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Abstract

We exhibit some new techniques to study volumes of tubes about algebraic varieties
in complex projective spaces. We prove the existence of relations between volumes
and Intersection Theory in the presence of singularities. In particular, we can exhibit
an average Bézout Equality for equi—dimensional varieties. We also state an upper
bound for the volume of a tube about a projective variety. As a main outcome, we
prove an upper bound estimate for the volume of the intersection of a tube with an
equi—dimensional projective algebraic variety. We apply these techniques to exhibit
upper bounds for the probability distribution of the generalized condition number of
singular complex matrices.
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1 Introduction.

In these pages we exhibit some upper bound estimates of the probability distribution
of the condition number of singular complex matrices. These estimates are immediate
consequences of some more general techniques dealing with volumes of tubes about pro-
jective algebraic varieties. This Introduction is devoted to state the main outcomes and
the motivations of this study.

Condition numbers in Linear Algebra were introduced by A. Turing in [44]. They were also
studied by J. von Neumann and collaborators (cf. [32]) and by J.H. Wilkinson (cf. also
[48]). Variations of these condition numbers may be found in the literature of Numerical
Linear Algebra (cf. [7], [17], [25], [43] and references therein).

A relevant breakthrough was the study of the probability distribution of these condition
numbers. The works by Steve Smale (cf. [38]), J. Renegar (cf. [33]), J. Demmel (cf. [6],
[7]) and mainly the works by A. Edelman (cf. [9], [10]) showed the exact values of the
probability distribution of the condition number of dense complex matrices.

From a computational point of view, these statements can be translated in the following
terms. Let P be a numerical analysis procedure whose space of input data is the space of
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arbitrary square complex matrices M,,(C). Then, Edelman’s statements mean that the
probability that a randomly chosen dense matriz in M,,(C) is a well-conditioned input for
P is high (cf. also [3]).

Sometimes however we deal with procedures P whose input space is a proper subset C C
M, (C). Additionally such procedures with particular data lead to particular condition
numbers k¢ adapted both for the procedure P and the input space C. Renegar’s, Demmel’s,
Edelman’s and Smale’s results do not apply to these new conditions. In these pages we
introduce a new technique to study the probability distribution of condition numbers k¢.
Namely, we introduce a technique to exhibit upper bound estimates of the quantity

vol[{A € C : ke(A) > e 1}]
vol|[C] ’

(1)

where € > 0 is a positive real number, and vol[-] is some suitable measure on the space C
of acceptable inputs of P.

As an example of how these questions arise, let C := "1 C M,,(C) be the class of all
singular complex matrices. From [27] and [40], a condition number for singular matrices
A € C is introduced. This condition number measures the precision required to perform
kernel computations (cf. Section 4 for precise details). For every singular matrix A € X7~
of corank 1, the condition number n’l‘)_l(A) € R is defined by the following identity

K (A) = [ AllplAYl2,

where || - || is the Frobenius norm of a matrix A, Af is the Moore-Penrose pseudo-inverse
of A and ||Af||5 is the norm of AT as a linear operator.

As ¥~ is a complex homogeneous hypersurface in M,,(C) (i.e. a cone of complex codi-
mension 1), it is endowed with a natural volume vol induced by the 2(n? —1)—dimensional
Hausdorff measure of its intersection with the unit disk (cf. Section 2 for details). We

then wish to have upper bound estimates for the following quantity:

vol[A € X1 kTN A) > 671
vol[E”lzl] 2)

In Section 4 other proper subclasses of M,,(C) are also discussed. Upper bound estimates
for the quantity in (2) belong to a wider class of results we state in Theorem 2 below.
First of all, most condition numbers are by nature projective functions. For instance, the
classical condition number x of Numerical Linear Algebra is naturally defined as a function
on the complex projective space IP (M,,(C)) defined by the complex vector space M,,(C).
Namely, we may see k as a function

k:IP(My(C)) — Ry Uooc.

Secondly, statements like the Schmidt—Mirsky—Eckart—Young Theorem (cf. [8],[35], [29])
imply that Smale’s, Demmel’s and Edelman’s estimates are, in fact, estimates of the
volume of a tube about a concrete projective algebraic variety in IP (M, (C)) (cf. also
Section 4).

We prove a general upper bound for the volume of a tube about any (possibly singular)
complex projective algebraic variety (see Theorem 1 below), that slightly improves the
constants obtained by Renegar (cf. [33]) and Demmel (cf. [7]) for the same problem.



Estimates on volumes of tubes is a classic topic that began with Weyl’s Tube Formula for
tubes in the affine space (cf. [47]). Formulae for the volumes of some tubes about analytic
submanifolds of complex projective spaces are due to A. Gray (cf. [18], [19] and references
therein). However, Gray’s results do not apply even to Smale’s and Edelman’s case. They
also do not apply to particular classes C as above. First of all, Gray’s statements are
only valid for smooth submanifolds and not for singular varieties (as, for instance, ¥"~1).
Secondly, Gray’s theorems are only valid for tubes of small enough radius (depending on
intrinsic features of the manifold under consideration) which may become dramatically
small in the case of existence of singularities. These two drawbacks pushed J. Renegar
and J. Demmel to look for a general statement concerning upper bound estimates for the
volumes of tubes about equidimensional complex projective varieties that may contain
some singularities (cf. [33] for the hypersurface case, [6] or [7] for the general case). Here
we obtain a slight improvement of Demmel’s Theorem 4.2 in [7], that may be summarized
as follows.

Let dvy be the volume form associated to the complex Riemannian structure of P 5 (C).
Let V C IP 5(C) be any subset of the complex projective space and let € > 0 be a positive
real number. We define the tube of radius e about V in IP 5(C) as the subset V. C IP 5 (C)
given by the following identity.

Vei={z e Py(C) : dp(x,V) < e},
where dp (7, y) := sindg(z,y) and dg : IP y(C)? — R is the Fubini-Study distance.

Theorem 1 Let V C P 5(C) be a (possibly singular) equi—dimensional complex algebraic
variety of (complex) codimension r in IP n(C). Let 0 < e < 1 be a positive real number.
Then, the following inequality holds

Z\A e N e\
Aipaie =290 () ?

where e stands for the basis of the natural logarithms, and deg(V') is the degree of V' (in
the sense of [24]).

The proof of this theorem is a by—product of the techniques we introduce to deal with the
upper bound estimates of the quantity described in inequality (2). This theorem can be
applied to Edelman’s conditions to conclude the following estimate:

vol[{A € My (C) : kp(A) > e}
vol[M,,(C)]

< 26211552,

where kp(A) := ||A||p||AY]|2, and vol is the standard Gaussian measure in C"*. The
reader will observe that this kind of upper bounds is less sharp than Edelman’s or Smale’s
bounds, but they are a particular instance of a more general statement.

Next, observe that neither Renegar’s Demmel’s, Smale’s, Edelman’s results nor Theorem
1 above apply to exhibit upper bounds of the quantity described in equation (2) above.
Neither does Gray’s theorem apply to such kinds of questions. The reason is the following
one. The probability space of input data is the projective algebraic variety ¥"~1. As we



said above, this variety is neither smooth nor a complex projective space (i.e. it is not
“linear”, even at a local level).

In order to deal with this kind of estimates, we need to introduce a brand new technique
that combines Intersection Theory and Integral Geometry. Again, the Schmidt—Mirsky—
Eckart—Young Theorem implies

n—1 _ 1
b Gty
where ¥"2 is the projective variety of matrices of rank at most n — 2 and dp is the
projective distance. Hence, in order to bound the quantity in equation (2), we need to
prove some kind of upper bound for the volume of the intersection of an extrinsic tube
about a (possibly singular) projective algebraic subvariety with a proper (possibly singular)
projective algebraic variety.

Hence, the main outcome in this paper is the following theorem.

Theorem 2 Let V,V' C P n(C) be two (possibly singular) projective equi-dimensional
algebraic varieties of respective dimensions m > m' > 1. Let 0 < e < 1 be a positive real
number. With the same notations as in Theorem 1 above, the following inequality holds:

[V N V]

vmlV] c

m—m/

N 2 N —m/ 2(m—m’)

< cdeg(V’)N( ,> [em ] ,
m

where ¢ < 4eY37, vy, is the 2m—dimensional natural measure in the algebraic variety V,

and deg(V') is the degree of V' in the sense of [24).

The occurrence of deg(V') on the right-hand side of the inequality seems to be unavoidable
because of Bézout’s Theorem, whereas the constants depending on N, m, m’ are essentially
the square of the multinomial coefficient:

N!
(mHUN —m)!(m —m/)!’

This statement can finally be applied to show upper bound estimates for the quantity
described in equation (2). Noting that the complex projective dimensions of ¥"~! and
¥1=2 satisfy dim(X" 1) = n? — 2 and dim(X" %) = n?2 — 5, we immediately conclude (cf.
also Corollary 29).

Corollary 3 With the same notations and assumptions as above, the following inequality

holds:
vol[A € 212 k7 1H(A) > 671

vol[Xr—1]

< 9 deg(¥"?) [ng/?’s]G .

Moreover, noting that

n?(n? —1)
12 ’

we can estimate the upper bound in this last corollary by:

deg(¥"?) =



Corollary 4 With the same notations as in Corollary 8 above, the following inequalities
also hold:

vol[A € X1 kN (A) > e 9nt g5 16 6
< 8]0 < [L10/8.]7
vol[Xr—1] - 12 [n E} - [n E]

Let the reader observe that the exponent 6 is unavoidable since it is two times the complex
codimension of ¥"~2 in ¥"~1. In Section 4 other proper subclasses of M,,(C) are also
discussed.

As we have said, the condition number /irll')_l can be defined as the inverse of the projective
distance to the algebraic variety £"~2 of matrices of rank at most n — 2. This allows us to
consider m%_l defined in the whole space of matrices M,,(C). We may use Theorem 1 and
Corollary 4 to obtain upper bounds for the expected value of /{T[lfl in the respective prob-
ability spaces ¥~ ! and M,,(C) (with the Gaussian distribution), and thus compare the
different behavior of /@%71 when considering as inputs randomly chosen singular matrices
or randomly chosen dense matrices. Namely, we have the following result (cf. Corollary

44 for a more technical version).

Corollary 5 The expected value of /{%_1 in the space X" satisfies:
Exn1[r57Y] < 201073,

Moreover, the expected value of K,%_l in the whole space M,,(C) satisfies
Ep, ol '] < nPl2

The paper is structured as follows. Section 2 is devoted to stating most of the notations
and some basic lemmata to be used in the sequel. Section 3 is devoted to proving Theorem
2. A proof of Theorem 1 is also included in Subsection 3.2. Finally, in Section 4 we prove
Corollaries 4, 5 and other applications to other particular classes of complex matrices.

1.1 Appendix to the Introduction

Although Theorem 1 is not the main outcome of these pages, a relevant question about
this theorem concerns the optimality of the constants occurring on the right—hand side of
equation (3). However, it seems to be a hard result to prove this optimality. For instance,
in Proposition 27 of Section 3.2 we prove that the constants are essentially optimal in the
case V is a linear subvariety of a complex projective space.

A second approach to understand the optimality of the constants occurring in the upper
bound estimate of Theorem 1 will be to compare it with Gray’s main theorem in [18] (cf.
also [19]). Gray’s main theorem can be stated as follows. Assume that the projective
algebraic variety V satisfies the following hypothesis:

e The variety V is smooth (i.e., it contains no singularity) and it is a complex sub-
manifold of P 5(C).

e The variety V is a complete intersection. Namely, there are homogeneous polynomi-
als f1,..., fr € C[Xo, ..., Xn]| of respective degrees deg(f;) = d;, 1 < i < r such that
V is the set of common projective zeros of fi, ..., f, and such that the codimension
of V' is r (i.e., the number of equations equals the codimension).



Additionally, let us assume that € > 0 is a positive real number smaller than the minimum
of the convergence radius of the Taylor expansion of the normal exponential map of V'
at any point of V. Under all these conditions, A. Gray proves the following equality (cf.
[18]):

v [V] N—r N r
NliVe _ 2(N—c)( _ 2\e _ _ g\N—r—c+1
= € 1—¢%) 1—(1-4d;) .
APA(C)] 2 (%) 11 : )
The dominant term in Gray’s equality corresponds to the minimum exponent of €. Then,
there is a constant p > 0 such that the following inequality holds:

M N E27’ _52 N—r 2 e )
un[P v (C)] Zp<N_r> (1—¢%) £[1d 9(fi)- (4)

Noting that deg(V') < [[;_; deg(fi) (Bézout Inequality) and that this inequality is gener-
ically an equality, the reader may easily compare the lower bound in equation (4) with
the upper bound of Theorem 1. Namely, under the very restrictive conditions of Gray’s
theorem, the constants in Theorem 1 are given by

ﬂ?{‘
r )

whereas the “constants” in Gray’s lower bound are

(N]i r) (1—e2)N-r.

Constants occurring in inequality (3) are not so far from constants occurring in Gray’s
lower bound. It does not prove that the bound of Theorem 1 is optimal but it is not so
far from being optimal at least in some restrictive cases.

2 Some Intersection Theory in complex projective space.

By (W,< -,- >w) we denote an hermitian space where W is a complex vector space
and < -+ >p: W x W — C is the hermitian product. The norm in (W, < - >y)
will be denoted by || - [[w. In the case W = C¥*! we denote by < -,- >3 the usual
hermitian product, and by || - ||2 the usual norm. We say that a finite set of vectors
S ={vi,...,vs} € W are mutually orthogonal if < v;,v; >w= 0, ¢ # j. We say that
S is an orthonormal frame if its elements are mutually orthogonal and ||v;||w = 1 for
1< <s.
As usual, the terms orthogonal and orthonormal will be used in the case of real inner
product spaces.
Let Un 1 be the group of unitary matrices of size N +1. Recall that the hermitian product
in CN*1 is unitarily invariant. That is, for every z,y € CN*! and every U € Un,1, the
following holds: a

<z,y >o=<Uzx,Uy >3 .

We denote by Ben+i(z, €) the open ball of radius € centered at x. Namely,

Benia(z,e) :={y € cN+L. |z —yll2 <€}



Let S2N*1(g) = 0Ben+1(0,€) be the sphere of radius € in CV*!. Namely,
S He) == {z € CVF 1 zflo = &}

As usual, we denote by S2V*1 := §2N+1(1) the sphere of radius 1 centered at 0. Recall that
S2N+1 i a real differentiable submanifold of CN*+1 = R2N+2 of real dimension 2N +1. We
consider S2N 11 equipped with the Riemannian structure inherited from that of CN 1. Let
P x(C) := P(CN*!) be the complex projective space of dimension N. We also consider
the canonical projection

m: CNTI\ {0} — Py (C)
z = {y:y=Az, AeC}.

Let p := 7 |gans1: S2VHL — TP v (C) be the Hopf Fibration. Then, there exists a unique
Riemannian structure in IP 5(C) such that p is a Riemannian submersion, i.e., p is a
smooth submersion and for every z € S*V*1 d,p is an isometry between the orthogonal
complement of (dzp)~1(0) and T,IP y(C) (cf. for example [15, Prop. 2.28]). This defines
a Riemannian structure in IP 5 (C) (cf. example [15, ex. 2.29] for details). Points in
the complex projective space IP x(C) are usually represented by their homogeneous co-
ordinates, which are defined the following way: If x € IPy(C) is the class of the point
z = (xg,...,xN), the homogeneous coordinates of = are (g : --- : ). The Riemannian
distance (or Fubini-Study distance) between any two points in the complex projective
space is given by the formula:

| <z,y>2 |

dgr(z,y) := arccos ,
’ [l2lyl2

where z,y are respective affine representants of x and y. We denote by dp the projective
distance, which is defined to be the sinus of the Riemannian distance. Namely,

dP (LU, y) = sin dR(xa y)

Let Bp(xz,e) C P n(C) be the open ball of radius ¢ centered at x with respect to dp.
Namely,
Bp (z,e) :={y € Pn(C) : dp(z,y) <&}

For every complex submanifold M C IP 5(C) of complex dimension m, we denote by dv,,
the volume element induced by its Riemannian structure inherited from that of IP 5 (C).
The following formula is well-known.

_ b antirgan+1y _ N
vN[PN(C)] = %%p [T ] = NI
where s#?N+1 is the (2N 4 1)—dimensional Hausdorff measure. If we consider IP,,(C),
m < N, as a submanifold of IP 5(C) (i.e. as a linear subvariety of dimension m of IP ;(C)),
then its volume as submanifold agrees with its volume as a projective space itself.
Since [42] we have a explicit formula for the volume of Bp (z,¢e) (see [4] for a modern

reference). Namely,
v [Bp (2,€)] = vn [P §(C)]e*.



The Riemannian structure we have defined in P 5(C) is unitarily invariant. That is, for
any unitary matrix U € Up 41, the following map is an isometry.

U: PyC — PxN(C)
x = Uzr:=7m(U(r"1(x))).

Also, the tangent map at 0 € CV of the following affine chart is an isometry:

@0 : cN — A CPy(C)
(z1,...y2n) —  (Lizi:e--:2zN),

where AYY C IPn(C) := Pn(C) \ {z € Pn(C) : 29 = 0} is the projective space without
the hyperplane of infinity, and C¥ is seen as the affine space with the natural Riemannian
structure.

As in the Introduction, M y1(C) denotes the complex vector space of all (N+1)x (N +1)
complex matrices. It is well-known that Uy 1 is a real submanifold of My 41(C) of real
dimension (N + 1)2. The Riemannian structure of Uy is the inherited from that of
Mn41(C), normalized such a way that the volume of Uy, is equal to 1. The volume
element for this Riemannian structure will be simply denoted by dly+1 and the volume of
a measurable subset T" C Uy 1 will be denoted by vy, [T]. We say that some property
is satisfied for almost all U € Uy if it is satisfied up to a zero-measure subset of Un 1.
The two following mappings are isometries for any U € Un1:

Up: Uvyw — Unga, Ur: Uny1 — Unp
U’ — vu’ U’ —  U'U.

We usually refer to the left mapping Uy, and we simply denote by U = Up, : Un11 — Un+1
this left mapping. For every unitary matrix U € Uy 41 and any set A C IP 5(C), we denote
by UA C P 5(C) the image of A by U in IP 5(C). Namely,

UA:={yePy(C):qx € A:Ux =y}.

A projective algebraic variety (or, simply, a projective variety) is a subset of the complex
projective space IP 5 (C) given as the set of projective zeros of a collection of homogeneous
polynomials. We refer to the reader to [36], [37], [31] for general background on projective
varieties.

A quasi—projective complex variety is a Zariski open subset of a projective variety (cf. [36]
for additional terminology).

Let V C IP 5(C) be a quasi—projective variety. A simple point in a € V' is a point such that
the germ V, of V at a is a complex submanifold of IP 5(C) of complex dimension equal
to dim(V'). We denote by Reg(V') the set of all simple points in V. The Zariski closure
of Reg(V') (i.e. the smallest projective variety containing Reg(V')) equals to the union of
all irreducible components of the Zariski closure of V' of dimension equal to dim(V'). In
other terms, there is a projective variety Vi C IP 5(C) such that dim(V;) < dim(V) and
the following equality holds:

Reg(V)\ Vi =V \ V.

We shall say that two subsets A, B C V are generically equal in V' if there is V; C IP 5(C)
a projective variety satisfying dim(V;) < dim(V') and A\ V4 = B\ Vi. In other words, V'



and Reg(V) are generically equal. If V' were equi-dimensional, then Reg(V') is dense (in
the standard topology induced by that of P 5(C) in V).

Let V C IP 5(C) be a quasi-—projective variety of dimension m. Then, Reg(V) C IP 5(C)
is a complex submanifold of complex dimension m, endowed with a volume form dv,,,. We
define a measure on V in the following terms:

Um|A] := vm[A N Reg(V)],

for every subset A C V such that A N Reg(V) is measurable for dv,,. Accordingly,
/ 4 f dvy, is the integral of a function f : A — R (when it can be defined with respect
to this measure). Note that given A, B C V generically equal in V', then v, [A] = vy, [B],
and fAf dvp, :fo dVp,.

The notion of geometric degree (or, simply, degree) of a projective variety V C P 5(C) is
a classical notion that comes from the origins of Elimination Theory in the XIX century.
The main property satisfied by any accurate notion of degree is a Bézout Inequality. The
reader may follow several proofs of Bézout’s Inequalities in [24],[45],[14]. Let W C IP 5(C)
be a Zariski open subset in an irreducible projective variety V' C P 5 (C) of Krull dimension
m. The geometric degree of W is defined as the following quantity

deg(W) := max{f(LNW) : L CIP x(C) linear, dim(L) =N —m,4(LNW) < +oo}.

One immediately observes that deg(W) = deg(V') for any Zariski open subset W of the
irreducible projective variety V. If V' C IP 5 (C) is any projective variety, deg(V') is defined
to be the sum of the degrees of its irreducible components. Similarly, for every constructible
subset C' C IP 5(C) we may define deg(C') as the sum of the degrees of its locally closed
irreducible components (cf. [24] for some ideas in this sense). This notion of geometric
degree satisfies a Bézout Inequality for locally closed subsets of IP 5 (C) (cf. [24]), namely:

deg(W7 N Wy) < deg(Wh) deg(Wa),

for W1 and Ws locally closed sets. The following equality immediately follows from the
notion of degree.

Proposition 6 Let V C P n(C) be an equi-dimensional projective subvariety of dimen-
sion m. Let L C P 5(C) be a fized projective linear subspace of dimension N —m. Then,
the following equality holds:

deg(V) = max{3(ULNV) : U € Uy41,5ULNV) < +oo}.

The following quantitative estimate is a consequence of Bertini’s theorems as used in [28§],
[16] or [21].

Lemma 7 Let V C P n(C) be an equi—dimensional projective variety of dimension m.
Assume there is a finite subset of homogeneous polynomials {f1,..., fs} C C[Xo,..., XN]
of degree at most d such that

V=V(fi,....fs) ={z € PNn(C) : fi(z) = 0,1 <i < s}.
Then, the following inequality holds:
deg(V) < d°.



The following lemma is probably a well-known fact in Lie Group Theory. We include its
proof here for lack of an appropriate reference.

Lemma 8 Let 2z € CVNT1\{0} be a non-—zero point. The following mapping is a submersion
(i.e. its set of critical values is empty):

Y Unyr — SPVT(|lz]l2)
U — Ux.

Proof— Since v is surjective, from Sard’s Lemma, we conclude that the set of regular values
of v is a non-empty dense residual subset of SN +1. Moreover, given z, 2 € S2N*1(||z2),
let Uy, Us € Upn 1 be such that ¢ (Uy) := Uz = z and ¢(Us) = Usx = 2. Let U’ := UQUI_I
be the unitary matrix such that U'U; = Us. Then, U'z = 2’ and the following diagram
commutes:

Unii > S (allz)

U/ J, l ISOU/

Uit > S (all2)

where U'(U) = U} (U) = U'U is the left translation defined by U’ and Isoyy is the isometry
defined by U’ (Isoy:(v) = U'v Vv € S*V*1(||z||2)). As the differential mappings dy, U}
and d,Isoys are linear isomorphisms, we also conclude that di, ¢ is surjective if and only
if dy,1) is surjective. That is, z is a regular value of ¢ if and only if 2’ is a regular value of
1. Thus, we conclude that the set of critical values of 1 is empty and the lemma follows.

[

Lemma 9 Let M be a complex submanifold of P x(C), of complex dimension m. Let M’
be a complex submanifold of P 5 (C), of complex dimension p. Then, there is a dense resid-
ual subset W C Un11 (depending only on M and M') such that the following properties
hold:

i) Ifm+p<N, for dlU e W, MONUM' = 0.

ii) If m+p>N, for alU e W, MNUM' is the empty set or a complex submanifold
of P n(C) of complex dimension m +p— N.

Proof— Let M , M' c CN+L respectively be the cones over M and M’. Namely,

M =71 (M), M = oY (M.

Note that M and M’ are complex submanifolds of CVN*1 and their complex dimensions
satisfy: -
dim(M) = dim(M) + 1,
dim(M') = dim(M’) + 1.
Let us define the following mapping between (real) submanifolds of R2(V +1? 5 R2(NVHL)
R2(N+1). -
@ : Z/{N_HXM/XM — (CN+1

10



We claim that ¢ is transversal to the submanifold {0} of CV*!. Equivalently, we prove
that 0 € CV*1 is not a critical value of ¢. Let F := ¢~ 1({0}) be the fiber over {0}. We
then prove that every point P := (U,y,z) € F is a regular point of ¢. In other words, we
just need to prove that the tangent mapping dpy is surjective, where

dp(p : TUZ/{N—H X TEM/ X TQM — ToCN+1.

Observe that Uy = z implies ||y||2 = [|z|[2. As M and M’ are cones, identifying ng\fz, Tg],\\f’
with subspaces of CN*! we immediately conclude that z € TQM and y € TEM ’. Hence,
we also have (0,y,0) € TylUn41 X Tg]\f\j’ X Tgl\f/f and

dpp(0,y,0) = Uy = z € ToCN T,

On the other hand, let ¢, ; be the restriction of  to Un+1 x {y} x {z}, and let us define
the mapping

Uyet Unir — SPVH(|lyl2)
U — Uy.

Note that 1y ; = t; 0 @y 2, where

ty: 0B(—z llyl2) — S (lyll2)
v — vtz

is a simple translation, where 0B(—z, |ly|l2) = {z € CV ™! : ||z + z||2 = [ly||2}
From Lemma 8 we know that v, , has no critical values and, hence, ¢, , has no critical
values. In particular, we have that

TodB(~z, [lyll2) € Im(dupy.z) S Im(dpe).

Finally, as z + To0B(—z, ||y|l2) = CV*! we conclude that dpy is a surjective mapping
and P is a regular point of p. Now, we apply the Weak Transversality Theorem (cf. [5])
to conclude that there is a residual subset W of Uy, such that for every U € W, the
mapping
ou: M'xM — CNt
(yz) +— Uy-z
is transversal to the submanifold {0} of CN*L. In particular, the fiber o' ({0}) is a

(possibly empty) complex submanifold of (complex) dimension satisfying the following
equality:

dim (5! ({0})) = dim(M’) + dim(M) — codimgn1 ({0}) =m+p—N+1,  (5)

for every U € W.
On the other hand, let U € W be a unitary matrix. Let M N UM’ C P 5(C) be the

projective subset defined by the intersection of M and UM’ and let M N UM’ be the cone
over M NUM’. Namely

MAUM ==Y (MnUM).

11



Note that the following is a diffeomorphism between ;' ({0}) and MOUM"

m ot ({0) — MAUM
(y,z) = z.

The inverse of 7o is obviously given by the following identity
mH(z) = (U 'z, 2).

Thus, M/ﬁ\U/M "is a cogpiezc submanifold of CV*! of complex dimension m +p — N + 1
for every U € W. As M N UM’ is the cone over M NUM’, we also conclude that for every
UeW, MNUM’ is empty or a complex submanifold of IP 5(C) of complex dimension
m + p — N. Noting that M NUM’ = () if and only if dim(M NUM') =m+p— N <0,
we have achieved the proof of the lemma. [

The following statement is a consequence of the application of the general Poincare’s
Formula to the complex projective space. It can be read with detail in the paper by Ralph
Howard [26, pp. 13-18].

Theorem 10 Let M, M’ be two complex submanifolds of P 5(C), of respective complex
dimensions m,p € N. Let f : M — R be a measurable function, such that f is integrable
or f is non—negative. Assume that m +p > N. Then, the following equality holds:

, Py (C)v
o [M] / f dvy, = / / r) dvgyran dUN11-
Vp+m NP pim—N(CO)] Joecy,, erMme

In order to prove this statement we just need to apply Lebesgue’s Monotone Convergence
Theorem to obtain this result from the very similar one found in [26, pp. 13-18]. A direct
proof of this result can also be obtained from Federer’s Coarea Formula (cf. [12, Th.
3.2.22]).

Remark 11 Let the reader observe that the integration on Uni1 in the formula above is
done on the residual dense subset W which exists from Lemma 9. Namely,

/ / x) dvoyrnm dUN+1 = / / f(x) dvomram dUN+a,
U1 xEUM’mM vew JazeUM'nM

where W C Un41 is the residual dense subset of these unitary matrices U € Uny1 such
that MNUM' is a (possibly empty) complex submanifold of complex dimension m+p— N.

Corollary 12 Let f : P y(C) — R be an integrable function or a non-negative function.
Let z € P N (C) be any point. Then, the following equality holds:

/ F(2) dP n(C) = vy [Py (C)] / FU2) dUn s,
z€P n(C)

UEUN_H

Proof.— Apply Theorem 10 to M =P 5(C) and M’ = {z}. L]

12



Corollary 13 Let V, V' be two equi—dimensional complex quasi—projective varieties of re-
spective dimensions m and p. Assume that m +p— N > 0. Let Ac V, A Cc V' be
two open (for the topology induced by TP N (C)) subsets of V and V'. Then, for almost
al U € Uny1, V NUV' is an equi-dimensional quasi—projective variety of dimension
m+p— N. Moreover, the following equality holds:

Vp[IPp(C)vm [IP 1 (C)]
Vp+m—N[P ppm—n (C)]

Ul A] vy A'] = /U e ANUA] U,
€UN+1

Proof— Let W7 C Uy41 be the residual dense subset of Lemma 9. Namely, for all
U € Wi, Reg(V) N UReg(V') is a (possibly empty) complex submanifold of complex
dimension m+p— N. On the other hand, V'\ Reg(V') can be described as a disjoint union
of complex submanifolds of complex dimensions at most m — 1. Similarly, V' \ Reg(V")
can also be described as a disjoint union of complex submanifolds of complex dimension
at most p — 1. Hence, there is a residual dense subset W5 of Uy 41 such that:

UV'\ Reg(V")) N Reg(V), UReg(V') N (V \ Reg(V)) and
U(V'\ Reg(V")) N (V' \ Reg(V))

are disjoint unions of complex submanifolds of dimension at most m + p — N — 1. Then,
for every U € W = W1 N Ws the following properties hold:

e V NUV'is a quasi-projective complex variety.

e VNUV' is given as a disjoint union of complex submanifolds of dimension at most
m+p—N.

e Reg(V)NUReg(V') is a complex submanifold of complex dimension m 4+ p — N.

e (VNUV)\ (Reg(V)NUReg(V')) is a constructible subset of dimension at most
m+p—N—1.

Hence, V N UV is a quasi—projective variety of dimension m + p — N. Now, there exist
open subsets T, 7" C IP 5(C) such that A=V NT, A’ =V'NT" and so we have:

ANUA =(TNUT) N (VAUV).
So, for every U € W, ANUA’ is an open subset of V N UV'. So, for U € W we have:
Vmap-N[ANUA] = vy N[(ANUA) N Reg(V NUV')| =
= Vm4p-N[(AN Reg(V)) N (UA" N Reg(UA))].
Additionally, we have:
Um[A] = vm[A N Reg(V)] Um[A'] = vi[A" N Reg(V')].

The statement of the corollary follows immediately from Theorem 10 above, applied to
the complex manifolds AN Reg(V') and A’ N Reg(V'). ]

The following identity relates the geometric degree of an equi—dimensional quasi—projective
variety and its volume. A different proof of this identity for the case that the variety is
algebraic and smooth, may be found in [31, Th. 5.22].
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Corollary 14 Let V C P 5(C) be an equi—dimensional quasi—projective variety of dimen-
sion m. Then, the following equality holds:

U [V] = v [P 1 (C)] deg(V).

Proof— Let M := Reg(V') be the submanifold of all the simple points of V. Let LY~™ C
IP 5(C) be a linear subspace of dimension N — m. From the proof of Lemma 9 above,
there is a dense residual subset W of Uy, such that for every U € W, U LN=™ and
M are transversal at any common zero. Namely, for every U € W, UL~ N M is a
zero—dimensional complex submanifold and for every x € ULN =N M, the tangent spaces
T,ULN=™ and T, M are transversal. From [31, Th. 5.16], we conclude that for all U € W,
fSULN="™ N M) =4(ULN"" N V) = deg(V).

From Corollary 13 above we conclude:

UnlV] 08 LN = 08P N (C)] 0[P (C)] /U LAV AULNT) d,

Thus we conclude
Vin V] VN [ LV = N [P N (€)1 [P (C)] deg(V),

and hence the equality above. |

Corollary 15 Let V' be an equi-dimensional quasi—projective subvariety of P n(C), of
complex dimension m. Let A C V be an open subset of V and 0 < & < 1 be a positive
number. The following equality holds:

Ul Alun[IP §(C)]e?N = /EP © Um|[Bp (x,€) N A] dIP n(C).

Proof.— Apply Corollary 13 to A and Bp (e, €), obtaining:

v [IP N (C)]vm[IPm (C)]

vm[Alun[Bp (e, €)] = Vi [P (C)]

/ I/m[UB]p(GQ,E)ﬂA] dUN 1.
UEUN+1

Now, use Corollary 12 to see that:

1
vm|[UBp (eg,e) N A] dU :/ Um|Bp (x,e) N A] dIP 5(C).
/UGMN+1 [UBp (e9,¢) N A] dUn+1 PN O] Lrer o) [Bp (z,¢) N A] dIP 5(C)
So, we have obtained:
Z/m[A]VN[B]p (60,6)] :/ Vm[BP (l’,&) ﬁA} dIPN((C)
:EE]PN((C)

Now, the following equality holds:
UN [BP (60, 8)] = VN [IPN((C)]ﬁzN,
and we conclude the result. n

The following corollary may be understood as a Bézout Theorem on the average.
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Corollary 16 Let V and V' be equi-dimensional quasi—projective subvarieties of P 5 (C)
of respective complex dimensions m and p. Suppose that m+p > N. Then, for almost all
UeUnit, VNUV' is an equi-dimensional quasi—projective variety of dimension m+p— N
and the following equality holds:

deg(V)deg(V') = / deg(VNUV') dUny1.

UN 1

Proof.— Apply Corollary 13 to V and V', then use Corollary 14 to replace v,,[V] by
U |IP 1, (C)]deg(V), and the same for V' and UV' NV, ]

Remark 17 In [34], a result similar to Corollary 16 is announced without a proof. Com-
bination of the classical Bézout inequality with Corollary 16 yields the following equality:

Vidni U € Un1 - deg(V N UV'") # deg(V)deg(V')] = 0,

for V and V' equi-dimensional varieties of respective dimensions m,p with m +p > N.
A similar result to that of Corollary 13 can be stated for the case that the ambient space
is either the real projective space IP x(R) or the N—dimensional sphere SN c RNTL. In
these cases, the unitary group turns to be the orthogonal group of matrices, also normalized
with total volume 1.

In [26], more consequences of Poincare’s Formula in the real case are exhibited.

3 Extrinsic tubes.

In this Section we prove Theorem 2. Namely, we state upper and lower bounds for the
volume of the intersection of a projective variety with a tube about another projective
variety.

For every two positive integer numbers 1 < m < N, let C(N,m) € Q be the number given
by

2N 2(N—m)
C(N,m) :=2 N ( ¢ N ) ,

<
m?m(N _ m)Q(N—m) - N —m

where e stands for the basis of the natural logarithms. Then, for every three positive
integer numbers 1 < m’ <m < N, let C(N, m, m’') € Q be the number given by

C(N,m,m’) := %C(N,m/)C(N —m/, N —m).

For every subset A C IP 5(C), N > 1 and for every positive real number 0 < &, let the
tube of radius € about A be the subset A. C IP 5(C) defined by the following identity:

Ac :={2€Pyn(C):dp(z,A) < e}.

That is, A is the set of projective points z € IP 5(C) such that the projective distance to
some point in A is smaller than e.

The following statement is a more technical and precise version of Theorem 2. Note that
the lower bound is a partial answer to the question in the last paragraph of [20, p. 178].
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Theorem 18 Let V, V' be two proper equi-dimensional projective varieties of P n(C), of
respective dimensions m > m' > 1. Let 0 < € < 1 be a positive real number. Suppose that
m < N. Then, the following inequality holds:

U [V'e N V]

< / ! 2(m—m’)'
I C(N,m,m’)deg(V")e (6)

Moreover, if V' CV and 0 < e < @, the following also holds:
U [V'e NV

1 o
P 225 ")

The constant C'(IN,m) also satisfies the following inequality:

C(N,m) = C(N,N —m) <2 (675)%

Moreover, the following estimate is consequence of [39]:

2 YT (NY gy <o (),

Hence, the constant C(N, m,m’) is essentially equal to the square of the multinomial

coefficient
N!

(m)(N —m)!(m —m/)!

We start by some technical results that we will use to prove Theorem 18.

3.1 Some Technical Lemmata.

The first technical result is due to H. Federer [11, Th. 4.2]. A more readable version can be
found in [41]. In what follows, .7 denotes the usual Hausdorff m—dimensional measure
(cf. [12, p. 171], for instance). Recall that for every complex equi-dimensional affine
algebraic variety V' C CV of dimension m and for every open subset A C CV, s#?™[V N A]
equals the 2m—volume of the regular part of V N A, considered as a submanifold of CV.

Lemma 19 (cf. [11],[41]) Let € > 0 be a positive real number, and let Zbe an equi-
dimensional algebraic subvariety of CN, of dimension m. Suppose that 0 € V. Then, the
following formula holds:

APV N Ben (0,€)] > A2 Bem (0,1)]e2™,

Next statement is a classical formula discovered by Federer that can be found many places
in the literature. Some classic references are [12], [30], [34]. Our formulation bellow has
been taken from [1, p. 241].

Theorem 20 (Coarea Formula) Consider a differentiable map F' : M — N, where
M, N are Riemannian manifolds of real dimensions ny > ns. Consider a measurable
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function f : M — R, such that f is integrable. Then, for every y € N except a zero—
measure set, F~1(y) is empty or a real submanifold of M of real dimension ny — ny.
Moreover, the following equality holds (and the integrals appearing on it are well defined):

NJ,F dM = dF~Y(y)dN,
|1 Lo 10 a7 )

where N J,F is the normal jacobian of F in x, defined as the volume in Tp)N of the
image by d,F of an unit cube in (T,M) N Ker(d,F)* (see [1] for details).

Lemma 21 Let {(AN,¢;): 0 <i < N} be the atlas of P 5(C) given by the affine charts.
Namely,

i cN — AN :={z €Py(C):z; #0} CIPN(C)
(z1,...,2N) (z1:---rziolizigy oot 2n).

Then, for every z € CN the following properties hold:

i) For every tangent vector v € T,CV, [v]lr,cn =1, we have

1
S ||d§90@(v)||T%(£)PN((C) S (

1+ |2lIgn 1+ [l2lIgn )2

i1) The normal jacobian of p; satisfies

1

NJ S = .
2T U 220N

i) For every complex submanifold M C CN of complex dimension m > 1, and for every
z € M, the normal jacobian of ¢; |pr: M — p;(M) satisfies

1 1

S NJ(pi M) € g
L+ [2lEn)m B 1+ flzlZn)m

Proof.— First of all, it is enough to prove the claim for ¢ = 0. Denote ¢ := ¢g. Namely,

Y=o cN — AY ={z €Py(C):29#0} CPPy(C)
(Z17"'7ZN) g (1:21:-":21\[).
Let 0 € CV be the origin and eg = p(0) = (1 : 0 : --- : 0) its image. Observe that the

tangent mapping
doyp : TyCN — T,,IP 5 (CT)

is an isometry and, hence, N.Jyp = 1. Let z € CV be any point, z = (21,...,2y). Let
U € Un+1, U = (u45)ij=o..~ be an unitary matrix such that Up(z) = eg. Namely,

TONGE=S] 5
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Let Uy, ..., Uy be the rows of U. Note that Uy can be chosen to be the complex vector

1

U= —
O 0+ 2l

(17717"‘7ﬁ)7

where Z; holds for the complex conjugate of z;. Additionally, Uy, ..., Uy are orthogonal

to Up. On the other hand, U : IP 5(C) — P 5(C) is also an isometry at any projective

point and, hence, NJ, U = 1. Finally, let ¢ : CN — CN be the mapping given by
¢p=9 lolUogp.

Observe that ¢(z) = 0 and @ o ¢ = U o . This yields the following equality between
normal jacobians:

NJop NJ¢ = NJyyU Ny

Hence, we conclude that NJ,¢ = NJ .
Additionally, for every tangent vector v € T,C", we have

00 =g (% () 0 (3)),

where v is the transpose of the vector v. Let v,w € T,C" be two tangent vectors. Then,
we have

SRR PO—— () o ()

1+ |l2llgn = w!

where ~ stands for complex conjugation. Hence,

< v,wW >¢N —Uy <1(})t> Uy (’(St)] .

Assume now that < v,z >cnv= 0. Then, we have

0 1
U, =~ < v,z >cn= 0.
°<> L+ 2l2y)i2 =~ =7

1

< dyd(v), dyd(w) Sqon= ————
,gb(v) 7¢(w) ToCN 1+ ||§||é1\/

Hence, for every v € TE(CN such that < v,z >cnv= 0, and for every w € TE(CN, the
following equality holds:
1

<d, ,d, > =
,(b(v) 7(]5(’[1}) ToCN 1+ ||§”%N

< v,w >(CN .

Now, let {b1,...,bx} be an orthonormal frame of T,C" such that by = ||zH1 ~Z This
= zlic

implies that < b;, z >7,en="0 fori=1...N — 1. Then, we have

< dé(ﬁ(bi), dg(b(bj) >T0(CN= < bi, bj >cN= 0 7 7& ]

o
1+ [|2[f2.~
Additionally, for every i, 1 <i < N — 1,

1

<dz bl‘,dz bi > = —
,(b( ) ,(b( ) ToCN 1+H§H%N
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For ¢ = N, we have

< 0o ), dod (o) >gyen— —— [1 0 (0t (0>]

L+ ||zll2n 121 En

Now, observe that:

() (2) = [0 () o]

Thus, we conclude

4
z
UO <21t> uOO] HJ|CN

1+ ”E”%N ‘

ldeor By =~y 1 - e 1
z N = T 9 - = .
N T 1+ 2lg L+llzlzy | (4 2180)
We immediately obtain claim i), since

1

N
NJ,p=NJ,¢p = H Hdg¢(bi)”2To<cN =

2 N+1°
T+ 2%~

Now, let v = T,CN, v = Zfil Aivi, Zl]\il |\i|? = 1. Then,

N N-1
1
ldzd()liFyen = Y Nl lldzd (0|7, on = o (Z il + [Anf?

< T+ 22 \ &
which implies
1

S szb v N S — & < -
sy < G

1+ ||§||(%N

Now, since ¢ = ¢!

oU o ¢, we have
dowp dzp(v) = dga(g)U dzp(v),
where dop and d,)U are linear isometries. Thus, we conclude

Iy = ldsp(®)lir, P y(c)

and claim 7) follows from inequalities (9) above.

1

1+ JlzliZw

)

(9)

Let us denote by {b],...,b\} the image under d.¢ of the basis {b1,...,bx}. Namely,

b, = dyp(b;), i=1...N.

Then, we have proved that {b}, ...,V } is orthogonal. In fact,

< b;-, b; >T¢(5)]PN((C):< d§¢(bi), dg(ﬁ(bj) >TyCN= 0, 7 7& 7.

Moreover,
1

157, P (0) = ———=
V1t lzlEs

19
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and
1

1N lT, P ) = o
= L+ [2llEn

Let M C CV be a complex submanifold of complex dimension m, and let z € M be a
point. Recall that T, M is a m—dimensional complex subspace of 7. é(CN , endowed with the
Hermitian product inherited from that of TE(CN . Then, the following expression defines a
linear subspace of T§CN of complex dimension at least m — 1:

W :=T,Mn< {bl,...,bN_l} >,

where < {b1,...,by—_1} > is the complex subspace of CN generated by these vectors.
Then, we can find an orthonormal frame {ci,..., ¢y} of T, M such that ¢1,...,¢m—1 € W.
Hence, for every i =1...m — 1 we have

1
ld=(¢ [m)(ei)llT,  Pn©) = 7o e
z i) 1Ty P N (C) (1+ ||§”%N)1/2
and the real number ||d;(¢ |am)(cm)|l is bounded from equation (9). Without loss of
generality we may assume ¢; = b;, for 1 <i <m — 1. Then, d,(¢ | (¢m)) belongs to the
complex subspace < b, ...,V > and it is orthogonal to the complex subspace generated
by {d;(¢ |m)(ci) : 1 <i<m—1}. In particular, we have seen that the family of vectors
{d:(¢ |m)(c1),...,d:(¢ |ar)(em)} is orthogonal. Thus, the normal jacobian satisfies the
following equality:
m
N 1ar) = [T (e (@)l v
i=1

and claim ¢i7) follows. L]

Lemma 22 Let V be an irreducible projective variety in IP 5 (C) of dimension m > 1. Let
x eV beapointinV and 0 < e <1 a positive real number. Then, the following inequality
holds:

Um|[V N Bp (x,€)] > v [P (C)]e*™ (1 — £%).

In particular, for every € > 0 such that € < g, we have
1
vm[V N Bp (eo,€)] > ium[IPm(C)]é‘Qm.

Proof— Let Aév and g be as in the former lemma. Without loss of generality we may
assume that
r=e=(1:0:---:0) € VNAY #0.

In particular, the variety VﬂAéV is dense in V' both for the Zariski and the usual topology.
Note that dypg : ToCY — TeoIP n(C) is a linear isometry. Additionally, observe that the
following equality holds for every ¢, 0 < e < 1:

e

i) (10)

@y ' (Bp (eo,€)) = Ben (0,
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This equality follows from the following chain of identities:

1 den (0
dp (603@0(1)) — sin arccos | < 607( 75) >CN+1 | _ H§H(CN _ (CN( 75) ’
11, 2)[lev+ \/1+ l2l2y V1 den(0,2)?
and, hence,
d
den (0, 2) = p (€0, po(2))

VI~ dp (e, 0(2))2

which leads to equality (10) above.

Let W = Reg(V') be the complex submanifold of IP 5(C) of complex dimension m consist-
ing of the regular points of V. Let W = <p51(W) be the inverse image of W by ¢q. W is
the complex submanifold of CV of complex dimension m formed by the regular points of
the algebraic variety V = ¢ (V). From Lemma 21 the following inequality holds:

1
(L +[lz1En)m

NJ:(¢o ) =

Now, Theorem 20 yields the following chain of equalities and inequalities:

v W O Br (co,)] = / B NJ.(¢0 |i) AW >
gEWﬂBCN(O,\/%
1 _ 1 _ R
>/ dw > %2m[WmBN(o = =
- — m+1 — m+1 C )
2EWNBew (0, =) (1+1zl2x) (1 I 1512> V1—¢2
— €
= %" |W N Ben (0, ——) | (1 — &2)™
|: (CN( m)] ( )

where .#>™ holds for the usual Hausdorff 2m—dimensional measure. As V\W = ¢ (V'\
W) is contained in an affine algebraic subvariety of complex dimension at most m — 1, we
have:

%%[an 0,6}:%2’”[1/03 o]
e m) en m)
Next, Lemma 19 implies:
am [VﬂB (0, ——= )} > 2™ Bem (0 1)]< < >2m
N\U, el mAY, .
. V1—eg? . V1—eg?
Finally, observe that
m ﬂ-m
A" [Bem (0,1)] = —1 = Vm[Pm(C)).

Thus, we conclude that

V[V N Bp (eg,€)] > V[P (C)]e?™(1 — 2).

The following result immediately follows from Lemma 22 above:
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Corollary 23 Let V' be a (possibly not equi—dimensional) algebraic projective variety in
P 5 (C), and let m be the mazimum of the dimensions of its irreducible components. Let
x €V beapointinV and 0 < e <1 a positive real number. Then, the following inequality
holds:

UV N Bp (z,€)] > C(V, x) [P, (C)]e®™(1 — &%),

where C(V, ) holds for the number of irreducible components of dimension m of V' which
contain x.

Corollary 24 Let V C P 5(C) be an equi—dimensional algebraic variety of dimension m.

Let 0 < e < &1 be two positive real numbers, ¢ < 1. Assume that e1 — e < g Then, the
following inequality holds for every z € V.,

I/m[Bp (Z, 61) N V] >

1 m
onlPa(©] 221

Proof— As z € V_, there exists y € V such that dp (z,y) < . Hence,
BP (Z, 61) :_> B]P <y7 &1 — 8)'
Thus, Lemma 22 implies the following chain of inequalities:

l/m[B]p (z,€1) N V] > I/m[B]P (y,€1 — E) N V}

mlPn©)] = omlPa(©)]  ©

(e1 — €)™

1
2

Lemma 25 Let V C P y(C) be a projective subspace of complex dimension m. Let 0 <
e < g1 <1 be two positive real numbers. Then, the following inequality holds for every
ze Ve,

Vm[BP (2,61) N V] > (6% B 52)m 1- 5% )

V[P (C)] (1—e?)m
Proof.— Let AY =P x(C)\ {z¢o = 0} and ¢ = g be like in Lemma 21 above. Without
loss of generality we may assume that z = eg:= (1:0:---:0) € V.. Let 2/ € V be a

point such that
dp (60, V) =dp (60, Z/) =d<e.

We may also assume that 1 < 1, namely 2/ € A(J)V N V. As in the proof of Lemma 22
above, we have

_ d €
de(0.7() = = < 2

Moreover,

l/m[V N Bp (60,51)] > P

¢ (V)N Ben (o, S — )] (1 —ef)ymtt,

1—¢e?
Now, observe that ¢~1(V) C C¥ is a linear affine subspace . Hence,

T den (0,071 (V).

-1/
z = —
o™ lley = ———

22



Moreover, ¢~ !(2) is orthogonal to the vector space of directions of ¢ ~!(V). Namely, for
every x € o 1(V), x — o 1(2') and ¢~ !(2') are orthogonal. Hence, for every x € o~ 1(V),

Izllen = llz — ™ ()lew + lle™ () IEn-
This obviously implies that

1 1,0 5% d? 12 1 €1
_ _ B C o .
o (V)N Ben | @ (2),<1_5% 1—d2) C o (V)N Ben 0,71_62

1

Now, we apply Lemma 19 to conclude the following chain of inequalities:

. L .2 2 1/2
- - — >
¥ (V)chN ¥ (Z )7<1_€12 1—d2> =

> A#2™[Bem (0,1)] e’ P A\T
- ’ 1—e12 1-—d2 -

e%Q’m

2 2 m 2 —¢? "
> ot iBen 0.0 (20 - 755) =00 (=S =)

So, we have:

€ 2 _ 52 m
l/m[V N B]p (60,61)] > (1 - 512)m+1=%ﬂ2m[BCm(0a 1)] <(1 _ 5112)(1 _ 62)> :

Now, 2™ Bcm (0,1)] = v [IP 1, (C)]. That finishes the proof of the lemma. n

3.2 Upper bounds for the volume of a tube in the ambient space.

Now we show a proof of Theorem 1, which is a slight improvement of Theorem 4.2 in [7] (cf.
also the article by Renegar [33]). Namely, we state upper and lower bound estimates on the
volume of projective tubes about complex projective varieties. The following statement is
a technical version of Theorem 1.

Proposition 26 Let V. C P n(C) be a (possibly singular) projective equi—dimensional
variety of dimension m < N. Then, the following inequalities hold for every positive real
number e e R, 0 <e < 1.

g2(N=-m) < _unirel [Vel < C(N, m)deg(V)aQ(N*m).

vn[IP N (C)]
In particular,
vn[Ve] < eNe )Z(N_m)
————— < 2deg(V .
Py (O] = 2\ v,
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Proof— Let L C IPN(C) be a fixed projective subspace of dimension N — m. From
Corollary 13 we have

v [P N (C)]

vmlVel = P N ()]

/ VN—m[Vs N UL] dUN 1.
UEMN+1

As V and UL are projective algebraic varieties of respective dimensions m and N — m,
the Dimension of the Intersection Theorem (cf. [36], [23] for instance) implies

VNAUL#0 VU €e€UNi.
Moreover, if z € VN UL the following inequality holds:
UN-m[Ve NUL] > vn_p[Bp (2,6) NUL] = VN—m[IPN_m<(C)]€2(N_m)7

from which the first inequality of the proposition follows.
For the second inequality, observe that if € > 0 satisfies

V2N —m

2 m

<e<l,
then we have
C(N,m)deg(V)e2N=m) > 1.

In fact, it suffices to see that the following function is always greater than 1 in the interval
[1,N —1]:

2N -2
N2V (ﬂN—x> x_2<N>2N 1
=2(Y) e

fla) = 2$2x(N “oN-2m \ 2 g

Now, f/(z) < 0 is always negative, and consequently f(z) > f(N —1) > 1. The second
inequality of the proposition obviously follows in this case.

Assume that 0 < ¢ < min{l1, ?Nm;m} Let €1 > 0 be another positive real number,
0 < € < e1. We consider the quantity

ev(er,e) = Ziél‘Z(Vm[BP (z,e1) N V]).

We will prove that ¢y (e1,€) > 0. Then, we have that:

ox V] = / 1 dP (C) < / . ”m[B;V<(Z€’f12)“ I ap v (c) <

1
~ pv(er,e)

From Corollary 15, we conclude:

/ vm|Br (2,21) N V] dP n(C).
ZGPN((C)

v [P n(C)]

vvlVel < pv(er,e)

Vm [V]S%N.
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Now, from Corollary 14, v, [V] = v [IP 1, (C)]deg(V'). So we conclude:

vN [P §(C)]

lve] < pv(e1,e)

Vi [IP 1 (C)]deg(V)eT". (11)

From Corollary 24, the following inequality holds whenever e; — e < @ and z € V..

l/m[BP(Z,€1)ﬂV] 1
P (©)] S 2 F

)2m'

Y

Thus, whenever €1 — e < 72, we have that

1
ov(E1,2) 2 V[P (O) 5 (1 — )™
Finally, we choose 1 = N]X —&. Observe that
m m V2N -—m V2
€1 — €= e < — = —.
N-—-m N—-—m 2 m 2

From inequality (11) above we conclude

v [P (O] P (C))deg (V) 557

vnlP (O] (25) &2

>2N
vn[Ve] < = un [P N (C)]C(N, m) deg(V)e V=™,

as wanted. The last inequality of the proposition follows from the next obvious inequality.

N —m 2m N 2(N—m) eN 2(N—m)
E < .
C(N,m) 2<1+ - ) (N—m) _2(N—m>

The estimates in Proposition 26 are essentially optimal in the case that V' C IP 5(C) is a
linear projective subspace of dimension m. Namely, we have the following estimate.

Proposition 27 Let V. C PP n(C) be a linear subspace of dimension 1 < m < N. Let
0 < € be a positive real number satisfying

N — o\ /2
e < .
<(%)
Then, the following inequalities hold:
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Proof— The lower bound is in Gray’s article [18]. In fact, observe that [18, Cor. 1.3]

implies
vn[Vel <N> G2N=m) (1 _ 2ym.
vN[Pn(C)] — \m
For the upper bound, we follow essentially the same steps as in the proof of Proposition
26, replacing Corollary 24 by Lemma 25. Namely, given two positive real numbers 0 <
€ < g1 < 1 we define the function

pv(e1,€) (vm[Bp (2,€1) N V]).

= inf
zeVe

As in the proof of Proposition 26, we conclude:

v [P N (C)] 2N
vN[Ve] £ —————Fvn [P (C)let™,
vVl < 2 P
since deg(V') = 1. Also, from Lemma 25 we have
ov(e1.6) > vn[Pr(©))(E — 2L
Viel, = Um m 1 (1 —82)m

Thus, we conclude
afN (1—-¢e2)m
(e2 —e2)m 1 —¢?

vn|[Ve] < vn [Py (C)]

Assume that ¢ < (NzéNm)l/z. Then, we choose
€1 = <N]jm>1/25 < \f <1

and we conclude:

NN
m™(N — m)N-m

NN
mm(N —m)N-m
The following estimate from [39] finishes the proof:

s < W () <o)

vn[Ve] < un[Pn(C)] g2N=m)(1 — g)m

< 2un[IP n(C)] 2WN=m) (1 — 2ym,

The following corollary is consequence of Proposition 27.

Corollary 28 LetV be an equi-dimensional projective variety inIP n(C), N > 1, dim(V) =
m, and z € IP y(C) any point. Let 0 < e <1 be a positive real number, such that

m \1/2
()"
Then, the following inequality holds for every 1 <m < N — 1:

Um|V N Bp(z,¢)] N\ o, i
V] <6VN — m(m> g2m(1 — eHN-m,
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Proof— Let L be any fixed linear subspace of IP 5(C) of dimension N — m.
From Corollary 13 we conclude

vV O B (2,€)] = v[IP ] /Ueu HULAV O Bp () didnss.

Hence, we conclude
Um[V N Bp (2,¢)] < deg(V)vm[P]vuy , [U €Uny1 : UL NV N Bp (z,¢) # 0] <
< Vm[V]VuN+1[U €eUn+1:ULNBp (Z,E) #* @] =
= Vm[V]VuN+1[U S Z/{N+1 : LN U*BP (2,5) ?é @],
where U™ holds for the conjugate transpose matrix of an unitary matrix U. The mapping
A — A* defines an isometry on Uy11. Hence, we have

Vi [U EUN11: LNU*Bp (2,¢) # 0] = vyy,, [U €Uns1 : LN Bp (Uz,e) # 0],

since UBp (2,¢) = Bp(Uz,e). Let L. C IPn(C) be the tube of radius € about the
projective subspace L and let U(z, L,e) C Un1 be the set given by

U(Z,L,E) = {UGUN_H : LﬂBP(UZ,E) #(b} = {UEUN_H : UZGLE}.

Hence, we have

vV 0 Be (2.9 £ vl [ v v

Uni1
Now, Corollary 12 implies:

Um [V] UN [La]

vm[V 0 Bp (2,€)] < VN[PN«cn/PN(«:) xee PO = P

Um[V].
Proposition 27 yields:

Um|V N Bp(z,¢)] N\ o, i
V] <6vVN — m(m)52 (1 —e2)N-m,

3.3 Proof of Theorem 18

In order to prove inequality (6) of Theorem 18 we discuss two main cases. If % <e<l1,
the quantity on the right is obviously greater than 1 and the inequality immediately follows.
We discuss the upper bound in the case that ¢ < %:T@: < 1. Let €1 > 0 be a positive real
number such that €; +¢ < 1. Then, the following holds for every z € IP 5(C).

dp (2,V') > e +e= Bp(z,e1) N V. =0. (12)

As in former statements, let eg := (1 :0:---:0) € IP5(C) be a fixed projective point
and let Lo C IP 5(C) be a fixed projective linear subspace of dimension N — m such that
eg € Lg. From Corollary 13 we conclude

Vm[VE/ N V]l/me[B]p (60, 51) N Lo] =
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VP (C)]vx [Py (©)] /U L HBe(Ue0.2) VNV UL U

Now, observe that
4(Bp (Ueg,e1) NV NV NULy <H[VNULg| < deg(V).
On the other hand, if Ueg ¢ V/ ., then
8[Bp (Ueg,e1) NV'eNV NULg] = 0.
Thus, let A1 C Un11 be the subset given by
Ay :={U elUns :Ueg e V] . }.
We conclude that

Vm[vls N V]VN—m[BP (607 51) N LO] < Vm[IPm((C)]VN—m[IPN—m(C)] deg(V) dUN 1.

Ay
From Corollary 12 we have
1 deg(V)vn [V, 1]
deg(V) dU :/ deg(V) dIP 5(C) = L

e1+te
Thus, we have

V[P i (C)Jvn—m [P N—m (C)]

Vm[vls N V]Vme{B]P (60’ El) n LO] = VN[IPN((C)]

deg(V)vn [V, 1el-

Moreover, the following equality holds:
VN —m[Bp (€0,€1) N Lo] = v [Py (C)]er 2=,

Thus, we conclude

U [V]

UV N V])EN™ < PmlZ]
TN ()

UN [V:El1+€] .

From Proposition 26, we obtain

Um[V'eNV]
Um[V]

1 + g)2WV-m)
812(N—m)

< C(N, m)deg(V")
N—m

Um[V'eNV]
U [V]

€ to conclude

Now, choose ¢; =
< C(N, m,m')deg(V")e2m=m"),

As for the proof of inequality (7), let L C P n(C) be a projective linear subspace of
dimension N —m/. From Corollary 13 we have

Vi [IP 1 (C)]
Vin—m/ [P m—m (C)]

vm[VINV] = / Vm—m'[VZNV NUL] dUn 1.
Ueln+1
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Now, observe that V' N UL # ) for every U € Un 1, and if 2 € V' N UL we have that:
Vi [V. NV NUL] > vy [Bp (2,6) N (V N UL)].

From Lemma 9, there is a dense residual subset W C Uy 1 such that for every U € W,
VNUL is a projective variety of dimension m—m/. Hence, Lemma 22 implies the following
inequality:

1 !
Vm—m'|[Bp (2,6) N (VNUL)] > 5 Vm—m’ [Py (C)]2(m=m)

and the claim follows. [ ]

4 The Condition Number of Linear Algebra.

In this section we apply Proposition 26 and Theorem 18 to prove Corollary 29, which is a
more general version of Corollary 4.

Just to fix the notations, let n1, no € N be two positive integer numbers and let M, xn, (C)
be the space of n; X ny complex matrices. From the natural identification M, xn,(C) =
Cm™2 we also have that IP(My,xn,(C)) = P(C™"2) = P, pn,—1(C). Thus, we can
consider P (M, xn,(C)) endowed with the natural Riemannian structure of IP,,,,—1(C).
From now on, n; and ne are considered fixed natural numbers such that ny > ny > 2.
The results for 2 < n; < ngy are totally symmetrical.

Let A € IP(My,xn,(C)) be a projective matrix such that rank(A) = ny. Then, the
condition number of A is given by the following formula:

kp(A) = [|A]|p[|AT]2,

where AT stands for the Moore-Penrose inverse of A. Recall that given a projective singular
matrix A € P (M, xn,(C)) such that rank(A) = na — 1, the generalized condition number
of A is also defined to be

R (A) = AR AT

Inside the proofs of this section, for simplicity of notation we do not distinguish between
a projective matrix A € IP (M, xn,(C)) and any representant of it. Both elements are
simply denoted by A.
Let 3271 C P (Mo, xny (C)) be the algebraic variety of matrices of rank at most ng — 1.
Namely,

2127l i= LA € P (Mo siny (C)) : rank(A) < ng — 1}

The main result of this Section is the following one.

Corollary 29 With the notations and assumptions as above, the following inequality

holds: . . )
ne—1 . n2—
Vaimzre A € BT mp (A) > 2 (e ninde)2(m—n2+43), (13)
Vim(zrz—1) (2271 B b

Moreover, in the case that n1 = ng = n, the following equality holds:
Vdim(znfl)[A S Zn_l . /i%_l(A) > l] 7

13 < 10/3 6. 14
Vdim(sn—1)[ 2" ] B 10(n ) 44
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4.1 Technical statements.

In this subsection we state some technical results to prove Corollary 29. We also recall
some properties of the generalized condition number. Let IP (M, xn,(C)) be the projective
space of complex ny X no matrices. For every positive integer 7, 1 < r < ng, we denote by
3" the algebraic variety of all the complex matrices of rank at most r. Namely,

Yi={A e P My, xn,(C)) : rank(A) < r}.

The first part of the following Proposition is [2, Prop. 1.1]. The equality on the degree
can be read in [22, pp. 243-244], or in [14, p. 261].

Proposition 30 For every positive integer number 1 < r < ng, the set X7 is an irreducible
projective variety of P n,—1(C) of codimension (ng — r)(n1 —r). Moreover,

deg(r H (n1 + i) 4!

e = , —.

g(2") Pl (r+4)! (ng —r+1)!

An immediate consequence is the following corollary.

Corollary 31 The following equality on the degree of 3" holds.
ny—rno—r
r+i+j-1
deg(X") H H .
=1 j=1 Z_F] -1
In particular,

nog—r
deg(ZT)SCL}) . deg(X7) < (r 4 1)m2=n)m=r),

William Kahan, G.W. Stewart and J. Sun have studied the condition numbers for singular
matrices. We refer to [27] and [40] for general background on this topic. However, we
recall some basic concepts and results on these numbers. Recall that given any matrix
A € My, xn,(C), there exists a Singular Value Decomposition (SVD) of A,

A=U <10)> el (15)

Namely, A =U (?) V* where:

e The matrices U € U,, and V € U, are unitary matrices of respective sizes n; and
ng, and V* holds for the transpose conjugate of V.

e The matrix D := Diag(o1, -+ ,0pn,) € Mpy,(C) is the matrix of singular values of A,
012> 0py = 0.

e The expression (107 ) € My, xny(C) holds for the matrix of n; rows and ny columns
obtained by adding to D a zero matrix of size (n; — ng) X na.

30



Definition 32 (Generalized Condition Number) Let A € M, xn,(C) be any ma-
triz. We consider a SVD of A,

D
A=U <0> V*, D := Diag(o1,--+ ,0n,)-

For every natural number r, 2 < r < no, we define the following quantity:

Al #

2 2’
O'T+...+0'n2

KD (A) =

where ||A||F := (/0% + - + 02, stands the Frobenius norm of A.

This definition is also valid for the projective space of matrices, IP(My,xn,(C)), in the
sense that it is does not change under multiplication by a scalar.

In the case that ny = na = n, the generalized condition number 7, we have defined turns to
be the usual condition number for square matrices, kp(A) := || A||r[|A7Y2, A € M,(C).
Lemma 33 The generalized condition number k',(A) of a matric A € My, xn,(C) such
that rank(A) = r satisfies the following equality:

R (A) = Al pl|ATl2,
where At holds for the Moore-Penrose inverse of A.

Proof— 1In fact, if D = diag(o1,--- ,0,,0,...,0), 01 > ... > 0, > 0, then At is given by
the following formula (see [40, pp. 102-104] for details).

oy 0 --- 0

At=v o : | U € Mugsn, (€).

1

So, the equality || ATl = 0! immediately follows. n

The following result remarks the importance of the generalized condition number as a
measure of the stability of the Moore—Penrose inverse of a given matrix under small per-
turbations. It is an immediate consequence of the Corollary 3.10 in [40, p. 145].

Proposition 34 Let A, A" € My, xn,(C) be two matrices of equal rank r. Then, the
following inequality holds:

At — (YT ]s 1A - A5
AT = e g gy IA = Alle
15 A AT
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Now let us recall the Singular Value Decomposition Theorem.

Theorem 35 (Singular Value Decomposition) Let L and L' be two linear subspaces

of C™ of dimension m. Then, there are orthonormal frames {v1,...,vm} of L and {wi, ..., wn}

of L', and real numbers 1 > Xy > --- > \,,, > 0 such that:
< v, Wy >= )\151]

There are different definitions for the distance between two subspaces of the same dimen-
sion. The following one is widely accepted (c.f. for example [17, p. 76]).

Definition 36 Let Ly, Ly be two real linear subspaces of R™, of equal real dimension m.
Then, we define the projective distance between Lg and Ly as follows:

dist(Lg, L) = |71, — mrz ||2,

where mr, (resp. mp, ) is the orthogonal projection onto Ly (resp. Ly), and ||rr, —mpy |2
is the morm of this map as a linear operator.
The distance between two complex subspaces L, L' C C™ of equal dimension m is defined
the same way:

dist(L, L") = |7 — 7|2

Remark 37 Some properties of this distance may be read in [17] and [46]. We cite two
of them:

e Let O be the largest principal angle (in the sense of [17, p. 603]) between L and L'.
Then, the following equality holds:

dist(L,L") = sin#.

e Ifdim(L) = dim(L") = 1, then dist(L,L") = dp (L, L) where dp (L, L") is the pro-
jective distance between the projective points defined by L and L'.

The following theorem relates the generalized condition number 7, to the stability of the
solutions of (possibly singular) square systems under perturbations. We guess it has been
proved elsewhere but we have not found an appropriate reference to cite.

Proposition 38 Let A, A" € M,,(C) be two square matrices, rank(A) = rank(A’) = r.
Let L and L' be the complex subspaces of dimension m = n — r which are the respective
kernels of A and A’. Namely:

L:={zeC": Az =0} L':={zecC": Az =0}
Then, the following inequality holds:

|4 = Al

dist(L, L") < kT,(A) Talr

32



Proof— Let {vy,...,un}, {w1,...,wn}, and 1 > Ay > --- > A\, > 0 be like in Theorem
35, spanning L and L’ respectively. The characterization of dist(L, L") as the sinus of the
largest principal angle between L and L’ reads:

dist(L, L") = /1 — )2,

On the other hand, the following equality holds:

I I
HTD(A)IIA Al _ 14— All2
1Al

Or

where o, holds for the smallest non—zero singular value of A.
So, it suffices to prove the following inequality:

e < 1A = Al

Let the reader observe that the following equality holds:
LP={weC":V'we<ey,...,e, >},

where A = UDV™ is the SVD of A, and < eq,...,e,. > is the subspace of C" spanned
by the first r vectors of the canonical basis. As a consequence, we observe that for every
vector w € L+, the following equality holds:

Id, 0

T _
AAw—V(O 0

)V*w:w.

So, the following inequalities hold for every vector w € Lt

[[w]2
[wll2 = AT Aw]ls < [|AT[|2]| Aw]|2, = [|Aw]l2 > AT,
First, suppose that \,, = 0. Then, w,, € L*. So, we have:
1 1
(A" = Awl2 = [[Awml2 2 = (A" = A)ll2 = 77
" " | AT]|2 | AT|2

71 =
[AT]l2

A —-A
VIZR = 1< (4 - AT, = 1Al

T

From Lemma 33, we conclude that or. So, in this case we have:

and the theorem follows in the case A, = 0.
Now, suppose that A, # 0. Let w/, = 1)‘\’—2 Then, we have the following equality:

1
< Uy Why — Uy, >0= ~—— < Uy, Wy, >2 —|lom||3 =1—1=0.
Am
We define dw = w),, — vy, and 0A = A’ — A. We have the following chain of equalities:

[ow]13

—5 =2, < W, — Uy, Why, — U >o=
[ 2
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N2 <l wh, >o =N < wh, vm > AR < v, w0l — v >o=1— A2

and consequently:

6wl . m

lwrlla

So, it suffices to prove that:
or|[dwll2

lwrall2

Now, we have that dAw], + Adw = (A + 0A) (v, + dw) = A'w], = 0, and consequently:

16 A2 >

SA wy,  —Adw
lwall2 llwp,ll2”
Hence,
l64]; > 1A%l
— [l ll2

So, to finish the proof we must check that:
[Adwll> > o, [l6w]ls

Now, observe that dw € L. So, the following inequality holds:

[Adwlle =

1
= m”ﬂsw’b-

From Lemma 33 = o0, and the theorem follows. (]

1
7 ATl

The following theorem is usually attributed to Eckart and Young. A brief history on
this result with references to Schmidt and Mirsky can be read in [40, p. 210]. It is an
immediate consequence of Theorem 4.18 in [40, p. 208].

Theorem 39 (Schmidt—Mirsky—Eckart—Young) Let A be a matriz in P (M, xn,(C)).
Let 2 < r < ng be a natural number. Then, the following holds:

1

dp (A, X1 = A

Proof— Theorem [40, p. 208] is the affine version of the theorem. Namely, for any affine
matrix A € My, xn,(C), the following equality holds:

min A~ Allp = \JoR 4402,

rank(A") <r—1
A€ My, xn, (C)

where oy, ..., oy, hold for the last singular values of A. To achieve the projective version of
this result, we choose a representant A such that ||A||p = o} +---+ 02, = 1. Consider the

SVD of A, A = U(loj)V*. Consider the matrix D' = Diag(o1,...,0,-1,0,...,0). Then,
the matrix A’ = U(DO/) V* satisfies:

| <A A>y|=0i4...+02 | €ER, rank(A’) =r —1, |A |4 =02 4...+ 02 ;.
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Then, the following chain of equalities holds:

(02 4+ ...+ 02 )2 1
dp (A, A = |1 - S O T .
P44 ¢ AT e, NS

Now, let A" € IP (M, xn,(C)) be any projective matrix such that rank(A’) <r —1. We
can choose a representant of A’ such that:

|Alp=1—(of+-+02,), <A, A>eR".

Then, o2+ -+o02, < |A' =A% =< A=A, A —A>y=2—(02++02,) -2 < A/, A >y,
and the following chain of equalities holds:

2207 + -+ o) _

| <A A >5[ < 5

So, the following chain of inequalities holds:

| < A7, A >5 |2 (1—024---402)2
dp(A, A = J1- 1 =222 7 ]y 2)” _
| ANI% | A"]I%

That finishes the proof of the lemma. ]

The following corollaries bound the distribution of 7, in different subspaces of IP (M, xn, (C)).

Corollary 40 For every positive integer number r € N, 2 < r < ng, and for every positive
real number 0 < € < 1, the probability that a random projective matriz A € IP (M, xn, (C))
has a generalized condition number K,(A) greater than % is bounded by the following
formula:

anng—l[A S IP(Mnlxng(C)) : K)TD(A) > %] <9 |: e (TLlTLQ _ 1)\/; €:| 2(n1—r+1)(n2—r+1)
Vning—1 [P (M, xny (C))] |l —r+1)(ng—7r+1) '

Moreover, in the case that ny = ns =n and r =n — 1, the following inequality holds:

va[A € P(M(©)  w (A) > 1] 1 fen?2e)’
Vp2_1[IP (M5 (C))] ~6 4

Proof— From Theorem 39, the following equality holds:

)

annzfl[A € IP(MTH X M2 ((C)) : KTD(A) > l] . Vn1n2—1[A € IP(Mnl Xng ((C)) :dp (A7 Er_l) < E]

me—l[lp (Mm X1ng (C))] a me—l[lp (Mm XM (C))]

Proposition 26 immediately yields a bound for this quantity. From Corollary 31 we know
the dimension and the degree of ¥"~!. In the particular case that n; = ny = n and
r = n — 1, we use the sharp bound of Proposition 26 to obtain the inequality of the
corollary. ]
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Corollary 41 With the notations above, the following inequality holds:

T .T 1
Vr(n2+n1)fr271[A IS /QD(A) > g] < deg(ET_l)D(Tu no 7n)62(n2—i-n1—27"—i-1)

Vr(n2+n1)fr271[zr]
where
D(ny,ng,r) := C(ning — 1,r(ng +m) —r* —1,(r = 1)(ng +m) — (r — 1)> = 1)

and C(N,m,m') is as in Theorem 18 for every three positive integer numbers N > m >
m’ € N.

Proof.— From Theorem 39, the following equality holds:

Vr(n2+n1)fr271[A eXx: K‘TD(A) > l] _ Vr(n2+n1)fr27l[A €X' :dp (A7 Er_l) < 6]

3

Vr(n2+n1)fr271[gr] Vr(n2+n1)fr2fl[zr]

Theorem 18 yields a bound for this quantity. The expressions for the dimension and degree
of ¥*~1 and ¥ are known from Corollary 31. ]

Remark 42 For fized no,ny1 and r the bounds we obtain become much better than those
stated in the general results.

With the same technique we can also bound the probability distribution of the generalized
condition number /*ig m X7 for every possible integer values of ny,na,r,r" such that 1 <
v <r<ng <nj.

4.2 Proof of Corollary 29.

We apply Corollary 41 to the case that r = no — 1. The constant appearing in Corollary
41 turns to be:

C(nlng —1,nne —n1 +n9 — 2,n1n9 — 2n1 + 2n9 — 5) <

4ni1—4no+8 3 2n1—2n9+6

enn _ 2e

S 9 1762 (26)277,1 2n2+6 S n%n% <
2n1 — 2n9 + 4 16

< (6 n%ng)an—an—i—G .

Moreover, the degree of ¥"272 is specified in Proposition 30:
— +1 1 2(n1-n2+2)
deg(zr2=2) = "™ (™ < pimme)
cgl ) (n2—2 ng — 1 7’L1—Tl2+3_n2
Equation (13) in Corollary 29 follows. As for equation (14), observe that in the case that

nip = ng = n are equal,

(n +d)ld! B
(n—2+9)!G+2)!

1
Cn? — 1,12 — 2,02 — 5) deg(X"~2) = %C(nQ — 12— 5o D]
=0
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9 ( (n2 _ 1)n271 44>2 ( n!(n + 1)!

(n — 5754433 | (n—2)l(n—1)12131

4 n?=5 (2 )4 2n2n Din-—1
(et g,

8,20
e°n 7
< 20

< 20
3612 — 10
and the corollary follows. n

4.3 The expected value for the Condition Number

In this subsection, we obtain upper bounds for the expected value of the generalized
condition number from the probability distributions above, and we prove Corollary 44,
which is a technical version of Corollary 5 at the Introduction. We will use the following
simple result, which may be a well-known fact in Probability Theory.

Lemma 43 Let X be a positive real valued random variable such that for every positive
real number t > 0
Prob[X > t] < ct™?,

where Prob|-] holds for Probability, and ¢ > 0, > 1 are some positive constants. Then,

the following inequality holds:
@

E[X] < ca

a—1"

Proof— We use the following equality, which is a well-known fact from Probability Theory.
o0
BIX] = / Prob[X > 1] dt,
0

Then, observe that for every positive real number s > 0,

l—«

ElX]= | Prob[X>tdt<s+c| t“dt=s+c—0.
0 s a—1

Let s := cé, and the lemma follows. ]

Corollary 44 The expected value of /4%71 in the space "1 satisfies:

Egnalkh < n'o/3,

6

where ¢ 1= ¢ (%)1/6 < 1.14 is this positive constant. Moreover, the expected value of

K751 in the whole space P (M,,(C)) satistifes
Enm, k'] < e2 02,

where ¢y 1= %61% < 0.621 is this positive constant.
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Proof— From Corollary 29, we know that

Vaim(zn-1)[A € 2771 KN (A) > 1 < l(n1o/35)6
Viim(sn-1)[Z" 7] — 10 '

Hence, for every positive real number ¢ > 0, the probability that a randomly chosen

singular matrix A € X771 satisfies k5 1(A) >t is at most

Viim(zn—1)[A € T"71 1 k571 (A) > 1L/lt} 720l

Vdim(zn—l)[zn_l] - ].On tﬁ '

The first estimation of the corollary follows from Lemma 43 above. As for the second
one, from Corollary 40 we know that the probability that a randomly chosen matrix
A € P(M,,(C)) satisfies 7 1 (A) > ¢ is at most

Vs 1[4 € P (M, (C) s K (A) > 4]
Ve [P (M ()]

The corollary follows from Lemma 43.

4.4 Some other applications.

Corollary 45 Let 1 < n € N be a natural number, and let SIM,,(C) C M, (C) be the

set of symmetric matrices of size n. Then P (SZM,,(C)) is a complex projective space of

dimension w — 1. Moreover, the following inequality holds:

Vp2yn |A€P(SIM,(C)): kYA %
s ACPSTMAOD 502 0

e P STAM(O) )

Proof.— From Theorem 39, the following equality holds:
Viren [AEP(SIM,(C)): kp(A) > 1] 2., [A€P(SIM,(C)):dp(4,3"7") <
2 2

Vizen [P (STMn(C))] Vizen [P (STMn(C))]

Observe that this is not enough to achieve the proof of the corollary. We prove the following
formula:

Vy2in_ [A€P(SIM,(C)) : dp (A, X" < ¢
Vitan [P (STM,(C) -

Varin_ [A € P(STM,(C)) : dp (A, E"1 NP (STM,(C))) < ]
Vos [P(STM,(C)

(16)

First, observe that it suffices to prove equality (16) for the set of symmetric matrices such
that the have all the singular values distinct and non—zero. In fact, the complementary of
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this set is a zero-measure subset of IP (SZM,,(C)) and does not affect to the estimates on
the volume.

Let A € IP(SZM,,(C)) be a symmetric matrix. Let A = UDV™ be its SVD, and suppose
that the singular values of A, o1,...,0,, are all distinct and non—zero. Suppose A =
UiDV*, A = Uy DVy are two SVDs of A. The following equalities hold:

U DV} = Uy DV, U D*V = Uy D*Vy.

Given any matrix A’ € P (M,,(C)), and given two natural numbers 1 < 7, j < n, we denote
by (A’);; the corresponding entry of the matrix A’. Then, the following equalities hold:

N

* * i * * g; ..
U3Uh)iy = (V5 Va)ij—, (U301 = (Vs Vi)ig—5, .5 =1...n.
oj o7
From the fact that o1,..., 0, are all distinct and non—zero, we deduce that

(U3U1)i; =0 ifi#j.

So, U3U; is a diagonal matrix, and the same can be said of V{*Va. Now, let D' =
Diag(o1,...,0n-1,0) be the matrix obtained by replacing the last element of D by 0.
As we have seen in the proof of Theorem 39, the following equality holds:

dp (A, X" 1) = dp (A, UD'V*).

So, to prove equation (16) we must check that UD'V* € IP(SZM,,(C)). From the fact
that A is symmetric, we deduce that:

UDV* = (V*)!D(U).
This implies that VU and V*(U*)! are diagonal matrices, and they commute with D
and D’. Moreover, V*(U*)! = U*(V*)! and VIUV*(U*)! = VIUU*(V*)! = Id,. As a
consequence, the following chain of equalities holds:
UD/V* — (V*)tthDlV*(U*)tUt — (V*)tD/VtUV*(U*)tUt — (V*)tD/Ut.

This proves that UD'V* € IP(SZM,,(C)) and equation (16) follows. From Proposition
26 we deduce the bound for the right hand term of equation (16), provided that X"~ N
IP(SIM,(C)) is a projective subvariety of IP(SZM,,(C)) of codimension 1 and degree
bounded by the Bézout Inequality:

deg(Z" ' NP (SIM,(C)) < deg(X"1) = n.

Corollary 46 Let B;;j(C) C My, xn,(C) be the set of matrices A of the following shape:
(A0
=0 a)

39



where A1 € Mixj(C),A2 € M, —ix(no—j)(C). That is,
Bi;(C) = Mi;(C) & Mn, —i)x (ng—5) (C)

can be identified with the direct sum of M;j(C) and M, _i)x(ne—j)(C). Then IP(B;;(C))
is a complex projective space of dimension ij + (n1 —i)(ng — j) — 1, and the following
equality holds:

Vijt(ni—i)(na—j)—11A € P(Bi;(C)) : k5 (A) > 2]

£

Vijt(ni—i)(na—j)—1 P (Bij (C))] -

2(n17n2+1)

el + (m ~i)(m =) =)

<2
- ny—ng+1

Proof— From Theorem 39, the following equality holds:
Vijt(ni—i)(na—j)—11A € P (Bi5(C)) : K77 (A) > 1]
Vij+(n1—i) (na—j)—1 P (B (C))]
_ Vijt(ni—i)(na—j)—114 € P (B (C)) : dp (4, yrel) < g
Vij+(n1—i)(na—j)—1 [IP (Bz‘j (C))]

Observe that this is not enough to achieve the proof of the corollary. We prove the following
formula:

Vij(ni—i)(na—j)—11A € P(Bi;(C)) : dp (A, X" 71) < ¢]
Vijt(m—i)(na—3)—1 P (Bij (C))]
Vijt(ni—i)(na—j)—11A € P(By;(C)) : dp (A, 5"~ NP (B;;(C))) < €]
Vij+(n1—i)(na—i)—1 1P (Bij (C))]
In fact, let A € P (B;;(C)). Let A’ € ™27 be a singular matrix such that dp (4,X"271) =
dp (A, A"). From the expression of A’ (see Theorem 39) it is obvious that A’ € P (B;;(C))
and equation (17) follows. Now, from Proposition 26 we obtain a bound for the right

hand term in equation (17), provided that "2~1 NP (B;;(C)) is a projective subvariety of
IP(B,;(C)) of codimension n; — ny + 1 and degree bounded by the Bézout Inequality:

(17)

deg(X™ L NP (B (C))) < deg(R") < ngi "2+,
We obtain the following inequality:

Vijt(ni—i)(na—j)—11A € P(Bi;(C)) : dp (4, 5"~ NP (B;;(C))) < €] -
Vij (n1—i)(na—j)—1 P (Bij (C))] -

e(ij + (n1 —i)(nz — j) — 1) 2na—na+1)

nl—ng—l—l

2 vng €

The reader may observe that Corollaries in this Section are particular cases of the more
general statement that follows:
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Theorem 47 Let r be a positive integer number, 2 < r < ng. Let C C P (M, xn,(C))
be an equi—dimensional algebraic variety of dimension m. Suppose that there exists an
equi—dimensional algebraic variety C' C P (M, xn, (C)) of dimension m' < m such that
for every projective matriz A € C the following property holds:

dp (A, X1 =dp (A, C).
Then, the following inequality holds:

vm[{A €C: K} >e 1}
Um|[C]

< C(ning —1,m,m’) deg(C')az(m_m,),

where C(ning — 1,m,m’) is the constant defined in Section 3.
Proof— From Theorem 39, the following equality holds:
vm{A€C kv >e 1Y wu[{AeC:dp(A X1 <el]

Ui [C] Vim|[C]
Thus,
vm{A€C:rly >} vpu[{A€C:dp(A,C) <e}]
Vm [C] B VUm [C] ’
and the claim follows from Theorem 18. ]
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