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ABSTRACT. In [16] and, later on, in [1] the authors introduced zeta Mahler measure functions for
multivariate polynomials ([16] called them “zeta Igusa” functions, but we follow here the terminology
of [1]). We generalize this notion by defining a zeta Mahler measure function Zx (-, f) : C — C,
where X is a compact probability space and f : X — C is a function bounded almost everywhere in
X. We give sufficient conditions that imply that this function is holomorphic in certain domains. Zeta
Mahler measure functions contains big amounts of information about the expected behavior of f on
X. This generalization is motivated by the study of several quantities related to numerical methods
that solve systems of multivariate polynomial equations. We study the functions Z(-,1/|| - |lagt),
Z(+, /unorm) and Z(-,JAC), respectively associated to the norm of the affine zeros (|| - ||afr), the
non-linear condition number (tnorm) and the Jacobian determinant (JAC) of complete intersection
zero-dimensional projective varieties. We find the exact value of these functions in terms of Gamma
functions and we also describe their respective domains of holomorphy in C. With the exact value of
these zeta functions we can immediately prove and exhibit expectations of some average properties
of zero-dimensional algebraic varieties. For instance, the exact knowledge of Z(-,1/|| - |l.g) yields as
a consequence that the expectation of the mean of the logarithm of the norms of the affine zeros
of a random system of polynomial equations is one half of the n-th harmonic number H,. Other
conclusions are exhibited along the manuscript. Using these generalized zeta functions we exhibit
the exact value of the arithmetic height of the hyper-surface known as the discriminant variety
(roughly speaking the variety formed by all systems of equations having a singular zero).

Keywords: Polynomial equation solving, affine and projective varieties, condition number, Discrim-
inant, zeta Mahler measure, Co-area Formula.

1. INTRODUCTION

In [16], J. Cassaigne and V. Maillot introduced zeta Mahler measure function for polynomials, based
on [8]. This was re-introduced in the same Journal by H. Akatsuka in his 2009 article [1]. These
holomorphic functions have been a useful mathematical concept that have been extensively used in
several works on the higher Mahler measures of polynomials (cf. [10, 11, 40] and references therein). In
this manuscript we explore several extensions and generalizations of the notion to analyze the average
behavior of several quantities related to zero-dimensional projective algebraic varieties and numerical
solving.

The natural extension of zeta Mahler measure functions can be stated as follows. Let X be a compact
topological space endowed with a measure p such that u(X) < +00. Let f : X — C be a measurable
function, bounded almost everywhere on X and let ¢t € C be a complex number. Let g : X — C be
a continuous function defined on X and assume that g is not identically zero almost everywhere on
X. Zeta Mahler measure function associated to f and g over X is the complex function defined by
the following identity

1 t
Zx(t.f.0) = 7 / _ @l g@)du(z).

where
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(L1) Ix[lgl) = /X l9(@)|du(z) #0,

provided that these integrals are defined and finite. Note that Zx (¢, f, g) is the expectation of |f|*
with respect to the probability distribution of X defined by the measure p and using |g| as probability
density function. We will write Zx (¢, f) in the case g = 1. In [16], X = §?"*1 C C"*! is the complex
unit sphere, g is constantly equal to 1 and f € C[Xq, ..., X,] is a homogeneous polynomial. In [16] the
authors also considered Zeta functions related to the Gaussian distribution on C**! which is related
to the sphere case (see Identity (1.3) below, for instance). In [1], X =[]\, S is the product of the
unit spheres S C C, ¢ is again constantly equal to 1 and f € (C[Xl,Xl_l,Xg,Xgl, ey X, XY s
a Laurent polynomial. In Lemma 2.1 and Lemma 2.2 we exhibit some conditions on f and X that
ensure that the function Zx (-, f) : Dz (f) € C — C is well-defined and holomorphic in some complex
region Dz (f) C C.

The relevance of a zeta Mahler measure function like Zx (-, f) is the large amount of information that
it contains. For instance, for values t € iR := {ib : b € R}, the function Zx (¢, f) is the characteristic
function of log(|f|) as random variable. Additionally, if p > 1 is a real number, and p € Dz(f), the
value Zx (p, f) = || f||}», where || - ||r is the LP norm defined by the probability distribution induced
by © on X. Moreover, according to Lemma 2.1, if 0 € C is an interior point of the region Dz(f), we
can easily obtain the moments of log | f| just differentiating with respect to ¢t in Zx (¢, f). Namely,

dF Zx (-
Bxllogt ) = T

where Ex [logk |f]] denotes the k-th moment of log|f| with respect to the probability distribution
induced on X by the measure p.

As this zeta function is so rich in information about the function f with respect to the measure p on
X, it is very convenient to have explicit descriptions of these functions (and not merely bounds or
approximations).

The goal of this manuscript is to explicitely exhibit several zeta Mahler measure functions, mostly
related to properties of zero-dimensional complete intersection algebraic varieties. At the end of the
manuscript, we show an example on how this extension of Akatsuka’s zeta Mahler function can be
applied to compute the exact value of the arithmetic height of a classical Diophantine variety 34,
known as the discriminant variety.

1.1. Main outcomes on explicit descriptions of some zeta Mahler functions. In this sub-
section we are going to exhibit the exact values of several zeta Mahler measure functions oriented to
understand several properties of zero-dimensional complete intersection projective varieties. In order
to achieve this purpose we need to introduce several notations.

Let { X, ..., X, } be aset of variables and d € N be a positive integer. We will denote by Hy(Xo, ..., Xn)
(or Hg(X) when the number of variables n + 1 is fixed) the complex vector space of all homogeneous
polynomials in the variables {Xq, ..., X, } of degree d with complex coefficients. Namely,

Hy(X):={f € C[Xp,...,X,]: fis homogeneous, deg(f) = d}.

Note that Hy(X) is a complex vector space of dimension M (d, n) := (*I") = Ny+1. For a degree list
(d) := (dy,...,d,) we define H gy as the complex space of lists (f1,..., fn) of polynomials f; € Hy,.
Namely,

H(d) = H Hdi (K)
i=1

Again, H gy is a complex vector space of dimension M q) := St Ng,+n. Everylist f := (f1,..., fa) €
H(q) defines a projective algebraic variety Ve(f) € P,,(C) of their common zeros:

Ve(f) :={¢ € Pu(C) : fi(¢) = 0, 1 <i < n} CP,(C).
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The affine zeros of the system f are denoted by Vi(f) C C™. These affine zeros may be viewed as
follows. Let ¢ : C* — P,,(C) \ {Xo = 0} be the canonical embedding of the complex affine space
into the complex projective space. This embedding g is given by (21, ..., x,) = (1: 21 : ... xp),
for all z := (x1,...,2,) € C", where (1 : z1 : ... : z,) are the homogeneous coordinates of the
corresponding projective point. Hence, g identifies some of the projective points in Vp(f) with the
affine ones in the following form Vi (f) = ¢y ' (Ve(f)). Note that Vi(f) is always non-empty. We say
that Vp(f) is zero-dimensional if it is a finite set. In this case, Vp(f) is also complete intersection:
Ve(f) is a finite set of projective points in P, (C), given by n polynomial equations. We say that Vp(f)
is smooth if it contains no singular points.

Let P(H(q)y) be the complex projective space defined by H(4y. Then , there is a Diophantine algebraic
hyper-surface ¥(qy € P(H(4)) such that Vf € P(Hq)) \ ¥(q), the algebraic variety Vp(f) C P, (C) of its
complex projective zeros is zero-dimensional, complete intersection and smooth. This hyper-surface
Y(q) € P(H(q)) is usually called the discriminant variety. The discriminant variety Xg) is determined
as the zero set of a unique multi-homogeneous Diophantine polynomial Disc(q), which is known as
the discriminant polynomial (cf. [15] and below for more detailed discussions on the discriminant
polynomial Disc(gq)).

As the zeta Mahler measure function Zx is, in fact, a function defined in terms of expectations, we
now discuss the natural probability distributions on the spaces Hy(X) and Hq) (cf. [9] or[14] and
references therein for more detailed discussions).

Each complex vector space Hy, (X) may be endowed with a unique Hermitian product which is in-
variant under the action of the unitary group U(n + 1) on the elements of Hy, (X):

fr— foU* € Hy(X),

where U* is the conjugate transpose of U € U(n+1) and o denotes composition. This unique Hermitian
product is Bombieri-Weyl Hermitian product (cf. Section 3.2 below for precise definitions).

For every i, 1 <i <m, let S(Hg, (X)) be the unit sphere in Hg, (X) with respect to the Bombieri-Weyl
Hermitian product. Namely,

S(Hg, (X)) = {f € Ha,(X) : IfII7, = 1},
where || - ||4, is the norm associated to the Bombieri-Weyl Hermitian product on Hg, (X).
Bombieri-Weyl Hermitian product is naturally extended to H) by the obvious identity, yielding
Bombieri-Weyl norm that may be defined as follows:

1£lla = 1o Fadlla = (SDUAIZ) . YF = (fre s f) € Hea,
=1

we thus consider two natural Riemannian compact manifolds associated to these metrics.
On the one hand, we may consider the unit sphere on H 4y with respect to Bombieri-Weyl norm

S(H(ay) = {f € Hay : | fIIA = 1}.
This sphere is naturally related to the complex projective space P(H4y) and it becomes a very con-
venient structure when studying homogeneous functions ¢ : Hz — C. Similarly, in the case ¢ is
multi-homogeneous, we may consider the product of spheres GEZ)) C Ha)(X) (we also denote it by
&(4) when no confusion arises) given by the following identity:

(1.2) Sy =6 = [ S(Ha,(X)).
i=1
This product of spheres & 4) is naturally related to the product of complex projective spaces [[;"; P(Hg, (X))
and it is a natural space to study multi-homogeneous functions ¢ : H 4y — C.
Both S(H(4)) and &4y are endowed with their respective natural volume forms, dvs and dve, associ-
ated to their respective Riemannian structures. In both cases, the volumes are finite (i.e. v5[S(Hq))] <
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+00, vg[6(g)] < 400) and they induce natural probability distributions on S(H4)) and &4 respec-
tively. These probability distributions are equivalent to standard Gaussian distributions Na (0, 7) on
the complex space H(qy. Similarly, in the case complex projective spaces (as P, (C), P(Hg(X)) or
P(H(qy)) occur in forthcoming pages, we also consider the natural volume form dvp associated to the
corresponding complex Riemannian structure. As these volumes of complex projective spaces are
also finite, they also induce probability measures, just dividing by the corresponding volumes. For
instance, if ¢ : H(q) — R is a function, homogeneous of degree k, provided that the real part satisfies

R(Z + M) > 0, integrating in polar coordinates, the following equality holds :
L (% + M)

1.3 E;. 8= Z t,d),

(1.3) f~Na(0,1) U¢| ] T (M(d)) S(Hw)( ¢)
where E¢.n, (0,1) denotes expectation in H4) with respect to the standard Normal distribution defined
by Bombieri-Weyl’s norm. Similarly, if ¢ is multi-homogeneous of degrees (ki,...,ky,) with respect

to each group of variables in the cartesian product H 4 := [T, Hq,(X), then, provided that the real
parts satisfy %(% + M(d;,n)) > 0, for every i, 1 <14 < n, the following equality also holds:

n ) 4 th
(1.4) Et Naq,D [|¢|t} = (H a (ﬁﬁédl{TB)Q )> Ze 4 (t, D).

i=1

These two identities allow us to work freely either with Zg ,, or Zg @) An immediate consequence
of these two equalities (just by differentiating with respect to t), is the following Corollary.

Corollary 1.1 (Relation between Mahler measures in spheres and products of spheres). With the same
notations as above, let ¢ : Hgy — R be a multi-homogeneous function of multi-degree (91, ...,0d,)
and total degree §. Assume that the zeta Mahler measure functions ZS(H(d))(t, ¢) and Zg ) (t, ¢) exist
and are differentiable near t = 0. Then, the Mahler measures of ¢ satisfy:

) " 0
M) (0) + ¥ (M) = me o) (9) + > 2 ¥(M(di,n)),
i=1

where 1 is the digamma function and for X = S(Hq)) or X = &4y, mx(¢) is the Mahler measure

of ¢, namely
1
mx(¢) := V()Z(X)/Xlogﬁﬁ(ﬁ”d’/z(x)

A reader interested in more detailed arguments supporting the use of Bombieri-Weyl Hermitian prod-
uct, and the probability distributions induced either on S(H q4)) or &4y, may follow [23], [9], [14], [56],
[59], [6], [7], [13] and references therein.

Now we introduce several functions defined either in H 4, S(H(q)) or &(q), through functions that
depend on the set of projective zeros Vp(f) associated to f.

We begin our short catalogue of zeta Mahler measure functions with the following one which was
already clued in [6]. As above, ¢g : C* — P,,(C) is the canonical embedding of the affine space C"
into the complex projective space P, (C). For every system of equations f € H ) and every affine
zero ( € Vi (f), we consider the norm of this point in C"*! with respect to the canonical Hermitian
product. Namely,

leo(O)llage = (14 [IC]1%)z.

We then consider the following zeta Mahler measure function:

(1:5) 2 ) = VG[16(d)] ‘/fGG(d) ,Z):d)</C€VA(f) <(1+||1C||2)é>td<> el

where Dq) := []\_, d; is the Bézout number (see Subsection 5.1 for details). We have considered the
multi-homogeneous case (i.e. &(gy). Generically for f € Hgy (and also for f € &4)), the number of
affine zeros satisfies § (Va(f)) = D(q). As the number of finite zeros is generically finite, one could have
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used ZCGVA(f) instead of fCGW\(f) as they agree up to a zero measure set of f’s in &4y. We prefer to
use the integral sign | CeVa(f) whenever possible. We used the simplified notation Z(t,-) although, in
fact, this function is the zeta Mahler measure function given by

Z(t, 1 Mlase) 2= 2y (& Y llase, NJ 1),

where Vg) is the solution variety described in Identity (5.1) and N.Jm; is the Normal Jacobian of the
projection 71 : Vig) — S(g)-

In [6] a positive answer to Smale 17th Problem (cf. [61]) is exhibited by introducing a Las Vegas
algorithm that solves multi-variate polynomial equations in polynomial time, on the average. The
algorithm introduced in [6] is shown to compute both affine and projective solutions due to Theorems
1.9 and 4.7 of [6]. These two theorems, use the fact that the expected norms of the affine solutions
of systems of polynomial equations are of controlled norm on the average. In our previous notations,
Theorem 4.7 of [6] gives an exact description of the value of Z(¢,1/|| - |l.x) for real values ¢t € R satisfying
—2 < t < 2n — 1. The following Proposition extends Theorem 4.7 of [6], by showing the complete
description of Z(t,1/|| - |l.e) for complex values of ¢:

Proposition 1.2. With the same notations as above, let G C C be the region given by G := {t € C:
R(t) > —2}. Then, for everyt € G, the zeta Mahler measure function Z(t,1/| - |l.z) satisfies:

e

where B and I' are, respectively, beta and gamma functions. In particular, this function admits analytic
continuation to C\ {z € Z : z < =2}, which is the domain of holomorphy of Z(t, /|| - llaz)-

The knowledge of the exact value of this zeta Mahler measure function easily yields almost inmediate
relevant properties. As usual, we denote by Hy := Zle % the k-th harmonic number. As this function
is homogeneous of degree 0, we immediately obtain:

1 2y4] =
Ervaon g7 PO
dZ(t, )| 1 B 1
= -] = S+ ) — (1)) = 3 Ha

Namely, the expectation of the mean of the logarithm of the norms of the affine zeros of a randomly
chosen system of polynomial equations equals one half of the n-th harmonic number (i.e. %Hn) This
expected norm of the affine solution of systems of polynomial equations shows that the extreme cases of
large zeros of systems of polynomial equations are not very probable. For instance, this expected bound
of order %Hn € O(log(n)) is amazingly far away from the Mora-Lazar-Masser-Philippon example of
worst case arithmetic solution of Diophantine equations (cf. [38], [39], [21] and references therein on
the heights of solutions of systems of polynomial equations). This classical example is given by the
homogeneous equations:

fii= X1 —2Xo, foi= XXy — X2 fn = XETMX, - X0
The unique affine solution of this system is (2,292, 29245 2d2dn) [ts logarithmic norm is expo-
nential in the number of variables.
A second example of zeta Mahler measure functions we discuss in this short catalogue is the zeta
Mahler measure function associated to the inverse of the non-linear condition number pnorm. The
normalized condition number fiorm was first introduced in the manuscript [55] of the series written
by M. Shub and S. Smale around the complexity of the Bézout’s Theorem (cf. [56, 57, 58]). Since
then, the condition number pi,0,m has been systematically used in the treatment and analysis of the
complexity of the algorithms solving Smale’s 17th Problem (cf. [61]). Among the many contributions
dealing with this problem we may cite [5], [6], [7], [60], [13] and the books [9], [14] and references
therein. The following zeta Mahler measure function was clued in [7].
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Let ¢ € P,(C) be a projective point and pg : S*"*! — P, (C) the canonical onto projection from
the sphere of radius one S?"*! C C"*!. The tangent space T¢PP,(C) is given as the orthogonal
complement < ¢ > of the complex subspace < ¢ > generated by ¢ in C**', with respect to the
canonical Hermitian product in C"*t!. We sometimes simplify notations by writing ¢+ instead of
< ¢ >*. For every homogeneous system f € H 4y such that ¢ € Vp(f), we may consider the tangent
mapping

ch : TCHDn((C) — TO(C" =C"
This tangent mapping may be determined as follows. Let z € S?"*! be a point in the complex sphere

such that ps(z) = (. Let Df(z) € My« (n+1).(C) be the Jacobian matrix of f at z. Then, T¢ f is the
restriction of Df(z) to the orthogonal complement of ¢ in C™*!:

T.f= Df(z ‘CJ.

The normalized condition number of f at ( is given by the following identity:

tnorm (£, €) = || fl| a | Diag(d; 2 )(Te )1 lops

_1 1 1
where Diag(d, ?) is the diagonal marix where diagonal entries are d; 2,...,dn ?, | - |a is Bombieri-
Weyl’s norm of f, (T, f)T is Moore-Penrose pseudo-inverse and || - ||op is the norm as linear operator.
In the case (d) := (1,...,1), systems f = M are matrices with n rows and nt 1 columns (i.e. in

M (n41)(C)), || || a is the usual Frobenius norm of the matrix and ||Diag(d; )(ch)T llop is the norm
as linear operator of the Moore-Penrose pseudo-inverse of M. Namely, in the linear case, the condition
number becomes the usual Demmel’s condition number pu(M) = |[M| z||MT|op. Associated to the
normalized condition number i, We also have a zeta Mahler measure function which can be defined

as follows
2t i) = s (1 / unorm<f,<>—t)dus<f>-
vs[S(H(a))] Jresriay) \D) Jeevs(s)

The same comment about the interchangeability of the usage of Zcevp( ) or I cevi(s) 88 in Equation
(1.5) applies. We do not insist on this aspect again. Note that we have chosen the unit sphere S(H 4))
here since this normalized condition number is a homogeneous function of degree 0. Once again, we
have simplified our notation writing Z(t,1/unerm). In fact, the zeta Mahler measure function of the
inverse of the normalized condition number is given as

Z(t7 1/Hnorm) = ZV(d) (t7 l/ﬂnormy NJﬂ-l)?

where V(g = V(S;) is the solution variety discussed in Subsections 3.3 and NJm; is the Normal
Jacobian of the projection 7y : Vigy — P(Hq))-

In [7], a second answer to Smale 17th Problem is exhibited. This time the algorithm is much faster,
on the average, than the one in [6]. One of the main ingredients of this second algorithm was the
knowledge of the exact values of Z(t,1/unom) for real values of ¢ in the open interval —4 <t < 0 (i.e.
Theorems 19, 20 and Proposition 22 of [7]). As in the case of the previous Proposition, we now give
the complete description of the values of Z(¢,!/unom) for complex values of ¢, generalizing Theorem
20 and Proposition 22 of [7]:

Proposition 1.3. With these notations, let let G C C be the region given by G :={t € C : R(t) >
—4} C C. Then, the zeta Mahler measure function Z(t,/umom) is well-defined and holomorphic in G.
Moreover, for every t € G, the following equality holds:

M(d) ni n+1 F(n—i—l—k—k%)

1.6 Zt,l norm ) — )
(1.6) (&, 1 /inorm) T(Mg + %) nn kST (n — k)
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where Mqy is the dimension of H). In particular, this function admits analytic continuation to
C\{z €Z : z< —4}, which is the domain of holomorphy of Z(t,/imorm)-

The same expression holds for the case of Demmel’s condition number p(A), and matrices A €
./\/lnx(nﬂ)((C). Note that, for instance, we may determine the exact value of the expectations of the
norm ||Af|o, for matrices A in the unit sphere S$>""+D=1 C M, (,,11)(C). For instance, in the
linear case (d) = (1,...,1) and finorm = p, we may compute the expectation of the logarithm of the
condition number E[log |u|], noting that Elog |u|] = —E[log(1/ul), just differentiating the expression
above. These results yield:

dZ (-, 1)

Ellog |u] = -~

n—1
1 n+1\ n—k
o3 (0 ) s s+ o — ]
- i=0

The reader may compare this formula with the bounds obtained in [20], for instance. However, as
pointed out by T. Tao in his blog (cf. also [62], Section 2.3) the exact values of the moments of ||Al|op
seem not to be known (only estimates). Similarly, we do not have an exact description of a zeta
Mahler function Z(t, ||Alop) yet.

The next zeta Mahler measure function we explicitely exhibit in this manuscript is also related to the
tangent mapping ¢ f. We now consider the following zeta Mahler measure function.

Definition 1.1. With the previous notations, we define the zeta Mahler measure function of the
Jacobian determinant Z(¢, JAC) by the following identity:

1 1 t
2(0.380) = 2y, (LIACNIm) = e (5 [, IACUOPV-()(©) o),

where the absolute value of the Jacobian determinant |[JAC(f, )| is defined as |[JAC(f, ()| = |det(T, f)| =
|det(Df(2)Df(2)*|2, being z € 5271 any point such that pg(z) = ¢, t € C is a complex number and
the quantities V4, NJm and D(q) := [T, d; are the same as above.

We prove the following complete description of Z(t, JAC).

Theorem 1.4. With these notations, let G C C be the complex region given by G := {t € C
R(t) > —4} C C. Then, the function Z(t,JAC) is a well-defined holomorphic function whose domain
of holomorphy contains G. Moreover, for every t € G C C, the following equality holds:

oy (Tl+5+1)  T(M)
1.7 Z(t,JAC) = (D)) . : :
(1.7 980 = ) I (i sy )
where M; := M(d;,n) is the complex dimension of Hy,(X). In particular, Z(t, JAC) admits analytic
continuation to the complex domain C\ {z € Z : z < —4}, which is its domain of holomorphy.

For some applications to come, we may introduce the following quantity

1
(13) m(0a0)i= e [ ([ o lIACt Qv (@) v ()
vs[&w)] Jresw \Jeews(n)
Then, the following equality holds:

dZ(t,JAC)

m(JAC) = D(d) ( dt

D n
t—o) - %(IOgD(d) + ;w(l +1) - ¢(Mz))

Other zeta Mahler functions are discussed in the manuscript as Z» | g2n+1(t, DET) (the zeta Mahler
measure function of complex Wishart matrices) in Corollary 5.8.

As a referee also pointed us out, in the linear case (dy,...,d,) = (1,...,1), the value of m(JAC) can
be obtained directly without recourse to Theorem 1.4 or to Corollary 5.8, by an elegant argument
combining Binet-Cauchy formula with the knowledge of the height of the projective space.

As an application of zeta Mahler measure functions, we exhibit the exact value of the height of the
discriminant variety ¥4y as follows. According to [15], the discriminant variety ¥4y is a hyper-surface
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defined by a multi-homogeneous polynomial Disc(qy known as the discriminant polynomial (cf. also
[22], [24] or [30]). Here, we compute the exact value of the arithmetic height of this variety (in the
sense of [27], [47, 48, 49, 50], [41], [16] and sequels. We have chosen the height with respect to its
multi-homogeneous nature, although other heights are comparable in view of equalities (1.3) and (1.4)
above.

Theorem 1.5. With the previous notations, let (d) := (dy,...,d,) be a list of degrees and let 0(qy =
>, d; be the sum of the degrees in the list (d). Assume that §g—n =" | (d; —1) > 1 holds. Then
the arithmetic logarithmic height of the discriminant in the case of generically dense homogeneous
polynomials defining a zero-dimensional variety is given by the following equality

. Da =
ht(E(d)) = ht(DlSC(d)) = % |:(6(d) - n)(Z HZ> + log D(d):| .
i=1
In the simplest case n = 1, the discriminant Discy of a generic homogeneous polynomial of degree d
is the determinant of the Sylvester matrix defined by a generic polynomial f and its derivative f’.
Namely, if f := Adei + Ad,lefl +---+ Ap, then

Discy(Aog, - - . Ag) := det (Sylv(f, ),

where Sylv(f, f') is the Sylvester matrix defined by f and f’. Theorem 1.5 yields the following exact
value of the arithmetic logarithmic height of Discy:

ht(Discq) = g ((d—1)+1og(d)) .

1.2. Structure of the manuscript. The manuscript is structured as follows. Section 2 is devoted
to show the most elementary properties of the generalization of zeta Mahler measure function used
in this manuscript. Section 3 is devoted to recall some basic facts about the underlying Algebraic
Geometry involved in this manuscript. In particular, we include some basic facts about the multi-
variate discriminant, most of them taken from [15]. Section 4 is devoted to introduce some basic facts
from Integral Geometry. For instance, we recall Federer’s Co-area Formula. Section 5 is devoted to
compute some of the zeta Mahler measure functions stated at the Introduction. In Subsubsection
5.1.1 we prove Proposition 1.2. In Subsubsection 5.2.1 we Prove Proposition 1.3. In this Section we
also recall the main outcomes of the work of N.R. Goodman [31], [32] and we rewrite them as a zeta
Mahler measure function Zpr_ g2n+1(t, DET), where DET is the determinant of a complex Wishart
matrix (see Subsection 5.3). Finally, Section 6 is devoted to prove Theorem 1.4 by computing the
exact value of Z(t,JAC). Last but not least, Section 7 is devoted to derive the arithmetic height of
¥(q) (and its defining polynomial Disc(qy) using the knowledge of computation of Z(t,JAC), proving
Theorem 1.5. Although some of the zeta Mahler functions treated in these pages have immediate
translation to numerical analysis algorithms (as those associated to condition numbers), it may be
less clear in the case of the main outcome of Theorem 1.5. At the end of the manuscript we have
included Subsection 7.2 which sketches how the main outcome of Theorem 1.5 can be applied to show
upper bounds for the error probability of some modular arithmetics algorithms. As the goal of these
pages was not to show these applications to algorithms, we just sketch the ideas leaving the details to
other discussions.

2. ON THE EXISTENCE OF HOLOMORPHIC GENERALIZED ZETA MAHLER MEASURE FUNCTIONS

We begin by the following statement which generalizes and quantifies Proposition 2.1 of [1], provided
that the main outcome of [43] is taken into account. It also generalizes the usage done in [16] of
[8] to further classes of functions (other than polynomials) and other probability spaces. The proof
of Theorem 8 in [1] is based on a result by [26] and both are based on a confuse hypothesis which
make somehow difficult to follow the arguments. Both publications ([1] and [26]) use an inductive
argument, based on the existence of a particular factorization of multi-variate polynomials that does
not apply to many of them as, for instance, f := X5(X{ — 1) — 1, among others easy to construct(see
Remark 2.2 below for details). Additionally, our generalization introduces quantitative bounds for



ZETA MAHLER MEASURE FUNCTION 9

the domain of holomorphy of a zeta Mahler measure function Zx (¢, f), which are not present in any
former statement of similar results.

Lemma 2.1 (Complex differentiation under the integral sign). Let X be a compact topological space
endowed with a measure (X, A, p) such that pu(X) < oo and the Borel measurable subsets of X are in
the o—algebra A. Let f,g: X — C be two continuous real-valued functions defined on X. Assume
that the following properties hold:

e f and g are not equal to 0 almost everywhere,
e there is some positive real number p € R, p > 0 such that for all positive real number € > 0,
the following equality holds

1
. — < p
(21) 57 [ X @la@)dn(e) < C(10)2
where X ., ., is the characteristic function of the set
X(fe) ={zeX : [f(z)| <e},
and C(f,g) is a constant which only depends on f, g and X.
Then, the following function

Zx(t, f.g) = ﬁ /X (@) lg (@) dpu(z),

is well-defined and holomorphic in the complex domain {t € C : R(t) > —p}, where R(t) denotes the
real part of t and Ix[|g]] denotes the integral [, . |g(x)|du(x). Moreover

k
d Z};(;va a7 |g‘ / |f(2)|*(log | f ()])*|g(x)|dp(z)

Proof. Let G C C the complex domain given by the following identity:
G:={teC : R(t) > —p}.
We first prove the following two inequalities for every ¢ € G. Let us denote by I(t, f, g) the following

integral:

1, f.9) /||f )t g(2)]dps(z /|f RO g(2)]du(z).

Then, we have
I(t,1.9) < p(X)MRON it R(1) > 0
(2.2)
I(t, f,9) < (X)) (N + el ) if —p < R(t) < 0
where M := max{l, max{|f(x)| : = € X}} and N := max{|g(z)| : = € X}. The case R(t) > 0 being
obvious, we concentrate our arguments in the case —p < R(t) < 0. We prove the inequality of this

case by following the same arguments as in the proof of Proposition 2.1 of [1].
First of all, we introduce the following two measurable subsets of X:

Xi(f)={eeX : [f@)]>1}, and X_(f):={ze X : |f(x) <1}.

Then,
I(t, f,9) =L (t, f,9) + I_(L, f,9),
where
Lt fg)= [ 1@ g ldaCo),
X+(f)
and

I_(t. f.g) = / @l du)
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We obviously conclude that
As for I_(t, f,g) we decompose X_(f) as the disjoint union of the following measurable subsets:
x-(N=rrouJx®m.
k=0
where
k 1 1
XB(f) = {re X« gy <If@)] < 5}

Then, as p(f~1(0)) = 0, we have

I-(t.f.9)=> 1% f.9),

k=0

where

19, 1, g) = / (@) RO g (@)l dp(z).

xM

Now, for z € ng)(f), we have mr < [f(z)] < 3¢ and, as R(t) < 0, we conclude that for all

2K
x € ng)(f) we have:
|f(x)|§R(t) < 9~ R (k+1)

Then, we have:

(2.4 19(t.5.9) <2800 | Jg(a)duto)
x® )
Then, applying the hypothesis described in Equation (2.1), we conclude:

*) Ly HX)C(f.9)(5r)? 27 ROIC(f, g)u(X)
(2.5) I(t, f,g) <2 “ OR()k ? < 2(R(t)+p)k

Hence, if R(t) > —p, we have

2(R(t)+p)k 12—+ %0 _9-» -

(2:6) I-(t,f,g) <27 "OC(f, g)u(X) (i : )J‘Wcmgmm _ C(f.9n(X)

Putting together inequalities in Equations (2.3) and (2.6) we obviously conclude the second inequality
in Equation (2.2) and both inequalities are then proved.

Now, we have proved that the function |f(z)|*|g(x)| is in L'(X, A, i) (i.e. it is absolutely integrable)
for every t € G. Moreover, under our hypothesis,

(2.7) Ixllgl|Zx(t, f,9) = /X [f(@)[*lg(@)|dp(z),

where X’ C X is the set of points in X where f does not vanish. Namely,
X' ={xeX : f(x)#0}.
Now, we are in conditions to apply the main outcome of [43] to the function h : G x X’ — C given
by the following identity:
h(t,z) == | f(@)["]g(2)|-
Namely, we observe that we have:

e The function h(t, -) is measurable for every ¢ € G (in fact, we have seen that h(t,-) is in L!(X’)
for every t € G),
e the function A(-, x) is holomorphic for every x € X’ and,
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e the integral [ |h(-,z)|du(x) is locally bounded, namely for all ¢, € G, there is some positive
real number ¢ > 0 such that

sup / [h(t, x)|du(x) < co.
teG,|t—to|<d J X’

The third claim follows from the inequalities given in Equation (2.2). From these two inequalities it
is obvious how to find for every ¢ € G a neighborhood such that I(¢, f, g) is absolutely and uniformly
bounded in this neighborhood.

Thus, applying the main outcome from [43], we conclude that Zx (¢, f,g) is a holomorphic function
in G and we can differentiate under the integral sign. This yields the statement and the proof is
finished. g

The following Lemma exhibits sufficient conditions for Lemma 2.1 to hold.

Lemma 2.2. Let X be a compact topological space and let f,g: X — C be two continuous real-valued
functions defined on X. Assume that X is endowed with a measure (X, A, u) such that u(X) < oo
and the Borel measurable subsets of X are in the o—algebra A. Let ¢ < 0 be a negative real number
and assume that the following two properties hold:

e the functions f and g are not equal to 0 almost everywhere,

e the moment of order q of [ is finite (i.e. f € LY(X) for the measure ).

Then, with the same notations as in Equation (2.1) above, the following inequality holds
1 / _

— | Xxiro @)lg(@)ldu(z) < C(f, 9)e™7.

p) J X

In particular, the function Zx(t, f,g) is well-defined and holomorphic in the complex domain G :=

{te C : R(t) > q} and we may differentiate inside the integral sign.

(2.8)

Proof. We just use the Markov inequality in the following form. Let us introduce the function h(z) :=
(f(z))"" defined almost everywhere in X (since u[{z € X : f(z) = 0}] = 0). Then, observe that for
every ¢ > 0 the following inequalities hold:

L(f.q) = /X | (@) [ dp(x) = /X (@) ~du(z) > / ()| tdu(z),

T(h,5)
where
T(h,6) :={x e X : |h(x)| >d}.
Then,
L(f,q) = / 6~ dp(x) = 5 [T (h,d)).
T(h,8)
Hence,

u[T'(h,0)] < L(f, q)é".
Replacing 6 = ¢! and noting that

T(h.e™) = X(f.e),
we immediately conclude that Inequality (2.1) holds with p = —q and C(f,g) = % where
N :=max{|g(x)| : = € X}. The rest of the claims of Lemma 2.1 also hold. O

From now own, we shall denote by Zx(t, f) := Z(t, f,1) the zeta Mahler measure function in the
case g = 1. The following Proposition replaces Theorem 8 of [1] and gives quantitative bounds for the
neighborhood of t = 0 where the zeta Mahler measure function is defined according to [16].

Proposition 2.3. Let f € C[Xy,...,X,]\ C be a non-constant complex homogeneous polynomial of
degree d. Let G C C be the complex domain G := {t € C : R(t) > —2/d}. Then, the zeta Mahler
measure function of f in S?"F1;

Zszn+1 (t, f) =

is well-defined and holomorphic in G.

1
e S Jp A e ),
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Proof. According to Lojasiewicz Inequality as in [37], the following property holds for every non-
constant homogeneous polynomial f € C[Xy, ..., X,] and for every z € §?"+1 C Cnt1:
dist(z, V)* < C|f(2)],
where C' is a constant, V := Vj(f) is the complex hyper-surface defined by f on C"*!, and
dist(z, V) := inf{||z — z|| : = € Va(f)}.

Let us denote by Vs(f) := Va(f) N S?"*L. Let ps : S?"*! — P,(C) be the canonical projection
onto P, (C), let dp : P,,(C)?> — R be the sine of the Fubini-Study distance in P,,(C) and let Vi(f) be
the projective hyper-surface defined by f. As V is a cone (f is homogeneous), the following property
holds:

dist(z, V) = dp(ps(2)), Ve(f))-
Then, we return to Lemma 2.1 above (with ¢ = 1) and we want to study the probability of the set
X(f,e):={z€ 8™t . |f(2)] < e}. From Lojasiewicz Inequality, we conclude that:

X(f7 6) C {Z € S2n+1 : dP(pS(Z)a Vp(f))d < CE} = (Vs(f))cl/dgl/d )

where (Vs(f))a1/a.1/a is the inverse image under the canonical projection pg of the tube (with respect
to the projective distance dp) around Vi(f) of radius C*/9e'/¢. According to [4], Theorem 1, as Vi(f)
is a projective hyper-surface of degree at most d, we have

ve[(Ve(f))g1/ac1/d] 1/d_1/d\> 2/d
< 2d (enC/411)" = € (),
[P (C) v

where e is the basis of the natural logarithm and C(f) is a constant that depends on f.
As the covering pg : S?"*! — P, (C) has constant Jacobian determinant, just by integrating by
change of variables, it is easy to conclude that
vs[(Vs(f)). vp[(Ve(f)).

[( (2 ))l(f)] _ el < ol

vs[S?H] vp[Pn(C)]
Finally, as Vs(f) is a hyper-surface, it is of measure 0. Then, according to Lemma 2.1 and Equation
(2.1) we conclude that the following function is well-defined and holomorphic in the complex domain
{teC : R(@t) > —-2/d}:

1

Zs2n,+1 (t,f) = W /SznJrl |f(z)|tdy5(z),

and the Proposition is proved.
O

Remark 2.1. We believe that this bound —2/d is not satisfactory. As a consequence of Theorem
1.2 of [29], the domain of holomorphy of the zeta Mahler measure function Zg2n+1(t,p) of a random
homogeneous polynomial p € Hy(X) should contain G := {t : R(¢) > —2}, on the average.

Remark 2.2. We had some troubles when verifying the correctness of the proof of Theorem 8 of [1]
that does not change the essentials of its claim (as the reader may see in Proposition 2.3 above). As
required by some referee, we give some more details on these troubles. In the proof of his Theorem
8, the author of [1] used his Proposition 2.1 and a Lemma (Lemma 2.5) which is, in his own words,
“essentially due to Everest and Ward”. The author means Lemma 3.8 of [26].
However, both the proof of Lemma 2.5 in [1] and the proof of Lemma 3.8 of [26] are based on an
inductive argument based on a hypothesis which is not completely true as stated in both manuscripts.
This hypothesis is the existence of a “factorization” of multi-variate polynomials that we reproduce
here:
“Let f be r-variable nonzero polynomials. For (z1,...,2._1) € C"=% we factorize f as

m
(29) f(Zl7 e Zp—1, XT) = G(Zl, ceey Zr—l) H(X, — gj(zh ceey Zr—l))7

j=1
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where m = degx (f), a(X1,..., X, 1) € C[Xy, ..., X; 1]\ {0} is the coefficient of X[ for f and g; are
suitable branches of algebraic functions.”

The meaning of the words “suitable branches of algebraic functions” is somehow confuse. And it is
even more confuse if the “functions” g; are defined “for (z1,...,2.) € C"~17. It is rather easy to find
bi-variate polynomials as f € C[Xy, X5], given by

f = Xg(Xf — 1) — 1,
where g € N, and such that f does not admit any “factorization” of the kind
(2.10) f=a(z)(X2—g(z1)), =1 €C.

No g1 : C — C exists satisfying this equality. Even if we restrict ourselves to values z; in the
complex torus z; € S' = T! C C, no function g; : T' — C exists such the Equality (2.10) holds
for all z; € T'. This happens because not every hyper-surface is in Noether position with respect to
some of the variables. This may be arranged just by a generic linear change of variables. However, a
linear change of variables changes the Mahler measure of a polynomial when defined on the product
of spheres (T!)" = (S1)".

Probably, the authors of [1] or [26] mean something different to what they claimed in their respective
(and similar) proofs. But, in their way to prove the statement, they are facing the problem of gluing
multi-valued functions or some Riemann surface theory (which none of them do in their manuscript).
We do not now how to arrange their argument. There may be additional arguments to replace this
hypothesis and fix the difficulty in the proof. Anyway, our goal was not to correct their proof but to
give a new one. In this sense, Proposition 2.3 above imply Theorem 8 of [1] and there is no risk of
serious error in his statement.

3. THE UNDERLYING GEOMETRY

3.1. Notations for Lists of polynomials. We follow most of the notations in [9] and those used
at the Introduction. Let n,d € N be two positive integers. We denote by Py;(X) the complex vector
space of all polynomials of degree at most d in C[Xy,...,X,]. Complex vector spaces Hq(X) and
P;(X) are obviously isomorphic of dimension M (d,n) := (dzn) and the isomorphism is given by the
mapping ¢ : Hy(X) — P4(X), which associates to every homogeneous polynomial f € Hy(X) its
affine trace “f := f(1, X1,..., X,,) € Pay(X).

As for lists of polynomial equations, let (d) := (di,...,d,) € N™ be a list of degrees. As in the
Introduction, we introduce the complex vector space of affine polynomials Pq) := [T, Ps,(X), given
as lists f := (f1,..., fn) of polynomials f; € C[Xq,...,X,] of respective degrees bounded by the list
(d) :== (di,...,dyn). The affine trace obviously defines an isomorphism between P4 and H(qy. The
complex dimension of both vector spaces satisfies:

Mgy = dimg(H g)) = dime(Pg)) = Y (d" Z ”) = M(di,n).
i=1 i=1

We sometimes consider the complex projective space defined by any of these spaces. We denote by
P(H(q4)) this complex vector space and we denote by N4y := Mgy — 1 (or simply by N) its complex
dimension. Analogously we denote by N(d;,n) (or Ny,) the complex dimension of P(Hy, (X)).

For every list f := (f1,..., fn) € H(ay, let Ve(f) C P,(C) be the complex projective variety of their
common zeros as stated at the Introduction. Similarly, for every list g := (g1,...,9n) € P(q), we define
the affine algebraic variety Vj(g) C C™ of their common affine zeros:

Valg) ={z e C™ : g;(x)=0,1<i<n} CC"
As in the Introduction, let g be the standard embedding of C™ into P, (C). Observe that (g identifies
Va(®f) with Ve(f) N (P, (C) ~ {Xo = 0}). Namely, Vi (*f) = g (Ve(f)), for every f € H(a4)- Because
of this obvious identification between P4y and H4), we usually omit the super-script * in forthcoming
pages. So, we will simply write Vi (f), for f € H (g, to denote the affine zeros in Vy(*f).

In what follows, we denote by d(4) := Y. ; d; the sum of the degrees in the list and by Dy =[]} d;
we denote the Bézout number associated to the degree list (d) := (dy,...,d,).
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3.2. A more precise description of Bombieri-Weyl Hermitian product. Asin [55] or [9] (Sec.
12.1) we may equip H(q) with the unitarily invariant Bombieri-Weyl Hermitian product,

() Hay x Hay — C.
This Hermitian product may be introduced as follows. Let f,g € Hy(X) be two homogeneous complex
polynomials of degree d in n+ 1 variables and assume that the following are their respective monomial
expansions:
D DI (AR AN DI CAERD

pENn+1 pENn+1
|ul=d |u|=d

where p1 == (po, ..., pn) € N*Ttand |u| := po + ... + pin, Vo € N**1. We define the Bombieri-Weyl
Hermitian product (f, g)q by the following identity:

(3.1) (f,g)a:= > (d>_1aubu, where (Z) &

pENPTL H pot - !’
|p|=d

is the multi-nomial coefficient and = denotes complex conjugation. For every polynomial f € Hy(X)
we denote by || f|la := /{f, f)a the Bombieri-Weyl norm of f. For every degree list (d) we extend this
Hermitian product in the obvious way. Namely, if f := (f1,..., fn) € H) and g := (g1,...,9m) €
H(ay, then we define (f,g)a = >_7" 1 (fi,9i)a,- We denote by || - [|a := \/(-,-)a the corresponding
norm. As in the Introduction, we denote by S(Hqy) the sphere of radius one in H 4 with respect to
the norme || - [|a. Similarly, for every degree list (d) we denote by &4 the product of spheres (with
Bombieri-Weyl metric) given by the following identity &4 := [}~ S(Hqy, (X)), where S(Hg, (X)) :=
{f € Hq,(X) - |I£]17, = 1}-

The following well-known statement shows that Bombieri-Weyl norm is simply an expectation.

Proposition 3.1 (Bombieri-Weyl’s norm as L? norm (cf. [23], for instance)). For every homogeneous
polynomial f € Hy(X), its Bombieri-Weyl norm satisfies:

d 1 d
I1£17 = < Zn>us[52"+1}/szn+1 If(2)|2dvs(z) = ( Zn)252n,+1(27f)7

where dvg is the canonical volume form in S*"*1 associated to its Riemannian structure, vg[S*" 1] :=
2"t

T(ir1) i the volume of the complex sphere SIntl = {2 € C"L 1 ||2|| = 1} and Zg2n+1(2, f) is the

value of the zeta Mahler measure function of f over S?"*1 at t = 2.

This Proposition yields a direct proof of the unitary invariance of Bombieri-Weyl Hermitian product
(cf. [9], for instance). Namely, let U (n+ 1) be the unitary group of (n+1) x (n+1) complex matrices.

Let us consider the following action of U(n + 1) on ”H,EZ;) (X):

Un+1) x K (X) — H(X)
(U, (f1,--s fm)) — (fioU*, ..., fmoU"),

where f o U* denotes composition. Then, this action is isometric with respect to Bombieri-Weyl
Hermitian product: For every f,g € ’Hg;’;) (X) and for every U € U(n+1) the following equality holds:

(frg)a=(foU",goU")A.

3.3. The solution variety. Some of the main advances in [55, 56, 58, 59] are due to the smart
exploration of a geometric structure related to the polynomial system solving: the solution variety.
Same can be said about [6, 7]. We follow the notations used in these manuscripts.

We begin by introducing some notations. We consider the canonical Hermitian form (-,-) : C"*! x
C"*! — C and the bilinear mapping:

crtlxcrtt — C
(u,v) — U= Y U,

(3.2)
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where u 1= (ug,...,u,) € C"* v = (vo,...,v,) € C""L. We denote by ||u|]| € R the norm of a
vector u € C™*! with respect to the canonical Hermitian form. The bilinear mapping - has isotropic
vectors given as the zero set Vp(Q) C P, (C) of the quadratic polynomial

1 n
52){3 € C[Xo, ..., Xn)-
=0

(3.3) O(X)=-X -X=

1
2

Let us fix the set { X, ..., X, } of homogeneous variables and let (d) := (dy, ..., d,) be a list of positive
degrees. We define the projective solution variety V(4 C P(Hq)) X P,,(C) by the following equality:

This algebraic variety V{4 is a complex smooth multi-homogeneous algebraic variety of co-dimension
n. Thus, its complex dimension is N(g).

The tangent space T¢[P,,(C) of the complex Riemannian manifold P,,(C) at ¢ € P, (C) is identified
with the orthogonal complement of the complex vector space spanned by ¢ in C**! which we simply
denote by ¢*. For a zero ¢ € Vp(f) we may consider the tangent mapping

ch : TCHDn((C) — TO(C" =C"

As in the Introduction, for every f := (fi,...,fn) € H) and every ¢ € Vp(f), we denote by
Df(C) := Df(2) € My (n+1)(C) the Jacobian matrix of f at some representant z of ¢ € P,(C) in
S§2n+1 The rows of this matrix Df(¢) are the gradients V. fi,...,V.f,. Leibnitz rule implies that
Df(z)z" =0 or, equivalently, V, f; - z = 0 for every i, 1 <i < n.

At every point (f,() € V(4) the tangent space T(s¢)V(q) is given by the following equality:

Tt.0Via) = {(f.{) € TyP(Ha)) x T(Pn(C) : £() + T f(C) = 0},

where T¢ f : TcP,,(C) — C™ is the restriction of the Jacobian matrix Df(¢) to T;P,(C) = ¢+, which
is the orthogonal complement of ¢ in C**! with respect to the canonical Hermitian product in C**1.
Namely, we have

Tef = DF(Q)lce-

We have two canonical projections defined in the solution variety:

Tyt V(d) — P('H(d)), DI V(d) — Pn((C)
(£, —  f (£, — ¢

The following proposition resumes the main properties of these two canonical projections.

Proposition 3.2 (cf. [9] and [5]). With these notations, the following properties hold:

i) Both mappings 71 and 7o are onto.

ii) The mapping ma : Vigy — Pn(C) is a submersion at every point (f,¢) € Viqy and for every
¢ € P,(C) the fiber 3 *({C}) can be identified with a complex projective linear submanifold of
P(H(ay) of co-dimension n given by the following equality:

Ver=m () = {f €P(H) : fi(¢)=0, 1<i<m}

iii) For every f € P(Hy) we have Vi (f) =71 ({f}).

iv) The set of critical values of w1 is a projective hyper—surface X(qy C P(Hq)), known as the
discriminant variety.

v) For every system f € P(Hq)) \ Xq), outside the discriminant variety, the fiber Vp(f) =
wfl({f}) 18 a smooth complete intersection complex projective subvariety of dimension zero.

vi) A system f € P(Hq)) is in the discriminant variety ¥(qy if and only if there is some zero
¢ € Vo(f) such that the tangent mapping T¢ f is singular.
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3.4. The discriminant of a family of polynomials. In this section we discuss some basic prop-
erties of the discriminant variety Y4y and its defining equation: the discriminant polynomial. We
shall follow the notations of Section 3.3 and [15]. As in Subsection 3.3 above, we consider the “so-
lution variety” Vigy C€ P(H(q)) X Pn(C) and the two canonical projections w1 : Vi) — P(H(q)) and
73 : Vigy — Pp(C). The discriminant variety ¥q) is the hyper-surface of the critical values of 7. It
is determined by the set of zeros of a polynomial Disc(4). Moreover, this variety 34 is definable over
the rationals and, hence, we may assume Disc(gy is a primitive polynomial with integer coefficients.
Here we discuss a few properties of Disc gy, most of them extracted from [15], which are going to be
used in Section 7 below.

In forthcoming pages we shall use the notation Res to denote the multi-variate resultant polynomial.
Given a degree list (d) := (d1,...,dn+1), with n+ 1 terms, there is a unique multi-variate, irreducible
and primitive Diophantine polynomial Res(q), whose variables are the coefficients of a list of n + 1
homogeneous polynomials in n 4 1 variables f := (f1,..., fuy1) € [1:2} Ha,(Xo, ..., X») such that
the following property holds:

Res(d)(fl7 .- '7fn+1) =0 < HC € Pn((c)7 fl(C) == fn+1(<) = 0.
Observe that in Res(gy the number of polynomials involved in the list f = (f1,..., fnt1) equals the
number of homogeneous variables { Xy, ..., X, }. Sometimes, the multi-variate resultant is called an

elimination polynomial. As the resultant is not a primary object of our study, we refer to [36], [19],
[24], [18], [15], [52] or [29] and references there in for more detailed expositions on the properties on
the Resultant polynomial Resg).

Much literature has been devoted for years to understand the resultant polynomial Res(4). Much less
has been written about the discriminant Disc(g). We may cite [15] which strongly inspired us. The
discriminant polynomial Disc 4y and the variety of its zeros ¥4y are central mathematical (arithmetic)
objects with applications in many different fields. The discriminant variety X4y plays a central role
in many different fields as Foundations of Numerical Analysis (cf [55], [59], [6], [9], [14] and references
therein) or Algebraic Geometry and Singularity Theory (cf. [15], [22], [24] and references therein).
Another central text which discusses resultants and discriminants is [30].

An essential feature distinguishes the nature of resultants and discriminants. In the multi-variate
resultant, the polynomial “to eliminate” is the polynomial f, ;1 whose coeflicients are algebraically
independent from the coeflicients of the “given” polynomials in the list f := (f1,..., f,). This facili-
tates the determination and formalization of the resultant. However, in the case of the discriminant
Disc(qy, “the polynomial to eliminate” is the “function” det(T¢f), whose “coefficients” are also the
coefficients of the given list f := (f1,..., fn). This dependence makes a little bit harder to operate
with the discriminant and, in particular, it makes more complicated any calculation of integrals and
expectations of functions of Disc4) when trying to determine the height of ¥4 (see Section 7).

In [15], the discriminant is characterized in the following terms. For every homogeneous polynomial
F € C[Xy,...,Xpn] of degree d we consider the extended (n + 1) x (n + 1) matrix:

oF  O9F .. OF

BXQ 6X1 axn

LW | (v
ADf(X),VxF) = ! ' Sl =

: e : D X

Ofn  Ofn ... Ofn f( )

8X0 8X1 axn

Namely, A(Df(X), VxF) is the matrix obtained by extending the Jacobian matrix D f(X) with a new
row given as the gradient Vx F of F. Let us denote by J(f1,..., fn, F) the determinant of this matrix.
This is an homogeneous polynomial in C[Xy, ..., X,] of total degree 6((d),d) :==d—1+Y " ,(d; —1).
According to Definition 3.5, and Identity (3.1.5) of [15], we may define the discriminant as follows:
For every given a degree list (d) = (d1,...,dy,), for every i, 1 <1i <mn, let A&? be the following set of
algebraically independent variables

(3.4) AP = {AD e N || = d,},
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where 11 := (o, - -, ftn) € N"*1 and |u| :== po + ... + f1,. The variables in the list A&?) are exactly
the list of coefficients of a generic (dense) polynomial F; in Hy, (X) given by

FAD, X) = 3 ADxp - X,
HEN’”+1
[p]=d

In particular, every f; € Hgy,(X) is obtained by specializing the variables in AEZ),) into constants

a® e CNut! guch that f; = F; (g(i),i). We also consider a complete set of variables, algebraically
independent over C, formed by all these sets of variables:

.A(d) = U .Agi),
i=1
where (d) := (dy,...,d,). As usual, for every P € Z[A 4], we denote by P(fi,..., f,) the value of P
at the coefficients of the polynomials in the list f := (f1,..., fa)-

Definition 3.1 (cf. [15]). Let Q(X) := $ Y1 ) X? € C[Xy,..., X,] be the quadratic polynomial
introduced above. For every degree list (d) := (di,...,dy) such that 6y —n =" ,(d; —1) > 1, the
discriminant is the unique non-zero Diophantine polynomial Disc(q) € Z[A(g)], such that the following
property holds:

(35) Res@(fla"'afn7j(fla"'7fn7Q)> - 2D(d) Disc(d)(fl?"'afn) Res(&)(fl?'"afﬂvQ%

where @ = (dy,...,dy,6((d),2)) and (d) := (dy,...,dn,2) are degree lists and Res(~d) and Res g are

the respective multi-variate resultants corresponding to these degree lists.
The following statement resumes the main properties of this discriminant polynomial as shown in [15].

Theorem 3.3. Let (d) := (dy,...,d,) be a list of degrees such that §(qy —n > 1. Then, the discrimi-
nant polynomial Disc(qy € Z[Aq)] is a polynomial with integer coefficients that satisfies the following
properties:
i) Disc(qy is irreducible and, in particular, the integer coefficients are set-wise co-prime (i.e. their
greatest common divisor is 1).

ii) Disc(g) s a multi-homogeneous polynomial with respect to each group of variables .A((i? =

{Aff) s € N T |u| = d;} determined as the generic coefficients of f;. Moreover, the degree
of Disc(qy with respect to the coefficients of f; is given by the following identity:

degy, Disc(q) = (de> (6(ay + di — (n+1)).
J#i
iii) The total degree of Disc(qy is given by the following identity:
deg Disc(qy = Z degy, Disc(q) = Z (H dj) (6(d) —(n+ 1)) +nDg).
i=1 i=1  j#i
iv) The zero set of Disc(qy in P(Hq)) is the discriminant variety ¥qy, i.e.
VP(H(d>)(DiSC(d)) = E(d)

For every system f € Hg) and for every ¢ := ((o,...,¢n) € C"T1\ {0}, we may consider the following
two square matrices in M,,11(C):

¢ ¢
A(Df(C),¢) = , ADS(C), Q) = :
Df(¢) Df(¢)
where Df(¢) has been extended by adding ¢ as row (in the case of A) or adding the conjugate
¢ :=((o,---,Cn) (in the case of A). Note that

A(DF(€):€) = A(DF(C), V¢ Q),
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where Q := 13" | X2,
The following is an elementary exercise of Linear Algebra.

Lemma 3.4. With the same notations. Let f € Hq) be a system of polynomial equations and let
¢ € C"1\ {0} be any non—zero point in the complex affine cone over Vp(f). Assume that the Jacobian
matriz Df(C) is of mazimal rank. Then, if ¢ & Vp(Q), the matrix A(Df((),¢) is non-singular and
satisfies:

| det(ADF(C), )] = | |<|(2)'|dt< A(DF(0).0) = P o O /G DFODICT.

Otherwise, if ¢ € Vp(Q), det(A(Df((),()) = 0 and the equality obviously holds.

Proposition 3.5. Let (d) := (di,...,d,) be a degree list such that Y . (d; —1) > 1. Let f :=
(f1,--+, fn) € Heay be a list of polynomials and let Q € C[Xo, ..., X,] be the quadratic form introduced
in Equation (3.3) above. Assume that the following properties hold:

i) No point in Vp(f) is isotropic with respect to -. Namely, Vp(f1,..., fn) N Ve(Q) = 0.

ii) The list f is outside the discriminant variety, i.e. f & Xg).

iii) The list f = (f1,..., fn) is a generalized Pham system, i.e. no point in Vp(f1,..., fn) lies in

the infinity hyper-plane {Xo = 0} C P,(C).

iv) The multiplicity of all affine zeros of Va(f) is one.

Then, the absolute value | Discq) (f)| := | Disc(ay(f1, ..., fn)|satisfies:

| Disca) ()] Sy~ | det (Df(1,0)Df(1,6)7) [/

e = 5 (ay—(n+1) ) )

(36) 2ﬁ(VA(f))—'D(d) |R65(d)(f1707...7fn,0)| d H (1+ H(H2)1/2 )
CEVA(S)

where f; 0 = fi(0,X1,...,X,) € C[Xq,...,X,] is the restriction of the polynomials f; to the infinity

hyper-plane {Xo = 0} C P,(C), Resyy) is the multivariate resultant in n homogeneous variables

{X1,..., X}, determined by the degree list (d) = (di,...,d,) and 6.4 = S di.

Proof. Let us denote by R:= ResCJ) (fl, cos s J(f1y o Iy Q)) the value of the resultant Res(y) at

the coefficients of the polynomials in the list (fl, U R 1§ & TR Q)) Then, according to Poisson
Formula (see [19] or [36]), noting that the degree of J(f1,..., fn, Q) is 14+ 31" (d; — 1), we conclude

R =Res(y(fr.0- -, fao) T E=@ED) T J(f,- .o, far Q1,0
CeVa(Sf)

and
Resggy(f1s s s Q) = Resay (fro,---5 fa0)® [ Q01,0
CeVA(S)
where (fio = fi(0,X1,...,X,) € C[X4,...,X,] is the restriction of the polynomials f; to the infinity
hyper-plane {Xy =0} C P,(C), and

(d) := (dy,. .. dn,1+Zd—1 = (d1,...,dn,2).

From our assumption (4ii), Ve(f1,0,- .-, fn,O) = () and, hence,

Resq)(f1,05- - -» fn,0) # 0.

Accordingly, assumption (i) implies that Q(1,¢) # 0, for all ¢ € Vi(f). Next, from Equation (3.5) of
Definition 3.1 and the previous identities, we conclude:

2D(d)DiSC(d)(f):ReS(d)(fl,O,-..7fn,0)(z?:1(di_l))_1 H J(fl,---ame)(l’o.
VAl Q(L,¢)

Now, recall that J(f1,..., fn, Q) :=det (A(Df(X),X)). Hence, from Lemma 3.4 we conclude:

[T (frs oo fas QA Q] [det (ADS(L,0), (L)) | _ 2[det(Df(1,O)Df(1,¢)*|"/?
1Q(1, )| 1Q(1, ¢ liexell '
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In other words, we have:

Discq)(f) — Resco) (f1.0. o) (Bt (@)1 11 |det(Df(1,¢)Df(1,¢)*|'/?

#(Va(f))—Da) 1 2)1/2 )
> d AL T

as wanted. O

4. SOME BASIC INTEGRAL GEOMETRY

4.1. Normal Jacobians and the Co-area Formula. The Co-area Formula is a classic integral
formula which generalizes Fubini’s Theorem. The most general version we know is Federer’s Co-area
Formula (cf. [28]), but for our purposes a smooth version as used in [9] and references therein, or [34]
suffices.

Definition 4.1. Let X and Y be Riemannian manifolds, and let I : X — Y be a O surjective map.
Let k = dim(Y") be the real dimension of Y. For every point z € X such that the differential DF(x)
is surjective, let v¥,...,v¥ be an orthonormal basis of Ker(DF(x))t. Then, we define the Normal
Jacobian of F' at x, NJ, F', as the volume in the tangent space T ()Y of the parallelepiped spanned
by DF(z)(vy),...,DF(z)(v}). In the case that DF(z) is not surjective, we define NJ,F = 0.

The following Proposition is easy to prove from this Definition.

Proposition 4.1. Let X,Y be two Riemannian manifolds, and let F : X — Y be a C' map. Let
1,29 € X be two points. Assume that there exist isometries px : X — X and py : 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

NJF=—" .
NJF(f)G

A relevant tool to be used in forthcoming pages is the following classical statement of Integral Geom-
etry:

Theorem 4.2 (Co-area Formula). Consider a surjective C* differentiable map F : X — Y, where
X, Y are Riemannian manifolds of real dimensions n1 > ny. Assume that F is a submersion almost
everywhere on X. Consider a measurable function f: X — R, such that f is integrable. Then, for
everyy € Y except a zero-measure set, F~1(y) is empty or a real submanifold of X of real dimension
ny — ng. Moreover, the following equality holds (and the integrals appearing on it are well-defined):

NJ,F dX = dF~Y(y)dY.
/1 Lo, f@ e

The following statement is Lemma 21 of [4].

Lemma 4.3. Let pg : C* — P,,(C) be the canonical embedding . Then, the following equality holds
for every z € C":

1
NJ.pp = ——— .
Tt )"

In particular, for every f € C[Xy,...,X,], the following inequality holds:

log‘f(Zh...,Zn” 1
dz = 1 d
feor T e = L o SR o)

where dvp is the canonical form associated with the Fubini—Study metric in C*+1.
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4.2. An integral equality from [7]. Prior to recall this integral equality, we need to introduce some
of the notations used in [7]. For every system of polynomial equations f € H 4, we consider the set
of solutions of f along the complex sphere §2"*+1 C C"*!. Namely, we introduce:

Vs(f) = {¢e s* : f(¢) =0}

Using this spherical zero set, we also consider the cone over the solution variety V(4), defined as follows:

Vigy = {(£,¢) € Hia) \ {0} x ¥ f(¢) =0} € Hqy x 5>
For ¢ € P,,(C) we consider the vector subspaces of H g,

Re:={h € Hu : h(¢) =0, Dh(¢) =0}, L¢:=(R¢)™,

where + here denotes orthogonal complement with respect to Bombieri-Weyl Hermitian product.
The structures of R¢ and L¢ are better understood if we first fix ¢ := eg := (1,0, ...,0)*. Indeed, R,
is the set of polynomial systems h := (hy, ..., hn) € H(q) such that h(eg) = 0 and Dh(eg) = 0, namely

hi(X) = X&2pag, o(X1, .o, X)) 4+ Xopr (X1, -, X0) +po(X1, -, X0),

for some homogeneous polynomials p;,0 < j < d; —2. Thus, a polynomial system A is in R, if all the
coefficients of the monomials containing Xg" and Xg“l are zero. Reciprocally, a polynomial system
hisin L., if all the non zero monomials contain Xgi or Xg'i_l. Note that for such a h € L, we have
that h(1,Xy,...,X,) defines a linear function of X1, ..., X,,. Thus, for any h € H ) we can think on
the orthogonal projection of h onto L¢ as the “linear part” of h with respect to eo.

Now, let ¢ € S?"*1 and consider a (n + 1) x (n + 1) unitary matrix U such that Ueg = ¢. Then, by
the unitary invariance of the Bombieri-Weyl product in H 4y we have

R ={hoU":h€Re}, Le={hoU":hée&L}.

For every matrix M € M), we denote by Vg(M) C S?"*! the intersection of its kernel with the
complex unit sphere S?"*1 C C"*!. Namely, Vs(M) = {¢ € S?"*1 : M( = 0}. Let o(M,¢) € L¢ be
the system of equations defined by

(4.1) @(M,¢)(z) := Diag((z, )% 1d}*) Mz € Ha).
The following equalities are claimed in [7]:

(4.2) (M, Olla = [IM]|F,

where || - || is the usual Frobenius norm on H ), and

(43) D(g(M, 0))(¢) = Diag(d;"*) M.

Again, these formulas become clearer if we first fix ¢ := eg. Then, M = (0 | A) where A is a square
matrix of size n. Let a;;, 1 <4, j < n be the entries of A, and let (M, () := (f1,..., fn). Then,

fiXoyo o X)) =dPXET ST a4y

1<j<n

Theorem 4.4 ([7]). Let 0: ‘7(d) — [0,00] be a measurable mapping. Then, the following equality

holds:
/ / B(f,O)dVs(f)dH ) =
feHay YCEVs(S)
— D, / / / B(h+ p(M, €), O)dRcdVs(M)dH,y).
MGH(l) CGVs(M) hER(

5. COMPUTING SOME ZETA MAHLER FUNCTION

In this Section we compute some of the zeta Mahler functions defined at the Introduction.
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5.1. Zeta Mahler measure function of the norm of the affine solutions. Let (d) := (di,...,dy,)
be a degree list. We may introduce a variation of the solution variety V4) introduced in previous pages.
We define the incidence variety V4 € &4y x P, (C) in the following terms:

(5.1) V) ={(f,¢) €6y xPp(C) : fi(() =0, 1<i<mn, fi=(f1,.-, fa)}-
As in previous pages we may also consider two canonical projections:

o 1 : Viay — Sa), m(f,() = Ff, V(f,{) € Vi

o T2 : Vigy — Pu(C), m2(f,¢) = ¢, Y(f,¢) € V@a)-

From the unitary invariance of the Bombieri-Weyl metric, there is an isometric action of the unitary
group U(n + 1) on V(4 given in the following terms:

L{(n+1)XV(d) — V(d)
(U,(f,Q)  — (foU"UQ).

The following double fibration argument is a well-known statement with several formulations. We
include here the version of [29].

(5.2)

Proposition 5.1. Let g : P,,(C) — R be an integrable function. Then, the following equality holds:

_ Duyvs[S )

/fee(d) CGVZMJC)Q(O dvs(f) = VIPW/zePn(C)g(Z)dVP(z)’

where dvp is the differential form associated to the canonical Fubini-Study metric in P, (C).

Corollary 5.2 (cf. [29]). With the previous notations and assumptions, this Proposition may be
rephrased:

Es Z 9(Q)| =Dy Ep, o) l9]-
CEVR(S)

As in Identity (1.1) of the Introduction, we denote by Ix[|g|] the following integral:

Ixllgl) = /X l9(2)ldu()s.

Corollary 5.3. With the previous notations, the following equalities hold:

o Let X = Vg C P(H(g)) x Po(C) be the solution variety introduced in Subsection 3.4 and
7 Vigy — P(Ha)) the canonical projection associated to this case. Then, Ix|[|N.Jm|]
satisfies:

Iy, [INJmi|] = Dayve[P(Ha))]-

o Similarly, let X := Vg C &) x Pn(C) be the solution variety introduced above in this

Subsection and 71 : Vigy — S(qy the corresponding canonical projection. Then, we have
Ly, [INJm1|] = Digyvs [S(a))-

Proof. We just prove the first one. The second one having the same proof. We recall that

Iy, [[NJm ] o= / IN T oml| dVia (,0).
(f,O)eViay

Using the Co-area Formula, the following equality holds for every function ¢ : V(4 — R:

/ / S(£,0) dVe(f)(C)dve(f) = / S(fLON T pom dViay(£,0).
FEP(Hay) Y CeVR(S)

(f,Q)EViay
Hence, taking ¢ = 1 we conclude that

/ INJ(yoym dVig)(f,€) = Iy, [NJm],
(f,0)eVia)
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and generically for f € P(Hq)) the following equality holds:

/ 1 dVe(f)(C) = 8Ve(f) = Dy,
CeVR(S)

where §Vp(f) is the number of points in Vp(f). Finally, we have

Iy, INJm] = / Day dve(f) = Diayve[P(H(a))]
P(H(a))

Now we are in conditions to prove Proposition 1.2 as stated in the Introduction.
5.1.1. Proof of Proposition 1.2.

Proof. We proceed as in the proof of Lemma 4.6 of [6]. From the results stated in Subsection 2 it
is enough to prove that the integral involved in Z(¢,1/| - ||l.) is finite for every real number ¢, such
that ¢ > —2. Moreover, as both sides of the main equality are holomorphic functions in the complex
region G, it is enough to prove that the equality holds for every real number ¢ > —2. Now, observe
that Z(¢,1/|| - |la) is the following expectation:

1 _t
2001 1r) = Bay | 3 (L IIP7E],
(d)
CEVA(S)
Now, from Proposition 5.1 we conclude:

Z(6 Y0 lawe) = Ener,ol(1+ llpg " (@)I17) 2],

where g : C* — P,,(C) is the canonical embedding of the affine space C™ into the complex projective
space.

Now, as in the proof of Lemma 4.6 of [6], we use Lemma 21 of [4] (cf. Lemma 4.3 above). Then, we
have

_ s 1 (1+ll=]*)~2
201 -ar) = B0 [(1+ Nl (@)1) 4] = / da.
! © 0 ve[Prn(C)] Jen (1+ [lzf?)"+
Using spherical coordinates, we conclude:
1+’I“ -3 2n 1
ZE )] age) = dr.
(20 Mlate) /52”1/ 1+r 1 L2t O
Hence,
SQn—l 1+ -3 2'IL 1
Z( 0 o) = sl ]/ (+r?) g dr
wPn(C)] Jo  (1+72)

2

Replacing s := r*, we conclude:

vg[§n—1 o snL vg[S2n—t
ZE0 Nlase) = 25]?[%(@)]] /O (3 =) ds = 21;[[Pn(C)]}B<n’ 1+3),
Now, replacing v5[S?" 7] and vp(P,(C)] by their values, we get:
nI(n)T(1+%) T(n+ 1)1+ %)
L((n+1)+1) P((n+1)+3%)

Z(t, Ul lawr) = nB(n, 1+ L) =

Corollary 5.4. With the same notations as above, the following holds:

Bow|pm X ToR(+ ¢ = vln-+ 1)~ 01 = A,
(d) ¢eva(ef)

where Hy, is the n—th harmonic number and v is the digamma function.
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Proof. Now, observe that
_dZ(@ - Dlase)

(5.3) .

1 1
- Foulpg X, ahe 1)

=0 D cevit)
The derivative of Z(t,1/|| - |l.x) at t = 0 satisfies

dAZ(t, ) lase)

dt t=0 I((n+1)+1%) t=0’
where

Ci(t) :==T(n+ '+ §)(3)((n+1) + %),

Co(t) :==T(n+ 1)1+ HTI'((n+1) + £)(3)
Thus,

dAZ(t, /1 Nlase) 1 IM(n+1) T'(1) T(n+1) 1

Ny 7 A/ = — | . — . = — 1) — 1
dt 2 TV T D " T Twmen] ~ 2+ vl

where 1) is the digamma function that satisfies ¢»(n) = H,_1 —+, and ~ is Euler-Mascheroni constant.

The Corollary obviously follows from Equality (5.3). O

t=0

5.2. An excursus on zeta Mahler measure functions and condition numbers. This is just to
explain how zeta Mahler measure functions may be viewed as potential instruments in the knowledge
of condition numbers. As it is not the goal of these pages, we just keep it as a short excursus into the
subject.
For a n x (n + 1) complex matrix A € M,y (n41)(C) = H(1), Demmel’s condition number can be
defined by

u(A) = | Allr ]| AT[l2,
where ||-||» denotes Frobenius norm and ||A||5 is the norm as operator of the Moore-Penrose pseudo-
inverse A of A. One may define the zeta Mahler measure function of the inverse of this condition
number by the following identity:

1
Z(t, 1) = Zs(Mp (nany(©) (8 i) =

“H(A)dus(A),
vs[S(My % (n+1)(C))] »/S(M,,,X(,,,H)((C))M (A)dvs(4)

where S(M,,  (+1)(C)) is the sphere of radius one centered at the origin in M, (,41)(C) with respect
to the Frobenius norm.

Corollary 5.5. With these notations, let G := {t € C : R(t) > —4}. Then, the zeta Mahler measure
function Z(t,1/u) is well-defined and homolorphic in G. Moreover, for every t € G the following
equality holds:

1 T(n2+n) = (YT —k+1+1)
(5.4) Z(t,1u) = T(n?+n+1) Z T];n—k+1+%1"(n —k)

k=0
In particular, Z(t,1/u) admits analytic continuation to the complex domain C\{z € Z : z < —4}.

Proof. As M, (n+1)(C) = H(1), from the main outcome of [56], we know that there is a constant
C(n) such that

1
Vs[S(Mox (n41)(C))] .

Then, as it is well-known vs[{A € M, xn1+1(C) : 1/ua) = 0}] = 0 we apply Lemma 2.1 above and
we immediately conclude that Z(t,1/u) is a well-defined holomorphic function over G. Next, as both
functions on the two sides of the Equality (5.4) are holomorphic, the Identity Principle for univariate
holomorphic functions implies that if these two functions agree on a subset A C G having accumulation
points, then they are equal as functions defined on the connected set G. But, from Theorem 19 of
[7], we know that these two functions agree for real values of ¢ in the open real interval t € (—4,0).
Then, they agree in G and the main claim of this Corollary follows. Additionally, the holomorphic

[A € S(M, (1) (©) = 1(A) > 1/e] < Clm)e™.
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function on the right hand side of Equation (5.4) admits analytic continuation to the complex domain
C\{z€Z : z< —4} and the last claim also follows. O

We do the same kind of study of the non-linear condition number fiyorm introduced in [55]. For a
degree list (d) and for every list of polynomials f € H4) and for every point ¢ € Vp(f), we define the
normalized condition number pinorm (f, ¢) by the following identity:

. —1/2
tuormn (£:€) = 1]l a | Diag(d; /*) D f (2)1])
where 2z € §27t1 C C"*! is any representant of ¢ in the unit sphere S?"*1 || .||a is Bombieri-Weyl’s
norm and Diag(d;1/2) is the diagonal matrix whose diagonal entries are d;1/27 e dn'’?. We then

define the zeta Mahler measure function associated to the inverse of the normalized condition number
1/ phnorm as follows:

1 1
Ztvl norm) 1= Z; tal norm) ‘= TTTS7A7 T e norm\.J s -t dv .
(O o) = Za) 0 ) = s | T 10 ()

We prove Proposition 1.3 as stated at the Introduction.

5.2.1. Proof of Proposition 1.3.

Proof. It’s well-known that p[{f € H) : umom(f) = 0}] = 0 so Lemma 2.1 above combined with
the main outcome of [56] imply that Z(¢,1/uwerm) is well-defined and holomorphic in G. As for the
equality, Theorem 23 of [7] claims that these two holomorphic functions agree on the real interval
(—=4,0) € G. Hence, applying again the Identity Principle for univariate holomorphic functions, we
obtain the equality for all ¢ € GG. The last claim of the Corollary is, again, a consequence of the
impossibility of the existence of analytic continuations of I'(2 4+ t/2) (i.e. kK = n — 1 in Equation
(1.6)). O

5.3. Zeta Mahler function of the determinant of a complex Wishart matrix. This manu-
script owes much of its inspiration to a seminal idea developed in a series of three manuscripts of 1963,
written by N.R. Goodman (mostly to [31], [32]). In these manuscripts Goodman computes, among
other things, the characteristic function of the logarithm of a complex Wishart Matrix. Since then,
revisions and analysis of the results in [32] have been spread along the literature and its academic
trace may be followed through many authors, references and applications as [54], [44], [33], [2], [45]
and many others. It is not our purpose here to make a survey of the many applications of those ideas
from N.R. Goodman. His results obviously inspired our notions of zeta Mahler measure functions.
Here, we just want to rewrite his main outcomes in the same language as the one we used in the
previous subsection.

First of all, let us denote by (1) the list of degrees (1) := (1,...,1) € N™ and let us denote by
Hy = Ha)(Xo, ..., Xy). This is the space of n x (n + 1) complex matrices. Namely,

H(l) = Mnx(n—i—l)(c)

In this case Bombieri-Weyl Hermitian product agrees with the usual Frobenius Hermitian product.
Namely, for A, B € Hy), Frobenius Hermitian product is given by:

(A,B)p :=Tr (AB"),
where Tr denotes trace and * denotes conjugate transpose. Accordingly, Frobenius norm is denoted
by ||A||lF := (Tr (AA*))UQ. Next, let us consider the product of complex spheres [];; S+ C H
as the matrices X € H (1) whose rows are vectors in the sphere $2" ! := {z € C"*! : |z|| =1}, i.e.
61
X:=|:1], 0,e8™
0r,
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We then consider the following zeta Mahler measure function:

1

5.5 Z(t,DET) := Zrq»  g2n1 (t, DET) 1= —— det(X X*)|1dX,
(5:5) ( )i= 2, s ) vs([Ti=y 5] /xem_lsw XX

where t € C is a complex number.
Let us denote by ©,, C M, (C) the set of all Hermitian semi-definite positive complex matrices, en-
dowed with the Borel-Lebesgue measure. Let W : H 1) — €y, be the Wishart matrix transformation:

W(M) =MM*e€Q,,VM € 7‘[(1).

Assume that H ;) is endowed with the Gaussian distribution N (0, I,,(;,+1)) that we denote by v. Let
W.~ be the pushforward probability distribution on €2,, induced by W and the Gaussian distribution
in H(1). Then, [31] (cf. also [33] and other references) proves the following statement:

Theorem 5.6 ([31]). With these notations, the probability distribution W,y on §, has a probability
density function fw given by the following equality:

1
m DL T()

where det(-) is the determinant and Tr() is the trace of the matriz.

fw(P) = det(P)e~Tm(P)

In terms of integral identities, denoting by u the usual Lebesgue measure of any space C”, the following
is an equivalent form of presenting the previous Theorem:

1

—Tr(P
m det(P)e ( )d/,L,

2 P)
WM e-IMI% g :/ £
where f : 2, — R is any integrable function. The following is an immediate consequence of the
main outcomes of N. R. Goodman and it has been observed in [33], Identity (1.2):

Hy

Theorem 5.7 (cf. [32], [33], [54]). Let t € R be a real number and assume that t > —2. Then, the
following equality holds:

det(X X *)|te~I1X1I% det(P)t+1e=Tr(P) TG+t
Ha) ™ Q, T2 szz I'(y) i (4)

where i is the Lebesgue measure in Hqy.
From this equality we easily conclude the following one, just using integration in spherical coordinates:

Corollary 5.8. With the same notations as above, let G be the complex domain given by G := {t €
C : (@) > —2}. Then, the Z(t,DET) is a well-defined and holomorphic function for t € G.
Moreover, the following equality holds for every t € G:

T'(n 1 n [n+1 (i ¢
(5.6) Z(t,DET) = (M) H2 (1;7(;) :

In particular, Z(t,DET) admits analytic continuation to the complex domain C\ {z € Z : z < —2}.
Additionally, the derivatives satisfy:

d* Z(t, DET) 1

T = /X I | det (X X*)|* log” (det(X X*)) dug(X).

Proof. Although it is an almost obvious consequence of the works by N.R. Goodman, we include a
proof for completeness. We first prove that the Equality (5.6) holds for every real number ¢ € R, with
t > —2. Then, applying Lemma 2.2 we know that the hypothesis of Lemma 2.1 holds and, then, the
first claim of the Corollary holds. Then, Z(¢t,DET) is holomorphic in G. Since G is connected, if
Equality (5.6) holds for every real number ¢t € G, then the Identity Principle of holomorphic functions
imply that this equality also holds for every complex point ¢ € G and the remaining claims also hold.
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According to Theorem 5.7, we have for t € R, ¢t > —2:

n+1
M(t) ::/ | det(X X*)[fe 1XIIF (X)) = 77 (n+D) H
M)

We proceed by combining Tonelli-Fubini’s Theorem with integration in spherical coordinates (cf. [9],
Ex. 8, p. 206, for instance) to conclude:

* —S . p2 S n

i=1

where
0, n
ri=(ry,...,rp) €[0,00)", ©:=1: EHSQ”H,
O
dr :=dry---dr,, d©:=db---db,,
r161
rQ =
Tn0n
As
(5.7) det (rOre”) = (H 2) det(©6"),
i=1
we conclude:
n 0o
() ([ g o 0 0)
i=1 \/0 Xe[lf, s2n+t

We thus conclude:

2" M (t
/ |det(X X*)[tdX = — M)
X[, 52n+1 F(t +n+ 1)”
and, hence,
n+1 F( . + t)
/ | det(XX7)|'dX = 277D [ et
XEH" S2n+1 =2 F(])F(t+n+ 1)

Then, as vg[S?"F1] = 2(” 1y dividing by [T, vs[S?"*1] the equality follows. O

6. THE ZETA MAHLER MEASURE FUNCTION OF THE JACOBIAN DETERMINANT: PROOF OF
THEOREM 1.4

In this Section we prove Theorem 1.4 of the Introduction. As in the proof of Corollary 5.8, we first
prove that Identity (1.7) of Theorem 1.4 holds for every real number ¢t € R, ¢t > —4. Then, Lemmata
2.2 and 2.1 imply that Z(t, JAC) is a well-defined and holomorphic function in G. Finally, the Identity
Principle for holomorphic functions would imply that Identity (1.7) holds for every complex number
t € G. The dependence on the gamma function will imply that Z(¢, JAC) admits analytic continuation
to the complex domain C\ {z € Z : z < —4} and the proof of the Theorem would be finished. We
follow the same strategy as the one used in Corollary 18 of [7] to prove Identity (1.7) for real numbers
t € R, such that t > —4. As in the Introduction, we consider the Jacobian determinant

JAC(f,¢) = det(T, f),
for every f € &4y and ¢ € Vs(f). Under the same hypothesis the following equality holds:

[JAC(£,Q)| = | det(T¢ f)] = | det(DF(Q)DF(C))|? = [WIAC(f, Q)2
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where WJAC(f, () := [det(Df(¢)Df(¢)*)| is the Wishart matrix of the Jacobian for every f € H g
and for every ¢ € Vg(f). Let us introduce an auxiliary function Z(t, WJAC) as follows:

1 1 t
2 WIAC) = e /f <% /C o, WA dVP(f)(C)>dVe(f)~

Next, observe that for every real number ¢t > —4, we have
(6.1) Z(t,JAC) = Z(t/2, WJAC).

We thus proceed by computing the value of Z(t, WJAC) for every real number ¢t € R, ¢t > —2. Using
Corollary 5.3, we have that Iy, [[NJm|] = D)vs[Sqg)] and, hence, we conclude that

(6.2)

Z(t, WIAC) = !

Ty [INJm]

and both Z(¢,JAC) and Z(¢t, WJAC) fall into the scope of Lemma 2.1.
Note that for every f := (fi,...,fn) € H(a such that f; # 0, for all 4, 1 < i < n, and for every
¢ € Vs(f) the following equality holds :

/. o [WIACH OF NTR(F, Qi (1. €) = B WIAC, N ),
€V(a)

(6.3) IWJAC(F, Q)| == [det (DF(ODF(O)") | = <H|fz ) | det(DF(Q)DF(O));

where

P fl fn
/= <||f1||d1""’ fnndn) € S

Next, let us observe that

1

Z AC) = ——————
(t7WJ C) 27T D(d)I/G [G(d)]

[ ] WA O avs((Odvs (),
f€& ) JCEVs(S)

Now, let B(H(4)) be the product of unit balls given by the following identity:
B(H(a)) HBHd 0,1),

where By, (0,1) is the closed ball of radius one centered at the origin in Hy,.
Let us introduce the integral:

Wi(t) = / / WIAC(E, OIF dVis(f)(Q)dHoa (£).
FEB(H(ay) /CEVs(S)

Combining Fubini’s Theorem and integration in spherical coordinates, we obtain:

1 1 n
- o | IWIAC(L O | [ ) ave dve (f)dr,
/fGGw) /Cevs(f)/o 0 | Ve, € <H ’ ) s(1)(Qdve (/)

=1

where M; is the complex dimension of Hy, and r := (r1,...,7,) € [0,1]", dr := dry---dr, and

fL = (Tlfl, cee arnfn)v fi€ S(Hdi)7 1<e<n
Using the equality of Equation (6.3) above, we conclude:

! ! t < 2M;—14-2¢
) :/J‘€6<d> /CeVs(f)/O 0 IWIAC(, O (Hri )dVS(f)(OdVG(f)dr.

=1
Namely, we have

n

_ 1r2(M¢+t)—1 e t y
W) - (_H (f reomsan) ) ([ [ WG avs(©me )

=1
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1 .
As fo rkdr = k%_l, we obviously conclude:

1 : y
WI(t) = (W) </feG<d) /cevs(f) IWJAC(f, Q)" dVs(f)(¢)d G(f)> -
We then have
2" T, (M + 1)

6.4 Z(t,WJAC) =

Wi(t).

Now, we proceed by computing WJ(¢). Now, observe that, in the definition of W J(t) above we have
included the index function xp(3 @) of the product of balls B(#4)), although it has not been explicitly
given in the formula, but in the integration space. Thus, we may have written:

WiO = [ [ s (DIWIACUL O aVs((O Mo ()
feH @y JCeVs(S)

Then, we may decompose the index function XB(H ) 85 product of two index functions xp F(Hy)
and XBr, (M.C) defined as follows.

First of all, let Br(H (1)) be the product of the closed unit balls C™*! with respect to the canonical
Hermitian norm. Namely,
mq n
Br(Moy) = (M= | ¢ |+ mi e mil3 <1} = [] Bewa (0,1).

M, i=1
For every M € Bp(H (1)) and ¢ € S?"! such that ¢ € ker(M), we may also define a product of balls
in R given by the following identity:

Br.(M,() :=={h = (h1,...,hy) € R¢ : ||h;

p1(M, ¢)(2))

e

where ¢;(M, () are the rows of ¢(M,()(z) :=

on(M, () (2)
According with the same properties of Equation (4.2) (cf. also [7]), we have

ll0i (M, ¢)

where m; € C"*! is the i—th row of M viewed as vector in C"*! and ||m;||2 is the norm of m; with
respect to the canonical Hermitian product in C**'. Thus, the product of balls B R (M, ) can also
be given by:

7. = llmill3,

my

(6.5) Bgr (M,C):={h:=(h1,...,hn) € R¢ : ||hi||§7, <1—|ml3, M:= S ,mi € cntiy.
my,

In particular, for every M € H ;) of maximal rank with kernel generated by ¢ € S2n+1 and for every

h € Re, and given h + ¢(M,({) € Lc L R, the coordinates h; and ¢;(M, () are orthogonal in every

H,, (X), with respect to the Bombieri-Weyl norm. Hence, the following equivalence holds:

h+¢(M, Q) € B(Hg)) <= M €Bpr(Hau)) ANh € Bgr (M,(),
which corresponds to the equality of index functions
XB(#a) (h+ @M Q) = XBr (1)) (M) - XB, (a1,0) (1) -

Having this in mind and applying Corollary 17 of [7] (cf. also Theorem 4.4 above), the following
equality also holds:
(6.6)
WI(t
o [ [WIAC( + (M, C), O dRe(WAVs(M)(C)dHqy) (M),
(d) MEBr(Hy)) /(€Vs(M) JheBr (M,C)
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Noting that for h € R¢, D(h)(¢) = 0, and recalling Equation (4.3) above (cf. also [7]) we have:

D(h+ (M, ())(¢) = D(p(M,¢)(¢) = Diag(d;*) M,

where Diag(dz/ 2) is the diagonal matrix whose i—diagonal term is di/ . Hence,

(WIAC(h + (M, 0), )| := |det (D(h + 9(M, ) D(h + oM, ))(Q)*) | = | [ di det(Md17)].
=1

Thus, Equation (6.6) becomes:

WI(t - .
00 e = o T et VAr ) ARV (M) € (),
(d) MeBr(Hy) JCeVs(M) JheBr, (M,() ;-4

Next, extracting the Bézout numbers, Equation (6.7) becomes:

Wit .
68) 2= [ jaeanr ( [ 1dR<(h)dVS(M)(C)> M (),
D(ay MEBp(H)) CeVs(M) JheBr (M)

Generically on Hy), the kernel of a matrix M € Hj) is a vector subspace of C"*+! of dimension 1 and
V(M) = S*( is the orbit, under the action of the unit sphere S* C C, on any fixed ¢ € Vg(M). In
particular, the volume

vol[Br, (M, ()] := /}LGB o 1 dR¢(h),
B¢

does not depend on the chosen orbit generator ¢ € Vs(M). Namely, let us assume M, M’ € H ) be
any two matrices with kernel of dimension one and assume

mq ml
M = . M= ,
My mh
where m;, m; € C"*1 and ||m;||3 = ||m}||3, for every i, 1 <i < n. Then, we have:

vol[Br, (M, Q)] := vol[Brg,, (M', ()],

where ¢ € Vg(M) and ¢’ € Vg(M'). Namely, we may assume ( = eg := (1,0,...,0) € C"*! and that
M € H (1) is any matrix that vanishes on eg. Then, Bg,_ (M, eg) is a product of closed balls:

Br,, (M, eo) = HBRMO 1= Imal),

where
BRi ., (0,0/1 = [[mi]l3) :== {f € Riey + [Iflla; < /1~ Imall3},
and
Rie, :={f € Hqy, : fleg) =0, Vg, f =0}

Next, observe that R; ., is a vector subspace of Hg, of co-dimension n + 1. Namely,
dimg(Rje,) =M; — (n+1) = ( n ) —(n+1).

As the volume of the unit ball in the complex space CF satisfies vol[Bcx (0,1)] = we then

ok
T(k+1)°
conclude:

Vol[BR<<M,<>1H<<1||mi||§)2(M“5"“”vol[BRi, ) e 1_'m"_))n)

=1

n+1
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Then, Equation (6.8) becomes:

WJ n o Mi— (n+1)
(6.9) < ) K(t).
27TD(d) ]‘;[1 (Mz
where
* . M;—(n+1)
(6.10) k()= [ [det (M) T (1= lmil3) aH ) (M),
MeBr(H)) i=1

We now focus our interest on the determination of K(t). We integrate in spherical coordinates, noting
Br (M) = [1;—; Ben+1(0,1) is a product of closed unit balls. We proceed as in the proof of Corollary
5.8.

mq n
Br(Hay) :={M:=| 1 | : mi e C"™, |Imy]3 <1} = [[ Bewrr (0,1).
=1
my,

Using Equation (5.7), and integrating in spherical coordinates, we obtain:

K(t) _/ / / ( (1—p2)Mim D rft@”*l) | det(MM*)|* dMdr.
Me[[p, §2n+t
n 1
(t) = H/ PR 2y Mt ) gy / | det(MM*)[* dM | .
i=10 MelTiL, s+t

K(t) = f[B(”““’Mi_”) / | det(MM*)|* dM | .
2 MeTTp, §2n+1

i=1
We finally use Corollary 5.8 to conclude:

" B(n+t+1,M; —n) , s, T(j+1)
(6.11) K = <H 5 ) 2ty H SO
=1

Then,

Namely,

Then, we go back to Equation (6.9) to conclude:

(6.12)

WJ H M;—(n+1) ﬁB(n+t+1,Mi—n) gn n(n+1) ﬁJ—H
2771) I'(M; 2 F'Grt+n+1)

=1

Replacing the Beta function by its value, we get

“J( M Tr
6.13 — @ | | | | ,
(6.13) 27Dyt D(M;+t+1) 5

where Mgy is the dimension of H gy, M(q) = S M.
Now, as the volume of the product of spheres satisfies:

combining this last equality with Equatlon (6 4) and Equatlon (6 13) we conclude

2"—1H;;1(Mi+t) _p H L(i+t+ D)D(M;)(M; +t)
W'D(d)V@[G(dﬂ () Z+1 (M; +t+1)

(6.14) Z(t, WIAC) =
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Namely, as I'(z + 1) = 2I'(z) we conclude

crr D+t + 1)D(M;)
(6.15) Z(t,WJAC) = D(g H TG DTOL 10"

Now, the main result follows from Equality (6.1) and hence the following holds for every real number
teR, t>—4:

crr (TGE+L+1 I'(M;
ZU,JAC)(D(WH( <r(ti; )'ru\i +);)>

And this finishes the computation of the value of Z(t,JAC). Observe that the holomorphic function
on the right hand side of Equality (1.7) contains the term I'(2 + §). Thus, Z(¢, JAC) admits analytic
continuation to the complex domain C\{z € Z : z < —4}.

Now, we finish the proof of this Theorem by computing m(JAC) as defined in the Introduction.
According to Lemma 2.1, we observe that m(JAC) is related to the derivative of Z(¢t,JAC) at t = 0,
ie.

dZ(t, JAC)
JAC) = D, 222
m( ) (d) 7 -
Then, after some elementary calculations from the previous expression, we obtain:
dZ(t,JAC) 1 oo
a3 (108D + D_v(i+ 1) —v(My)),

=1

where 1 is the digamma function, i.e. ¥(z) = FF/((ZZ)).

Hence, we conclude

Dq
m(JAC) = =% (log D) + Zw i+1) = (M),
=1
and the last statement of the Theorem follows.

7. HEIGHT OF THE DISCRIMINANT POLYNOMIAL: PROOF OF THEOREM 1.5

Elimination Theory is a term originated in the nineteenth century whose nowadays translation are
several fields called Computational Algebraic Geometry or Effective Methods in Algebraic Geometry,
among others. The main task in Elimination Theory is the design of efficients algorithms to “elimi-
nate” quantifiers. The central problem in Elimination Theory is, then, the elimination of a block of
existencial quantifiers in a formula involving polynomial equations. The basic elimination polynomial
is the multivariate resultant Res4) which determines a quantifier free formula equivalent to another
one containing a block of existential quantifiers (i.e. a Nullstellensatz) in the projective case.
Together with the resultant polynomial Res@7 there is another central Diophantine polynomial in
Elimination Theory: the discriminant polynomial Disc(4) which has been discussed in Subsection 3.4
above. Since both of them are Diophantine, both of them must be subject of study in terms of
arithmetic height in the sense of [27], [16], [12], [50], [21], [52] and references therein. In the path to
prove the Arithmetic Bézout Inequality (cf. [12], [47, 48, 49, 50], [41] and continuators) Philippon’s
school computed the exact value of the arithmetic height fof the resultant polynomial Resq) (cf. [51],
[52] and references therein). The strong techniques developed by these authors do not seem to produce
the exact value of the arithmetic height of the discriminant polynomial Disc(4). Only upper bounds
are available from the techniques related to the Arithmetic Bézout inequality.

A measure of the Diophantine properties of Disc gy is its Mahler measure (cf. [47, 48, 49, 50], [41] and
sequels). On the other hand, Mahler measure becomes entropy in Dynamical Systems of Algebraic
Origin ([53], [25], [26], [42] and references therein). As Disc(q) is multi-homogeneous, its natural
Mahler measure will be the one given by the product of spheres & 4. Our exact knowledge of the
zeta Mahler measure functions Z(¢,1/| - |l.¢) and Z(t, JAC) and its derivatives will provide the exact
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value of the arithmetic height of the discriminant polynomial Disc(g4), this shows the strength of zeta
Mabhler measure functions and the information they provide.

We follow [50], to define the arithmetic height of a multi-homogeneous polynomial using its Mahler
measure and its partial degrees.

Definition 7.1 (Unitarily invariant height of ¥4y and of Disc(4y). With these notations, the invariant
logarithmic height of the discriminant variety ¥4y is given by the following identity:

. . " deg Discy
ht(E(a)) = ht(Disc(g)) = me,,, (Disc(a)) + Z 08 TP gy

: 2 M;—1,
=1
where:

* Mmga, (Disc(d)) is the logarithmic Mahler measure of the discriminant Disc(g) in the product
of spheres & 4):

. 1
mG(d) (DISC(d)) = m

e degy, Disc(g) is the partial degree of Disc(q) with respect to the variables representing the
coeflicients of f;,
e M, := M(d;,n) is the dimension of Hg, (X),

/ log | Disccay(frs - . fu)ldves (Fr- . fi).
S(ay

First of all, observe that we have chosen the product of spheres &4 instead of the sphere S(H 4))
because Disc(gy is multi-homogeneous. Equations (1.3) and (1.4) of the introduction show that one
may easily deduce the logarithmic Mahler measure of Disc(q4) with respect to S(Hq)) from our results
below.

According to [15] (cf. Theorem 3.3 above, where these properties are resumed) Disc(qy is multi-
homogeneous polynomial such that the degrees with respect to each group of variables (represented
by a polynomial f; € Hg,(X) is given by:

degy, Disc(qy = (de) ((5(d) +d; — (n+ 1))
J#i
7.1. Proof of Theorem 1.5. Hence, the following Proposition immediately yields the Theorem 1.5
of the Introduction:

Proposition 7.1. With the previous notations, let (d) := (dy,...,dy) be a list of degrees and let
O(a) = D1y di be the sum of the degrees in the list (d). Assume that 6 —n = > 1 (d; —1) > 1
holds. Then, the logarithmic Mahler measure of the discriminant polynomial in the case of dense
homogeneous polynomials defining a zero-dimensional variety is given by the following equality:

me,,, (Disc)) = Ay — Bla,

where
D(a) -
A(d) = 5 [(5(@ — n) (z_:l Hl> + logD(d)l ,

and
n

deg, Disc(q) " 112 d;

B(d) = Z ffHMifl = Z %(5(d) + dl - (n + 1))H]y[i717
i=1 1=1

Proof. First of all, for every list of polynomials f € H 4 that satisfies the hypothesis of Proposition

3.5, the following equality (Equation (3.6)) holds:

|D1$C(d)(f)| o . (Zﬂfl(di_l) 1 |det (Df(l,C)Df(l,C)*)‘l/Q
DB | ReS@r0r--s fao) | CelV_[(f) (1+][¢]2)172 '

As in the Proof of Theorem 1.4, for every ¢ € P,,(C), let WIAC(f, ¢) the determinant det(D f(z)D f(2)*),
where z € Vg(f) and pg(z) = ¢.

(7.1)




ZETA MAHLER MEASURE FUNCTION 33

Next, for every affine point (1,¢) € C**1\ {0}, let ¢ := 7(1,¢) € P,(C) be the associated projective
point, and the following equality holds:

46t (DF(1LOPF,0) | = (LIl =Dl aen (07 (555057 ) OF (i) )

Namely,

|det (Df(1,)Df(1,0)*) | = (L +|¢[))?) ==~ D|WIAC(f, &I,

where the notations are those recently introduced. Hence, for every system f € H 4y whose projective
zeros are not in the infinity hyper-plane H., := Vp(Xy), we conclude:

det (Df(1,0)Df(1,¢)*) |2 (SFoy di)=(nt1
[[ HPALOBICONIE - T S T waaciol
CeVA(S) CEVA(S) EeVR(f)

The hypothesis of Proposition 3.5 are satisfied for generic choices of systems of polynomial equations
J = (f1,---, fn) € H(g). Hence, up to a set of measure zero in Hq), the logarithm of the absolute
value of the discriminant satisfies:

log | Disc(g) ()| = J1(f) + J2(f) + J3(f) + Ja(f),

(f) == (H(Va(f)) — D)) log2 = 0, up to a set of measure zero of Hg).
o Jo(f) = ((6(a) — (n+1))log | Resay(f1,0:- - fn,0)l-
(f) = %devp(f) log [WJAC(f, ()| = devlp(f) log [JAC(f, Q).
o Ji(f) =S o log |1+ (I
Hence, taking integrals, the logarithmic Mahler measure of the discriminant satisfies:

: 1 .
me ., (Discia)) = veGa) /6 log | Disc(a) ()| = I2 + I3 + I,
(d)
where, for 2 <i <4,
1
ve (S Je °

The value I is given by the following identity,

1
I = (5(d) —(n+ 1))1/6[6(@]/6@ log | Res(a)(f1,0,- -5 fn.0)ldve (f),

where the polynomials f; o € C[X7y,...,X,] and, in particular, they belong to Hy, (X1,...,X,). We
thus introduce the following two cartesian products, depending on the number of variables:

n

Sy)(X™) = [[S(Ha (X0, -, X)),

i=1

S)(X™) = [[S(Ha (X1, ..., X)),
i=1
where S stands for the Bombiery-Weyl unit sphere. According to Lemma 3.11 in [29] the following
equality holds:

(7.2) L= (54— (n+1)) (me(d@n))(Res(d)(fl,o, o fa0)) = T ((d), n)) ,

where:
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I ((d),n) := Z M(HMA —Hp, 1),
=1

where H}, denotes de k-th harmonic number and

M, = (di—l—n), L= (di—kn—l)
n n—1

* Mg, (x(m) (Res(d)(fyo, ey fn,o)) is the Mahler measure of the multi-variate resultant in n
variables.

The Mahler measure of Res(q satisfies (cf. [51], [52] or [29], for instance):

D n—1 n ods
M, x ) Res@) = %(Z Hj) - (Z %Hh—l)-

j=1 i=1
Thus, Equation (7.2) becomes:
D(d HM —1

Now, observe that I5 is the quantity m(JAC) computed in Equation (1.8) stated as a consequence of
Theorem 1.4. Thus, we have

B = m(IAC) = 32 (1ox(Py )>+i(w<z’+1>—¢<Mi>)) 20 (et <d>>+i(Hi—HMil)).

i=1 p
We finally compute Iy,
1 (5((1) TL + 1 )
L= el Jalf)dve log(1 + dvs(f).
S Bl Jey, PPN = s > log(1+ ¢l dve(f)

Sw@ ¢cevi(f)

Thus, according to Corollary 5.4, we conclude:
D
I = (8q) — (n+ 1)) 2 H,

We put all these quantities in a single identity to conclude the following value of the logarithmic
Mahler measure of the multi-variate discriminant.

me ., (Disc(a)) = Ay — By,

where:
D)

A(d) = T [(5(@ — n) (Z Hl> +10gD(d)] s

i=1

By = Y =5 (0@ +di — (n+ 1) Hy 1,
i=1
where Dy =[]\, ds, 6(ay := D1 d; and H, := Zj 1 % are the quantities used along the text.
O

7.2. Some comments on Algorithmic Applications of Theorem 1.5. The main outcome of
Theorem 1.5 may be applied directly to the design of deterministic or Monte Carlo algorithms, based
on modular arithmetic that decide the following problem:

Problem 7.2. Given a list of homogeneous polynomial equations with Gaussian integer coefficients
fi="f1,.., fn) € Z[][Xn,..., Xn]", satisfying deg(f;) =d;, 1 < j < n, and whose coefficients have
a total bit length bounded by h. Decide whether the projective variety Vp(f) C P, (C) has a singular
zero.
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The technique to treat this Problem is based on the use of the discriminant, since the variety Vp(f)
contains a singular zero if and only if Disc(qy(f1,..., fn) = 0. Since Disc(g)(f1,...,fn) € Z, this
reduces to apply either Monte Carlo Zero Tests for Integers as in [35] or deterministic algorithms
based on the Chinese Remainder Theorem.
We do not discuss it in full detail, since it is not the main goal of these pages. However, we give some
indications on how to proceed. Roughly speaking, these methods are based on determining an upper
bound of | Disc(qy(f1,.. ., fn)|- In the deterministic case, for instance, it is enough to have a finite set
{p1,...,ps} of pairwise co-prime positive integers. Then, the Chinese Remainder Theorem implies
that the following are equivalent conditions:

e Disc(qy(f1,---,fn) =0 mod p;, 1 <i < s,

e Discq)(f1,---,fn) =0 mod T, where T :=[];_, pi,
If the numbers pq,...,ps are prime numbers, the first condition means that the projective varieties
defined over the finite fields I, by the list of polynomials f1,..., f,, contains a singular zero.
Then, the answer to a zero test for the discriminant based on modular arithmetics that satisfies any
of these two equivalent conditions would be: Either Disc(q)(f1,..., fn) =0 or |Discig(f1,..., fa)l >
%Hle pi—1= %T — 1. The error in this answer is determined and controlled by the inequality
| Disc(ay(f1, .-, fn)| > % [I;_, pi — 1. In the case we prefer to use randomized Monte Carlo tests (as
the one in [35]) the lower bound %T — 1 is replaced by a much bigger function of 7'
As the Discriminant Disc(gy is multi-homogeneous, this inequality controlling the error is equivalent
to

lrrs o
(73) | DiSC(d) (ﬁ, - ,ﬁ” > M(B’ f) = 2 Hz:l Di 1

deg ;. (Disc(ay)\ ’
(T il ™)

where f; := fi/|fi|l4, is the trace in the complex sphere S(Hy, (X)) of the polynomial f;. The dis-
tribution of the traces in [, S(H(q)) of polynomials with Gaussian integer coefficients of bounded
bit length h are very close to the continuous distribution. The difference between both probability
distributions is bounded by discrepancy bounds as those introduced in [3] or [17] and references there
in. Up to these discrepancy bounds, the probability that | Discg) (fi,-- s fn)| > M(p, f) for a system
f of height bounded by h, is bounded by the probability that a random point ¢ := (g1,...,9n) €
Sa) = [1i=; S(Hy, (X)) satisfies the same inequality, i.e.

P(DiSC(d)a (d)’ h) = PT‘ObG(@) [(gla e >gn) € 6(d) : |DiSC(d)(gla v 7gn)| > M(B, (d)7 h) ]’

where M(p, (d), h) is a quantity which depends on [];_, p;, the degree list (d) and h. Note that the
quantity P(Disc(g), (d), h) will be the probability that if Disc(q)(fi,...,fn) = 0 mod p;, 1 < i < s,
and we answer Discq)(f1,..., fn) = 0, our answer is wrong. Namely, P(Disc(q), (d),h) bounds the
error probability. In order to minimize the error probability we just have to increase either Hle p; or
h or maybe both. These calculations are omitted here.

The role of the height (or the Mahler measure) here is to control this continuous probability. Note
that this continuous probability can also be written in logarithmic terms as

P(Disc(d)a (d)7 h) = PrObG(d) [(917 cee agn) € 6(d) : 10g (| Disc(d)(gla cee agn)‘) > log (M(E’ (d)7 h)) ]

Using either Chebyshef or Markov’s inequality, we may bound P(Disc g, (d), ). For instance, using
Markov’s inequality we have:

E log | Disc
P(Disc(q), (d), h) < S log | Disci) ||

log (M(p, (d), h))
But the expectation Es [log | Discqy|] is the logarithmic Mahler measure of Disc(q) as in Definition
7.1. Namely, we have shown that the error probability of answering Disc(q)(f1,. .., fn) = 0 when this
is not the case is bounded by:

- me (Disciay)
= log (M(p, (d),h))’

P(Disc(q), (d), h)
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where me (Disc(qy) is the logarithmic Mahler measure of the discriminant. Thus, using the loga-
rithmic Mahler measure of the discriminant (see Proposition 7.1) we already have the wanted estimate
of the error probability.
Some authors would perhaps prefer the use of the arithmetic height because of their use in Arithmetic
Intersection Theory (see the references cited at the beginning of Section 7). Because it satisfies an
Arithmetic Bézout Inequality, height may be more “canonical” as quantity determining the arithmetic
properties of a variety.
Thus, according with Definition 7.1, the logarithmic Mahler measure of the discriminant and the
height are related by:
" deg; Disc
ht(Disc(qy) — Z MHMFl = me,,, (Discq)),

i=1
where the notations are those of Theorem 1.5 and Definition 7.1. Hence, the error probability of our
modular algorithm will be bounded (up to discrepancy bounds) in terms of arithmetic height by:

< ht(DiSC(d)) — Z?:l WHMifl

B log (M(p, (d), h))

And, hence, Theorem 1.5 or Proposition 7.1 (depending on the personal taste of the reader) applies to
yield upper bounds for the probability of error of modular algorithms for testing whether a system of

homogeneous polynomial equations have a singular zero. Details and precise calculations are omitted
since they are not the main stream of this manuscript.

P(DiSC(d), (d), h)
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