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ABSTRACT

We study the triangular representation of zero-dimensional
varieties defined over the rational field (resp. a rational func-
tion field). We prove polynomial bounds in terms of intrin-
sic quantities for the height (resp. degree) of the coefficients
of such triangular sets, whereas previous bounds were ex-
ponential. We also introduce a rational form of triangular
representation, for which our estimates become linear. Ex-
periments show the practical interest of this new represen-
tation.

Categories and Subject Descriptors

1.1.2 [Computing Methodologies]: Symbolic and Alge-
braic Manipulation—Algebraic Algorithms

General Terms
Algorithms, Experimentation, Theory
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1. INTRODUCTION

We start by defining the triangular representation of zero-
dimensional varieties. Let k be a field, V C A" (k) a zero-
dimensional variety defined over k and I C k[X1,...,X»]

the ideal of V. Our basic assumption is as follows.

ASSUMPTION 1. For the lezicographic order X1 < --- <
X, the reduced Grébner basis of the ideal I has the form

To(X1,...,Xn)

Tp(X1, X2)

Tl(Xl)v
where for £ < n, Ty depends only on X1,...,X¢ and, when
considered in k[X1, ..., Xe-1][Xe], Tt is monic in X,. We

also suppose that the extension k — k[V] is separable.
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Following the terminology introduced in [15], the polyno-
mials T4, ...,T, form a triangular set. This representation
is well-suited to many practical problems (see some exam-
ples in [15, 3, 20, 24]), as meaningful informations are easily
read off these triangular sets; however, many complexity
questions remain unanswered in this model. To formulate
such questions, we introduce suitable notation.

DEFINITION 1. Let V' be as in Assumption 1 and £ < n.
We let dy be the degree of Ty in X and Vp C Ae(k) the image
of V' by the projection (z1,...,2n) — (z1,...,Te).

Representing T4, ..., Ty then amounts to specifying at most
ldy - - - dy elements of k. If k bears no particular structure,
we cannot say more in terms of complexity. New questions
arise when k is endowed with a “size” function: then, the
natural question is to relate the size of the coefficients in
Ti,...,T, to quantities associated to V. This is the case in
the following two fundamental situations.

NUMBER FIELDS. If k is the rational field Q (or more gen-
erally a number field), we want to estimate the number of
digits necessary to write the coefficients of Th, ..., T,. Here,
the interesting quantity to refer to is the height of V', which
is a measure of its arithmetic complexity.

FuncTioN FIELDS. Here k is the rational function field
A(Y1,...,Y,) over a field K. This situation typically arises
when studying parametric polynomial systems: Yi,...,Yn
are the parameters, and 71, ...,7T, describe the generic so-
lutions of such systems. Then, we want to estimate the
degrees of the numerators and denominators of the coeffi-
cients of T1,...,T, and the interesting quantity to refer to
is a suitable geometric degree.

Up to now, in the function field case, the best bounds
for the coefficients of T1,...,T;, were in [20]. These bounds
are exponential, as the number n of variables appears as an
exponent. It is expected that similar methods would yield
similar bounds in the case k = Q.

The optimality of these bounds is a crucial question: If
these exponential bounds were sharp, triangular represen-
tations might become difficult to compute and potentially
impossible to use for large problems. The question is all the
more important as for other representations (e.g., with prim-

personal or classroom use is granted without fee provided that copies areitive elements, see below), polynomial bounds are known.

not made or distributed for profit or commercial advantage and that copies

Our first contribution is to settle this issue, proving poly-

bear this notice and the full citation on the first page. To copy otherwise, 10 y,omi4gl, and more precisely quadratic, bounds for the trian-

republish, to post on servers or to redistribute to lists, requires prior specific

permission and/or a fee.
ISSAC’04 July 4-7, 2004, Santander, Spain.
Copyright 2004 ACM 1-58113-827-X/04/0007$5.00.

gular representation, with respect to the above quantities,
height and degree. Our results cover both the number field
and function field cases.



Rational representations. To obtain estimates better
than quadratic (i.e., linear), it is necessary to modify the
representation. To motivate our discussion, we first present
an important special case.

Suppose that X; is a primitive element for the exten-
sion k — k[V]. Then there exist univariate polynomials
Py, ..., P, such that (T1,...,T,) have the following shape:

Th = Xn — Pn(Xl)

— Xy — Pay(X))
Ty (X1).

Suppose now that k = Q (the discussion is the same in the
function field case). Then, it is known [19] that the bit-size
of the coefficients of Ps,..., P, is (up to minor correcting
terms) bounded by the product of the height of V' by the
cardinality of V, i.e. it has a quadratic behavior. If V is
defined by polynomials of degree d, with integer coefficients
of bit-size h, this quantity is bounded by (essentially) nhd*".

Is is well known that one can improve this by switching
to the following equivalent rational representation

_ Qn (X1)
™= X T TR
1 1)
_ Q2(x1)
o= X ARy
T1 = T1(X1)

where for i > 2, Q; = P;T{ mod T;. Indeed, the bit-size of
the coefficients of Qa, ..., Qy is now (up to small correcting
terms) bounded by solely the height of V' [19]. If V' is defined
by polynomials of degree d, with integers coefficients of bit-
size h, this quantity is bounded by (essentially) nhd", i.e.,
much less than above.

From the practical point of view, it was already noticed
in [1] that using the rational representation (1) quite fre-
quently brings dramatic reductions in terms of bit-size. Now-
adays, such representations bear the name Rational Univari-
ate Representation [18], or Kronecker representation [9].

When X is not a separating variable, we will apply simi-
lar ideas, by defining a triangular representation with ratio-
nal function coefficients that generalizes Equations (1): let
V as in Assumption 1 and T1,...,T, the corresponding tri-
angular set. Recall that for £ < mn, T1,...,T, form a reduced
Grobner basis; for a polynomial A, A mod (Th,...,T;) de-
notes the normal form of A modulo (T1,...,T).

DEFINITION 2. Let D1 =1 and Ny = 11 = T1. For { in
2,...,n, define

oT;
D, = H X, mod (Th,...,Te—1),
1<i<f—1
NZ = DZT[ mod (Tl, e 7T£—1)'
N,
- Féek:(Xl,...7Xefl)[Xf]'
¢

Note that Dy € k[X1,...,Xe-1], Ne € k[ X1, ..., Xe—1, Xd],
and Dy is the leading coeflicient of Ny in X,. Due to the sep-
arability assumption, Dy is invertible modulo (T4, ..., T¢-1),
so 1¢ equals Ty modulo (T4,...,Ti—1).

EXAMPLE. Let us take kK = Q and consider the variety

vV c AY Q) = {(1,1),(1,2),(2,3),(2,4) }.

This variety satisfies Assumption 1; the corresponding tri-
angular set is

Ty = X3 4 (—4X1 + 1) X2 + 10X, — 8,
Ty = X7 —3X1 +2.

Our definitions give Dy = T = 2X; — 3 and
No = (2X1 — 3)X3 + (—10X: 4 13)Xo + 14X, — 16.
Then we associate to V' the representation

X2 + 710X1+13X2 4 1;1?17;)67
Xl - 3.X1 + 2

Our second contribution is the introduction and the study
of the polynomials N,. Whereas our complexity estimates
for the coeflicients of the polynomials 7 are quadratic, those
for Ny will turn out to be linear (note that this trivially
implies similar bounds for the polynomials 7). Again, our
results cover both the number field and function field cases.

From these estimates, it is expected that in practice, the
coefficients of N, should be smaller than those of T;. Our
experiments confirm these expectations: for a large class
of examples, both over Q or a rational function field, the
coefficients in N, are significantly smaller than those of Tp.

2. MAIN RESULTS

To state our results, we need new definitions, that are
used throughout this paper. Let k be a field and V C A™(k)
a zero-dimensional variety defined over k. The Chow form
Cyv of V is the polynomial in k[Xo, X1, ..., Xx] given by

Cv = H (Xo—a1 X

acV

— e —anX,)

(a different sign convention is sometimes used, but this has
no consequence whatsoever for what follows). Cy is homo-
geneous of degree the cardinality of V', denoted by #V. If
k — k[V] is separable, Cv has coefficients in k. Finally, note
that Cyuys = CyCys if V and V' are disjoint.

Our second set of definitions is used to denote some terms
that appear in the complexity estimates. Given V that sat-
isfies Assumption 1 and ¢ < n, we will write

G, = 1+22 (di—1)
He = 510g(€+3)zi<zdi
He + 310g(2)zi<571

Since [[,di > >_,(ds — 1), G¢ and H¢ are in O(log(¢)(¢ +
#Ve)): we think of them as linear in #V;, overlooking the
dependence in ¢. Since dj > di(d; — 1) + 1 we get [[, d} >
>, di(di — 1), s0 lp is in O(log(£)(#Ve + £) + (#Ve + £)?) =
O((#Vi + £)?): we see it as a quadratic quantity.

I(Z dz(dz — 1).

The number field case. We now recall some basic defini-
tions of height theory over the field k = Q.

We first introduce the (global) height of polynomials with
coefficients in QQ, as a means to estimate their size in binary
representation. Let P in Q[X71,...,Xm], and ¢ € N the lem
of the denominators of its coefficients. Let next C be the
set of the coefficients of ¢cP and C'T the set of their absolute
values; note that C C Z and C* C N. Then the height of
P is h(P) = logmax({c} UC™); thus, h(P) is up to a factor
log(2) equal to the bit-size of the coefficients of P.



Let next W C A™(Q) be a zero-dimensional variety de-
fined over Q. We now define its height h(W) as a measure
of its bit complexity (we are deliberately brief here, as all
details are given in Section 4):

W)= 37 hylCr) + mlCurs Smin) +#W Y oo
i=1

p prime

where Cw is the Chow form of W, h,(.) denotes the p-adic
height of polynomials, and m(.; Sm+1) denotes the Mahler
measure on the complex sphere Sy, 1. This quantity was ini-
tially introduced in [17], and used in effective algebra in [22,
10, 13, 5]. This height is especially useful in positive dimen-
sion, but also fits quite naturally in our subsequent develop-
ments. It is polynomially equivalent to the Weil height and
to the heights of Bost et al. [4] and Giusti et al. [8]; see for
instance [22].

With these notions at hand, let V be a zero-dimensional
variety defined over Q that satisfies Assumption 1. The
following theorem gives upper bound on the heights of the
polynomials T4, ...,T, and Ni,..., N,.

THEOREM 1. For £ < n, we have the inequalities

h(Ne) < h(Ve) +He,  h(Te) < Geh(Ve) + le.

As announced, the bound on N is linear in h(V;) and
#Ve; that on Ty is linear in h(Vy)#V, and (#VZ)Q: we can
say it is quadratic in quantities intrinsic to V. Both bounds
on Ny and Ty are polynomial.

If V is given as the zero-set of a polynomial system F', we
deduce extrinsic bounds by means of an arithmetic Bézout
theorem [13]. Suppose indeed that all polynomials in F
have total degree at most d, and integer coefficients which all
satisfy log |x| < h. Then the height of all varieties V; satisfies
h(Ve) < (nh+(2n+3)log(n+1))d". Further, #V; = d1---dy
is bounded by d". From this, it is easy to deduce that the
bit-size of the coefficients of Ty grows at most like nhdzn,
whereas the coefficients of N, have bit-size controlled by the
smaller quantity nhd"™.

The function field case. Here we first describe the geo-
metric context (see [20] for a more detailed presentation).

Let & be a field and U ¢ A™™ (&) an m-equidimensional
variety defined over K. We make the following geometric
assumption: the projection of U on the space of the first m
coordinates is Zariski-dense.

Let us denote by Y = Y1,...,Y,, the first m coordinates,
by X = Xi,...,X, the last n ones and by J the radical
ideal in R[Y, X] defining . The underlying idea is that U
is the zero-set of a parametric polynomial system in K[Y, X],
where Y play the role of parameters; the assumption says
that for a generic value of the parameters, the system has a
finite, non-zero, number of solutions.

To obtain an analogue of the results given in the number
field case, we introduce suitable projections of ¥. For ¢ in
1,...,n, let U, denote the projection of Y on the space of
coordinates Y, X1,..., X¢;. We denote degU, its degree.

Let us finally define the generic solutions V' of U as the
zeros of the extended ideal I = J-R(Y)[X]. Our assumption
says that V' has dimension zero over k = R(Y). Let us
furthermore suppose that V satisfies Assumption 1. In this
case, the polynomials T; and N; belong to k[X] = R(Y)[X],
that is, they have rational functions coefficients.

To give complexity estimates, we will adopt a language
similar to the one used in the number field case, introducing
a notion of (global) height of polynomials in this context.
Let P a polynomial with coefficients in R(Y) and ¢ € R[Y]
the lem of the denominators of its coefficients. Let next C'
denote the set of the coefficients of ¢P; note that C' C K[Y].
Then the height of P is defined as h(P) = max{deg(z) | = €
{c} U C}. In particular, h(P) bounds the degree of the nu-
merators and denominators of all coefficients of P.

As an illustration of this notion, let us note the following
proposition, which is a restatement of [21, Lemma 3]. It will
be used in the proof of the subsequent theorem.

PROPOSITION 1. For £ < n, let C; € R(Y)[Xo,...
the Chow form of Vp. Then h(C;) < deg U,.

,Xz] be

Then, the main result is the following.
THEOREM 2. For £ < n, we have the inequalities
h(Ne) S deg(%g), h(T[) S Gz deg(‘l]g).

As announced, the bound for Ny is linear in the degree of
U,. As for Ty, note that Il;<.d; < deg(Ue), and thus G,
is bounded by 2deg(U,). This implies the bound h(Ty) <
2deg(B,)?. If U is the zero-set of polynomials of total de-
gree at most d, then the Bézout inequality of [11] implies
degU, < d". Thus, the coefficients of T, have degree at
most 2d*", whereas those of N; have degree at most d",
which is much smaller.

Related work. Our definition of triangular sets in dimen-
sion zero comes from [15]. There exists a vast literature on
the subject, with extensions in arbitrary dimension, see no-
tably [2] and [12] for a comprehensive overview. However,
fewer articles focus on the complexity-theoretic questions:
previous upper bounds were given in [6, 23, 20] in the func-
tion field case. To give a comparison with our results, we
use again the notation of Theorem 2.

The results in [6, 23] show that h(T}) < n®™d°"") if
is defined by polynomials of degree at most d. Those in [20]
are intrinsic; they show that h(T¢) < n°™ deg(,)°™,
which is exponential in n. If ¥ is defined by polynomials
of degree at most d, the Bézout bound implies estimates
that are slightly better that those of [6, 23], but still in the

class no(">do("2). Thus, the bounds for 7T; in Theorem 2
significantly improve all previously known results. For the
number field case, we are not aware of similar results.

The introduction of the polynomials Ny is inspired by the
approach of [1, 18] for primitive element representations over
@, where the practical interest of using rational representa-
tions is already underlined, and estimates are given in terms
of a suitable multiplication tensor. Polynomial-type bounds
were also given for such representations in [8, 22, 19]. It
should be noted that our estimates are a faithful extension
of these results to triangular representations.

A first generalization of the approach of [1, 18] is in [5],
based on a study of the Chow for of V' and its successive
derivatives. However, the bounds in [5] are not as good as
the ones given here.

Strategy of proof and outline of the paper. We will de-
duce Theorems 1 and 2 as particular cases of a more general
theorem applicable to a wide class of fields (containing Q
and K(Y)). A field k in this class has a family of valuations
which verifies the so-called product formula. These valua-
tions allow to develop a theory of heights of varieties and



polynomials defined over k. In the particular case k = Q,
we recover the notions of height defined in the previous para-
graphs. In the case k = &(Y"), this justifies our introduction
of the notion of “height of polynomials”.

The first step of the proof consists in rewriting the poly-
nomials T; and N, by means of a generalization of Lagrange
interpolation: this enables us to relate these polynomials to
suitable Chow forms. This is done in Section 3, and involves
no valuation theory. Next, we recall the necessary valuation
and height-theoretic definitions in Section 4. They enable
us to use the results of Section 3 to obtain a general theorem
on the heights in a triangular set, in Section 5, from which
Theorems 1 and 2 follow easily.

The last section presents practical experiments over k =
Q, where we compare the bit-size of the coefficients of the
representations Ty and N, for various systems. These results
show the interest of using the polynomials N,.

3. INTERPOLATION FORMULAS

In this section, we give interpolation formulas which are
the basis of the estimates in Section 5. The main ingredient
is the introduction of polynomials (to be denoted by Eq)
that, up to constant factors, form a complete set of orthog-
onal idempotents modulo 71, ..., T;.

Notation and definitions. For 1 <1 < j < n, we define

Trf: V; — Vi
(z1,...,z5) +— (®1,...,25)

Then Assumption 1 implies that all fibers of 7rf have cardi-
nality diy1 - -dj, see [3] for more explanations.

Let next K be a finite extension of k that contains all
coordinates of all points of V; e.g., K can be the splitting
field of the minimal polynomial of a primitive element for
V. The field K is our base field in what follows.

Let ¢ be a fixed integer in 1,...,n — 1; we now give inter-
polation formulas for the polynomials Ty+1 and N4 (this
shift of one unit in the index aims at simplifying the presen-
tation). To this effect, let & = (aa, ..., ar) in V4. Associated
with «, we define the varieties Vi, ..., V&t € Vi1 by

Vi= {o/ = (a1,..., 01,04, ... app1) € Vg1 | af # as}

for 1 < i < ¢ and VI = {(a1,...,0,0)11) € Vipi}.
These sets form a partition of V;41. In terms of cardinality,
#VE = (di — 1)diy1---dey1 for i < € and #VI = dpy.
Other interesting objects are the projections of the varieties
V2, defined by v), = 7t (Vi) € Vi for i < £. In terms of
cardinality, we have #v’, = d; — 1.

For i < £+ 1, recall that T3 € k[X1,..
Ta,i = Ti(Oél, e

., X;]. We define
,qi—1, X;). Next, for ¢ < £, we define

cai= || (Xi—ai) € K[Xi]C K[X,...

’ i
a’evl,

7Xd’ (2)

so that Ta,; = €q,:(X; — ;). For further use, note also the
equality

Toc,€+1 = H

O/EV(f_*'1

(Xe41 — alyr)- (3)

We now introduce

Bo= [] eas € K[X1,...,X].

1<i<e

Results. The following lemma shows that the polynomials
E. satisfy orthogonality conditions, which show them as
analogues of Lagrange interpolation polynomials.

LEMMA 1. Let a € Vy. Then Eo(a) #0 and Eq(a’) =0
foro' € Vi, o # a.

PROOF. Our definitions imply that eq ;(a) # 0 for all ¢ < £,
from which the first point follows. Let next o' # a in V.
Then, there exists ¢ < ¢ such that nf{(a’) € v. Then,
€a,i(a’) = 0, concluding the proof. O

As a consequence, we deduce our interpolation formulas.

ProOPOSITION 2. The following equalities hold:

E To .
T€+1 27(051, (4)
acVy «
Neyr = Y BaTausr. (5)
acVy

PRrROOF. All polynomials appearing in Equations (4) and (5)
are reduced with respect to the Grobner basis Ti,...,T
in k[X1,...,X¢41]. This is true by definition for T;y1 and
Ny41; as for the right-hand sides, this comes from inspecting
the degrees in all variables X;, i < /£.

Thus, it suffices to prove that both sides of Equation (4)
(resp. (5)) agree on V4. Due to Lemma 1, this is immediately
checked for Equation (4). As for Equation (5), consider
a € V;. By Definition 2, the evaluation at a of Nyyq is

oT;

X.
1<i<t 0X;

(Oé) Ta,g+1 c K[Xg+1].

Since FE./(a) = 0 for o’ # «, the right-hand side reduces
t0 Ea(a)Ta,e4+1, so we are left to estimate the value E, («).
Recall that for 1 < ¢ < £, we have Ta,; = ea:(Xi — ai),
whence

oT;
ea,i(a) = T(L,i(a) = X, (@).
Taking the product on ¢ < £ proves the proposition. O

Let us define the constants

e; = H ea,i(a) fori<¢ and E;,= H ei.

acV; 1<i<e

Equation (4) is equivalent to write Ty4+1 as the quotient of

EoTo,e+1Fe
TZJrl = Z % = E@Tprl
acVy

by E,. We now show that both quantities are defined over
k; in Section 5, we will actually prove bounds on ¥,41, and
deduce bounds for Ty41.

LEMMA 2. The polynomial Teiq is in k[ X1, ..., Xey1].

PRrROOF. Since Ty41 is defined over k, it suffices to prove
that for i </, e; is in k. Given « in V;, we saw in the proof
of Proposition 2 that eq (o) = 973/0Xi(«). Thus, e; is
the determinant of the endomorphism of multiplication by
dT;/0X; modulo Ty, ..., T;, so it is in k. O

We next relate the polynomials introduced above to suit-
able Chow forms. Let first be Co11 € k[Xo, X1,..., Xe41]



the Chow form of Viy1. For ain Vg, the partition Vi, ..., V!

of V41 induces the factorization

I c.

1<i<t+1

in K[Xo,X1,...,Xet1], where Cq,; is the Chow form of Vi
The next lemma gives useful facts about these polynomials.

Copr =

LEMMA 3. For a in Vp and i < £, we have
Ca,i(X;,0,...,0,1,0,...,0) = ei’;jlmd“l (6)
Ca’g+1(Xe+1,07...,0,1) == Ta,@«kl‘ (7)
ProOOF. For i < £, let cq,; be the Chow form of vé. For
1 < L+1 (resp. 1 < {), we respectively have

Ca,i = Ha’evg; (Xo =i X1 — - = a1 Xep1)  (8)
cai = [Tarepi (Xo — 01Xy — -+ — afX3). 9)
£+1

Since v, = 7 (V) and since all fibers have cardinality
dit1 -+ - des1, we deduce

Ca,i(X07X17 .. .,Xi,O, N ,O) = Cdi{rldeH—l.

a,i
Equations (2) and (9) then imply Equation (6). Next, com-
bining Equations (3) and (8) easily gives Equation (7). O
For further use, let us finally note useful equalities. The
proofs are easy and left to the reader.

LEMMA 4. For a € Vi, the following equality holds:

Ee = ey i(a’
s = I T @) (0)

1<i<e o/ ey,

o' # ()
For i <, the following equality holds:
[T ewi(Xi—ap)% = [T (Xi—af)* 72 (11)

a’ev; o' eV

4. VALUATED FIELDS AND HEIGHTS

We now recall the definitions and properties of absolute
values and heights. Our references are [14, 16, 17, 22, 10,
13]; our presentation is strongly inspired by [13].

4.1 Absolute values

Let k be a field. An absolute value v on k is a multi-
plicative map k& — R, such that v(a) = 0 iff a« = 0, and
Ya,b € k?, v(a +b) < v(a) + v(b). If the stronger inequal-
ity v(a + b) < max(v(a),v(b)) holds Va,b € k?, v is called
non-Archimedean, and Archimedean otherwise.

A family M}, of absolute values verifies the product formula
(with multiplicities 1) if for every = € k*, there are only
a finite number of v in M} such that v(z) # 1, and the
equality [],.,, v(z) = 1 holds. In this case, we denote
by A and N Ak the Archimedean and non-Archimedean
absolute values in My, and write My = (Ag, NAy). Ay is
then necessarily finite; we write its cardinality # Ag.

We now introduce two basic examples of valuated fields,
which respectively underlie the proofs of Theorems 1 and 2.

Case 1: k£ = Q. Let P be the set of prime numbers, so that
each z in Q" has the unique factorization

=+ H pordp(z)'
pPEP

For each prime p, x — |z|, = p~ "% (*) defines a non-
Archimedean absolute value. Denoting x — | . | the usual
Archimedean absolute value, we let Mg = {| . |p }per U
{|. ] }- Note that #A4g = 1.

Case 2: k= K(Y), with Y =Y1,...,Y,, and R a field.
Let P be a set of irreducible polynomials in &[Y], such that
each x in k™ has the unique factorization

r=c H por@ e g
pEP

Then each p in P defines a non-Archimedean absolute value
x — |z], = e~ 98P o'dp(@) " Ay additional non-Archimedean
absolute value is given by & — |z|e = ¢9°8%, where degz is
defined as degn — degd, with n,d € R[Y] and = = n/d. We
define Mg(yy = {1 . |p }per U{| . |}, so that #Agz) = 0.

We easily check that Mg and Mgy satisfy the product
formula.

4.2 Heights of polynomials

Let k be a field and Mj, a set of absolute values on k that
satisfies the product formula. We now define the notion of
height over k, and more generally on polynomial rings over k.

Let m >0 and f =3, fo X7t Xpm in k[Xq,..., X,
For v in My, define the v-adic local height of f by

ho(f) = log max{1, maxa{v(fs)}} > 0.

In the two special cases seen above, k = Q and k = K(Y),
we defined in Section 2 a notion of (global) height of poly-
nomials in k[Xi,..., X;»]. This notion fits nicely into the
setting of valuated fields through the following general defi-
nition. Define the (global) height of f by

h(f)= D ho(f). (12)

vEMj,

In the above particular cases, this definition coincides with
that of Section 2: see [13] when k = Q; the proof for £(Y") is
the same and both follow simply from the product formula.

Mahler measures. Archimedean local heights are not ad-
ditive; this shortcoming will prevent us from using them
to define heights of varieties. We now introduce Mahler
measures, which are closely related to Archimedean local
heights, but possess the additivity property.

Let v an Archimedean absolute value over k. Then there
exists a isometric injection o, from k to C endowed with its
usual norm. Extending o, to the polynomial rings over k,
we define the S,,-Mahler measure associated to v as

mo(f35,) = [ gl (1)
for f € k[X1,...,Xn], where u, is the Haar measure of mass
1 over the complex sphere S,, of dimension n. We also use
the more “classical” Mahler measure, given by

1 1
My (f) :/.../10g|av(f)(62”t1,...,ezmt")|dt1...dtn.
0 0

It is immediately seen that both quantities are additive.

Useful inequalities. We conclude by giving basic inequal-
ities for local heights and Mahler measures. Let fi,..., fs
be in K[Xo,...,Xy], f in K[X1], and assume that each f;
has at least one coefficient equal to 1 (this simplifying as-
sumption is satisfied in the sequel). If v is an Archimedean
absolute value on K, we have:



A1 m(fz) 2 0 if deg(fi) =1.

Az ho(fi) < mo(fi) +log(n +2) deg(f:)-

As ho(fie--fs) <3201 ho(fi) +1og(n +2) >0, deg(fi)-
Ay 0 ho(fi) S ho(fie- fs) +2log(n +2) 377, deg(fi).
As ho(fi + -+ fs) < max;<s ho(fi) + log s.

As my(fi) < mo(fi; Snia) +deg(fi) (0, 5)-

Az ho(f(x)) < ho(f) + deg(f)(ho(x) +1og(2)) for x € K.
Ag my(fi(Xo, ..., Xn-1,0)) <my(fi).

If v is a non-Archimedean absolute value on K, we have:

Ny hv(fl"'fS) :hv(fl) +"'+hv(fS)-
N2 ho(fi + -+ fs) < maxi<s ho (fi).
N3 ho(f(z)) < ho(f) + deg(f)ho(x) for z € k.

If we drop the assumption that each f; has one coefficient
equal to 1, we still have, for any absolute value v:

E hy(zfi) < ho(x) + ho(fi) for z € K.

4.3 Heights of varieties

Let My = (A, NAj) be absolute values over k, which
satisfy the product formula. We now use these absolute
values to define heights of zero-dimensional varieties.

Let V C A™(k) be a zero-dimensional variety defined over
k, and suppose that k — k[V] is separable, so that the Chow
form Cy of V has coefficients in k. We use the local heights
and Mahler measures of Cy to define the height A(V') of V

as

ST helC) DD mu(CriSuin) + HAHV D o
=1

vENA vEAL

This quantity is additive: h(V U V') = h(V) + h(V') if V
and V' are disjoint zero-dimensional varieties.

Let us inspect the content of this definition in the two
special cases we are primarily interested in. If £ = Q, this
definition does coincide with the one given in Section 2, since
#Aq = 1. If k is the rational function field £(Y), there are
no Archimedean absolute values in Mg(y), so the height of
V equals the global height of its Chow form.

5. MAIN THEOREM

Let k be a field, with a family of absolute values My =
(Ak, N Ai) that satisfies the product formula; let V' C A" (E)
a variety defined over k that satisfies Assumption 1. We
now prove a general result that relates the height of the
polynomials T; and N, associated to V' to the height of V,
and deduce Theorems 1 and 2 as special cases. We actually
take £ in 0,...,n — 1, and consider the polynomials N1,
Ti+1 (compared to Theorems 1 and 2, we shift the indices
of one unit for convenience).

THEOREM 3. Let (Ge)e, (He)e and (I¢)e be as in Section 2.
Then for 0 < £ <n — 1, the following inequalities holds:

h(Ney1) < h(Veyr) + #AkHeq.

h(Tex1) < Gog1 h(Veg1) + #Aklo41.

Taking these results for granted, we deduce our main the-
orems. Theorem 1 is merely the special case £ = Q, with
the set of absolute values Mg of Subsection 4.1. Theorem 2
corresponds to the case k = K(Y) with the set of abso-
lute values Mg (y): in this case, all absolute values are non-
Archimedean, so #Ar = 0. We saw in Subsection 4.3 that
the height of V; then equals the height of its Chow form, so
Proposition 1 concludes the proof of Theorem 2.

Thus, we can now concentrate on proving Theorem 3. The
core of the proof is the following lemma, which involves the
polynomials T,41 of Section 3.

LEMMA 5. Let 0 < £ < n—1. Forv € NA, we have
ho(Net1) < ho(Cey1), and hy(Teq1) < Gegr ho(Coy)-

For v € Ag, we have hy(Ney1) < moy(Cot1) + Hepr and
ho(Tet1) < Geyr mo(Cogr) + leya.

Let us show how to derive Theorem 3. Plugging the esti-
mates for Ny+1 in Equation (12) gives

Z ho(Ceg1) + Z (Mo (Cet1) + Hegr)

vENAL vEAL

h(Net1) <

and the first part of Theorem 3 follows from inequality Ag.
Similar arguments apply to T,y; and yield the bound

hZeg1) < Gogr h(Viegr) + #Akleyr.

Now, recall that T;41 is obtained by dividing out T¢41 by
its leading coefficient in Xyt1. By the product formula, this
operation lowers the global height, whence Theorem 3 fol-
lows. Thus, we can now focus on proving the lemma, using
freely the notation of Section 3.

In what follows, we consider £ in 1,...,n — 1. The case
¢ = 0 follows along the same lines, by noting that 73 = N;
is obtained by a suitable specialization of the Chow form C;
of V1. The easy details are left to the reader.

Let then K be a finite extension of k that contains all
coordinates of all points in V. Let v € M}, and w an absolute
value on K that coincides with v on k. If v is Archimedean
(resp. non-Archimedean), w is Archimedean (resp. non-
Archimedean) as well: for the existence of such w, see [14,
16]. Let finally « in V.

Specializing indeterminates at zero decreases height, so
hw(Ca,i(X0,0,...,0,X5,0,...,0)) < hyw(Cq,:) for i < L. Sin-
ce Ca,i(X0,0,...,0,X;,0,...,0) is homogeneous, its local
height coincides with that of Ca:(X5,0,...,0,1,0,...,0).
Then, Equations (6) and (7) finally give

R ho(Coyi) fori<e — (13)

hw (Ta,2+1) hw (Ca,2+1)- (14)

Case 1: w is non-Archimedean. We use equality N1
and Equations (13) and (14) to give

<
<

hw(EaTa,Z+1) - Zhw(ea,i) + hw(Ta,é-!—l)

i<l
< D hw(Cai) + hu(Caer1) = hu(Ceta)-
i<t

Summing on all «, we deduce hqy(Net1) < hw(Ces1) by in-
equality N2 . Since both polynomials have coefficients in k,
and w extends v, this proves the first part of Lemma 5.

Next, we consider Ty41. Inequality E yields

hw (EaTa,E+1EZ

Eao(a) ) < hw(BaTa 1) + b (i) (15)

Eo(a)

The term hy(EaTw,e+1) was dealt with above. As to the
other term, inequality E and Equation (10) show that

E, /
he (o) € 5 X hulews(@)) (16)

1<i<t o’€eV;




since the positivity of height enables us to complete the
product in Equation (10). Then inequality N3 gives the
upper bound

S0 (hwlears) + (di = Dha(as)) .

1<i<t o’€eV;
Note that hy(af) = hw(X; — aj), so by equality N1, the in-
nermost term is hy (eq ;(X;—a})% 1), Using Equation (11),
the inner sum is then bounded from above by

Z huw(ear,i(Xi — )i h = hw( H (X; — a;)2di72>'

a’ev; a’ev;

This quantity can be bounded from above by 2(d; —1)h. (C;).
Note that hy(Ci) < hyw(Cet1); summing on ¢ < £ and intro-
ducing the constant Gy41 gives the second point in Lemma 5.
Case 2: w is Archimedean. Let m, and m, be the
Mahler measures associated to v and w; they coincide on
polynomials with coefficients in k.

For i < ¢, since Cq,; has degree (d; — 1)d;41 - - det1, in-
equality Az gives

hw(ca,i) S mw(ca,i) + (dz - 1)di+1 R d£+1 lOg(Z -+ 2)
Thus, we deduce from inequality A4 and Equation (13)

holens) < oo, - 1)tog(e+ 2
di+1 e dz+1
o) 43, 1) log(e 4 2)
dit1 -+ dega

Using (di41 - - - de+1) > 1 and inequality As, we obtain
hw(Ba) <Y muw(Cayi) + 4log(C+2) Y (di —1).

i<e i<e

We next deduce from Equation (14) and inequality Az
haw(Te,e11) < Moy (Caev1) +10g(€ 4 3)de 1.

Now, muw (Ce+1) = Muw(Ca,e41) + 32 ;< Mw(Ca,i), s0 applying
inequality Ag yields

hu(EaToe41) < ma(Cepr) + 4log(£+3) Y di.
<041

Summing over « and using inequality As, we finally get

ha(Net1) < ma(Corr)+4log(6+3) Y ditlog(d - -+ deya).

i<l4+1

Next, we use the inequality log(d;) < d; for all i. With the
introduction of the constant Hyy1, this finishes the proof of
the third point in Lemma 5, since Nyy1 and C41 both have
coefficients in k.

As for the last point of that lemma, note first that inequal-
ities (15) and (16) hold in the Archimedean case as well; we
now only have to bound the rightmost term of Equation (16).

Using inequalities A7 and Ag and Equation (11), an easy
check proves that for ¢ < ¢, the sum >_ /v, hw (eari(a')) is
bounded from above by

2(d; — l)mw( IT x - a,-)) + 3di(ds — 1) log(2).
acV;

Now, we remark that m., (X; —a;) = mw(Xo—a; X;). Using
the additivity of the Mahler measure, we deduce that the
above quantity equals

2(di71)mw(Ci(Xo, 0,...,0,X;,0,..., 0))+3dz(d1*1) lOg(Z).

Inequality As now shows that this can be bounded from
above by 2(d; — 1)m.(C;) + 3di(d; — 1) log(2). Noticing that
Mw(Ci) < myw(Cet1) and using the above estimates yields

I (M) mw(cg+1)(1+22(di - 1))

Ea(a) B i<4
+ 4log(¢+3) Z d;
i<O+1
+ 3log(2) > di(di —1).

i<t

Summing on all a and using inequality As as above, we
conclude the proof of Lemma 5.

6. EXPERIMENTAL RESULTS

In this last section, we compare the representations by
the polynomials T; and N, (or equivalently 7¢) from a prac-
tical viewpoint. We set k = QQ and compare the bit-size of
the coefficients of these polynomials for various systems. In
our experiments, the second representation always leads to
smaller coefficients, sometimes by an important factor.

For our first examples, we fix n, some integers [d1, . .., dx],
select random points in n-space and with rational coeffi-
cients, such that the variety formed by their reunion satisfies
Assumption 1 with degrees d1, . .., d,; then we use the inter-
polation formulas (4) and (5) to construct the polynomials
T1,...,Tn and Nl,...,Nn.

In the following table, 4 examples are given, one for each
of the last 4 columns. The first line gives the degrees of
[Th,...,Ty] (thus the number of variables is the cardinal of
the list). The second (resp. the third) line returns the lists
of the maximum number of digits of the numerators (resp.
denominators) of the coefficients of [T1,...,T,]. The last
two lines give the same informations for the list of polyno-
mials [N1,...,Np]. As N1 = Ti, the first number is the
same in each column at lines 2-4 and 3-5.

[de [2345] 4567 | 41234 | 8888 |
Poum | 4,16 10,63, 9,44, 28,324,
T, | 63,225 | 286,1080 | 91,123,157 | 1813,9588
Raen | 2,46, 9,59, 7,45, 27,316,
T, | 62,220 | 280,1076 | 88,118,152 | 1798,9567
Poum | 4,13, | 10,44, 9,32, 28,181,
N, | 43,169 | 150,357 | 61,84,119 | 831,2815
Raen | 2,13, 9,41, 7,30, 27,176,
N, | 43,137 | 145,346 | 58,80,115 | 821,2802

We observe a diminution of the size of the coefficients,
which corroborates the better bound for h(N¢) in Theo-
rem 1. The ratio is however smaller than what could be
expected from Theorem 1; this is partly due to the simplifi-
cations we made along the proof.

Next, we experiment on systems coming from applica-
tions. These systems, called Bershenko, P19, Hawes and
J1J2J3, together with background information, are given
in [19, Annexe E]. The second line of the following table
gives the number n of variables of the system, the third
returns the lists of degrees [d1,...,dy] of the polynomials
[Th,...,Ty]; the next lines are as above. In the third col-
umn, the dots denote six occurrences of the number 1560.



Syst. P19 Bersh. Hawes J1J2J3
Var. 5 4 7 4
Deg. | 3L,1,2,1,1 12,2, | 304,11, 5.2,
dy 1,1 1,1,1 3,1
hnum | 90,1444,1029, | 15,58, | 77,1560,... 13,25,
Te 1444,1467 57,72 ...,1560 24,39
Fden | 30,1448,1031, | 5,57, | 46,1560,... | 19,24,
Ty 1450,1483 57,70 ...,1560 25,39
Poum 90,94,117, 15,17, | 77,80,78,78, | 13,17,
N 117,117 17,29 | 79,118,80 | 21,17
hden 30,28,44, 5,5, 46,48,47, 19,2,
Ny 44,62 5,18 46,46,85,47 8,5

Again, we observe a systematic diminution of the size of the
coefficients, which is sometimes quite important: our con-
clusion is that using the polynomials N, is a good choice in
practice. For k = R(Y'), experiments on parametric systems
are possible, measuring the degrees of the coefficients of the
polynomials Ty and N¢. The results are similar.

7. CONCLUSION

We proved quadratic estimates for the representation by
means of the triangular sets Ty, improving all previous, ex-
ponential, bounds. We introduced an alternative represen-
tation by means of the polynomials Ny, for which we are able
to obtain linear bounds. We treated the cases kK = Q and
k = RA(Y) in a uniform manner. Our experiments showed
the interest of using the new representation Ny, since we ob-
served a systematic reduction of the size of coefficients when
switching from the data of Ty to the data of N,.

The next question to answer is that of lower bounds, for
both representations. It is expected that the first family
of examples used in the previous section might yield such
lower bounds when k = £(Y'), using points with generic and
algebraically independent coordinates.

A last question is that of algorithms: in practice, it is
certainly not interesting to compute first the polynomials T
and then deducing the polynomials N;: efficient algorithms
should compute the polynomials N, only.

An answer is Hensel lifting for triangular sets, as presented
in [20] (see also the references therein). Let us describe how
such techniques apply over £ = Q. First the polynomials Ty
are computed modulo some prime p; then, by Hensel lift-
ing, we can compute the polynomials 7, modulo arbitrary
powers p”, from which we can deduce N, at precision p~.
We stop the lifting when the coefficients of N, can be re-
constructed from their reduction modulo p*: this way, we
avoid computing the larger coefficients of the polynomials
T,. This strategy is used for k = &(Y) in [7].
Acknowledgements. We thank all referees for their de-
tailed and accurate remarks.
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