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Abstract

Consider the problem of computing at least one point in each connected component of
a smooth real algebraic set. This is a basic and important operation in real and semi-
algebraic geometry: it gives an upper bound on the number of connected components of
the algebraic set, it can be used to decide if the algebraic set has real solutions, and it is
also used as a subroutine in many higher level algorithms.

We consider an algorithm for this problem by Safey El Din and Schost: Polar varieties
and computation of one point in each connected component of a smooth real algebraic set,
(ISSAC’03). This algorithm uses random changes of variables that are proven to generically
ensure certain desirable geometric properties. The cost of the algorithm was given in an
algebraic complexity model, and the analysis of the bit complexity and the error probability
were left for future work.

We also consider another algorithm that solves a special case of the problem. Namely,
when the algebraic set is a compact hypersurface.

We determine the bit complexity and error probability of these algorithms. Our main
contribution is a quantitative analysis of several genericity statements, such as Thom’s weak
transversality theorem and Noether normalization properties for polar varieties. Further-
more, in doing this work, we have developed techniques that can be used in the analysis of
further randomized algorithms in real algebraic geometry, which rely on related genericity
properties.
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Chapter 1

Introduction

1.1 Randomization and generic coordinate systems

In this thesis, we focus on randomized algorithms in real algebraic geometry, where the
input is a sequence of polynomials F' = (fi,..., f,) in C[Xy,...,X,] defining a complex
algebraic set V = V(F') € C". We focus on algorithms which require the input to satisfy
certain geometric properties, and which ensure these properties by applying a randomly
chosen change of coordinates A € C™*™ to the input: given f in C[X1,..., X,], f4 denotes
the polynomial f(AX), and VA = V(F4) denotes the variety

V(A

The success of these algorithms depend on the change of coordinates being lucky, in the
sense of there existing a non-empty Zariski open subset &' C C"*" with the property that,
when the change of coordinates A is in @, the desirable geometric properties are guar-
anteed for V4. We have developed techniques for analyzing the error probability of such
algorithms, which allow us to quantify our random choices for the change of coordinates
A. These techniques work as follows. We bound the degree of the hypersurface defining
the complement of the open set & :

V(I)=C™"— ¢, T e C[2,

where 2 = (U )1<jk<n are n? indeterminants. We quantify our choice of A by choosing
a subset of rational numbers S C Q and constructing a matrix A = (a;x)1<jk<n by taking
a;r € S; hence, by the DeMillo-Lipton-Schwartz-Zippel lemma,

degT’

PIN(A) = 0] < =g




1.2 Main problem: computing one point in each con-
nected component of a real algebraic set

1.2.1 Three cases we consider

We consider the problem of computing at least one point in each connected component of
a real algebraic set S. This is a basic but important operation in real and semi-algebraic
geometry. It is used in many higher level algorithms. It is also useful on its own, since it
allows one to decide if S is empty or not, and it allows one to determine an upper bound
on the number of connected components of S.

We consider three separate cases:

1. Sisgiven as S = VNR" where V = V(f) C C" is a smooth and compact, complex
hypersurface defined by a squarefree polynomial f € Z[ X1, ..., X,].

2. Sisgiven as S =V NR", where V =V (f) C C" is a smooth, complex hypersurface
defined by a squarefree polynomial f € Z[ X1, ..., X,].

3. Sis given as S = VN R", where V = V(F) C C" is a smooth, complex algebraic
set defined by a sequence of polynomials F' = (fi,..., f,) in Z[ X, ..., X,] defining
a radical ideal.

1.2.2 Overview of the algorithms for the three cases

Here we give a breif overview of the algorithms for each of the three cases. In Section 3.3,
we discuss the algorithms in greater detail.

Case 1. [t is sufficient to compute the critical points of the projection on a line, which
has dimension zero in generic enough coordinates. Indeed, assuming that V(f) N R" is
compact, any projection on a line has a critical point on each connected component of
V(f)NR™ [4, 5].

Case 2. After dropping the compactness assumption, it is no longer guaranteed for the
critical points of the projection on a line to contain one point in each connected component
of V(f) NR™. Now, in this non-compact senario, we use the algorithm by Safey El Din



and Schost: Polar varieties and computation of one point in each connected component
of a smooth real algebraic set, ISSAC’03. In this paper, it is shown that by computing
suitable zero-dimensional sections of higher dimensional critical loci called polar varieties
(first introduced in the 1930’s in order to define characteristic classes [30, 40], and which
we will discuss in great detail in Chapter 3), one obtains one point on each connected
component.

Case 3. Here we develop an extension of the algorithm used for case 2. The extension in-
volves a different approach for modeling polar varieties in terms of Lagrangian systems, with
new Lagrange variables. Solution sets are first computed with these additional Largange
variables. Then, one point on each connected component is obtained by computing the
projection on the X-space.

1.2.3 Background

For this section we only consider case 3 because it is the most general. Recall that we then
have S given as S = VN R", where V = V(F) C C" is a smooth, complex algebraic set
defined by a sequence of polynomials F' = (fi,..., f,) in Z[X1, ..., X,] defining a radical
ideal. And suppose that the polynomials F' = (fi,..., f,) each have total degree at most
d, and coefficients of bit-size h.

The algorithm given in [8, Section 13.1] will compute one point in each connected
component of V (F)NR™ using p"*'d°™ operations in Q (that is, without making additional
assumption on F'). Furthermore, the output of the algorithm is represented by polynomials
of degree d°™ and with coefficients of bit-size hd®™. The main idea used in this algorithm
originates with [21], where sample points are found through the computation of critical
points of well-chosen functions on V(F'). The number of connected components of V(F')
admits the lower bound d**™, so up to polynomial factors this result is optimal. However,
due to the generality of the algorithm, the constant hidden in the exponent O(n) in its
runtime is large, because the algorithm relies on infinitesimal deformations' that affect the
runtime non-trivially; this makes the algorithm impractical.

In each of the 3 cases, we assume that the V' is a smooth complex algebraic set. And we
place ourselves in the continuation of the line of work initiated by [4], where cases with V'
smooth and V NR" compact are dealt with. Here it is also pointed out how polar varieties

nfinitesimal deformations are used as an alternative method for perturbing the input and establishing
genericity properties, for randomized algorithms in real algebraic geometry.



(see Chapter 3) can play a role in effective real geometry. This paper was extended in
several directions. Firstly, to V being a smooth complete intersection and with V" N R"”
compact [5]. Then, without the compactness assumption [34, 6]. Finaly, the smoothness
assumption was then partly dropped in [2, 3].

For cases 2 and 3, as stated above, we use the algorithm from [34]. If the setting is
changed so that V' has finitely many singularities, then this algorithm will still work up
to some minor modifications. However, if V' has infinitely many singularities then the
algorithm will most likely not work any longer, although we don’t know for sure.

1.3 Main results

To state our main results, we need to define the height of a rational number, and of a
polynomial with rational coefficients. We provide this now, as well as the data structures
we rely on.

1.3.1 Bit size and data structures

The height of a non-zero a = u/v € Q is the maximum of In(|u|) and In(v), where u € Z and
v € N are coprime. For a polynomial f with rational coefficients, if v € N is the minimal
common denominator of all non-zero coefficients of f, then the height ht(f) of f is defined
as the maximum of the logarithms of v and of the absolute values of the coefficients of v f.
Note that when f has integer coefficients, this is simply the maximum of the logarithms
of the absolute values of these coefficients.

The output of the algorithms is a finite set in Q™. To represent it, we rely on a
widely used data structure based on univariate polynomials [27, 28, 16, 19, 1, 17, 18, 31].
Consider a zero-dimensional algebraic set S C C" defined over Q. A zero-dimensional

parametrization 2 = ((q,v1,...,v,),A) of S consists in polynomials (g, vy,...,v,), such
that ¢ € Q[T] is monic and squarefree, all v;’s are in Q[T] and satisfy deg(v;) < deg(q),
and in a Q-linear form A in variables X1, ..., X, such that

o )\(Uh cee ,Un) = Tq/ mod ¢

q(r)’ ¢/ (1)

e we have the equality S = {(vlm U”(T)> | q(r) = O} :



The constraint on A\ says that the roots of ¢ are the values taken by A on S. The
parametrization of the coordinates by rational functions having ¢’ as a denominator goes
back to [27, 28]: as pointed out in [1], it allows one to control precisely the size of the
coefficients of vy, ..., v,.

1.3.2 The compact hypersurface case

Theorem 1.3.1. Suppose that f € Z[ X, ..., X,] is squarefree, satisfies deg(f) < d and
ht(f) < b, and that V(f) C C" is smooth and compact. Also suppose that 0 < e < 1.

There exists a randomized algorithm that takes f and € as input and produces a zero-
dimensional parameterization that includes at least one point in each connected component
of V(f) NR"™, with probability at least 1 — €. Otherwise, the algorithm either returns a
proper subset of the points, or FAIL. In any case, the algorithm uses

O~ (d** ' (log 1/¢)(b + log 1/e))
bit operations. The polynomials in the output have degree at most d™, and height

O~ (d" (b + log 1/¢)).

Here we assume that f is given as a dense polynomial. Following references such as [19, 17,
18, 4, 34], it would be possible to refine the runtime estimate by assuming that f is given
by a straight-line program, which is a sequence of operations +, —, x that takes as input
Xq,..., X, and evaluates f. Any polynomial of degree d in n variables can be computed
by a straight-line program that does O(d"™) operations: evaluate all monomials of degree
up to d in n variables, multiply them by their respective coefficients and sum the results.
However, some inputs may be given by shorter straight-line program, and the algorithm
would actually be able to benefit from this.

1.3.3 The hypersurface case, without compactness

As it turns out, even after dropping the compactness assumption, by using the algorithm
by Safey El Din and Schost in [34], we can achieve the same soft oh complexity as we did
for case 1.

Theorem 1.3.2. Suppose that f € Z[X; ..., X,] is squarefree, satisfies deg(f) < d and
ht(f) < b, and that V(f) C C" is smooth. Also suppose that 0 < e < 1.

5



There exists a randomized algorithm that takes f and € as input and produces n zero-
dimensional parameterizations, the union of whose zeros includes at least one point in each
connected component of V(f)NR™, with probability at least 1 —e. Otherwise, the algorithm
either returns a proper subset of the points, or FAIL. In any case, the algorithm uses

O~ (d*"**(log 1/€)(b+log1/e))
bit operations. The polynomaials in the output have degree at most d", and height

O~ (d"™ (b + log 1/€)).

Here we again assume that f is given as a dense polynomial. And, as was true for case 1,
we could again refine the runtime estimate by assuming that f is given by a straight-line
program.

1.3.4 The general case

Now we generalize from the hypersurface case, where V' = V(f) is defined by the vanish-
ing of a single polynomial f € C[Xy,...,X,], to varieties defined by finite sequences of
polynomials:

V=V(E) = V(fi,....f;) €T,

where F' = (f1,..., fp) € C[X1,...,X,JP is a sequence of polynomials defining a radical
ideal.

Remark 1.3.3. Fven though case 2 is covered by case 3, the techniques are different enough
that we decided to document both separately in this thesis.

Theorem 1.3.4. Let F' = (f1,..., fp) € Z[ Xy ..., X,]P be a sequence of polynomials with
deg(fi) < d and ht(f;) < b. Suppose that the ideal (f1,...,fp) is radical and that V =
V(F) C C™ is smooth with dim'V = n — p. Also suppose that 0 < e < 1.

There exists a randomized algorithm that takes F' and € as input and produces n zero-
dimensional parameterizations, the union of whose zeros includes at least one point in each
connected component of V(F)NR™, with probability at least 1 —e. Otherwise, the algorithm
either returns a proper subset of the points, or FAIL. In any case, the algorithm uses

O~ (d*"*t**(log 1/¢)(b + log 1/e))
bit operations. The polynomials in the output have degree at most d"*P, and height

O~ (d™PT1 (b +log 1/e)).
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Here we assume that F' is given as a sequence of dense polynomials. Again, following
references such as [19, 17, 18, 4, 34], it would be possible to refine the runtime estimate
by assuming that F' is given by a straight-line program. Indeed, given F' = (fi,..., f,)
in C[X1y,...,X,], we can build a straight-line program that evaluates each f; in O(d")
operations, by computing all monomials of degree up to d, multiplying them by the corre-
sponding coefficients in f;, and adding results. The number of operations here is thus

O(nd") = O~(d).

1.3.5 Summary of contributions

As we dicussed in Section 1.1, the algorithms rely on certain geometric properties that
hold generically, and which we ensure by applying a carefully chosen change of coordinates
A € C™" to our input variety V' C C". The algorithms also rely on some additional, lucky,
parameter choices, which we discuss in full detail in Section 3.2. Our main contributions
are to analyze precisely what conditions on our parameter choices guarantee success, for
each of the 3 cases of the main problem that we consider. This is done by revisiting the
key ingredients in the proofs given in [4] and [34], and giving quantitative versions of these
results, bounding the degrees of the hypersurfaces we have to avoid. And in doing this
work, we have developed techniques that can be used in the analysis of further randomized
algorithms in real algebraic geometry, which rely on related types of genericity properties.
See the conclusions in Chapter 9 for a specific example.

1.4 Thesis outline

Chapter 2 provides the basic definitions and notation used throughout. Chapter 3 gives the
main algorithms along with their genericity properties. Here we give genericity statements,
which we prove in subsequent chapters. These statements are the key tools that we use to
prove the main results that were given in Section 1.3. We also define polar varieties and
discuss their central role in the algorithms. In Chapter 4, we define weak transversality and
prove a quantitative version of Thom’s weak transversality, specialised to the particular
case of transversality to a point. In Chapter 5, we apply this new quantitative transversality
result in proving several of our genericity statements. In Chapter 6, we prove some other
genericity statements. We prove the remaining genericity statements in Chapter 7; these
consist in Noether normalization properties for polar varieties. In Chapter 8, we provide
an analysis of the bit complexity and error probability of our algorithms. And we give
conclusions in Chapter 9.



Chapter 2

Preliminaries

Let @Q,R and C be the fields of rational, real and complex numbers, and Z the ring of
integers. Let X = (X3,...,X,) be a sequence of variables, and for [ € {1,...,n} let X
be the subsequence of variables (X7, ..., X)).

2.1 Algebraic sets

Consider a sequence of polynomials F' = (f1,..., f,) in C[Xy,..., X,]. An algebraic set:

V= V(F) =V(fi,..., f)
= {(a1,...,a,) €C" | filar,...,a,) =...= fplar,...,a,) =0} CC"
is the set of common zeros of F'. Given an algebraic set X C C", the set of polynomials in
C[Xy,...,X,] that vanish at all points of X is called the ideal of X, and which we denote
by
I(X)={feCXy,....X,] | (a1,...,an) € X = f(a1,...,a,) =0}.

2.1.1 Irreducibility

An algebraic set V' C C" is irreducible when V =V, UV, implies V = V; or V = V5, for
any V1, Vo C V. An algebraic set V C C" can be uniquely decomposed into a finite union
of irreducible algebraic sets:

V=VuWhu...V,,

where V;,1 < j <r, are called the irreducible components of V.

8



2.1.2 Dimension

The dimension of an algebraic set V' C C", denoted dim V, can be defined in the following
ways:

1. The number of generic hyperplanes needed to intersect with V' to obtain a finite set.

2. The Krull dimension of C[Xy,...,X,]/I(V), which is the supremum of the lengths
of all chains of prime ideals

The codimension of V is n—dim V. An algebraic set is equidimensional if each irreducible
component has the same dimension. If each component has dimension d then we say the
algebraic set is d-equidimensional.

We especially care about zero dimensional algebraic sets; these sets are finite and their
degree is equal to their cardinality.

2.1.3 Degree

The degree of an irreducible algebraic set is the number of intersection points between itself
and dim (V') generic hyperplanes. And the degree of an arbitrary algebraic set is defined
as the sum of the degrees of its irreducible components.

Example 2.1.1. An algebraic set of dimension zero is a finite set, with degree equal to its
cardinality (as mentioned above).

Example 2.1.2. An algebraic set of dimension 1 is a curve, with degree equal to the

number of intersection points with a generic hyperplane.

We will often apply Bézout’s bound [22, Theorem 1], which tells us the following.
Considering a sequence of polynomials F' = (fy,..., f,) € K[X1,..., X,]?, with K a field,
if each polynomial in the sequence has degree at most D, then the algebraic set V(F') has
degree at most DP.

2.1.4 Noether position
Forie {1,...,n—p+ 1}, let m; denote the projection
cr -

(1, .oy @) = (21,00, 2).



A d-equidimensional algebraic set Y C C™ is in Noether position for the projection w4 when
the extension

C[X, ..., X, = C[X1, ..., X,]/I(Y)

is integral; here, I(Y') C C[Xy, ..., X,] is the defining ideal of Y. It is then a consequence
that, for any x € C%, the fiber Y N 7' () has dimension zero and is thus finite and not
empty.

2.1.5 The Zariski topology

Algebraic sets are the closed sets of the Zariski Topology on C". Let V' C C" be an algebraic
set. The Zariski Topology is the set of all sub-varieties of V. Indeed,

1. V(C[Xy,...,X,]) =V({0}) and V() = V({1}) = C™
2. V(S)uV(T)=V(R) when R={fg | f € A,g € B};
3. maeA V(Sa) = V(UaeA Soc)'

Parts (1) and (3) are easily seen to be true. To prove part (2), first suppose that = €
V(S)UV(T), and, without loss of generality, assume that x € V(S). Then for f € S and
g €T, f(x) = 0, which implies that (fg)(xz) = 0, and thus z € V(R). Now assume that
x & V(S)UV(T) and choose f € S and g € T such that f(z) # 0 and g(x) # 0. Then
fg € Rbut (fg)(x) # 0, and therefore = ¢ V(R).

Example 2.1.3. Consider the following particular instance of 2 from above:
{(a,b),(c,d)} =V(z —a,y—b)UV(z —c,y —d)
=V(z—a)(z—c) (x—a)y—d),(z —c)(y —b),(y — b)(y — d)).
This subsection on the Zariski Topology is inspired from lecture notes written by

Stephen New, in the class PMATH 764: Introduction to Algebraic Geometry.

2.2 The Zariski-tangent space and regular / singular
points and values

Assume that V' C C" is a d-equidimensional algebraic set. Let grad,(f) be the evaluation
of the gradient vector of f € C[X1,...,X,] at & € C". The Zariski-tangent space to V at

10
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x € V is the vector space T,V defined by the equations
grad,(g) v =0,

for all polynomials ¢g that vanish on V' (i.e. for all polynomials g € I(V')).

The point € V is a regular point if dim(7T,V) = d. Otherwise x is a singular point.
We let reg(V) and sing(V') respectively denote the regular and singular points of V. The
image of a regular point is a regular value and the image of a singular point is a singular
value. When sing(V') is empty then we say that V' is smooth.

The following is a direct consequence of [14, Corollary 16.20]

Proposition 2.2.1. If V C C" is a d-equidimensional algebraic set with ideal 1(V') gen-
erated by polynomials
G=(g1,---,9p) € C[Xy,..., X,,),

then at any point x of reg(V'), jac,(G) has full rank n — dim (V') and the kernel of jac,(G)
15 equal to T,V.

2.3 Changes of variables

For a matrix A in C™" and a polynomial g in C[Xj, ..., X,], we write
g4 = g(AX) € C[Xy,..., X,

where X is the column vector with entries X1, ..., X,,. And for a sequence of polynomials
G=(g1,---,9p) € C[Xy,..., X,JP, we write

GA = (gf, o ,g;) = (g1(Ax),...,g9,(Ax)) € C[Xy,..., X,]".

For a variety Y C C" and a matrix A € GL(n), we define Y4 as the image of Y by the
map ¢4 : ¢+ A~ 'z. Notice that

V(G = 0a(V(G)) = V(G)™.

We will also have to consider matrices with generic entries. For this, we introduce n?
new indeterminates (4 x)1<jk<n- Then, 2 will denote the matrix with entries (2; x)1<jk<n,
C(2A) will denote the rational function field C((2;)1<jr<n) and C[2] the polynomial ring
C[(%)1<jr<n]- For g as above, we will then define the polynomial g* := ¢g(2X), which
we may consider in either C(A)[ X1, ..., X,] or C[, X1, ..., X,].

11



Chapter 3

Algorithms

To describe the algorithms, we need to define polar varieties.

3.1 Ciritical points and polar varieties

Let V = V(F) be an equidimensional algebraic set, with F' = (f1,..., f,) a sequence of
polynomials in C[Xy, ..., X,,]. Suppose that the ideal (fi,..., f,) is radical and that V' is
smooth with dimV =n — p.

Polar varieties are higher dimensional critical loci that were introduced in the 1930’s
in order to define characteristic classes [30, 40]. They play a central role in each algorithm
we consider (in each of the cases 1, 2, and 3). Recall that, for i € {1,...,n —p+ 1}, we
denote by 7; the projection

cr - C
(1, .oy ) = (21,00, 2).

A critical point is a singular point on the projection ;. In other words, the point & € V' is
a critical point if the dimension of m;(7,V) is less than i. The i-th polar variety

W(m, V) ={xzeV | dimm(1,V) < i}

is the set of critical points of m; on V.

12



3.1.1 Determinantal modeling of polar varieties

Let jac(F,7) denote the truncated Jacobian matrix of F' = (fi,..., f,) with respect to
X=(X1,..., X,):

of1 0f1
X1 T 90X
Ofp Ofp
BX¢+1 T 0Xn

And let
Minors(F,p) = (M;1,...,M,;s,)

be the minors of size p of jac(F, 7). Notice that

s=(0)(,)=0)

For each 7 in {1,...,n —p+ 1} and F as above, we will let J(i, F') denote the sequence of
polynomials

(F, Minors(F,p)) = (fl, v Jps Mias . 7Mi7si)'

Proposition 3.1.1. Consider F' = (fi,..., f,) in C[Xy, ..., X,]. If the ideal defined by F
is radical and V =V (F) is smooth with dimV = d, then the polar variety

W(m,V)={xeV | dimm(T,V) < i}
is defined by F' and Minors(F,p).

To prove Proposition 3.1.1, we will use the following two lemmas.

A

Lemma 3.1.2. Let A = {B

1 € R™™ be a matriz. Then,

rank(A) = rank(A) + rank(B| ker(A)),

where B|ker(A) is the restriction of the linear map defined by B to the kernel of A.

Proof. By the rank nullity theorem, we have that

dim ker(A) = rank(B|ker(A)) + dim ker(B| ker(A))
= rank(B| ker(A)) + dim(ker(B Nker(A))

= rank(B| ker(A)) + dim(ker(A))

13



Therefore,

m — rank(A) = rank(B| ker(A)) + m — rank(A)
so that

rank(A) = rank(A) + rank(B| ker(A)).
O]
Lemma 3.1.3. Consider F' = (f1,...,f,) in C[Xy,.... X, and x € V(f1,...,fp). Let J

denote the Jacobian matriz jac,(F) and let T' denote the kernal of J. Assume the dimension
of T is equal to d so that the rank of J is equal to n — d. Then, fori e {1,...,n—p+ 1},
the dimension of m;(T) is less than i if and only if the rank of jac(F,i) is less than n — d.

Proof. Let J denote the matrix

Opxi ‘ jac(F, 1)

Ii Oixnfi

Now we can calculate the rank of J in two different ways. We have

rank(J) = i + rank(jac(F,1)).

And, by Lemma 3.1.2,

rank(.J) = rank(J) + dim(m;(ker(.J)))
= rank(J) + dim(m;T)
=n—d+ dimm(7T).

Equating both we have
i + rank(jac(F,i)) = n — d + dimm;(7T),

which implies that
rank(jac(F,4)) + (i — dimm(T)) = n — d.

Therefore, the rank of jac(F,i) is less than n — d if and only if the dimension of m;(T) is
less than 7. O

14



Now Proposition 3.1.1 follows from Lemma 3.1.3 and therefore the polar variety W (m;, V')
is defined by the vanishing of F' and Minors(F,p). Furthermore, this means that when
V =V(F)=V(f) is a hypersurface, then the polar variety W (m;, V(f)) is defined by

of af
N aa)

Consider the following example.

Example 3.1.4. (/36, Example 3.1]) Let f = X? + X3 + X2 — 1 € C[Xy, Xy, X3] and
consider the hypersurface

V=V(Xi+X;+X;-1) cC
The critical points of the projection mo : (1, 2, x3) — (x1,22) on V(f) are defined by
X+ X2+ X2 -1=X3=0

and thus the second polar variety W (ma, V(f)) is V (f,0f/0X3).

Now, the critical points of the projection m : (x1, T2, x3) — (1) on V(f) are defined by
X2+ X2+ X2 —-1=X,=X3=0.

and thus the first polar variety W (my, V(f)) is V (f,0f/0Xs,0f/0X3) .

Note the dimensions of the polar varieties: 1 — 1.

15



Figure 3.1: The polar varieties W (0,1, V(f)) and W (0,2, V(f)), where
f=X7+X5+X]—1€eC[Xy, Xo, X;]

[36, Example 3.1].

Proposition 3.1.5. Let F' = (Fi,..., f,) € C[Xy,..., X,]? be a sequence of polynomials
defining a radical ideal and a smooth variety. The degree of W (m;, V') is at most (nd)".

Proof. The conclusion follows from [23, Proposition 2.3]. O

3.1.2 Lagrangian modeling of polar varieties

When the algebraic set V = V(F) = V(f1,..., f,) is defined by a sequence of polynomials
with n — i ~ 2p, the length of the sequence of minors Minors(F, p) is

S, = (” - Z> ~ on—itl
p

The number of equations therefore grows exponentially and the determinantal modeling
becomes impractical algorithmically. To avoid this problem, we use an alternative modeling
of the polar varieties which involves introducing Lagrange variables.

Definition 1. Let L = (L4, ..., L,) be new indeterminants. Then Lagrange(F.i,(L1,...,L,))
denotes the entries of the vector

[Ly--- L, -jac(F,i),

where the Jacobian is in the variables (X;i1,...,X,).

16



Let # (m;, V') denote the variety
V (F,Lagrange(F, i, (Ly,...,L,))) C C"*P

in indeterminants X = (Xi,...,X,) and L = (Ly,...,L,). We want to enforce that
I =(0,...,0) is not included in any solutions; we add a linear form >%  w; - L; — 1, for a
randomly chosen point w = (uy,...,u,) C CP. We let #,,(m;, V) denote the variety

V (F, Lagrange(F,i,(Ly,...,Ly)), zp:u,- <L — 1) c Ccrte,
i=1
again in indeterminants X = (Xy,...,X,,) and L = (Ly,...,L,). We further let .# (i, F)
denote the polynomials
(F,Lagrange(F,i,(Ly,...,L,))) € C[X, L]P*""
and for w = (uy,...,u,) € CP, we let .#,(i, F') denote the polynomials
p
(F, Lagrange(F,i, (L1, ..., L)), Z w; L — 1) € C[X, L),
i=1
Example 3.1.6. Consider again f = X7 + X3 + X2 — 1 € C[X, Xo, X3] and
V(X7 +X;+X:—-1)cC
Since jac(X? + X3 + X3 — 1,2) = 2X3, the Lagrangian modeling gives us
VIXP+ X5+ X2 —1,LX3, L—1)=V(X7+ X5 —1,X3, L —1),

where the equations on the right hand side are a lexicographically ordered Grobner basis of
the ideal (X? + X3+ X2 —1,LX3, L —1). Notice that we have only 1 Lagrange multiplier,
L, and we have u = (u) = (1), but any u # 0 would suffice here. We therefore have that

ax(V(X?+ X3 —1,X3,L —1))

describes the set where
X+ X2+ X2 -1=X3=0

and therefore describes the polar variety W (me, V(f)).

17



Proposition 3.1.7. The degree of Wy (m;, V') is at most dP*™.

Proof. Let g1, ..., g,—; in C[X, L] denote the Lagrange polynomials:
Lagrange(F,i,(Ly,...,Ly,)) = [L1--- L, - jac(F, 7).

Since each polynomial in the sequence F' = (fi, ..., f,) has degree at most d, the degrees of
each g; are also bound by d. Thus, after adding the linear form » 7 w;L; — 1, by Bézout’s

bound, we obtain A
deg W(m;, V) < dPFn=it1 < gin,

3.2 Genericity statements

Here we state the genericity properties that each algorithm requires, and we state the key
results which are used in the proofs of Theorems 1.3.1, 1.3.2, and 1.3.4. In generic coor-
dinates, polar varieties are smooth, equidimensional, and in Noether position (or empty).
The genericity statements given in this section are quantitative versions of these facts.

Recall that an equidimensional algebraic set ¥ C C" of dimension d is in Noether
position for the projection m; when the extension

C[X, ..., X, = C[X, ..., X,]/I(Y)

is integral, and here, I(Y) C C[X},..., X,] is the defining ideal of Y. And recall that it
then follows that, for any @ € C?, the fiber Y N7, '(z) has dimension zero, so it is finite
and not empty.

3.2.1 The hypersurfase cases

Consider f € Z[Xy, ..., X,] with total degree d, and assume that f is squarefree and that
V(f) € C™ is smooth. The keys to proving Theorems 1.3.1 and 1.3.2 are the following
results.

First recall that, for i in {1,...,n} and f as above, we let J(7, f) denote the sequence

of n — (i — 1) polynomials
F of aof
’8Xi+1"”’8Xn ’
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As pointed out in the introduction, their zero-set is the i-th polar variety W (m;, V(f)).
We say that f satisfies H; if

1. For any @ in W (m;, V(f)), the Jacobian matrix jac,(J(7, f)) has full rank n — (i — 1)
at .

By the Jacobian Criterion [14, Corollary 16.20], this implies that W (m;, V (f)) is
either empty or (i — 1)-equidimensional, and that J3(i, f) defines a radical ideal.

2. Wi(m;, V(f)) is either empty or in Noether position for m;_;.
Given o = (0q,...,0;_1) in C~! we further say that f and o satisfy H; if

1. For any root x of

0 0
<X1—01,-~,Xi—1—0i—1,f / f)7

78X7;+17'“76Xn

the Jacobian matrix of these equations at x has full rank n.

By the Jacobian Criterion [1/, Corollary 16.20], this implies that there are finitely
many solutions to these equations.

The proof of Theorem 1.3.2 requires both H; and H, for all i in {1,...,n}. However,
Theorem 1.3.1 only requires H; (for the same ¢ in {1,...,n}).

The input polynomial f may not initially satisfy H;. However, it will after applying a
generic change of variables. The precise statements are the following.

Theorem 3.2.1. For i =1,...,n, there exists a non-zero polynomial h; € C[2] of degree
at most 5n?(2d)*" such that if A € C™™ does not cancel b;, then A is invertible and f4
satisfies H;.

Theorem 3.2.2. Fori=1,...,n, suppose that f satisfies H;, then there exists a non-zero
polynomial g; € C[S,...,Si_1] of degree at most d*" such that if & € C'=' does not cancel
gi, then f and o satisfy H,.

We prove Theorem 3.2.1 in Section 5.1.1 and 7.1. And we prove Theorem 3.2.2 in
Section 5.1.2. For the compact hypersurface case, case 1, when proving Theorem 1.3.1, only
Theorem 3.2.1 is used. For the hypersurface case, case 2, after removing the compactness
assumption, when proving Theorem 1.3.2, both Theorems 3.2.1 and 3.2.2 are used.
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3.2.2 The general case

Consider a sequence of polynomials F' = (fy,..., f,) € Z[Xy,...,X,]P, with degrees at
most d, defining a radical ideal (fi, ..., f,) and a smooth variety V = V(F) C C", and
with dimV =n — p.

Establishing correctness for Lagrange systems. We need to prove that for a care-
fully chosen u € CP, we have the inclusion

Fu(i, F)NC[X1,..., X, € /30, F).
Fori e {1,...,n—p+1}, let Z be an irreducible component of the polar variety W (m;, V).

Lemma 3.2.3. There exists a non-zero vector of rational functions

N N,
L= (ly,....L,) = (ﬁﬁ) e C(2),
p

and an open and dense subset Z' C Z defined by

1. Dy(x) - Dy(z) - - - Dy(x) # 0,

2. Nj(z) # 0, for some j € {1,...,p},
and such that for x € Z', I(x) - jac,(F,i) = 0.

Proof. Recall that for € Z, the rank of jac,(F,) is at most p — 1, because W (m;, V) is
defined by the vanishing of F' and Minors(F,p). Now, at € Z, consider the Jacobian
matrix jac,(F, i) with entries taken modulo the ideal I(Z), and consider these entries as
elements in C(Z); let J denote this matrix (note that since Z is irreducible, the function
field C(Z) is well defined). Since the p-minors of jac,(F,i) are zero over & € Z, the p-
minors of J are also zero at & € Z. And therefore the rank of J is also at most p—1at
x € Z. Thus, some well defined I € C(Z)P — {0} exists with rational entries in «. and with
I(z)-J = 0. Since L is well defined, Dy () Dy() - - - D,(x) # 0 and since l # 0, N;(x) # 0,
for some j € {1,...,p}. Therefore l(x) - jac,(F,i) = 0 as well. O

Using the same notation from the lemma above, let K denote the polynomial
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Proposition 3.2.4. The degree of K is at most 2n’d.

Proof. The degrees of each denominator D; and numerator Ny, 1 < [,k < p, are bound
by the degrees of the polynomials in the sequence Minors(F,p), which are at most nd.
Therefore the degree of K is at most

+ Dnd < (n+ 1)nd < 2n2d.
(p+1)

O

Now, for Z' as in the proof of the lemma above, let I, be the vector of rational functions
corresponding to the irreducible component Z. Consider the open set

ﬁzI:{UECp|’U,T'lz7é0}.

We know, trivially, that &z is not empty, because Iz # 0. Let & denote the intersection
0 =)0z,
z

which we also know to be open and non-empty because it is a finite intersection of non-
empty open sets.

Proposition 3.2.5. For u € 0, we have the inclusion
(i, F)NC[Xy, ..., X, C3IG,F).

In proving Proposition 3.2.5, we will need the following two lemmas.

Lemma 3.2.6. Tuke any w € 0. For all irreducible components Z of W (m;, V'), there
exists a Zariski open and dense subsets Z° C 7', such that if & € Z° then u” - 1z(z) # 0.

Proof. For ¢ € Z, let v denote the mapping

Z —C(Z2)

z— u’ - ly(x).

By Lemma 3.2.3, we know 1 is a rational function in . Let us write

o P UZNZ(ZB> o ulNl(a:)Dg(m) L Dp(a:) + ...+ Upr<$)D1($) st Dp_l(m)
V=2 D - Di(@) - Dyl '

=1
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Denote by D(z) the non-zero product D;(z) - - - D,(x) and put

2% :={zc Z| D(x) (z) # 0}
={zxe Z | uNi(x)Ds(x) - Dp(x) + ...+ u,Ny(x)D1(x) - - - D1 () # 0O}

Notice that Z° is not empty becuae u € &. Hence, Z° is both open and dense in Z, because
Z° #+ 0, Z is irreducible, and Z° € Z' C Z. By construction we also have that if & € Z°
then D(z)y(x) = D(x)(u’ - lz(x)) # 0 so that u” - 1z(x) # 0. O

Lemma 3.2.7. Let u € O and consider the algebraic set #,(m;, V). For all irreducible
components Z of W(m;, V'), we have the inclusion

Z° Crx (Wu(mi, V).

Proof. By Lemma 3.2.6, & € Z° implies that u’ - lz(x) # 0. Set

o (o b))

(W) Ly() - jac, (F. i) = (W) 0=0,

1 ul - lz(z)
Tl ) 1= =2 ) 1 =1-1=0
() o = (i ’
so that a, € #,,(m;, V). Therefore Z° C nx (Wu(mi, V) . O

Then F(z) = 0,

and

Now take P € Z,(i,F) N C[Xy,...,X,], and Z an irreducible component of W (m;, V).
Then, for x € Z° it follows from Lemma 3.2.7 that there exists a € CP with (z, ) €
Wau(mi, V). Then

P(x,a) = P(z) = 0.

Hence, P is zero on Z°, and thus P is also zero on Z by the definition of Zariski closure.
Therefore, P is zero on W (m;, V'), and thus P is in /J(¢, F'). This finishes the proof of
Proposition 3.2.5.
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Genericity statements. For i€ {1,...,n—p+ 1}, we say that F satisfies G; if

1. W(m;, V(F)) is either empty or (i — 1)-equidimensional.

2. For any (z,1) in # (m;, V(F)), the Jacobian matrix of .# (i, F') has full rank p+n —1
at (x,1).

By the Jacobian Criterion [1/, Corollary 16.20], this implies that (i, F') defines a
radical ideal.

3. W(m;, V(F)) is either empty or in Noether position for m;_.

For i € {1,...,n —p+ 1}, assuming that F satisfies G;, given o = (0y,...,0;_1) in C1,
we further say that ' and o satisfy G/ if

1. For any (z,1) in # (m;, V(F)), the Jacobian of the system of polynomials
X1 —O01y... 7Xi—1 — 0i—1, F, Lagrange(F, i, (Ll, e ,Lp))

has full rank p +n — 1.

By the Jacobian Criterion [1/, Corollary 16.20], this implies that there are finitely
many solutions to these equations.

2. The point & = (01,...,0;_1) is not in m;_1(V(K) N W (m;,V)), where K is the poly-
nomial from 3.1.

Now, let Z;1,...,Z;,, be the irreducible components of W (m;, V(F)) so that

We in addition say that u satisfies G, when
Luel:={uecC |u" 1z, #0,...,u" -1z #0}.

We prove the following.

Theorem 3.2.8. Fori=1,...,n—p+1, there exists a non-zero polynomial A; € C[] of
degree at most 6n*(2d)°™ such that if A € C™" does not cancel A;, then F4 satisfies G;.
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Theorem 3.2.9. Fori=1,...,n—p-+ 1, suppose that I’ satisfies G;, then there exists a
non-zero polynomial Z; € C[Sy, ..., S;_1] of degree at most 3n(nd)*" such that if o € C*!
does not cancel Z;, then F and o satisfy G..

Theorem 3.2.10. For ¢ = 1,...,n — p + 1, there exists a non-zero polynomial Y; €
ClTy,...,T,] of degree at most (nd)"™ such that if w € CP does not cancel Y;, then u
satisfies Gy".

Theorem 3.2.8 is proven in Sections 5.2.1, 5.2.2, and 7.2. Theorem 3.2.9 is proven in Section
5.2.4 and Chapter 6. And Theorem 3.2.10 is proven next.

3.2.3 Proof of Theorem 3.2.10

Recall that after fixing i € {1,...,n —p+ 1}, we define
ﬁ: {’U, € Cp | ’U’T'lzz‘,l #O,...,UT-lZZ_J.Z_ %0},

where Z; 1, ..., Z;,, are the irreducible components of W (m;, V(F')), and hence the number
of defining equations for & is r; : the number of irreducible components. Notice that each
defining equation is linear with degree equal to 1. We want to avoid uw € CP — ; this
means that w is unlucky when
’U,T -1 Zip — 0,

for any 1 < k < r;. Since each linear form has degree 1, the polynomial Y; € C[T,...,T)]
defining the complement of & :

V(T;)=CP -0,
has degree bounded above by r;, which in turn is bounded above by the degree of W (7, V (F'4).
Therefore, by Proposition 3.1.5,

deg T; < deg W (m;, V(F)) < (nd)".

3.2.4 Related results in the literature

Some related results appear in the literature. For instance, Lemma 5 in [25] or Proposition
4.5 in [26] are quantitative Noether position statements. However, Theorems 3.2.1 and
3.2.8 do not follow from these previous results. Indeed, those references would allow us to
quantify when W (m;, V/(F))4 is in Noether position, whereas we need to understand when
W (7, V(FA)) is. And these two sets are in general different; for instance, their dimensions
may vary.
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3.3 Main algorithms

3.3.1 The compact hypersurface case

Recall the setting for case 1: S is given as S = VNR"™, where V = V(f) C C" is a smooth
and compact, complex hypersurface defined by a squarefree polynomial f € Z[X7, ..., X,].
If A € C™™" is such that f4 satisfies H;(1), then to obtain one point in each connected
component it suffices to compute the first polar variety:

ofA ofA
T0X, T 0X,

W (m, V(F4) = V (f“‘ (3.2)
which describes the critical points of the projection on a line; and will have dimension zero
[4, 5]. To solve the equations (3.2), we use the algorithm in [37], for which a complete bit
complexity analysis is available.

3.3.2 The hypersurface case, without compactness

Now recall case 2: S is given as S = V NR", where V = V(f) C C" is a smooth, complex
hypersurface defined by a squarefree polynomial f € Z[X;,...,X,]. For ¢ in {1,... ,n},
assuming that f satisfies H;, and assuming that f and o = (0y,...,0;_1) € Q! satisfy
H, it suffices to solve the systems defined by

of of
Xy =01, Xoy — i | A 3.3
1— 01, ) 1—0i1, f X1 X, ( )
for i = 1,...,n. They all admit finitely many solutions, and Theorem 2 in [34] proves

that the union of their solution sets contains one point on each connected component of
V NR™ And once again, to solve the equations (3.3), we use the algorithm in [37], for
which a complete bit complexity analysis is available.

3.3.3 The general case
And finally, recall case 3: S is given as S = V N R", where V = V(F) C C" is a

smooth, complex algebraic set defined by a sequence of polynomials F' = (f1,..., f,) in
Z[X, ..., X,] defining a radical ideal. For i in {1,...,n—p+1}, assuming that I’ satisfies
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G;, and assuming that I and o = (0y,...,0;_1) € C! satisfy G, it suffices to solve the
systems defined by

X, —o1,..., X1 — 0i_1, F4, Minors(F4, p) (3.4)

fori =1,...,n—p+1. They all admit finitely many solutions, and Theorem 2 in [34] proves
that the union of their solution sets contains one point on each connected component of
V' NR". However, since the number of minors can grow exponentially in n (recall that the
number of minors equals S; ~ (”;Z) = 2"~ when n — i ~ 2p) we avoid explicitly solving
the equations in (3.4) and instead use the Lagrangian modeling of polar varieties. If in
addition we assume that u € CP satisfies G; , then we can instead solve the equations

X, —o01,...,Xio1 — 0_1, FA, Lagrange(F4,i, (L, . .. Zu L= 1, (3.5)

and then compute the projections of each solution set on the X-space.

Proposition 3.3.1. For ¢ € {1,...,n — p + 1}, assuming that F satisfies G;, F and
o = = (01,...,0i1) € C7! satisfy G, and assuming that w = (uy,...,u,) € CP satisfies
G, ifzxc (C” is a solution of the system

Xy —o1,...,Xi 1 — 0,1, F, Minors(F, p)

then x is also a solution of the system
Xy —o1,...,X;1 — 0,1, F,Lagrange(F,i,(Lq,...,L ZuzL -1

after projecting to the X-space.

Proof. Recall notation from Section 3.2.2. Since F' and o satisfy G;(2),
o g Ti—1 (V(K) N W(’ﬂ'i, V))

(where K is the polynomial from 3.1) and therefore an irreducible component Z of W (m;, V')
exists with @ in the open set Z' C Z (recall definitions from Lemma 3.2.3). Hence,
lz(xz) # (0,...,0). And since u satisfies G, we also have that w-Iz(x) # (0,...,0). Now,
by the same argument given in the proof of Lemma 3.2.7, we have that

€T e Wx(Wu(ﬂ'i, V))
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Therefore, by computing the solutions of the equations 3.5 and then computing the pro-
jection on the X-space, we will not miss any points on the polar varieties W (m;, V). Fur-
thermore, in Chapter 5, we prove Proposition 5.2.9, which tells us that for any u € CP,
assuming that F satisfies G;(1) and G;(2), we have the inclusion

VI, F) C (i, F).
And it therefore follows that,
mx (Wulm, V) € V (V3G F)) = W(mi, V),

This means that, if we take any point that satisfies the Lagrangian system 3.5, then its
image, by the projection mapping to the X variables, is in the polar variety.

And again, to solve the equations (3.5), we use the algorithm in [37], for which a
complete bit complexity analysis is available.
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Chapter 4

Transversality

This chapter will require the following definitions and notation.

4.1 Definitions and notation: critical points of poly-
nomials mappings

If ¥ :Y — C'is a mapping from a smooth algebraic set Y to C*, with ¢ < dim(Y), a
critical point of W is a point y € Y such that the image of the tangent space T,,Y" by the
differential dy W has dimension less than ¢. When for instance Y = C", we have T,,)Y = C"
and this condition is equivalent to the Jacobian of ¥ having rank less than ¢ at y. Critical
values are the images by W of critical points; the complement of this set are the regular
values (so a regular value is not necessarily in the image of ¥).

4.2 Weak tranversality

Let n,s, and m be positive integers, with m < n, and denote by ® : C* x C* — C™
a mapping defined by polynomials in C[X, ©], where X, resp. ©, is a set of n, resp. s,
indeterminates. And for ¥ in C?, consider the induced mapping
Py : cCr—->Ccm
x— ®(x,9).
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Thom’s weak transversality theorem, as given for instance in [13], tells us that if 0 is
a regular value of ®, then for a generic ¥ € C°, 0 is a regular value of the induced
mapping ®», where here transversality to a point is rephrased entirely in terms of critical
and regular values. We have developed the following quantitative version of Thom’s weak
transversality.

Proposition 4.2.1 (Weak transversality). Let & C C" be a Zariski open set and suppose
that 0 is a reqular value of ® on 0 x C*. Then there exists a non-zero polynomial T' € C[O)]
of degree at most d™" such that for ¥ in C*, if T'(¥) # 0 then 0 is a reqular value of @y
on O.

This result allows us to establish the first items in properties H; and G;, as well as prop-
erties H, and G,

Thom’s weak transversality generalizes Sard’s lemma, which states that the set of criti-
cal values of a smooth function R™ — R™ has measure zero. In Thom’s weak transversality,
the unlucky parameters show up as the critical values of a smooth function. For us, the
unlucky parameters are the changes of variables A € C"*" that don’t establish the proper-
ties we want, and the points o = (0y,...,0;_1) € C! that don’t establish the properties
we want. One can give algebraic versions of Sard’s lemma, for semi-algebraic mappings
R™ — R™ as in [10, Chapter 9], or polynomial mappings C* — C™ as in [29, Chapter 3],
for which the sets of critical values are contained in strict semi-algebraic, resp. algebraic
sets in the codomain.

The following simple example shows this result at work.

Example 4.2.2. Consider a squarefree polynomial f in C[X1, Xs], with degree at most d,
defining a smooth curve V(f) in C?, and let the mapping ® : C? x C — C? be defined by

B(X,, X5, 0) = (f(X1, Xs), X1 — O).

One checks that the Jacobian of ® with respect to (X1, Xa,©) has full rank two at any point
in ®1(0), which is to say that 0 is a reqular value of ® and therefore the assumptions of
the proposition apply. We then deduce that a non-zero polynomial I' € C[O] exists, with
degree at most d* with the property that, if U in C does not cancel I then 0 is a reqular
value of the induced mapping ®g. That is, for all ¥ in C except a finite number, the ideal

(f (X1, X2), X1 — )

is radical in C[ X1, X, equivalently, f(¥, Xs) is squarefree.
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Now, if we take a finite subset S C C, then for 9 € S chosen randomly, independently
and uniformly, it then follows by DeMillo-Lipton-Schwartz—Zippel that
d4

PIN(®) = 0] < 1o

We will revisit this example in Sections 5.1.2 and 5.2.4 (when proving H; and Gj(1)).

4.3 Proof of Proposition 4.2.1 (weak transversality)

The rest of this chapter is devoted to proving the proposition. The proof of [36, Theorem
B.3] already shows the existence of I'; it is essentially the classical proof for smooth map-
pings [13, Section 3.7], written in an algebraic context. In what follows, we revisit this
proof, establishing a bound on the degree of I'.

As mentioned above, Thom’s weak transversality theorem is a generalization of Sard’s
Lemma, which states that the set of critical values of a smooth function has measure zero;
unlucky parameters show up as the critical values of this function. The proof begins by
characterizing the critical points of this function.

4.3.1 Characterizing the critical points

Put V' = ®71(0)N (0 x C?), and let V be the Zariski closure of V'. If V' is empty, there is
nothing to do, since all values 9 in C? satisfy the conclusion of the proposition. We therefore
assume that V' is not empty. Take (z,1)) in V'; then by assumption, jac 4 9)(®) has full rank
m. Since in a neighborhood of (z,9),V coincides with @~!(0) N &, the Jacobian criterion
[14, Corollary 16.20] implies that there is a unique irreducible component Vi 4y of V' that
contains (z,1), that (z,1) is regular on this component, that dim V(g s = n + s —m and
that T{z) is the nullspace of jac, g (®).

Since every irreducible component of V intersects V', this implies that V itself is equidi-
mensional of dimension n 4+ s —m, and thus that V' is contained in reg(V’). Furthermore,
it also follows that for (z,9) € V', T(59)V is the nullspace of jac g (@) in C™ x C2.

We will reuse the following fact, proved in [36]. Consider the projection
7w C' — C?
(x,9) — 9,
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and let Z be the set of critical points of my. That is,
7 = {(x,9) € V' | dim(n(T,sV")) < s}.

Consider its projection m(Z) in C*. This is the set of critical values of 7. Also let A
be the critical points of 7|,eg1y so that, by the algebraic form of Sard’s lemma (see [29,
Theorem 3.7] for irreducible V' and [36, Proposition B.2] for general V'), its Zariski closure
7(Z') is a strict closed subset of C*. Then, since V' C reg(V) and since Z C Z', the Zariski
closure 7(Z) is a strict closed subset of C°. As we will see below, if ¥ € C* is not in 7(2),
then 0 is a regular value of ®y on 0.

To describe the set Z of critical points of m;», let M denote the (s +m) x (s + n)
Jacobian matrix with entries in C[X, ®] given by

o _ [Hacxe (™| _ [ Ooan L
M = jacx g(m, @) = [jacxﬁg@)] B L’acx,@(@) '

Lemma 4.3.1. For (x,9) in V', (x,9) is in Z if and only if the matrizc M has rank less
than s +m at (x, ).

Proof. Take (z,9) on V', and let K (z,9) be the Jacobian matrix jacy ¢(®) taken at
(z,9). Then, the rank of M (x,9) can be written as

rank(K (z,9)) + rank([0sx,, L] | ker K (z,9)),

where the latter is the rank of the restriction of [Osy, L] to the nullspace of K(x, ).

Since (z,9) € V' and since 0 is a regular value of ®, K (x,19) has full rank codim(V) =
m. On the other hand, the nullspace of K (z, ) is the tangent space TV, and

rank([0sx, Is] | ker K(z,9))

is the dimension of 7(7,9V). In other words, the rank of M(z, ) is equal to m +
dim(m(T%9V')); this implies the claim in the lemma. O

Therefore, we can characterize the set Z of critical points of 7y as those points satisfying
®(x,9) = 0 and where all minors of M of order s + m vanish. We can actually describe
this set using a smaller matrix, by discarding certain minors that are identically zero. Let
indeed J denote the m x n submatrix of the Jacobian of ® consisting of the first n columns.
This is the Jacobian matrix of ® with respect to X.
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Lemma 4.3.2. For (x,9) in V', (x,9) is in Z if and only if J(x,9) has rank less than
m.

Proof. Notice

o Os><n Is
M) = {505 )
where J' consists of the remaining columns of the Jacobian matrix of ®. Then, the rank
of the former matrix is equal to the rank of

OSXTL IS
Mz, 9) = {J(m, 9) omXJ )

and the conclusion follows. O]

In particular, take 9 in C* — n(Z). Then for all  in ®,'(0) on &, (x,9) is in V', so it
is not in Z. The previous lemma then implies that the Jacobian matrix J of ®4 has full
rank m at (a,9). In other words, 0 is a regular value of ®,, as claimed.

4.3.2 Bounding the degree of the set of critical values

Our next step is to bound the degree of the critical points Z, from which we can bound the
degree of m, the Zariski closure of the critical values, and prove Proposition 4.2.1. To
obtain an estimate on the degree of Z, rather than considering minors of J, we will rewrite
the condition that J(, 1) has rank less than m as the existence of a non-trivial left kernel
element. For this, we once again introduce Lagrangian systems. Welet L = (Ly, ..., L,,) be
new variables, thought of as Lagrange multipliers, and consider the Lagrange polynomials
51, “o 7.;%”, with
(AL =L-J(x0).

Denote by 3 € C""5*t™ the algebraic set defined by the vanishing of .%,...,.%, and @,
and denote by 3’ the algebraic set

3/ :ZSQﬁXCS xC"—{(:B,ﬂ,O,...,O) € Crtstm | ($7"‘9’070) 63}’

where the bar denotes Zariski closure (we have to remove such points, since L; = -+ =
L., = 0 is always a trivial solution to the Lagrange equations). Finally, consider the
projection

e Cn—l—s—&—m N Cn—l—s
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Lemma 4.3.3. The critical points Z are contained in ju(3').

Proof. Take (x,9) € Z. Then, there exists I # (0,...,0) € C" and x € €, with
L J(z,9) = 0.
Thus, (x,9) € u(3’) so that Z C u(3’). O

Let Y be an irreducible component of 3’. There exists an open and dense subset Y° C Y
such that for all (x,9,1) € Y°, x € €0 and I # 0. It then follows that ©(Y°) C Z and
pu(UyY?) C Z; thence,

u(UyYe) C Z. (4.1)

Now put W := pu(3').

Lemma 4.3.4. The algebraic set w(Z) is equal to w(W).

Proof. Since
UYYO = 3/7

we get
W =u(3") = nUyY?) = u(UyY?) C Z,

where the last inclusion follows by 4.1 above. Hence, by lemma 4.3.3,

Zcu3)cu3@)=wcZz.
Then
©(Z) Ccm(W) C n(Z),
so that

©(Z) cm(W) Cc n(Z) =7(Z).
And therefore,

Corollary 4.3.5. The degree of w(Z) is at most d™".
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Proof. The algebraic set 3 is defined by m+n equations, all of them having degree at most
d. Tt follows from Bézout’s bound [22] that deg(3) < d™™, and the same upper bound
holds for deg(3’), since it consists of certain irreducible components of 3. Since degree will
not increase after projection or closure,

deg(W) = deg(u(3")) < deg(3).

And by Lemma 4.3.4,

deg(7(2)) = deg((W)) < deg().

[]

It then suffices to take for I' any non-zero polynomial of degree at most d™*" that vanishes
on 7(Z); this proves Proposition 4.2.1.

34



Chapter 5

Applications of weak transversality

5.1 Applications: the hypersurface case

Let f € Z[ Xy, ..., X,] be squarefree with total degree d, and with V(f) C C" smooth.

5.1.1 Application: proof of H;(1)

In what follows, we fix 7 in {1,...,n} and we prove the following: there exists a non-zero
polynomial h; 1 € C[2] of degree at most 2nd*™ such that if A € C™" does not cancel b; 1,
then A is invertible and f4 satisfies H;(1).

The following construction is already in [4]; our contribution is the degree estimate.
We let ® : C* x C™*" — C"**! be the mapping defined by the polynomials

(f7 grad(f) ’ Q(i-f-lv teey gra’d(f) ’ 2[71)7
where 214, ...,%2, denote the columns of 2 and - is the dot-product.

Lemma 5.1.1. 0 is a reqular value of ®.

Proof. Let (x, A) € C" x C"*" be a zero of ®. We have to show that the Jacobian matrix
of the equations defining ®, taken with respect to X and 2, has full rank n — ¢ + 1 at
(z, A). If we set

of of

F}:a—XlAHj,l‘i‘u-‘i‘a—XnAHj,m I1<j<n-—i
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this Jacobian matrix is equal to

af of
LGl . 0.0 .. 0...0
oF oF, of of 0 0
. ?

where the first columns are indexed by X7, ..., X,, and the further ones by
Q[1,2'-‘,-17 s 7an,i+17 s 72[1,717 s 7Q[n,n-

Since f(x) = 0, our assumption on f implies that at least one of its partial derivatives is
non-zero at @, and the conclusion follows. O

Since all equations defining ® have degree at most d, it follows by Proposition 4.2.1 that
there exists a non-zero polynomial I'; € C[2] of degree at most d*"~"™! < ¢?" with the
property that, if A € C"*" does not cancel I';, then the Jacobian matrix of

P,y = (f, grad(f) - Aivq, ..., grad(f) - An),

taken with respect to X, has full rank n — 7 + 1 at all « that cancels equations. We then
define
hi,l = Fl det(Ql),

this is a non-zero polynomial of degree at most d*" 4+ n < 2nd*".

Let us verify that bh;, satisfies the claim in the preamble. Take A in C™*", such that
hi1(A) is non-zero. Clearly, A is invertible; it remains to check that f4 satisfies H;(1).

Thus, we take x that cancels
"0Xi 00X,

and we prove that the Jacobian matrix of these equations, taken with respect to X, has
full rank n — 4 + 1 at x. Using the chain rule, the equations above can be rewritten as
® 4 (Ax), so their Jacobian matrix at « has the same rank as that of ® 4 at Az, that is,
n — ¢+ 1. Our claim is proved.

In Chapter 7, we will need the following by-product of this result: if we consider
€ C(A4)[Xq, ..., X,] as defined Section 2.3, this polynomial satisfies the rank property
H;(1).
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5.1.2 Application: proof of H,

Let f € Z[Xy,...,X,] and i be as before. We now assume that f satisfies H;(1), and we

prove the following: there erxists a non-zero polynomial g; € C[Sh,...,S;_1] of degree at
most d*" such that if o = (01,...,0,_1) € C* does not cancel g;, then for any root x of
of of
Xi1—o01,...,X;1—0i1, f, ey ,
< 1 — 01, ) 1= 01, f X1 (9Xn)

the Jacobian matriz of these equations at x has full rank n.

Let ¥ : C" x C~! — C" be the mapping defined by the polynomials

of of
78)(1‘_:,_17”"8)(71 '

(X1 =51, Xic1 = Sie1, f
Lemma 5.1.2. 0 is a reqular value of P.

Proof. At all zeros (x, o) of ¥, the Jacobian matrix of ¥ has full rank n. Indeed, indexing
columns by Xi,...,X,,S1,...,5,_1, this matrix is equal to

Lo Ou—iyxm—it+1) I
. o o .
Jacy f7 8Xf+17 SRR aan 0(n—i+1)x(i—1)

Since the Jacobian of f,0f/0X;.1,...,0f/0X,, at xis non-zero (by H;), the entire matrix
must have full rank n. Thus, 0is a regular value of W. m

Since all polynomials defining ¥ have degree at most d, it follows by Proposition 4.2.1

that there exists a non-zero polynomial g; in C[S,...,S; 1] of degree at most d*", with
the following property: if g;(o) # 0 then at any root x of
of of
Xi—o1,...,Xiz1—o0i_1, f, ey ,
( 1— 01, ) 1= 0i1, f X1 8Xn)

the Jacobian matrix of these equations has full rank n. Theorem 3.2.2 is proven.
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5.2 Applications: the general case

Let F' = (f1,...,fp) € Z[X;,...,X,]’ be a sequence of polynomials defining a radical
ideal, and where the degree of each polynomial is at most d. Also, assume that the variety
V(F) C C" is smooth. Recall that 2 denotes the matrix of indeterminates with entries
(20 %)1<jk<n and let J;(X,2A) denote the matrix
jacg(F)
Qll,l c. ml,n

Consider elements a € C™ as vectors of length i of the form a = (ay, ..., a;) with a; € C".
Then for such an a, J;(X, a) is naturally defined with the indeterminates evaluated at a.
We say that a has rank ¢ when a is a sequence of linearly independent vectors. Let ®
define the polynomial mapping
Cn+p+i % Czn — Cp-f—n
<$7A7197 a’) = (F(CU), [>\17 e 7)\67?917 e 7191] ' Jz(wa a’))
and ®, the induced mapping
Cn+p+i SN (Cp-i-n
(2, A\, 9) — ®(x, A\, 9, a).

Let o be defined by the rank conditions: rank(jac,(F)) =p and A = (A1,...,A,) # 0. In
[7, Section 3.2], it is shown that, for any (, A, 9, a) in &, the Jacobian matrix jac, » ) P
has full rank p + n, which in particular holds for (z, A,9,a) in ® !(0) and therefore 0

is a regular value of ®. It therefore follows by Proposition 4.2.1, there exists a non-zero
polynomial I'; € C[; 1,...,2;,] of degree at most

d(tp+i)+(p+n) < @3ntin — d5",

such that if @ € C™" does not cancel I';, then 0 is a regular value of ®,. Thus, for
(x,A,9) € &/ N®,'(0), the Jacobian matrix jac, y 9)(®a) has full rank p +n.

5.2.1 Application: proof of G;(1)

In what follows, we fix i in {1,...,n — p+ 1}, and we prove the following: There ezists
a non-zero polynomial A;; € C[] of degree at most nd™ such that if A € C™" does
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not cancel A; 1, then A is invertible and the polar variety W (m;, V(F4) is either empty or
(1 — 1)-equidimensional.

Consider A € C™" such that the first ¢ rows of A~! do not cancel I';, and let b denote
the first i rows of A1, Note that b has full rank i. Let B € C() — C denote A~! and let
B =[B11,.-,B1n),- - Bn = [Bni, ..., Bn,) denote the rows of B. Set

Ay =T(Bq,...,B;) - (det Q()degFi‘

By multiplying through by (det 2A)°1 we cancel all denominators and thus make A;; a
polynomial.

Lemma 5.2.1. The degree of A;; is at most nd™.

Proof. Assume that
%i,j = ‘ﬁivj/inj, ‘th-,j, inj € C[Q[] — {C}

Then, deg91; ; < n—1 < n, and since we have cleared all denominators ®, ; by multiplying
through with (det2()4¢e!i we therefore obtain

deg A;1 < ndegl’; < nd®.

Now put
Y(a) ={xzec V(F) | rankJ;(X,a) <p-+i}.

Lemma 5.2.2. For A € C"" with A;1(A) # 0,
YA(b) =W (m,V (F?)).

Proof. Let Ly,...,L, and T1,...,T; be new indeterminants. First note that if A € C"*"

satisfies
Ai,l(A) = Fi<bl,17 ey bl,n) . (det A)dfm % 07

so that
Fi(bl,la o 7bi,n> 7£ 07

then we have that, for (z,\,9) € & N ®,'(0), the Jacobian of the polynomials

(F.[Li++ Ly Ty T - (X, )
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at (z, A, 9) has full rank p + n. We then have that
YA(@b)={zeV (F*) | rankJ;(Az,b) <p+i}.
Consider the identity jac(F4) = jac(F)A A and notice that

e R N e R

and therefore ‘ A

rank J;(Ax, b) = rank [‘]?Cm(F ) .
JaCm<7Ti> i
Furthermore, since V' is smooth, it follows from [14, Corollary 16.20] that for all x in
V,jac,(F') has full rank n — dim V' = n — (n — p) = p, which is a property also established

in virtue of the rank conditions on &/. Therefore

YA(b) = {:13 € V(FA) | rankjac,(F4) = p and rank [jj(f:((;ﬂ <p+ z}

=W (m,V (FY)).

Lemma 5.2.3. Y (b) is the projection of o/ N ®,'(0) on the X-space.

Proof. An element & € V' belongs to Y (b) if and only if rank J;(x, b) < p + 4, which holds
if and only if there exists some non zero vector [A, 9] in the right nullspace. Since b has
full rank 7, we know that X # 0. [

Lemma 5.2.4. The set dim Y (b) is either empty or has dimension i — 1.
Proof. The conclusion follows from [36, Lemma B.5, Lemma B.11]. ]
It now follows that if A € C™" with A, ;(A) # 0, then each irreducible component of

the polar variety has dimension i — 1. Therefore, the polar variety W (m;, V(F4)) is either
empty or (i — 1)-equidimensional; hence, G;(1) is established.
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5.2.2 Application: proof of G;(2)

Here we in addition prove: if A € C"™*" does not cancel A;;, then for any (x,l) in
W (m;i, V(F)), the Jacobian matriz of ¥ (i, F') has full rank p +n —i at (x,1).

Take A € C™" so that A;1(A) # 0, and again let b denote the first 7 rows of A~
Proposition 5.2.5. At any (x,1) € # (m;, VA), the Jacobian of the polynomials
(FA, Lagrange(F4,i, (L1, .., Lp)))

has full rank p +n — 1.

Proof. Again, let Ly, ..., L, and T, ...,T; be new indeterminants. Recall from the begin-
ning of Section 5.2, that for (z, A, 9) € &/ N®,'(0), the Jacobian matrix of the polynomials
(Fy[Ly -+ Ly Ty -+ T} - Ji(X, D))

has full rank p + n. Recall that

o) = [0 = [ ] = P |4
and therefore )
ac,(F4)
Ja’Ca:<7Ti> ] ‘

rank J;(Ax, b) = rank [J

Consider the Jacobian of the polynomials
(Fy[Ly - Ly Ty --- T3] Ji(X, b))
taken with respect to the variables
X, X, La, .o Ly T, TG,

at a point (x, A, ) that cancels equations. This Jacobian has full rank p 4+ n. Indeed, it is
equal to

jacm(FA) Opxp | Opxi JaC( )(F ) Opxi
* % % xxx | I =1 . I
* % % ¥k % | Opy i J8C(ap) 0,
[ jac gy (F ) 0sz
= * % % I;
| jac, (l jacy(F4,1)) | Opx;
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Therefore, after rearranging blocks and after removing ¢ columns, we can see that

; FA
. A o A ) Jac(m,l)( )
Jac(zp) (F 7l Jan(F 72)) - jac(%l) (l . jan(FA, Z)) (51)

has full rank p + n — ¢. Now, recall that
l-jac,(F#,i) = Lagrange(F4,i, (L, ..., L,)),
and therefore it becomes clear that, at any
(z,1) € V(I (i, FY) = # (m, VA,
the Jacobian of the polynomials
(FA, Lagrange(F4,i, (L1, .., Lp)))

has full rank p +n — . O]

This establishes G;(2).

5.2.3 Additional statements for Lagrangian systems

Again assume that A € C™*" has the property that A;;(A) # 0.

Corollary 5.2.6. The ideal defined by .7 (i, FA) = (FA,Lagrange(FA,i, (Ly,... ,Lp)))
is radical.

Proof. Given Proposition 5.2.5, the claim now follows from the Jacobian Criterion [14,
Corollary 16.20]. O

Proposition 5.2.7. Let u = (uy,...,u,) € C? be any complex point. Then, for any
(z,1) € #y (mi, V(FH)) C CPP,

the Jacobian matriz of the polynomials

p
(FA, Lagrange(F*,i,(Ly,...,Ly)), Y uil; — 1)
i=1
has full rank p+n —i+1 at (x,1).
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Proof. Note that (x,1) € #4(m;, V(FA)) implies that (x,1) € # (7;, V(F4)); thus, by
Proposition 5.2.5, the Jacobian of the polynomials

S (i, F*) = (F4, Lagrange(F4,i, (Ly, ..., L,)))

has full rank p +n — ¢ at (x,1). The conclusion therefore holds if [0 | u] is not in the row
space of the Jacobian of the polynomials

p
(FA, Lagrange(F*,i,(Ly,...,Ly)), Y uil; — 1) :
=1

for any (z,1) that cancels equations. This matrix is equal to

- 9 A 9 A _
@ 2@ 0 O
org . afA .
8_—>§1<$) U ﬁ(w) 01><p 01><p )
jacg(F4,0)" | O is1xp
L O15p UL ... Up Lo 1, |
consider the upper left block
off ofA
T)a(w)ﬁ<w> 01><p
Alo §
{B gp]:: 0 gy O ,
o (@) g () | O
jac,(FA4,i)T

and suppose for contradiction that [0 | u] is in the row-space. Then
(0] u] =AA 0]+ p[B | C]

and

w=p-C = p-jac,(F4, )"

so that
T

u” = jacy(FA,i) - u”.
Now we have a contradiction because, (x,1) is such that
l-jac,(F4,i) =0
= 1-jac,(F*A )" =0
= l-u" =0,

when by assumption I - u’ = 1. O
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Corollary 5.2.8. Let u = (uy,...,u,) € C? be any complex point. Then, for any
(z,1) € Wiu(mi, V(FA)) Cc C™P

the ideal defined by S, (i, F4)

(FA,Lagrange(F i, (L, Zu L; — 1)

18 radical.

Proof. Given Proposition 5.2.7, the conclusion now follows from the Jacobian Criterion [14,
Corollary 16.20]. O

Proposition 5.2.9. Let u = (uy,...,u,) € CP be any complex point. Then, for any
(3,1) € Walms, V(FA))  C*

we have the inclusion
3(i, FA) C S,(i, F4).

Proof. First note that J(i, F4) C \/Zu(i, FA). Indeed, let f € J(i, F4) and
a=(zl) € V(Fui, F4)) = #o(mi, VA).

Then Y7 w;l; = 1, so that I # (0,...,0) is in the left null space and therefore the rank of
jac,(F, 1) is less than p. Therefore all minors are zero at « and f(a) = f(x,1) = f(x) = 0,

so that f € \/Z,(i, FA) and J(i, F4) C \/ Iu(i, FA).

Now, since by Corollary 5.2.8, \/#, (i, FA) = #,(i, F4), we have the inclusion

VI, FA) C \/ Fu(i, FA) = szA
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5.2.4 Application: proof of G,(1)

Again let F' = (f1,...,[f,) € Z[Xy,...,X,]? define a radical ideal and a smooth variety,
and let i € {1,...,n —p+ 1}. We now assume that F' satisfies G;, and we prove the
following: there exists a non-zero polynomial

Ez’,l c (C[Sl, ce Sifl]

of degree at most d*™ such that if o = (01,...,0,_1) € C' does not cancel Z; 1, then for
any (z,1) € # (m;, V(F)), the Jacobian of the system of polynomials

(X1 —o1,...,Xi—1 — 01, F,Lagrange(F,i, (L, ..., L,)))

has full rank p+mn — 1.
Let ¥ : C*"? x C*~! — C" be the mapping defined by the polynomials
(X1 —S1,...,Xi-1 — Si_1, F, Lagrange(F, i, (L1,...,L,))).

Lemma 5.2.10. 0 is a reqular value of W.

Proof. At all zeros (x,l, o) of ¥, the Jacobian matrix of ¥ has full rank n+p— 1. Indeed,
indexing columns by

Xl?‘"JXn7L17"'7Lp7517"'7Si—17

this matrix is equal to

L1 Ou-v)yxmnip—it1) =L
jac(gy (B, jacy(Fyi))  Oprn—iyx(i-1)

Recall that by G;(2), the Jacobian matrix jac,; (F,1 - jac,(F,7)) has full rank p +n — i
at any zero (x,1). Hence, the entire matrix must have full rank p +n — 1. Thus, 0 is a
regular value of W. O]

Since all polynomials defining ¥ have degree at most d, it follows by Proposition 4.2.1
that there exists a non-zero polynomial =; ; in C[S1, ..., S;_;] of degree at most dn+p)+(n) <
d®", with the property that, if Z; (o) # 0 then at any root (z,1) of

(Xl — O01,... ,Xl',l — O',L',l,F, Lagrange(F,i, (Lla Ce ,Lp>>) s

the Jacobian matrix of these equations has full rank n +p — 1.
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Chapter 6

Proof of G,

Let F'= (f1,..., fp) € Z[ Xy, ..., X,|P define a radical ideal and a smooth variety, and let
ie{l,...,n—p+1}.

6.1 Proof of G;(Q)

We assume that F satisfies G;, and we prove the following: there exists a non-zero poly-
nomial

El”Q S C[Sl, RN Si—l]

of degree at most 2n(nd)" ™' such that if & = (01,...,0,_1) € C1 does not cancel =, 5,
then
g = (0'1, . ;Ui—l) € Wi_l(V(K) N W(T('Z', V)),

where K is the polynomial from 3.1.

By Propositions 3.2.4 and 3.1.5, respectively, the degree of K is at most 2n2d and the
degree of W(m;, V') is at most (nd)". Therefore, by Bézout’s bound,

deg V(K) N W (m;,V)) < 2n%d(nd)" = 2n(nd)™ .

Since degree will not increase after projection or closure,

deg Wi_l(V(K) N W(’ﬂ'i, V))) S deg 7Ti_1(v<K) N W(ﬂ'i, V)))
<degV(K)NW(m;, V).
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Now take Z;5 € C[S),...,S;_1] as any non-zero polynomial of degree at most 2n(nd)"**

that vanishes on

i (V(K) N W (m;, V).

Then, since

i (V(K)NW(m;, V) C i (V(K) N W (m;, V),
we have that if =;5(01,...,0,-1) # 0 then

(01,...,0i-1) € mia(V(K) N W (m;, V),

and GY(2) is satisfied.

6.2 Proof of G;

Take Z;; from Section 5.2.4 and Z; » from Section 6.1 and put
= = EiJEZ‘,Q € C[Sl, cee Si—l]‘
The degree of Z; is at most

deg Ei,l + deg E@Q < dSn -+ 2n(nd)”+1
< (nd)®" + 2n(nd)*"
< 3n(nd)*".
And if we choose & = (01, ...,0;_1) € C' with Z;(o) # 0 then Z; 1(0) # 0 and Z; 5(0) #

0, so that, by Sections 5.2.4 and 6.1, respectively, F' and o satisfy both G|;(1) and G;(2).
Theorem 3.2.9 is now proven.
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Chapter 7

Noether position

7.1 The hypersurface case: proof of H;(2)

Consider a squarefree polynomial f € C[X;,...,X,] and fixi € {1,...,n}. We prove that
there exists a non-zero polynomial h; in n? variables and of degree at most 5n?(2d)?" such
that if A does not cancel bh;, then A is invertible and satisfies both conditions in Hj;.

Consider again the matrix of indeterminates A = (2, x)1<; k<n and the field C(A), and
define
fAeC[Xy,...,X,]

as f(2AX). In Section 5.1.1, we saw that f? satisfies H;(1), so that J(i, f*) defines a radical
ideal, and W (m;, V(f*)) is equidimensional of dimension i — 1. We now point out that f2
also satisfies H;(2).

Lemma 7.1.1. The extension
CR)[X1,. .., X 1] = CE[Xy, ..., X,]/30, fY)
15 integral.

Proof. Let (By)i<i<r, be the prime components of the radical ideal J(i, f*). By [34, Propo-

sition 1], for all /,
C(Ql)[Xl, . ,Xl',l] — C(Q{)[Xl, R ,Xn]/g,pg
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is integral. Therefore polynomials g,; € C(A)[Xq,..., X;—1, Xj] exist, all monic in X},
with g ;(X;) € P, for each j in {7,...,n}. Thence,

Qj = H de,j

1<¢<L

is monic in X and satisfies Q; € J(i, f*), for each j € {7, ...,n}. This proves our claim. []

If P is any polynomial in C(2)[Xy, ..., X,], we will let D € C[2] be the minimal com-
mon denominator of all its coefficients, and we will write P := DP, so that P is in
C, Xy, ..., Xl

Lemma 7.1.2. For j =i,...,n, there exists a polynomial P; in C(A)[Xy,..., X;1, Xj],
monic in X;, with P; in 3(i, f*), and such that deg(P;) < (2d)™.

Proof. We let £% denote the extension of J(i, f*) given by
=730, M- CRL, Xy, ., X)X, -, X
Then,
C(Q[, Xl: R 7Xi71> — C(Q{, X17 R ,Xifl)[Xi, C. ,Xn]/,ggl (71)

is an algebraic extension. On the other hand, the previous lemma states that
CR)[X1,. .., Xiq] = CE[Xy, ..., X,]/3(, fY) (7.2)

is integral; from this, Proposition 3.3.1 in [20] implies that it is actually a free module. Any
basis of the latter is also a basis of (7.1); as a consequence, for j in i, . .., n, the characteristic
polynomials of X; in (7.1) or (7.2) are the same. Let P; be the minimal polynomial of
X; in (7.1). The previous discussion implies that the characteristic polynomial y; of X;
in (7.1), and thus also P;, are in C()[X1, ..., X;_1, X;| and monic in X.

By definition, x; is in J(4, f*) and since there exists an integer k such that X; divides Pf
in C(A)[Xy,...,X;4][X]], Pfisin J(i, f*). Since the latter ideal is radical, we conclude
that P; is in J(i, f*). This implies that P; is in J(i, f%) as well.

Now, consider the sequence of polynomials

"0Xi T 0X,,

) € ClA, Xy,..., X, ",
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let 20 be their zero-set, and let deg(20) be its degree, in the sense of [22]. Proposition 1
in [33] implies that P; has degree at most deg(20). Since all polynomials defining 20, seen
in C[2(, X1, ..., X,], have degree at most 2d, the Bézout inequality of [22] gives

deg(P;) < (2d)" " < (2d)".
O

Our next step is to give degree bounds on the coefficients appearing in the membership
equality E € J(i, f*). This is done using Rabinovicz’s trick. Let T' be a new variable;
applying the Nullstellensatz in C(2()[ X, ..., X,,T], and clearing denominators, we obtain
the existence of «; in C[] — {0} and C}, B; in C[A][Xy, ..., X,][T], such that

n—i+1 . o 8][%[ an[
oy = Z C],EGZ_I_Bj(l_PJT)a Gf € f ’(9X-+1"”’3X . (73)
— i n

Let us then define
b = bi,lai ceapDi- Dy,

where b;; was defined in Section 5.1.1 and for all j, o; is as above and Dj is the leading
coefficient of P; with respect to X;. Thus, h; is a non-zero polynomial in C[]; we will
estimate its degree below.

Lemma 7.1.3. Suppose that A € C™™ does not cancel h;. Then f4 satisfies H;.

Proof. By assumption, b;1(A) is non-zero, so that A is invertible and f4 satisfies H;(1).
In particular, the ideal J(i, f4) is radical, and its zero-set W (m;, V/(f4)) is either empty or
(¢ — 1)-equidimensional. If it is empty, we are done.

Otherwise, for j = 1,...,n, evaluate all indeterminates in 2 at the corresponding entries
of A in (7.3). This gives us an equality in C[X7, ..., X, T] of the form

ofA ofA
T0X; 00X, )

n—i+1

aj= > ¢uge+bi(1—pT), g€ {fA
=1

for a; in C, polynomials ¢;, and b; in C[X7, ..., X, T] and p; in C[ X4, ..., X;_1, Xj]. Since
neither o; nor D; vanish at A, a; is non-zero and the leading coefficient of p; in X is a
non-zero constant.

The conclusion is now routine. Replace T" by 1/p; in the previous equality; after clearing
denominators, this gives a membership equality of the form pé? € 3(i, f4), for some integer
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k > 1 (we cannot have k = 0, since we assumed that W (m;, V(f#)) is not empty). Since
J(i, f4) is radical, p; is in J(z, f*). Repeating this for all j proves that

C[Xl, . aXi—l] — (C[Xl, ce ;Xn]/j(l7 fA)

is integral. [

To estimate the degree of h;, what remains is to give an upper bound on the degree of
a4, ...,0,. This will come as an application of the effective Nullstellensatz given in [11],
for which we first need to determine degree bounds, separately in X,T" and 2, of the
polynomials in the membership relationship:

of* of*
degX,T {fm7 a£+17"'7a)f<— } < d7
f2 af2
A < d-
degm{f ’8XZ~+1"“’3XH _da
degy (1= TP)) < (2d)" + 1
degy(1 — TT;) < (2d)"

For each j € {i,...,n}, a direct application of [11, Theorem 0.5], gives
deg(a) < (n+ 1)"((2d)" + 1);
we will use the slightly less precise bound

deg(a;) < 2n(2d)*".

We saw in Section 5.1.1 that b;; has degree at most 2nd®", and all D,’s have degree at
most (2d)™. This gives the upper bound

deg(h;) < 2nd*™ + 2n?(2d)*" + n(2d)" < 5n*(2d)*".

This completes the proof of Theorem 3.2.1.

7.2 The general case: proof of G;(3)

Now let F' = (fi1,..., fp) € C[Xy,..., X,|P define a radical ideal and a smooth variety, and
fix i€ {l,...,n—p+ 1}. We prove that there exists a non-zero polynomial A; in C[2(] of
degree at most 6n2(2d)®" such that if A does not cancel A;, then F'4 satisfies G;.
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Recall that we let X = (X7,...,X,) be a sequence of variables, and for [ € {1,...,n}
we let X<; be the subsequence of variables (X7, ..., X;). Consider again the n x n matrix
of indeterminates

= (Aj k) 1<) k<n
and the field C(2), and define F* = (f,..., f) as

(f1(AX),..., (AX)) € CRA[X].

7.2.1 Degree bounds for the integral dependence relationship

Lemma 7.2.1. The extension
CR)[X<ia] = C(A)[X]//T(m;, F?)

15 integral.

Proof. Let (Br)i1<e<r be the prime components of /J(m;, F*). By [34, Proposition 1], for
all ¢,
C)[X<ia] = CRA[X]/Be

is integral. Therefore polynomials ¢,; € C(2)[X<;_1, X;] exist, all monic in X, with
q0;(X;) € P, for each j in {i,...,n —p+ 1}. Thence,

Q=[] @

1<¢<L

is monic in X; and satisfies Q; € \/J(m;, F*), for each j € {i,...,n —p+ 1}. This proves

our claim. 0

Now let u € CP be any complex number.

Corollary 7.2.2. The extension
C(A)[X<ima] = CERO[X]/(Suli, ) N C(A)[X])

15 integral.
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Proof. By Lemma 7.2.1, polynomials P; € C()[X<;_1, Xj| exist, all monic in X, with
P;(X;) € /I(m;, F*) for each j in {i,...,n — p+ 1}. By Proposition 5.2.9,

VI(m, FR) C A6, FY),
and therefore P;(X;) € %, (i, F*) for each j in {i,...,n —p+ 1} and
C(0)[X<i] = CR)[X]/(Suli, F*) N CRA)[X])
is integral. O

If P is any polynomial in C(4)[X], we will let D € C[2(] be the minimal common denomi-
nator of all its coefficients, and we will write P := DP, so that P is in C[2, X].

Lemma 7.2.3. For each j € {i,...,n—p+1}, there exists P; in C(A)[X<; 1, X;], monic
in X;, with P; in F,(i, F?), and such that deg(P;) < (2d)*".

Proof. We let £% denote the extension of .#, (i, F*) N C(A)[X] given by
£ = (L., FHYNCER[X])) - CA, Xy 1)[ X5, ..., Xo].

Then,
C(Qla X§i71> - (C<Q[7 Xﬁifl)[Xia cee 7)(71]/’82’1 (74)

is an algebraic extension. Let P; € C()(X<;_1)[X|] be the minimal polynomial of X in
(7.4), and note that P; is monic in X;. By Corollary 7.2.2, Q; € C(2)[X<;_1, Xj], exists,
monic in X;, with

Q;(X;) € (i, F*) N C(A)[X].

Hence, Q; is also in the extension £%, and thus P; divides Q; in C()(X<;_1)[X;]. We can
therefore write

Q= PiR;, P, Rj € C(A)(X<i1)[X;] = C(A)(X<ia).
It then follows by Gauss’s lemma that
Qj =piris  pir € CRDX<ia][X;] = CR),
and such that p; € C(A)(X<,_1) exists with
Py =ppj, Ry =5ty
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Since (); is monic in X, p; and r; must also be monic in X, and p; must be the coefficient
of the highest degree term of P; in X;. Since P; is monic in X, 1; = 1 and hence

Py =1-p;=p; € C(A)[Xci1][X;].

Now, consider the polynomials ., (i, F?) :

(FQ‘, Lagrange(F? i, (Ly,. .., Z u; L >

in C[2(, X, L], let 2 be their zero-set, and let deg(20) be its degree, in the sense of [22].
Proposition 1 in [33] implies that P; has degree at most deg(20). Since all polynomials
defining 20, seen in C[2(, X, L], have degree at most 2d, the Bézout inequality of [22] gives

deg(P;) < (2d)PT"=1 < (2d)*"

7.2.2 Applying the effective Nullstellensatz

Now we apply the Nullstellensatz for P; with the ideal membership for %, (i, F*). Let T be
a new variable; applying the Nullstellensatz in C(1)[X, L][T], and clearing denominators,
we obtain the existence of a; in C[2(] — {0} and C},, B; in C[][ X, L|[T], such that

p+n—i+1 o
Z C,;4Go+ B;(1 — P;T),

Gy € {FQ‘, Lagrange(F? i, (L, ..., ZUZL — 1}

Let us then define
Ai = Ai,lai e OénDz' e Dn-

Lemma 7.2.4. Suppose that A € C™" does not cancel ;. Then F4 satisfies G;(1) and
G;(2), and the extension

C[X<i1] = CX]/(Suli, F4) N C[X])

15 integral.
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Proof. By assumption, A;;(A) is non-zero so that A is invertible, the ideal defined by
S (i, FA) is radical (this follows from Corollary 5.2.8, with u € CP any complex point)
and W (m;, V(F4) is either empty or (i — 1)-equidimensional. By Proposition 5.2.7 and the
Jacobian Criterion [14, Corollary 16.20], we have that #,,(m;, V4) is also either empty or
(i—1)-equidimensional. Now, if it is empty, we are done. Otherwise, for j =1,... , n—p+1,
evaluate all indeterminates in 2 at the corresponding entries of A. This gives us an equality
in C[X, L, T] of the form

p+n—i+1 p
a; = Z ciege+0;(1 —p;T), go € {FA, Lagrange(F4,i, (L1, ..., L)), Z w; Ly — 1} :
=1 i=1

for a; in C, polynomials ¢;, and b; in C[X, L,T] and p; in C[X<;_;, Xj|. Since neither a;
nor D; vanish at A, a; is non-zero and the leading coefficient of p; in X; is a non-zero
constant.

The conclusion is now routine. Replace T' by 1/p; in the previous equality; after clearing
denominators, this gives a membership equality of the form

pjk c ju(i7FA> M C[X]a

for some integer k > 1 (we cannot have k = 0, since we assumed that W (m;, V (F4) is not
empty, which implies that #,,(m;, V) is not empty). Since %, (i, F4) is radical, p; is in
Fu(i, FA). Repeating this for all j proves that

C[X<i-1] = CIX]/(Suli, F4) N C[X])
is integral. O]

To estimate the degree of A;, what remains is to give an upper bound on the degrees of
a4, ...,0a,. This will come as an application of the effective Nullstellensatz given in [11],
for which we first need to determine degree bounds, separately in X, L,T" and 2, of the
polynomials in the membership relationship. We have

p

degx 11 {FQ‘ Lagrange(F* i, (Ly,...,Ly)), Y uL; — 1} <d, degxpr(1—TPF;) < (2d)* +1,
=1

and we have

p
degy {Fm, Lagrange(F*,i, (Ly,...,L,)), ZuiLi - 1} <d, and degy(1 — TP;) < (2d)*".

i=1
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For each j € {i,...,n —p+ 1}, a direct application of [11, Theorem 0.5], gives
deg(a;) < (2n + 2)d> T ((2d)*" + 1);
we will use the slightly less precise bound
deg(a;) < 4n(2d)*".

Since A, ; has degree at most nd®® and all D;’s have degree at most (2d)?", this gives the
upper bound
deg(A;) < nd®™ + 4n?(2d)" + n(2d)*" < 6n*(2d)"".

7.2.3 Proof of G,(3)

Now assume that u € C? satisfies G . It remains to show that if A € C**™ does not cancel
A,; then
C[X<i] — C[X]/3(i, F*)

is integral. By Lemma 7.2.4, the extension
C[X<i-1] = C[X]/(Su(i, F*) N C[X])
is integral, and thus polynomials
Qj € C[X<; 1, T]
exists, monic in T, for each j € {i,...,n—p+ 1}, with
Q;(X1,..., Xi 1, X;) € F(i, F)NC[X].

Since we are assuming that u € CP satisfies G, by Proposition 3.2.5, Q; € \/3(i, F4).
Hence, there exists some k& € N — {0} with Qé’? € J(i, F'4), where Qf is monic in X, and
therefore

C[X<i1] — C[X]/3(i, F4)

is integral.

This completes the proof of Theorem 3.2.8.
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Chapter 8

Analysis of algorithms

In what follows, we now use the genericity statements proven in previous sections; they
help us analyze the bit complexity and error probability of our algorithms by allowing us
to quantify the various random parameter choices.

In each algorithm, we use [37, Algorithm 2] to solve a square system. This subroutine is
randomized; in order to guarantee a higher probability of success, we repeat the calculation
k times, for a well-chosen parameter k. That latter reference establishes that by repeating
the calculation k times, and keeping the output of highest degree among those k£ results,
we succeed with probability at least 1 — (1/2)*. When Algorithm 2 does not succeed, it
either returns a proper subset of the solutions, or FAIL. Note that Algorithm 2 is shown to
succeed in a single run with probability at least 1 — 11/32, and we bound the probability
of success with 1 — 1/2 for simplicity.

8.1 The hypersurface cases

8.1.1 Bounding the degrees of the genericity polynomials

Let b; € C[2] be the polynomials from Theorem 3.2.1. Put b :=[]_, h; and note that

degh < Zdeg h; < 5n’(2d)*". (8.1)

i=1

If A € C™" does not cancel b, then A is invertible and f4 satisfies H; for alli € {1,...,n}.
Now, assuming that A is such a matrix, let g; € C[S),...,S;_1] be the polynomials from
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Theorem 3.2.2 applied to f4. Denote by g := []}_, g, and note that
degg < Z deg g; < nd*". (8.2)
i=1

If o € C! does not cancel g, then f# and o satisfy H, for all i € {1,...,n}.

8.1.2 Algorithm analysis: the compact hypersurface case

Algorithm 1: CompactHypersurfaceCase
Input: f € Z[Xy,...,X,] of degree at most d and height at most b with
V(f) € C" smooth and compact, and 0 < € < 1
Output: a zero-dimensional parameterization that includes at least one point in
each connected component of V' (f) N R", with probability of success at
least 1 — €.
1 Construct

={12,... [2¢7 50 (20)*" }

and randomly choose A € $°;
2 Build a straight-line program I'; that computes the equations

{fA oft 8]“‘}

T0X, T 0X,

3 Run [37, Algorithm 2] k > 1g(2/¢) + 1 times with input I';;
4 return the highest cardinality zero-dimensional parameterization from step 3.

Pseudocode. Algorithm 1 requires that the input system be given by a straight-line
program. We build it (at Step 2) in the straightforward manner already suggested in the
introduction: given f, we can build a straight-line program that evaluates f in O(d")
operations, by computing all monomials of degree up to d, multiplying them by the corre-
sponding coefficients in f, and adding results. To obtain a straight-line program for f4, we
add O(n?) steps corresponding to the application of the change of variables A. From this,
we can compute the required partial derivatives of f4 for the same asymptotic cost [9];
this gives I';.
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If f4 satisfies H;(1), then by the Jacobian criterion [14, Corollary 16.20], the param-
eterizations returned in step 4 are zero-dimensional. Then, correctness of Algorithm 1 is
established in [4, 5].

Bit complexity. The following lists the costs for each step of Algorithm 1:

1. We defined S := {1,2,..., [2¢ '5n?(2d)*"]} and therefore the height of any a; ; € S
1s at most
log 2/¢ 4+ log(5n*(2d)**) € O~ (log1/e +nlogd).

2. After computing the partial derivatives, the height grows by at most another factor
of logd. Thus, all polynomials in the system considered at Step 3 have height

O~ (b+dlog1/e+ dn).
All integer coefficients appearing in I'; satisfy the same bound.

3. As aresult, after applying [37, Algorithm 2] £ = O(log(1/€)) times, the total boolean
cost of the algorithm is

O™~ (d** ' (log 1/€)(b + log 1/e))
where the polynomials in the output have degree at most d”, and height at most

O~ (d" (b + log 1/¢)).

This proves the runtime estimate, as well as our bounds on the height of the output.

Error probability. As we argued above, the algorithm is guaranteed to succeed, as long

as our call to Algorithm 2 in [37] succeeds. Now, by construction of
S:={1,2,...,[2¢'5n*(2d)*"] }

where A € S™ is randomly chosen, we have

degh
S|

Plh(A) = 0] < S22 = ¢/2.
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Let & be the event that the parameterization returned in step 4 of Algorithm 1 is correct.
Then, the probability of success is at least

Plh(A) # 0] x P[¢" [ H(A) # 0].

Set k =1g(2/€) + 1 so that
1-27F>1-¢/2,

and therefore

P[success| > (1 — €/2)P[& | h(A) # 0]
> (1-¢/2)(1-27")
> (1—¢€/2)(1—€/2)
>1—e.

This finishes the proof of theorem 1.3.1.
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8.1.3 Algorithm analysis: the hypersurface case, without com-
pactness

Algorithm 2: HypersurfaceCase
Input: f € Z[Xy,...,X,] of degree at most d and height at most b, and 0 < e < 1
Output: n zero-dimensional parameterizations, the union of whose zeros includes
at least one point in each connected component of V' (f) N R™, with
probability of success at least 1 — e.
1 Construct

S:={1,2,...,[3¢ 5n3(2d)*"]}

and
T:={1,2,...,[3¢ '"nd*]},

and randomly choose A € S and o € T L
for 1 < 1 ton do
3 Build a straight-line program I'; that computes the equations

afA ofA
{Xl_ala'--aXifl_UiflafA L Lo }%

P OXp1 " Xy,

4 Run [37, Algorithm 2] k > 1g(3n/€) times with input I';;

Let 2; be the highest cardinality zero-dimensional parameterization returned
in step 4 ;

N

return [2,...,2,].

(=]

Pseudocode. If f4 satisfies H;, and f4 and (oy,...,0, 1) satisfy H} for all i, then
Theorem 2 in [34] establishes correctness for Algorithm 2.

Bit complexity. The following lists the costs for each step of Algorithm 2:

1. We defined S :={1,2,...,[3e '5n*(2d)*"]} and therefore the height of any a,;; € S
is at most
log 3/€ + log(5n*(2d)*") € O~ (log 1/€ + nlogd).

Since |T'| < |S|, the height of any o) € T is at most the same.

2. After computing the partial derivatives, the height grows by at most another factor
of logd. Thus, all polynomials in the system considered at Step 3 have height

O~ (b+ dlog1/e+ dn).
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All integer coefficients appearing in I'; satisfy the same bound.

3. As a result, after applying [37, Algorithm 2| & times for each index ¢, with k =
O(logn +log 1/€), the total boolean cost of the algorithm is

O™~ (d** ' (log 1/€)(b + log 1/e))
where the polynomials in the output have degree at most d", and height at most

O~ (d" (b + log 1/¢)).

This proves the runtime estimate, as well as our bounds on the height of the output.

Error probability. Algorithm 2 (HypersurfaceCase) is also guaranteed to succeed, as
long as our call to Algorithm 2 in [37] succeeds. Now, by construction of

S:={1,2,...,[3¢ 5n3(2d)*"]}

and
T :={1,2,...,[3¢ 'nd*]},

where A € 5" and o € T ! are randoml chosen, we have
y

d
PIb(A) = 0] < S5 — /3
and de
€egg
Plg(o) = 0] < =€/3
T
Let & now be the event that the parameterizations [2,...,2,] returned in step 6 of

Algorithm 2 are correct. Then, the probability of success is equal to

P[h(A) # 0] x Plg(a) # 0 | h(A) # 0] x P[&" | h(A)g(o) # 0].
Set k = 1g(3n/e€) so that

(1=27")"=(1—¢/(3n)" 2 1 —¢/3,
by Bernoulli’s inequality. Therefore,
P[success] > (1 —€/3)(1 — €¢/3)P[& | h(A)g(o) # 0]
> (1—¢/3)(1—¢/3)(1—27")

> (1- 6/3)(1 —€/3)(1—¢/3)
>1-

n

This finishes the proof of Theorem 1.3.2.
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8.2 The general case

8.2.1 Bounding the degrees of the genericity polynomials

Let A; € C[2] be the polynomials from Theorem 3.2.8. Denote by A := [[/="*' A;, and
note that

n—p+1
deg A < Z deg A; < 6n°(2d)™". (8.3)

=1

If A € C™" does not cancel A, then A is invertible and F4 satisfies G; for all ¢ in
{1,...,n—p+1}. Now, assuming that A is such a matrix, let Z; € C[S1, ..., S;_1] be the

polynomials from Theorem 3.2.9 applied to F4. Denote by Z := [[/-"*' Z;, and note that

n—p+1
deg= < Z deg =; < 3n*(nd)*". (8.4)

i=1

If o € C' does not cancel Z, then FA and o satisfy G, for all i € {1,...,n —p+1}.
And finaly, denote by T := [['-P"" T;, and note that

7

n—p+1
deg Y < > degT; < n(nd)". (8.5)

=1

If u € CP does not cancel T, then u satisfies G;/ forallie {1,...,n—p+1}.

8.2.2 Analysis of the algorithm

Pseudocode. Algorithm 3 (GeneralCase) also requires that the input system be given by
a straight-line program. And we again build it (at Step 3) in the straightforward manner:
given F' = (f1,..., f,) in C[Xy, ..., X,], we can build a straight-line program that evaluates
each f; in O(d™) operations, by computing all monomials of degree up to d, multiplying
them by the corresponding coefficients in f;, and adding results. And as said already, to
obtain a straight-line program for f, we add O(n?) steps corresponding to the application
of the change of variables A. The number of operations here is thus

O(nd™ +n?) = O~ (d").
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From this, we can compute and evaluate the required partial derivatives in the Jacobian
of F4 in

O(n*d™) = O~ (d")
operations [9]. Then, the matrix vector product with the vector of Lagrange multipliers
adds a cost that is polynomial in n, and which we can therefore neglect in the soft oh
notation. Finally, we add the linear equations X; — o4,..., X;_1 — 0,_1; this gives I';, and
the total cost for computing the straight line program is O~ (d").

Algorithm 3: GeneralCase
Input: F = (f1,...,f,) € Z[X;,..., X,]? with deg(f;) < d and ht(f;) < b, and
0<exl1
Output: n zero-dimensional parameterizations, the union of whose zeros includes
at least one point in each connected component of V(F) NR", with
probability at least 1 — ¢
1 Construct

S:={1,2,..., [4c7'6n*(2d)""},
T:={1,2,...,[4 3n%(nd)*"},

and
R:={1,2,..., [4e *(nd)"},

and randomly choose A € S™, 0 € T"!, and u € R?;
2 for i < 1 ton do
3 Build a straight-line program I'; that computes the equations

p
{Xl —01,... >Xi71 — ai,l,FA,Lagrange(FA,i, <L17 ey Lp)), ZUZLZ — 1}
=1

4 Run [37, Algorithm 2] k& > 1g(4n/¢€) times with input I';;

5 Let 2; be the highest cardinality zero-dimensional parameterization returned
in step 4;
6 Compute a parameterization of the projection of 2; onto the X-space, and let

/ . . .
2, denote this new parameterization ;

7 return [2,..., 2]

n

If FA satisfies G; and F4 and o satisfy G/ then Theorem 2 in [34] tells us that the
parameterizations returned in step 5 are zero dimensional. Then, if w satisfies G;’ for all
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i€{l,...,n—p+ 1}, Proposition 3.3.1 gives us that the polar varieties are contained in
the projections of the Lagrangian systems, and therefore Theorem 2 in [34] also establishes
that the parameterizations returned in step 7 will contain one point on each connected
component of VN R".

Bit complexity. The following lists the costs for each step of Algorithm 3:
(1) We defined S :={1,2,..., [4e'6n3(2d)"]} and therefore the height of any a;; € S is

at most
log 4/¢ 4 log(6n*(2d)°") € O~ (log1/e + nlogd).

Since |R| < |T'| < |S|, we also have that the height of any o, € T and w; € R is at most
the same.
(3) After computing the partial derivatives in the Jacobian matrix, the height grows by
at most another factor of logd. Thus, all polynomials in the system considered at Step 3
have height

O~(b+d(log1l/e+nlogd)) = O~ (b+ dlog1/e+ dn).

All integer coefficients appearing in I'; satisfy the same bound.

(4) As a result, after applying [37, Algorithm 2] k£ times for each index i, with & = O(log n+
log 1/€), the total boolean cost of the algorithm is

O~ (&>t (log 1/€)(b + log 1/e))
where the polynomials in the output have degree at most d"*?, and height at most
O~ (d" P (b4 log 1/¢)).

This proves the runtime estimate, as well as our bounds on the height of the output.

Error probability. As we argued above, Algorithm 3 is guaranteed to succeed, as long
as our call to Algorithm 2 in [37] succeeds. Now, by construction of

S :={1,2,..., [4e16n*(2d)""]},

T :={1,2,...,[4e *3n*(nd)*"]},

and

R:=1{1,2,..., [4 'n(nd)"]},
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where A € S”Q, o € T" ! and u € RP are randomly chosen, we have

PIA(4) = 0] < & = /4
- B deg=
and dex T
eg
P[T(u) =0] < 7] = ¢/4.

Let & be the event that the parameterizations [2, ..., 2, ] returned in step 7 of Algorithm
3 are correct. Then, the probability of success is equal to

PIA(A) # 0] x B[E(0) # 0 | AA) # 0] x P[Y(w) # 0 | A(A)Z(e) # 0]
x P& | A(A)Z(0)Y(u) # 0.

Set k =1g(4n/e) so that
(1= 275 = (1= /(4n))" > 1 — /4,

by Bernoulli’s inequality. Therefore,

P[success] > (1 —€/4)(1 — ¢/4)(1 — ¢/4)P[& | A(A)Z(o)Y (u) # 0]
> (1—e/4)(1—e/4)(1 —e/4)(1 —27F)"
> (1-— 6/4)(1 —e/4)(1 —€e/4)(1 - 6/4)
>1-

This finishes the proof of theorem 1.3.4.

66



Chapter 9

Conclusions

9.1 Contributions

Our main contributions were to analyze precisely what conditions on our parameter choices
guarantee success. And we accomplished this by revisiting key ingredients in the proofs
given in [4] and [34], and giving quantitative versions of these results, bounding the degrees
of the hypersurfaces we have to avoid.

9.2 Further work

This work should be seen as a step toward the analysis of further randomized algorithms
in real algebraic geometry. In particular, randomized algorithms for deciding connectivity
queries on smooth and bounded algebraic sets have been developed in a series of papers
[35, 38], and could be revisited using the techniques introduced here. Indeed, we have
accomplished some of the work that is needed for these references; these algorithms require
Noether position for polar varieties and transversality for algebraic sets.
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