ON QUANTITATIVE ASPECTS OF THE UNIT SUM NUMBER
PROBLEM

CLEMENS FUCHS, ROBERT TICHY, AND VOLKER ZIEGLER

ABSTRACT. We investigate the function ux, s(m;q), which counts the number
of representations of algebraic integers o with [N /g(a)| < g, so that they can
be written as sum of exactly m S-units of the number field K.

1. INTRODUCTION

The study of the additive structure of units in rings originates in investigations
due to Zelinsky [14] back in the fifties of the previous century. Zelinsky showed
that every endomorphism of a vector space V' over a division ring D can be written
as the sum of two automorphisms, unless D is not the field with two elements and
V is of dimension 1. Similar results were obtained for other endomorphism rings
(for an overview see [13]).

The additive unit structure of maximal orders of number fields have been studied,
too. In particular, Jacobson [9] observed that every element in the maximal orders
of the number fields Q(v/2) and Q(v/5) can be written as the sum of distinct units.
Later all quadratic, cubic and quartic fields with this property were determined
(see [11, 2, 3]). By a combination of results on S-unit equations and combinatorial
results Jarden and Narkiewicz [10] showed that given a finitely generated domain
B of characteristic zero for every positive integer k there exists an a € B such that
«a cannot be written as the sum of k units. In view of this observation two problems
arise:

The qualitative problem: Which rings of integers are generated by their
units?

The quantitative problem: How many non-associated algebraic integers
with bounded norm, height, etc. can be written as the sum of k units?

The qualitative problem has been solved for quadratic and complex cubic fields (see
[2, 1, 12]. Also some classes of quartic fields have been investigated (see [8, 15]).
Recently, the quantitative problem has been investigated for quadratic fields and
some purely quartic fields (see [8, 7]).

This paper is devoted to the quantitative problem. In order to give precise
statements we introduce the following counting function:

Definition 1. Let K be a number field, S a finite set of places of K and Uk s the
group of S-units. As usual, two S-integers o and 3 of K are said to be associated
if there exists an S-unit € such that a = Be and we write a ~ (3.
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We define the counting function ug s(n;q) = u(n;q) as number of equivalence
classes [a]~ such that

n
N(a) =[] lel. < g, a=> e, € € Uk,s
ves i=1

and no subsum vanishes.

Note that the function u(n;q) is well defined, since N(a) = N(f) if a ~ S.
Before we state our main theorem we fix the following notation for the rest of the
paper. Let K be a number field and S be a finite set of places of K including the
archimedian ones and let |S| = s + 1. By Uk s we denote the group of S-units of
K and we fix a fundamental system €y,...,€; of S-units. By wx and Regy g we
will denote the number of roots of unity and the S-regulator of K.

Theorem 1. Let € > 0. Under the above assumptions we have
n—1
Cn-1,s (wk(logq)® (n—1)s—1+
) 1 n S €
S (TR ol )
for all € > 0, where the constant cy, s is the volume of

{(xlla" -7xsn) € R™ h(xlly"'a'rsn) < 1}

u(n;q) =

with

S S S
h(zi1, ..., Tsn) = E max{07xi1,.‘.,xm}—l—max{(),— g Tilyeony— E xm}
i=1 i=1

i=1

Our theorem is closely related to results due to Everest [4, 5] who counted the
number of solutions to certain norm inequalities. However, the full result of Everest
makes heavy use of many non-elementary results such as theorems on the uniform
distribution of sequences, Schmidt’s subspace theorem, Baker’s theory on linear
forms in logarithms, etc. Using the full result would lead us to an error term
without € and a big-O instead of a small-o.

In order to give the reader more insight we sketch Everst’s proof and try to avoid
most of the non elementary steps. Unfortunately, we cannot avoid an application
of Schmidt’s subspace theorem (see Lemma 3, second statement). However, the
interested reader is advised to study Everest’s papers for a full account to the
techniques described below.

In the next section we introduce some notations that will help us in section 3
to state Everest’s results and to sketch their proofs. Applying these results we will
prove our main theorem in section 4. Since the definition of the constant ¢, s is not
very illuminating we discuss an estimate for ¢, s in the last section.

2. SOME NOTATIONS

We want to study S-unit representations with small norm and so we introduce
the following function. Let z = (1, z2,...,2,) € Uk s then we consider the function

Nk s(z) = N(z) = H 1420+ + Tnly
veS

and its related counting function

Nis(q) =N(g) =t{z €Uk : N(z) <dq}.
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where no subsum of 1+x5+- - -+x,, vanishes. We are also interested in the following
variant: Let ¢ = (¢1,...,¢n) € (K*)™ be fixed, we define

NQ(Q) = H |C] + oz + -+ Cn$n|1/
ves

and the corresponding counting function

Ne(g) =t {E €Uggs : Ne(z) < q} )

where no subsum of ¢; + coxy + - - - + ¢, 2, vanishes.
As we will see in the next section these functions are closely related to the height
functions

H,(z) = max{0,|z;|,;i=1,...,n}
and
H(z) = [ max{0, |zil;i =1,...,n} = [ H.(2)
ves ves
and its counting function

H(q)=t{zeUgs : H(z)<q}.

As will be shown later the following set Uy C Uk s will yield the main contribution
to H(q). We write H} to be the second largest member of the set {0, |z;|,}. Given
reals A, > 0, B, > 1, define

Hj(z) -
Uy = {SE IS U}é,s Vv es, H,(2) < A, e B loglogH(”)}.

Next we define the counting function
Ho(q) =t{x €Uy : H(z) < q}.
Assume for the rest of the paper that A, and B, are fixed numbers. This choice
does not effect the asymptotics but rather the constants in the error terms.
3. SUMS OF S-UNITS

In this section we adapt the results and techniques due to Everest [4, 5] to our
case. We start with

Lemma 1.

H(q) = cn. (“’K“g”> 4+ O((logg) D),

RegK,S
Proof. Let x; be S-units and write z; = (™ -+ €l for ¢ = 1,...,n. Taking
logarithms of the absolute values |- |, with v € S and recalling the definition

of H(z) we see that the function H(gq) essentially counts the number of points
n=(ni1,...,Nns) € Z™ that fulfill the inequality

s+1
(1) > max{0, L (n)} < logg,
=1

where
LE”(@) = ni1log ey, + -+ nislog ey, = log |4,
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where S = {v1,...,Vs41}. A linear transformation of determinant Reg;(’ls turns
the ng)(@) into

TR T for 7 <s

L (n) = { —ZZ:NM for j=s+1.

Note that the number of lattice points in a polyhedron of dimension n is its volume
plus an error term of the size about the n — 1 dimensional volume of its faces.
Bearing in mind the linear transformation and the fact that the number of lattice
points are points counted by H(¢) up to multiplication by roots of unity we obtain
the lemma. (]

For the function Hy(q) we obtain (see [5, Proposition 1]).

Lemma 2.
Hy(q) = H(q) +o ((log Q)(”*”H*f)
for all e > 0.

Note that the proof of this lemma does not need any deep results and can be
achieved by considering Dirichlet series (see also [4, Lemma 3]).
Next, we want to establish a relation between H (z) and N (x) (see [4, Lemma 6]).

Lemma 3. (1) Forallxz € Uy we havelog N (x) = log H(z)+O (1/log(H (x))).
(2) For all z € Uk s such that no subsum of 1 + za + ...+ x, vanishes, there
exists a constant 0 > 0 such that log N(z) > 0log H(z)

Proof. We have
log N(z) :Zlog|1 +xo4 -+ zply

:Z:logHu(f) +;log (1 +0 @Z&i))

because of the definition of Uy the first statement is proved. The second statement
is a consequence of Schmidt’s subspace theorem (see [6, Theorem 2] and in the case
of K a quadratic field see also [7, Lemma 3]) O

Now we establish the main result of this section (see also [5, Theorem 1]):

Proposition 1.

n—1
wK(logQ)s) (n—1)s—1+
N(q) =cns ( + o((log q)\"— )87
(0 e ( )

for all e > 0.
Proof. We break up to counting function into two parts:
N(q) =t{z : N(z) <q.z €U} +#{z : N(z) <q,z ¢ U}
=N1(q) + Na2(q)

For the second part we obtain by Lemma 3

No(q) =t{z : H@)’ <q2 ¢ Up} =0 ((log q)("‘”s‘”s) :
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where the last equality is obtained by a combination of the Lemmas 1 and 2. Since
those x that satisfy H(z) < (logq)'/? are only O((logq)™~1/2) in number, we
may assume H(z) > (logq)'/2. So we obtain

Ni(q) =t{z € Uo : log(H (z)) < logg + O(1/+/logq)}
—H, (q1+0<wm>)

=H (gH+OUVRED ) 1o (14 0(1/+/1og ¢)) log g)* "~ 1)

1 s n—1 ‘ ’
=Cp,s (wK(qu)> + O((lOg q)(n—l)s—l-i-e) + O(logq(”_l)é_?’/z)

Regk ¢
— wk (log q)° " + O((logq)(nfl)sflJre)
e Regk ¢
(Il
Corollary 1. Assume for all v € S that log|ei|,, .. .,log|es|, generate a Q-space
of dimension at least 2. Then
N(g) =c (wK(IOg Q)s>n_1 + O((log )~ 1s71)
e Regk s
Proof. Combine Everest’s result [5, Theorem 1] with Proposition 1. O

At the end of the section we want to state Everest’s result [5, Theorem 1] for
N, (¢) which stated in this form may be obtained analogously to the proof of Propo-
sition 1, i.e. the only non elementary part is the proof of the second statement of
Lemma 3.

Proposition 2. For all ¢ € (K*)" we have
Ne(g) = O((log )"~ V).

4. THE NUMBER OF S-UNIT REPRESENTATIONS

This section is devoted to the proof of our main Theorem 1. Assume a =
x1 + ...+ xz, can be written as a sum of S-units, where

x; :Cie?“ ...E’gis
fori =1,...,n. Then we can write « = 1+ zo + --- + x,,, with 0 = ny, < ngg <

-« < mys, since we are interested only in equivalence classes of associated integers.

Let us denote by ug(n; ¢) the number of representations, where all units are pairwise

distinct. Then we have ug(n;q) = N(q)/n! —r, where r is the number of integers «

that have two distinct representations as sums of n distinct S-units. As shown in

[7, Lemma 2] r depends only on n and S but not on ¢q. The factor 1/n! comes from

the fact that the order of the x; does not matter in the computation of ug(n;q).
On the other hand we have

2) u(nsq) = uplnsq) + 37

(q)
U(o)!

+O(1),

where the O(1) comes from the o’s with two distinct representations and the sum
runs over all ¢ = (¢1,...,¢y) € Z™ with ¢; > 1 and ¢4 + -+ + ¢, = n and
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(c1y.--yem) # (1,...,1), i.e. m < n for all ¢’s appearing in the summation. More-
over we write [(c) = m. Applying the Propositions 1 and 2 to formula (2) proves

our main Theorem 1.
5. SOME RESULTS FOR Cp, s

In this section we want to discuss the quantity ¢, . For small values of s and n
it is possible to compute the quantity ¢, s directly. We did this for all pairs (n, s)
with n 4+ s < 6 (see Table 1).

TABLE 1. Values for ¢, s

[s\nf[1 ]2 [3]4]5]

1 [[ 2] 3|4 6

N A AREE

s T 2 1%

- o
17

5 || 18

Furthermore, we can prove the following:

Lemma 4. (1) ecp1=n+1;
_ 4T (5+1/2) .
(2) ers = 7z

(3) % < cCps <27
Proof. First we consider the case s = 1, i.e. we have to compute the volume of
Bni:={(z1,...,2n) € R" : max{0,21,...,2,} +max{0, —x1,...,—x,}}.
Assume the following holds:
1> > >, >0> 2 > >,

with 0 < r < n. Then we have z; — x,, < 1. Note that the case r = 0 respectively
r = n yields the volume of a simplex with rectangular edges of length 1 hence
volume 1 / n!. In the other cases the volume is

Tpr—1 0 0
/ / / / / e / ldxyyq - -dep_1dx, - - drodr,dr, =

z1=0zp=21—122= Tr=0Tp_1=Tpn Tr41==Tr42
n r—1
dx, - - - drodr,dr] =
(n—r— 1
r1=0z,=x1—120= x,-=0

lle
// n—r—l)(r—l)!dmndml:

r1=0x,=x1—1

(1 — )2l ! B
/ G- D

11:0
So any case (also the cases r = 0 and r = n) yields the volume 1/n!. Since there
are (n + 1)! cases we obtain ¢, ;1 = (n+ 1)!/n! =n+ 1.
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Now we consider the case n = 1. In this case we have to compute the volume of

Bis :={(z1,...,2s) € R® : h(z1,...,25) < 1}

where h(x1,...,2s) := max{0,2;} +- - -+ max{0, z; } + max{0, —x1 —-- - —x5}. Let
us assume 1, ..., > 0 and Z,41,...,2s < 0. Then h(zy,...,25) =21+ +x,
if —x;—...—x5 <0and h(x1,...,25) = —Tpy1 — -+ — x5 otherwise. In the second
case we may make the coordinate change y; = —x; with 1 < i < s and obtain the
first case with s —r instead of r. Therefore we consider only the case x1, ...,z > 0,
Trg1y---,Ts < 0and z1 + ...+ x5 > 0. Then we have to compute the following
integral:
1 1= @ 0 0
/ / / I
21=0 =0 @wep==30 0% z.=—35
=300 @

/ (Zl:l ‘TZ) dﬂj',- . dl‘l _

—

8
=
Il
<
8
§
Il
=

r—1 s—r+1
i €T
_ (Zz:l z) de71 . dgjl —

—
—
n
\
S| =
+
—_
N

(s—r+1)!
x1=0 x,_1=0
1 =
1 / / (Zi:l xi)87r+1d d
— P P A— x’l‘— ceedxry =
(s—r+1D)(r—1) (s—r+1)! ! !
Z1:O :E-,v71:0

G
Z (s—r+)(r—7)" (s=—r)(r—-1s

=1

All together we obtain

of 8
U)o
Cn,s = ]Z:O (5 — 7")!(7‘ — ]_)'S B \/77'].—‘(8 + 1)2 ’

We are left to prove the last statement of the lemma. Since we have |z; ;| < 1
for 1 <i<mnand1l<j<s the upper bound is established. For the lower bound
we use the fact that all x;; satisfying

n S
Do lwgl <1
i=1 j=1
lie in the body that defines ¢y, ;. O
Remark 1. With a little more effort it would be possible to show sharper bounds

for ¢, ;. We abandon to do so because the constant does not effect the asymptotics
of u(n; q) which is our main concern in this paper.
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Let us consider the result for s = 1, i.e. let us consider the unit group of a real

quadratic field, complex cubic field or totally complex quartic field K. This yields

1 (wK(logq

) n—1 ( ot
1 n €
n—l)! 10g\77| +O(( qu) )a

u(n;q) = (

where 7 is a fundamental unit of K with || > 1. Moreover, note that the number of
roots of unity wx = 2 if K is quadratic or a cubic field or a quartic field containing

neither ¢ nor % In particular, for K a real quadratic field we get

1 (2(1ogq

. _ ) n n—2-+e
utnsa) = ot (Bml) 4 of(toga) ),

which is an improvement of the result obtained in [7].

il
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3
4
5
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