying 75" to both sides of the equality W (e, 1,V) — S = mx(Y°), and using the fact that
Y® is contained in Z(L), we deduce that 7' (W (e, 1,V) —S) N 2(L) = Y*, so we are done
with the claims above.

The fact that that jac(F,e) has full rank P at every point in Y° implies that Y° can be
rewritten as Y° = V2 _(F,Q)NV(G) —mx*(S). Now, the locally closed set V.2 (F,Q)NV(G)

reg reg
can be written as Vo, (F,Q)NV(G) = ZUT, with Z being its isolated points and T the union
of all components of positive dimension, and where the union is disjoint. As a consequence,
we have Y° = (Z — 75! (9)) U (T — 7% (S)). Now, if T — 75" (S) is not empty, it must be

infinite, so Y° being finite implies that Y° = Z — 7x'(9), and we are done. ]

As in the previous section, we define A = Q[T]/(g), and let F be the polynomials
F(vi, ..., Xet1, ..., Xn), that lie in A[X.11,..., Xy]. Recall that we assume that poly-
nomials F are given by a straight-line program I'; replacing all inputs X, ..., X by vy, ..., ve
in ', we obtain a straight-line program I' with coefficients in A that computes the polyno-
mials F.

The algorithm starts by checking whether % (L) is empty, using algorithm IsEmpty (Pro-
position K.1); the cost O°(N3*(E + N3)(D + k)rdé* + Nk25? + No?) of this step will be
negligible (or of the same order) compared to that of what follows. If % (L) is empty, we
return the zero-dimensional parametrization (1) that defines (by convention) the empty set,
and we are done.

We can thus assume that % (L) lies over ) and is d-equidimensional, so that W (e, 1, % (L))
is well-defined; we also assume that W(e, 1, % (L)) is finite and that (L; W (e, 1,% (L))) has
a global normal form. In particular, all singular points of % (L) are contained in S = Z(.¥)
by Lemma A.12, so they are in finite number.

Let G be the set of P-minors of jac(F,e 4+ 1) and denote by Z the isolated points of
Ve (F,Q)NV(G); then, Lemma .1 shows that

reg

Wi(e,1,% (L)) — S =nx(Z)—S.
Let us define the polynomials
é’ = G(Ul,...,ve,Xe+1,...,XN>

which lie in A[X.,1,...,Xy], as do the polynomials F. The definition of Z then shows that
it can be written as the disjoint union of the sets Z, = x(a) X (4, where « is a root of ¢ and

x(a) = (vi(a),...,ve(a)), and (, is the set of isolated points of V2, (Fo) NV (Ga).

To compute a zero-dimensional parametrization of W(e, 1,2 (L)) — S, we first call the
routine Solve _FG of Proposition J.30 with input ¢ and a straight-line program that evaluates
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F and G; this outputs zero-dimensional parametrizations over A for the sets ((a)q(a)=0, of
the form (g1, %), ..., (¢s, %s); each Z%; has the form %Z; = ((r;, Wiet1,- .-, Win), b;).
As in Proposition K.1, we can then define the zero-dimensional parametrizations

R; = ((r;,v1 mod ¢, ..., ve mod g;, W ey1, ..., wWinN),bH;),

so that (q1, %), - .., (¢s, Z,) are zero-dimensional parametrizations over A for the sets (Z,)q(a)=0-

Using Algorithms Descent from Lemma J.15 and Union from Lemma J.3, we obtain a
zero-dimensional parametrization %’ with coefficients in Q that defines the union of these
sets, that is, Z.

Next, we use the routine Projection of Lemma J.5 to obtain a zero-dimensional para-
metrization of 7mx (Z). Finally, we use the routine Discard of Lemma J.2 to compute a
zero-dimensional parametrization of mx(Z) — S.

First, we establish the degree bound on W(e,1,% (L)) — S. Note that the degrees of
the polynomials in G and A are at most D' = N(D + k — 1), since G and A are minors
of size at most N of matrices with polynomial entries of degrees at most D + k — 1. By
Proposition J.30, we deduce that each (;, or equivalently each Z;, has degree at most 6§D’ ¢
Then, the finite set Z has degree at most k§D'?; the same holds for mx(Z) — S, and thus for
Wi(e,1,% (L)) — S. This concludes the proof for our degree bounds.

By differentiating every step in I', we deduce from it a straight-line program that com-
putes both F and its Jacobian matrix using O(N E) operations. There are

= (N _;_1) < (N —e—1)N-e1=P < yd

polynomials in G. Using Berkowitz’ determinant algorithm (which evaluates any minor in
G using O(N*) steps), we obtain a straight-line program I" evaluating F and G of length
E' = O(N%* + NE). As in the previous propositions, we evaluate X1,..., X, at vy,..., v,
in I”; this results in a straight-line program I" of length F’, with coefficients in A, for the
polynomials F and G. Using Proposition J.30 we deduce that we can run Algorithm Solve_FG
with input ¢ and IT” in
O (N*(tE' +tN + N*)D"r5>D"%)

operations in Q, with D” = max(D,D’) = max(D,N(D — 1+ k)). Since t < N9 we
deduce that tN < N and tE' = O(N? + NYTE). Using the obvious inequality
D+k—1<(k+1)D that holds for kK > 0 and D > 1, and its consequence D' < (k+1)DN,
we obtain

N3(tE' +tN + N°)D" = O(K(N***® + N E)D) = O(kN****ED)

and
D/2d < (k"— 1)2dN2dD2d.

Incorporating these inequalities in the above complexity estimate and using some straight-
forward simplifications, we obtain that the cost of the first step is bounded by

O~((k + 1)2d+1N4d+8ED2d+1/€252).
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Denoting by (q1, %1), - - ., (qs, %s) the zero-dimensional parametrizations returned by the first
step, the degree estimates given above show that each %; has degree at most §D’?. We deduce
that the cost of applying Algorithm Descent to any given pair (¢;, %;) is O"(Nx262D"*?), with
ki = deg(g;); the total cost adds up to a negligible O"(Nx262D"*%). The same estimate holds
for applying Algorithm Union; for Projection, the total cost is O"(N2x2§2D"%).

At this stage, we have a zero-dimensional parametrization of 7x(Z). Finally, Lemma J.2
shows that removing those points in Z that lie in S can be done in O"(N max(kdD'?, 7)?)
operations in Q; the extra cost is thus O (No?). Summing up these estimates, we obtain
the announced cost.

M Proof of Proposition 6.5

In this section, we prove Proposition 6.5. Let us repeat the definition of the main objects
it deals with: we consider a generalized Lagrange system L = (I, 2,.%) of type (k,n,p,e),
where T is a straight-line program of length E that computes polynomials F = (f f;, ... f;),
with f € Q[X] and f; € Q[X,Ly,...,L;] for 1 <i < k. Weletd =N —-e— P, D be
the maximum degree of the polynomials in f and § = Dg(k,e,n,p,D,D — 1). We write
Q=272(2)CCand S=7Z() C C" as well as k = deg(2) and o = deg(.¥).

With these definitions, we prove the following: There exists a probabilistic algorithm Fiber
which takes as input a generalized Lagrange system L = (I, 2,.%) of type (k,n,p,e) and a
zero-dimensional parametrization 2" of degree k", defining a finite set of points Q" C Ce*4
lying over Q = Z(2), and which returns either a zero-dimensional parametrization with
coefficients in Q or fail using

O (N*(NE 4 N*)Dr"*§? + No?)

operations in Q, using the notation introduced above. If either

o 7 (L) is empty,

o orfbr(%Z (L),Q") is finite and (L; tbr(% (L),Q")) has a global normal form,

then in case of success, the output of Fiber describes thr(% (L),Q") — S. In addition,
tbr(% (L),Q") — S has degree at most k"§.

Lemma M.1. Let Q C C° be a finite set and let V C C™ and S C C" be algebraic sets
lying over Q), with S finite.

Let further L = (I'; 2,.%) be a generalized Lagrange system, with V = % (L), Q = Z(2),
S =27(Y), Fin Q[X,L] as in Definition 5.3 and defined = N —e — P.

Let Q" C C“* be a finite set lying over Q and suppose that tbr(V, Q") is finite and that
(L; tbor(V, Q")) has the global normal form property. Let finally Z' be the isolated points of
fbr(Ve, (F,Q),Q"). Then, tbr(V,Q") — S =nx(Z") - S.

reg
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Proof. Let Y° be the locally closed set
for(fbr(V (F), Q). Q") — mx' ().

We first prove that fbr(V, Q") — S = mx(Y°). Note from the outset that Y° can be rewritten
as Y° = or(7(L), Q).

Since there exists a global normal form for (L; fbr(V, Q")) and fbr(V, Q") is finite, we can
prove as in Lemma L..1 that fbr(V, Q") — S is contained in % (L), and thus that fbr(V, Q") —S
is contained in fbr(% (L),Q"). On the other hand, % (L) is contained in V' — S, so that
for(% (L), Q") is contained in fbr(V, Q") — S; we can thus conclude that fhr(V,Q") — S =

tbr(% (L),Q"). As a consequence, we get, as claimed above:

r(V,Q") — S = for(%(L)

= fhr(mx(2(L)),

= mx(thr(2(L),Q
(Y°).

= ’ﬂ'X

To conclude, it will thus be enough to prove that Y° = Z’ — 7' (S). We start by proving
that proving that Y° is finite and that jac(F,e) has full rank P at every point in Y°.

Using again the global normal form property, one can apply Proposition 5.9, to deduce
that fbr(Z(L), Q") is in one-to-one correspondence with fbr(% (L), Q"). Since fbr( (L),Q") =
fbr(V, Q") — S, and fbr(V, Q") is finite by assumption, we deduce that Y° = fbr(2(L), Q") is
finite. Using again Proposition 5.9, we also conclude that jac(F, e) has maximal rank at any
point in (L) and thus in particular at every point in Y°; our claims above are thus proved.

As in the proof of Lemma L.1, the latter fact implies that we can rewrite Y° as Y° =
for(Ve (F,Q), Q") — nx'(S), and the fact that Y° is finite allows us to prove that Y° =
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AR 7rX1(S) where Z’ is the set of isolated points of fbr(Ve (F,Q),Q"). O

reg

As in the previous propositions, we start by checking whether % (L) is empty, using
algorithm IsEmpty; the cost is O"(N3(E + N3)(D + k)ké* + Nk25% + No?). If % (L) is empty,
we return the zero-dimensional parametrization that defines the empty set, and we are done.

Else, we can assume that fbr(%(L),Q") is finite and that (L;fbr(%(L),Q")) has a
global normal form. We are thus under the assumptions of Lemma M.1. If we define as
in that lemma the set Z/ C C¥ as the set of isolated points of fbr(V.2,(F,Q),Q"), then

reg

that lemma shows that ftbr(%(L),Q") — S = mx(Z’) — S. Because Q" lies over @, the set
tbr(Ve, (F, @), Q") can be rewritten as the set of all points in V(F) that lie over Q" and at

reg

which Jac(F e) has full rank P.
Let us write 2" = ((¢, vy, ..., v, q), [’) and define the product of fields A" = Q[T]/(¢'), as
well as the polynomials F = F (v}, ..., v, Xei1,..., Xy) in A'[Xeyq,..., Xy]|. We also define

y el

the polynomials G = (Geiq, ..., Gerq), with, for all i, G; = X; — vl € A'[X .1, e ,XN]._For
a root a of ¢/, let us then write (& C CY=¢ for the set of isolated points of V2 (F,) NV (G,),

reg

and write Z/, = (vj(a),...,v.(a)) x ¢!, C CN. Then, using the last remark in the previous

paragraph, one verifies that Z’ is the disjoint union of the sets Z/,, for a a root of ¢'.

147



Since all polynomials G have degree 1, Proposition J.30 applied to F and G implies that
each ¢, has degree at most d; this is thus also the case for the sets Z/), so that Z’ has degree
at most k”0. This implies that the same inequality also holds for fbr(% (L), Q") — S, as
claimed.

To compute a zero-dimensional parametrization encoding fbr(% (L), Q") — S, we first call
the routine Solve_FG of Proposition J.30 with input ¢’ and a straight-line program that evalu-
ates F and G; this outputs zero-dimensional parametrizations over A’ for the sets (¢})q(a)=0
of the form (¢}, %), ..., (d,, %s); each %; has the form Z; = ((r;, Wiet1, ..., WinN),b;)-

We continue as in the previous proposition: we define the zero-dimensional parametriza-
tions Z. = ((r;,v; mod ¢, ...,v, mod ¢}, Wi ct1,-.., W nN),H;), so that (¢}, %), ..., (d, %)
are zero-dimensional parametrizations over A’ for the sets (Z,)q (a)=0-

Using Algorithms Descent from Lemma J.15 and Union from Lemma J.3, we obtain a zero-
dimensional parametrization %’ with coefficients in Q that defines the union Z’ of these sets.
Next, we use routine Projection of Lemma J.5 to obtain a zero-dimensional parametrization
of mx (Z’), and Discard of Lemma J.2 to compute a zero-dimensional parametrization of
Y X(Z’) - S.

From the straight line program I' for F, we can deduce a straight-line program I' over
A’ for both F and G: we substitute as usual X;,..., X, by v},...,v,, and we add O(N)
operations that compute the equations X; — v}, for i = e+1,...,e+d. Since all polynomials
in F and G have degree at most D, and since G contains at most N polynomials, the cost
given by Proposition J.30 is O"(N3(NE + N3)Dk"§%) operations in Q.

Because all parametrizations %; have degree at most 9, the cost of applying Descent and
Union is O"(INk"?62), and the cost of applying Projection is O"(N?k"?6%). Applying Discard
takes O7(N max(k”d,0)?) operations in Q at most which is bounded by O™ (N(k"§ + 0)?).
Summing up the costs of all these steps yields the announced result.

N Proof of Proposition 7.1

This section is devoted to prove of Proposition 7.1, which establishes the correctness of algo-
rithm MainRoadmaplagrange. In Subsection 4.2, we defined a binary tree .7 that describes
the trace of algorithm RoadmapRec, with nodes denoted by 7. We reuse this construction
for Proposition 7.1, whose statement is as follows.

Consider polynomials £ = fi,..., f, in Q[Xy,...,X,], given by a straight-line program
I', that define a reduced reqular sequence.

Suppose that V.= V(f) C C" has finitely many singular points and that V(f) N R" is
bounded. Consider also a zero-dimensional parametrization 6y that describes a finite set
Cy C C™.

Suppose that the matrices (A;)r internal node of 7 Satisfy the assumptions of Theorem 4.1.
Then, there exists a family of non-empty Zariski open sets & . C CI, for T an internal node
of 7, such that the following holds.

Consider vectors (Ur)r internal node of 7, With u, in QT for all 7. If, for all internal
nodes 7 of 7, u, is in ., A, and u, are used in the corresponding recursive call of
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RoadmapReclagrange, and if all calls to subroutines such as Union, Projection, Wy, Lift are
successful, then MainRoadmaplLagrange(I', 6y) returns a roadmap of (V,Cy).

The algorithm MainRoadmaplagrange performs a call to RoadmapRecLagrange, just as the
abstract algorithm MainRoadmap does to RoadmapRec. We already established correctness
of RoadmapRec through Theorem 4.1, where we defined the Zariski open sets ¢, C GL(n, e,)
for 7 an internal node of 7.

The strategy of our proof of correctness for RoadmapReclLagrange is then to prove that
it computes the same objects as RoadmapRec, assuming in the whole section that we take
d = |(d+ 3)/2]. We prove that this claim holds if A, is in ¢, for all internal nodes 7 of
7, and if the vector u, is well-chosen. As we previously did, we proceed by induction on
the depth of 7. We will introduce an induction assumption which is the counterpart of the
induction assumption T given in Subsection E.1; proving this new property at a node 7 will
now depend on the choice of vector u,.

N.1 Basic constructions

Let us start by reviewing the construction of the objects attached to the binary tree 7. Let I’
and 6, be the input of MainRoadmapLagrange, where I' computes polynomials f = (fi,..., f,)
in Q[X1,...,X,], that define V' = V(f) C C™. We suppose that f forms a reduced regular
sequence, that sing(V) is finite and V N R™ is bounded. Let finally d = n — p and 1) be the
atlas of (V, e, sing(V')) given by @ = (¢), with ¢ = (1, f).

As in MainRoadmaplagrange, we define

. = SingularPoints(I") and ¢ = Union(%),.7),

so that I' and ¥ are the input to the recursive algorithm RoadmapReclLagrange; thus, we
have that C' = Z(%) satisfies C = Cy U sing(V), with Cy = Z(%). Accordingly, on input
(V,Cy), algorithm MainRoadmap indeed calls RoadmapRec with input V' and C.

Each node 7 of the tree .7 is labelled by integers (d,, ;). Let now (A;)r internal node of 7 b€
a family of matrices, with A, in GL(n, e,, Q) for all 7. We saw in the proof of Theorem 4.1
that there exist non-empty Zariski open sets 4, C GL(n,e,) for all internal nodes 7 of .7,
with the following properties: Suppose that A, belongs to ¢, for all internal nodes 7 of 7.
Then, we associate to each node 7 of .7 the objects (V;, @, S, C-,%,), which satisfy the
following:

t;. @, is a finite subset of C°" and S, C; are finite subsets of C";
to. V., S, C; lie over QQ;;

t3. either V, is empty, or V, lies over (), and is d,-equidimensional with finitely many
singular points, in which case % is an atlas of (V,,Q,, S;);

t4. the inclusion S, C C; holds.
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In addition, in these conditions, algorithm MainRoadmap returns a roadmap of its input
(V,Cp). In algorithm RoadmapRec, we also defined algebraic sets B,,Q”,CL,C! W, =
W (er,d,, VA7) and V" = fbr(VA~, Q").

In what follows, as in the statement of Proposition 7.1, we assume that A, indeed belongs
to ¢, for all internal nodes 7 of .7, so that the above conclusions hold.

For the analysis of RoadmapRecLagrange, we now associate to each node 7 of .7 a family
of algebraic sets %, all contained in V; this will allow us to specify some global normal form
properties that will be needed below (see property t}).

We start by leaves, since it is then straightforward: for these nodes, %; is empty. Consider
next two internal nodes 7, k in .7, such that & is one of the descendants of 7 (we count 7 as
one of its own descendants), and let 74 = 7,...,7,, = k be the path from 7 to k in 7. Let
further B, , = A, --- A, € GL(n,Q) be the product of all matrices from 7 to s, so that
applying the inverse of B, puts the geometric objects associated to x in the coordinate
system considered at 7. Then, we define

Do = {WEF, Wiew, 1LWB, (W, QO57, VP

Finally, for a given node 7 of .7, we denote by #; the union of all %7, for £ a descendant of
7. By construction, % is thus a finite family of algebraic sets, that are all contained in V.
It is important to note that the sets %, only depend on the input (V,C') and the changes of
variables A ;. Note as well that for an internal node 7, % is the union of

o the sets WAT | W (e, 1WA, for(W,, QA VAT,

—1 —1
e the sets @/fT and ?;7/71,}7 , where 7" and 7" are the children of 7.

In particular, if 7 is an internal node of .7 and 7/, 7" are its children, then %, and %, are
both contained in %A

N.2 Genericity assumptions

The computations performed by RoadmapRecLagrange on input (I', ¢) can be described using
a binary tree; as one should expect, we will verify below that this is the same tree .7 as for
RoadmapRec. We will indeed associate to each node 7 of the tree .7 a type (k.,n,, p,,e,),
defining k., n, and p, inductively (e, was defined before); we will then see that, when the
random choices made in the algorithm are lucky, tracing RoadmapRecLagrange amounts to
associating to each 7 € 7 a generalized Lagrange system L. of type (k,,n,, p-,e;).

Let us first define the integers k,, n, and p,. At the root p, we set k, = 0, n, = (n),
P, = (p). Suppose then that 7 has type (k.,n., pr,e;), with n, = (n,,n.1,...,n., ) and
pr = (Dr,Pr1,-- -, Prk. ), and write as usual

NT:nT+nT,1+"'+nT,kT and PT:pT—f—pT,l"}_""f’pT,kT-

Then, if 7 is an internal node of .7, we define the types at his two children as follows:
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e the left child 7 has type (k,, 0., p,,e.), with

k‘q—/ = kT + 1, n, = (TLT,TZT?I, . 7nT,k77P7>;
Pr = (p’rap’r,l) B 7pT,k’-r,N7- — €r — dT + 1)

with d. = | (d, + 3)/2]; recall that in this case, we defined d,, = d.—1and e, = e,
e the right child 7 has type (k.», 0, pyr,e.n), with
hw = ks, M =1, P =Py
in this case, we defined previously d,» = d, — (CZT —1) and e;» = e, + d. —1.

In particular, we deduce inductively that, for all 7, n, = n and p, = p hold, and that the
indices d, and e, associated to node 7 satisfy d, = N, —e, — P,.

As for algorithm RoadmapRec, the node corresponding to the recursive call at Step 11
is the left child 7/, and the node corresponding to the recursive call at Step 13 is the right
child 7.

Consider now vectors (U;)r internal node of 7, With u, in Q** for all 7. Proof of existence of
the Zariski open sets (£, ) will be done by induction on the node 7 of .7, with the following
induction assumption.

T’ : There exists a family of non-empty Zariski open sets (.£7)# proper ancestor of r» With &z
in C™ for all 7, and with the following properties. Suppose that u: belongs to .# >
for all proper ancestors 7 of 7. Then to the node 7 are associated the objects (L, ),
such that:

t). L, = (I'y, 2,,%) is a generalized Lagrange system of type (k,,n.,p,,e,;) and
%, is a zero-dimensional parametrization;

t Vo =%(L,), Q, =2(2;), S; = Z(S) and C, = Z(%,);
and, if V. is not empty, then

t5. (L.;%;) admits a global normal form ¢,;
t,. the atlas of (V,, @, S;) associated with ¢_ is 1. .

We claim that the root p of .7 satisfies T". Indeed, following algorithm MainRoadmapLagrange,
we take L, = (I, (),.”) and 6, = €. Then, Proposition 5.10 implies that T" holds at the
root p of 7, with global normal form ¢, = ((1, 1, f, f)).

Suppose now that that an internal node 7 satisfies T’. We define the subset .#, of Cf~
as follows:

e If u: belongs to .- for all proper ancestors 7 of 7, and if V, is empty, we take
S .= Ch.
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e If u; belongs to .#; for all proper ancestors 7 of 7, and if V, is not empty, the
sets V;, Q;, S;, the atlas 1, the integer d., the change of variable A., the gen-
eralized Lagrange system L., its normal form ¢_ and the algebraic sets %, satisfy
the assumptions of Proposition 5.13, so that we can let .. be the Zariski open set
I (L, A, %) C C defined in that proposition. Remark that the assumptions

of this proposition require that WA+ ' belong to %;; this is the case by construction.

e Else, we take .#, = CFr.

Lemma N.1. If 7 is an internal node that satisfies T' and if the calls to all subroutines
Union, Projection, Wy, Fiber, Lift are successful, the children ™" and 7" of T satisfy T.

Proof. To prove T’ at either 7" or 7", we assume that u; belongs to . for all ancestors 7 of
7, including 7 itself. In particular, we are in one of the first two cases in the previous case
discussion.

Because 7 is an internal node, we know that we are not in the case d < 1, so that we
need only consider steps from 2 on in the algorithm. In all that follows, we assume that the
calls to all subroutines Union, Projection, W1, Fiber, Lift are successful. First, we prove that
all objects computed by RoadmapRecLagrange match the quantities defined in RoadmapRec.

oV, =% (L,), Qr = 2(2,), S, = Z(.F,) and C, = Z(%,).

These are true by assumption T’ for 7.

e [/ is a generalized Lagrange system of type (k,/,n., p.,e.) such that 2 (L)) = W..

The claim on the type of L. follows from our inductive definition of the type, together
with Lemma 5.12. The second claim is obtained through a case discussion:
— If V, is empty, V! = W, is empty as well; on the other hand, since V, = % (L),
the construction of L’ implies that % (L) is empty.

— If V. is not empty, our assumption on u, shows that we can apply the results
of Proposition 5.13, which implies the claim. In addition, if W, is not empty,
(LL; %A — {W,}) admits a global normal form, and the associated atlas of
(WT7 QT) S?T> is Watlas(’l/)fT’ K—AT, QT? 5?77 dr)u that iS7 ’l»br"

e W, (L) is a zero-dimensional parametrization of W(e,, 1, W, ) — Z(A").

All we need to do is to verify that the assumptions of Proposition 6.4 are satisfied,

remembering that % (L.) = W..

— If W, is empty, this is clear.
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— Because B; is finite (Lemma E.1), K(e,,1,W;) = K(e,, 1, % (L)) is finite, which
in turn implies that W(e,, 1,2 (L.)) is finite. The other point to verify is that
(L, W(e,,1,% (L.))) has a global normal form; this is because (L. ; %A —{W,})

admits a global normal form, and %A~ — {W,} contains W (e,, 1, % (L.)).

o /(%) = B,.

Since we know that Z(#A7) = SA7 and Z(6A7) = CA7, we deduce from the previous
item that Z(4%,) is the union of W(e,, 1,W,) — SA~ and CA-. Also by assumption
T on 7, S, is contained in C;; thus, after applying A, we deduce that Z(4,) is the
union of W(e,, 1, W,) and CA~.

Now, we claim that sing(WW;) is contained in S2+ (and thus in C*7): this is obvious if
W, is empty; else, using Lemma A.12, this is because W, is (d, — 1)-equidimensional
and v, is an atlas of (W, Q,, SA7).

The difference K (e,, 1, W,) — W(e,, 1,W,) is contained in sing(W,), and thus in C4~.
As a result, we finally conclude that Z(%,) is the union of K(e,, 1, W,) and CA~, that
is, B,.

° 2(2) = Q7.

This follows from the previous item, by projecting on Cer+dr—1,

o 2(¥') =C".

The right-hand side is equal to CA~ U fbr(W,, Q”). For the left-hand side, remember
that Z(27) = Q”, and that Z(¢") = CA* U Fiber(L", 2"). Let us then verify that the
assumptions of Proposition 6.5 applied to L. and 27 are satisfied, keeping in mind
that W, = % (L.):

— If W, is empty, this is clear.
— If W, is not empty, this is because fbr(W,, Q") is finite, and
(L7, tbr(W7, Q7))

has the global normal form property (because (L’ ; %A — {W,}) admits a global
normal form, and #A~ — {W,} contains fbr(W,, Q")).

As a result, Fiber(L!, 2”) returns a zero-dimensional parametrization of fbr(W., Q7)) —
SA~. Since we saw above that SA is contained in C2A+ we conclude that CA~ U
Fiber(L!, 2") defines CA~ U fbr(W,, Q”). As was pointed out above, this is enough to
conclude.
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(¢! =C".
This follows directly from the specifications of Lift.

Z(#1) = SA U br(W,, Q1.
This is the same argument as in the proof that Z(%6”) = C", replacing CA™ by SA+.

Z(7) = hr(SA U, Q).

Again, this follows from the specifications of Lift.

L” is a generalized Lagrange system of type (k,», 0., p,»,e,) such that 2 (L") = V.
The claim on the type of L” follows from our inductive definition of the type, together
with Lemma 5.15. The second claim is obtained through a case discussion:

— If V, is empty, then V| which is a section of it, is empty as well. Since we have
V. = % (L,), we deduce from Definition 5.5 that fbr(V(F,),Q,) is contained in
7T)_(1(S7-), where F, are the polynomials computed by I',. We will now prove that
the definition of L7 = F Lagrange(LfT, 2" ") given in 5.14 implies that % (L”) is
empty, which is what we have to establish.

Since we saw that Z(27) = @7, our claim is equivalent to

for(V (F77), Q)

T

being contained in mx' (Z(-#")), where we saw that
Z(.7") = thr(SAUW,, Q).
By assumption t; for 7, Q7 lies over ). Take

(x,£) € thr(V(F27), Q7).

T

Then, (xA7, €) is in fbr(V(F,),Q"). Then previous remark shows that (xA7 )
is in fbr(V(F,),Q,), so that the assumption that V; is empty implies that x*7 '
is in S;; equivalently, x is in SA7. Since x lies over )7, we deduce that x is in

fbr(SA,Q”), and thus in Z(.%"), as claimed.

— If V; is not empty, the algebraic sets V., Q., S;, the atlas 1), the integer d., the
change of variable A, the parametrizations 2 and ., the generalized Lagrange
system L., its normal form ¢_, the algebraic sets %, satisfy the assumptions of
Proposition 5.16. (Remark that the assumptions of this proposition require that

—1
|4 A7 belong to %,; this is the case by construction).

Then, that proposition proves our claim. In addition, (L”, #A~ — {V"}) admits
a global normal form whose atlas is

Fatlas(,lpra K—AT7 QT7 Sq‘—AT7 Q;)
that iS, 'lpT//.
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We can now prove that 7/ satisfies T'. We already saw that the type of L, = L! is as
claimed. Since in addition we have by definition €, = €, and this set has dimension zero,
we deduce that t] holds at 7.

To prove t), notice that we have already seen that V., = W, coincides with % (L,/) =
% (L.). By construction, Q. = @., and by assumption T for 7, Q, = Z(Z2,); since 2, =
2., we deduce that Q. = Z(2,). Similarly, S, = SA7, and by assumption T for 7,
S, = Z(S). Since S = A we obtain S = Z(.%). Finally, we saw above that
Z(¢!) = C., or equivalently Z(%,/) = C... Thus, t} is proved.

Suppose finally that W, = V,+ is not empty. We saw above that (L”; Z* —{W,}) admits
a global normal form whose atlas is .. Because % is contained in Z/A — {W,}, this proves
at once tj and t,. So, we are done for 7'.

To conclude, we prove that 7”7 satisfies T’. As in the case of 7/, we saw above that the
type of L.» = L” is as claimed. Since in addition we have €,» = €, and this set has
dimension zero, we deduce that tj holds at 7”.

To prove t, at 77, we have to establish the equalities Vv = % (L.»), Qv = Z(L2yn),
Sy = Z(Fn) and Crv = Z(€,»). The first two items were proved above. Next, we have
to prove that S,» = Z(.%n), or equivalently fbr(SA~ U W,, Q") = Z(#,): this was proved
above as well. Finally, we need to prove that C.» = Z(%,~), or equivalently C” = Z(%€"):
this was also proved above. Thus, t} is proved.

Suppose in addition that V” = V,» is not empty. We saw above that (L”; ZA — {V"})
admits a global normal form whose atlas is ... Because %~ is contained in A — {V"},
this proves at once t; and tj. Thus, 77 satisfies T and the lemma is proved. ]

N.3 Proof of the proposition

Repeated applications of the previous lemma allow us to define a family of non-empty Zariski
open sets .#, C GL(n, e, ), for 7 internal node of .7, for which all nodes of 7 satisfy property
T.

If, as Proposition 7.1, we assume that for all internal nodes 7 of .7, u, is in .¢,, property
T’ shows that we can associate to any node 7 of 7 a generalized Lagrange system L., that
defines the algebraic set V, considered when running RoadmapRec, when using the same
matrices A, as in RoadmapReclLagrange.

The only pending point to prove is that at the leaves 7 of the recursion, the behavior
of RoadmapReclLagrange agrees with that of RoadmapRec. Indeed, after we have reached the
leaves, going up the recursion tree simply amounts to performing changes of variables and
unions, for which there is no difficulty.

Let us then consider a leaf 7. By assumption, 7 satisfies T, so in particular % (L,) = V,
and either V, is empty or L, admits a global normal form (recall that #%; is empty at the
leaves). We can then apply Proposition 6.3, and deduce that we correctly return a one-
dimensional parametrization of V.

As a consequence, correctness follows from Theorem 4.1, and Proposition 7.1 is proved.
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O Proof of Proposition 7.2

Finally, we prove Proposition 7.2 whose statement is as follows.

Consider polynomials £ = fi,..., f, in Q[X4,...,X,] of degrees bounded by D, given by
a straight-line program I of length E, that define a reduced reqular sequence.

Suppose that V- = V(f) C C" has finitely many singular points and that V(f) N R™ is
bounded. Consider also a zero-dimensional parametrization 6y of degree p that describes a
finite set Cy C C™.

Suppose that all matrices A, and all vectors u, satisfy the assumptions of Proposition 7.1,
and that all calls to subroutines such as Union, Projection, Wy, Lift are successful. Then,
MainRoadmapLagrange(I', 60) either returns fail or returns a one-dimensional parametriza-
tion of degree bounded by

O (M163d(’fl 10g2 (n))2(2d+12 logy (d))(logQ(d)+6)D(2n+1)(10g2(d)+4))

usIng
O (MS 169dE(n 10g2 (n))6(2d+12 logz(d))(logz(d)+7)D3(2n+1)(10g2(d)+5))

arithmetic operations in Q, with d =n — p.

We start by establishing some elementary bounds on the number of variables and polyno-
mials in the generalized Lagrange systems considered during the recursive calls of RoadmapReclLagrange.

Next, we prove uniform degree bounds on the geometric objects represented by gener-
alized Lagrange systems and zero-dimensional parametrizations computed at Steps (5-10)
of RoadmapReclLagrange. This enables us to deduce bounds on the degree of the output
roadmap and, consequently, bounds on the size of the output.

Finally, we use these degree bounds to bound the cost of RoadmapReclLagrange, and thus
of MainRoadmaplLagrange. This mainly relies on algorithms SolveLagrange, W1 and Fiber
described in Propositions 6.3, 6.4 and 6.5 and the basic routines dealing with zero- and
one-dimensional parametrizations given in Section J.

O.1 Notation and auxiliary results

We first recall notation introduced in Section N, where we attached integers and data to
the nodes of the tree, and introduce further quantities. Then, we prove basic inequalities on
these quantities, that will be needed for the cost analysis.

0.1.1 Notation

In the whole section, we assume without loss of generality that the following inequalities

hold:

oen>2
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en—p>1
e D >2 (else, VN R" cannot satisfy the boundedness assumption).

Each node 7 of 7 is labelled with the following integers:

e d. (defined previously; it is the dimension of the current algebraic set),
e ¢, (defined previously; it is the number of variables assuming fixed values),

e h., which we define as the height of 7.

Since by assumption at any node 7 of .7, A, is in ¢, and u, is in .., and since all calls
to our various subroutines are successful, to each node 7 are also associated the following
objects and quantities:

e a generalized Lagrange system L, = (I';, 2,,.%),
e a zero-dimensional parametrization %,

e an integer E., which denotes the length of I'..
When 7 is not a leaf, the following objects are defined:

e zero-dimensional parametrizations %,, 27, €., €, 7!, .7, that are computed at
Steps 5-10;

e one-dimensional parametrizations Z., Z., %., respectively computed at Steps 11, 13
and returned at Step 14;

e generalized Lagrange systems L, L” constructed at Steps 4 and 12;

e algebraic sets %, introduced in the previous section for the collection of all geometric
objects associated to the descendants of 7;

e an integer d, = |(dr +3)/2];

e an integer k. and vectors of integers n, = (n,n,1, ..., Nk, ) and pr = (P, Dr1s - - Drk,)-
For i in {0,...,k,}, we define

- Ni,’r =n+ Zzzl Nre, and NT = NkT,T
- Pi,r =p+ Zézl DPre, and PT = Pkrﬂ'
— d; = N;» — e; — P, ;; note that we have d, = dj, ;.

When 7 is a leaf, the one-dimensional parametrization computed at Step 1 is denoted by Z,.
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0O.1.2 Some useful inequalities

We start with a technical but simple and useful lemma. It shows that the number of equations
and unknowns is at all times at most 2n?. In what follows, we use notation such as d,, E,, . ..
to denote the values of the various quantities seen above at the root.

Lemma O.1. Let 7 be a node of 7. The following holds:
o kT S hT S [logZ(dP)—l

o £.< 4n4+210g2(dp)(Ep + 77,4)
o foriin{0,... k.}, we have:

- P7:,T+1 SNLT §21n

d
—dir < F+1;

so, in particular, d, < QdT”T + 1.

Proof. The fact that h, < [log,(d,)] is true by construction, for all nodes 7. Our reasoning
for the other inequalities is by increasing induction on the height of 7. We actually prove a
slightly stronger form of the upper bound on E., which reads

E, < (3n*)""E, + 4"ptt2h
Note that this inequality implies that
ET S <4n2)hTEp + 4th4+2hT S (4n2)hT (Ep + TL4) S 4n4+210g2(dp)(Ep + n4)’

since h, < [logy(d,)] < 14 logy(d,).

At the root 7 = p, all inequalities are immediate, except for the case i =0 of P, +1 <
N;.» < 2'n (which is the only one we have to consider); this is equivalent to n —p > 1, which
is true by assumption.

Let now 7 be a node of 7. Assume that it satisfies the induction assumption, and that
it is not a leaf; then, it has a left child 7/ and a right child 7”.

Let us work with 7/ first. By Definition 5.11, we have k. = k. + 1; since we have k. < h,
by induction, and h,» = h, + 1 by definition, we deduce that k., < h,,. Thus, the first item
is proved.

Next, since h,s = h, + 1, we have to establish E., < (3n?)h1E, 4 4hrtipit2(hrtl)
Propagating partial derivatives in the forward manner, we would obtain that one can evaluate
F. and all its partial derivatives within 4N, E, operations; however, using the reverse mode
as in Baur-Strassen’s algorithm [15], the cost reduces to 3P, E, < 3N, E;.

Multiplying on the right jac(F., e, + d;) with a vector of P, variables costs at most
2N, P. operations; a final 2P, operations come from the cost of computing the affine form in
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Wiagrange (L, Ur, d;) Using the induction assumption, we have N, < n? and 2N, P, + 2P, <
2n*: we deduce that

E. <3N,E, + 2N, P, + 2P, < 3n*((3n*)"" E, + 4" n**2") 4 2n*,

which implies that
ET’ S (3n2)h7—+1Ep + 3. 4h7—n4+2(h7—+1) + 2”4.

Now, since n > 2, we have the upper bound 2n* < n*+2(=+1): ysing the inequality 3-4"7+1 <
4h=+1 " we conclude that Ep < (3n?)hr+! 4 4hrtind+2(h:+1) a5 vequested. This proves the
second point for 7.

For the third item, using again Definition 5.11, we have N; ; = N, .» and P, , = P, » for i
in {0,...,k;}, as well as e, = e,; in particular, the only new inequalities we have to prove
are for index i = k, + 1.

We first prove that Py 1 +1 < N 41 < 2k +1lp. By Lemma 5.12, we have

Nk‘,—+1,7/:NT+pT and Pk7—+1,T/ :NT+PT_67_JT+1

with d, = L@J > 2 (Step 3). We deduce that Py i1, +1 < Ni_41,. On the other
hand, by our induction assumption P, + 1 < N, < 2*n2?, we deduce that N 41 < Qkrtlp,
Finally, note that

. d.+1 _d, 1 d, 1\ 1 _ 4,
< — — < — - < 1
2 J—2+2—(2k7+1+2)+2—2k7+1+’

as requested. Thus, we are done with 7.

Proving the inequalities for 7”7 is done with a similar reasoning: we use instead Defi-
nition 5.14 and Lemma 5.15 which imply that k,» = k,; since h,» = h, + 1, we obtain
k. < h.n. Next, we need to establish that E.» < (3n2)hr 4% n4+2hr - This is immediate
since by definition of L,~, we have F.» = E. and h,» = h, + 1.

Finally, we have P,,» = P,, and N;,» = N;, for i in {0,...,k;}, so the inequalities
P,+1<N;; < 2'n remain true. We also have d.» = d, — (JT — 1) <3 dz- since we supposed
thatd_z,L,anth//—h —|—1weobta1ndu<h,,+1 O

Lemma O.2. Let 7 be an internal node of 7. Then, the following inequality holds:
dp
N < ()7

Proof. By the prev1ous lemma, we have that k, < h,, that N, is bounded by 2*n, and that
d, is bounded by £ + 1. We deduce that

N < (2hrn) 5  < (o)t

Now, since 7 is an internal node, we actually have h, < [log,(d,)] —1 < log,(d,), so we have
2h < d, <n. O
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0.2 Uniform degree bounds

We use the following notation for the degrees of various objects (when they are defined): for
any node T,
o i, i and p” are the degrees of respectively Z(6,), Z(¢!) and Z(€!);

T

e . and k! are the degrees of respectively Z(2,) and Z(2Y)

e 0., 0, and o/ are the degrees of respectively Z(.%,), Z(#!) and Z(.%");

B, is the degree of Z(4,);
e 7, is the degree of Fiber(L., 27);
e 0, =Dg(k,,e.,n.,p;,D,D — 1) (see Definition 6.1).

If 7 is an internal node and 7/, 7" are its children, then by construction, 2, = 2, and
S = LA 50 (Ky,00) = (Kr,0,); similarly, we have 2.» = 27 and S = %", so
(Kpn,001) = (K2, 07). Note also that €, = €. and €,» = ¢/, which implies that p,» = p.
and pin = 1.

The goal of this paragraph is to establish uniform bounds on the degrees ., k., v, Br, 0r
and 0., for any node 7 of .7 where they are defined (if 7 is a leaf, only u,, k,, o, and 6,

are). Our bounds are expressed in terms of the quantities

S5 = 16dp+2n2dp+12log2(dp)Dn

and
C _ (Mp + Kp)162(dp+3)(n logQ(n))2(2dp+12log2(dp))(log2(dp)+4)D(2n+1)(log2(dp)+2).

Proposition O.3. Let 7 be a node of 7. Then the inequalities
0, <0 and pr, k0 <

hold. If T is an internal node, we also have v, 3, < . If 7 is a leaf, the output of
Solvelagrange(L,) has degree at most ¢9.

The proof of the above result will occupy most of this paragraph. We start by proving
the inequality 0, < § and next we establish a recurrence formula on the quantities 3,, ~,,
lr + Ky, 0, when 7 varies as a node of .7 (Lemma O.5 below), as a key ingredient for the
proof of Proposition O.3.

Lemma O.4. Let 7 be a node of . Then, the inequality 6, < § holds.
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Proof. Using the definition of §, = Dg(k,,e,,n,,p,, D, D — 1) given in Definition 6.1, we
can rewrite the left-hand side as

kr—1
57_ _ (PT + 1) Dp( n er—p H Nl+217—7_ er— zr.
We will prove that
kr—1
(PT + 1) Dp( n er—p H N2+z17-7- er—Pi-—p < 16d +2 2d,+3logy(dy )+8Dn;

from that, our conclusion will follow, since 3log,(d,) + 8 < 12log,(d,) holds if d, > 2
(if d, = 1, the upper bound we wish to establish is clearly true). Since e, > 0, we get
DP(D — 1)"¢~P < D". Thus, it remains to establish

kr—1
k- i, €1 — 7.7— d,+2_2d,+31o d,)+8
1) H NerlT < 16% 12 2dot3logs(dp) 48

which is what we do now Lemma O.1 implies that for ¢ in {0,...,k.} we have P,, + 1 <
N;, < 2'n and d; § £ +1, with d; = N;; —e; — P ;. Recall also that N, = N;. As a
consequence, we get

kr—1 ko1 -
et 1 H NZJFZ{T T = Nk H 21“ z @ < (Qan)m H (2i+1n)62l*5+1
i=0

< zmmzigo 1(z+1>dff 2kt

Straightforward computations show that

kr—1 d kr—1 d
E 4 E . P
- 5 S 2dp and izo (Z + 1) 5 S 4dp

We deduce that -

kr i,r—er—F; - Ad,+k2+kr, 2d,+2k,
(P4 1) HNZHT < QMo tRI+he 24,

and it remains to prove that 24dﬂ+k3+k7n2dﬂ+2kf < 16%+ 22 +31082(do) 8 Using k., < logy(d,)+
1 (Lemma O.1), one deduces that n2¥+2kr < p2det2lo82(dp)+2 - Using again k, < logg(d )+
1, we also deduce that 2% < 2n and 2+ < (2n)le2d)+1 which implies that ok +kr <
(2n)'e2(d)+2  This implies that

24dp+k‘z+k‘7 S 16dp (2n)10g2(d’))+2

and finally,

24d,]+k3+an2dp+2kT < 16d,,+log2(dp)+2 2dp+3logy(dp)+4

n

Noticing that 16%82(dp) < n*, we are done. O
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We can now establish the recurrence formula on the quantities 3,, v-, i + £+, 0, when
T varies as a node of 7.

Lemma O.5. Let 7 be an internal node of .7, and define

¢ = (712 10g2(”>D) e :

Then, letting 7' and " be respectively the left and right child of T, all the quantities 3., vy,
fort F Kgry flgn + K, 01, 0, 0" are at most 26%C, (i + kr).

Proof. We let L, be the generalized Lagrange system at node 7, and L’ be the one computed
at Step 4. Remark that, as pointed out before, the quantities pi,, i, K./, k. are respectively
equal to pl, u”, k., k”; we use the latter for the proof.

o [ < iy + KOG

By definition of & in Step 5 of Algorithm RoadmapReclLagrange, (. is bounded by the
sum of degrees of Wy (L) and €, (that is, fi.).

From Proposition 6.4, we deduce that the zero-dimensional parametrization returned
by Wi (L") has degree at most k.0 (N (D — 1+ kp))e .

We saw previously that x,» = k, and k., = k. + 1; then, we obtain that D — 1+ k. =
D + k,. We claim that we can use the upper bound D + k, < log,(n)D: if n < 4,
the only possible value for k;, is k, = 0, for which the claim clearly holds; otherwise,
because 7 is an internal node, k. < log,(n), and the inequality D +log,(n) < log,(n)D
holds for all D > 2. Moreover, we have d, < ;T”T + 1, so that (D — 1+ k:Tr)dT’ is at

d
most (1og2(n)D)2TpTH.

d
Next, we prove that fo " is at most (n2)2TpT If 7/ is an internal node, this is a

consequence of Lemma O.2 (since the lemma proves that this quantity is at most

_dp
(n?)2"+ 1 and h; > h.). Else, 7’ is a leaf, so that d,» = 1; in that case, we have the

inequality N, < 2n? from Lemma O.1, so our conclusion follows as well.

+1

Finally, .+ is bounded by & by Lemma O.4 so altogether, we get that k0. (N (D —
1+ k)% is at most

d
k6 (n”log,(n)D) it
This proves that
d
B, < iy + k8 (n*logy(n) D) 7

which we recognize as i, + k0.

o v < pr + KOG

We just proved that 5, = deg(%,) satisfies 5, < p, + k,0(;; on the other hand, by
construction, x” = deg(2Y) satisfies k! < f3,.
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Yo < 8(ptr + 1 0C,).

From Proposition 6.5, we deduce that
v, = deg(Fiber(L., 27))

satisfies v, < 6.k”. Since 0. < § by Lemma O.4, the previous bound on x! implies
that v, < 8(u, + k.0, ), as requested.

ty < pir + 6(pr + £0C).
The set Z(¢”) is the union of Z(%,) and Fiber(L’, 2”), so its cardinality yu/ is at

T

most i, + Yr.

pE < por 4 0(pr + £:0G).
This is because the set Z(%)) is a subset of Z(%).

pe A+ R < 287G (pr + Kir).

We know that u! < p. + 0(ur + £,:0¢;), and that kK = k., so that u. + k. <
tr + 6(pr + K-60¢) + Ky, which admits the upper bound given above.

(4 Kl < 287G (pr + Kr).

We know that u” < p.+6(pur +£,6¢) and k7 < pr +£:0C, so pl + K2 < 2p +6(pr +
k:0() + k:0(,, which admits the upper bound given above (since § > 2).

Or < fbr.
This is because we proved that Z(.#;) is contained in Z(%;).

0';— < 252€T(NT + /{T)'

This is because we proved that Z(.#) is contained in Z(%6.), so o, < u! < u’ + kL.

T

O-;-/ < 262CT(:LLT + HT)'

Same argument as above, for the inclusion Z(.%) C Z(¢").

At this stage, we are mostly done; we only need to verify that the bounds given for 5., =,
and o, are at most 252@(#7 + Kk, ), which is indeed the case. ]

of Proposition O.3. We proved in Lemma O.4 the inequality d, < §. Let next 7 be an
internal node of .7, with children 7" and 7”. We will prove below that 5., v;, i+, ks, 07, as
well as ./, K, 00 and pyn, k0, 000 are all at most ¢; this is enough to conclude, since it
covers the bounds for the two child nodes.
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Let v be a root-to-leaf path in .7 containing 7; we denote by 4’ the path obtained from ~y
by excluding the leaf it contains. Lemma O.5 implies that for any node v, and in particular 7,
all the quantities written above are at most

(tp + Kp) H 2¢,6°.
vey!

Our first step is to prove the following:

H QCV(SQ < 2n52(log2(dp)+1) (nQ IOgQ(H)D)de+log2(dp)+l ' (11>

vey'
Recall that, by Lemma O.5,

d
Cu = (n2 logZ(n)D) Qh%Jrl )

so that we have to give an upper bound on

H 26° (n”logy(n)D) - H (n*log,(n)D) oz :

vey! vey!

For the first product, since the depth of .7 is at most [logy(d,)], the number of nodes in 7/
is at most [logy(d,)] <log,(d,) + 1. Thus, the first product is at most

2n62(log2(dp)+1) (7’L2 10g2 (n)D)logz(dp)'H )

For the second product, remarking that ZVE'y’ QdTpu < 2d,, we obtain the upper bound
(n?logy(n) D)%, which ends the proof of (11).

Recall that § = 16%+2p2de+12l082(ds) D7 56 that
§2Uoga(dp)+1) 162(do+2)(loga(dp)+1) ), 2(2dp+12 1085 (dp)) (l0g (dp) +1) )2n(logs(dp)+1)

< 162(dp+2)n8(dp+2) n2(2dp+12 logs(dp))(logs(dp)+1) D2n(10g2(dp)+1) .

Using the crude upper bounds 2 < 162 and n < n®, we deduce that the left-hand side of (11)
is at most

162(do+3) 8(dp+3) ,2(2dp+12logs (dp)) (loga (dp)+1) py2n(logs(dp)+1) (nz logQ(n)D) 2dp+logy(dp)+1 ‘
We see that the exponent of D is at most (2n + 1)(log,(d,) + 2). Replacing both bases n

and n?log,(n) by (nlog,(n))?, we see that powers of n appearing in the previous expression
admit an upper bound of the form

(n 10g2 (n>)8(dp+3)+2(2dp+12 logy(dp))(loga(dp)+1)+2(2d,+1ogy (dp)+1) )
The exponent is at most 2(2d, + 121og,(d,))(log,(d,) +4), so the proof of our upper bounds
is complete.

It remains to deal with the degrees at the leaves: this is a direct consequence of the
degree bound in Proposition 6.3, together with the above bounds on x, and 9. O]
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Corollary O.6. Let 7 be a node of 7. Then the following inequalities hold.

Krdr < (pp+ np)163(df’+3) (n 10g2(n))2(2dp+1210g2(dp))(10g2(dp)+5)D(2N+1)(10g2(dp)+3)
5757—0'72— < (/'Lp + HP)S 167(dp+3) (n 10g2 (n))6(2dp+12 10g2(dp))(10g2(dp)+5)D3(2n+1)(10g2(dp)+3) )

Proof. By Proposition O.3, the quantities above admit the respective upper bounds ¢d, ¢4?
and ¢*8. Given the definitions of § and ¢, namely

6 — 16dp+2n2dp+12 10g2(dp)D’n
C = (,U/p + K/p) 162(dp+3) (n 1Og2 (n))2(2dp+12 10%2(dp))(1052(dp)+4)D(2"+1)(10g2 (dp)+2) ’

the bounds given in the corollary follow directly, using in particular the upper bound § <
16dp+3(n log2(n))QdﬁHmog?(dﬂ)D". 0

0.3 Runtime estimates for RoadmapReclLagrange

The goal of this paragraph is to prove the following bounds on the output degree and runtime
for RoadmapReclLagrange.

Proposition O.7. Let L, = (I',,(),.#,) be a generalized Lagrange system such that % (L,)
is d-equidimensional with finitely many singular points and % (L,) N R™ is bounded. Let €,
be a zero-dimensional parametrization encoding a finite set of points in C™. Assume that the
assumptions and inequalities stated in the introduction of Subsection O.1.1 hold, and that
Z(.#,) is contained in Z(E,).

Then, RoadmapRecLagrange((I',, (),-%,), €,) outputs a roadmap of (% (L,),Z(6,)) of de-
gree

O ((Mp + /ﬁp)163d(n 10g2(n>)2(2d+12logz(dp))(logz(dp)+5)D(2n+1)(log2(dp)+3))

using
O ((Mp + mp)3169dEp(n 1Og2(n))6(2d+12logz(dp))(logz(dp)+6)D3(2n+1)(10g2(dp)+4))
operations in Q.

Note that the number of nodes in .7 is O(n), because .7 is a binary tree of depth
bounded by [log,(d,)]. Thus, to bound the number of arithmetic operations of performed by
RoadmapReclagrange, it is enough to take n times a bound on the cost of each step. Because
all our bounds will involve a term that will be at least D", since we ignore polylogarithmic
factors, we can safely omit the extra factor n.

We bound the cost of each step using the uniform degree bounds given in Proposition O.3,
the complexity estimates of Subsection 6.2 for solving generalized Lagrange systems and the
complexity estimates of Subsections J.1 and J.2 of Section J for basic routines on parametriza-
tions.
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0.3.1 Analysis of Step 1

Lemma O.8. Under the above notation and assumptions, the total cost of all calls to Step
1 of RoadmapReclagrange on input (L,,€,) is

O ((,up + /ﬁp)3169d”Ep(n 10g2 (n>)6(2dp+12logQ(dp))(logQ(dp)H’))D3(2n+1)(10g2(dp)+4))
operations in Q.

Proof. Tt is enough to give a bound on the maximal cost of calling the routine Solvelagrange.
Since the assumptions of Proposition 6.3 are satisfied, so the cost of each call to SolveLagrange
is

O (NX(E, + N2)(D + k,)K26% + N, £,6,02) (12)
arithmetic operations in Q. By Lemma O.1, the following inequalities hold.
N, <2n% B, =0 (n*t?lel) (g, ")) and k&, < [logy(d,)].
This shows that O"(N3(E, + N2)(D + k,) lies in
R (nG(n4+210g2(dp)(Ep X n4))D) .
Using Corollary O.6, we have

'%7'57' < (Mp + Hp)163(dp+3) (TL 10g2 (n>)2(2d/3+12lng(dp))(IOgQ(dp)+5)D(2n+1)(10g2(dp)+3)

and
/{7_57_0-3 < (,up + /{p)3167(dp+3) (n 10g2 (n))6(2d9+12Ing(dp))(logQ(dp)+5)D3(2n+1)(10g2(dp)+3)‘
As argued previously, because the above bounds involve terms at least equal to D", polyno-

mial factors in n are omitted thanks to the soft-Oh notation. Then, using straightforward
simplifications, we obtain that (12) is

O ((Mp + /{p)3169(dp+3)Ep(n 10g2<n))6(2d0+12 logz(dp))(logQ(dp)-i-ﬁ)D3(2n+1)(10g2(dp)+4)) :

which is

O ((Mp + ,{p)3169d0 Ep (n 10g2 (n))6(2dp+12Ing(dp))(Ing(dp)‘Hs) D3(2”+1)(10g2(dp)+4)) )

0.3.2 Analysis of Steps 2—6

Lemma O.9. Under the above notation and assumptions, the total cost of all calls to Steps
2-6 of RoadmapReclagrange is

O ((:up + ,ip)2166dp Ep (n 10g2 (n>)4(2dp+12Ing(dp))(logz(dp)‘f‘mD2(2"+1)(10g2(dp)+4))

operations in Q.
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Proof. Steps 2—6 are performed for internal nodes of .7. Let 7 be such a node. Steps 2—4 per-
form changes of variables and construct generalized Lagrange systems; their computational
cost is negligible compared the cost of Steps 5 and 6.

Step 5 consists in computing %, = Union(W, (L"), ¢?). Remark that L, = L. Since
the assumptions of Proposition 6.4 are satisfied, the call Wy (L) uses

O (ks + 1>2d7,+1D2d7,+1N;lldﬂ+8ET%3,53/ i NTUE/) (13)

arithmetic operations in Q. To analyze the cost of the calls to Union (at Step 5) and
Projection (at Step 6), we use Lemmas J.3 and J.5, which state that these calls use O™ (N, x2)
and O"(N?k?2) arithmetic operations in Q. The costs of these calls are negligible compared
to cost of calling W; above.

As above, thanks to the soft-Oh notation, polynomial factors in n can be omitted in
complexity estimates where n appears as an exponent, so it is enough to give an upper
bound on the expression in (13). For the same reason, as in the proof of the previous lemma,
the contribution of £, will be n?82(4%) E -+ similarly, since N,» < 2n? (Lemma O.1), terms
polynomial in it can be neglected. Finally, by construction, d,/ is at most d, and k. is at
most [log,(d,)] < [logy(n)], by Lemma O.1 again.

Finally, the term o2 is negligible in front of x2,§2. Plugging these bounds in the above
complexity estimates, we obtain that the number of arithmetic operations used by the calls
to Wy lies in

O (([logy(n)] + 1) D*4 1 (202) e 082 B 7, 57,).

Using the upper bound [log,(n)] + 1 < 2log,(n), we see that this is
O~(26dpEp(n 10g2 (n)>8dp+2logQ(dp)D2dp+1/€‘2r/572_/).
Now, we can use the first bound given in Corollary O.6, which states that

ke < (pp + ,ip)163(dp+3)<n10g2(n))2(2dp+12logz(dp))(logz(dp)+5)D(2n+1)(log2(dp)+3).

this shows that the total running time is

O ((,up + /<Lp)2166dpEp(n 10g2 (n>)4(2dp+12logQ(dp))(logQ(dp)+6)D2(2n+1)(10g2(dp)+4)) .

0.3.3 Analysis of Steps 7-10

Lemma O.10. Under the above notation and assumptions, the total cost of all calls to Steps
7-10 of RoadmapRecLagrange is bounded from above by the total cost of all calls to Steps 2-6

Proof. Steps 7-10 are performed for internal nodes of .7; let 7 be such a node. Recall that
these steps consist in computing Fiber(L!, 2”), take its unions ¢’ and ./ with €A~ and
A respectively and compute ¢ = Lift(¢’, 2) and .7" = Lift(.7, 2").
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Denote by 7" and 7” the left and right children of 7 and observe that €’ = €,/, €/ = €,,

T

A = Z and S = . We deduce by Proposition O.3 that the degrees of all these
objects are at most (.

By Lemma J.6, the calls to Lift are polynomial in N, < 2n? (Lemma O.1) and quadratic
in the above degree bounds. The cost is thus at most that reported in the previous lemma,
since the estimate in (13) involved similar (and actually higher) costs. O

0.3.4 Analysis of Step 14

Lemma O.11. Under the above notation and assumptions, the total cost of all calls to Step
14 of RoadmapReclLagrange is bounded from above by the total cost of all calls to Step 1.

Proof. Step 14 is performed for internal nodes of .7; let 7 be such a node. The call to the
routine Union at Step 14 is linear in n and cubic in the maximum of the degrees of the
roadmaps computed at Steps 11 and 13 (Lemma J.8). The cost of Lemma O.8 involves a
cost that is at least as high, see Eq. (12). O

0.3.5 Proof of Proposition O.7

Let us summarize the complexity estimates established above

e Lemma O.8, the calls to Step 1 use
O (( 1, + /ﬁp)3169dp E,(n 1Og2(n))6(2dp+12logz(dp))(logz(dp)%) D3(2n+1)(log2(dp)+4))
operations in Q.
e Lemma 0.9 implies that all calls to Steps 2—6 use
O ((,up + /ip)2166d”Ep(n 10g2 (n>)4(2dp+12log2(dp))(log2(dp)+6)D2(2n+1)(10g2(dp)+4))
operations in Q.
e By Lemma O.10 and Lemma O.11, all other costs can be absorbed in the above bounds.

The cost from Step 1 is dominant, and gives the total reported in Proposition O.7. The
bound on the output degree follows from Proposition O.3 and Corollary O.6; removing
polylogarithmic factors, it becomes

(Np + ’fp) 163dp (n 10g2 (n))2(2d9+12 logy (dp))(loga(dp)+5) D(2n+1)(10g2 (dp)+3) ,

as claimed.
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0.4 Proof of the proposition
We finally estimate the complexity of MainRoadmaplLagrange. On input I' and %;, where

e [' is a straight-line program of length E evaluating a sequence of polynomials f =
(fi,---, fp) CQ[X,...,X,] of degree < D such that V (f) is d-equidimensional (with
d = n — p) with finitely many singular points, V' (f) N R" is bounded, and

e 4 is a zero-dimensional parametrization of degree i encoding a finite set of points in
V(f).

MainRoadmaplagrange starts by calling the routine SingularPoints (see Proposition J.35) to
compute a zero-dimensional parametrization .7, encoding the singular points of V(f) and
next performs a call to RoadmapReclLagrange with input (I',, (), .,), 6,, where €, is a zero-
dimensional parametrization encoding Z(%p) U Z(.%,).

By Proposition J.35, the call to SingularPoints uses

O (ED*™)

operations in Q and returns a zero-dimensional parametrization of degree bounded by nD?",
so we conclude that the degree of ¢, is bounded by p+nD?"; the call to Union takes quadratic
time in this degree (and polynomial time in n), so we can ignore it. Also, by construction
Z(2,) = {e}, hence k, = 1.

Using Proposition O.7, and after a few straightforward simplifications, we deduce that
the call to RoadmapRecLagrange on input (', (),.#,), €, outputs a one-dimensional para-
metrization of degree

O™ (116>% (n log, (n) )24+ 121082(d0)) (082 (d,)£6) [ (2n-+1) logs (d,)+4))

using
O (,u3 169d"E(n 1Og2(n))6(2d+12logQ(dp))(logz(dp)Jr?)D3(2n+1)(10g2(dp)+5))

operations in Q. Observing that d, = d ends the proof.
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Table of notations

At A

C

Cr.. G

€

2(L)

Dg(...)

Fatlzxs(’d): Vvy Qy Sy Q”)
fbr, tbr(V, Q)

FLagrange (L, 2",7")

G Tyevns Gs
%

glchart

EZ

EZ

%;hart

GL

g’

properties of atlases (Definition 2.3).

algebraically closed field.

properties of charts (Definition 2.2).
zero-dimensional parametrization encoding
control points for the main algorithm.

constructible set defined by the generalized
Lagrange system L (Definition 5.5).
degree bound (Definition 6.1).

atlas for fibers (Definition 3.6).

fiber V.N TI'JI(Q), for the canonical projection
7q: C" — C2

generalized Lagrange system (L, 2", ") that
defines the fiber of a projection (Defini-
tion 5.14).

properties of global normal forms (Defini-
tion 5.8).

non-empty Zariski open defined in Proposi-
tion 3.4.

non-empty  Zariski  open  defined in
Lemma B.12.

non-empty Zariski open defined in Proposi-
tion 3.5.

non-empty Zariski open defined in Proposi-
tion 3.7.

non-empty  Zariski open  defined in
Lemma C.1.

invertible matrices; dimension is given as an
argument.

non-empty Zariski open defined in Proposi-
tion B.1.

non-empty  Zariski open  defined in
Lemma A.G.

vector of minors of jac(h, d) (Definition 3.1).

ideal associated to the algebraic set V.

170

Tt 00 N

20

22

11

49

12

13

41

38

11



K(e,d,V)

Ly,...,Ls
Lagrange
O(fr,- . fs)
Td

Te,d
Q
2

R
reg(V)

sing (V)

TV

Vieg(F)

Vies(F)

We(e,d, V)

union of the open polar variety W°(e,d, V)
and of the singular locus sing(V').

properties of local normal forms (Defini-
tion 5.7).

Lagrange system (Definition 5.1).

Zariski open set defined as C" =V (fy,..., fs).

canonical  projection  (xy,...,2,) —
(I1y~'~7Id)~

canonical  projection  (z1,...,,) —
(‘/L‘€+17 s 7xe+d)'

real field.
zero-dimensional or one-dimensional paramet-
rization.

real closed field.
regular locus of the equidimensional algebraic
set V.

singular locus of the equidimensional algebraic
set V.

tangent space at X to an equidimensional al-
gebraic set V.

Genericity assumption on the matrices chosen
in RoadmapRec.

Genericity assumption on the matrices chosen
in RoadmapReclLagrange.

projection of the constructible set defined by
the generalized Lagrange system L (Defini-
tion 5.5).

The set of all solutions of F at which the Ja-
cobian matrix of F has full rank.

Zariski closure of V2, (F) (see above).

open polar variety (set of critical points of the
restriction of 7, 4 to reg(V)).
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Watlas("b: Vv’ Q7 S? d)

chhart (1/)7 m/v m”

W(e,d,V)

)

WLagrange(L-, u, d

2(2)

)

atlas for a polar variety (Definition 3.3).
sequence of polynomials defining a chart for
some polar variety (Definition 3.2).

Zariski closure of the open polar variety.
generalized Lagrange system defining the po-
lar variety associated to ¥ (L) and 7; (Defini-
tion 5.11).

zero locus defined by the zero-dimensional or
one-dimensional parametrization 2.
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