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ON THE PROBABILITY DISTRIBUTION OF CONDITION
NUMBERS OF COMPLETE INTERSECTION VARIETIES
AND THE AVERAGE RADIUS OF CONVERGENCE
OF NEWTON’S METHOD IN THE UNDERDETERMINED CASE

C. BELTRAN AND L. M. PARDO

ABSTRACT. In these pages we show upper bound estimates on the probability
distribution of the condition numbers of smooth complete intersection alge-
braic varieties. As a by-product, we also obtain lower bounds for the average
value of the radius of Newton’s basin of attraction in the case of positive di-
mension affine complex algebraic varieties.

1. INTRODUCTION

In these pages we prove several upper bound estimates concerning the aver-
age value of the quantities that dominate the computational behavior of Newton’s
operator in the underdetermined case. Newton’s operator for underdetermined sys-
tems of equations was introduced by Shub and Smale in [SS96] (cf. also [Ded06]).
Their main goal was the design and analysis of efficient algorithms that compute
approximations to complete intersection algebraic subvarieties of C™.

This introduction is devoted to motivating and stating the main outcomes of
this paper. In order to be precise in our statements we need to introduce some
preliminary notation. Let [ € N be a positive integer number. We denote by P,
the complex vector space of all complex polynomials f € C[X7, ..., X,] of degree
at most [. For every list of positive degrees (d) := (d1,...,dn), m < n, we denote
by ’P&L) the complex vector space given as the cartesian product

Piay = [ Pa.-
=1

Namely, 73(73), m < n, is the space of underdetermined systems of multivariate
polynomial equations. We denote by d the maximum of the degrees and by D the
Bézout number associated with the list (d). Namely,

d = max{dy,...,dy}, D:= Hdi'
i=1
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As in [Kun85|, a set-theoretical complete intersection affine algebraic variety of
C™ of codimension m is an algebraic subset V C C" of dimension n — m such that
there is a degree list (d) and some system of multivariate complex polynomials

f=1f1,--. fm] € Py satisfying
V=V({f)={zeC": fi(x) =0, 1 <i<m}.

The case m = n is simply the case of zero-dimensional complete intersection alge-
braic varieties.

A central computational problem is the design of efficient algorithms that solve
the following problem.

APPROXIMATING COMPLETE INTERSECTION VARIETIES

INPUT:

e A list of polynomial equations f = [f1,..., fm] € 79(73) such that V(f) is a
complete intersection of codimension m.
e Some positive real number € > 0.

OuTPUT: A point z € C™ in the tube of radius € about V(f). Namely, a point
z € C™ such that

dist(z, V(f)) == inf{[|z — (|| : C € V(f)} < e.

The zero-dimensional case (m = n) has been extensively studied in the series
of deep papers by M. Shub and S. Smale [SS93bl, [SS93al, [SS93c, [SS94, [SS96] (cf.
also [Ded01l [DS01], [Kim8&9, [GLSY05 Mal94]). For recent advances in this case, see
[BPOGD].

Shub and Smale showed that the design of efficient algorithms for the zero-
dimensional case is a consequence of the knowledge of the average behavior of cer-
tain quantities associated with the input system f € 77(”;) that dominate Newton’s
operator (cf. [SS93al Main Theorem] and also [BPOGb]). The aim of these pages
is to contribute to Shub and Smale’s program in the case of positive dimension
solution varieties.

With the same notation as above, let f € P(”C}) be a system of polynomial equa-
tions and let z € C™ be a complex point. Newton’s operator of f at z is defined by
the following identity:

Ny(2) ==z = (d. /) f(2),
where d_ f is the Jacobian matrix of f at z and (d, f)' is the Moore-Penrose pseu-
doinverse of d f.
With this notation, a point z is called an approzimate zero of f if the sequence
of iterations of Newton’s operator applied to z is convergent and for every positive
integer number k € N the following inequality holds:

(1.1) dist(N*(2), V(f)) < %dist(z,\/(f)),

where dist(-, V(f)) denotes distance to the algebraic variety V(f) (we say that
the speed of convergence is doubly exponential). Let the reader observe that our
definition also implies there will be a point ¢ € V(f) such that N }“(z) converges to
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¢. Moreover, in all usages below (i.e., under the y-theorem’s hypothesis) the speed
of this convergence will also be doubly exponential.

Within Shub and Smale’s program, the problem of approximating complete in-
tersection varieties can be decomposed into two main steps:

e First, compute some approximate zero z € C™.
e Then, apply Newton’s operator to approximate a point ¢ € V(f).

The convergence of Newton’s operator (in the underdetermined case) at a point
is granted by the 7-theorem proved in [SS96] (cf. also [Ded06] or Theorem 2] in
Section 27TI). This v-theorem introduces a quantity v(f, () depending on the input
system f € Py and a regular solution ¢ € V(f), as follows:

(k) 4|71
(dcf)Tu

y(f, ) :==sup Ck!

k>2

)

2

where dék) f is the k-th derivative of f at (, considered as a k-multilinear map. If
is not a regular solution, we define v(f,() = +oo. Here we strengthen this notion
by introducing a maximum value for v. Namely, for f € Py we define

P)/worst(f) = Ssup ’y(.ﬂ C)7
CeV(f)

and we prove the following statement, which is a corollary of Theorem C1 in [SS96]
or [Ded06, th. 134] (cf. Section [Z1] for a proof of this statement).

Corollary 1.1. There exists a universal constant ug, 0 < ug ~ 0.05992 such that
the following holds: Let z € C™ be an affine point such that

dist(z, V(f)) < %“—m

Then, z is an approximate zero of f € 77("3).

The bottleneck of this result is that ~worst(f) may be infinite. For instance,
if V(f) contains some critical point ¢ of f : C* — C™, then v(f,{) = +o0 and
Yworst (f) = +00. However, we will see that for most systems f the number vyorst (f)
is finite. More precisely, assume that ’P(’ZL) is endowed with the Gaussian probability
distribution with respect to the Bombieri-Weyl Hermitian product (see Section [2))
and let N 4+ 1 be the complex dimension of P(g). Then, we prove the following
statement in Section

Theorem 1.2. With the notation above, the following properties hold:
(1) Yworst (f) < 400 almost everywhere in 77(”6}). Namely,

Prob[f € Py : Yworst (f) < +oo] = 1.
(2) The expectation of Yworst is bounded by the following inequality:

D1/4 n—m+42
EP(’Z’) ['onrst} < 2 [10m v nNdS/Z} 2

(3) The expectation of the convergence radius 5
iequality:

Uog

is bounded by the following

worst

E > 21,L0
P = DUA[0my/aNd3/2) 52

m [(Conv. radius)]
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This theorem then means the following. For almost all complete intersection
affine algebraic varieties V' C C”, there is a nontrivial tube Vi about V of radius
R > 0 such that all points of Vi are approximate zeros in the above sense. Moreover,
claim (3) provides a lower bound for the average value of the radius R of this tube.

Theorem is a consequence of the study of the probability distribution of
another quantity associated with the input system f € PZZL): the condition number
wmr (f,€), for ¢ € V(f) (see identity (Z2))). This quantity is strongly related to
the pinorm introduced in [SS93b) [SS93al, [Dég01].

This condition number p  (f,(), for ¢ € V(f), has two main properties.
Firstly, in the zero-dimensional case, it is an upper bound for the complexity of
procedures based on homotopic deformation techniques that approximate zero-
dimensional algebraic varieties. Secondly, in the underdetermined case it has been
shown to control the stability of the solution set. For these results, see [SS93al [SS94]
Ded97, BPO6D, [Dég01]. Moreover, in Proposition 3.4l we prove that for f € P(’S),
¢ € V(f) the following inequality holds:

d3/2

(12) rY(fa C) < Tuzgrm(f7 C)7

just by arguments analogous to those used for the zero-dimensional case in [SS93a].
Here we also contribute to Shub and Smale’s program by studying the probability
distribution of ppt .. in the positive dimension case. We study two variations of
the condition number gt .
First we define the worst case condition number of an input system f € 77(";) in

its variety of zeros V(f) C P,,(C). Namely,
(13) Mworst(f) ‘= sup unmorm(.ﬂ C)
cevi(s)

Then, we prove the following statement.

Theorem 1.3. Let (d) = (dy,...,dn) be such that d; > 1 for some i, 1 <i<m.
Then, the following properties hold:

® lorst (f) < 400 almost everywhere in P . Namely,
Problf € Pl : illmee(F) < +00] = 1.

o The expectation in 77(73) of the worst-case condition number iy o s bounded
by the following inequality:

D1/4 2 /2

EP(’Z) [uxorst] S d3/2 [10mmd / ]

n—m+2
2 .

Then, Theorem is an almost immediate consequence of equation (L2 and
Theorem Hence, we will concentrate our efforts on the proof of Theorem [I.3

Moreover, the use of a uniform tube about a complete intersection affine algebraic
variety V' C C" is probably insufficient to explain the behavior and efficiency of
Newton’s operator in the underdetermined case. For this reason we also study the
average behavior of p*  (f,¢) when ¢ runs over the points in V(f).

Although we have used the condition number p) . to estimate an affine radius,
it is by nature (i.e., as all useful condition numbers) a projective function. Thus, we
will analyze the average value of u  as follows. Let P,,(C) be the n-dimensional
complex projective space. For every system f € P(’Z), let Ve(f) C P,(C) be the
projective closure of V(f) for the Zariski topology in P, (C).
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Assume now that Vp(f) is a complex smooth submanifold of P, (C). Then it is
endowed with a complex Riemannian structure that induces a volume form and a
probability distribution in a natural way. Then, for every f € PEZ) such that Vp(f)

is smooth we define u% (f) as the average value of u . at ¢ € Vp(f). Namely,
(14) MZ\L/(f) = ECEVH’(f) [:u:lnorrn(fa C)]

In the case that Vp(f) contains some singularity we define p% (f) := +o0.
Note that p% (f) controls in some sense the expected stability of the solution set
Ve(f). Then we also prove the following statement in Section [H below.

Theorem 1.4. Let (d) = (d1,...,dn) be such that d; > 1 for some i, 1 <i<m.
Then, the expected value of the condition number ul! satisfies

Epm ] < 3mvnN.

In the case that m = 1, we can even obtain an equality (cf. Theorem BI]). As a
main outcome of Theorem [[.4] we observe that the average value of the condition
number p  of a complete intersection algebraic variety is much better behaved
than its worst case estimate. This of course means that, for a randomly chosen
system f € P(q), we can expect most parts of the variety V&(f) to be very stable
in the sense of [Dég01].

This paper is structured as follows. Section [2 is devoted to stating a precise
definition of the notions used in this Introduction and some other technical results.
Section [ is devoted to proving inequality (I2]). In Section H] we prove the main
technical tool for integration of functions in the set of systems. In Section [l we
prove Theorem [[.4] and in Section [6l we prove Theorems [I.3] and

2. PRELIMINARY RESULTS

2.1. Background. Recall the following theorem from [Ded06] (cf. also [SS96]).

Theorem 2.1. Let f € ’P(’g) be a polynomial system, and let Vy be the following
set:

Vf = {.%' eC": e V(f)7 ||:E - CHV(faC) < uO}v

where ug is a universal constant (about 0.05992). Let & € Vs be a point, and let
¢ € C" be a solution of f such that ||x — C||v(f,¢) < ug. Then, the Newton series
Tp 1= NJ’E(JJ) converges to a point ¢' € V(f), and the following inequality holds for
every k > 0:

2
lzi = ¢l < gy e =l

Observe that, for any f € 77(’2), the set V¢ is a “tubular” neighborhood of the
solution set of f, and the “radius” of this neighborhood at each solution point ( is

exactly
Uo

v(f,¢)’

2.1.1. Proof of Corollary Il Let ¢ € V(f) be such that dist(z, V(f)) = ||l — (|
Then, the following chain of inequalities holds:

||.’£ - <||7(fa () S diSt(:C, V(f))f}/worst(f) S Ug.
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From Theorem 21|, there exists a solution ¢’ of f such that the Newton series
Tp = Njf(:v) satisfies
2 2
dist(x, V() < llow = ¢ < syl — Gl = sgrdist(a, V),
as wanted. O

Our aim is to study the average behavior of the quantity ~Yworst(f). To this end,
we must first consider some probability measure on Piay- The following construction
follows that of [SS93al, [BCSS9g].

For every positive integer number | € N, let H; C C[Xy, ..., X,] be the vector
space of all homogenous polynomials of degree | with coefficients in the field C of
complex numbers. Let ’H(md) := [[;~, Hq, be the complex vector space consisting
of the polynomial systems of m homogeneous polynomials h := [hq,...,h;] of
respective degrees d;.

We denote by a a multi-index o := (ag,...,a,) € Z"!, a; > 0 Vi, and we
denote |a| :== ag + ...+ a,. Then we write

X% = X0 Xgn.

As in [SS93al BCSS98, Mal94], [Dég01], we consider the Bombieri-Weyl Hermitian
product in Hy,, defined as follows. Fix i, 1 < i < m, and let h,h’ € Hy, be two

elements,
h= Y auX® W= ) b.X"
lal=d; o =d;

-1
(s = 3 (%) b

|a|=d;

Then, we define

where b, is the complex conjugate of b, and (i) is the multinomial coefficient.

Namely,
o ag! - ap!

This Hermitian product induces an Hermitian product in HZ’;) (which will also
be called the Bombieri-Weyl Hermitian product) as follows. For any two elements
hoi=[hy, ... hm) B o= [RY,. B ] of HEG,) . we define

m
(h,B)a o= (hi,hi)a,-
i=1
We consider the following mapping:
O: ’P(’Z) — H%
fo= e,
where O(f) is the homogenized counterpart of f. Namely, O(f) is obtained by
adding a new unknown X, to homogenize all the monomials of each equation to
the same degree d;.

In this context, the solutions of f are related to some of the solutions of O(f) as
follows: If (zo,...,xy) is a solution of ©(f), with z¢ # 0, then
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is a solution of f. Conversely, if (x1,...,x,) is a solution of f, then
(L1, ... )

is a solution of O(f).
The Hermitian product (-, -)a induces a Riemannian structure (and a metric) in
the space ’H’(Zl). We define the Riemannian structure (and metric) in P(’Z) to be the

only one that makes © an isomorphism. We also denote || f|la := [|O(f)] a-

Observe that the affine invariant Yyorst (f) we have defined for f € ”P&’) does not
vary if we multiply f by a nonzero complex number. In other words, vYyworst IS a
degree zero homogeneous function. Thus, the average behavior of Yyorst in P(Tg) can
be calculated with Gaussian measure for the Bombieri-Weyl Hermitian product or,
equivalently, in the sphere of radius 1 or the associated projective space IP’(’PEZ)) (cf.
for example [BCSS98| page 208]). Namely, we are interested in the quantity

EIP’('PE;)) ['VWOrst] = Ep(md) [’onrst]-

The isometry © also defines an isometry between the associated projective spaces
IP’(P(ZL)) and IP’(H%). We will concentrate our efforts in the study of homogeneous
projective systems h € P(H@)) and their set of projective solutions.

For a homogeneous polynomial system h € H{;), we denote by Ve(h) C P,(C)
the set of projective solutions of A. Namely,

Ve(h) :={¢ € Po(C) : h(¢) = 0}.

Observe that for almost all systems f € P(p,, the sets Ve(O(f)) and Vp(f) are
projective varieties of dimension n —m. Also, we have that Vp(f) C Vp(O(f)) (cf.
[Kun85]). Moreover, for almost all systems f € ’P(Zl’), the following inequality also
holds:

dim(Vp(O(f))N{Xo=0}) =n—m — 1.
Thus, except for a zero measure set in Py, the set Vp(O(f))\ Ve(f) is contained

in a projective variety of dimension at most n—m —1. We conclude that, for almost
all f € ’P(Zl’), the following equality holds:

v[Ve()] = v[Ve(B(f))]-

In a similar way, for an integrable function 9 : Vp(©(f)) — [0, +00], we have
that

(2.1) Ev.(p)[¥] = Evao)[¥],

for almost all f € PEZ).

The main property of the Hermitian product (-,-)a defined above is its unitary
invariance, which may be expressed as follows (cf. [BCSS98| pg. 218] and references
therein). Let h,h’ € H{yy- Let U € Uny41 be a unitary matrix. Consider the
elements ho U, h' o U € H7,. Then, the following equality holds:

(d)
<hO U, h/ ] U>A = <h, h/>A.

The Riemannian structure of H{, induces a Riemannian structure in P(H%) in

a natural way. Let h € IP’(H%) be any element, and let

W= {1 e Wy < (h,h)a =0}
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be the orthogonal complement of h in Hf’;). The Hermitian product in At is the
one inherited from that of H%. Let h be any affine representation of h such that
|h||a=1. Consider the affine chart

Ph - ht — P( @)) \ ht,

sending each point A’ € h' to the projective class defined by h + h’. Then, 7 is a
diffeomorphism. Moreover, the tangent mapping do(¢y,) is a linear isometry. Thus,
we may identify T, P( ZZ)) and ht via . This Riemannian structure in P(H(md))
is unitarily invariant. Namely, for every unitary matrix U € U, 41, the following
mapping is an isometry:
P(H’(Z)) — I Z’Zg))
f —  foU™L

As for the space of solutions P,(C), we consider it endowed with the usual
Riemannian structure. For any point z € P,,(C) and for any affine representation T
of x, such that ||Z|2 = 1, we may identify T,P,(C) = 2+ := {y € C"*! : (x,y)s =
0} via the affine chart

oz: ot — P,(C)\zt
Y — z+y.

Observe that for any unitary matrix U € U, 1, the following mapping is an
isometry:

Pp(C) — Pu(C)
T — Ux.

We will use the general notation v[A] to denote the volume of the set A, where
the dimension of A is fixed by the context. For every positive integer k > 0,
we denote by v[P;(C)] the volume of the k-dimensional complex projective space.
Namely,

7* 7k

Py(C))i= — 1 =T
VBO) = 05 T
Note that the following equality also holds (cf. for example [BCSS98]):

7TN

V= Ty

For a linear space Ck*! and a positive real number ¢ > 0 we denote by S*(CF*+1) C
C**1 the sphere of radius ¢ centered at 0. Observe that the volume of S*(CF*+1) as
a submanifold of C**1 is equal to

v[P(HE

okl
2mv[Pr(C)] = ————.

Given any pair (h,z) € IP’(H%) x P,(C), we denote by Tyh := (d;h) |, the
restriction of the tangent mapping d,h to the tangent space z-, where h, z are any
fixed affine representations such that ||h||a = ||z|]]2 = 1. Sometimes we identify
T,h and the Jacobian matrix in any orthonormal basis of z*. In the case that
x=-e€p:=(1:0:---:0), we identify

o 9

ax(eo) - Fx-(eo)
Teoh = : : ,

Ohum Ohum,

a})L(l (60) e a})l(" (60)

for any fixed representation h € H{7), [|hla = 1.
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2.2. The incidence variety. Let W C P( E’Zl)) x P,,(C) be the so-called incidence

variety. Namely,
W= {(h,¢) € P(H{3) x Pu(C) : ¢ € Vp(h)}.
The result below is [BCSS98|, Prop. 1, pg. 193].

Proposition 2.2. The incidence variety W is a differentiable manifold of (com-
plex) dimension N +n —m. Moreover, let (h,() € W be a point, and let h,( be
affine representations of h,( such that |h||a = |||l = 1. Then, the tangent space
TihoW C ht-x ¢t can be identified with the space given by the following expression.:

T(h7C)W = {(h/vx) € ht x CL : h/(z) + (dzﬁ)l‘ =0},

where dzﬁ holds for the differential mapping of h at (. The identification with
Tin,c)W is given via the isometry

d0,0) (7 X @Z)-
As we have said above, for every unitary matrix U € U, 41, U defines isometries

in P(H{y)) and P, (C). Moreover, UW =W, and U also defines an isometry in W.
For every point x € P, (C) we denote by V, the linear subspace of }P’(Hf’;)) given as

Vi i={h e P(H(y) : © € Ve(h)}.
We consider the two canonical projections
p1: W —P(HG), p2: W — Py(C).

We can obviously identify p;'(h) and Vp(h). In the same way, we can identify
Dy 1(;16) and V. From now on, we do not distinguish between those concepts.

2.3. The condition number of linear systems. Condition numbers in Linear
Algebra were introduced by A. Turing in [Turd8|]. They were also studied by J. von
Neumann and collaborators (cf. [NG47]) and by J.H. Wilkinson (cf. also [Wil65]).
Variations of these condition numbers may be found in the literature of Numerical
Linear Algebra (cf. [Dem88], [GVLI6], [Hig02], [TBI7] and the references therein).

We will denote by x7; the generalized Condition Number of Linear Algebra (cf.
for example [SS90l [BP05]). Namely, let k¥ > m be two positive integers. Then, for
a rank m matrix A € M,,,xx(C),

KB (A) = [ Allp A2,

where || - || is the Frobenius norm and A" holds for the Moore-Penrose inverse
of A. Tt is well known (cf. [SS90, BP05, [Kah00]) that the condition number
K5y controls the stability of the kernel or the Moore-Penrose inverse calculations.
Moreover, some bounds on the probability distribution of k7 have been obtained
since [BP06al [BP05] appeared. Namely, we have the following result.

Lemma 2.3. Let n > m > 2 be two positive integers. For any positive real number
s > 0, the following inequality holds:

v[{M € P((Momx(n41)(C) : #B(M) > s )] _
V[]P)(me(n+1)((c))] N

em2(n 1) \*"T
S .
n—m-+2
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Now, let m = 1. Then, the following equality holds:

V(M € PMyguen(©) : kb (M) > 571 [1if 5> 1,
V[P, (C)] 0if s<1.

Proof. The first part of the lemma is from [BP06a]. As for the second part, observe
that for every nonzero matrix A € M (,41)(C), the following equality holds:

KH(A) =1.
(]

The upper bound on the probability distribution of 7} may be translated into
a bound on the expected value EP(M'lnX(n+1)(C)) [£'B], using the following result.

Lemma 2.4. Let X be a positive real-valued random variable such that for every
positive real number t > 1,

Prob[X > t] < ct™7,

where Prob[-] holds for Probability, and ¢ > 1, > 1 are some positive constants.
Then, the following inequality holds:
@

Q=

E[X] < :
[X] S em ——

Proof. We use the following equality, which is a well-known fact from Probability
Theory.

E[X] = /000 Prob[X > t] dt.

Then, observe that for every positive real number s > 1,

l-—a

E[X]:/ Prob[X>t}dt§s+c/ O dt=s e
0 S

a—1
Let s:= c%, and the lemma follows. O

Corollary 2.5. Let n > m > 2 be two positive integers. Then, the expected value
of Ky satisfies:
21/ 4em3/2(n + 1)

n—m+3/2

Ep(My s (n1) (@) [FD] <
Now, let n > m = 1. Then, we have that

EP(MIX(TL+1)(C)) [’ilD] =L

Proof. The inequality follows directly from Lemmas and 2.4l The equality is
due to the fact that £, (M) = 1 for every nonzero matrix M € My (,41)(C). O

2.4. The condition number of nonlinear systems. In the series of papers
[SS93al, [SS93D), [SS93c, [SS94! [SS96] a condition number for nonlinear zero-dimensio-
nal systems of equations is proposed and analyzed. In [Dég01], an extension of this
condition number for the underdetermined case is suggested, and some interesting
properties are shown. The projective version of this condition number may be
defined as follows:



UNDERDETERMINED NEWTON METHOD 1403

Let h € P( %), and let ¢ € V(h) be a regular solution of h. We also denote by
h and ¢ any respective affine representations of these projective points. Then, the
condition number u7  (h, () is defined as follows:

(2.2) rorn (7€) = IR all(dch | ) TDiag(I¢ %~ d; ) ]2,

/j’norm

where Diag(]|¢]|%~1d}/?) = Diag(d}/?(|¢[|2=, ..., dw/*||¢[|[%~1) is this diagonal
matrix. In the case that ¢ is a singular solution of h (i.e., the differential mapping
d¢h is not surjective) we define ply . (h, () := +o00. Note that the following equality
holds:

wp (Diag(d; *)Tch)

| Diag(d; ") Tehllr

where Diag(di_l/z) = Diag(dl_l/Q, . 7d,;1/2) is this diagonal matrix, and T¢h is as
defined in Section 211

The quantity ppt.,, depends both on the system and the solution. Then, we
consider two possible definitions for the condition number of a polynomial system
h € P(H{):

m o (h) = m o (h, (), m(h)=E e (s )]
Mworst( ) Cg‘l/iﬁl) :u‘norm( <) 1% ( ) V]p(h)[:u‘ ( )]

/“’L:ln(‘)rn’l(hW C) =

The nonhomogeneous version of pnom may be introduced as follows. For a
polynomial f € P(’Z) and a solution ¢ € V(f), we define

l’[/,l”anI’Hl(f’ () = :u‘gi)rm(@(f)v (]" C))’

where O is the mapping of Section 2] (note that (1,¢) € Vp(O(f))). The non-
homogeneous versions of fyorst and fiay have been defined in the Introduction (see

identities (L3), (T4)).

Observe that, as d¢ f varies in a continuous fashion with ¢, for every f € ’P&L) we

have
(2.3) Horst (f) = sup pit (©(f), (1,¢)) = max 4, (©(f), (1,€))
CeV(S) CEVR(S)
S CE‘%}(%)%f)) :U’Zgrm(e(f), C) = u&orst(e(f))'

From the definitions and equation (ZI)) above, the following equality holds for
almost all f € P(Tg):

(2.4) Ha () = 1y (O())-

2.5. Some geometric integration theory. We will make extensive use of the
so-called Coarea Formula, a classical integral formula which generalizes Fubini’s
Theorem. The most general version we know is Federer’s Coarea Formula (cf.
[Fed69]), but for our purposes a smooth version as used in [BCSS98] or [SS93b]
suffices.

Definition 2.6. Let X and Y be Riemannian manifolds, and let ' : X — Y
be a C! surjective map. Let k := dim(Y) be the real dimension of Y. For every
point x € X such that d,F' is surjective, let v7,...,v{ be an orthonormal basis of
Ker(d,F)*. Then, we define the Normal Jacobian of F at x, N.J, F, as the volume
in Tp(,)Y of the parallelepiped spanned by d, F(vf),...,d,F'(vj). In the case that
d, F' is not surjective, we define NJ,F := 0.
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Theorem 2.7 (Coarea Formula). Let X,Y be two Riemannian manifolds of re-
spective dimensions ky > ky. Let F : X — Y be a C' surjective map such that
the differential mapping d, F' is surjective for almost all x € X. Let ¢y : X — R
be an integrable mapping. Then, the following equality holds:

(25) Jorax=] [ v e w)

where NJ,F is the normal Jacobian of F at x.

Observe that the integral on the right-hand side of equation (2) may be inter-
preted as follows: From Sard’s Theorem, for every y € Y except for a zero measure
set, y is a regular value of F'. Hence, F~!(y) is a differentiable manifold of dimen-
sion k; — ko, and it inherits from X a structure of a Riemannian manifold. Thus,
it makes sense to integrate functions on F'~1(y).

The following proposition immediately follows from the definition (see for exam-
ple [BCSS98, pg. 244] or [Bel06, Cor. 1.1.12]).

Proposition 2.8. Let X,Y be two Riemannian manifolds, and let F : X — Y
be a C* map. Let x1,25 € X be two points. Assume that there exist isometries
ox: X — X and ¢y : Y — Y such that ox(x1) = x2, and

Fopx =pyoF.
Then, the following equality holds:

NJy, F =NJ,,F.
Moreover, if there exists an inverse G : Y — X, then

1

NI F = —————.
J NJF(QJ)G

3. CONDITION NUMBER AND CONVERGENCE RADIUS

In Section [Z.I] we have introduced the quantity ~worst t0 control the convergence
of Newton iterations. The quantity Yworst 1S defined in P(’S) (or in the associated

projective space). Later, in Section [24] we have centered our attention on the
condition number p? . This condition number u)? . has been defined in the
projective space P(H(md)) (or, equivalently, in the affine space H%), and also in
the space Pla)- Now we will relate these concepts. We start with the following
elementary lemma.

Lemma 3.1. Let h € Hy), ¢ € C™*! be such that h(¢) = 0, rank(T;h) = m.
Then, for every vector v € C™, the following equality holds:

(deh)fv = ((dch) [¢)To.

Proof. For an onto linear operator between Hilbert spaces L : £y — Fs, we have
that

Ll=io (Lkerrys) ™"
where ¢ is the inclusion in E;. Now, observe that h € H?Zl) is a system of homo-
geneous polynomials and ¢ € Vp(h) is a solution of h. Hence d¢h({) = 0. Thus,

(deh)" =i ((deh) |(ker(acnyr) s
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and
((d¢h) |gi)T =i, o ((dch) |(Ker(d<h))i)_1a
where 7 is the inclusion in C**! and i, is the inclusion in ¢ L. The lemma follows.
O

We now define a projective version of the quantity v. Let (h,{) € W be a point

in the incidence variety, such that d¢h is surjective. Then, we define
d(k)h 1/(k—1)

((deh) |e)' =5

Yo(h, €) = ||¢]l2 sup
k>2

2

In the case that d¢h is not surjective, we define vy(h, () := +o00. This definition is
independent of the representatives of h and ¢ used in the formula. Observe that
7o is only defined for homogeneous systems, while v (as defined in Section [ZT]) is
also defined for nonhomogeneous systems. Finally, another quantity will help us
to prove our main theorems. The following is a nonhomogeneous version of the
condition number fifg,.,. For f € Py and ¢ € V(f), we define

(€)== || flall(de f) Diag(d}/*|(1,¢)

Note that plk. . (f,¢) is not equal to gy (f,¢) in general. The quantity 7k .
will only be used in intermediate results. All these concepts will be related in
subsequent lemmas.

The following result is easily proved following the arguments in [BCSS98, Sect.
14.2] or [SS93a]. It relates v with gy, and v with plk .

difl)

[l2-

Lemma 3.2. Let (h,{) € W be a point in the incidence variety. Then, the following

inequality holds:
3/2

d
70(h5 C) < T/’Cnmorm(hv C)
Moreover, let f € Py and let ¢ € V(f) CC™ be a solution of f. Then,

3/2

10, (A0 < Lo (7,00

Proof. Tt suffices to prove the result in the case that ( is a regular solution of h (resp.
f). We start with the projective case. We consider fixed some representatives of h,
¢. Let h =[hq,...,hy] be given by the list of its polynomials. From the definition,
for every k > 1,

. —dy g~ 1/(k=1) :
[Diag(|I¢l[*~di %)l (3 ¢l
[[7][a k! - I

2\ 1/2(k-1)

=\ JCIg | n) adt k!

m k o\ 1/2(k—1)
Y o (R 1N
ICI% (1l a, d 2R [T]la

=1

From [BCSS98| Lem. 11, pg. 269], this last is at most
o\ 1/2(k—1)

k—1 1/2
(L) Ll < 2 (S R
7 ) Tl < oAl \ 2 Il 7

=1




1406 C. BELTRAN AND L. M. PARDO

We have proved that for every k& > 1 and every h € H{j), ¢ € C"*1, the following
holds:

. —d; 1/(k=1)
<|D1ag<|<|k “d, 1/2>d‘f>h|2> &

3.1 -
o G ;
Now, assume that we choose representatives such that ||h||a = ||¢|l2 = 1. Then, we
can write
(k) |1/ (k=1)
0(h,¢) = sup |(Tch) Diag(d; *)Diag(d; %) =
- ° 2
_ 1/(k=1)
Diag(d; /*)d"h
< sup (7 Dingat 4 (120 A M .
E>2 k!
From inequality ([31I), we obtain that
d3/2 ) _
70(£,0) < == sup [|(Tch) Diag(d; )|,/ "~
k>2
d3/2 ) d3/2 .
— STk Diag(d} )l = “ it ().
as wanted.
Finally, for the affine case, observe that
Q) =
_ pdc [
1L, Ol (£ €) = (L, Ollz8up | (de f)T =
k>2 "y
1/2 1/2 O f o
= sup||(dc f) Diag(d; (1, €) |~ )Diag(d; (L, O *) =5~
= 2
FOr =
< SUp e (£,C) 7T sup || Ding(| (1, )~ d; /%) o
k>2 k>2 L7kt

Recall that for f e P, we have defined o(f) € H{3 as the homogenized
counterpart of f (see Section 2.1)). Then, observe that
/= G(f) |{1}><<C" .
Hence, we have that

1
k—1

vz, 4
sup | Diag([(1, ) |*~d; %) <
k>2 Hf”Ak 2
dPe(f) o
< sup || Diag(]|(1, )| F~%d; V) S
< sup | Diag(|(1, )|~ d, )||®(f)|\A’f!2

As O(f) € H% is a homogeneous polynomial and (1,¢) € C**! is a solution of
O(f), from inequality (B we conclude that this last quantity is at most

d3/2

2 3
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and the lemma follows. O

The result below relates the condition number gt . with its affine counterpart
M;nﬂ’lne'
Lemma 3.3. Let f € 79(";) be a system, ¢ € C™ be a solution of f. Then, the
following inequality holds:

uglfﬁne(f’ C) < H(]"C)HZHKE)I‘HI(@(JC)’ (LC)) - ||(1’C)H2:U‘Zz)rm(fa C)

Proof. Again, it suffices to check the case that ¢ is a regular solution of f, which
implies that (1,() is a regular solution of ©(f). Observe that f = O(f) |{1}xcn-
Moreover, we have defined

[flla = lO()la-

Hence, we can write

Hitine (£:Q) = 1O | all(d,)O(f) |eg ) Diag(d; (1,1 2.

Now, observe that
(. )O(f) |og ) Diag(d} *[I(1, Ol %)z =
(.0 O(F) L) (d1.0OF) 1.0 ) (A1) 1.0y ) Diagldi *[I(1, O %12 <
(.0 O o) (d.) O .yl (de1. 0O () | 1.0+ ) Diag(d; I (1, €)=~
From the definition of u] . we conclude:
titine (f, ) < 1l (©(), (1,0)) 11,0 O(f) let) (da.c)OF) l1,0)2) -

Hence, it suffices to prove that for a homogeneous system h € H% and a solution

(1,¢) of h,

[l2-

I(da.oh e (daob a0l < 110l
We check this last inequality. In fact, let w € (1,{)* be a vector. If w € eg,
then

1(da.cyh o) (dayh 1,000 ) ()2
= (da,oh leg) (daoh leg) @2 < [[v]l2,
from elementary properties of the Moore-Penrose inverse (see for example [Ded06]).
Assume now that v € (1,¢{)* N ((1,¢)* Neg)*, which is a complex subspace of
dimension 1. Then, v = t(—||¢||3,¢) € C**! for some t € C. Moreover, let v be

given by
v=w— tHCH%(LC)» w e eé'

Then,
1
o | o e ) (daoh la.o-) @)l
1
= i ek ) daoh Ol
! [
= S ldaoh L)t da o)l < T2,
[[vll2 (1O leg 1.¢) (vl
o Jwll2 _ [[t(=I<lI3, ©) + ¢ICZ(L, Ol
w t(—|<ll3, ¢) +lI¢l5(1, ¢
ST L0l _ i1, g

lvll2 [E(=N€113, Ol
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This finishes the proof of the lemma. O

Finally, we can relate the quantity v of Section 2. to the condition number
e of Section 24 as follows.

Proposition 3.4. Let f € P(’Z) be a system of polynomial equations, and let ( be
a solution of f. Then, the following inequality holds:

d3/2
7(.]07 C) S Tugérm(@(f)7 (1a C))
Moreover, the following chain of inequalities also holds:
d3/2 d3/2
’7worst(f) S Tucvfborst(f) S Tua}orst(@(f))
Proof. The second assertion immediately follows from the first one. From Lemma
B2
(1,0 < o T (.0
’y Y — 7—/-1’3 ne ) *
IOl 2 7"
From Lemma [B.3] this last quantity is at most
1, (). (1,0)
71 N1 & 5 2Mnorm ) ) 5
(L Ol 2
as wanted. (|

From Proposition [34] we can reduce the problem of the average value of Yyorst (f)
in 73(73) to the study of the quantity

EP(H{E) ) [N%m] .

Hence, we are interested in the integration of functions in the projective space
of homogeneous polynomials P( E’C})). In the following sections we will face this
problem, from a more general point of view.

4. INTEGRATION ON THE SPACE OF POLYNOMIAL SYSTEMS

In this section we follow the demonstration scheme of [SS93b] to relate integration
on the space of polynomial systems to integration on the space of linear systems.
Namely, we obtain the following technical result.

Theorem 4.1. Let (d) = (d1,...,dn) be such that d; > 1 for some i, 1 <i<m.
Let @ : [0,+00] — [0,400] be an integrable mapping. Let Jp(P) be the integral
defined as follows:

j]p(@) = /
heP(H™

(d)

[ B (0, dvels) Py
) JCeVe(h)
Moreover, for every real number t € [0,1], consider the following integral:

T (D, ) == / o (
MEP(Mpnx (n11)(C))

m
KD

M)
D) @B Moo (©))
Then, Jp(®) equals the following quantity:
1
27V [PN —mm—nim (C) V[P (C)]D / (1 — ¢2)N=m=nmy2nm+2m=17 (P t) dt.
0

A first consequence is the following result.
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Corollary 4.2. For every polynomial system h € ]P’(H@)), except for a measure
zero set, the following equality holds:

v[Vp(h)] = v[Pr—m(C)|D.
Proof. Apply Theorem [£1] to the constant function ® = 1. We obtain that
[ vl deg)
heP(HT,)
= 271V[PN —m—nm(C) [V [Pr—m(C)| DV [Prmsm—1(C)]

1
></ (1_t2)N—m—nmt2nm+2m—l dt
0

The value of this last integral is well known:

1T(nm+m)I'(N —m —nm+1)

2 (N +1) ’
where I' is the Gamma function. Now, using the fact that
k
™
PL(C)] = =—

for every nonnegative integer k£ € N, we obtain that

1 my_
W /heIP’(H%) v[Ve(h)] dP(H{G)) = V[Pn—m(C)]D.

On the other hand, for almost all polynomial systems h € IP’(’H’(Z)), we have that

h is a regular value of the projection p; defined in Subsection Hence, Vp(h)
is a smooth algebraic variety of complex dimension n — m, and from [Mum?76l th.
5.22] (cf. also [BP06a]) we conclude that

(4.1) v[Ve(h)] = v[Pnm(C)] deg(Ve(h)),
where deg(V) is the degree of V' in the sense of [Hei83]. We conclude that

1 .
vI(HG))] /hemwz'é)) deg(Ve(h) dB(H(G) =D.

On the other hand, the Bézout inequality (cf. [Hei83]) yields
deg(Ve(h)) <D, Vh e P(H{).

Thus, we conclude that deg(Vp(h)) = D for almost all h € P(H[;)), and the
corollary follows from (I). O

The proof of Theorem [£.1]is divided into the following two subsections.

4.1. Some technical calculations. We recover the notation of Subsection
Thus, let W be the incidence variety, and let V., C P( E’;)) be the set of systems
which have ey as a solution. We start with the following theorem, which uses the
unitary invariance of the Riemannian structure of P(H@)) defined in Subsection

2T
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Theorem 4.3. Let ¢ : W — R be an integrable mapping, such that for every
(h,¢) € W and every unitary matriz U € Uy,11, the following equality holds:

¢(h, Q) = ¢p(ho U, UTC).
Let J be given by

J = ¢(h, Q)N J(n,cyp1 dW.
(h,Q)eW
Then, the following two equalities hold:
7= | othe) aven) ap(ry),
heIP(H’")) ¢eVp(h)

NJheo
szmmm/ B(h, eg) oot gy

heV,, ]V’]hﬁo)p2

Proof. The first of the two equalities comes from Theorem [Z7] applied to p;. As
for the second one, also from Theorem IZZI, we have that

(h z)P1
J = / / dV, dP,,(C).
©€P,, (C) JheV, NJ(h 2)D2 ©

Now, let € P,,(C) be any point and let U € U, 41 be a unitary matrix such
that Ueg = x. Then, the mapping sending h to h o U is an isometry from V, to
Ve, Thus,

NJha NJ vt ve
/ (b(h,x)M v, :/ ¢(hOU71,U€0)M AV, .
hev, NJ(h,z)p2 hev, NI (hoU=1,Ueq)P2

Now, ¢(ho U™, Uey) = ¢(h,eq). Also, observe that the mappings ¢}, and ¥
defined as follows

v W — w, P3 . P,(C) — P,(C)
(9,2) = (goU"LUz) z — Uz

are isometries. Moreover, they satisfy the conditions of Proposition 2.8 Thus,
NJ(hov=1,Ue0)P2 = N J(h,e)P2-
A similar argument with the mapping ¢3 : P( %) — IP’('HE’;)) given as
¥3(h) ;== hoU~! yields
NJ(hor-1,Ue0)P1 = NJ(h,e0)P15

and the theorem follows. O

Lemma 4.4. Let h € V., be such that rank(T. ,h) = m. Then, the following
equalities hold:

1
NJ =
(h,e0)P1 det(Id,, + ((Te,h))*(Te b))’
1
NJ(heg)p2 =

det(Idy, + (Teoh)(Teoh)*)’

where for any matriz A, At holds for the Moore-Penrose inverse of A, and A* holds
for the Hermitian transpose of A.
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Proof. Recall that from Proposition [Z.2]
TiheyW = {(I',2) € b x e : B (e0) + (Teyh)z = 0},

where some representation of norm equal to 1 of h has been chosen. Let K; :=
Ker(d(p,e,)p1) be the kernel of the tangent maaping at (h, eg). Then, K; = {(0, ) :
x € Ker(Te,h)}, and

1
— NJ,0)(dineoypr) [ )™h)

NJheoypr = NJ(0,0)((d(n,eo)P1) k)
_ 1
NJ0,0)((dn,e)p1)T)

Let 3 be an orthonormal basis of A such that the first m elements of the basis
are the systems

B = (X&)0,...,0),

B = (0,...,0, X3m).
Observe that the first m coordinates of any system A’ := [k, ..., h}, ] € H}, in this
basis are exactly h/(eg) = (h)(eo),...,hl, (eq)). Moreover, the following properties

hold:
o (dine)p1)T(Bi) = (Birxi), @ := —(Teoh)T(e;), for 1 < i <m,
° (d(h,eo)pl)T(v) = (v,0), forv e B, v & {L1,...,0m}
Thus,
NJ0,0)(dinegyp1)’) = det(Tdm + (Tegh))* (Teyh)T).
As for po, observe that as above,
_ 1
~ NJo,0)((d(n,eq)p2)t)’

NJ(he0)P2

Now, the following equality holds:
Ker(dn eo)p2)" = {(1,0) : h'(eg) = 0} = (B1, ..., Bm) x C",
where (01, ..., Bn) stands for the linear subspace spanned by these vectors. Thus,
(d(h,eo)pZ)T(ei) = (hj,e;), 1 <i<mn,
where the first m coordinates of A} in the basis § are given by
h; = —(T.,h)e;,
and the rest of the coordinates equal 0. Hence,
NJ(0,0)(d(,e)p2)") = det(Idy + (Teyh)*(Teoh)) = det(Idm + (Tegh) (Tegh)"),

and the lemma follows.
O

Lemma 4.5. Let h € V,, be such that rank(T,,h) = m. With the notation above,
the following equality holds:
NJ(h,e0)P1

=det((Tegh)(Tegh)™).
NJ(h7eO)p2 (( 0 )( 0 ))
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Proof. From Lemma [£4]

NJp,eypr  det(Id,, + BB*)

NJneoyp2  det(Idm + (BY)*BT)’
where B := T, h € Mypxn(C) is this matrix. Then,

I NJpneypr det(Id,, + BB*)
det(BB*) NJ(peoyp2  det(BB* + BB*(B1)*Bf)’
Now, BB*(B")*Bf = B(B'B)*B' and BB is selfadjoint. Moreover, BB =

Id,,. Thus,

det(BB* + BB*(B")*B'") = det(BB* + BB'BB") = det(BB* + Id,,,),

and the lemma follows.
O

Corollary 4.6. Let @ : [0,4+00] — [0,+00] be an integrable mapping. Then, the
following equality holds:

/heIP’(H(;))

— J[P.(C)] /h 0 () et (TegB)(Toy 1)) Ve

/ & (U (. Q) dVi(h) dP(HT)
¢eVp(h)

Proof. Observe that for every element (h,() € W and for every unitary matrix
U € Up4+1(C), we have that

N:lnorm(hv C) = ,U;%rm(h o []7 U71<).
Thus, the following equality also holds:

D(f1f6rm (h: €)) = P(itormn (0 U, UTQ)).
The corollary follows from Theorem 3] applied to ¢ := ® o p . and from
Lemma [£.5] O

Corollary 4.7. Let @ : [0,+00] — [0, +00] be an integrable mapping. Then, the
following equality holds:

VP (C)] / D (KB(M)) dP(My (i) (C))
MEP(M px (n+1)(C))

= V[P, (C)] (ki (M)) det(MM™) P(Minxn(C)),
MEP(MTILXTL(C))
where the representation of M in the last integral is chosen such that |M||p = 1.

Proof. Apply Corollary .6 to the case that (d) := (1,...,1) € N®. Then, the space
P(H{)) turns out to be P(My,x(n+1)(C)), and the condition number pfig,,, (M, ¢),

where ¢ # 0 is in the kernel of M, turns out to be exactly x5(M). Hence,
pm (M, ) does not depend on the solution ¢, and Corollary E.6] yields

/ & (5™ (M) w[Ker(M)] dB(Myp (s (€))
MEP(M px (n+1)(C))

— J[P,(C)] /MEV Bk (M) det((T, M) (Toy M)7)) dVi.
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Now, in the linear case we have that
Veo = {M € P(Myx (n41)(C)) : Meg = 0}

is a linear subspace of P(M,, (n4+1)(C)), which may obviously be identified with
P(Mpxn(C)). In fact, a matrix belongs to V¢, if its first column is equal to zero.
Moreover, under this identification, the value of x7}, as defined in P(M, x (,+1)(C))
and P(M,,x»(C)), does not vary. Finally, observe that for M € P(M,,,xn(C)), we
have that T¢, (0 M) equals M (for some fixed representation such that |M||p = 1).
The corollary follows from the fact that v[Ker(M)] = v[P,_,,(C)], for almost all
M € P(Myp(o11)(C).

O

4.2. Proof of Theorem [4.I] We introduce some extra notation, which will only
be used inside of this proof. Let V., be the set defined as follows:

Veo := {h € Hgy : [hlla =1, h(eo) = 0},

and let ﬁeg - 'HZ;) be the complex linear subspace of polynomial systems defined
as follows:

Ley :={h € HYy thi=X$> ai; X;,1 < i <m}.
j=1
Let V., L, be endowed with the Riemannian structure inherited from that of
H(d) For any point h € H(d), h(eg) = 0, we denote by T, eo v the restriction of the

differential matrix to eg. Namely,

Toyh := (deyh) let» in the natural basis.

We consider the following mapping:

éﬁo: f’ﬁo - men((c)
h  +— Diag(d; 1/2)T h,

where Diag(d; /2) = Diag(d; 1/2, ooy dm 1/2) € M,,(C) is this matrix. Some ele-
mentary calculations show that ¢eo is an isometry (cf. also [BCSS98, Lemma 17,
page 235]).

Let 7 : Veo — IAJeO be the orthogonal projection. Observe that Veo is a real
Riemannian manifold of real dimension 2N —2m + 1, ﬁeo is a complex subspace of
H{) of complex dimension nm and for every h € Ley, I2]|a < 1, the set 77 1(R) is

a sphere of real dimension 2N — 2m + 1 — 2nm and radius (1 — ||h]|X)"/2. Thus,
the (2N — 2m + 1 — 2nm)-dimensional volume of #71(h) is

(4.2) v[E= (B)] = (1= RN 220 [Py i (C))-
Moreover, some elementary calculations lead to the following expression:
NJpit = (1= [[#(R)|2)"2.
We have denoted by Jp(®) the integral in the space of polynomial systems.

Namely,
To(®) = / / (1, C)) AV () dB(HIT).
heP(H™ ¢eVr(h)

(d)
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From Corollary .6l we have that
Tp(®) = V[Pn(@)]/ P (pinorm (hs €0)) det((Tegh) (Teyh)™) dVe,.
heVy,
Now, as observed in [BCSS98| th.1, page 256],

V[P (C)) /h P o)) det((Te ) (T ") aV,

v[Pn(C)]

=N [ o)) det(L (T, 1)) de,
™ heVe,

From Theorem 2.7, this last equals

V[P, (C)] m det((To,h))(Togh')*) .4 .
T/heﬁ /’eﬁ 1 h)‘I’(Mnorm(g&o)) 1— [[h][%)72 dit™"(h) dLe,.

(

Now, observe that if b’ € #~1(h), then
KB ) 5 o
ep’l-

M:lrz)rm(hlﬂeo) = T 0 TEO =T

l[tbeq ()|
We conclude that

VRO [ g (BB det(Th)(E )
URES = (h)]@<|¢eo<h>||F) T AR

€0
Ihlla<t

From identity (@2,
Tp(®) = v[Pp(C)]V[PN—m—nm(C)]
_ 2 \N—m—nm Hg(qﬁeo (h>) e 7 T * T
</ R o (7” e ) Aet((Tooh) (Toy 1)) L,

Ihlla<t

Then, Theorem 27 applied to 1., yields

e ([ KB (1))
—|[R)|3)N—mme [ SRR det((Tpyh) (Tegh)*) dLe,
/hd (1 |IJ3) (H%D(h)'F) $(Fugh) (Fugh)?)

Ihlla<1

= det(Diag(di))/ (1— | M|3)N—m=nmp < (M)> det(MM™*) dMpxn(C)

MEM 0 (C) M|l
M p<1
N—m—nm (M) *
=D (1—||M]|%) P det(MM™*) dM 5 (C).
MEM 5 (C) IIMHF
1M p<1
In polar coordinates, this last equals
(M
D/ yN—m-— "m/ o <M) det(MM*) dS*(Mumxn(C)) dt
| M| =t t
_ D/ N m— nthmn+2m 1

x/l P <D§M)> det(MM*) dS* (M (C)) dt.

Ml p=1
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Now, observe that for every choice of ¢ € [0, 1],
/ ) (M> det(MM*) dS™ (M xn(C))
1M =1 ¢

- 277/ o <M) det(MM*) dP(Mpxn(C)),
MEP(Mp xn(C))

where the representation M in the last formula is chosen such that || M||r = 1. Let

O, : [0,400] — [0,+00]
S )

be this positive mapping. Then,

s K (M) o .
i /MGPWWW(@) ? ( )d H(MM”) dP(Munxn(C))

t
~on / By (K2 (M)) det(MM?) dP(Mopn(C)),
MEeP(Mmxn(C))

and from Corollary 7 this last equals
V[Pp—pn(C)] /

v[Pn(C)] MEP(Mpyx (n+1)(C))
We have thus proved that Jp(®) equals

2n @, (KB(M)) dB(My (1) (C)).

1
QWV[Pn_m((C)]I/[PN_m_nm((C)]D/ (1- tZ)N_m_"thm"”m_l
0
x/ By (K (M)) dP(M o (i1 (C)),
MEP(Minx (n+1)(C))

and the theorem follows.

5. THE AVERAGE VALUE OF pul

The aim of this section is to prove Theorem [L4A We reproduce the technical
version of this statement here.

Theorem 5.1. Let m > 2, and assume there exists some i, 1 < i < m, such that
d; > 1. Then, the expected value of the condition number ul. satisfies

Eppm, [tm] < 3mvVnN.
Moreover, if m = 1, we have that

L T(N+1D)T(n+1/2)
B lHa] = (N +1/2)0(n+1)

Proof. From identity ([24)), the expected value Eppm (1] (for the Gaussian distri-

bution) satisfies
Epe (1] = By [1av] = Eperg ) [t ]-
Now, this last quantity equals
T oy 75001 .
T — Fnoem (s €) dVe(h) dP(H{g)).
V[]P(H%)] heP(H™,) v[Ve(h)] ¢ceVi(h) (@)

(d)
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Hence, we define the following quantity:

Karm [ ] i) ave(n) Ry,
heP(HT ) JCeVE(R)

(@
From Corollary 1.2
1 Ky
EP(HEZ))[M&V] = y[p(H?Zl))]y[Pn,m(C)]D'

Let us calculate a bound for (). From Theorem A1
1
Ky = ZwV[PN,m,nm(C)]V[Pn,m((C)]D/ (1 — ¢2)N-m=nmynm+2m=2 gy
0
<[ KB (M) dB(Myn 1) (C).
MEP(MmX(n+1)(C))
Now, observe that

/1(1 _ t2)N—m—nthnm-i-Qm—Q dt = EF(N —m—nm+ 1)F(nm +m— 1/2)
0 2 I(N +1/2)

Hence, we have that

Ny TDlnm+m—1/2) E ]
T(N +1/2)0(nm +m) T Mmxrn (@)D

Kiwy = v[Pa-m(©)}Dr

where E stands for expectation. Thus,
(N +1)I'(nm+m—1/2) m
F(N I 1/2)F(nm + m) P(me(n+1)(C))[/§D]-
The case m = 1 of the theorem follows from Corollary As for the case that
m > 2, also from Corollary we have that
(N + DT (nm +m — 1/2) 2/%em?/%(n + 1)
I'(N 4+ 1/2)I'(nm 4+ m) n—m+3/2

m]_

Ep(rn ) [av] =

Epn ) [1iv] <

From Gautschi’s inequalities (see [EGP00, Th. 3] for very sharp bounds), we
know that for z > 0,

VI+1/4< Tetl) o7 1/x.

Iz +1/2)
Thus,

3/2(n +1)
Epn ) [10] < 2Y4e/N + 1/7 m .
P(H(d))[ua < / (n—m+3/2)\/nm+m—3/4

Now, some elementary calculations show that this last quantity is smaller than

3mvnN,

for every choice of n > m > 2. In fact, observe that, as d; > 1 for some 7, < i < m,
we have that

N > nm.
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Then, we have that

1 m®/%(n + 1)
21/4 VN +1
3mvnN /m nfm+3/2 Vnm+m —3/4

21+1/4 / / mn +m
7TN nm—+m—3/4
21+1/4€\/7\/7
< 14+ —3/1+ =/ —F<1
=" TV 6o 3/4 <

Thus, we obtain that

Ep(rn y [ay] < 3mvnN,

as wanted. O

6. THE AVERAGE VALUE OF it ¢
In this section we prove Theorem [[L3] We start with the following estimation.

Corollary 6.1. Let (d) = (di,...,dn) be such that d; > 1 for some i, 1 <i<m.
Let € > 0 be a positive real number. Then, the following inequality holds:

1
e Vi e (0, ! dP(H
V[P(Hz))} AEP(H(d)) I/[C € P( ) Mnorm( C) > ] ( (d))

2(n—m+2)

< V[Ph_m(C)D (emm E)

Proof. We apply Theorem F.1] to the function ®. : [0, +00] — [0, +00] defined as
1 if -1
B, (s) == { 1Is> 6

0 otherwise.

We conclude that
= | VIC € Volh) : u (s C) > 1] dP(HIT)
heP(H{gy)
= 2mV[PN —m—nm (C)]V[Pr—m (C)]D
1
X / (1 — g2)N=m=nmg2nmt2m=1, (0 € PO, 0 (C)) s k(M) > &M dt.
0

Let m = 1. Then, from Lemma [2.3]

1 1 ift<e
UM € P(M iy (ns1)(©)) £ b (M) > e~ H] =
V[]P’n((c)]y[ Mix(nt1)(€)) - p (M) > &) {0 otherwise.
Thus,
IEI ZQWU[PNflfn(C)]V[Pnfl( D/ N 1— nt2n+1 dt
<27V [PN_1-n(C)V[P,—1(C) D/ 20+ gt
2n+2

= 270[Py 1 () [P (O Ba (O —.
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Hence,

1 1 N 2n+2
I/[]P)(H%d))]la < V[Pnl((c)]p<n+1>€ * :

In particular, the bound of the corollary follows for m = 1. Now, let m > 2. Also
from Lemma 23] we know that
1
V[Prmtm—1(C)]

3/2 2(n—m+2)
<o fm (n+1)e .
- n—m-+2 t

VM € P(Mos (i) (€)) : KB(M) > e

Hence, I* is at most

em3/2(n +1) \ "
)

T e

1
X/ (1—tQ)N_m—”mt2n7rl+4m—2n—5 dt.
0

This last integral equals
1T(N —m —nm+ 1)I'(nm+2m —n —2)
2 I'(N+m—-—n-1) '

We conclude that

] em/2(n +1) 2(n—m+2)
< wlp, ,(C)p (LT N,n,m),
r < wfpa (O () 9(N.n.m)

(N +1)I'(nm+2m —n —2)
I'(N+m-—-n—1T(nm+m)

B m) < (%)m

The estimation of the corollary follows from the fact that

em?3/?2(n +1) A 2(n—m+2)
2 < (emy/n ,
((nm+2) (n+2)(m1)) < (emyn)

H(N,n,m) :=

Finally, observe that

for every choice of n > m > 2. This last assertion can be verified by some elemen-
tary calculations. ([

Proposition 6.2. Let h € P(H[y)), ¢ € Vp(h) be such that pim,(h,¢) < oo. Let
¢" € Vp(h) be another solution of h such that

\/id3/2
2

U= dP(Clv Ohnorm (hs €) <1l- \@/2

Then, the following inequality holds:

o (-wp

m h !
p“norm( ’C)— 2U2—4U+1

/L;Tf)rm(h’a C)'
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Proof. We denote by h, C, Z/ some fixed representations of h, ¢, ¢’ such that ||| =
I€ll2 = |IC||l2 = 1. Moreover, we can choose representatives such that

— =

<<7 C >2 € RO’+~
Then, observe that TEE(TZE)T is the identity map. Hence,

Hionmn(1,C") = || (T )  Diag(d; )2
i T T\t 1/2 Nt T
< [T B) TR | (T2h) T Diag(d; )12 = I|(ToB) TR o iy (2, ).
Hence, it suffices to prove that in the conditions of the lemma, the following in-
equality holds:
e 1—u)?
TR TR < LW
L
Now, from Lemma 3]
[(Tzh) " Tehlls = | ((dgrh) | @y ) deh | g2 lla = [[(dzh)Tdzh]s.

Let v(h,() be the affine invariant defined in Section Il considering h as a

polynomial in Xg,...,X,. Namely,

k)~ 1/(k-1)
dZ h

v(h,{) :=su d=n)t
2

if dZE is surjective. From Lemma 3.1 we have that

’Y(Ev Z) - ’YO(ha <)a
where 7 is as defined in Section Bl Hence, from Lemma we have
_ d3/2
’Y(ha C) < u:ﬁ)rm(hv C)T
On the other hand, the following inequality holds:
IC =l = v2(1 = (€, C)2) "2 = V2(1 = /T = de (¢, ¢ < V205 (¢, ().
Hence, we conclude that
— _ N om d3/2
HC - C ||27(h7 C) < \/idJP’(QC )unorm(ha C)T =u.
Finally, from [SS96, pg. 20] or [Ded06, Chap. 5] we know that this implies
(1-w)?
2u2 —4u+1’
and the lemma follows. O

() deh] <

Corollary 6.3. Let € > 0,5 > 1 be two positive real numbers. Let h € P( z’gl)),
¢' € Vp(h) be such that 1/e < ult . (h,{") < +o00. Let ¢ € Vp(h) be another solution

of h such that
\/55 S
)< == — 4/ .
d]P’(C)C)—dg/QS(l 28—1)

Then, the following inequality holds:

m 1
unorm(h‘7c> > 5_6
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Proof. Assume that

1
:unorm(h C) < _E
Then, we have that

S o m V2432 V2 [ s 1 V2d%/?
u = dIP(C?C),unorm(haC)T = d3/2 (1 28—1> 2
S \ﬁ
- (1 25—1) <l=75

Hence, from Proposition [6.2]

1
,unorrn(h C) = mﬂnorm(h7<)

((F))Z '

/“LIIOI‘III C)

<

which is false by hypothesis. O

The following result is an upper bound for the probability distribution of the
condition number i, in P(H{)).

Theorem 6.4. Let 0 < & < d3/? be any positive number, and assume that m < n.
Then, for a randomly chosen system h € P(H’(ﬁl)), the probability that ul. . (h) >
1/e is at most

4 /9] 2(n—m)
2D |10mvVnNd*/? [6mVnN e]*.

Proof. Let T, € P(H{7)) be the set defined a follows:

6 = {h € P( (d)) : ElC € Vp(h)hunmorm(h7<) > 1/5}
The probability of the theorem equals
v[T,] 1 /
o = po- 1dP(H)-
v[P (H(d))} V[P(H(d))] heT. @
For every positive real number s > 1, we define the following quantity:

MIN, ; := hHEHTI} v[¢ € Ve(h) : ppe (B, C) > 1/(s€)].

We will prove that M 1N, ; is a positive number for s > 1. Hence, we have that
v[T¢] < 1
V(R — vIB(H G IMIN. ,

x / VIC € Vo(h) : il (s C) > 1/(s0)|AB(HI)
heT.
1

V[P(Hy)IMIN. . /hep (g

<

v[¢ € VB(R) : piorm (R, Q) > 1/ (s)|dP(H(G).
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From Corollary 6.1l we have that

1 . . -
VIB(HE)] /hep(%) V[C € Vi(h) : finor (h, €) > 1/(se)]dP(H{g))

< V[Pp_m(C)]D[semV/nN e]>m=m+2),
We conclude the following inequality:

v[T:] < V[Pp—m(C)|D]semy/nN e]2(n—m+2)

V[]P)(H?Zl))] N MINE,S ’

for every positive real number s > 1. Now, we can give a lower bound for MIN, ;.
In fact, let h € T, be a system, and let ¢’ € Vp(h) be such that up, .. (h, (") > 1/e.
We may assume that every point of Vp(h) is a regular solution of h, as the set of
systems not satisfying this hypothesis has measure zero in P( ?Zl)) and has no effect

for integration purposes. Then, from Corollary [6.3] we have

V2e s
B 51—
V]P’(h)ﬂ P<C7d3/28< 28—1)
where Bp(x,A) is the ball in P, (C) centered at x of radius A, for the projective

distance dp. Moreover, Vp(h) is a smooth algebraic variety of complex dimension
n —m. From [BP06a, Th. 24] we can give a lower bound estimation for this last

quantity:
\/55 S
! —_— —
Ve(h) N Bp (C,d3/28(1 25_1>

2(n—m)
1 \/55 s

whenever the following inequality holds:

(6.1) %5 (1 \/Z) < ?

We conclude that, in this case,

2(n—m)
1 \/55 S
MIN, ; > —v|Pp_m ——s(1— .
; 2”[ (©)] <d3/28< 251>>

)

VG € Vi(h) : i) > -] 2 v

Finally, this implies the following inequality:

[Tz e A R !
i <22 [ e

which holds for every positive number s > 1. Let s := g > 1 be this positive

number. Then, we have that

1

(1 Y, 12%671)2(”7771)’

T o [immdﬂ T el <)t
PRI S Ve
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and the theorem follows from the fact that
e

V2 (1 -V 123&1) :

We have imposed the condition (6.I]). Some elementary calculations show that
it suffices that

5§d3/2.

6.1. Proof of Theorem 1.3l
Proof. From inequality (23], the following chain of inequalities holds:
EP("dL) [lu’$orst] = EP('P{;) [sznorst] < EP(HZ'&)) [Iu’vryorst]‘

Hence, we concentrate our efforts on the estimation of this last quantity.
First, assume that n > m. Let t > 1/d3/2 be any positive real number. Then,
from Theorem we have that

1
PI‘Ob[h € P( z3)> : Mcvrborst(h‘) > t] = PI‘Ob[h € P( z3)> : Mcvrborst(h‘) > ]._/t]

2(n—m) 1
<2D [IOm\/ nNdS/Q} [6mV nN}4t—4.

From Lemma [2.4] we obtain

n—m

Er vz ) [irst] < 5(2D)1/* [10mvnNa*2| > 6mv/nN.

I W~

Now, observe that
4
—9l/46 < 10
3 - )

and the theorem follows in the case that m < n.

Finally, assume that m = n. This case has been studied by Shub and Smale in
[SS93b]. However, we can follow our scheme of proof (which in the zero-dimensional
case is essentially the same as theirs). Observe that in this case,

Problh € P(H{g) ¢ fiiorst (h) > ] = Prob[h € P(H(G)) : porss () > 1L/t]
1 1
Ve(h) : ult (h — 1 dP(H"™).
< U[P(Hz))] /hEJP’(H&Q ﬁ[c € ]P’( ) :unorm( 7<) > 1/t] ( (d))

From Corollary [6.11 this last is at most

V[Po(C)|D <enm 1)4 _p <enm 1)

4

From Lemma 24 this implies
m 4 /
EP(HEZ))[/’LWOISt} < §D1/4en nN.

In particular, the theorem holds, as %e < 10. (I
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6.2. Proof of Theorem Observe that claim (1) in this result is a direct
consequence of claim (2). Moreover, claim (3) is also a consequence of claim (2).
In fact, the Jensen inequality yields

1 1
El—=|>—
5]z
for any random variable X. Now, from Corollary [Tl the convergence radius for

[ € Py is at least ugYworst f)~L. Hence, it suffices to prove claim (2). But claim
(2) is immediate from Proposition B4l and Theorem [[31 O
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