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Abstract

On arbitrary topological groups a natural finitely additive measure can be
defined via compactifications. It is closely related to Hartman’s concept
of uniform distribution on non-compact groups (cf. [Hal]). Applications to
several situations are possible. Some results of M. Pastéka and other au-
thors on uniform distribution with respect to translation invariant finitely
additive probability measures on Dedekind domains are transfered to more
general situations. Furthermore it is shown that the range of a polynomial
of degree > 2 on a ring of algebraic integers has measure 0.

1 Introduction

A sequence x = (zp)nen of integers x, € Z is called uniformly distributed
if it is uniformly distributed mod m on each of the finite rings Z,, = Z/(m),
(m) = mZ. To this concept there corresponds a finitely additive measure on a
certain subsystem of the power set of Z. It is the completion of the system of
finite unions of remainder classes of the form k+ (m) with respect to the finitely
additive probability measure p generated by the requirement p(k+(m)) = m=1.
There is a vast literature on generalizations of these concepts to more general
classes of rings R (cf. references). Instead of (m) C Z one considers ideals I IR
(I <R if the inclusion is strict) with finite index #R/I and assigns to the classes
r + I the measure (or norm) (#R/I)~, cf. [P1], [P2], [P-T1].

Here we continue such investigations but take the following point of view.
To each family I;, j € J, of ideals with finite index (norm) there corresponds
an embedding

t:R— HR/IJ’ ’I”l—>(?“+]j)je],
jeJ

of R into a compact topological ring. Let C' = ¢(R) be the topological closure
of ¢(R) which is again a compact topological ring. C has a natural measure
theoretic structure given by the Haar measure p on the compact group (C,+).
For the theory of uniform distribution the suitable concept of measurable sets
is that of p-continuity sets M which are defined by the property u(0M) = 0 for
their topological boundary M. The preimages ¢~!(M) of p-continuity sets M



form a set algebra (in general not a o-algebra) which coincides with the system
of measurable sets from the first paragraph if all ideals with finite index occur in
the product. This is one part of Theorem 4 which also asserts that the measures
induced by both constructions coincide.

Note that the embedding ¢ is not necessarily injective. As an example take
any infinite field F', where the only ideal with finite index is F' itself. Hence
the embedding is the trivial map onto the one element ring and the concept is
trivial.

By Pontrjagin’s duality (for the structure theory of locally compact abelian
groups cf. [He-R]) this cannot happen if one considers compactifications of the
additive group. In terms of projective properties one may compare compactifi-
cations in such a way that there is a maximal compactification, the well known
Bohr compactification. Among all compactifications the Bohr compactification
gives the maximal system of measurable sets. Theorem 1 shows that compact-
ifications, measures and measurability fit together in a natural way. All these
ideas are carried out in section 2.

In section 3 the concept is compared with other approaches.

In Theorem 2 we show that in the case that R is the ring of integers each set
which is measurable in the sense of compactifications has a density equal to its
measure. The converse is not true as Theorem 3 implies. There are sets having
a density which are not measurable.

Theorems 4, 5 and 6 are devoted to the equivalence of the approaches via
ideal measures and via compactifications for rings with unity. We conclude sec-
tion 3 with some examples, especially with a detailed investigation of completion
of a ring with unity with respect to a natural metric. This is closely connected
with questions concerning uniformly distributed sequences in such rings. In the
final section 4 the ideal measures of special sets are computed. This includes
the result that the range of a polynomial of degree at least 2 on an algebraic
ring of integers has measure 0.

Our results are related to invariant means on topological groups. A deeper
understanding of the connection of both approaches should be the aim of inves-
tigations in the future.

As a general agreement we suppose all topological spaces to satisfy the Haus-
dorff separation axiom.

2 Compactifications and measures

2.1 Several notions and facts on compactifications

In the following we present a brief outline on compactifications of topological
groups. (Generalizations to more general algebraic structures are possible.) For
a more detailed description of the constructions see for instance [D-Pr-S], page
71. Note the analogies with arbitrary compactifications of completely regular



topological spaces, especially with the Stone-Cech compactification which is the
maximal one.

Let G be any topological group. A pair (C,¢) is called compactification of
G if v : G — C is a continuous homomorphism, C' is a compact group and ¢(G)
is dense in C. (In general topology one often requires that ¢ is a homeomorphic
imbedding.) The compactification is called injective if ¢ is injective. If one
likes, one can force injectivity by considering G/ker: instead of G. (Cq,t1)
is called smaller than (Cs,t2) (we write (Cy,t1) < (Ca,t2) via @) if there is
a continuous epimorphism ¢ : Co — Cj such that @iy = ¢1. The relation <
is reflexive and transitive. Hence there is a natural notion of equivalence of
compactifications: (C1,¢1) and (Cy, t2) are called equivalent if there exist ¢ and
¥ such that (C1,t1) < (Ca,t2) via @ and (Ca,t2) < (Ch,e1) via ¥. In this case
1) = ¢~ 1. (Obviously this could also be expressed in terms of categories.)

By standard cardinality arguments on appropriate systems of filters on G
the equivalence classes of compactifications of G can be represented by a set.
Hence we are allowed to fix a set C which contains exactly one representative of
each equivalence class of compactifications of G. Any compactification may be
identified with its equivalent copy in C.

The relation < is a partial order on C. But far more is true: If (Cj,¢;),
1 € I, is any family of compactifications we may consider the direct product.
Let P = [[;c; Ci and let the continuous homomorphism ¢ : G — P defined by
g — (ti(g))ier- If C is the closure of ¢(G) in the compact group P then (C,¢)
turns out to be the least common upper bound of all (C;,¢;). Note that the
trivial compactification onto the one element group is the least upper bound
of the empty set. Thus (C, <) in fact is a complete lattice. (Since we do not
need this fact in full generality we do without the somewhat tedious proof.) In
particular there is a maximal compactification, called the Bohr compactification
(bG,be). Tt follows from Pontrjagin’s duality that, if G is a discrete abelian
or, more general, a locally compact abelian group, the Bohr compactification is

injective and can be obtained by taking the dual @d of the discretely topologized
dual G4 of G.

For us there is a second compactification of special interest. If one considers
compactifications (C, ¢) of the additive group (R, +) of a ring it might be conve-
nient to extend the ring multiplication from R to C in a continuous way. If this
is possible the continuation of ring multiplication (as addition) is, by density,
uniquely determined by ¢. We then call (C,:) a ring compactification. The
maximal ring compactification - we denote it by rbR - may happen to be not
injective as the extreme example of an infinite field F' shows where rbF = {0}.
This follows from the fact that finite fields are the only compact topological
rings that are fields, because compact rings with identity have an ideal topol-
ogy, cf. [Wr] 32.3 and 32.5. This means that there is a neighbourhood base for
0 € R consisting of clopen (= closed and open) ideals.



2.2 Compactifications and finitely additive measures

On every compact group C there is a unique regular probability measure pc
which is a complete Borel measure and which is left and right invariant. pc is
called the Haar measure. In our context this gives rise to the following notions:

Let G be any topological group and (C, ¢) a compactification of G. Then we
call a subset T' C G measurable with respect to (C,¢) if it is the preimage under
1 of a pc-continuity set M, i.e. T =1~ (M) with uc(MN(C\ M)) = 0. Thus a
set M C C'is a pc-continuity set if and only if its topological boundary M is a
zero set. It is easy to check that the systems S¢ of all po-continuity sets in C' and
the system 8¢,y of their preimages T' C GG — which we call the sets measurable
with respect to (for short w.r.t.) (C,¢) — form a set algebra (not necessarily a
o-algebra) on C resp. on G. Obviously every T' € S(¢,,) satisfies T' = (TH(T)).
Note that T' € S(¢,,) implies that m € Sc but that the converse is not true.
(Consider for instance the compact group G = C = R/Z, ¢ the identity and T'
a dense set which is not a continuity set.) Considering the open kernels of ¢(T')
and of its complement which, together, form the complement of its boundary,
we observe for T = t=!(«(T)): T € S, if and only if there are disjoint open
sets 01,02 C C with o(T)NO2 = 0, L(G\T)NO1 = 0 and pc(01) +pc(02) = 1.
The definition p(c,)(T) = pe(o(T)) or, equivalently, puc,) (0™ (M)) = pc (M),
transfers the measure pc on S¢ to the system S¢,,), thus defines the natural
finitely additive measure on G w.r.t. (C,¢), defined for all T' € S(¢,,). A similar
situation is investigated in the papers of Pastéka.

If the compactification is not injective then the measure p(c ) is in general
not complete. Nevertheless, if ue is complete, the following similar statement
holds: If the family T; € S(c,,), i € I, satisfies inficr i) (T;) = 0, then every
T with T' = ¢+~ '(¢(T)) which is contained in the intersection of the T} is in Sc,)
and has measure 0. To see this, take closed sets M; € S¢ whose preimages are
the T;. The intersection of the M; is a closed set M of measure 0 which contains
(T). Thus «(T) € Sc, since pc is complete, implying T' = ¢~ («(M)) € S,
with measure 0.

The maximal compactification (Bohr compactification) (C,t) = (bG,bt) of
G will play a special role. Hence we write ug for y(c,,)-

2.3 Compatibility of compactifications and measures

As expected, the measure c,)(T) of a set T C G does not depend on the
compactification (C,¢) in the following sense:

Theorem 1 Let (C1,t1) and (Ca,t2) be compactifications of G. On the inter-
section Sy i) N S(Cy o) the measures py = oy ) and pa = fi(cy,.,) coincide.
(C1,t1) < (C2,12) via @ implies Sic, ;) C S(cy,s)- In this case, M € Sc,
implies = (M) € Sc, -



Proof: We proceed in several steps. Under the additional assumption (Cq,¢1) <
(Ca,12) via ¢ we prove the following facts.

1. o= 1(M) C o= Y(M) for every M C C;: Continuity of ¢.
2. (=1 (M)) C o= HO(M)) for all M C Cy: Using the first fact we observe

e~ ' (M))

e (M) NGy \ = (M) C o " (M)Nne~ " (C1 \ M) =
= ¢ Y (M NCy\ M) = o1 (OM).

3. pc,(p 1 (M)) = pc, (M) for every measurable set M C Cp: The left
hand side of the equality defines a translation invariant probability measure on
the Borel sets of C'1, hence has to coincide with the unique Haar measure pc, .

4. M € S¢, implies ¢~ 1(M) € S¢,: The assumption means u;(9(M)) = 0,
hence by 2. and 3.

1, (0(9™ (M) < pey (971 (O(M))) = e, (9(M)) = 0.

5. 8¢y € Sc,.,t By the criterion in Section 2.2 T' € S(¢, ,,) implies that
there are disjoint open sets O1,02 C Cy with t1(T)NO2 =0 = 11, (G\T)N Oy
and e, (01) + pe, (O2) = 1. Using 4. we get that O] := ¢~ 1(0;), i = 1,2,
play the same role in Cy. keriy C ker iy = kerey and LflLl(T) = T implies
15 12(T) = T Thus, again by the same criterion, we conclude T € S(Coi0)-

6. T € S(c,,,) implies p1(T) = po(T): By 5. T € S(¢,,.,)- Hence for both
values ¢ = 1,2 we have the relation

He; (m) + :U’Ci([‘i(G \ T)) =1
Using 1. we get

1(T) C o~ Teia(T) € ¢ Hpwa(T)) = ¢~ (1 (T)),

hence by 3. pc, (t2(T)) < pe, (11(T)). The same holds for G \ T instead of T
which, together with the above relations, is possible only if p1(T) = pa(T).

We have proved everything for the case (C1,t1) < (Co,t2). The general case
follows since two compactifications have a common upper bound, for instance
(bG, brg) with measure pg:

pi(T) = pe(T) = p2(T)  qed.

Theorem 1 has the following consequence for further investigations. If a set
T C G is measurable w.r.t. any compactification (C,¢) then it is measurable
w.r.t. all bigger compactifications. The value pc,)(M) does not dependent
on the compactification as long as 7' is measurable w.r.t. it. Thus the Bohr
compactification and the corresponding finitely additive probability measure
He = Pha, by tells us everything about measures of sets T C G. Let us call

pe the Hartman measure on G, cf. [Ha], and the corresponding measurable



sets T C G group measurable or Hartman measurable. If we replace the Bohr
compactification by the ring Bohr compactification we call the measurable sets
ring measurable.

We are interested in measurability properties of subsets 7' C G. The concepts
are nontrivial since it is possible to construct sets T' C G which are not Hartman
measurable, which follows from Theorem 3. Furthermore there are Hartman
measurable sets that are not ring measurable. Consider for instance a ring which
is an infinite discrete field. In this case Bohr and ring Bohr compactification
are not equivalent in an extreme way.

3 Comparing several concepts

3.1 Sets of integers: Hartman measurability and density

In the special case R = Z one has a further nontrivial and natural finitely
additive measure, the density. For a set T' C Z of integers consider, for any finite
set S C Z, the number A(T,S) = #;;ms' If, for the sets Sy ={n € N | n < N}

s
and —Sy = {—n | n € Sx}, both sequences A(T, Sy) and A(T, —Sy) tend, for
N — o0, to the same limit, we denote this common limit by dens(7) and call it
the density of T'.

It turns out that every Hartman measurable set has a density coinciding with
its Hartman measure. The converse is not true, since the density of Hartman
measurable sets is even uniform in the following sense:

Let T C Z be a set of integers. We say that T has the (unique) uniform
density dens(T) if the following holds: For every € > 0 there is a positive integer
N, such that every set Iy, , = {n € Z | k1 <n < ko} with kg — k1 > N, fulfills

dens(T) —e < A(T, Iy, k,) < dens(T) +e.

Of course if the uniform density exists then also the density of T exists and both
values are equal.

Theorem 2 FEvery Hartman measurable set T C Z of integers has a uniform
density dens(T) with dens(T) = pa(T).

Proof: We consider the Bohr compactification (C,¢) = (bZ,be) which can be
realized by

(k) = (k@)aeryz € C S [ (xa(2), xa)-
a€R/Z

Here every character xo : G — R/Z, k — ka, of the integers represents a
compactification. A topological base B is given by all sets B C C' of the type

B:B(ah...,ak,ll,...,lk) = {(.TQ)QGR/Z eC ‘ Tay elj, j= 17...,k},



where k € N, «; € R/Z, and the I; are connected open subsets (intervals)
in R/Z. Note that all these base sets are p-continuity sets where p is the
Haar measure on C. The same is true if we consider the base sets of a smaller
compactification (instead of (C,¢)) where not all « € R/Z occur.

IfT €S =S, then u(OM) = 0 where M = (T'). Given any £ > 0 the
outer regularity of p gives an open set V'O OM with u(V) < €/2. For each
x € 9(M) take an open neighbourhood B, C V which is a base set B, € B.
Use compactness to get a finite subcovering of M by open base sets B;, i.e.

ni
oMc|J=UcV
i=1
U is an open p-continuity set. My = M \ U is compact and, similarly, can be
covered by a finite union of base sets in such a way that

no
My = U B, CMUU.
i=ni+1

Thus we have My C M C M; = My UU with p-continuity sets M; which are
finite unions of base sets B,;.

The definition of the involved sets uses only finitely many B;, each of them
involving only finitely many oy, j = 1,...,s. Thus we may consider the projec-

tion 7 : C' — C¢ = w(C), te = mt, onto the occuring components corresponding
toaj, j=1,...,s. Hence (C;,t.) is a finite dimensional compactification of Z,
generated by the characters xo,, j = 1,...,s. This means that C. C (R/Z)* is
(in the topological sense) generated by the element o = (a1, ..., as) € C.. Write
A’ = 7 (A) for arbitrary A C C. Since all B; depend only on the components cor-
responding to the aj, j = 1,...,s, we have 7= (B}) = B; fori = 1,...,n1 +na.
This implies 771(U’) = U and 7~ Y(M]) = M; for i = 0,1. With T; = .~(M;)
we conclude

1c(To) = pe. (M) < pa(T) < pe(Th) = pe. (M)

It is known from the theory of uniform distribution on monothetic groups
(cf. [K-N], p. 269, Corollary 4.1) that the sequence (ka) is well distributed in C.
for every generating element . In our case this means that there is a positive
integer N, such that for all £ € Z and all N > N, we have

1
po, (M) —e/2 < N#{n €Z|k<n<k+NmnaeM}<puc (M)+e/2
for 1 = 0,1. Furthermore we have

po. (My) < po.(My) + pe. (U') < pe, (My) +

| ™



Thus we get for every I = Iy, 1, with ko — k1 > N,
#INT < #INTy
#1I = #I

and similarly #;ET > ug(T) — €, proving the theorem. q.e.d.

As a corollary we get that sets with density are not necessarily measurable.

3

2

< pe. (Th) + 5 < pe. (M) + & < pe(T) + ¢,

Theorem 3 There are sets of integers which have a density but are not Hart-
man measurable.

Proof: Since the density of a Hartman measurable set is uniform by Theorem
2, it suffices to construct a set 7" which has a density but not a uniform density.
Take Ty, = {k*,k* + 1,.. ., k* + k}, TT = UpenTr, T~ ={-n | neT"} and
T =T+ UT™ then it is easy to check that T has the density dens(T") = 1/2
which is not uniform. q.e.d.

3.2 Compactifications and families of ideals with finite in-
dex

In this subsection we show that the approach via ring compactifications is equiv-
alent to that via ideals of finite index.

For an arbitrary topological ring R with identity let 7 = {I; | j € J} be
a family of clopen ideals I; < R of finite index #R/I; and suppose that J is
closed under intersections. It is known (cf. for instance [P1], [P5]) that J, if it
is closed under finite intersections, defines a finitely additive measure py on R
in the following way:

For every subset 7 C R which is a finite union 7" = (J;_, r; + I;, with
pairwise disjoint r; + I, the number pus(T) = Y_i | #R/I;, is independent of
the representation of T'. Let us call such sets J-definable. The set function u s
is a finitely additive measure p7 on the set algebra of J-definable sets. p s can
be uniquely extended to the so-called ideal measure (induced by J) on the set
algebra of all subsets T' C R which can be approximated in the following sense:

T is called measurable w.r.t. J if there is a (unique) number p7(T) such
that for each € > 0 there are [J-definable sets A., B. C R with A, C T C B,
and

py(T) —e < pg(Ae) < pg(Be) < pg(T) +e.
We show that this approach essentially leads to the same concepts as the com-
pactification (C7,t7) defined by

LJZR—> HR/IJ’ 7‘!—>(T+Ij)jeJ.
jeJd
For notational convenience call J point separating if (7, ; I; = {0}. Note that

this is the case if and only if ¢ 7 is injective if and only if T' = L}lbj(T) for all
T CR.



Theorem 4 Suppose T 'C R. If T € Sc,,.,) then it is measurable w.r.t. J.
The converse holds if T = L}lLJ(T) =T. If both values pgz(T) and pc, ., (T)

are defined they coincide. Hence g = puc, ., if J is point separating.

Proof: First note that the J-definable sets T' C R correspond to clopen sets
My = 17(T) which form a topological base of C7. A set is clopen if and only
if it has empty topological border. Hence all these sets are measurable w.r.t. J
as well as w.r.t. the compactification (C7,¢7). By translation invariance of the
Haar measure it is obvious that 7 (T') = ., (T) for such sets.

Assume now that T is measurable w.r.t. the compactification (C7,¢7), then
pc, (0Mr) = 0. By regularity of the Haar measure and a compactness argument
as in the proof of Theorem 2 0 Mp can be covered by a finite union U of clopen
base sets which has arbitrary small measure. Again as in the proof of Theorem
2 U is defined by only finitely many components, i.e. ideals, hence it induces
clopen base sets My C My C M; approximating M. By construction the
preimages T; = L}l(Mi) are J-definable sets approximating 7T in the sense of
the definition. This, together with the remark above, shows that the values of
both measures coincide.

It remains to prove that every T'with T' = L}l t7(T) = T which is measurable

wrt. Jisin S, ., ). Put M =17(T). For each ¢ > 0, there are J-definable
sets A. and B, with A, C T C B, and pugs(B: \ A:) < e. Note that OM C
Mp, \ My_. Furthermore their Haar measure equals to the ideal measure. It
follows immediately that pc, (OM) =0. Thus T = L}l t7(T) =T is measurable
with respect to (C.7,t7).

On the other hand, if T is measurable w.r.t. the compactification (Cz,t7),

then pc, (OMr) = 0. By regularity of the Haar measure and a compactness
argument as in the proof of Theorem 2 M7 can be covered by a finite union
U of clopen base sets which has arbitrary small measure. Again as in the proof
of Theorem 2 U is defined by only finitely many components, i.e. ideals, hence
it induces clopen base sets My C My C M, approximating M. By construction
the preimages T; = L}l(Mi) are J-definable sets approximating 7 in the sense
of the definition. q.e.d.
Remark: For each I < R d;(r1,r2) = 0if r1 —ry € I and dj(r1,m2) = 1
otherwise defines a pseudometric d; on R. For given J there corresponds the
system of all d; with I € J. This system is point separating if and only if 7 is
point separating. The completion with respect to the uniformity of this system
of pseudometrics turns out to be equivalent to (C7,t7). The construction and
the proof is standard. If [J is countable the system of pseudometrics can be
replaced by a metric. This special case is discussed in detail in section 3.3.

It is clear that the class of J-measurable sets increases with 7. This is an
immediate consequence of the following theorem together with Theorem 1.

Theorem 5 7, C Jo implies (Cz,,t7,) < (Cqyyt )



Proof: As one checks easily, the mapping

p:15,(R) = 15(R), (r+Dieg— (r+1)ieq

is well defined and can be uniquely extended to a continuous epimorphism
Cy, — Cyq. q.e.d.

Hence it remains to investigate the largest possible choice for J. Let F be
the system of all ideals I < R with finite index. Note that F is closed under
finite intersections (cf. [P1], [P2]). The situation is explained by the following
theorem.

Theorem 6 (Cx,tr) as a compactification of R (R ring with identity) is equiv-
alent to the ring Bohr compactification (C,t) = (rbR, rbi).

Proof: Since (Cr,tr) is a ring compactification there is a continuous epimor-
phism ¢ : C' — Cx from the maximal ring compactification C' onto Cx with
wt = 1x. Since C' is compact, every continuous injection into a Hausdorff space
is a homeomorphism. Thus it suffices to prove ker ¢ = {0}.

Let U be any open neighbourhood of 0 € C. It follows from the structure
theory of compact rings with unity (cf. [Wr], Theorem 32.3 and 32.5) that C
has a topological base of clopen ideals which, since C' is compact, must have
finite index. Let I < C be such a clopen ideal with I C U. It follows that
Ip =+ Y(I) < R with |R/Iy| = |C/I|. Hence Iy € F and kertz C Iy. We
conclude

1 Hker @) = ker(tp) = kervr C I

and thus
ker p = 1" (ker @) C 1(Ip) =1 C U.

Since this holds for an arbitrary neighbourhood U of 0 € C' and since we have
required the Hausdorfl separation axiom we have keryp = {0}, proving the
theorem. q.e.d.

Theorem 6 implies that u(c, ) and Hrbrrb,) are defined on the the same
set algebra and therefore, by Theorem 1, coincide. We will call this finitely
additive measure the ideal measure on the ring.

3.3 Examples

Let us investigate subsets T" C Z of the integers and their measurability w.r.t.
several compactifications. Take any o € R and consider the compactification
(C, Xo) where C < R/Z is the torus group and y, is the unique character with
Xa(l)=a+Z Ifa= % is rational with integers ¢ > 0 and p relatively prime,
then the measurable sets are exactly the unions of classes w.r.t. the cyclic factor
group Z/(q) modulo ¢g. One gets the concept of uniform distribution modulo g.

10



If one looks at the supremum of all (C,,ts) where « runs through all L
where p is a prime number one gets the injective p-adic completion of the in-
tegers. All singletons are measurable zero sets. But also all p-powers form a
measurable zero-set w.r.t. this compactification.

Ifn= % runs through all positive integers one gets the classical concept of
uniform distribution in Z, cf. [Niv]. This compactification coincides with the
ring Bohr compactification and is closely related to the Banach-Buck measure
on the positive integers (cf. [B], [K-N] p. 313-315, [L-N], [Ok], [P1] and [P2]).

In the following we discuss in more detail the situation where R is a ring
withland J:11 21, D 1I3... 2 I, O ...is a sequence of ideals satisfying

() I = {0}.

A metric d(x,y) = ||z — y|| can be introduced by the usual norm
o~ L=, (@)
o = Y2 17X,
n=1

where g denotes the characteristic function of a set E. If 7 is uncountable one
needs a system of pseudometrics inducing the corresponding uniform structure;
cf. section 3.2.

Obviously d(xn,yn) — 0 if and only if for every N € N there exists an
ng = no(NV) such that for all n > ng the relation z, = y, mod Iy holds. This
yields that the ring operations are continuous. Denote by (€2, d) the completion
of the metric space (R, d). (A standard construction as it is carried out in the last
section, paragraph 170, in the second volume of van der Waerden’s book [vdW]
shows that ring operations can uniquely extended to §2 continuously.) Denote
by S the closure of a set S in Q. Then the following elementary properties can
be established.

(i) For any ideal I in R the closure [ is an ideal in Q.
i)r+I,=x+ I, forre R, n=12,...
iii) For every a € €2 there exists an = € R such that o + I,=xz+1,.

(
( su
(iv) For all « € Q, n=1,2,... the set a + I,, is open and closed.
V) (z+I,)NR=x+1I,forallz € R,n=1,2,....
(vi) S =N, (S + I,) for every S C Q.

(vii) The system {x + I, | * € Q,n =1,2,...} is a closed open base in Q.

(viii) © is compact if and only if each factor ring R/I,, is finite.

In the following we suppose that each factor ring is finite, i.e. ) is compact.
Following the general approach of section 2 we consider the group (2, +) with
Haar measure pq. Furthermore we define for arbitrary S C R a set function
iy by fiz(S) = pua(S). s is an outer measure and is called covering density
induced by J, and it can easily be seen that for A, B C R

fis(AUB) + fig (AN B) < fig(A) + iy (B).
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It follows from basic measure theory that the system
Dy ={SCR|pg(S)+as(R\S) =1}

is a set algebra and the restriction of iy on D is a finitely additive measure
on Dy. Denoting by [S : I,,] the number of different residue classes s + I,, with
s € S and putting N(I,,) = #R/I,, we clearly have

— 1
I,)= ——
pala+1I,) N
for a € O, n = 1,2,.... Hence for S C R the covering density of S can be
computed by the limit formula
S 1]
n7(S)= 1 .
/LJ( ) nl—>néo N(In)

Remark: Since every class a + I, is a po-continuity set the basic notions
of the abstract theory of uniform distribution of sequences can be applied to
our situation, and general results in the flavour of [K-N], chapters 3,4,5 can be
shown. For more recent results concerning distribution problems in rings and
submeasures we refer to [P-T1]. For instance, a sequence (z,) in R is called
J-well distributed if and only if for each ideal I,, € J and x € R the relation

1

1
lim E#{k|h+1§k§h+m, xkEmmodIn}:m

m—00

holds uniformly in h = 1,2,... (cf. also subsection 3.1). Following the ideas of
[P-T1] we establish

Theorem 7 Let J be an ideal system as above and S C R with iz (S) = 1.
Then a J-well distributed sequence can be selected from S.

Remark: Specific distribution results on linear recurring sequences in Dedekind
domains are shown in [Ti-Tul] and [Ti-Tu2].

4 Special sets

In the last section we restrict our investigations to commutative rings with
identity. Assume Jp, Jo,... to be a sequence of coprime ideals and put I, =
JiNn...NJ,. Aset S C R is called multiplicative if [S: INJ] =[S :I]-[S:J]
holds for arbitrary coprime ideals I,J. From the Chinese Remainder Theorem
we have N(I,) = N(Jy) -...- N(J,), hence the limit formula in section 3.3 for
the computation of the covering density yields

pr () =1] [Ji(in)]

12



for any multiplicative set in R.

As an example of a multiplicative set let us consider a mapping f: R — R
such that for each ideal I we have f(x) = f(y) mod I provided that =z = y
mod I. Due to the Chinese Remainder Theorem the mapping f(z) + I NJ +—
(f(z)+1, f(x)+J) is a bijection between R/(INJ) and R/I® R/J, and so the
image set f(R) is multiplicative. Therefore the image set of each polynomial in
R[z] is multiplicative. Let R* denote the set of k-th powers of elements of R.
Then RF is multiplicative, too.

Let J be a maximal ideal with finite norm N(J). Then the multiplicative
group of the field R/J is cyclic and let g + J be a generator. The elements
xF + J, x ¢ J form a cyclic subgroup generated by ¢g* + J. The order of this

element is % and we have [RF : J] = % + 1. Thus we have
shown
Theorem 8 Let J,, n = 1,2,..., be mazimal ideals in R (commutative ring

with identity). Then
a N(J,) -1 1
RM) = 4+ 1) .
no (i) =11 (vt ) ¥
Corollary 1: If (k,N(J,) —1) =1,n=1,2,..., then ps(R*) = 1.
Corollary 2: If (k,N(J,) — 1) > 1 for infinitely many n, then us(R*) = 0.
Our final result is devoted to the ideal measure of the image set f(R) for

nonlinear polynomials. Note that the ideal measure is defined via all ideals of
finite index as in section 3.2.

Theorem 9 Let R be the ring of algebraic integers in a number field and let
f € Rlx] be a non-linear polynomial. Then f(R) is of ideal measure 0.

Proof: Let n = deg f. By a theorem of Niederreiter and Lo [N-L], there
are infinitely many maximal ideals P in R such that f is not a permutation
polynomial mod P i.e., the function induced by f on the (finite) residue field
R/P is not bijective. For each such P of index [R : P] = g, the value set f(R)
is contained in the union of at most ¢ — %1 residue classes of P, by a theorem
of Wan [Wn].

For different maximal ideals Py,..., Py of index [R : P;] = g¢;, the ideal
measure of the set of elements of R that are for each ¢ in one of N; given residue
classes mod P; is Hle %7 by the Chinese Remainder Theorem. Thus, if f is
not a permutation polyn6m1a1 mod P; for ¢ = 1,...,k then the image of f is
contained in a set of ideal measure at most

(-2 < (- 4"

This value can be made arbitrarily small by considering an infinite sequence of
different maximal ideals mod which f is not a permutation polynomial. q.e.d.
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