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Introduction

Counting lattice points in bounded subsets of the Euclidean space
R™ is a problem that arises frequently in number theory and other
branches of mathematics. By a general principle, if the set S is “nice”
one expects a good estimate for the number of points of a lattice A in
S to be given by Vol(S)/det A, the ratio between the volume of S and
the determinant of A. So, the problem is to find under what conditions
we have good upper bounds for

Vol(S)
detA |

Esa=||SNA| -

In the literature there are two different type of conditions for S.
The first, associated to Lipschitz, requires the boundary of S to be
parameterizable by finitely many maps satisfying a Lipschitz condi-
tion. The second dates back to Davenport and requires a bound on
the number of connected components of the intersections of S, and its
projections to coordinate subspaces, with lines. Moreover, the volumes
of such projections need to be controlled.

Of course, to have a meaningful result we want the error Fg to
be small, but, regarding applications, it is also important that the
dependence on the lattice is explicit, and that the conditions on S are
not too restrictive and easily checkable.

Here and always in this thesis, a lattice in R™ is intended to be full
rank, i.e., the Z-span of n linearly independent vectors of R".

As already mentioned, there are two different principles appear-
ing in the literature. The older one dates back to Lipschitz and has
been developed by several authors: Lang [15], Spain [25], Schmidt [24],
Masser and Vaaler [16] and Widmer [29], who has the most refined
version we are going to state below, after the following definitions.

A subset S of R" is said to be in Lip(n, M, L) if there are M maps
b1y ur [0,1]"71 — R™ satisfying the Lipschitz condition

|6i() — ¢i(y)| < Llz — y| for @,y € [0,1]",

such that S is covered by the images of the maps ¢;. Moreover, we
write \; = \;(A), for i = 1,... n, for the successive minima of A with
respect to the zero-centered unit ball By(1), i.e., for i =1,...,n,

Ai = inf{\ : By(\) N A contains ¢ linearly independent vectors}.

ix
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THEOREM 1 (Widmer, [29], Theorem 5.4). Let A be a lattice in R™
with successive minima A1, ..., \,. Let S be a bounded set in R™ such
that the boundary 0S of S is in Lip(n, M,L). Then S is measurable,
and, moreover,

Vol(S) Li
NAl———=| < M .
SNAI= e | < WM guax T
For i =0 the expression in the mazimum is understood as 1. Further-
more one can choose cy(n) = n®""/2,

The Lipschitz parameterizability of the boundary is a rather mild
condition and often easily checkable. However, if the volume of S is not
much larger than its diameter, it might be difficult to get non-trivial
estimates from the theorem above. Let us illustrate this phenomenon
with the following example.

Suppose we want to estimate the number of points with integer
coordinates in the set

(1) ST = {(xl,xz,xg) € [0,400)* : Hmax{l,xi} < T} ,

where T is a positive real parameter. The volume of S(7") has order
T(logT)?. The boundary of S(T') is certainly Lipschitz parameterizable
by a fixed number of maps but it is not clear how to avoid L to be
of order T and thus the error term to be of order T?. Therefore,
Theorem 1 does not give an asymptotic formula, but only an inequality
|S(T) N Z"| < T?, which is far from being sharp since |S(T) N Z"| ~
T(logT)?, as we are going to see later.
The second and more recent principle dates back to Davenport.

THEOREM 2 (Davenport, [8]). Let n be a positive integer, and let
S be a compact set in R™ that satisfies the following conditions.

1. Any line parallel to one of the n coordinate azxes intersects S in a
set of points, which, if not empty, consists of at most h intervals.

2. The same is true (with j in place of n) for any of the j dimensional
regions obtained by orthogonally projecting S on one of the coordi-
nate spaces defined by equating a selection of n—j of the coordinates
to zero, and this condition is satisfied for all j from 1 ton — 1.

Then

n—1
1S 02| = Vol(S)] < 3~ IV (S),
7=0

where V;(S) is the sum of the j-dimensional volumes of the orthogonal
projections of S on the various coordinate spaces obtained by equating
any n — j coordinates to zero, and Vo(S) =1 by convention.
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The first drawback of this theorem is that it is stated only for the
standard lattice Z" and for compact sets but, as we are going to see
later, it is easy to deduce from it a more general counting theorem.
Moreover, finding a bound for the constant h can be difficult.

On the other hand, Theorem 2 yields non-trivial estimates also for
the set (1), despite the fact that its diameter is large. Indeed, the
volumes of the projections of S(7") onto any coordinate subspace have
size at most T'logT. Therefore, since S(7T') satisfies condition 1. and
2. with h = 1, Davenport’s theorem gives the asymptotic formula

1S(T) N 27| = %T(log T)? + O(T(log T)).

At this point, it may be worthwhile pointing out that the condi-
tions of these two counting principles are not totally unrelated. While
the Lipschitz condition certainly does not imply the existence of a fi-
nite Davenport’s h, the other implication might hold in some form, as
pointed out by Masser and Vaaler in [16]. In [30], Widmer investigated
this problem and proved results for convex sets and for sets in R2.

Theorem 2 has been generalized to arbitrary lattices by Thunder
[26]. Schmidt ([23], Lemma 1) also proves a variant of Theorem 2 for
arbitrary lattices in R™, but he assumes that the set S is contained
in a zero centered ball of radius r, and gets an error term of order
r"~1. Hence, this result is also not directly applicable to get non-trivial
estimates in sets of the form (1).

In applications, in stead of a single set S, one often deals with a
parameterized family Z C R™*" of subsets of R™, with fibers

Zy={xeR": (t,x) e Z},

for t € R™, and is interested in getting an asymptotic formula as the
parameters range through an unbounded set of R™, as, for instance, in
example (1).

Let Z be a family with compact fibers. Using Minkowski’s second
Theorem, it is possible to deduce the following estimate from Thunder’s
work

Vol(Zy) — _ Vi(Zy)
— < (g \n—i 37t
2) ZeNAl = 358 —C”]Z%h(zt) DY

where ¢, is an explicit constant depending only on n, Vj(Z) is the
supremum of the volumes of the orthogonal projections of Z; to the j-
dimensional linear subspaces, and h’ is what we get instead of h when
in Davenport’s conditions “line parallel to one of the n coordinate axes”
and “orthogonally projecting Zy on one of the coordinate spaces defined
by equating a selection of n— j of the coordinates to zero” are replaced
by “line” and “any projection of Zy on any j-dimensional subspace”.
Now, the quantity V}(Z;) is definitely not so nice to work with as
V;(Zy). Moreover, proving the existence of a uniform upper bound
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for W'(Z:) (i.e., independent of t) is even more troublesome than for
Davenport’s h.

Therefore, it would be nice to have some general and mild conditions
on the family Z that allow us to replace h'(Z) by a uniform constant
cz and V/(Zy) by V;(Zy).

Note that, even if the sets Z; are simply given by a finite number
of squares in R?, we cannot expect that V}(Z;) < cV;(Zy), for some
constant ¢ independent of t. Example 2.67 of [1] gives an example of
such phenomenon. Let C} be the unit interval. Suppose C), is defined
and is a finite union of intervals. Then C,; is obtained by dividing
each of the intervals constituting C), into 4 parts of the same length
and dropping the second and the third intervals. Then C),, x C), is a
family of sets in R?, whose projection on one fixed line is constant,
while the volumes of the projections on the two axes tend to zero as
the parameter tends to infinity (see Figure 1).

N

FIGURE 1. C5 x Cs

The latter example indicates that such an inequality would require
a rather strong hypothesis on the family Z. Also, to handle A’ we need
that the number of connected components of a projection of Z; when
intersected with a line is uniformly bounded. Such a tameness in the
topology of the family Z is delivered by o-minimality.
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The theory of o-minimal structures comes from model theory and
has been developed quite recently, starting from the ’80s. Lately, after
the work of Pila and Wilkie [18], o-minimality has given very important
and promising applications to number theory, diophantine geometry in
particular. For interesting and precise accounts on such applications
we refer to the survey papers by Scanlon [19], [20], and to the book of
Zannier [32].

Let us give the definition of an o-minimal structure.

DEFINITION 1. An o-minimal structure is a sequence S = (S;,)nen
such that for each n:

1) S, is a boolean algebra of subsets of R™, that is, S, is a collection
of subsets of R", ) € S,,, and if A,B € S,, then also AUB € S,
and R"M\A € S,,.

2)IfAe S, then Rx A€ S,y and AXR € S,4;.

3) {(x1,...,xn) ;=21 €S, for 1 <i<j<n.

4) If m: R™™ — R" is the projection map on the first n coordinates
and A € S,+1 then T(A) € S,..

5){r} €8 foranyr € R and {(z,y) eR? : 2z <y} € Ss.

6) The only sets in Sy are the finite unions of intervals and points.
(“Interval” always means “open interval” with infinite endpoints al-

lowed. )

Following the usual convention, we say that a set A C R"” is defin-
able (in 8) if it lies in S,,. Moreover a function f : A — R™ is said to
be definable if its graph T'(f) € R™™™ is a definable set.

Note that axiom 6) completely characterizes Si, which is the same
for every o-minimal structure. Nonetheless, o-minimality is a rich and
broad setting and we hope to convince the reader of this with the
examples below, in which we follow the presentation of Scanlon in [19].

For each n € N, let F}, be a collection of functions f : R® — R that
we call distinguished functions. If g,h : R® — R are built from the
coordinate functions, constant functions and distinguished functions
by appropriate composition, then we say that

{z € R": g() < h(z)},
{z € R : g(2) = h(z)}

are atomic sets. Now let us consider the smallest family of sets in R"
(for various n) that contains all atomic sets, and is closed under finite
unions and complements, and images of the usual projection maps
7 : R" — R™ onto the first n coordinates. For the following choices
of FF =, F,, the resulting family consists precisely of the definable
sets in a particular o-minimal structure:

1. F,; = {polynomials defined over R},
2. Fuy = Fyg U {restricted analytic functions},
3. Fexp = Flg U {the exponential function exp : R — R},
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4. Fan,exp =FanU Fexp-

By a restricted analytic function we mean a function f : R” — R,
which is zero outside of [—1,1]", and is the restriction to [—1,1]" of a
function, which is real analytic on an open neighborhood of [—1, 1]™.

For the first example note that by the Tarski-Seidenberg Theorem
every set in this family is a boolean combination of atomic sets, and
thus is semialgebraic. This implies 6) in Definition 1, and 1)-5) are
clear. The o-minimality of example 2. is due to Denef and van den
Dries [9], who realized that it follows from results of Gabrielov [12],
while 3. is due to Wilkie [31]. Van den Dries and Miller [11] proved
the o-minimality of the fourth example.

Note that if the function sin x, globally defined on R, is in Fj then
we do not have an o-minimal structure. In fact, the set {x € R : sinz =
0} would be a definable set consisting of infinitely many isolated points,
violating axiom 6) of Definition 1. On the other hand the function
sing, 5 , which coincides with sinz on the interval [a, b] (for a,b € R)
and is 0 elsewhere, is definable in the o-minimal structure corresponding
to the second example above.

Semialgebraic sets have been object of study for a long time and
much is known about them. Many of the results in real algebraic ge-
ometry have been an inspiration for generalizations to the o-minimal
setting. One of these results and probably the most important is the
Cell Decomposition Theorem, which says that each definable set can
be partitioned in a finite number of cells, particularly simple definable
sets. It is hard to overestimate the strength and the importance of
this result. In fact, in almost every proof of a non-trivial fact about
definable sets in an o-minimal structure this theorem is invoked repeat-
edly. For instance, suppose Z € R™"" is a definable set. We call Z a
definable family. Then the Cell Decomposition Theorem implies that
there exists a uniform bound on the number of connected components
of the fibers Z,.

The Cell Decomposition Theorem has many other consequences but
most of the times the structure needs to be rich enough. In other words,
many results require the structure to contain the semialgebraic sets. If
this is the case then, for instance, the derivative of a definable function
is definable and it is possible to prove an improved Cell Decomposition
Theorem in which the cells are defined by C! functions. For details on
this and other results we refer to the fundamental book [10] by van den
Dries.

Let us go back to our setting. We fix an o-minimal structure con-
taining the semialgebraic sets. Recall the definition of A’ below (2).
Then, the uniform bound on the number of connected components
mentioned above implies that, if Z is a definable family, there exists a
natural number My, depending only on Z, such that h'(Z;) < My for



INTRODUCTION XV

every t € R™. Therefore we can substitute the factor /(Z;)" 7 in (2)
with a constant depending on Z but independent of ¢t and A.

Using deeper results from o-minimality combined with tools from
geometric measure theory, it is also possible to prove the desired vol-
ume inequality and thus to substitute V}(Z;) with V;(Z;) in (2). The
strategy to deduce the inequality is, roughly speaking, as follows. For
each 1 < j <n —1 and any j-dimensional subspace ¥ we construct a
j-dimensional definable subset of Z; that projects to ¥ with maximal
volume. Locally, the volume of the projection to ¥ can be bounded
by the sum of the volumes of the projections onto the j-dimensional
coordinate spaces, so globally we only have to worry about these pro-
jections being non-injective. However, o-minimality provides a bound
for the number of pre-images for each such projection, which is uniform
in t and X, and this is sufficient.

Therefore, we obtain the following theorem.

THEOREM 3 ([5], Theorem 1.3). Let m and n be positive integers,
let Z C R™™ be a definable family, and suppose the fibers Z; are
bounded. Then there exists a constant c; € R, depending only on the
family Z, such that

VOl Zt

Z, N A
[Zen Al = “det A

n—1
(Z4)
< ZM

where for j = 0 the term in the sum s to be understood as 1.

There are various advantages in using this theorem. First, the set-
ting of o-minimal structures is broad and general and includes many
classes of sets that appear in applications. Moreover, it is often easy
to prove that a given family is definable in an o-minimal structure.

In addition, opposed to what mentioned before about the other
counting theorems, Vol(Z;) needs not be much larger than the diameter
of Z;. For instance, recalling the example above, one can easily obtain
a non-trivial estimate for the number of points of an arbitrary lattice
in the sets S(7") defined in (1).

Another feature of the theorem is the completely explicit depen-
dence of the error term on the lattice. This is very important in certain
applications as we are going to explain later.

We should also mention the fact that the error term is best-possible,
up to the constant cz. To see this consider A = MeZ + --- +
AnenZ with 0 < A\ < --- < \,, where eq,...,e, is the standard
basis of R™, and the semialgebraic set Z, defined as the union of
ZU) = {(t,z) e R : ¢t >0,z € ([0,]7 x {0}"7 + \je;)} taken over
j=1,...,n—1>0. Hence, for t > 0 we get

volzt H({ }Jrl)ZQHLZ:%'

]:1 p:l

n—1

12 VA =
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In what follows, we will apply Theorem 3 to count certain algebraic
points of bounded height.

The simplest definition of the Weil height involves the Mahler mea-
sure of a polynomial. Let f = 2 X%+ 2 X! + ... + z; € C[X] be a
non-constant polynomial of degree d with roots o, ..., ay. The Mahler
measure of f is defined to be

M(F) = fzol [ [ v {1, o]}

Moreover, for z € C, we set M(z) = |z|.

Now, let a be an algebraic number. We can associate to it its
minimal polynomial agX? + --- + aq € Z[X], i.e., the non-zero poly-
nomial of smallest degree vanishing at o with coprime coefficients and
positive leading coefficient. Then the multiplicative Weil height of «,
H:Q — [1,00), is defined to be

H(a)* = M(apX®+ - + aq).

There exists an equivalent definition of the Weil height in terms
absolute values of a number field which naturally extends to vectors.
Let k be a number field of degree m over Q and let M, be the set of
places of k. For v € M, we indicate by k, the completion of k£ with
respect to v. We write QQ, for the completion of Q with respect to the
unique place of Q that lies below v. Moreover, we set d, = [k, : Q,] to
be the local degree of k at v.

Any v € My, corresponds either to a non-zero prime ideal p,, of Oy,
the ring of integers of k, or to an embedding of k£ into C. In the first
case v is called a finite or non-archimedean place and we write v { co.
In the second case v is called an infinite or archimedean place and we
write v | co. We set, for v { oo,

ordy, (a
ol = M(p,)
for every o € k '\ {0}, where 2M(p,) is the norm of p, from k to Q and
ord,, () is the power of p, in the factorization of the principal ideal
aQg. Furthermore, [0], = 0. If v | co corresponds to o, : k — C, we
set
|y = low(a)],

for every a € k, where | - | is the usual absolute value on C. The
multiplicative Weil height H : k™ — [1,00) is defined by

H(on,...,a0) = [ max{1,]ailo,....|ans} .
vEMjp,
Note that for a € k\ {0}, |a, # 1 for finitely many v so that the
above is actually a finite product.
This definition is independent of the field containing the coordinates
and therefore it can be extended to &, where k is an algebraic closure
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of k. For properties of the Weil height we refer to the first chapter of
[6].
We set
k(n,e) = {a ek k() k] = e},

where k(o) is the field obtained by adjoining all the coordinates of
a to k. By Northcott’s Theorem [17], subsets of k(n,e) of uniformly
bounded height are finite. Therefore, for any subset A of k(n,e) and
H > 0, we may introduce the following counting function

NAH) = |{aecA: Ha) < H}|.

Various results about this counting function appeared in the litera-
ture. One of the earliest is a result of Schanuel [21] who gave an asymp-
totic formula for N(k(n,1),H). Schmidt was the first to consider the
case e > 1. In [22], he found upper and lower bounds for N(k(n,e), H)
while in [23], he gave asymptotics for N(Q(n,2),H). Shortly after-
wards, Gao [13] found the asymptotics for N(Q(n,e),H), provided
n > e. Later Masser and Vaaler [16] established an asymptotic es-
timate for N(k(1,e),H). Finally, Widmer [28] proved an asymptotic
formula for N(k(n,e), H), provided n > 5e/2+ 5+ 2/me. However, for
general n and e even the correct order of magnitude for N(k(n,e), H)
remains unknown.

In this thesis we investigate the asymptotics for certain sets of in-
tegral points.

Let Oy and Oj be, respectively, the ring of algebraic integers of k
and k. We introduce

Ok(n,e) = k(n,e) N O ={B € OF : [k(B) : k| = e}.

Possibly, the first asymptotic result (besides the trivial cases Og(n, 1) =
Z™) can be found in Lang’s book [14]. Lang states, without proof,

N(Ok(1,1),H) = wH™ (log H)? + O (H™ (log H)* ™) ,

where m = [k : Q)], ¢ is the rank of the unit group of Oy, and ~; is an
unspecified positive constant, depending on k. More recently, Widmer
[27] established the following asymptotic formula

t
(3) N(O(n,e),H) = Z DH™ " (log H™™)" + O(H™ " (log H)"),
i=0

provided e = 1 or n > e + C.,,, for some explicit C,,, < 7. Here
t =e(q+1)—1, and the constants D; = D;(k,n, e) are explicitly given.
Widmer’s result is fairly specific in the sense that he works only with
the absolute non-logarithmic Weil height H. On the other hand, the
methods used in [27] are quite general and powerful, and can probably
be applied to handle other heights (such as the heights used by Masser
and Vaaler in [16] to deduce their main result). As mentioned in [27]
this might lead to multiterm expansions as in (3) for N(O(1,e), H).
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However, for the moment, such generalizations of (3) are not avail-
able, and thus the work [27] does not provide any results in the case
n=1ande>1.

But Chern and Vaaler in [7] proved an asymptotic formula for the
number of monic polynomials in Z[X] of given degree and bounded
Mabhler measure. Theorem 6 of [7] immediately implies the following
result

NK@@@JOzQﬂJ+O@ﬁ*»

for some explicitly given positive real constant C..

Analogously, one can try to estimate N(O(1,€),H) by counting
monic irreducible polynomials of degree e in O[X], that take bounded
value under some function associated to the height of the roots. This is
similar to the strategy of [16], in which the asymptotics for N (k(1,e), H)
is derived from an estimate for the number of monic irreducible polyno-
mials f of degree e in k[X| with My(f) < H, where M is some function
k[X] — [0, 00) related to the Mahler Measure. Using this approach it
is possible to find an asymptotic formula for N(Ok(1,¢e), H).

For positive rational integers e we define

Y M 921 e—2l €M
o e (i) s

=1

with M = [$1], and

(5) C(Qe = 7Te 5 -

And, finally, let

2q+1286 q
O = ———=Ch Ci
q! (\/ |Ak’|>
where m = [k : Q], r is the number of real embeddings of k, s the

number of pairs of complex conjugate embeddings, ¢ = r + s — 1, and
A denotes the discriminant of k.

For non-negative real functions f(X),g(X),h(X) and X, € R, we
write f(X) = g(X)+ O(h(X)) as X > X, tends to infinity, if there is
Cy such that |f(X) — g(X)| < Coh(X) for all X > X,.

THEOREM 4 ([3], Theorem 1.1). Let e be a positive integer, and
let k be a number field of degree m over Q. Then, as H > 2 tends to
infinity, we have

N(O(1,e), H) = CLOH™ (log H)"*

Jo(mmt s, gz,
O (Heme=1 L) | ifq=0,
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where L = logH if (m,e) = (1,2) and 1 otherwise. The implicit
constant in the error term depends only on m and e.

Let us mention two simple examples. The number of algebraic
integers o quadratic over Q(v/2) with H (o) < H is

32H®log H + O(H®).
In case e = 3, we have
108v2H ¥ log H + O(H'®)

algebraic integers a cubic over Q(v/2) with H(a) < H.
As mentioned above, the problem translates to counting the mini-
mal polynomials over k of the elements of O (1, e). We define a function

MF: k[X] — [0,00)
fooe IIE M(ai(f) ™,

where the o; are the embeddings of k into C, acting on the coefficients

of f, indexed in the usual way, i.e., o1, ..., 0, are the real embeddings
and 0,41, ...,0,42s are the complex ones, with o,,; = 7,144, for j =
1,...,s. Moreover,dy =---=d,=1land d,y; =--- =d,rs = 2.

One can prove that, if & € Ok(1,e) and f is its minimal polynomial
over k, then H(a)® = MF¥(f). Therefore, if M*(e, ) is the the set
of monic irreducible f € Oy[X] of degree e and M*(f) < H, we have
N (Ok(l,e),H) =€ ka(e,He)‘. Now, after showing that the number
of reducible polynomials is negligible, the problem finally translates to

counting points of the lattice consisting of the embedding of (O)" into
R™ inside

(6) Z(T):{(wl,...,mm) (R™)" x (R*)° HM1 x;)? }

where M;(x) is the Mahler measure of the monic polynomial with
the entries of @ as coefficients. Note that the set S(7") defined in (1)
coincides with Z(T) if n =1, r =3 and s = 0.

Using results from [7] it is possible to calculate the volume of Z(T')
which has order T"(log T)"**~!.  Whereas the diameter of Z(T') has
order T and, just as before for (1), a direct application of the Lipschitz
counting method or of the counting theorem in [23] yields an error term
of order T(r+2s)- " if r = 0, exceeding the main
term, unless r +s =1 or (n,r,s) = (1, 2,0).

On the other hand, one can prove that V;(Z(T)) < T"(log T)" ™72
Therefore, Theorem 3 gives the desired estimate, provided the family
Z, with fibers Z(T), is definable in an o-minimal structure. This is
ensured by the fact that Z is a semialgebraic family because the Mahler
measure is actually a semialgebraic function.
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It should be mentioned that the method developed in [27], which in-
vokes the Lipschitz principle, can probably be used to establish precise
estimates for the number of lattice points in (6), provided the lattice
satisfies a certain gap principle, cf. [27], Theorem 4.1. Indeed, the em-
bedding of (Of)™ satisfies the required gap principle , but the method
in [27] is rather technical and complicated. Thanks to Theorem 3 we
have a simpler and more straightforward approach, although to the
expense of getting a larger error term.

Note that the error term in the asymptotic formula of Theorem 4
depends only on e and the degree of k and not on the field itself. This
is possible because of the completely explicit dependence on the lattice
of the error term in Theorem 3.

Besides the work of Widmer [27] and Theorem 4, we are not aware
of any result that deals with other choices of (n, e), therefore, the gen-
eral problem of estimating N (O (n,e), H) remains open and not even
the correct order of magnitude is known.

A further natural problem that can be investigated is to some-
how generalize Theorem 4 in the direction of rings of S-integers. One
naturally tries to apply the same method as before, i.e., count monic
irreducible polynomials of fixed degree in Og[X]. Unfortunately, the
image of Og in R via the usual embedding is not a lattice, since it
is dense, and thus the result cannot be obtained by a straightforward
generalization of the strategy explained above. Nevertheless, it is pos-
sible to overcome these difficulties and finally obtain the desired result,
which we are going to state after introducing some notation.

As before, fix a number field £ of degree m over Q. Let S be a
finite set of places of k containing the archimedean ones. Let Og be
the ring of S-integers of k. Fix an algebraic closure k of k and let S
be the set of places of k that lie above the places in S. Let Oz be the
ring of S-integers of k. Given n and e positive integers, we put

Os(n,e) =k(n,e)N 0% = {a € OF : [k(a) : k] = e} .

Let S, be the set of archimedean places in S. If we choose S = S,
then Og = Oy and clearly Og(n,e) = Ok(n,e).

Now, let Sk, be the set of non-archimedean places of S. Suppose
that v € S, corresponds to the prime ideal p, of O. Recall that 9(p,)
is the norm of p,. We indicate by D(S) the |Sk,|-tuple consisting of
the norms of the p,, for v € Sg,. Let n be a positive integer, we put

nr+5712snm|5|71
k

*7 (IsI- (M)nvensﬁn (e (1 7))
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As usual, the empty product is understood to be 1. Moreover, recall
the definitions (4) and (5) of Cg, and C¢ . and set

Ciig = ePICy C2 By

THEOREM 5 ([2], Theorem 1.2). Let e be a positive integer and let
k be a number field of degree m over Q. Moreover, let S be a finite set
of places of k containing the archimedean ones. Then, as H > 2 tends
to infinity,

N(Os(1,e), 1) = CLUH™ (log H)*I™

0 (%m (10g7-l)|5|_2> . iflS| > 1,
O (Helme=v L) | i1 =1,

where L = logH if (m,e) = (1,2) and 1 otherwise. The implicit
constant in the error term depends on m, e and D(S).

Note that, for S consisting of the archimedean places only, this is
nothing but Theorem 4.

Theorem 5 is actually obtained from a more general result ([2],
Theorem 3.1) that gives an estimate for the cardinality of O%(#), the
set of points @ € O% with Hy(1,a) < H, where Hy is some height
function on k™.

The proof of this more general result relies again on Theorem 3
but it is not a straightforward application of it because, as mentioned
above, Qg is not a lattice in R™. To overcome this problem one notices
that any S-integer is contained in a non-zero fractional ideal of the form
[1.c sq., Pu %", for some non-negative integers g, and that the embedding
of a non-zero fractional ideal is a lattice in R™. One is therefore reduced
to estimate the number of points of a lattice defined by some fractional
ideal inside certain sets whose definition is similar to the one of Z(T)
in (6). This can be done using Theorem 3. Combining these estimates
together and using the Mobius inversion formula, one manages to prove
Theorem 3.1 of [2] and thus to derive Theorem 5.

At this point the importance of the shape of the error term of
Theorem 3 should be mentioned. In fact, that explicit dependence on
the lattice is essential for the combination of the estimates for different
fractional ideals.

As another corollary of Theorem 3.1 of [2], one can prove the fol-
lowing.

THEOREM 6 ([2], Theorem 1.1). Let n be a positive integer and let
k be a number field of degree m over Q. Moreover, let S be a finite set
of places of k containing the archimedean ones. Then, as H > 2 tends
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to infinity,
N(Os(n,1),H) = (2'7%)" By'yH™ (log H)* ™

Jo (Hmn (10g7-[)|s|_2) i8] > 1,
O (1), if 5] = 1.
The implicit constant in the error term depends on m, n and N(S).

Note that this is a generalization of the case e = 1 in (3), although
with one explicit term only.

Finally, let us mention a few simple examples for both theorems.
Fix a prime number p. One can see, as an easy exercise and as a special

case of both theorems, that the number of elements of Z [zl?] of height
at most H is
2

logp
Now, let d be a square-free positive integer with d = 3 mod 4. Con-
sider k = Q[\/a] and set S to consist of the place corresponding to

the prime ideal (2, 1+ v/d), in addition to the two archimedean places.
Then

(1 _ %) Hlog H + O(H).

2n(2™ — 1
N(Og(n,1),H) = d(gl—og2>

Now consider k£ = Q again and suppose the non-archimedean places in
S are associated to the primes 2 and 3. Then

B 32
~ 3log2log3

We conclude this introduction with a summary of the four papers
that constitute this thesis.

H> (logH)* + O (H*"log H) .

N(Os(1,2),H) H* (logH)* + O (H'logH) .

Counting lattice points and o-minimal structures

The article [5] constitute the first chapter of this thesis. This joint
work with Martin Widmer has been accepted for publication by Inter-
national Mathematics Research Notices and appeared online.

Counting algebraic integers of fixed degree and bounded
height
The second chapter consists of [3], which is currently under review
by a journal.
Algebraic S-integers of fixed degree and bounded height

The article [2] is the third chapter. This is a preprint and is soon
going to be submitted to a journal.
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Additive unit representations in global fields - A survey

Although quite unrelated to the other papers, the survey article
[4] is included in this thesis as an appendix, since it has been written
during my Ph.D. studies. This is joint work with Christopher Frei and
Robert Tichy and offers an overview on the unit sum number problem.
Special attention is given to rings of integers of algebraic number fields
and matrix rings. This article is published in Publicationes Mathemat-
1cae Debrecen.
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COUNTING LATTICE POINTS AND O-MINIMAL
STRUCTURES

FABRIZIO BARROERO AND MARTIN WIDMER

ABSTRACT. Let A be a lattice in R”, and let Z C R™T™ be a
definable family in an o-minimal structure over R. We give sharp
estimates for the number of lattice points in the fibers Zp = {z €
R™: (T,z) € Z}. Along the way we show that for any subspace
> C R"™ of dimension j > 0 the j-volume of the orthogonal projec-
tion of Z to X is, up to a constant depending only on the family Z,
bounded by the maximal j-dimensional volume of the orthogonal
projections to the j-dimensional coordinate subspaces.

1. INTRODUCTION

Let A be a lattice in R”, and let Z be a subset of R™*". We consider
Z as a parameterized family of subsets Zr = {x C R" : (T, z) € Z}
of R™. One is often led to the problem of estimating the cardinality
|AN Zr| as the parameter T" ranges over an infinite set. According to a
general principle one would expect that, if the sets Z are reasonably
shaped, a good estimate for |A N Zr| is given by Vol(Zr)/det A. The
situation is relatively easy if Zr = T'Z; for some fixed subset Z; of
R" and as T' € R tends to infinity.! However, in many situations the
family Z is more complicated, and typically described by inequalities
such as

(1.1)
fl(Tl,...,Tm,Il,...,In) §O,...,fN(Tl,...,Tm,xl,...,xn) SO,

where the f; are certain real valued functions on R™*" e.g., polyno-
mials. Using the language of o-minimal structures from model theory
we prove for fairly general families Z an estimate for |A N Zr|, which is

2010 Mathematics Subject Classification. Primary 11H06, 03C98, 03C64; Sec-
ondary 11P21, 28A75, 52C07.

Key words and phrases. Lattice points, counting, o-minimal structure, volumes
of projections, computational geometry.
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M. Widmer was supported in part by the Austrian Science Foundation (FWF)
project M1222-N13 and ERC-Grant No. 267273.

"However, even if Zp = T'Z; is compact it is not necessarily true that [ANZy| =
Vol(Z1)T™/det A + O(T"™1), e.g., take A = Z", and Z; = {0,271,272273 .. .} x
[0,1]"~ . The latter is a counterexample to the claim in the first paragraph of [7].

1
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quite precise in terms of the geometry of the sets Zr, and the geometry
of the lattice A.

A classical result, although restricted to A = Z", was proven by
Davenport [7, Theorem].

Theorem 1.1 (Davenport). Let n be a positive integer, and let Zr be
a compact set in R™ that satisfies the following conditions.

(1) Any line parallel to one of the n coordinate axes intersects Zr
in a set of points, which, if not empty, consists of at most h
intervals.

(2) The same is true (with j in place of n) for any of the j dimen-
stonal regions obtained by orthogonally projecting Zr on one of
the coordinate spaces defined by equating a selection of n — j of
the coordinates to zero, and this condition is satisfied for all j
from 1 ton —1.

Then

n—1
120 NZ"| = Nol(Zr)| <> W IV;(Zr),

J=0

where V;(Zr) is the sum of the j-dimensional volumes of the orthogonal
projections of Zp on the various coordinate spaces obtained by equating
any n — j coordinates to zero, and Vo(Zr) =1 by convention.

A drawback of Davenport’s theorem is that the conditions (1) and
(2) are often difficult to verify. Various authors have given similar
estimates for general lattices with simpler, possibly milder, conditions
on the set; see [33] for a discussion on that. Classical results are known
for homogeneously expanding sets whose boundary is parameterizable
by certain Lipschitz maps, see, e.g., [17, Theorem 5.1, Chap. 3|, or [28,
Theorem]| for a refined version. Masser and Vaaler [18, Lemma 2] gave
a counting result for sets satisfying the above Lipschitz condition but
which are not necessarily homogeneously expanding, and moreover, the
dependence on the lattice was made explicit. Masser and Vaaler’s result
was refined by the second author [31, Theorem 5.4] to get a sharp error
term (for balls such sharp estimates have been obtained by Schmidt in
[26, Lemma 2]). However, all these results for general lattices have one
drawback in common: usually, a direct application yields nontrivial
estimates only if the volume is much larger than the diameter; e.g., if
T € R tends to infinity we usually require diam(Z7)""! = o(Vol(Zr)).
We shall illustrate this problem more explicitly after we have stated
our theorem.

Of course, Davenport’s theorem can easily be generalized to arbitrary
lattices. With a bit care, using standard results from Geometry of
Numbers, one gets the error term (ignoring a factor depending only on
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n)
n—1
VI Zr)
1.2 h(Zp)" 7 —L—=
(1.2) Z (Zr) Ao A
7=0
where Aq,...,\, are the successive minima of A (with respect to the

zero-centered unit ball), V/(Zr) is the supremum of the volumes of
the orthogonal projections of Zr to the j-dimensional linear subspaces,
and b’ is what we get instead of h when in Davenport’s conditions “line
parallel to one of the n coordinate axes” and “orthogonally projecting
Zr on one of the coordinate spaces defined by equating a selection of n—
j of the coordinates to zero” are replaced by “line” and “any projection
of Zr on any j-dimensional subspace”.

Now the quantity V/(Zr) is definitely not so nice to work with as
Vi(Zr). Moreover, proving the existence of uniform upper bounds
for W' (Zr) (i.e., independent of T') is often troublesome and awkward.
Therefore it would be nice to have some general but mild conditions
on the family Z that allow us to replace h'(Zr) by a uniform constant
cz and V;(Zr) by V;(Zr).

At this point it might be worthwhile to emphasize that even if the
sets Zp are simply given by a finite number of squares in R? we cannot
expect that V/(Zr) < ¢Vj(Zr) for some absolute constant ¢; consider
the sets C, x C, in [1, Example 2.67] for a simple counterexample.
The latter example indicates that such an inequality would require a
rather strong hypothesis on the family Z. Also, to handle k' we need
that the number of connected components of a projection of Zy when
intersected with a line is uniformly bounded.

The setting of o-minimal structures delivers exactly the required
topological properties, and therefore seems to be the natural frame-
work suitable for our problem. Furthermore, it provides a rich and
flexible structure, including many of the relevant examples.

We are using the notation of [9] and [7]. We write N = {1,2,3,...}
for the set of positive integers.

Definition 1.2. An o-minimal structure is a sequence S = (Sy)nen of
families of subsets in R™ such that for each n:

(1) S, is a boolean algebra of subsets of R™, that is, S, is a collection
of subsets of R, ) € S,,, and if A, B € S,, then also AUB € S,,,
and R\ A € S,,.

(2) IfA€S, thenRx A€ S, and AXR € S,41.

(3) {(x1,...,2n) ;=251 €S, for 1 <i<j<n.

(4) If m : R"* — R™ is the projection map on the first n coordinates
and A € S, then m(A) € S,,.

(5) {r} € Si for anyr € R and {(z,y) e R* : x <y} € S».
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(6) The only sets in Sy are the finite unions of intervals and points.
(“Interval” always means “open interval” with infinite endpoints
allowed.)

Following the usual convention, we say a set A is definable (in S) if
it lies in some S,,.

Next we give some important examples of o-minimal structures, fol-
lowing the presentation of Scanlon in [25]. For each n € N let F,, be a
collection of functions f : R™ — R that we call distinguished functions.
If gh : R* — R are built from the coordinate functions, constant
functions and distinguished functions by composition (provided it is
defined), then we say

{zr eR": g(x) < h(z)},
{z € R": g(z) = h(x)},

are atomic sets. Now let us consider the smallest family of sets in R”
(for various n) that contains all atomic sets, and is closed under finite
unions and complements, and images of the usual projection maps
7 : R"™ — R™ onto the first n coordinates. For the following choices
of F = J, F,, the resulting family consists precisely of the definable
sets in a particular o-minimal structure:

(1) F, alg = {polynomials defined over R},
(2) Fyan = Fag U {restricted analytic functions},
(3) F. exp = F,; U {the exponential function exp : R — R},

( ) an,exp Fan U Fexp
By a restricted analytic function we mean a function f : R” — R,
which is zero outside of [—1,1]", and is the restriction to [—1,1]" of a
function, which is real analytic on an open neighborhood of [—1, 1]™.

For the first example note that by the Tarski-Seidenberg theorem
every set in this family is a boolean combination of atomic sets, and
thus is semialgebraic. This implies (6) in Definition 1.2, and (1)-(5) are
clear. The o-minimality of example (2) is due to Denef and van den
Dries [8], while (3) is due to Wilkie [34]. Van den Dries and Miller [11]
proved the o-minimality of the fourth example.

From now on, and for the rest of the paper, we suppose that our
o-minimal structure S contains the semialgebraic sets. Recall that a
set A is definable if it lies in some S,,. For a set Z C R™™ we call

= {x € R": (T,z) € Z} a fiber of Z. From this viewpoint
it is natural to call Z a family. In particular, we call Z a definable
family if Z is a definable set. We write \; = A\;(A) for i =1,...,n for
the successive minima of A with respect to the zero-centered unit ball
By(1),ie., fori=1,...,n

Ai = inf{ X : By(\) N A contains ¢ linearly independent vectors}.
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Also recall that V;(Zr) is the sum of the j-dimensional volumes of
the orthogonal projections of Zp on every j-dimensional coordinate
subspace of R". We shall see that if Z is a definable family with
bounded fibers Zr then the j-dimensional volumes of the orthogonal
projections of Z7 on any j-dimensional coordinate subspace of R" exist
and are finite, and also the volume Vol(Zr) exists and is finite.

Theorem 1.3. Let m and n be positive integers, let Z C R™™™ be a
definable family, and suppose the fibers Zp are bounded. Then there
exists a constant c; € R, depending only on the family Z, such that

(Zr)
< ZAI

where for j = 0 the term in the sum is to be understood as 1.

Vol ZT

Zr A
|2z A= “det A

Up to the constant cz, our estimate is best—possible. To see this
we take A = \je1Z + -+ + \e,Z with 0 < Ay < -+ < A, and the
semialgebraic set Z, defined as the union of Z0) {( ) e R .
TzO,xE([OT]]x{O}”J—i—)\e])}takenoverj—l ,n—1>0.
Hence, for T > 0 we get

n—

VOI ZT

Zr N A
[Zr A= Tdet A

(AR R e

j:l p:]_

Next let us consider a simple application. Suppose we want to count
lattice points in the fibers Zr of the family Z as defined in (1.1) by the
2" polynomial functions f;(T,z) = [[; 27 — T?, where I runs over all
subsets of {1,2,...,n}, n > 2. This problem occurs if one counts alge-
braic integers in a totally real field k, and of bounded Weil height. Now
we have Vol(Zr) = 2"T'(logT)"' + O(T(log T)""?%), and moreover,
Vi(Zr) = O(T(log T)"~2). Obviously, our family Z is a semialgebraic
set. Applying Theorem 1.3 we get an asymptotic formula.

Now suppose we want to derive a similar statement from the counting
results in [18] or [31] ([17] cannot be applied as Z7 is not homogeneously
expanding). Then we require to parameterize the boundary of Zr by a
finite number of Lipschitz maps ¢ : [0,1]"~! — R". This can certainly
be done, even with a single map. But the diameter of Z; has size of
order T', and thus the Lipschitz constant L of this map is necessarily
of this size. This gives an error term of order 7"~ which exceeds the
“main term”, at least if n > 2. Possibly one can resolve this problem
by using many parameterizing maps instead of just one. But even in
this single case it is not obvious how to do this.

Now the aforementioned example of counting integers in k& of bounded
height is covered by more general and precise results in [32]. But in a
subsequent paper [2] the first author will apply Theorem 1.3 to deduce
the asymptotics of algebraic integers of bounded height and of fixed
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degree over a given number field k. The special case k = Q follows
from a result of Chern and Vaaler [6] but the general result appears to
be new.

In an ongoing project we give a more elaborate application of The-
orem 1.3, which, in conjunction with previous results of the second
author, might lead to some new instances of Manin’s conjecture on the
number of k-rational points of bounded height on the symmetric square
of P, where k is an arbitrary number field. The special case k = Q fol-
lows easily from a theorem of Schmidt [27, Theorem 4a], which in turn
follows from his results on the number of quadratic points of bounded
height [27, Theorem 3a] and Davenport’s theorem.

In recent times o-minimal structures have successfully been used for
problems in number theory. Using ideas that date back to a paper by
Bombieri and Pila [4], and were further developed in various articles of
Pila, Pila and Wilkie [23] gave upper bounds for the number of rational
points of bounded height on the transcendental part of definable sets.
These results in turn have been applied to problems in Diophantine
geometry (see [24], [22], [19], [20] and [16]). However, to the best of
the authors’ knowledge, o-minimal structures have not been used so
far to establish asymptotic counting results.

The paper is organized as follows. In Section 2 we use Geometry of
Numbers, and follow arguments of Thunder [29] to generalize Daven-
port’s theorem to arbitrary lattices with an error term as in (1.2). In
Section 3 we collect some basic facts about o-minimal structures, as
well as some deeper results like the cell-decomposition Theorem, the
Reparametrization Lemma (originally due to Yomdin [36], [35], and
Gromov [15, p.232], and refined by Pila and Wilkie [23]), and the exis-
tence of definable Skolem functions. Then, in Section 4, we use the fact
that there are uniform upper bounds for the number of connected com-
ponents of fibers of definable sets, to establish a uniform upper bound
for our quantity A’. In Section 6 we establish a geometric inequality
that allows us to substitute V/(Zr) of (1.2) with V;(Zr).

This is the core argument of the paper, and the strategy is, roughly
speaking, as follows. For each 1 < j < n — 1 and any j-dimensional
subspace Y we construct a j-dimensional definable subset of Z; that
projects to ¥ with maximal volume. Locally, the volume of the pro-
jection onto ¥ can be bounded by the sum of the volumes of the pro-
jections onto the j-dimensional coordinate spaces, so globally we only
have to worry about these projections being non-injective. However,
o-minimality provides a bound for the number of pre-images for each
such projection, which is uniform in 7" and ¥, and this is sufficient.

To carry out the aforementioned strategy we require some concepts
and results from geometric measure theory such as rectifiability and
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Hausdorff measure/dimension, which we derive and recall in Section
5. The Reparametrization Lemma implies the required rectifiability
assumptions for bounded definable sets. Finally, in Section 7 we put
all together to prove Theorem 1.3.

Some of the potential users of our theorem may not be familiar with
o-minimality. Therefore, we have given definitions, and proofs or ref-
erences, even for the most basic concepts, and results. For the same
reason we also have restricted ourselves to the set-theoretic language
instead of the model-theoretic approach, although the latter often leads
to simpler and quicker proofs.

2. GEOMETRY OF NUMBERS

By [5, Lemma 8 p.135] there exists a basis vy, ..., v, of the lattice A
such that |v;| < i\ for i =1,...,n. We let U be the automorphism of
R™ defined by ¥(v;) = e;, where e; = (1,0,...,0),...,e, = (0,...,0,1)
is the standard basis of R". Hence, we have W(A) = Z".

Lemma 2.1. Let D C R" be a compact set such that V(D) satisfies
the hypothesis (1) and (2) of Theorem 1.1. Then

Vol(
DNA n=a
DAA- th\Zhv D)),

Proof. Clearly, we have
IDAA| = |W(D) Nz,
and Vol(¥(D)) = | det ¥|Vol(D). The inverse of ¥ corresponds to the

matrix with columns vy, ...,v,, and therefore |det ¥|™! = det A. As
D is compact also ¥(D) is compact. Applying Theorem 1.1 yields the
claim. O

In the next two lemmas we simply reproduce arguments of Thunder
from [29] to obtain an error term as anticipated in (1.2).

Let 1 < j <n—1,let I be any subset of {1,...,n} of cardinality
4, and let I be its complement. Let ¥; and A; be respectively the
subspace of R™ and the sublattice of v1Z + - - - + v,,Z generated by the
vectors v;, © € I. For any set D C R" we define

D' ={zx €% :x+yec D for someyc ¥;}.
This is nothing but the projection of D to ¥; with respect to 7.

Lemma 2.2. Suppose D C R" is compact. Then, for every j =
1,....n—1,

vy < 3 2 5B
=3

where Bj is the volume of the j-dimensional unit-ball.
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Proof. The orthogonal projection of ¥(D) to the coordinate subspace
spanned by e;, ¢ € I for some choice of I, corresponds to the projection
D' of D to X; with respect to X7. Therefore we have that
Vol; (D7)
V;(¥(D) =Yy ——~.
3 (W(D)) Z doths
[7]=j

As N(A) > A for 1 < i < j we deduce from Minkowski’s second
theorem

B.
detA[ 2 2—5)\1 cee )\j,
and this proves the lemma. O

Definition 2.3. Suppose D C R" is compact, and suppose 0 < j < n.
We define Vi (D) to be the supremum of the volumes of the orthogonal
projections of D to any j-dimensional linear subspace of R™, and we
set V§(D) = 1.

Lemma 2.4. Suppose D C R" is compact. Then foranyj=1,...,n
1and any I C{1,...,n} with |I| = j there exists a constant ¢ = c(n, j)
such that
Vol; (D) < ¢eVj(D).
Proof. Let v} be the vectors defined by
’ Ul/\"’/\vi—l/\vi—i-l/\"‘/\Un vl/\~~~/\vi_1/\vi+1/\---/\vn

(— =
! |og A - Ay detA

Now let ETL be the linear subspace generated by v, ¢ € I (and thus

orthogonal to ¥7). Let DI be the orthogonal projection of D on ETL.
This means

={z €7 :z+ye€ D for some y € X7} .
There exists a linear transformation ¢ between ¥; and ETL that maps a
point of ; to its orthogonal projection on ETL. Note that p(D!) C D!
because, for every x € DI, x = 2z + y for some z € D and y € Y7, and
o(z) = z+ 3 for some y' € 37, and thus ¢(z) = 2+ (y + ') € DL
Moreover, ¢ is an injective map. Indeed, suppose we had z,y € 3
with the same image, then z —y € X7 N X;, which means z = .

Therefore we can see ¢ as an automorphism of R7. We want to bound
the determinant of the inverse of . Let

Tr = Zaﬂ)i € E].
iel
Since z — ¢(x) € ¥ and by definition v, - v
iel, (x— (x))v—Oandal—xv—

2| < Z‘az |vi] <Z|‘P x

el i€l

= 0,q, We have, for every
x) - v.. Thus,

ol
)

| [vil v
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The condition |v;] < i);, the definition of v] and Minkowski’s second
Theorem imply that

/ ) Hp |Up| n' Hp )\p n'2n
|vil[vs] < < < -
detA detA B,

Thus,
nl2"
<
ol < 55l
and this implies
_ nl2n
I 1||0p <J B,
where || - ||, is the operator norm. Suppose ¢~ corresponds to the

matrix (ap,); _; then lo lop = max,, {|ay|}. By Hadamard’s in-

equality

p,q=1

|det (¢7") ﬁ (Z a,,q> " < <\/3|!w‘1|!op)j~

p:

Finally, since D! C ¢! (l/ﬁ>,

—~ 1on\ J —~
Vol; (D') < Vol (go_l (DI)) < (j?’/Q%) Vol, <D1>

3. O-MINIMAL STRUCTURES

In this section we state the basic properties used later on. Most of
the results are taken literally from [9].

We start with a list of simple facts that will be used in the sequel,
sometimes without explicitly referring to them.

Lemma 3.1.

i) A, BeS,=ANBeS,;

ii) A€ $,,B€S,, = AXBES,inm;

iii) A € Sp,1 <k <n= {(v1,...,%%,21,...,2,) : (21,...,2,) €
A} € Sk+n;

iv) A€ S,, o apermutation on n coordinates = cA € S,;

v) A€ S, = mc(A) €S, where C is a coordinate subspace in R"
and m¢ 1s the orthogonal projection to C;

vi) S € Spyn,a ER™ = S, ={zr eR": (a,z) € S} € S,.
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Proof. The statement i) is obvious from Definition 1.2. For i) we use
that A x B = AXxR™NR" x B. Now iii) follows easily. For iv) we
note that o A is the projection to the first n coordinates of the definable
set M_ {(u,z) € R" X A : u; = x53;)}. Then, v) follows immediately.
Finally, for vi) we note that S, = 7(S N {a} x R™), where 7 projects
to the last n coordinates. U

Recall that a subset X of R" is definable (in the o-minimal structure
S) if X € S,,. Also recall that our o-minimal structure S contains the
semialgebraic sets.

Definition 3.2. Suppose X C R" is definable then we say that f : X —
R™ is a definable function (inS) if its graph U'(f) = {(x, f(x)) : © € X}
is definable (in S). We say that f is bounded if its graph is a bounded

set.

Let ¢ be an endomorphism of R". Then we will identify ¢ with the
vector (¢(eq),...,p(e,)) € R, where eq, ..., e, is the standard basis
of R™. A set of the form

(3.1) {(wu&y)G]RM+%I:y=:w@ﬁ},

is defined by polynomial equalities, and hence is definable.
Now suppose X is a definable set, and let

C(X)={f:X —R: fis definable and continuous},

and

Coo(X) = C(X) U {—00,00}.
For f and g in Cop(X) we write f < g if f(x) < g(z) for all z € X. In
this case we put

(f;9)x ={(z,r) € X xR f(z) <r < g(x)}.

It is not difficult to see that (f, g)x is a definable subset of R"*! e.g.,
(—00, g)x is a projection of the definable set {(z, z,y,2) € T'(g) x R?:
y < z}.

We now come to the definition of cells which are particularly simple
definable sets.

Definition 3.3. Let (iy,...,4,) be a sequence of zeros and ones of
length n. A (i1,...,i,)-cell is a definable subset of R™ obtained by
induction on n as follows:
(1) A (0)-cellis a one-element set {r} C R, a (1)-cell is a nonempty
interval (a,b) C R.
(2) Suppose (i1, ... ,1i,)-cells are already defined; then a (i, ..., iy,
0)-cell is the graph I'(f) of a function f € C(X), where X is
a (i1,...,0n)-cell; further, a (i1,...,i,,1)-cell is a set (f,q)x,
where X is a (iy, ..., i,)-cell and f,g € Coo(X) with f < g.
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A cell in R™ is an (iy,...,i,)-cell for some (necessarily unique) se-
quence (i1, ..., 1p).

Lemma 3.4. Fach cell is connected in the usual topological sense.

Proof. This follows from [9, Exercise 7, p.59] combined with [9, Ch.3,
(2.9) Proposition]. O

We need another definition.

Definition 3.5. A decomposition of R"™ is a special kind of partition
into finitely many cells. Again the definition is by induction on n:
(1) a decomposition of R is a collection

{<_007 a’l)u (0’17 a2)7 ER (aka OO)? {a1}7 R {ak}}7
where a; < --- < ay are points in R.
(2) a decomposition of R"™ is a finite partition of R™™! into cells A
such that the set of projections w(A) is a decomposition of R". (Here
7 R™ — R™ is the usual projection map on the first n coordinates.)

A decomposition D of R™ is said to partition a set S C R" if each
cell in D is either part of S or disjoint from S. We can now state
the following theorem, which is a special case of the cell decomposition

theorem ([9, Ch.3, (2.11)] or [12, 4.2]).

Theorem 3.6. Given a definable set S C R™ there is a decomposition
of R™ partitioning S.

Proof. This follows immediately from (I,,) in [9, Ch.3, (2.11)]. O
We recall the definition of dimension of a definable set from [9, Ch.4].

Definition 3.7. Let S C R" be nonempty and definable. The dimen-
sion of S is defined as

dim S = max{i; + - +1, : S contains an (i1, ..., i,) — cell}.
To the empty set we assign the dimension —oo.

Note that a definable set of dimension zero is a finite collection of
points. Next we collect some basic facts about definable functions.
These will be used in the sequel, sometimes without further mention.

Lemma 3.8. Suppose f : A — B is a definable function and suppose
C' is a nonempty definable subset of A. Then

i) A and f(A) are definable;

i) The restriction f |c: C' — B is definable;

i) If f is bijective then f~': B — A is definable;

iv) If f is bijective then dim A = dim B.
Proof. The claim i) follows immediately from the definition, similarly
i1) by noting that I'(f |¢) = I'(f) N (C x f(A)), and 4ii) is obvious.
For iv) we refer to [9, Ch.4, (1.3) Proposition (ii)], O
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Definition 3.9. Let S C R" be a definable set of dimension d > 0.
Let P be a finite set of definable functions ¢ : (0,1) — S such that
Ugep @ ((0,1)%) = S. We call P a parametrization of S. Let o € (NU

{0}1)? be a multi index write |a| =" oy and, for ¢ = (¢1,...,¢,) € P,
p) — ( 0l O1n ) .

aalxl...ﬁadxd’ ’aalxl...aadmd

We call P a p-parametrization if every ¢ € P is of class CP) and has
the property that ) is bounded for each o € (NU {0})¢ with |a| < p.

Theorem 3.10 (Pila, Wilkie). For any p € N, and any bounded de-
finable set S of positive dimension, there exists a p-parametrization of

S.
Proof. This is a special case of [23, Theorem 2.3]. O

Let D C R™ be nonempty. We say f : D — R™ is a Lipschitz map
if there exists a real constant L such that

|f(xz) — f(y)] < L|lz —y| for all x,y € D.

Corollary 3.11. Let S C R™ be bounded and definable, and suppose
dim S =d > 0. Then S can be parameterized by a finite number of
Lipschitz maps ¢ : (0,1)¢ — S.

Proof. By Theorem 3.10 any bounded definable set S of dimension d
can be parameterized by a finite number of maps ¢ : (0,1)? — S with
uniformly bounded partial derivatives. This implies the claim (see also
9, Ch.7, (2.8) Lemmal]). O

Proposition 3.12. [9, Ch.3, (3.5) Proposition| Let 7 : R™™" — R™
be the projection on the first m coordinates. If C' is a cell in R™" and
a € n(C), then C, is a cell in R™. Moreover, if D is a decomposition
of R™™ and a € R™ then the collection

D, ={C,:Ce€D,acn(C)}
1s a decomposition of R™.

Corollary 3.13. Let S C R™™ be a definable family. Then there
exists a number Mg € N such that for each a € R™ the set S, C R"
can be partitioned into at most Mg cells. In particular, each fiber S,
has at most Mg connected components.

Proof. By the cell decomposition theorem there exists a decomposition
D of R™*™ partitioning S. Then for each a € R™ the decomposition
D, of R™ consists of at most |D| cells and partitions S,. So we can take
Mg = |D|. The last statement follows from Lemma 3.4. O

Another important property of o-minimal structures is the possibil-
ity of “lifting” projections. In model-theoretic terms this might be
rephrased as existence of definable Skolem functions.
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Proposition 3.14. [9, Ch.6, (1.2) Proposition] If S C R™™ is defin-
able and 7 : R™t™ — R™ is the projection on the first m coordinates,
then there is a definable map f : w(S) — R™ such that I'(f) C S.

The proof of [9, Ch.6, (1.2) Proposition] actually shows that there is
an algorithmic way to construct the Skolem function f. The construc-
tion of f is of no importance for us but we will use the fact that this
choice of f is determined by S and .

We write cl(A) and int(A) for the the topological closure and the
interior of the set A respectively. Also recall that bd(A) denotes the
topological boundary of A.

Lemma 3.15. Suppose Z C R™" is definable. Then {(T,x) : x €
int(Z7)}, {(T,x) : @ € l(Zr)}, and {(T,z) : x € bd(Z7)} are defin-
able.

Proof. The first statement is [9, Ch.1, (3.7) Exercise (ii)]. For the
second set note that = € cl(Zr) is equivalent to z ¢ int(R™\ Zr), and,
moreover, R"\Zy = (R™*™\Z)r. Hence, {(T,z) : © € cl(Zy)} =
R™ "\ {(T,x) : x € int((R™™\Z)r)}, which is definable by our first
statement. Finally, as {(T,z) : € bd(Zr)} = {(T,z) : v € cl(Z7)} \
{(T,z) : x € int(Z7)} we get the last statement. O

4. THE DAVENPORT CONSTANT

If D C R™ satisfies the conditions (1) and (2) in Theorem 1.1 then
we say h is a Davenport constant for D. Of course, this has nothing to
do with the classical Davenport constant of a finite abelian group.

Lemma 4.1. Let Z C R™™ be a definable family. There exists a
natural number M = My, depending only on Z, such that for every T €
R™ and every endomorphism W of R™ the number M is a Davenport
constant for U(Zr).

Proof. Let I be a nonempty subset of {1,...,n} and let m¢, be the
orthogonal projection of R” on the coordinate subspace C; generated
by the e;, i € I. Recall the notation of (3.1) in Section 3 and let W be
the set

(4.1) W= {(\11, T,z) € R™+m+n . 4 ¢ \II(ZT)} .

Note that, up to a coordinate permutation, W is the projection to the
first n? + m + n coordinates of the definable set

{(\11, z,T,y) € R™+m+mn . ¢ — \Il(y)} N (R"2+” X Z> .

By Lemma 3.1 and the fact that semialgebraic sets are definable, this
is a definable set. Moreover, note that

Wear = U(Zr).
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Let us set some notation we need. We indicate by 7, the endomor-
phism of R***"+" defined by (¥, T,z) — (¥, T, 7¢,(x)). A line in C;
parallel to e;, is determined by |I| — 1 reals and therefore we indicate

it by (li)ien fio}-
Let I C {1,...,n} be nonempty and iy € I, we consider the sets

BI,(iO) = {((li)iel\{io}a \DaTv $) € Rm*l X Rn2+m+n :

(U, T,2) € (W), I = a; for i € 1\{@0}} .

Again by elementary properties mentioned in Section 3, these are defin-

able sets . A fiber B(( 1), ZI, )18 exactly the intersection of 7¢ (W) w.ry) =

e, (Wew,ry) = 7e, (¥(Zr)) and the line (I;)icn (i} parallel to e;, in the
subspace Cf.
Now we use Corollary 3.13 to find a uniform bound M%) for the

number of connected components of the fibers B((lz)o 31, ) of B0 This

means that M50 is a bound on the number of connected components
of the intersection of ¢, (¥(Z7)) with any line of C7 parallel to e;,, for
any choice of ¥ and T'. Finally, we can take M to be the maximum of
the M1:(0) for all the possible choices of I and ig € 1. O

5. HAUSDORFF MEASURE AND RECTIFIABILITY

We also require the j-Hausdorff measure H?. For the definition and
properties of the Hausdorff measure we refer to [14] or [21].

Lemma 5.1. Suppose 1 < j7 < n, A C R" and suppose A is j-
Hausdorff measurable. Furthermore, let ¢ : R® — R"™ be an endomor-
phism. Then H (p(A)) < |l¢ll2,H?(A). Moreover, if p is an orthogonal
projection we have H (p(A)) < HI(A). If ¢ is in the orthogonal group
O, (R) then we have H? (p(A)) = HI(A).

Proof. The first claim follows from [13, 2.4.1 Theorem 1]. If ¢ is in
O,(R) or if ¢ is an orthogonal projection then [|¢|,, = 1. If ¢ €
O,(R) then also p~! € O,(R), and we apply the previous with p~!
and p(A). O

Proposition 5.2. Suppose A C R" is nonempty and definable. Then
dim A coincides with the Hausdorff dimension. Moreover, if dim A = d
and A is bounded, then A is j-Hausdorff measurable for every j with
d < j <n. Finally, HY(A) < co and HI(A) =0 for j > d.

Proof. See [10, last paragraph on p.177]. The last claim follows from
the definition of Hausdorff dimension. O

It is well known that on R"™ the n-Hausdorff measure coincides with
the Lebesgue measure (see [21, 2.8. Corollary]). This, together with
Proposition 5.2, implies that a definable set in R™ of dimension < n has
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volume zero. Also recall that any bounded set that is open or closed is
measurable and has finite volume.

Lemma 5.3. Let A C R™ be a bounded definable set. Then, Vol(bd(A))
= 0. In particular, A is measurable and Vol(int(A)) = Vol(4) =
Vol(cl(A)).

Proof. By [9, Ch.4, (1.10) Corollary] we have dim bd(A) < n. This,
combined with the previous observation yields Vol(bd(A)) = 0. O

Berarducci and Otero [3] have proven measurability results for more
general o-minimal structures expanding a field, not necessarily R. E.g.,
[3, 2.5 Theorem] implies that any bounded definable set is measurable.

Lemma 5.4. Let Z C R™™ be a definable family and suppose the
fibers Zp are bounded. Then for 1 < j < n — 1 the j-dimensional
volumes of the orthogonal projections of Zr on every j-dimensional
coordinate subspace of R™ exist and are finite. Moreover, we have

Vi(Zr) = Vj(cl(Zr)).

Proof. Let C be a coordinate space of dimension j, and let m¢ be
the orthogonal projection from R™ to C. Recall that the Lebesgue
measure on C' is denoted by Vol;. Using the continuity of 7o we get
mo(cl(Zr)) = cl(me(Zr)). In particular, o (cl(Z7)) is measurable, and
Vol,(me(cl(Zr))) = Volj(cl(re(Zr))). Next we apply Lemma 5.3 with
A = wo(Zr) in the coordinate space C' to get Vol;(cl(me(Zr))) =
Vol (mc(Zr)), and this proves the claim. O

Next we recall the definition of j-rectifiability from [14, Ch.3, 3.2.14].

Definition 5.5. Let A C R" and let j be a positive integer. We say A is
j-rectifiable if there exists a Lipschitz function mapping some bounded
subset of RY onto A. Moreover, A is (H7,j)-rectifiable if there ex-
ist countably many j-rectifiable sets whose union is H’-almost A and

HI(A) < o0.

Proposition 5.6. Let A C R"™ be bounded and definable, and suppose
dim A = d > 0. Then A is (H’,j)-rectifiable for every j such that
d<j<n.

Proof. By Corollary 3.11 we can cover A by the images of finitely many
Lipschitz maps ¢ : (0,1)¢ — R™ whose domain can clearly be extended
to (0,1)7 for every j = d +1,...,n without loosing the Lipschitz con-
dition. The finiteness of H7(A) comes from Proposition 5.2. O

We fix an integer j € {1,...,n — 1}. Let I be a subset of {1,...,n}
of cardinality j and let 7r; : R — RJ be the projection map such that
(21, ..., 1) = (2i)ier. For y € RI let

(5.1) N(rr | Ayy) =Nz € A:m(z) =y} =77 (y) N Al
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A priori, N(m; | A,y) could be infinite, even for every y € w;(A). The
following theorem ([14, 3.2.27 Theorem]) tells us that if A is (H7, j)-
rectifiable then we can integrate N (77 | A,y) and obtain a finite value.
Unless specified otherwise, the domain of integration is always R7.

Theorem 5.7. [14, 3.2.27 Theorem| If 1 < j7 < n, and if A is a
(H7, j)-rectifiable subset of R™, then
3
> a(A)? ] <HI(A) <) (A,
[1|=4 =3
where

ar(A) = / Ny | A,y)dlly.

To conclude this section we apply Theorem 5.7 to fibers of definable
families.

Lemma 5.8. Let S C RP™ be a definable family whose fibers S, C R"
are bounded and of dimension at most 7 > 1. Then there exists a real
constant Er = E(S) such that

Hj(sa) < Z EVol; (77 (Sa)),

[I|=j
for every a € RP.

Proof. If S = (), the claim is trivially true. For those a such that
S, = 0 or dim S, = 0 we have from Proposition 5.2 that H’ (S,) = 0,
and so in this case again the claim is trivially true. Therefore, we can
assume that dim S, > 0, and so we get from Proposition 5.6 that S, is
(H7, j)-rectifiable. Hence, we can apply Theorem 5.7, and we get

W) <Y [ Nm| 8oy

[T]=3

for every a € RP such that dim S, > 0. Therefore, we are left to
prove that for any I C {1,...,n} of cardinality j there exists a real

E; = E;(S) such that

/ N (1 | Ss ) ALy < EpVols (11 (S)).

for every a € RP.
Let R be the definable family

R={(a,y,x) R : (a,z) € S,y = ms(x)} .

Note that R, = 77 (y) N S,. Thus, for every (a,y) € RP* we have
N (71| Sasy) = |R(ay)|- Moreover, by Corollary 3.13 there is a uniform
upper bound E; for the number of connected components of the fibers
R4 In particular, if dim R,,) = 0 we get |R)| < EI.
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Now fix an @ € RP. The restriction 775, : Sq — R’ is a definable

map. Thus, by [9, Ch. 4, (1.6) Corollary (ii)], we obtain
P={yeR :dim (7;'(y)NS,) >1}
is definable, and, moreover,
dim P <dim S, —1<j—1.

Hence P has measure zero in R/. Let @ be its complement in 77(S,),
ie, Q=m(S.)\P={yem(S,):dim (7;7'(y) N S,) =0}. This set
is definable, and it is exactly the set of y such that R, ,) has dimension
zero. Therefore

/ N (71 | Suvy) ALy = / Ria|dL7y
Q

< / E;dL7y = E;Vol; (7 (S,)) -
Q

6. A GEOMETRIC INEQUALITY

In this section we are going to prove the following proposition. Recall
the definition of V}(-) from Definition 2.3, and also that cl(Z7) denotes
the topological closure of Z7.

Proposition 6.1. Let Z C R™™ be a definable family such that the
fibers Zp are bounded, and let 7 be an integer such that 0 < j <n —1.
Then there exists a constant By, depending only on the family and on
7, such that

Vicl(Zr)) < BzVj(Zr),
for every T' € R™.

If Z = or 7 =0 the inequality is trivially true. For the remainder
of this section we assume that Z is nonempty, and we fix an integer j
satisfying 1 < j <n —1. By Lemma 5.4 we have V;(Z7) = V;(cl(Z7)).
Hence, for the rest of this section we can and will also assume

CI(ZT) = ZT.
Let O,(R) be the orthogonal group. It embeds into R™ if we identify,
as already done before, a linear function ¢ with the image vector of

the standard basis. So O,(R) is a semialgebraic set, as it is defined by
polynomial equalities.

Lemma 6.2. There exists a definable set Z' C R™*T™ " depending
only on Z such that

(6.1) dim Z{, 7 < j,
and
(6.2) Zipm € Zr,
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for every (¢, T) € R+ and

(63) ‘/J/(ZT> S sup H] (chp,T)) )
WEOn(R)

for every T' € R™.
Proof. Let
S={(p.T,y) eR*T™ 1 p € On(R),y € p(Zr)}.
This set is nothing but the set W in (4.1) intersected with O,,(R) xR
and is therefore definable. Note that
(64) S(go,T) = (P(ZT),

for every (p,T) € On(R) x R™. Let 7 : R¥Htmin _ Re*+mti pe
the projection that cancels the last n — j coordinates. We use the fact
that o-minimal structures have definable Skolem functions (Proposition
3.14, see also the observation after Proposition 3.14). There exists an
explicit construction of a definable function

fim(S) CRVAH 5 R
such that the graph of f
D(f) = {6, T f(9. T, 2)) : (9T, 2) € (S)} € (S) x R,
is contained in S. Therefore
(65) F(f)(g&,T) g S(Lp,T)a
for every (¢, T) € R *™. Moreover, since 7(S) = w(I'(f)) we have
(6.6) T(S)pr) = 7(L(f)) 1),
for every (¢, T) € R"”*+™ The function
F: =n(S) — I'(f)
(0. T,2) = (T2 f(e,T,2))
is definable because its graph is the definable set
{(o. T, 2,0, T, 2, (0, T,2) : (¢, T,2) € m(S)} € w(S) x ().
Moreover, F' is a bijection with inverse mrs). Now fix any (¢, 7"), sup-
pose 7(S) () is nonempty, and consider the bijection g : 7(S) 1) —
I'(f) (1) defined by g(z) = (2, f(¢, T, 2)). Using the elementary prop-

erties we see that I'(g) is definable. Hence, by Lemma 3.8, we conclude
that

(6.7) dim 7(S)o.r) = dim T'(f) 1),

for every (p,T) € R™*+™. Note that 7(S)(,7) = 0 implies I'(f)(o1) =
0, and hence (6.7) remains true for 7(S) ) = 0.
Again by the elementary properties, the set

7' ={(p.T,2) R o € O,(R), plw) € (e }
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is definable. Note that
(6.8) ¢ (Ziomy) =T (e

for every (p,T) € O,(R) x R™. Moreover, if ¢ € R"\ O, (R), we have
Z(, 7y =0 and (6.1), (6.2) are satisfied.

Now fix (¢,T) € O,(R) x R™. As ¢ € O,(R) we can apply Lemma
3.8 to get

(69) dim Zé%T) = dim F(f)(%T).
By (6.4), (6.5) and (6.8) we have that

¢ (Zior)) = T(f)ea) € Sty = 9(Zr),

and this proves (6.2). Moreover, since 7(.5),r) € R? and by (6.7) and
(6.9), we have

j = dim w(S) () = dim Z{,, 7,

that is exactly (6.1).

We now prove the volume inequality (6.3). Let X be any j-dimen-
sional linear subspace of R". Fix an orthonormal basis {uy,...,u;} of
Y. Suppose ¢ is in O, (R) and such that ¢(u;) =e; fori =1,... 5. Let
7y, be the orthogonal projection map from R™ to X and 7 the projection
from R" to the coordinate subspace spanned by ey,...,e;. Note that
pomy and 7 o ¢ coincide on ¥ and their kernel is the orthogonal
complement ¥+, Hence, ¢ o sy = T 0 ¢. Recalling that H/ = Vol; on
¥ and ¢(X), and using (6.4) and Lemma 5.1, we obtain

Vol; (m;(Zr)) = Vol; (¢ (ms(Zr)))
= Vol; (7 (¢ (Zr))) = Vol; (7 (Sem))) -

Then
(6.10) V;’(ZT) = sup Vol;(ms(Zr)) < sup Vol, (% (S(%T))) )

Y »€0n(R)
Fix (p,T) € O,(R) x R™. Note that for any set A C R™ 7+ e
have 7@ (Am)) = {(z1,...,2;,0,...,0) : (¢, T,21,...,2,) € A} and
T(A) (o) = {(xl, cooxy) (@, T xq, ..., x,) € A}, The latter in con-

junction with (6.6) gives
7 (Semn) =7 (T(Nem) -
By this and Lemma 5.1 we get
(6.11) Vol (7 (Sem)) = H (7 (Seem))) < H (T(f)em)) -
Again by (6.8) and Lemma 5.1 we have
(6.12) M (F(f)(@,T)) =H (ZZ%T)) ’

for every (p,T) € O,(R) x R™. Combining (6.10), (6.11) and (6.12)
proves (6.3), and thereby completes the proof of Lemma 6.2. O



20 FABRIZIO BARROERO AND MARTIN WIDMER

As in Section 5, I indicates a nonempty proper subset of {1,...,n}
and 7 is the projection map such that m;(zq,...,2,) = (;)ier-

Applying Lemma 5.8 to the family Z’ we conclude that there exist
FE; such that

Z(WT ZE]VOI 7T] LpT)))

|T]=j

for every (o, T) € R"+™,
Let m¢, be the orthogonal projection map from R" to the coordinate
subspace C; spanned by e;, 7 € I. We have

Vo, (w1 (Z{,m))) = Vol (v, (Ziyir))) -
Therefore, recalling (6.2),

H (Z,m) < D BiVol; (ney (Zpm)) < B2V; (Zom) < B2Vi (1),

=4

where

By = max (n) max Fy.
i\j) 1
Finally, combining this with (6.3) from Lemma 6.2, completes the proof

of Proposition 6.1.

7. PROOF OF THEOREM 1.3

First we assume Z is such that Zp = cl(Zr) for all T. By assumption
the fibers Z; are also bounded, and so they are compact. Thanks
to Lemma 4.1 we can apply Lemma 2.1 with a Davenport constant
h = My depending only on Z. Then we use Lemmas 2.2, 2.4, and
Proposition 6.1 to bound V;(¥(Z7)), and this proves the estimate of
Theorem 1.3 when Zr = cl(Zr). From this special case of the theorem
we will deduce the general case.

To this end we first note that

IAN Zp| = [Ancl(Z7)]| < [ANbd(Z7)].

By Lemma 3.15 we see that C' = C(Z) = {(T,x) : x € cl(Zr)}
and B = B(Z) = {(T,x) : x € bd(Zr)} are definable. Clearly, Cr =
cl(Zr), and By = bd(Zr), and these sets are closed and bounded as the
sets Zr are bounded. Hence, we can apply our theorem with Z = C
and then with Z = B. For C' we obtain

Vol(cl(Zr)) < V;(cl(Z7))
ANel(Zy)| = — 2 <ee Y Tl
AN eiZo)l = —3ea RN~ APYRRPY

Note that the constant c¢c depends only on the family C', and thus only
on the family Z. Moreover, Vol(cl(Zr)) = Vol(Zr) by Lemma 5.3 and
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Vi(cl(Zr)) = V;(Zr) by Lemma 5.4. Using also Vol(bd(Z7)) = 0 by
Lemma 5.3, and bd(Z7) C cl(Zr), we get similarly that
Vi(Zr)

n—1
IANbA(Zp)| < cp S 2T
;Al- by

again with a constant cg depending only on the family Z. Combining
these estimates concludes the proof of Theorem 1.3 in the general case.

ACKNOWLEDGEMENTS

It is our pleasure to thank Alessandro Berarducci, Zoé Chatzidakis,
Marcello Mamino, and Vincenzo Mantova for answering many ques-
tions about o-minimal structures. We thank Francesco Ghiraldin for
pointing out the example [1, Example 2.67] mentioned in the intro-
duction, and Andrea Mondino for helpful discussions on rectifiability.
We also thank Robert Tichy, Johannes Wallner, and Umberto Zannier
for interesting discussions and encouragement. We are grateful to the
referees for providing valuable suggestions that simplified the proof of
Lemma 5.8 and improved the exposition of the paper. Parts of this
project have been done while the second author was visiting Graz Uni-
versity of Technology. He is grateful for the invitation and the financial
support. The first author would like to thank Centro de Giorgi for the
hospitality during his visit in Pisa.

REFERENCES

[1] L. Ambrosio, N. Fusco and D. Pallara, Functions of Bounded Variation and
Free Discontinuity Problems, Oxford University Press, 2000.

[2] F. Barroero, Counting algebraic integers of fized degree and bounded height,
submitted.

[3] A. Berarducci and M. Otero, An additive measure in o-minimal expansions of
fields, Quart. J. Math. 55 (2004), no. 4, 411-419.

[4] E. Bombieri and J. Pila, The number of integral points on arcs and ovals, Duke
Math. J. 59 (1989), no. 2, 337-357.

[5] J. W. S. Cassels, An Introduction to the Geometry of Numbers, Springer, 1997.

[6] S-J. Chern and J. D. Vaaler, The distribution of values of Mahler’s measure, J.
reine angew. Math. 540 (2001), 1-47.

[7] H. Davenport, On a principle of Lipschitz, J. London Math. Soc. 26 (1951),
179-183.

[8] J. Denef and L. van den Dries, p-adic and real subanalytic sets, Ann. of Math.
(2) 128 (1988), no. 1, 79-138.

[9] L. van den Dries, Tame Topology and O-minimal Structures, Cambridge Uni-
versity Press, 1998.

[10] L. van den Dries, Limit sets in o-minimal structures, Proceedings of the Real
Algebraic and Analytic Geometry Summer School Lisbon 2003: O-Minimal
Structures, Cuvillier Gottingen (2005), 172-215.

[11] L. van den Dries and C. Miller, On the real exponential field with restricted
analytic functions, Israel J. Math. 85 (1994), no. 1-3, 19-56.

[12] L. van den Dries and C. Miller, Geometric categories and o-minimal structures,
Duke Math. J. 84 (1993), no. 2, 497-540.



22 FABRIZIO BARROERO AND MARTIN WIDMER

[13] L. C. Evans and R. F. Gariepy, Measure Theory and Fine Properties of Func-
tions, Studies in Advanced Mathematics, CRC Press, Boca Raton, FL, 1992.

[14] H. Federer, Geometric Measure Theory, Die Grundlehren der mathematischen
Wissenschaften, Band 153, Springer-Verlag New York Inc., New York, 1969.

[15] M. Gromov, Entropy, homology and semialgebraic geometry, Séminaire Bour-
baki, Vol. 1985/86, exposé 663, Astérisque 145-146 (1987), 225-240.

[16] P. Habegger and J. Pila, Some unlikely intersections beyond André-Oort, Com-
pos. Math. 148 (2012), no. 1, 1-27.

[17] S. Lang, Fundamentals of Diophantine Geometry, Springer, 1983.

[18] D. Masser and J. D. Vaaler, Counting algebraic numbers with large height II,
Trans. Amer. Math. Soc. 359 (2007), no. 1, 427-445.

[19] D. Masser and U. Zannier, Torsion anomalous points and families of elliptic
curves, C. R. Math. Acad. Sci. Paris 346 (2008), no. 9-10, 491-494.

[20] D. Masser and U. Zannier, Torsion anomalous points and families of elliptic
curves, Amer. J. Math. 132 (2010), no. 6, 1677-1691.

[21] F. Morgan, Geometric Measure Theory. A Beginner’s Guide, Fourth ed., El-
sevier/Academic Press, Amsterdam, 2009.

[22] J. Pila, O-minimality and the André-Oort conjecture for C™, Ann. of Math.
(2) 173 (2011), no. 3, 1779-1840.

[23] J. Pila and A. J. Wilkie, The rational points of a definable set, Duke Math. J.
133 (2006), no. 3, 591-616.

[24] J. Pila and U. Zannier, Rational points in periodic analytic sets and the Manin-
Mumford conjecture, Atti Accad. Naz. Lincei Cl. Sci. Fis. Mat. Natur. Rend.
Lincei (9) Mat. Appl. 19 (2008), no. 2, 149-162.

[25] T. Scanlon, A proof of the André-Oort conjecture using mathematical logic
[after Pila, Wilkie and Zannier], Astérisque, Séminaire Bourbaki, Exposé 1037,
(2010-2011).

[26] W. M. Schmidt, Asymptotic formulae for point lattices of bounded determinant
and subspaces of bounded height, Duke Math. J. 35 (1968), 327-339.

[27] W. M. Schmidt, Northcott’s Theorem on heights II. The quadratic case, Acta
Arith. 70 (1995), no. 4, 343-375.

[28] P. G. Spain, Lipschitz: A new version of an old principle, Bull. London Math.
Soc. 27 (1995), no. 6, 565-566.

[29] J. L. Thunder, The number of solutions of Bounded Height to a System of
Linear Equations, J. Number Theory 43 (1993), no. 2, 228-250.

[30] M. Widmer, Counting points of fixed degree and bounded height, Acta Arith.
140 (2009), no. 2, 145-168.

[31] M. Widmer, Counting primitive points of bounded height, Trans. Amer. Math.
Soc. 362 (2010), no. 9, 4793-4829.

[32] M. Widmer, Integral points of fized degree and bounded height, submitted.

[33] M. Widmer, Lipschitz class, narrow class, and counting lattice points, Proc.
Amer. Math. Soc. 140 (2012), no. 2, 677-689.

[34] A. J. Wilkie, Model completeness results for expansions of the ordered field of
real numbers by restricted Pfaffian functions and the exponential function, J.
Amer. Math. Soc. 9 (1996), no. 4, 1051-1094.

[35] Y. Yomdin, C*-resolutions of semialgebraic mappings. Addendum to: Volume
growth and entropy, Israel J. Math. 57 (1987), no. 3, 301-317.

[36] Y. Yomdin, Volume growth and entropy, Israel J. Math. 57 (1987), no. 3,
285-300.



COUNTING LATTICE POINTS AND O-MINIMAL STRUCTURES 23

INSTITUTE OF ANALYSIS AND COMPUTATIONAL NUMBER THEORY (MATH A),
GRAZ UNIVERSITY OF TECHNOLOGY, STEYRERGASSE 30, A-8010 GRrAZ, AUs-
TRIA

E-mail address: barroero@math.tugraz.at

ScuoLA NORMALE SUPERIORE DI Pi1sA, 56126 Pisa, ITALY
E-mail address: martin.widmer@sns.it






COUNTING ALGEBRAIC INTEGERS OF FIXED
DEGREE AND BOUNDED HEIGHT

FABRIZIO BARROERO

ABSTRACT. Let k be a number field. For H — oo, we give an
asymptotic formula for the number of algebraic integers of absolute
Weil height bounded by H and fixed degree over k.

1. INTRODUCTION

Let k be a number field of degree m over Q. We count the number of
algebraic integers 3 of degree e over k and bounded height. Here and
in the rest of the article, by height we mean the multiplicative height
H on the affine space @" (see [3], 1.5.6).

For positive rational integers n and e, and a fixed algebraic closure
k of k, let

k(n,e) ={B ek :[k(B): K = e},
where k(3) is the field obtained by adjoining all the coordinates of 3
to k. By Northcott’s Theorem [10] any subset of k(n,e) of uniformly

bounded height is finite. Therefore, for any subset S of k(n,e) and
‘H > 0, we may introduce the following counting function

N(SH)=[{BeS:H(B) <H}|

The counting function N(k(n,e), H) has been investigated by various
people. The best known and one of the earliest is a result of Schanuel
[12] who gave an asymptotic formula for N(k(n, 1), H). The first who
dropped the restriction of the coordinates to lie in a fix number field was
Schmidt. In [13], he found upper and lower bounds for N(k(n,e), H)
and in [14] he gave an asymptotic formula for N(Q(n,2),H). Shortly
afterwards, Gao [6] found the asymptotics for N(Q(n,e), H), provided
n > e. Later Masser and Vaaler [9] established an asymptotic estimate
for N(k(1,e),H). Finally, Widmer [16] proved an asymptotic formula
for N(k(n,e),H) for arbitrary number fields k, provided n > 5e/2 +
5 + 2/me. However, for general n and e even the correct order of
magnitude for N(k(n,e), H) remains unknown.

2010 Mathematics Subject Classification. Primary 11G50, 11R04.
Key words and phrases. Heights, algebraic integers, counting.
F. Barroero is supported by the Austrian Science Foundation (FWF) project
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In this article we are interested in counting integral points, i.e., points
B € k", whose coordinates are algebraic integers. Let O and Oz be,
respectively, the ring of algebraic integers in k and k. We introduce

Ok(n,e) = k(n,e) N Oz ={B € OF : [k(B) : k| = e}.

Possibly, the first asymptotic result (besides the trivial cases Og(n, 1) =
Z™) can be found in Lang’s book [7]. Lang states, without proof,

N(Ok(1,1),H) = yH™ (log H)? + O (H™ (log H)* ") ,

where m = [k : Q], ¢ is the rank of the unit group of the ring of integers
Oy, and v is an unspecified positive constant, depending on k. More
recently, Widmer [15] established the following asymptotic formula

(1.1)
N(Ok(n,e),H) = Z DH™" (log H™")' 4+ O (H™ " (logH)"),

=0

provided e = 1 or n > e + C.,,, for some explicit C,,, < 7. Here
t =e(q+1)—1, and the constants D; = D;(k,n, e) are explicitly given.
Widmer’s result is fairly specific in the sense that he works only with
the absolute non-logarithmic Weil height H. On the other hand, the
methods used in [15] are quite general and powerful, and can probably
be applied to handle other heights (such as the heights used by Masser
and Vaaler in [9] to deduce their main result). As mentioned in [15]
this might lead to multiterm expansions as in (1.1) for N(Ok(1,¢), H).

However, for the moment, such generalizations of (1.1) are not avail-
able, and thus the work [15] does not provide any results in the case
n=1ande> 1.

But Chern and Vaaler in [4], proved an asymptotic formula for the
number of monic polynomials in Z[z] of given degree and bounded
Mahler measure. Theorem 6 of [4] immediately implies the following
result

(1.2) N(Og(1,e),H) = C.HE + O (7#2—1) ,

for some explicitly given positive real constant C,. Theorem 1.1 extends
Chern and Vaaler’s result to arbitrary ground fields k.
For positive rational integers e we define

M e—2l
21 eM
__9e—M
e =2 (H <2l+1) >M!’

=1

with M = |$1], and
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And, finally, let

(1.3) G = — Ok e
()
where m = [k : Q], r is the number of real embeddings of k, s the

number of pairs of complex conjugate embeddings, ¢ =r + s — 1, and
A}, denotes the discriminant of k. As usual, here and in the rest of this
article, the empty product is understood to be 1.

For non-negative real functions f(X),g(X),h(X) and Xy € R we
write f(X) = ¢g(X) 4+ O(h(X)) as X > X, tends to infinity if there is
Cy such that |f(X) — g(X)| < Coh(X) for all X > X,.

Theorem 1.1. Let e be a positive integer, and let k be a number field.
Then, as H > 2 tends to infinity, we have

N(O(1,e), H) = CLH™ (log H)*

O (H (og 1)), ifa=1,
O (Heme=1L) | ifq=0,

where L = logH if (m,e) = (1,2) and 1 otherwise. The implicit
constant in the error term depends only on m and e.

Let us mention two simple examples. The number of algebraic inte-
gers o quadratic over Q(v/2) with H(a) < H is

32H%log H + O(H?).
In case e = 3, we have
108v/2H '8 log H + O(H'®)

algebraic integers a cubic over Q(v/2) with H(a) < H.

Our approach is similar to the one used to obtain (1.2) above, because
we count monic polynomials in Ox[X], but this is not a straightforward
generalization of Theorem 6 of [4]. In fact, in [4] the estimate on the
number of monic polynomials in Z[z] is obtained from a counting lattice
points theorem, which is formulated only for the standard lattice Z"
([4], Lemma 24). Our proof relies on a new counting theorem for points
of an arbitrary lattice in definable sets in an o-minimal structure [1].
Moreover, our proof is fairly short, and more straightforward than the
approach of [15], but to the expense that we do not get a multiterm
expansion.

In [9], Masser and Vaaler observed that the limit for H — oo of

N(k(1,e), He)
N(k(e,1),H)
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is a rational number. Moreover, they asked if this can be extended to
some sort of reciprocity law, i.e., whether
N(k(n,e ,'Hé
im (k(n, e) 1) € Q.
Hooo N(k(e,n), Hor)
If we consider only the first term in (1.1), and combine it with Theorem
1.1 we see that

. N(Ok(]-? 6)7 Hé) CRC ' C(C,e ’
lim =e| —=
Hooo N(Ok(e,1),H) 2¢ e
is a rational number depending only on e, r and s. As Masser and
Vaaler did, one can ask again whether
N(Ok(n7 6), Hé)

im — € Q.
Moo N(Ok(ean)’}[;)

2. COUNTING MONIC POLYNOMIALS

In this section we see how our problem translates to counting monic
polynomials of fixed degree that assume a uniformly bounded value
under a certain real valued function called M*, defined using the Mahler
measure.

Recall we fixed a number field k of degree m over Q and Oy is its ring
of integers. Let oy, ..., 0, be the real embeddings of k and 0,11, ...,0.,
be the strictly complex ones, indexed in such a way that o; = 7, for
j=r+1,...,r+s. Therefore, r and s are, respectively, the number of
real and pairs of conjugate complex embeddings of k£ and m = r + 2s.
Weputd, =1fori=1,...,randd; =2fori=r+1,...,r+s and fix
a positive integer e. Let us recall the definition of the Mahler measure.

Definition 2.1. If f = 20 X%+ 5 X4+ .. + 25 € C[X] is a non-zero
polynomial of degree d with roots aq, ..., aq, the Mahler measure of f
1s defined to be

d
M(f) = || Hmax{l, |}
i=1
Moreover, we set M(0) = 0.
We see M as a function C[X] — [0, 00) and define
MEK[X] = [0,00)

TTSs ﬂ
o= Hzi1 M(oi(f))m

where o; acts on the coefficients of f. Note that, for every a € Oy,

(2.1) MH(X — @) :Hmax{l,\al-(oz)\}ii — H(a).

In fact, if @ € Oy then |a|, < 1 for every non-archimedean place v of
k.
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Moreover, the Mahler measure is multiplicative by definition, i.e.,

M(fg) = M(f)M(g),

and one can see that

M*(fg) = M*(f)M*(g),

for every f,g € k[X].

For some positive integer e and some H > 0, we define M¥*(e, H) to
be the set of monic f € O[X] of degree e and M*(f) < H. It is easy
to see that MF¥(e, H) is finite for all H. The following theorem gives
an estimate for its cardinality.

Theorem 2.1. For every Hy > 1 there exists a Dy such that, for every
H 2 HO)

(2.2)
(e)

C me q—1 .
[ME(e, H)| = 2 1™ (log H)*| < { DoH™ (log H)™™",  ifg>1,

DoH™e ifq=0,

where ¢ =1+ s — 1. The constant Dy depends only on Hy, m and e.

Note that our constant C’,ie) defined in (1.3), is bounded if we fix m
and e and we let £ vary among all number fields of degree m. This
implies that there exists a real constant C'™¢) depending only on m

and e, such that |M¥(e, H)| is bounded from above by
(2.3) CmeAyme (logH + 1)7,

for every H > 1.

We prove Theorem 2.1 later and for the rest of this section we derive
Theorem 1.1 from Theorem 2.1. We follow the line of Masser and
Vaaler [9].

Now we want to restrict to monic f irreducible over k. Let /T/l/k(e, H)
be the set of polynomials in M*(e, H) that are irreducible over k.

Corollary 2.2. For every Ho > 1 there exists an Fy such that, for
every H > Ho,

(2.4)

- O FyH™ (log )", ifqg>1
k Yk me q 0 & ’ qu -’
‘M (6, H)‘ _€q+1H (log H) S { FOHm6—1£7 qu = 0,

where L = logH if (m,e) = (1,2) and 1 otherwise. The constant F;
depends again only on Hgy, m and e.

Proof. For e = 1 there is nothing to prove. Suppose ¢ > 1. We show
that, up to a constant, the number of all monic reducible f € Oy[X]
of degree e with M*(f) < H is not larger than the right hand side of
(2.2), except for the case (m,e) = (1,2).
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Consider all f = gh € M*(e,H) with g, h € Oy[X] monic of degree
a and b respectively, with 0 < a < b < e and a + b = e. We have
1 < M*(g), M*(h) < H because g and h are monic. Thus, there exists
a positive integer [ such that 2/~ < M*(g) < 2!. Note that [ must
satisfy

1
(2.5) 1<1< 987y olog 1.
log 2

Since M* is multiplicative,
M*(h) = %ig ; <27
Using (2.3) and noting that 2! < 2H, we can say that there are at most
cme) (ZZ)ma (log 2!+ 1)q < ¢ma) (21)ma (logH +2)?
possibilities for g and
C/(m:d) (21717_[)7”17 (log (214%) + 1)q < oMb (2171H)mb (log H + 2)°
possibilities for hA. Therefore, we have at most
(2.6) C'Hme2m @b (log H + 2)*

possibilities for gh with M*(gh) < H and 2= < M*(g) < 2!, where
(' is a real constant. Since there are only finitely many choices for a
and b we can take C’ to depend only on m and e.

If a = b= 5 then (2.6) is

C'H™3 (logH +2)*.
Summing over all [, 1 <1 < [2logH]| + 1 (recall (2.5)), gives an extra
factor 2log’H + 1. Therefore, when a = b, there are at most
C'"HZ (2logH + 2)*

possibilities for f = gh, with M*(f) < H. If (m,e) # (1,2), this has
smaller order than the right hand side of (2.2), since me > 2 implies

¢ < me — 1. In the case (m,e) = (1,2) we get C"H (2log H + 2) and

we need an additional logarithm factor.
In the case a < b, summing 2™~ over all [, 1 <1 < [2logH|+1 =

L, we get
L
2m a— b) S Z
=1 =

Thus, recalling b < e — 1, when a < b there are at most
C"H™Y (log H + 2)*

possibilities for f = gh, with M*(f) < H, where again C" depends
only on m and e. This is again not larger than the right hand side of
(2.2). O

Mh
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For the last step of the proof we link such monic irreducible polyno-
mials with their roots.

Lemma 2.3. An algebraic integer B has degree e over k and H(5) < H
if and only if it is a root of a monic irreducible polynomial f € O[X]
of degree e with M*(f) < H®

Proof. Suppose f € O[X] is a monic irreducible polynomial of degree e
and (3 is one of its roots, i.e., § is an algebraic integer with [k(5) : k] = e
and minimal polynomial f over k. We claim that

M (f) = H(B)".

The function M k¥ is independent of the field k and we can define an
absolute M@ over Q[X] that, restricted to any k[X], equals M*. To see
this one can simply imitate the proof of the fact that the Weil height
is independent of the field containing the coordinates (see [3], Lemma
1.5.2).

Suppose f = (X—aq) - -+ (X —a.). Since the a; are algebraic integers,
by (2.1), we have

MOX — ;) = MU (X — o) = H(o),

and the a; have the same height because they are conjugate (see [3],
Proposition 1.5.17). Moreover, by the multiplicativity of M* we can
see that

MA(f) = MO(f) = [[ MYU(X — i) = H(ay)",
i=1
for any «; root of f. O

Lemma 2.3 implies that N(Ok(1,e),H) = e ’.//\/lvk(e,";‘-[e)‘ because
there are e different § with the same minimal polynomial f over k.
Therefore, by (2.4), we have that for every Hy > 1 there exists a Cj,
depending only on Hy, m and e, such that for every H > H,,

N(Ow(1,¢),H) — CLOH™ (log H)"

- CoH™ (logH)*™", ifg>1,
= CyHeme D, if ¢ =0,

where £ = log H if (m,e) = (1,2) and 1 otherwise. We get Theorem
1.1 by choosing Hy = 2.

3. A COUNTING PRINCIPLE

In this section we introduce the counting theorem that will be used
to prove Theorem 2.1. The principle dates back to Davenport [5] and
was developed by several authors. In a previous work [1] the author
and Widmer formulated a counting theorem that relies on Davenport’s
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result and uses o-minimal structures. The full generality of Theorem
1.3 of [1] is not needed here as we are going to count lattice points in
semialgebraic sets.

Definition 3.1. Let N, M;, fori=1,..., N, be positive integers. A
semialgebraic subset of R™ is a set of the form

N M,
U ﬂ{m € R": fii(x) %, 0},

i=1j=1
where f;; € R[Xy,...,X,] and the ;; are either < or =.

A very important feature of semialgebraic sets is the fact that this
collection of subsets of the Euclidean spaces is closed under projections.
This is the well known Tarski-Seidenberg principle.

Theorem 3.1 ([2], Theorem 1.5). Let A € R™"! be a semialgebraic
set, then w(A) € R" is semialgebraic, where m : R"™ — R"™ is the
projection map on the first n coordinates.

Let S C R™" for at € R" we call Sy = {x € R": (x,t) € S} the
fiber of S above t. Clearly, if S is semialgebraic also the fibers S; are
semialgebraic. If so, we call S a semialgebraic family.

Let A be a lattice of R", i.e., the Z-span of n linearly independent
vectors of R™. Let A\; = \;(A) for i = 1,...,n be the successive minima
of A with respect to the zero centered unit ball By(1),i.e., fori =1,...,n

Ai = inf{\ : By(A) N A contains ¢ linearly independent vectors}.
The following theorem is a special case of Theorem 1.3 of [1].

Theorem 3.2. Let Z C R™" be a semialgebraic family and suppose
the fibers Z; are bounded. Then there exists a constant c; € R, de-
pending only on the family, such that, for every t € R,

Vol(Z,)| <= Vi(Z)
ZynA| — ——2Y ) < AT
2N Al = 358 —jZOCZAl-.-Aj’

where V;j(Zy) is the sum of the j-dimensional volumes of the orthogonal
projections of Zy on every j-dimensional coordinate subspace of R™ and

4. A SEMIALGEBRAIC FAMILY

In this section we introduce the family we want to apply Theorem
3.2 to.

We see the Mahler measure as a function of the coefficients of the
polynomial. We fix n > 0 and define M : R"*! or C"*! — [0, 00) such
that

M(zo, ... 2n) = M(20X" + -+ + 2,).
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These two functions satisfy the definition of bounded distance function
in the sense of the geometry of numbers, i.e.,

(1) M is continuous;
(2) M(z) =0 if and only if z = 0;
(3) M(wz) = |w|M(z), for any scalar w € R or C.
Properties (2) and (3) are obvious from the definition, while conti-
nuity was proved already by Mahler (see [8], Lemma 1).
Let M; be the monic Mahler measure function, i.e., M;(z) = M(1, z)
for z € R" or C".
In the following we consider the complex monic Mahler measure as
a function M,

R2" — R
(l’l»--wan) — M(Xn+($1 —|—Z.l'2)Xn71 + -+ Top1 +Z[E2n)
We fix positive integers n,m,r,s with m = r + 2s and dy, ... d, o

such that d; =1fori=1,...;rand d; =2fori=r+1,...,r+s.
We define

(4.1)
Z = {(wl, Ty t) € (R x (R™) x R ﬁMl(a}i)di < t} :

Here x; € R4™ and M (x;) is the real or the complex monic Mahler
measure respectively if i =1,...,rori=r+1,...,r+s.
We want to count lattice points in the fibers Z; C R™" using Theorem

3.2, therefore we need to show that Z is a semialgebraic set and that
the fibers Z, are bounded.

Lemma 4.1. The set Z defined in (4.1) is semialgebraic.

Proof. Recall the definition of Z. To each x; € R%" corresponds a
monic polynomial f; of degree n with real (for ¢ = 1,...r) or complex
(for i =7r+1,...7+s) coefficients. Let S be the set of points

(wla s 7w7“+57t7t17 s 7t7“+87a(1)7ﬁ(1)7 R a(r+8)’ﬁ(T+S)>

in Rur+2s)titrtst2nirs) with o 3% e R”, such that

e a® and B9 are, respectively, the vectors of the real and the

imaginary parts of the n roots of f;, forevery ¢ =1,..., 7+ s;
N 2 N 2
o [, max{l, (ozl(z)) + (6;”) } = {2 and t; > 0, for every
1=1,...,7+s;

o [I571 <t
It is clear that the set S is defined by polynomial equalities and in-
equalities. In fact, the first condition is enforced by the fact that the
coordinates of @; are the images of a® and 8% under the appropri-

ate symmetric functions, which are polynomials. The second and the
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third conditions are also clearly obtained by polynomial equalities and
inequalities. Therefore, S is a semialgebraic set. The claim follows
after noting that Z is nothing but the projection of S on the first
n(r+2s)+ 1 coordinates and applying the Tarski-Seidenberg principle
(Theorem 3.1). O

By Lemma 1.6.7 of [3], there exists a positive real constant 7 < 1
such that

Y|zloo < M(2), for every z € R or C"*,

where, if z = (z9,...,2,) € R"! or C"*!) |z|o = max{|z|,. .., |z.|}

is the usual max norm. Clearly we have, for £ € R"

(4.2 N(@) = 1/(1, @) < My(2)

in the real case and, for the complex case,

(4.3) N(z) =71, )| <7[(1,2)[ec < Mi(2) = Mi(2),

where = (z1,...,72,) € R* and z = (x1 + 79, ..., Topn_1 + iT2,).
Recall that, by the definition, the monic Mahler measure function

assumes values greater than or equal to 1, therefore, if (x1,..., @, 1) €

Z; then M (x;)% < t for every i. Thus, |x;
that Z; is bounded for every t € R.

Now we can apply Theorem 3.2 to the family Z. If we set Z(T') = Zr,
we have

(4.4) Z(T) A A — YZT)] > C‘gl(?(-TA)j)’

4 < L and this means
’y k3

det A

for every T' € R, where A is a lattice in R™ and C' is a real constant
independent of A and 7. Recall that V;(Z(T')) is the sum of the j-
dimensional volumes of the orthogonal projections of Z(T') on every
j-dimensional coordinate subspace of R™" and Vy(Z(T)) = 1.

5. PROOF OF THEOREM 2.1

We fix a number field £ of degree m over Q. The ring of integers
O}, of k, embedded into R"™™2* via 0 = (01, ...,0,45), is a lattice of full
rank. We embed (Ok)" in R™" via a — (o1(a),...,0.+s(a)), where the
o; are extended to k. We want to count lattice points of A = (O)"
inside Z(T).

Lemma 5.1. We have

det A = (2_8\/m>n,

and its first successive minimum is \; > 1.

Proof. This is a special case of Lemma 5 of [9]. g
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Now we need to calculate the volume of Z(T"). We do something more
general. Suppose we have r + s continuous functions f; : R" — [1, 00),
1=1,...,7r+ s where 1 <n; <d;n for every i. We define

(5.1) Zi(T)={x e R" : fi(x) < T},
for every i = 1,...,r + s. Suppose that, for every ¢, there exists a
polynomial p;(X) € R[X] of degree n; such that the volume of Z;(T) is

pi (T) for every T' > 1. Let C; be the leading coefficient of p;. Moreover,
let

r+s
Z(T) = {(331, Ce 7mr+s> c Rzm : Hfz(wz)dl S T} .
i=1

Note that, since f;(a;) > 1 for every i, Z(T) is bounded for every T.

Lemma 5.2. Let ¢ =r+s—1. Under the hypotheses and the notation
from above, for every T > 1, we have

Vol (Z(T)) = ﬁ(T%,logT> :
where p(X,Y) € RIX,Y], degy p < 2n, degy p < q. In the case n; =

din for everyi =1,...,r + s, the coefficient of X*"Y? is Z—? Hfill Ci.
If n; < din for some i then the monomial X*"Y? does not appear in p.

Proof. We have

V(T) := Vol (Z(T)) - /

dazl e dil?q+1.

Z(T)

We proceed by induction on ¢q. If ¢ = 0 there is nothing to prove.
Suppose ¢ > 0 and let

Z(T) = {(ml, o, y) € RMTN Hfi(wi)di < T} )
i—1

V(T) = / o / de; ...dz, | dzg4.
Zgt1 <T dg+1 > YACH (quH(qu)—qu)

By the inductive hypothesis there exists p,(X,Y) € R[X, Y] such that
V(T) equals

o () o)
1\ P ,log Tyi,
Zg+1 <qu+1 > 1 fq.;_l(mq-i-l)dq“ fq+1(wq+1)dq+1 q+1

where p,(X,Y) € RX,Y], degy p, < 2n, degy p, < ¢ — 1 and, if n; =

din for every i = 1,...,q, the coefficient of X?"Y 77! is (’;:1)! 7. C

If not, that monomial does not appear.
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By L£", we indicate the Lebesgue measure on R". Since f,1; is a
measurable function, we get

Vi) = /[} Py ((XL> o (XT)) d (L o fh) (),

1
where we consider L™+ o f - +11 as a measure on [1, T %a+1 } . In particular

1
for (u,v] C [1,qu+1]7

(£ 0 foih) ((w,0]) = pasa (v) = Pgsa (),
and (L o f1) ({1}) = pes1(1). Using 1.29 Theorem of [11], we get

v(T) = /< g ((XL) log (%)) P (X)L (X)

+ 0 (T3,108 ) pya (1),

where p! , ; is the derivative of py1.

For some integer ¢ > 0 we put L(X,c) = X¢ in case ¢ > 0 and
L(X,0) = 1. Because of the linearity of the integral we are reduced to
calculate

1

T%+1 T 5 T
I((I,b,C) :[ X (m) L <logm,c> dX

T
—T% / X 2% L (log T — log (X%+1) , ¢) dX,
1

for some integers a,b,c, with 0 < a < ngq —1, 0 < b < 2n and
0 <c¢ < q—1. We have three possibilities. If a — gdqﬂ = —1, then

1
T g+1
I(a,b,c) =T? / XL (logT —log (X*%*') ,c) dX
1

1 b
= ——— T2 (logT)*.
e+ gy o8 T)
If a — %dqﬂ # —1 and ¢ = 0,
b afbdq 1+1 da;ll _ b
I(a,b,O):bL T :w'
a—idq+1+1 a—édq+1+1
If a — %dqﬂ # —1 and ¢ # 0, then
T3 (log T)° d
Z(a,b,c) = — > og T) a1 Z(a,b,c—1).

a—gdq+1+1 a—gdq+1+1
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Therefore, one can see that Z(a, b, c) is a polynomial in T3 and log T
In particular Z(a, b, c) = ﬁ(T%,log T), where p(X,Y) € R[X, Y], with
degy D < 2n and degy p < ¢. Note that in the case a = d,41n — 1,

b= 2n and ¢ = q — 1, the coefficient of XY is qd;l and 0 for any

other choice of a,b and c¢. Therefore, the monomial X?"Y? does not
appear in p if either n,; < dypn or X*"Y4! does not appear in py,
i.e., if n; < d;n for some i. To conclude, recall that, in the case n; = d;n

for every i = 1,...,7 + s, p;;, has leading coefficient nd,1Cyy, and

the coefficient of X?"Y 7! in p, is (qu__ll)! [T, C;, thus, the coefficient

in front of Z(dy41n —1,2n,q — 1) in V(T) is % arge O
The volumes of the sets

(5.2) {(z1,..y2n) ER": M(1,21,...,2,) <T}

and

(5.3) {(z1,...,20) €EC" : M(1,21,...,2,)> < T}

were computed by Chern and Vaaler in [4]. By (1.16) and (1.17) of [4],
these volumes are, for every 7' > 1, polynomials pgr(7T") and pc(T) of
degree n and leading coefficients, respectively,

M n—21 M
21 n
_ on—M o~ o
Crn =2 (H<21+1> )M!’

=1
with M =[], and
(n1)*
Suppose ¢ = 0 and recall Lemma 5.1. In this case Z(T') corresponds
to (5.2) if m =1 or to (5.3) if m = 2. We have
Vol(Z(T)) 25m P(T)

(5.4) e (\/myC’]ﬁ’nCénT” + W,

for every T' > 1, where P(X) € R[X]| depends only on n, r and s and
has degree at most n — 1.

C(c,n =T

Corollary 5.3. Suppose ¢ > 0. We have, for T' > 1,
(5.5)
1
VOI(Z(T)) ndosn § ) . . P <T2 , log T>
det A 7CrnCe T (log T)! + ———57,
) )

where P(X,Y) € R[X,Y] depends on n, r and s, degy P < 2n,
degy P < q and the coefficient of X?"Y4 is 0.

IThere is a misprint in (1.16) of [4], 2= should read 2~M.
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Proof. By Lemma 5.2 and the result of Chern and Vaaler about the
volumes of the sets defined in (5.2) and (5.3), the volume of Z(T) is
p(T2,logT) where p(X,Y) € R[X,Y], degyx p < 2n, degy p < ¢q and
the coefficient of X*"Y? is %:Cf  C& . O

q!

Therefore, recalling |Ag| and Ay, ..., Ay, are greater than or equal
to 1, by (5.4) and Corollary 5.3, (4.4) becomes

q9sn
b G, Ce, T (log T

(5.6) ||1Z(T)NA|—

mn—1
< Y OVi(Z(T)) +Q(T),

=0
for every T' > 1, where Q(T) is the function of T obtained from the
polynomial P of (5.4) or (5.5) substituting the coefficients with their
absolute values. Note that ) depends only on m and n.

Now we want to find a bound for V;(Z(T")). Recall that in (4.2)

and (4.3) we have defined a function N(x) = 7|(1,x)|w such that
N(x) < Mi(x). Let

Z(T) = {(wl, e Tpys) ER™ ﬁN(a:i)di < T} :

i=1

Each (xy,...,@,,) with [[/Z; My(z;)% < T satisfies [[[2; N(z;)% <
T. Therefore, we have Z(T') C Z'(T') and V;(Z(T)) < V;(Z'(T)).
Suppose ¢ = 0. This means that k is either Q (m = 1) or an

imaginary quadratic field (m = 2). In any case any projection of Z'(T)

j .
to a j-dimensional coordinate subspace has volume <%> T if T > ~™,
for every j = 1,...mn — 1. Therefore we obtain

(5.7) Vi(Z(T)) < V; (2/(T)) < ET" s,

for some real constant F depending only on n and m. This holds for
every 1" > 1 since v < 1.
Now suppose ¢ > 0.

Lemma 5.4. For every j = 1,...,mn — 1, there exists a polynomial
P;(X.,Y) € R[X,Y]| whose coefficients depend only on m and n, with
degy P; < 2n, degy P; < q, and the coefficient of X*"Y? is 0, such
that, for every T > 1, we have

Vi(Z2(1)) = P; (T*,10gT) .

Proof. By definition, the projection of Z'(T") on a j-dimensional coor-
dinate subspace is just the intersection of Z’(T") with such subspace.
To each such subspace Y we can associate integers nq,...,n, s with
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0 < n; < d;n such that X is defined by setting d;n — n; coordinates of
each x; to 0. Therefore we are in the situation of Lemma 5.2 because,
after dividing by 7, we have, for every ¢ such that n; > 0, a continuous
function f; : R™ — [1,00), with > n; = j. This gives rise to sets of
the form (5.1), whose volumes are 2™7™. Since j < mn, not all n;
can be equal to d;n. Therefore, by Lemma 5.2, the volume of any such
projection equals a polynomial with the desired property and we have
the claim. U

Recall the definition of M* (e, H) that was given in Section 2. Clearly
| M* (e, H)| is the number of @ € Of, with []/ "} M; (0;(@))® < H™ ie.,
|Z(H™) N Of].

By (5.6), (5.7) and Lemma 5.4 we have, for every H > 1,

Ima92se
o Cp.C H™ (log )| < B(H),

o (Vi)

| M (e, 1)

with

2e mi i .
E(H) _ Zi:() 2 ?:0 Ei’j/H 2 (10g /H)J, if g >1,
Z?:O_ EZ'HZ, if q = 0,
where Fs. , = 0 and all the coefficients depend on m and e.
Finally, it is clear that for every Hy > 1 one can find a Dy such that,
for every H > H,,

DoH™ (logH)*™", ifg>1,
E(H) < { DyH™e 1, if ¢ =0,

and we derive the claim of Theorem 2.1.
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ALGEBRAIC S-INTEGERS OF FIXED DEGREE AND
BOUNDED HEIGHT

FABRIZIO BARROERO

ABSTRACT. Let k& be a number field of degree m over Q and S
a finite set of places of k containing the archimedean ones. We
count the number of algebraic points of bounded height whose
coordinates lie in the ring of S-integers of k. Moreover, we give
an asymptotic formula for the number of S-integers of bounded
height and fixed degree over k, where S is the set of places of k
lying above the ones in S.

1. INTRODUCTION

In this article we give asymptotic estimates for the cardinality of
certain subsets of @" of bounded height. Here and in the rest of the
article, by height we mean the multiplicative absolute Weil height H
on the affine space Q", that will be defined in Section 2.

Let k be a number field of degree m over Q and let n and e be
positive integers. We fix an algebraic closure k of k and set

k(n,e) = {a ek [k(a): k] = e},

where k(o) is the field obtained by adjoining all the coordinates of
a to k. By Northcott’s Theorem [13], subsets of k(n,e) of uniformly
bounded height are finite. Therefore, for any subset A of k(n,e) and
‘H > 0, we may introduce the following counting function

N(AH) = |{ac A: Ha) < H}|.

Various results about this counting function appeared in the literature.
One of the earliest is a result of Schanuel [14], who gave an asymptotic
formula for N(k(n,1), ). Schmidt was the first to consider the case
e > 1. In [15], he found upper and lower bounds for N (k(n, e), H) while
in [16], he gave asymptotics for N(Q(n,2),H). Shortly afterwards,
Gao [8] found the asymptotics for N(Q(n,e),H), provided n > e.
Later Masser and Vaaler [11] established an asymptotic estimate for
N(k(1,e),H). Finally, Widmer [18] proved an asymptotic formula for
N(k(n,e),H), provided n > 5e/2 + 5 + 2/me. However, for general n

2010 Mathematics Subject Classification. Primary 11G50, 11R04.
Key words and phrases. Heights, algebraic S-integers, counting.
F. Barroero is supported by the Austrian Science Foundation (FWF) project
W1230-N13.
41
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and e even the correct order of magnitude for N(k(n,e),H) remains
unknown.

In this article we are interested in counting algebraic S-integers. Let
S be a finite set of places of k containing the archimedean ones. Let
Og be the ring of S-integers of k. Let S be the set of places of k that
lie above the places in S. Let Og be the ring of S-integers of k. Given
n and e positive integers, we put

Os(n,e) =k(n,e)N 0% = {a € OF : [k(e) : k] = e} .

Let S, be the set of archimedean places of k. If we choose S = S,
then Og = O is the ring of algebraic integers of k and we use the
notation Ok(n,e) with the obvious meaning. Besides the trivial cases
Og(n,1) = Z", the first asymptotic result can probably be found in
Lang’s book [9]. Lang states, without proof,

N(Ok(1,1),H) = wH™ (log H)" + O (H™ (log H)" '),

where m = [k : Q)], ¢ is the rank of the unit group of Oy, and ~; is an
unspecified positive constant, depending on k. More recently, Widmer
[17] established the following asymptotic formula

(1.1)

t
N(Ok(n, 6),%) _ ZDZHmen(log Hmen)i + O(Hmen_l(logH)t),

1=0

provided e = 1 or n > e + C.,,, for some explicit C,,, < 7. Here
t = e(¢+ 1) — 1, and the constants D; = D;(k,n,e) are explicitly
given. Our Theorem 1.1 generalizes Widmer’s result in the case e =
1 to asymptotics for N(Og(n,1),#H). However, we do not obtain a
multiterm expansion as in (1.1).

Chern and Vaaler, in [6], proved an asymptotic formula for the num-
ber of monic polynomials in Z[z] of given degree and bounded Mahler
measure. Theorem 6 of [6] immediately implies the following estimate

N(Og(1,e),H) = C.HE + O (H62‘1> .

This was extended by the author in [1], where an asymptotic estimate
is given for N(O(1,e),H). Our Theorem 1.2 generalizes this result
and gives an asymptotic estimate for N(Og(1,€),H) for any finite set
of places S containing the archimedean ones.

We write Sg, for the set of non-archimedean places of S. Suppose
that Sk, = {v1,...,vr} and that v; corresponds to the prime ideal p,
of 0. We indicate by 91(2() the norm from k to Q of the fractional
ideal 2 and by 91(S) the L-tuple (M(p1),...,M(pr)). Let r and s
be, respectively, the number of real and pairs of conjugate complex
embeddings of k. Moreover, we indicate by Ay the discriminant of k.
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Let n be a positive integer, we put

: prts—lgsnpo|sl-1 L 1 1

and
M : n—2j M
29 n
Crpn = 2n—M PV
R, <]Hl (2j + 1) ) !

with M = [ ], and

In this article, as usual, empty products are understood to be 1.

For non-negative real functions f(X), g(X),h(X) and X, € R, we
write f(X) = g(X) + O(h(X)) as X > X, tends to infinity, if there is
Cy such that |f(X) — g(X)| < Coh(X) for all X > X,.

Theorem 1.1. Let n be a positive integer and let k be a number field
of degree m over Q. Moreover, let S be a finite set of places of k
containing the archimedean ones. Then, as H > 2 tends to infinity,

N(Os(n,1), H) = (2'7°)"By"4H™ (log H)*I ™!

o (Hmn (1ogH)'S'*2> L if1S] > 1,
O (Hm™1), if |S]=1.
The implicit constant in the error term depends on m, n and MN(S).

We set
Ci% = e¥lcg Ca B
Theorem 1.2. Let e be a positive integer and let k be a number field

of degree m over Q. Moreover, let S be a finite set of places of k
containing the archimedean ones. Then, as H > 2 tends to infinity,

N(Os(1,e),H) = CLAH™ (log 7)1

0 (Hm (10g7-[)|s|_2> L if 1S > 1,
O (Heme=D L), if |IS] = 1,

where L = logH if (m,e) = (1,2) and 1 otherwise. The implicit
constant in the error term depends on m, e and (S).

As mentioned before, if S = S, then Theorem 1.1 reduces to (1.1),
although with a larger error term, and Theorem 1.2 to the result in [1].
However, for the case S,, # S the results appear to be new.

As in [1], our proof relies on a work of the author and Widmer [2]
about counting lattice points in definable sets in o-minimal structures.
Our approach is similar to the one in [1], but in the case S = S, the
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result is more straightforward, because the embedding of Oy in R™ is
a lattice. On the other hand, if S 2 S, the embedding of Og is dense
in R™, and a more elaborate proof is needed.

Let us apply our theorems in a few simple examples. Fix a prime
number p. One can see, as an easy exercise and as a special case of

both theorems, that the number of elements of Z [H of height at most
H is
2
log p
Now, let d be a square-free positive integer with d = 3 mod 4. Con-
sider k = Q[v/d] and set S to consist of the place corresponding to

the prime ideal (2,14 +/d), in addition to the two archimedean places.
Then

<1 _ %) Hlog H + O(H).

2n(2™ — 1
N(Og(n,1),H) = d(gl—og2>

Now consider £ = Q again and suppose the non-archimedean places in
S are associated to the primes 2 and 3. Then

32
~ 3log2log3
In [11], Masser and Vaaler observed that the limit for H — oo of
N(k(1,e),H?)
N(k(e,1),H)
is a rational number. Moreover, they asked if this can be extended to

some sort of reciprocity law, i.e., whether

fim Yk M) o
Hovoe N(k(e,n), Hi)

Analogously we notice that
_NOs(Le)He)  (Cre) (Cee)
lim =e
H—oo N(Og(e,1),H) 2¢ me

is a rational number depending only on e, r and s, as already pointed
out in [1] for the case S = S. As Masser and Vaaler did, one can ask
again whether

H> (logH)* + O (H*"log H) .

N(0g(1,2),H) H* (logH)? + O (H'logH) .

1

. N(Os<n,€),%5)
lim -
H=oo N(Og(e,n), Hn)

€ Q.

2. PRELIMINARIES

Let k£ be a number field of degree m over Q and let M) be the set
of places of k. For v € M, we indicate by k, the completion of k£ with
respect to v. We write QQ, for the completion of QQ with respect to the
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unique place of Q that lies below v. Moreover, we set d, = [k, : Q,] to
be the local degree of k at v.

Any v € My corresponds either to a non-zero prime ideal p, of O
or to an embedding of k£ into C. In the first case v is called a finite
or non-archimedean place and we write v 1 co. In the second case v is
called an infinite or archimedean place and we write v | co. We set, for
v 1 00,

ord a
Jaly = M(p,)
for every a € k\ {0}, where ord,, («) is the power of p,, in the factor-
ization of the principal ideal aQy. Furthermore, |0/, = 0. If v | 0o
corresponds to o, : k — C, we set

|y = low(@)];

for every a € k, where | - | is the usual absolute value on C. The
absolute multiplicative Weil height H : k" — [1, 00) is defined by

dy
(2.1) H(on,...,00) = [ max{L |onfu, ... |omls}".

ve My,

Note that for a € k\ {0}, |a|, # 1 for finitely many v. Therefore, the
product above is actually finite. Moreover, this definition is indepen-
dent of the field containing the coordinates, and therefore the height is
defined on Q". For properties of the Weil height we refer to the first
chapter of [4].

We conclude this section introducing semialgebraic sets and stating
The Tarski-Seidenberg principle.

Definition 2.1. Let N and M;, fori =1,..., N, be positive integers.
A semialgebraic subset of R™ is a set of the form

N M;
U ﬂ{m € R": fii(x) %, 0},

i=1j=1

where f;; € R[Xy,...,X,] and the ;; are either < or =.
Let A C R™ be a semialgebraic set, a function f: A — R™ is called
semialgebraic if its graph T'(f) is a semialgebraic set of R .

If we identify C with R?, then the definitions of semialgebraic set
and function are extended to subsets of C" and to functions of complex
variables in a natural way. We are going to need the following theorem
which is usually known as the Tarski-Seidenberg principle.

Theorem 2.1 ([3], Theorem 1.5). Let A € R™™ be a semialgebraic
set, then w(A) € R" is semialgebraic, where m : R"™ — R"™ is the
projection map on the first n coordinates.
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3. A GENERALIZATION

In this section we formulate a theorem which will be used later to
derive Theorems 1.1 and 1.2.

In the following definition we consider functions whose domain is
R or C"*!. We use the notation z to indicate a vector with entries
in a generic field, while & will be a vector with real coordinates. We
are often going to identify a function f : C* — R with f : R — R,
where, if € = (z1,...,%9,) € R?", f(x) = f(x1+iva, ..., Top 1 +1iT2y,).

Definition 3.1. Let n be a positive integers. A semialgebraic distance
function (of dimension n) is a continuous function N from R"™! or
C! to the interval [0, 00) satisfying the following conditions:

i. N(z) =0 if and only if z is the zero vector;
ii. N(wz) = |w|N(z) for any scalar w in R or in C;
1i. N 1s a semialgebraic function.

Let r and s be non-negative integers, not both zero. A system N of
r real and s complex semialgebraic distance functions (of dimension n)
is called (r, s)-system (of dimension n).

Let us fix a number field k£ with [k : Q] = m. Let r and s be, respec-
tively, the number of real and pairs of conjugate complex embeddings of
k. These induce r + s archimedean places of k, with respective comple-
tions R or C. Given an (r, s)-system A of dimension n, we can associate
to every archimedean place v a semialgebraic distance function N, on
k1. We will mostly use the alternative notation Ny, ..., N, for the r
real distance functions and N,,q, ..., N, s for the s complex ones and
weputd; =1, fori=1,...,r,andd; =2fori=r+1,...,r+s. For
the non-archimedean places we set

N,(z) = max {|z0]v, - -, |2nlo},
for z = (20, ...,2,) € k"!. Now we can define, for a € k"1, a height
function
Hy ()™ = ] No(ouw(a))™,
vE My,

where o, is the embedding of k into k, corresponding to v, extended
componentwise to k™.
Now let N,(z) = N,(1,z) for z € k,. Suppose that, for every

i=1,...,7r+s, Ni(z) > 1 for every z € R" or C" and that the sets
(3.1) Z/(T) = {z - Ni(z) < T}

have volume p;(T) for every T' > 1, where p;(X) € R[X] is a polynomial
of degree d;n and leading coefficient C;. Let O%(H) be the set of
a € (Og)" with Hy(1,a) < H.

Theorem 3.1. Let N be a (r, s)-system of dimension n on k satisfying
the above hypothesis about the volumes of the sets Z;(T). Moreover,
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suppose S is a finite set of places of k as fixed in Section 1. Then, for
every Ho > 1 there exists a positive Co = Co(N,N(S), Ho), such that
for every H > H,

(O5(H)| — CepsH™ (l0g )1
o Corm (log H)P172,if (8] > 1,
= | CoH™ Y if S| =1,

where

(3.2)

— _ r+s L
nrts lzsnm|S| 1

1 1
ks () lell (e (!~ o))

4. PROOF OF THEOREMS 1.1 AND 1.2

In this section we apply Theorem 3.1 to prove Theorems 1.1 and 1.2.
Let us start with the first one. We choose our system N to consist of
the max norm

N,(2) = |z|oo = max{|zo|,...,|zal},

for every archimedean place v of k. These N, clearly satisfy the defini-

tion of semialgebraic distance function. The sets Z;(7T") defined in (3.1)

have volume (27)" fori = 1,...,r and 71" for i = r+1,...,r+s, for

every T' > 1. Therefore, the hypotheses of Theorem 3.1 are satisfied.
Note that, for every a € k",

Hy(l,a) = Hﬁv(av(a))%“ = [[max {1, |ailu,. .., lanlo} ™ = H(a).

Therefore Hy is the usual absolute Weil height defined in (2.1). The
claim of Theorem 1.1 follows applying Theorem 3.1 with Hy = 2.

Now let us prove Theorem 1.2. We choose A to consist of the Mahler
measure function:

Nv<20a s azn) = M(ZOXn + Zan_l + o+ Zn)7

for every v | co. Let us recall its definition. If f = 20X™ + 2 X" ! +
-+ -+ 2z, is a non-zero polynomial of degree n with complex coefficients
and roots aj, ... a,, the Mahler measure of f is defined to be:

(4.1) M(f) = fzol [ [meve (L o}

Moreover, we set M (0) = |0].

Mahler ([10], Lemma 1) proved that M is continuous as a function
of the coefficients and it is easy to see that it satisfies conditions i. and
ii. of Definition 3.1. We now prove that it is a semialgebraic function.
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Lemma 4.1. The Mahler measure M, as a function of the coefficients
of a polynomial, is a semialgebraic function.

Proof. We start by proving the claim for the complex Mahler measure.
We need to prove that, for every positive integer n, the function
M : R2(n+1) — 0, 00)
(Toy .-y Tops1) — M ((xg+ix) X"+ -+ (won + iT2p41))
is semialgebraic, i.e., its graph
Lo(M) = {(z0, ..., Tons1,t) € REIVTLM (2,00 9011) =}

is a semialgebraic set.
We prove this by induction on n. For n =1,

T1(M) = {(z0, 21,22, 73, 1) € R” : max {af + 27,23 + 23} = *,t > 0}

is clearly semialgebraic. Now suppose n > 1. Let I',(M) = AU B,
where

A= {(xo,...,x2n+1,t) €T, (M) : a2 + a5 # 0},
and

B = {(xo,...,2on41,t) € (M) : 2y = 21 =0} .
By the inductive hypothesis, B is semialgebraic since B = {(0,0)} x
I'—1(M). Now let A’ be the set of points

2 1)+1+2
(ZE(),...,ZL‘Q,—H_l,t,Oél,ﬁl,...7047,“5”) cR (n+1)+1+2n

such that z2 + 22 # 0, ay + ify, for h = 1,...,n, are the roots of
(xo + ix) X™ + - -+ + (22, + 1T2,41) and

(4.2) |:E0—|—’L':E1|Hmax{1,|ozh+iﬂh|} =t.
h=1

This set A’ is defined by the symmetric functions that link the coef-
ficients of a polynomial with its roots and by (4.2). It is therefore
semialgebraic. Since A is the projection of A" on the first 2(n + 1) 4+ 1
coordinates, it is also semialgebraic by the Tarski-Seidenberg principle
(Theorem 2.1). We have the claim for the complex Mahler measure.

For the real one it is sufficient to note that its graph is nothing but
the projection that forgets the coordinates xq,x3, ..., To, 1, To,y1 Of

Lo(M) N {(xo, ..., Ton41,t) : X241 =0 for j=0,...,n}.
U

Since M satisfies the three conditions of Definition 3.1, it is a semi-
algebraic distance function. Moreover, in [6], Chern and Vaaler calcu-
lated the volume of the sets of the form (3.1), where N is the real and
the complex monic Mahler measure.

Recall the notation of (3.1). By (1.16) and (1.17) of [6], for every
T > 1 the volumes of the sets

{(z1,...,2n) ER" : M(1,21,...,2,) < T},
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and
{(z1,..,20) €EC": M(1,21,...,2,) < T}

are, respectively, polynomials pg(T') and pc(T) of degree n and 2n and
leading coefficients

M . n—2j M
29 n
_ on—M 1
Crn = 2 (H <2j+1) )M!’

Jj=1

with M = [ ], and

n
n

(nh)*

We just showed that A satisfies the hypothesis of Theorem 3.1
and we have that for every Hy > 1 there exists a positive Cy =
Co(m,n,N(S), Ho), such that for every H > H,,

C(c,n =T

(4.3) ||O%(H)| — C5,C8, BYyH™ (log H)1*I™!

<{ CoH™ (log H)'*172 | if |S] > 1,
= | CoH™ if |S] =1,
where B,(Jg is the constant defined in (1.2).

Let us reformulate these considerations in terms of polynomials. We
proceed in a similar way as done in Section 2 of [1]. For any positive
integer n we fix the system N, of dimension n to consist of Mahler
measure distance functions and we define

VA k[ X] — 0, 00)
ap X"+ a; X"+ ta, — Hy,(ag,a,...,a,).
Let My, s(n, H) be the set of of monic polynomials f € Og[X] of degree
n with M*(f) < H. Clearly |O%(H)| = |Mpy.s(n,H)| and (4.3) is an

estimate for such cardinality. Fixing m and n and letting k vary among
number fields of degree m, B,E”S) is bounded and therefore there exists

a constant Gfs,)m(S)v depending on n, m and 91(.5), such that

A0 IMusln )] S Gl Qo+ 1)

for every H > 1.
Note that, for every a € k,

(4.5) MA(X —a) = [] max{L|al,}* = H(a).
veMj,
It is clear from the definition of Mahler measure (4.1) that

M(fg) = M(f)M(g),
and therefore, by Lemma 1.6.3 of [4], one can see that

M*(fg) = M*(f)M*(g),

'There is a misprint in (1.16) of [6], 2=~ should read 2= .
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for every f,g € k[X].

Now we restrict to monic f irreducible over k. Let ka,s (n,H) be
the set of monic irreducible polynomials f € Og[X] of degree n with
M¥(f) < H, i.e., the polynomials in My, s(n, H) that are irreducible
over k.

Corollary 4.2. For every Hy > 1 there exists a positive Dy, depending
onn, m N(S) and Hy, such that for every H > Hy we have

(Mys(n, H)| — Ch,,C2, BysH™ (log H)'*™

< J Do (log H)¥172 | if |S| > 1,
= | DoH™ 'L, if S| =1,

where £ =logH if (m,n) = (1,2) and 1 otherwise.

Proof. For n = 1, there is nothing to prove. Suppose n > 1. We show
that, up to a constant, the number of all monic reducible f € Og[X]
of degree n with M*(f) < H is not larger than the right hand side of
(4.3), except for the case |S| =1 and (m,n) = (1,2).

Consider all f = gh € My g(n,H) with ¢g,h € Og[X]| monic of
degree a and b respectively, with 0 < a < b <nand a+b=n. We
have 1 < M*(g), M*(h) < H because g and h are monic. Thus, there
exists a positive integer d such that 2971 < M*(g) < 2¢. Note that d
must satisfy

log H
log 2

(4.6) 1<d< +1<2logH + 1.

Since M* is multiplicative,

ke MEOF) i
M) = gy S 2

Using (4.4) and noting that 2¢ < 2, we can say that there are at most
|S|—1 a ma _

Gl (2™ (log 2! + 1) < Gy ) (29)™ (log H +2)1°

possibilities for g and
Gs) (27H)™ (log (217H) + 1)‘5"1
< GO s (27H)™ (log 7 +2)15

possibilities for A. Therefore, we have at most
(4.7) H{"y o M2 ) (log H + 2)0517Y

possibilities for gh Wlth M*(gh) < H and 27! < M*(g) < 2¢, where
Hﬁzzn(s) is a real constant depending on n, m and 91(.5).
If a=0= 3%, then (47) i

H" sy H™E (log H +2)* 15170
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Summing over all d, 1 < d < [2logH | + 1 (recall (4.6)), gives an extra
factor 2logH + 1. Therefore, when a = b, there are at most

H" P (2log H + 2)%!

possibilities for f = gh, with M*(f) < H. If |S| > 1 or (m,n) # (1,2),
this has smaller order than the right hand side of (4.3), since mn > 2
implies %" < mn — 1. In the case |S| = 1 and (m,n) = (1,2), we get
Hﬁjﬁg( s M (2logH + 2) and we need an additional logarithm factor.
In the case a < b, summing 2™~ gver all d, 1 < d < [2logH| +
1=:D, we get
D LD
DICCULED S
d= d=1

1

Thus, recalling b < n — 1, if a < b there are at most
H"y "0 (log H +2)*1°17

possibilities for f = gh, with M*(f) < #H. This is again not larger
than the right hand side of (4.3). O

The last step of the proof links such irreducible polynomials with
their roots and M * with the height of these roots. Recall that S is the
set of places of k that extend the places in S.

Lemma 4.3. An algebraic number 8 € Og has degree n over k and
H(B) < H if and only if it is a root of a monic irreducible polynomial
f € Os[X] of degree n with M*(f) < H".

Proof. If an algebraic number 3 € Og has degree n over k, then it is
clearly a root of a monic irreducible polynomial f € Og[X]| of degree
n, and vice-versa. We claim

H(B)" = MA()).

We show that it is possible to define an absolute MY : Q[X] — [0, o)
such that, if f € k[X], then MQ(f) = MF(f). In fact, let k' be a
finite extension of k with [k’ : Q] = m’. Recall (see [12], Ch.II, (8.4)
Corollary) that for any w € My
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For any f = ag X"+ - -+a, € k'[X], we use the notation M,(f) = M(f)

for v | co and M, (f) = max{|ag|y, .-, |an|,} for v1{oo. We have
M¥(f) = [T Moo = T TI Mulou(5))#
vEM,,, we My, Ui%’“/
ZvGMk/ % duy
= H My(ow(f)) vl = H My (ow(f)) ™ = Mk(f)
we My, we My,

Suppose f = (X —aq) -+ (X — ). By (4.5) we have
M) (X — o) = H(ay),

and the o; have the same height because they are conjugate (see [4],
Proposition 1.5.17). Moreover, by the multiplicativity of M* we can
see that

for any «; root of f. O

This implies that |[N(Og(1,n), H)| = n|Mys(n, H™)| because there
are n different f € Og with the same minimal polynomial f over k.
We then have that, for every Hy > 1, there exists a positive Fy =
Eo(m,n,N(S), Ho) such that, for every H > H,,

N (Os(1,n),H) —nl5lCg 02, BIYH™ (log 1)1

_ | EeH™ (log )72 i (8] > 1,
= | EyH UL, if |S] =1,

where £ = log H if (m,n) = (1,2) and 1 otherwise. We obtain Theorem
1.2 by choosing Hy = 2.

5. COUNTING LATTICE POINTS

We start this section introducing the counting theorem that will
be used to prove Theorem 3.1. The principle dates back to Daven-
port [7] and was developed by several authors. In a previous work [2],
the author and Widmer formulated a counting theorem that relies on
Davenport’s Theorem and uses o-minimal structures. We do not need
Theorem 1.3 of [2] in its full generality as we count lattice points in
semialgebraic sets.

For a semialgebraic set Z C R™™" | we call Z, = {& € R" : (x,t) €
Z} the fiber of Z lying above t € R™ and Z a semialgebraic family.
It is clear that the fibers Z; are semialgebraic subsets of R™. Let A be
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a lattice of R" and let \; = \;(A), for ¢ = 1,...,n, be the successive
minima of A with respect to the unit ball By(1), i.e.,

Ai = inf{\ : By(A\) N A contains ¢ linearly independent vectors}.
The following theorem is a special case of Theorem 1.3 of [2].

Theorem 5.1. Let Z C R™" be a semialgebraic family and suppose
the fibers Zy are bounded. Then there exists a constant c; € R, de-
pending only on the family, such that

Vol(Z)| = Vi(Z)
Zy N A| — < AL

where V;(Zy) is the sum of the j-dimensional volumes of the orthogonal
projections of Zy on every j-dimensional coordinate subspace of R™ and

Vo(Zy) = 1.

Let us introduce the family we want to apply Theorem 5.1 to. We
fix an (r, s)-system N of dimension n consisting of r real and s com-

plex semialgebraic distance functions. Recall that we defined Nl(z) =
N;(1, z). Moreover, we see the complex N; as functions from R?", i.e.,

Ni<$17$27 e ,l’gn,l,xzn) = Ni(zl, ey Zn),

fOI‘ (SL’l,QZQ, e ,xgnfl,l’gn) = (%(21),%(21), .. -7§R<Zn);%<zn))-
Recall that d; = 1,fori=1,...,r,and d; = 2, fort =r+1,...,r+s,
and m = r + 2s. Let

r+s
(51) Z = {(331, vy Lpys, t) S Rn(r+2s)+1 : H Nl(mz)d’ < t} s

=1

where x; € R%".
We need to show that Z is a semialgebraic family and that the fibers
Zy are bounded for every t € R.

Lemma 5.2. The set Z defined in (5.1) is semialgebraic.

Proof. First note that, since the N; are semialgebraic functions, also
the N; are semialgebraic. In fact, one can get I (NZ> by intersecting

['(N;) with an appropriate affine subspace. Let us define the following
sets:

S(Z) = {(wla Ce ,CBrJrS,t,tl, e 7tr+s) € R™ x R1+T+S : Nl<wz) = tz},

fori=1,...,r+ s, and

r+s
A= {(a:l,...,wT+s,t,t1,...,tr+s) e R™ x RIT7Ts . Htfi < t}.

i=1
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All these sets are clearly semialgebraic. Let m be the projection map of
R™n T+ 6 the first mn + 1 coordinates. By the Tarski-Seidenberg
principle (Theorem 2.1) the set

B=m (ﬂS(i)ﬂA>

is semialgebraic. A point (xy,...,®,1s,t) belongs to B, if and only if

there are t1, . .., 1, such that N;(x;) = t; for every i and [[/17 ) <,

)

ie., [T/22 Ny(;)% < t. Therefore B = Z, and we proved the claim. [J

Since the N; are bounded distance functions, there exist positive real

constants J; such that
0i|2[oc < Ni(2),

for every z in R"*! or C"™! (see [5], Lemma 2, p. 108). We define
v = max{0; : 0;|z]|e < Ni(2)} and N/(2z) = 7i|2|- As before, we use
the notation N!(z) for N/(1, z).

Let N’ be the (r, s)-system consisting of N/(z) = 7;|2|« for every
i =1,....,r +s. Each (x,...,®,,,t) such that [[; Nl(wl)d <t
satisfies [[1% N/(x;)% < t. Therefore, if

r+s
- {(""1’ e t) € R T V(@) < t}7

=1

we have Z C Z'. For every & € R%" we have, by definition, N;(a;) > Y

and therefore, for every (x1,...,Ts) € Z;,
~ t
Ni(a)" < ——
J
17
holds. This implies
d; t
il < —,
117

for every i = 1,...,7 4+ s. We have just showed that the fibers Z], and
therefore Z;, are bounded.

From now on we use the notation Z(7T') for Zr. Recall that V;(Z(T'))
is the sum of the j-dimensional volumes of the orthogonal projec-
tions of Z(T') on every j-dimensional coordinate subspace of R" and
Vo(Z(T)) = 1.

Since Z C Z', we have V;(Z(T')) < V;(Z'(T)). By Theorem 5.1 there
exists a constant cz, depending only on Z, such that

I e

Jj=0

for every T € R.
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We have to calculate Vol(Z(T)) and we need upper bounds for
Vi(Z'(T)). B

Recall we supposed that, for every i = 1,...,r + s, Ny(x) > 1 and
the volume of the set Z;(T') defined in (3.1) is p;(7T") for every T' > 1,
where p; is a polynomial of degree d;n and leading coefficient Cj.

Lemma 5.3. Let ¢ = r + s — 1. Under the hypotheses above we have
that, for every T' > 1,
Vol (Z(T)) = Q (T%,logT) ,
where Q(X,Y) € RIX,Y], degy Q@ = 2n, degy Q = q and the coeffi-
cient of X2"Y9 is "L [4] C;.
q! 7
Proof. This is a special case of Lemma 5.2 of [1]. O
The V;(Z'(T')) were already computed in [1].

Lemma 5.4. For each j = 1,...,mn — 1, there exists a polynomial
P;(X.,Y) in R[X,Y], with degx P; < 2n, degy P; < q, and the coeffi-
cient of X?"Y'? is 0, such that, for every T > 1, we have

Vi(Z2(1)) = P; (T*,108T) .
Proof. See [1], Lemma 5.4. O

For an integer u, we will use the notation

X¥  foru>0
(u) _ ) )
X _{1, for u <0,

in order to avoid possible appearances of 0°, for instance in the following
proposition, where we must consider (log7")? for T' > 1 and ¢ can be 0.

Proposition 5.5. Let N be a (r, s)-system of dimension n that satisfies
the above hypotheses on the volumes of the sets Z;(T) and A a lattice.
There exist two positive real constants E and E’', depending only on N,
such that, for every T > 1,

q+1

\Z(T mA|—— (Hc

Aty

Proof. For T < 1, Z(T) = () since we supposed N;(x) > 1 for every x.
Suppose T > 1.

We start with the case ¢ = 0. In this case, our system N consists
only of one function N; that can be either real (d; = m = 1) or

ET” (log 7)Y + E) Cifg>1,
T”_* if g =0,
. Moreover, if T < 1, then Z(T) = 0.

/-\/\\—/
\_/ N
S
Q‘»—l
el e]
|09
>ﬂ
S

+

where D(A) = 371 1
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complex (d; = m = 2). In any case, the volume of the set Z(7') C R™"
equals py (T%> for every T' > 1, where p; has degree mn and leading
coefficient (.

Fixa j, 1 < j <mn—1. Any projection of Z'(T') to a j-dimensional
coordinate subspace has volume at most FjT%, for some positive real
constant F};. Therefore, there exists an £” such that

Vi(Z'(T)) < B'T"
for every T' > 1, and, recalling (5.2), we have the claim if ¢ = 0.
Suppose ¢ > 0. By (5.2), Lemma 5.3 and Lemma 5.4, we have the
following inequality, for every T'> 1,

atl ‘T" (log T)(q)

n? 1
Z(T)NA| - — < z
208l = F 116 —gger—| < 2P (T4 1eT).

for some polynomial P(X,Y) € R[X,Y] with degy P < 2n, degy, P <
q, whose coefficients depend on N and the coefficient of X?"Y is 0.
Since P satisfies such conditions, there exists a positive F such that

P (T%, log T) < ET" (log )™,

forevery T' > 3. For T' € [1, 3], the function of T" given by P (T% ,log T)
is bounded, say by E’. Then

P (T%,mg T) < ET" (logT)“ ™V +

for every T' > 1. Clearly, £ and E’ depend only on the coefficients of
P and therefore only on N. O

6. PROOF OF THEOREM 3.1

Recall that we fixed a number field £ of degree m over Q. Recall
that oi,...,0,4s are the real and complex embeddings of k indexed
in the usual way. Moreover, d; = 1, for © = 1,...,r, and d; = 2, for
i=r4+1,...,7+s. Let 2 be a non-zero fractional ideal of k. The
image of 2 via the embedding o : a < (01(a),...,0.45(a)) is a lattice

in R™ and we call the cartesian product of n copies of it Ay = o(2A)".
Recall that with 91(2) we denote the norm of 2.

Lemma 6.1. We have
det Aa = (2R VIA) "

and its first successive minimum with respect to the Euclidean distance
. 1
is Ay > M(A)m.

Proof. In [11] this Lemma is stated for integral ideals ([11], Lemma 5).
The same arguments work also for non-zero fractional ideals. U
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Now, recall that we fixed a finite set of places S of k containing the
archimedean ones and Qg is the ring of S-integers of k. As in Section 1,
we call Sg, the set of non-archimedean places in S. To prove Theorem
3.1 we need an estimate for the cardinality of O%(H), i.e., the set of
points @ € O% such that Hy(1,a) < H.

First suppose Sg, = (), then Og = Oy and |S| = ¢+ 1 =r + s. Note
that, in this case,

r+s

Hy(1,a) = [[ Ni(os(a) =,

=1

3 &

because a is a vector with integer coordinates whose non-archimedean
absolute values are smaller than or equal to 1. Therefore, the number
of a € O} such that Hy(1,a) < H is the number of lattice points of

Ao, = 0(Of)" in Z(H™). By Lemma 6.1, det Ap, = (2_5 ]AM) and
A1 > 1. Thus, D(A) < mn + 2°". Moreover, for every Hy > 1 there
exists a Cy = Cy(N, Hp) such that

(mn + 2sn> (EHmn (log%m)(Q*l) + El> S CO%mn (log H)(‘I*l)’

for every H > Hy, in case ¢ > 1 and (mn + 2°")E < Cj in case ¢ = 0.
The claim of Theorem 3.1 follows applying Proposition 5.5.

Now, suppose Sp, = {v1,...,vp}, with L > 0 and recall that v,
corresponds to the prime ideal p; of Of. Let Zg be the set of non-zero
integral ideals 2 in O, which are products of the prime ideals we fixed,
Le., A =p] ... .pJ for some non-negative integers gi,...,9.. An a €
k™ is in O% if and only if there exists an ideal 2 € Zg such that a,, € A~!
for every u=1,...,n, ie., o(a) = (o1(a),...,01s(a)) € Ay-1.

From now on we put

e
Viw =———= [ C

q! (M)n i=1

For a non-zero integral ideal 2, by Z (2, T") we indicate the set of @ € k"
such that o(a) € Ag—1 N Z(T™).

Lemma 6.2. There exist two positive constants F and F', depending
only on N such that, for T > 1 and every non-zero integral ideal A,
we have

|Z(A,T)| = Vi) T™ (log ™)'

_ e (FTm” (log ™)@V + F) Cifg>1,
= | @) PTe, ifq=0.

Moreover, if T <1, Z(2,T) = .
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Proof. Note that, by Lemma 6.1, the first successive minimum of Ag-1
. 1 . . .. .

is greater than or equal to (A) "= . Since N(A) is a positive integer,
we have

J ) L
[T = @) > 9@~ = nE) ™ > n@@) ™,

for every j = 1,...,mn — 1. Moreover, |Ax| > 1. The claim follows
from Proposition 5.5 and Lemma 6.1, after noting that
25 (A)™

D (Ag-1) < mnMNRA)" + = <MD" (mn + 2°7).

(V)

We fix a T' > 1. For a non-zero integral ideal 2, let Z*(2,T) be
the subset of Z(2,T) consisting of the points a such that, for every
B strictly dividing 2, there is a v € {1,...,n} such that a, ¢ B!
In other words, a corresponds to a lattice point of Ayg-1 that is not
contained in any sublattice of the form Ag-1 where 9B is a strict divisor
of A. We have

1z, = 3123, 7).
BA
If py is the Mobius function of k, the Mobius inversion formula implies
that
127 (A, T)| =D (B Z2(AB, 7).
BA
Lemma 6.2 gives us an estimate for |Z*(2, T)|, for every T' > 1,

(6.1) 2, T)| = Vi Y pie(B)N(AB )T (log T™)

BIA
o T (B R@B ) (FT (l0g 7)Y + F) i g > 1,
I |k (B)[(AB )T, if ¢=0.

Recall that O%(#H) is the set of points @ € O% with Hy(1,a) < H.
Lemma 6.3. We have
(6.2 oxHI= Y |z @) ).

AeLs,
NA)~IH™>1

Proof. Let 24 = p{*...p%" and recall d,, = [k, : Q). Every point
a € Z*(A,T) is such that max, |au|Z;” =MN(p,)", foreveryl =1,...,L,
and max, |a,|, < 1 for all v ¢ S. This means that every a € Z*(2(, T")

satisfies
Hmax{l, |y} = N(A),

vfoo
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and thus

r+s
1

Hy(1,a) = N [ Ni(oi(a ) < NA)

=1

T.

s

Therefore, a € O%(H) if and only if there exists an 2 € Zg such that

a € Z*(A,NA)"=H). Since such an 2 is unique and recalling that,
if T < 1, then Z(2,T), and therefore Z*(2(,T), are empty, we obtain
the claim. O

Let Zs(T) be the set of ideals in Zg with norm not exceeding 7" and
recall that the norm is multiplicative. Combining (6.2) with (6.1), we
have that

O5(H)| = Viw Y Z

AT (H™) %m

( (Q[)lem))(q)

is smaller than or equal to

> Iw |“’“ (F?—[m" ( (%))(q_l) + F”)T(Ql)”)

AETg(H™) BIA

if g > 1 and

AETs(H™) ‘B\Qt

if g =0, for every H>1.
Now, let ¥ (2A) = Z%Iﬂ ) and U () = D o ‘”’“ . The left
hand side becomes

(63)  [|0s(H)| = Vi H™ 3 w0(@A) (log (M) 1m))

A€Zg(H™)

while the right hand side is

(6.4)

m \ ) (@1 ]

{ Sacrsoem V@) (Frm (l0g (5)) "+ P itz 1
FH™ 'Y ez om TP ()IUA) 7, if g =0.
Let K be a non-negative integer, we put

LYK =Y wO(@) (log (NRA)H™)) W
A€Lg(H™)

for h = 1,2. Recall that we defined 9U(S) = (MN(p1),...,N(pL)).
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Lemma 6.4. For every non-negative integer K and for h = 1,2, there
exist positive constants U[((lzn(s) and Ul(f)m(s), depending only on K and
MN(S), such that

L K+L 1
£ (M, K) - (H Ff’”) ( 11 ;) (log ™)+
=1

i=K+1

h m K+L—
< UI((,BJT(S) (log H™ + 1) H+EY

for every H > 1, where

70 _ U™ (py) .
: log 9 (p;)

Proof. We proceed by induction on the cardinality of Sg,. Clearly, we
can define Lgf (H,K) and Zg for S" = S\ {vp}. If Sqy, is empty, ie.,
L =0, then Zg(H™) = {O} and E(h) (H,K) = (logH™)5), for every
H > 1.

Now suppose Si, has cardinality L > 0. The sum over all 21 €
Zs(H™) can be viewed as two sums: the first over all B € Zg (H™),
and the second over all non-negative integers gy, with

N (p7) < H"N(B)™

For typographical convenience we set

log (Hm‘ﬁ(%)l)J
A % - 9
() L log 9 (vr,)
and
R = Tg(H™).
We have
A(B)
LOHK) =S u® (Bpsr) (log (H™N(B) ™) — g1 log M (pr)) "
BER gr,.=0
A(B) K A
=D > v (Bp) Y (-1 < > (log 9 (p1)) g5, (log (K" (B) ™))"
BER gr,=1 1=0
+£S, (H, K).

Using the definitions of ¥(" it is easy to see that 1/2 < WM (p;) < 3/2
for every [ and, if g;, > 1,

(6.5) UM (Bpg) = M (Bpp) = TP (B)YTM (p,) > 0
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Therefore,
-1
(6.6) (80 1) = £0 . 1)) (V9 (1))
K A(B)
= Z ( ) (log M (pr))" > M (B) (log (H(B) ™))" Y gi
i= BER gr=1
Using Faulhaber’s formula, for every i =0,..., K, we get
A(B i m _
(Z) P rog (H"N(B) ) J "o Qlog (H"N(B) ) D
A7 i+l logN(py) ' log M (py,) ’

where (); is a polynomial of degree i whose coefficients depend only on
1. Then
A(B) EENNEAS |
1 (log(H"N(B)™) / 1
g v - < Q; (log (H™N(‘B ,

gr=1

where @} is a polynomial of degree at most i, whose coefficients depend
on i and 9 (py). Finally, after noting that

i(_l)i@)iil:f(lﬂ’

1=0

by (6.6), we can derive the following inequality:

(h)
(L0 1) — L8 (. 1)) - [5 7 2 ) (s (o) 1)) Y

< Z (B)Q (log (H™N(B)™)),

BeR
where () is a polynomial of degree at most K whose coefficient depend
only on K and 91 (p). Therefore, we have
(h)

£S<%7K) K+

L (H, K +1) <Zb£S/7—lz)

where the b; are real coefficients again dependmg on K and 9 (pz).
Now, by the inductive hypothesis, there exist Ug41m(s) and U, i,,fﬁ(S’)7
for i =0,..., K, such that

K+L

Lo(H, K+ 1) (HF h)> ( H %) (logHm)(KJrL)

i=K+2

< UK+1,‘ﬂ(S’) (log H™ 4 1)(K+L—1) 7

and '
Ls/(H,i) < Ulysny (log H™ + 1)
for every 1 =0, ..., K. The claim follows easily. U
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Lemma 6.5. There exists a real constant Vs, depending only on
MN(S), such that

S e @)N@A) T < Vs H (log M+ 1)V,
A€Tg(H™)

for every H > 1.

Proof. We proceed by induction on the cardinality of Sg, as before. If
Sin is empty, then Sy 7 o U@ (A)IUA)m = 1 and the claim holds.
Now suppose Sg, = {v1,...,vr}, with L > 0, and again py,...,p are
the prime associated to the places in Sg,. Let S = S\ {v,} and again

log (Hmm(%)l)J
logN(pr)

Note that ¥ (p;) < 2 and then, by (6.5), U@ (Bps) < 20> (B).
Then

A(B) = {

A(sB

Soow@@meE)s < Y 20 E IR

A€Ts(H™) BeTg (H™) 9r=0
(pL) A(B)+1) _ 1

BET (H™) (pL)m -1

S Ry 2 VOBRB) N ()

2 L log(H™M(B) 1) m
<— = Y UOBNB) N(p)R(p) T T
Npr)™ =1 ery um)
- m Z T (B)N(B ) (H"N(B)™)
Npr)™ =1 gez )

— 4HLE) (F,0).

3

The claim follows applying Lemma 6.4. U

Now we are ready prove Theorem 3.1.
We already dealt with the case Sg, = (). Suppose Sg, # 0. By (6.3)
and (6.4), we have

10530)| = ViaH™ 28 (M, )

1

_ | FHmLY (g = 1)+ FHMLY (H,0), i g > 1,
T PR Daezs o P (QON(A) if ¢ =0.
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Note that, L < |S| — 1 and if ¢ > 1, then L < |S| — 2. Moreover,

o= Y0 1 (1 Lt ) .
log M (pr)  logN(p) N (p1)
We apply Lemmas 6.4 and 6.5 and we can conclude that there exists a

positive G = G(N,MN(S)) such that
|O8(H)| — O sH™ (log 1)

< GH™™ (10g7-[ + 1)|S\—27

for every H > 1, where Cyr s was defined in (3.2).
Now, for every Hy > 1, there exists a positive Cj, clearly depending
on N, N(S) and H, such that

GH™ (IOgH + 1)|S|—2 < COHmn (logH)\S\—Q’

and we have the claim of Theorem 3.1
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ADDITIVE UNIT REPRESENTATIONS IN GLOBAL
FIELDS — A SURVEY

FABRIZIO BARROERO, CHRISTOPHER FREI, AND ROBERT F. TICHY

Dedicated to Kdalmdn Gydry, Attila Pethd, Janos Pintz and Andrds Sarkozy.

ABSTRACT. We give an overview on recent results concerning addi-
tive unit representations. Furthermore the solutions of some open
questions are included. The central problem is whether and how
certain rings are (additively) generated by their units. This has
been investigated for several types of rings related to global fields,
most importantly rings of algebraic integers. We also state some
open problems and conjectures which we consider to be important
in this field.

1. THE UNIT SUM NUMBER

In 1954, Zelinsky [37] proved that every endomorphism of a vector
space V over a division ring D is a sum of two automorphisms, except
if D =17/27 and dimV = 1. This was motivated by investigations of
Dieudonné on Galois theory of simple and semisimple rings [6] and was
probably the first result about the additive unit structure of a ring.

Using the terminology of Vamos [34], we say that an element r of
a ring R (with unity 1) is k-good if r is a sum of exactly k units of
R. If every element of R has this property then we call R k-good. By
Zelinsky’s result, the endomorphism ring of a vector space with more
than two elements is 2-good. Clearly, if R is k-good then it is also
[-good for every integer [ > k. Indeed, we can write any element of R
as

r=(—(0-k-1)+(10-k)-1,

and expressing  — (I — k) - 1 as a sum of k units gives a representation
of r as a sum of [ units.

Goldsmith, Pabst and Scott [17] defined the unit sum number u(R)
of a ring R to be the minimal integer k such that R is k-good, if such
an integer exists. If R is not k-good for any k then we put u(R) := w

1991 Mathematics Subject Classification. 00-02, 11R27, 16U60.
Key words and phrases. global fields, sums of units, unit sum number, additive
unit representations.
F. Barroero is supported by the Austrian Science Foundation (FWF) project
W1230-N13.
C. Frei is supported by the Austrian Science Foundation (FWF) project S9611-N23.
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if every element of R is a sum of units, and u(R) := oo if not. We use
the convention k < w < oo for all integers k.
Clearly, u(R) < w if and only if R is generated by its units. Here are
some easy examples from [17]:
o u(Z) =w,
o u(K[X]) = oo, for any field K,
e u(K) =2, for any field K with more than 2 elements, and
o u(Z/27) = w.

Goldsmith, Pabst and Scott [17] were mainly interested in endomor-
phism rings of modules. For example, they proved independently from
Zelinsky that the endomorphism ring of a vector space with more than
two elements has unit sum number 2, though they mentioned that this
result can hardly be new.

Henriksen [21] proved that the ring M,,(R) of n x n-matrices (n > 2)
over any ring R is 3-good.

Herwig and Ziegler [22] proved that for every integer n > 2 there
exists a factorial domain R such that every element of R is a sum of
at most n units, but there is an element of R that is no sum of n — 1
units.

The introductory section of [34] contains a historical overview of the
subject with some references. We also mention the survey article [31]
by Srivastava.

In the following sections, we are going to focus on rings of (S—)in-
tegers in global fields.

2. RINGS OF INTEGERS

The central result regarding rings of integers in number fields, or
more generally, rings of S-integers in global fields (S # () finite), is that
they are not k-good for any k, thus their unit sum number is w or oc.
This was first proved by Ashrafi and Vamos [2] for rings of integers of
quadratic and complex cubic number fields, and of cyclotomic number
fields generated by a primitive 2”-th root of unity. They conjectured,
however, that it holds true for the rings of integers of all algebraic
number fields (finite extensions of Q). The proof of an even stronger
version of this was given by Jarden and Narkiewicz [24] for a much
more general class of rings:

Theorem 1. [24, Theorem 1] If R is a finitely generated integral do-
main of zero characteristic then there is no integer n such that every
element of R is a sum of at most n units.

In particular, we have u(R) > w, for any ring R of integers of an
algebraic number field.

This theorem is an immediate consequence of the following lemma,
which Jarden and Narkiewicz proved by means of Evertse and Gyo6ry’s



ADDITIVE UNIT REPRESENTATIONS 67

[10] bound on the number of solutions of S-unit equations combined
with van der Waerden’s theorem [36] on arithmetic progressions.

Lemma 2. 24, Lemma 4] If R is a finitely generated integral domain of
zero characteristic and n > 1 1s an integer then there exists a constant
An(R) such that every arithmetic progression in R having more than
A, (R) elements contains an element which is not a sum of n units.

Lemma 2 is a special case of a theorem independently found by Ha-
jdu [20]. Hajdu’s result provides a bound for the length of arithmetic
progressions in linear combinations of elements from a finitely gener-
ated multiplicative subgroup of a field of zero characteristic. Here the
linear combinations are of fixed length and only a given finite set of
coefficient-tuples is allowed. Hajdu used his result to negatively an-
swer the following question by Pohst: Is it true that every prime can
be written in the form 2* + 3%, with non-negative integers u, v?

Using results by Mason [27, 28] on S-unit equations in function fields,
Frei [14] proved the function field analogue of Theorem 1. It holds in
zero characteristic as well as in positive characteristic.

Theorem 3. Let R be the ring of S-integers of an algebraic function
field in one variable over a perfect field, where S # 0 is a finite set of
places. Then, for each positive integer n, there exists an element of R
that can not be written as a sum of at most n units of R. In particular,
we have u(R) > w.

We will later discuss criteria which show that in the number field
case as well as in the function field case, both possibilities u(R) = w
and u(R) = oo occur.

3. THE QUALITATIVE PROBLEM

Problem A. [24, Problem A] Give a criterion for an algebraic exten-
sion K of the rationals to have the property that its ring of integers R
has unit sum number u(R) < w.

Jarden and Narkiewicz provided some easy examples of infinite ex-
tensions of Q with u(R) < w: By the Kronecker-Weber theorem, the
maximal Abelian extension of Q has this property. Further examples
are the fields of all algebraic numbers and all real algebraic numbers.

More criteria are known for algebraic number fields of small degree.
Here, the only possibilities for u(R) are w and oo, by Theorem 1. For
quadratic number fields, Belcher [3], and later Ashrafi and Vamos [2],
proved the following result:

Theorem 4. [3, Lemma 1][2, Theorems 7, 8] Let Q(+/d), d € Z
squarefree, be a quadratic number field with ring of integers R. Then
u(R) = w if and only if

1. de{-1,-3}, or
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2.d>0,d#1 mod4, andd+ 1 ord—1 is a perfect square, or
3.d>0,d=1 mod4, and d+ 4 or d— 4 is a perfect square.

A similar result for purely cubic fields was found by Tichy and Ziegler
33].
Theorem 5. [33, Theorem 2| Let d be a cubefree integer and R the
ring of integers of the purely cubic field Q(~/d). Then uw(R) = w if and
only if
1. d is squarefree, d 2 +1 mod 9, and d+1 ord—1 is a perfect cube,

or
2.d=28.

Filipin, Tichy and Ziegler used similar methods to handle purely
quartic complex fields Q(v/d). Their criterion [11, Theorem 1.1] states
that u(R) = w if and only if d is contained in one of six explicitly given
sets.

As a first guess, one could hope to get information about the unit
sum number of the ring of integers of a number field K by comparing
the regulator and the discriminant of K. In personal communication
with the authors, Martin Widmer pointed out the following sufficient
criterion for the simple case of complex cubic fields:

Proposition 6. (Widmer) If R is the ring of integers of a complex
cubic number field K then u(R) = w whenever the inequality

(1) [Ag| > (e3fi 43yt
holds. Here, Ak is the discriminant and Ry is the regulator of K.

Proof. Regard K as a subfield of the reals, and let n > 1 be a fun-
damental unit, so Rx = logn. Since K contains no roots of unity
except +1, the ring of integers R is generated by its units if and only
if R = Z[n]. By the standard embedding K — R x C ~ R3? we can
regard R and Z[n] as lattices in R® and compare their determinants.
Let ' = z+1iy be one of the non-real conjugates of . We get u(R) = w
if and only if

Since the right-hand side of the above equality is always a multiple of
the left-hand side, we have u(R) = w if and only if

Ly
VI]Ag| > |det [1 = 22 —y?
0 v 2zy

Clearly, 7! = o'y = 2% + %2, whence |z|, |y| < n~'/2. With this in
mind, a simple computation shows that the right-hand side of the above
inequality is at most =32 +2+n%2 so (1) implies that u(R) =w. O



ADDITIVE UNIT REPRESENTATIONS 69

To see that condition (1) is satisfied in infinitely many cases, we
consider the complex cubic fields Ky = Q(ay), where ay is a root of
the polynomial

(2) fv=XP+ NX +1,

with a positive integer N such that 4 N3 + 27 is squarefree. By [7],
infinitely many such N exist. We may assume that ay € R. From (2),
we get
N2 1
Myl T WT TN
Since —1/ayy is a unit of the ring of integers of Ky, and N < —1/ay <
N +1/N?, we have Rg < log(N +1/N?). The discriminant —4N? —27
of fx is squarefree by hypothesis, so |[Ag| = 4N3 + 27. Now we see by
a simple computation that (1) holds.
In the function field case, Frei [14] investigated quadratic extensions
of rational global function fields.

Theorem 7. [14, Theorem 2] Let K be a finite field, and F' a quadratic

extension field of the rational function field K(x) over K. Denote the

integral closure of K|x] in F' by R. Then the following two statements

are equivalent.

1. w(R) =w

2. The function field F|K has full constant field K and genus 0, and
the infinite place of K(x) splits into two places of F|K.

This criterion can also be phrased in terms of an element generating
F over K(z). If, for example, K is the full constant field of F' and of
odd characteristic then we can write F' = K (z,y), where y* = f(xz) for
some separable polynomial f € K[z]\ K. Then we get u(R) = w if
and only if f is of degree 2 and its leading coefficient is a square in K
([14, Corollary 1]).

Theorem 7 holds in fact for arbitrary perfect base fields K. An
alternative proof given at the end of [14] implies the following stronger
version:

< 1/N.

Theorem 8. Let F|K be an algebraic function field in one variable
over a perfect field K. Let S be a set of two places of F|K of degree
one, and denote by R the ring of S-integers of F|K. Then u(R) = w
if and only if F|K s rational.

All of the rings R investigated above have in common that their
unit groups are of rank at most one. Currently, there are no known
nontrivial criteria for families of number fields (or function fields) whose
rings of integers have unit groups of higher rank. We consider it an
important direction to find such criteria.

Peth6é and Ziegler investigated a modified version of Problem A,
where one asks whether a ring of integers has a power basis consisting
of units [39, 29]. For example, Ziegler proved the following:
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Theorem 9. [39, Theorem 1] Let m > 1 be an integer which is not a
square. Then the order Z[/m] admits a power basis consisting of units
if and only if m = a* £ 1, for some integer a.

Since analogous results are already known for negative m [40] and
for the rings Z[/m|, d < 4 [3, 33], Theorem 9 motivates the following
conjecture:

Conjecture. [39, Conjecture 1| Let d > 2 be an integer and m €
Z\ {0}, and assume that \Ym is an algebraic number of degree d. Then
Z[/m] admits a power basis consisting of units if and only if m = a®+£1,
for some integer a.

For rings R with u(R) = w, Ashrafi [1] investigated the stronger
property that every element of R can be written as a sum of k units
for all sufficiently large integers k. Ashrafi proved that this is the case
if and only if R does not have Z/27Z as a factor, and applied this result
to rings of integers of quadratic and complex cubic number fields.

Let R be an order in a quadratic number field. Ziegler [38] found
various results about representations of elements of R as sums of S-
units in R, where S is a finite set of places containing all Archimedean
places.

Another variant of Problem A asks for representations of algebraic
integers as sums of distinct units. Jacobson [23] proved that in the
rings of integers of the number fields Q(v/2) and Q(v/5), every ele-
ment is a sum of distinct units. His conjecture that these are the only
quadratic number fields with that property was proved by Sliwa [30].
Belcher [3, 4] investigated cubic and quartic number fields. A recent
article by Thuswaldner and Ziegler [32] puts these results into a more
general framework: they apply methods from the theory of arithmetic
dynamical systems to additive unit representations.

4. THE EXTENSION PROBLEM

Problem B. [24, Problem B| Is it true that each number field has a
finite extension L such that the ring of integers of L is generated by its
units?

If K is an Abelian number field, that is, K|Q is a Galois extension
with Abelian Galois group, then we know by the Kronecker-Weber
theorem that K is contained in a cyclotomic number field Q((), where
( is a primitive root of unity. The ring of integers of Q(¢) is Z[¢], which
is obviously generated by its units. Problem B was completely solved
by Frei [13]:

Theorem 10. [13, Theorem 1] For any number field K, there exists
a number field L containing K, such that the ring of integers of L is
generated by its units.
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The proof relies on finding elements of the ring of integers of K with
certain properties via asymptotic counting arguments, and then using
these properties to generate easily manageable quadratic extensions of
K in which those elements are sums of units of the respective rings
of integers. The field L is then taken as the compositum of all these
quadratic extensions.

Prior to this, with an easier but conceptually similar argument, Frei
[15] answered the function field version of Problem B:

Theorem 11. [15, Theorem 2] Let F|K be an algebraic function field
over a perfect field K, and R the ring of S-integers of F', for some
finite set S # O of places. Then there exists a finite extension field F’
of F' such that the integral closure of R in F' is generated by its units.

5. THE QUANTITATIVE PROBLEM

Problem C. [24, Problem C] Let K be an algebraic number field.
Obtain an asymptotical bound for the number Ny(x) of positive rational
integers n < x which are sums of at most k units of the ring of integers

of K.

As Jarden and Narkiewicz noticed, Lemma 2 and Szemerédi’s theo-
rem (see [19]) imply that
lim Nk—m =0,
T—00 x
for any fixed k. Aside from this, the problem still remains open.

A similar question has been investigated by Filipin, Fuchs, Tichy,
and Ziegler [11, 12, 16]. We state here the most general result [16]. Let
R be the ring of S-integers of a number field K, where S is a finite
set of places containing all Archimedean places. Two S-integers «, (3
are associated, if there exists a unit € of R such that a = pfe. For any
a € R, we write

N(a) =[] el

Fuchs, Tichy and Ziegler investigated the counting function ux s(n, x)
which denotes the number of all classes [a] of associated elements « of
R with N(«) < x such that o can be written as a sum

n
a = g €,
i=1

where the ¢; are units of R and no subsum of ¢; + - - - + ¢,, vanishes.

The proof uses ideas of Everest [8], see also Everest and Shparlinski
(9.
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Theorem 12. [16, Theorem 1] Let ¢ > 0. Then
Cnots [(wic(logz)®\" " C1)se1
) 1 (n—1)s—1+e¢
= (Bml) ofloga) e,

as x — o0. Here, wy is the number of roots of unity of K, Regy ¢ 1s
the S-requlator of K, and s = |S| — 1. The constant c, s is the volume
of the polyhedron

{(z11, -, Tns) € R™ | g(@11, ..., Tps) < 1},

ugs(n,x) =

with

S
g(z11, .. Tps) = Z max{0, Ty, ..., Tn; }
i=1

+max{0,—zs:x1i,...,—i:xm}.
i=1

=1

The values of the constant ¢, s are known in special cases from [16]:

n
s 1 2 3 4 5
1 2 3 4 5 6
2 3 15/4 7/2  45/16
3 10/3 7/3  55/54
4 35/12 275/32
5 21/10

Furthermore, ¢,; =n+1 and ¢; s = ﬁ(is).

In the following we calculate the constant ¢, ; for n > 1 and s = 2.
This constant is the volume of the polyhedron

V={(z,y) e R" xR" : g(z,y) < 1},
with
g(l’,y) = max {07 x’b} + max {07 y’L} + max {07 —Ti — yz} )

where © = (z1,...,2,), y = (Y1, -, Yn)-
For any K, L, M € {1,...,n} we consider the sets

Vkom = {(way> eR™:u; < g, yi < i,
ev+ym < @i+, gle,y) < 1}

Clearly the union of these sets is V' and the intersection of any two of
them has volume zero. Thus

n n n
Cn,2:E E g I 1,

K=1L=1 M=1
where I is the volume of Vi a. For the values of Ik a we
distinguish three cases:

(i) K, L, M are pairwise distinct;
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(i) exactly two of the indices K, L, M are equal;
(ii) K = L = M.
The third case is simple. Since z; < zg, y; < yg implies z; + y; <

Tk + Yrx we obtain z; +v; = vx + yx. Thus Vg g x has volume zero.
We only have to consider the remaining cases (i) and (ii). Clearly,

Cn72 = TL(?’L — 1)(n — 2)[17273 + 3n(n — 1)[17172.

5.i. Calculation of ;3. This case can only happen if n > 3. The
inequalities x5+ y3 < x; + y; give us lower bounds for x; and y; and we
always have the upper bounds x; < z; and y; < yo. Hence we have
T3+ Ys — T S Y S Yo
and
z; < I7.
Note that

9(z,y) = max {0, 21} + max {0, y»} + max {0, —x3 — y3} .
We integrate with respect to the y;’s, i # 2,3 and obtain

L3 = // drdy = // [T (o—2s—ys+a;)dadyadys.

z3+y3—2; <y <y2 z3+y3<z2+y2 7#2,3
z;<z1, g(z,y)<1 x3+y3—y2<z;<T1
y3<y2, g(z,y)<1

Next we integrate over the z;’s, 7 # 1,2, 3 and obtain

1 o
Lips = / : / on3 (y2 — 23 — y3 + 21)"" " dwrdwadrzdysdys.

T2,23<x1, Y3<Y2
r3+y3<z2+y2
g(z,y)<1
For the values of g(z,y) we consider the following cases depending

on the signs of 1, y» and —z3 — ys:

Tl T | Y2 | T3~ Y3 9(z,y)
11>0|<0 <0 T

2| <01>0 <0 Yo

31 <0]<0 20 —T3 — Y3
41>01=>0 <0 1+ Yo

5 ZO <0 ZO T1— T3 — Y3
6|<0][>0 >0 Y2 — T3 — Y3
71>20[>0 >0 T1+ Y2 — T3 — Y3

According to the table we split the integral into seven parts:

7
Loz =Y I3,
r=1
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One can calculate these integrals with the help of a computer algebra
system. We just give the final expressions:

2
1 2 3
]1(,2),3 = Il(,Q),S = ]£,£73 - n(2n —1)(n —1)27’
2
4 5 6
Bos =D =15 = soq
2
. = =
1,2,3 nan

In conclusion we have
2(n+1)(2n+1)
Loz = .
n(2n —1)(n —1)2»

5.ii. Calculation of I, ; . We proceed in the same way as in the other
case. We have the same bounds

To+ Yo —2; <Y < Yr

and
Z; S xI.

We integrate first with respect to the y;’s and then with respect to the
x;’s, 1 # 1,2, and obtain

Lo = / / H (1 — 22 —y2 + ﬂfj)dxdyldlb

T2t+y2—y1 <z;<z1 7#1,2
y2<y1, g(z,y)<1

1 n—
= / : / o2 (h — 22 — Y2 + $1)2 4d$1dx2dy1dy2.

z2<z1, y2<y1

g9(z,y)<1
Proceeding as in the previous section we again split the integral into
seven parts 11(3)72, r=1,...,7, and obtain:
O e e 1
1,12 = 412 = 42 n(2n —1)(n — 1)2°°
1
4 5 6
11(,1),2 = If,f,2 = 1—{71),2 = n(n — 1>2n7
1
[(7) - =
1,1,2 on

Hence
(n+1)2n+1)

(2n—1)(n —1)2°
Conclusion. The value of ¢, 2 is

(n+1)(2n+1)
m .

Lio=
n
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Remark. The computation of ¢, s for s > 2 seems to be more difficult
and might be considered later.

6. MATRIX RINGS

6.1. Matrix rings over arbitrary rings. Let R be any ring with 1.
We say that two elements a,b € R are equivalent (a ~ b) if there exist
two units u,v € R* such that b = uav. Vamos [34, Lemma 1] already
noticed the following simple fact.

Lemma 13. Let R be a ring and a,b € R. If a ~ b then, for allk > 1,
a 18 k-good if and only if b is k-good.

We consider the ring M, (R) of n x n matrices, with n > 2, over an
arbitrary ring R with 1. As usual GL,(R) denotes the group of units
of M,,(R).

For a € R the matrix F,(a,i,7), 7, j € {1,...,n},i # j,isthenxn
matrix with 1 entries on the main diagonal, a as the entry at position
(i,7) and 0 elsewhere. We call this kind of matrices elementary matrices
and denote by F, (R) the subgroup of GL, (R) generated by elementary
matrices, permutation matrices and —I, where [ is the identity matrix
of M,,(R).

Let us consider a more specific kind of k-goodness introduced by
Vamos [34].

Definition. A square matrixz of size n over R is strongly k-good if it
can be written as a sum of k elements of E,(R). The ring M,(R) is
strongly k-good if every element is strongly k-good.

The following lemma is Lemma 1 from [21] and Lemma 5 from [34].

Lemma 14. Let R be a ring and n > 2. Then any diagonal matrix in
M, (R) is strongly 2-good.

A ring R is called an elementary divisor ring (see [25]) if every matrix
in M, (R), n > 2, can be diagonalized. Lemma 14 implies that, in this
case, M,(R) is 2-good. In particular, if any matrix in M,(R) can
be diagonalized using only matrices in E,(R) then M, (R) is strongly
2-good.

The following two remarks can be deduced without much effort from
the proof of Lemma 14 that is given in [34].

Remark. If R is an elementary divisor ring and 1 # —1 then the
representation of a matriz in M,(R) as a sum of two units is never
unique.

Remark. If R is an elementary divisor ring and 1 # —1 then every
element of M, (R) has a representation as a sum of two distinct units.

As we have already mentioned, Henriksen [21] proved that M, (R),
where R is any ring, is 3-good. Henriksen’s result was generalized by
Vémos [34] to arbitrary dimension:
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Theorem 15. [34, Theorem 11] Let R be a ring and let F' be a free
R-module of rank o, where o > 2 is a cardinal number. Then the ring
of endomorphisms E of F is 3-good.

If a is finite and R is 2-good or an elementary divisor ring then E is
2-good. If R is any one of the rings Z|X|, K| X,Y], K(X,Y), where K
is a field, then w(E) = 3. Here K(X,Y) is the free associative algebra
generated by X, Y over K.

To prove that a matrix ring over a certain ring has unit sum number
3, Vamos used the following proposition.

Proposition 16. [34, Proposition 10] Let R be a ring, n > 2 an integer
and let L = Ray + - - - + Ra, be the left ideal generated by the elements
ai,...,a, € R. Let A be the n x n matriz whose entries are all zero
except for the first column which is (aq, . .. ,an)T. Suppose that

1. L cannot be generated by fewer than n elements, and

2. zero is the only 2-good element in L.

Then A is not 2-good.

We now apply Lemma 14 to a special case. Let R be a ring and
suppose there exists a function

f : R\{O} —>ZZQ,
with the following property: for every a,b € R, b # 0, there exist
q1,Q2,71,72 € R such that
a=qb+ry, where ry=0o0r f(r)) < f(b),
a=bqy + 1y, where ry=0or f(rs) < f(b).
Then we say that R has left and right Euclidean division.
The next theorem is a generalization of the well known fact that
every square matrix over a Euclidean domain is diagonalizable. The

proof strictly follows the line of the one in the commutative case (see
Section 3.5 of [18]), hence it is omitted.

Theorem 17. Let R be a ring with left and right Euclidean division and
n > 2. For every A € M, (R) there exist two matrices U,V € E,(R)
such that

UAV = D,

where D is a diagonal matriz.

Corollary. Let R be a ring with left and right Fuclidean division and
n > 2. Then M,(R) is strongly 2-good.

We apply the previous result to the special case of quaternions. Con-
sider the quaternion algebra

Q:{a+bi+cj+dk|a, b, c,
deQ,i®=-1,7>=-1,k=ij=—ji}.
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Definition. The ring of Hurwitz quaternions is defined as the set

1
H:{a+bi+cj+dk€Q| a,b,c,d € Z or a,b,c,d€Z+§}.

For basic properties about Hurwitz quaternions see [5, Chapter 5.

In @ the ring of Hurwitz quaternions plays a similar role as maximal
orders in number fields.

The units of H are the 24 elements +1, +i, -7, £k and (1 +1i +
JjEk)/2, 80 u(H) = w.

It is well known that H has left and right Euclidean division. There-
fore, we get the following corollary.

Corollary. Forn > 2, M,(H) is strongly 2-good.

6.2. Matrix rings over Dedekind domains. Let R be a ring and
A an r x ¢ matrix. The type of A is the pair (r,¢) and the size of A
is max(r,c). Let A; and Ay be matrices of type (r1,¢1) and (12, ¢2),
respectively. The block diagonal sum of A; and A, is the block diagonal
matrix
. A 0
diag(Aq, Ag) = [ 0 A } ,

of type (11472, c1+¢2). A matrix of positive size is indecomposable if it
is not equivalent to the block diagonal sum of two matrices of positive
size.

In 1972 Levy [26] proved that, for a Dedekind domain R, the class
number, when it is finite, is an upper bound to the number of rows and
columns in every indecomposable matrix over R. Vamos and Wiegand
[35] generalized Levy’s result to Priifer domains (under some technical
conditions) and applied it to the unit sum problem.

Theorem 18. (see [35, Theorem 4.7]) Let R be a Dedekind domain
with finite class number c. For every n > 2¢, M,(R) is 2-good.

Unfortunately we do not know a criterion. The only sufficient condi-
tion we know for a matrix not to be 2-good is given by Proposition 16.
For rings R of algebraic integers this proposition is of limited use. Since
ideals in Dedekind domains need at most 2 generators, condition (1)
can be fulfilled only for n = 2. Concerning condition (2) it is not hard
to see that, if the unit group is infinite, there is a nonzero sum of two
units in every nonzero ideal in a ring of algebraic integers. Therefore
we can apply Proposition 16 only to the non-PID complex quadratic
case.

Corollary. [35, Example 4.11] Let R be the ring of integers of Q(v/—d),
where d > 0 is squarefree and R has class number ¢ > 1. Then
u(Ms(R)) =3 and u(M,(R)) = 2 for every integer n > 2c.

Question A. [35, Example 4.11] With the hypotheses of the previous
corollary, what is the value of u(M,(R)) for 3 <n < 2c¢?
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uestion B. [35, Question 4.12] If R is any ring of algebraic integers

with class number ¢, what is the value of u(M,(R)) for 2 <n < 2¢?
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