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ABSTRACT. Forr = (r1,...,7rq) € R? the map 7+ : Z% — Z% given by
(a1, ...,aq) = (az2,...,aq,—|r1a1 + - +7rqaq])

is called a shift radix system if for each a € Z¢ there exists an integer k > 0 with 7(a) = 0. As
shown in the first two parts of this series of papers shift radix systems are intimately related to
certain well-known notions of number systems like B-expansions and canonical number systems.

In the present paper further structural relationships between shift radix systems and canon-
ical number systems are investigated. Among other results we show that canonical number
systems related to polynomials

d
P(X):=Y piX' €Z[X]
i=0

of degree d with a large but fixed pg approximate the set of (d — 1)-dimensional shift radix
systems. The proofs make extensive use of the following tools: Firstly, vectors r € R% which
define shift radix systems are strongly connected to monic real polynomials all of whose roots
lie inside the unit circle. Secondly, geometric considerations which were established in Part 1
of this series of papers are exploited. The main results establish two conjectures mentioned in
Part II of this series of papers.

1. INTRODUCTION

Let d > 1 be an integer and r = (ry,...,7r4) € R%. To r we associate the mapping 7, : Z¢ — 74
in the following way: For a = (ay,...,aq) € Z% let!
(a) = (aa,...,aq,—|ra)),

where ra = r1a; + -+ - + rqaq, i.e., the inner product of the vectors r and a. We call 7. a shift
radiz system (SRS for short) if for each a € Z¢ we can find some k > 0 such that the k-th iterate
of 7, satisfies 7¥(a) = 0.

Forde N, d>1 let

Dy = {re R? : Va € Z? the sequence (15 (a))>0 is ultimately periodic} and

11
WO e [reR?:Vaezi3k>0:r(a)=0).

Dy is strongly related to the set of contracting polynomials. In particular, let

Ea=E4(1) = {(rl,...,rd) eR?: X4+ r; X%t + ... 4 7 has only roots y € C with ly| < 1}.
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In [2, Lemmas 4.1, 4.2 and 4.3] we proved that
(12) int (Dd) = Ed.

DY is the set of all parameters r € R? that give rise to an SRS. The structure of DY is related
to the characterization of bases of well known notions of number systems as (-expansions with a
certain finiteness property (F) (¢f. [5, 7, 11]) and canonical number systems (cf. [6, 8] and see
[2, 4] for the link to SRS). In the present paper we dwell mainly on relations between SRS and
canonical number systems.

Let P(X) = pgX% +--- +po € Z[X] with py > 2 and pg = 1, and set N = {0,1,...,pg —
1}. Furthermore, denote the image of X under the canonical epimorphism from Z[X] to R :=
Z[X]/P(X)Z[X] by . Since pg = 1 it is clear that each coset of R has a unique element of degree
at most d — 1, say

A(X):Ad_leil—F"'—FAlX—FAO (AQ,...,Ad_1 EZ)
Let G :={A(X) € Z[X] : deg A < d} and

d—1

Tp(A) =) (A1 — gpir1) X',
=0

where A3 =0 and g = [Ao/po|. Then Tp : G — G and
A(z) = (Ao — qpo) + xTp(A), where Ag — qpo € N.

If for each A € G there is a k € N such that TE(A) = 0 we call P a canonical number system
polynomial (CNS polynomial for short).
Associated to the notion of CNS we define for each d € N, d > 1 the sets

Ca = {(pos---pi—1) € Z% : |po| > 2 and Txa,, ,xd-14..4p, has only finite orbits} and
Cg ={(po,-.-,pi-1) € 7% lpo] > 2 and VA€ G e N: Taf(d"l‘Pdled’_l-'r'”-'rpo(A) = 0}.
For M € N5 we set

(1.3) Co(M) = { (%17...,%) R (M, p1,....pai) € cd}
and
(1.4) CO(M) = { (pzl,...,%) R (M, p1,...,pai) € cg}.
Finally, for € R we need the following “cuts” of Dy and DY.
(L5) Dy(z) = {(ra,...,ra) € R (z,79,...,7q) € Dy},

. DY(z) = {(ra,....ra) € R (2,719,000 ,7q) € DY} .

In Part I of this series of papers (see [2, Section 3]) we studied the relation between SRS and
CNS. In particular, we proved that

1 _
(1.6) (Pos P15 -+ pa_1) € Cq (resp. C3) if and only if (, M, ol pl) € Dy (resp. DY).
Po  Po Po

In the present paper we investigate a further relationship between the sets Cy and Dy as well
as CJ and DY. First we show that the elements of Cy having a large fixed first coordinate py give
a very good approximation of D;_1. We will even prove that the appropriately scaled limit for
po — oo is equal to Dy_;. We will also prove that the Lebesgue measure of Dy_; is the limit of

|{(p17~'~7pd—1) S Zd71 : (Mapla"'vpd—l) € Cd}|
Md-1

(1.7)

for M — oo.

The sets Cg and Dg have a considerably more complicated structure than C4 and D,;. However,
from Figures 1 and 2 of [2] we see that the elements of CJ with fixed first coordinate py seem to
give a very good approximation for DY_;. In this paper we make this precise in showing that the
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appropriately scaled limit of C§(M) for M — oo is equal to Dj_,. Furthermore, we prove that
the Lebesgue measure of ng is the limit of

|{(p17"'7pd—1) € Zdil : (Mapla"'apd—l) S Cg}|

(1.8) T

for M — oc.

These results enable us to gain precise information about the structure of C4 as well as C$ by
studying Dq_1 as well as DJ_, and vice versa. Specifically, we show that the number of CNS
polynomials of a given norm is estimated by SRS.

The paper is organized as follows. In Section 2 we prove results on the sets DY which are needed
in the sequel. They contain very general facts about DY and are of interest in their own right. In
Section 3 we review different notions of limits of sets which we will need. Sections 4 and 5 contain
our results on Dy while Sections 6 and 7 are devoted to the results on ’Dg.

2. GENERAL PROPERTIES OF THE SETS 'Dg

In order to prove our main results we need the following theorem which is of interest also in its
own right. It is well known that (po, ..., pa—1) € CJ implies that py > 2 (cf. e.g. [6, Proposition 6]).
Thus the first coordinate of a vector r € DY associated to an element of CJ is non-negative. We
show that this is true for all elements of DY.

Theorem 2.1. If (rq,...,7q) € DY then r1 > 0.

Proof. Assume that r := (r1,...,74) € Dg has r1 < 0. We will prove that in this case there exists
some z € Z% with
(2.1) 8(z) #0 forall keN.

This implies that r ¢ DY and we are done.
Let R(r) be the matrix associated to the mapping 7, (see [2, Section 4]). Its characteristic
polynomial is given by
x(X) := X4, X g X g
Factorize this polynomial in R:

u v
X(X) =J[(x* = &xX —n)™ JI(X = o)™
i=1 j=1

where &;,7;,a; € R and m;,n; are positive integers with 2, m; + Zj n; = d. Since r < 0 the
polynomial y has at least one positive real zero. Assume w.l.o.g. that «, > 0. By the structure
theorem of finitely generated modules over principal ideal domains, there exists a real regular
matrix S = ($;,,) which gives a real Jordan block decomposition

R(r) = S™'diag(By, ..., Buts)S.
Here B; (1 <i < wu+v) are the real Jordan blocks

& 1
i 0 1
& 1
& 1
n; 0
of size 2m; x 2m; for i = 1,...,u and
Qi 1
Bu+]‘ =
1
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of size n; x n; for j = 1,...,v. Now suppose that for a given y € Z? there exists a k € N such that
7E(y) = 0. Then (see [2, equation (4.2)]) there exist vectors v; = (0,...,0,¢;)t with ¢; € [0,1)
such that

k k
y=- Z R(r)"'v; = =571 Zdiag(Bl, c oy Bug) T(SVi).
i=1 i=1
Let (v); be the I-th coordinate of a vector v. Then it is easy to see that the d-th coordinate of
— Sy satisfies

k
(=Sy)a = Za;isddci.
i=1
Suppose that sqg > 0. Then (—Sy)q is always non-negative. Thus if we select z € Z? with

(—=S2z)q < 0 then z satisfies (2.1) and we are done (note that we can select z in this way since S
is regular). If sgq < 0 we can argue in a similar way. This finishes the proof. O

Note that the same proof shows that (0,...,0,7;,...,74) € DY implies r; > 0. The follow-
ing corollaries follow immediately from Theorem 2.1 by using the correspondence results in [2,
Theorems 2.1 and 3.1], respectively.

Corollary 2.2. Let 3 be a Pisot number with minimal polynomial X% —a,; X4 1 —. .. —ay_1 X —aq.
If 8 has property (F) then ag > 0.

Corollary 2.3. If P(X) = X4+ pg1 X4+ +p1 X +po € Z[X] is a CNS polynomial then
Do = 2.

The following statement is not used in the sequel, but seems to fit into these surroundings.
Theorem 2.4. Let ¢, m € Nym > 0,q > 1,s € R™ and
r=(s1,0,...,0,...,843,0,...,0) € R™9.

q q
Then we have
reDy, < scD),.
Proof. This can easily be checked from the definitions. O

3. REVIEW OF SEVERAL NOTIONS OF CONVERGENCE OF SETS

We first summarize three different kinds of convergence of compact sets. We start with the
topological limit of a collection (A,) (n € N) of sets in a topological space (cf. [9, p.25] or [10,
§29)).

e A point z belongs to the (topological) lower limit Lim
intersects all the A, for n sufficiently large.

e A point 2z belongs to the (topological) upper limit Lim,, ., A, if every neighborhood of z
intersects A,, for infinitely many values of n.

e The set A is said to be the (topological) limit of (A,,), for short A = Lim, .., if A =

n—00

A, if every neighborhood of z

n— 00

If (A,) is compact, then Lim A,, is compact, too.
An analogous notion of limit can be defined also for an uncountable collection (A, ).es for some
interval I C R. In particular, we have:

e A point z belongs to the (topological) lower limit Lim,
intersects all the A, for |z — x| sufficiently small.

e A point 2z belongs to the (topological) upper limit Lim, ., A, if every neighborhood of z
intersects A, for a sequence (z,,)p>1 with limz,, = z.

e The set A is said to be the (topological) limit of (A,), for short A = Lim,_,,,, if A =

T—T0

A, if every neighborhood of z
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Assume that F' is metrizable and let p be its compatible metric. For the collection of compact
sets in F', the Hausdorff metric associated to p is defined by

pr (A, B) := max (glgg gggp(x,y), gleaggggp(x, y))
for two non-empty compact sets A and B. For ¢ € R>( let
(3.1) Alel:={z e F : Fyec A, p(z,y) <e}
be the e-body of a subset A of F'. Note that the e-body of A can be written as
Ale] = | B:(w)
T€EA
where we set
By(z) :={a' € F : p(z,2") < p}.
Then one has

pu(A,B) = max( min ¢, min 6) .
Ale]DB Ble]DA

We say that a sequence (A,,) converges to A by the Hausdorff metric if

and write A, A Tt s easily seen from the definition that if A, . A then Lim, A4, = A.
However the converse is not true. For instance, consider the case F = R, p(z,y) = |z — y| and

H
A, ={0,n}: Then Lim,, A,, = {0}, but A,, /~ {0}. If there exists a compact set K in F' such that

A, C K for all n, then Lim A,, = A implies that A, Ny (cf [9, p.26]).

The third kind of convergence is defined when (F,p) is equipped with a measure. Let v be an
outer measure of F. Assume that v is a metric outer measure, i.e., (AU B) = v(A) 4+ v(B) holds
for any two subsets A and B with p(A, B) = inf c 4 yep p(x,y) > 0. Then v gives rise to a Borel
measure which is written by the same symbol v.

We say that a sequence (A,,) of sets converges to a set A by the measure v if

liTan v(A,NA) =0
where
AAB = (A\B)U(B\ A)

is the symmetric difference of A and B. We denote this convergence by A, — A. If A, KA A,
then for any positive € we have

A ANA C (Anle] \ An) U (Afe] \ A).
As Ale] is measurable and Ale] \ A is decreasing as € — 0, we have
lin% v(Ale] \ A) = v(A[0]\ A) = 0.

Therefore A,, 4 implies A,, — A. Let us summarize these results.

Proposition 3.1. Let (F,p) be a metric space and (A,) be a sequence of compact subsets of F.
Then A,, Nyl implies Lim,, A, = A. If there exists a compact set K C F such that A, C K
for all n, then Lim, A, = A implies A, H, A. Assume that v is a metric outer measure on F.
Then A, oA implies A,, = A.

The convergence in the Hausdorff metric as well as the convergence with respect to a measure
can be defined also for uncountable classes (A;) of sets in an obvious way.

Let us come back to the Euclidean space. We denote by || - |2 (resp. || - ||co) the Euclidean
norm (resp. L norm) and define the metric by p(z,y) = ||z — y||2. Define, for a non-negative
real number ¢,

(3.2) Al—e]l:={z € A : p(x,0A) > e}.
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4. CONVERGENCE PROPERTIES OF THE SET Dy

The main result of this section is Theorem 4.11 where we prove that the sets C4(M) defined in
(1.3) yield a good approximation to the closure of Dyg_y for M — oo. In view of (1.2) we use a
characterization of the sets &; given by Schur [12]. Therefore we need certain determinants which
we define now.

For p e R,v € {0,...,d—1} and r = (rq,...,74) € R? we denote by 6,(r, p) the determinant
of the v-th Schur-Cohn matrix of the monic polynomial X% + rg X% 1 + ... 4+ 1, X + 1 € R[X]
whose roots are bounded by p (¢f. [12]), i.e.,

pd 0 ... 0 m pro e P Tt
p1ry p? ... 0 0 ] .. P,
d—v d—v+1 d :
_ P gyt P Tda—py2 - p¢ 0 0 e r1
6, (r, p) = det 1 0 e 0 pt pt ey o pTYrg
pro 2 0 0 p? con o pT g L
pyry+1 pl’flru 71 0 0 pd
To distinguish values and variables, we introduce indeterminants Ry, ..., Ry.

Lemma 4.1. For each v € {0,...,d — 1} and p € (0,1]
Rl Jf 6V((Rla ceey Rd)a p)
holds.

Proof. We prove this assertion by induction on v. Clearly, the assertion holds for v = 0 because
¢ R
%Whmﬁ&m=w(§ ;)=W—ﬁ.
1 P

Now assume that Ry t §,((Ry,...,R),p), i.e., 6,((0,Rz,...,Rg),p) # 0 holds for all 0 < v <
k < d—1. Consider 6,4+1((0, Ra, ..., Ra), p). By the construction of d,(r, p) the (v + 1)-st and the
(v +2)-nd column contain only zeros up to one single p¢ in the (v + 1)-st and the (v + 2)-nd row,
respectively. Applying the Laplace expansion of determinants,

6,+1((0, Rz, ..., Ra), p) = p**6,((Ra, ..., Ra), p).
As the polynomial on the right hand side is nonzero by the induction hypothesis we get
0,+1((0, Ra, ..., Rq),p) #0, d.e., R110,41((R1,Ra,...,Raq),p)
and we are done. (]
An algebraic set in R? is the locus of real roots of non-zero polynomials of R[Ry,..., Ry]. It

is obvious from Fubini’s theorem that the d-dimensional Lebesgue measure of an algebraic set is
zero. In what follows we need the projection

proj:Rd — R4

(Tl,...,Td) = (Tg,...,?“d),
and for x € R and f € R[Ry,..., R4 we set
(4.1) Ap(x) == {(z,r2,...,rq) €RY ¢ fz,r9,...,7q) > 0}.

Lemma 4.2. Letd > 2 and f € R[Ry,. .., Rq] such that
Rt f(Ry,...,Rq).
Then for any compact set W in R,
Kim A, ((proj(A; () Aproj (A (0))) N W) = 0.
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Remark 4.3. The lemma obviously remains true if we replace “>” in the definition of As(z) by
“Z”’ “<77 OI‘ LLSW.

Proof. By the assumption, there exist ¢ € R[Ry,...,R4] and 0 # h € R[Rs,..., Ry4] such that
f = Rig+ h. Since

proj(Ays(z)) \ proj(As(0)) = {(re,....ra) : f(z,r2,...,7¢) >0 and f(0,72...,7q) <0}
= {(roy...,rq) : —xg(z,7re,...,149) < h(re,...,rq) <0}

and
proj(As(0)) \ proj(As(z)) = A{(re,....ra) : f(0,72,...,7q) >0 and f(z,r2...,7q) <0}
(4.2) = {(roy...,rq) : 0<h(re,...,rq) < —zg(x,r2,...,74)}
we get
(proj(Af(0))Aproj(As(z))) N W C {(re,...,ra) € W = |h(re,...,ra)| < |zg(z,79,...,7a)|}
As W is compact, |xg(x,ra,...,rq)] — 0 uniformly as x — 0. Noting

{(ro,...,rq) €W = |h(re,...,1rq)| < e}

is measurable and decreasing as € — 0, we have
;iir(l))\d,l({(r%...,rd) ew: |h(7’2,...,7‘d)| SE}) :)\dfl({(Tgw..J’d) ew: h(?"g,...77'd) :0})

The last measure is 0 since {(ra,...,7rq) : h(re,...,rq) = 0} is an algebraic set defined by

0# heR[R,,...,R4. O

Lemma 4.4. Let I C R be an interval, zg € I and {M;(x) CR? : x € I,i=1,...,m} be a family

of Lebesgue measurable sets with Ag(M;(x)) finite (x € I,i=1,...,m). Furthermore, assume that
hm Aa(M;(x)AM;(x0)) =0 (i=1,...,m).

Then the following assertions hold.

(i) Jim Ag (ﬂ M;(z)A ﬁ Mi(x0)> =0,

i=1 i=1
(i) lm Ay (U M;(z)A U Mi(x0)> =0,
0 i=1

(iit) lim Aq ((Mi(z) \ Ma(2)) & (Mi(2o) \ M2(20))) = 0.

Proof. We clearly may assume m = 2. Moreover, we only prove the first assertion. The other ones
follow similarly. Let € € Ry. By our assumptions we can find some § € Ry with

Aa(My(z) AM;(2')) < g and  Ag(Ma(z)AMy(2')) < %
for all z,2" € I with |z — 2’| < §. Therefore using
(My(z) N My(2)) A(My (') N Ma('))  (My(2) AM () U (Ma(2) AMy(2"))

we find
N (M (2) 0 Ma(@) DM ') N Ma(@))) < Aa (M (2) M (2')) U (Ma(2) AMa(a)))
< (M () AM (")) + Xa(Ma(z) AMa(2"))
< %+g:s.

Lemma 4.5. Letd > 2 and f € R[Ry,..., Rq] such that
Rit f(Ry,...,Rq).
Then for any compact set W in R,
Lim proj(A(x)) "W = proj(A;(0)) N W.
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Proof. We prove two opposite inclusions.
o Droj(Ay(0)) N W C Lim, o proj(Af(z)) (W
Suppose that y = (s2,...,54) € proj(As(0))NW. Then, using the notation of the proof
of Lemma 4.2 we have h(y) = ¢ > 0 for some fixed constant c. This implies that there
exists an xo > 0 such that —xg(z,s2,...,sq) < c holds for || < z¢. Equation (4.2) now
implies that y € proj(As(x)) N W holds for all these  and then clearly

proj(Ay(0)) N W C Lim proj(A;(z)) N W,
z—0

e proj(As(0)) N W D Lim,_q proj(As(z)) N W.
Suppose that y € Lim,_,o proj(A;(z)) N W. Then for each neighborhood U of y there
is (xy,) with z,, — 0 and proj(As(z,)) NU # (. We have to prove that

y€{(ra,...,rq) : f(0O,ra,...,7q) > 0}.
Suppose at the contrary that
y€{(ra,...,rqa) = f(0,ra,...,rq) <0}
By the continuity of f this implies that
y€{(ra,...,rqa) : fla,ra,...,rq) <0}
also holds for x small enough. Thus there is a neighborhood Uy of y such that
Up C{(re,...,ma) : flm,ra,...,7q) <0}
for all z that are small enough. This is a contradiction because it implies that
proj(As(z,)) NUy =0
for n large enough.

O

Remark 4.6. Let B;(z) (i € {1,...,n}) be finite unions of finite intersections of A(z) for some
finite family of f’s. Then

LimUBi(z) = ULimBi(x),
LimmBi(az) = mLimBi(x).

The first assertion follows from a general property of Lim (see [10, §29, VI]). The second assertion
can be proved by slightly modifying the proof of Lemma 4.5 (instead of a set

{(ray...,ra) = f(0,r9,...,7q) <0}

restricted by one strict inequality we get unions of sets restricted by several strict inequalities).
Note that in the previous lemma as well as in this remark we need strict inequalities in the
definition of Ay(z). Otherwise the results do not hold.

In the following we denote by p(r) the maximum of the absolute values of the roots of the
polynomial X +ry X1 + ... + 7 € R[X] for r € R%, and for 7, € R we let

Dge = {reDy:plr)<l—c}, Di.x) = Dg.NW(x),
(4.3)

Dy, = {reDj:p)<l—e}, Dy (z) = Dj_NW(z),
where we fixed some positive M € R with
(4.4) Eq C [-M, M)
and let

(4.5) W(x) = {z} x [-M, M]¢~1.
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Note that by [2, Section 4] we have for £ € (0, 1)

Dur = [reR': gl <1-c)
d—1

(46) = n {I‘ERd : 5u(r71_5)>0}'
v=0

Lemma 4.7. The following two assertions hold.
(i) For all § € (0,1) there is a € € Rsq such that

Xi(Da\ Dgc) < 6.
(ii) We have
lim Ay(Dg.) = Aa(Dg).
e— ’
Proof. (i) Observe that for €1,e5 € [0,1) with &1 > €2 we have
{reR?:6,(r,1—e1) >0} C{reR?: §,(r,1 —e) >0}

and use the fact that &y is a union of algebraic sets and therefore Ag(9&;) = 0.
(ii) Because of

Xa(Dgc) < Xa(Dg) < Xa(Dg . U (Da\ Dae)) < Xa(Dg ) + Aa(Da \ Dae)
the assertion follows from (i). O
Lemma 4.8. Let € > 0 be arbitrary. Then
Hm Ag— (proj(Da,e(x))ADa-1,c) = 0.
Proof. Using the notation defined in (4.1) let
Dy () := As,((Ry,...Ra),1—e) () N [=M, M]? (v=0,...,d=1).

Then in view of (4.3) we have

(47) Dac(w) = () Do)

From Lemma 4.1 we know that Ry 1 0,((R1,...,R4),1 —¢). Thus we may apply Lemma 4.2 to
conclude that

(48) Kim A1 (proj(D, (x)) Aproj(D, (0))) = 0.
Now we combine (4.7) and (4.8) to derive from Lemma 4.4 (i) that
iii% Ad—1 (proj(Dgc(x))Aproj(Dg.(0))) = 0.
Since proj(Dy:(0)) = Dg_1. the lemma is proved. O
Theorem 4.9. For each d > 2 we have
iig% Ai—1 (Dg(x)ADg_1) = 0.

Proof. This is an easy consequence of Lemmas 4.7 and 4.8 since € can be chosen arbitrarily
small. (]

Theorem 4.10. Let Dy(x) and Dy be defined as in Section 1. Then
LIII[} Dd(x) = Dd—l-



10 S. AKIYAMA, H. BRUNOTTE, A. PETHO, AND J. M. THUSWALDNER

Proof. Using the notation defined in (4.1) let
D,,(J,‘) = Aé,/((Rl,...,Rd),l)(x) N [—M, M}d (v=0,...,d— 1).

Then we have i
int (Da(x)) = () Du(@).
v=0

From Lemma 4.1 we know that Ry {0, ((R1,...,Rq),1 —¢). Thus we may apply Lemma 4.5 and
Remark 4.6 to obtain the result. (]

Theorem 4.11. Let C4(M) and Dy—1 be given as in (1.3) and (1.1), respectively. Then
im €)=
holds for all d > 2.

Proof. We first show that Dy_; C Lim,, . C4(M). Since Dy_; is the closure of its interior® and
Lim,, . Ca(M) is closed it suffices to show that int (Dg—1) C Lim,, . Cqa(M).
Let

(4.9) y:i=(ro,...,rq) € int (Dg_1).
We have to show that each neighborhood of y intersects all but finitely many of the sets Cq(M).
Choose an arbitrary neighborhood U of y. Using [2, Lemmas 4.1 and 4.3] we see that (4.9) implies
that the polynomial

del +7"dXd72+"'+7'2
is contractive. Since the roots of a polynomial vary continuously with respect to its coefficients,
there exists a positive constant € with the following properties:

e The polynomial
(4.10) X4 tg X4 X + 1y
is contractive if |t; —r;| <e (i=2,...,d) and |t;| < e.
e B.(y) C UnNint (Dy_1).
Thus for each M > % we can choose t; of the form
1 p(M)
tlztl(M):M and tizti(M)ZzW
(M)

with integers p; By the choice of &, yas = (t1(M),...,ta(M)) € U for each M > L. On
the other hand, since the polynomial (4.10) associated to yas is contractive, [2, Lemma 4.2 (1)]
implies that yp € Dy for M > 1. Now (1.3) and (1.6) imply that yy € Ca(M) for M > 1.
Thus U intersects all but finitely many of the sets C4(M). Since U was arbitrary this proves
int (Dd—l) g LlimM_)oo Cd(M)

It remains to establish the inclusion Dy_; 2 Limps oo Cq(M). We argue in a similar way as in
the proof of [2, Theorem 3.1] and obtain

Ca(M) = {(pj\;,..., );(M,pl,...,pd,l)ecd}
= {2y (G ) e

e Lo () enk=nu(),

Thus, using Theorem 4.10 we gain

(i=2,...,d)

SRS

—— — [ —
Jeaon < i v (5 ) =P

2This is an easy consequence of the following fact: Suppose that p(z) is a polynomial all of whose roots are
contained in the closed unit circle. Then by arbitrarily small modifications of its coefficients we can obtain a
polynomial all of whose roots are contained in the open unit circle.
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and we are done. O

5. RELATIONS BETWEEN Dy_1 AND Cy4

In the next theorem we prove that the (d — 1)-dimensional Lebesgue measure of Dy_; is the
limit of the quotient (1.7) for M — oco. Note that the Lebesgue measurability of D, is proved in
[2, Theorem 4.10].

We need the following notations. Let

(5.1) W(x, s) = {x' ERC L ||x — x| < %} (x € R¥L, s € R)

and
Wa(M):= ] W(xM™).
x€Cq (M)

Theorem 5.1. Let d > 2, M a positive integer and set
N(d7M) |{(p17 e 7pd—1) € Zd71 : (Mapla e apd—l) S Cd}‘

Then
. N(d, M
Jm YA s 0a).

Proof. We obviously have

% = Aa—1(Wa(M)).

We will compare the latter with the Lebesgue measure of Dy_;.
We first claim

(5.3) Dy—1 \ Wa(M) € Da—1 \ ((Dd(M_l)) [—}(ﬂ) .

(5.2)

To prove the claim we will show

(Da(M~1)) l-}(j] C Wa(M).

By the definition of the norm || - ||oo, if y € Dg(M~1)[—+/d/M] then

(5.4) W(y, M~ ") C Dy(M™1).
Thus we can choose p1,...,pq_1 € Z with
Pd—1 P1) 1
= ceey — M.
2= (BB ewiy,

Now (1.6) and (5.4) imply that z € Cq(M) N W (y,M~'). Thus y € W(z, M~ 1) for a z € Cq4(M)
which yields y € Wy(M) and the claim is proved.
On the other hand Cq(M) C Dg(M 1) implies

Wal(M) € (Da(M =) [1/M]
which yields
(5.5) Wa(M)\ Da—y € (Da(M~1)) [1/M]\ D .
Now (5.3) and (5.5) yield that

Wa(M)ADa—; € (pdl\ ((m(M-l)) [—Xﬂ)) O ((Da(M~1) [1/M]\ D)
C (D ADAM ) U ((ODa(M)[Vd/M]) .
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Note that the second inclusion is an immediate consequence of the definitions (3.1) and (3.2),
respectively. From this chain of inclusions we gain

[ v =1 dhics = [ sz

/1Dd*1ADd(M‘1)d>‘d_l +/1(3D4(M*1))[\/3/M]d)\d_1'

IN

Now we let M — oco. Then
/17Dd,1ADd(M—1)d>‘d—1 —0

by Theorem 4.9. Furthermore,

/ Lopar-1yayndra-1 = 0

since 9D4_1(M 1) is defined by finitely many polynomial equations. Thus

/‘1Wd(M) — 17@(171 dA\g—1 — 0
and the theorem is proved. O

It is worth mentioning the following result which we get as a byproduct of the proof of Theo-
rem 5.1.

Corollary 5.2. For d > 2 we have
Ad—1(Wia(M)ADyg—1) — 0
for M — oo.

6. CONVERGENCE PROPERTIES OF THE SET DY

The aim of this section is to describe the convergence of the sets DY(x) defined in (1.5) to Dg_1
for z — 0. To this matter we need a description of the relation between Dy and DY where we
adopt the following notations and results from [2]. Let r € R? and let a = (a1, ...,aq) be a non
zero periodic point of period length L for 7, i.e., a = 7,F(a). Suppose this period runs through
the points

(@) = (a14j,..,aay;) (0<j<L-1),
where a141, = a1, ...,a4+1 = aq (note that the structure of the entries follows from the definition
of 7). Then we will say that
at,...,0Qd; Ad+1;-- -5 AL

is a period of 7. If a period occurs for some 7. with r € R?, we will call it for short a period of
Dy.

By the definition of 7, the set of all r = (r1,...,74) € R? which admit a given period 7 is given
by the simultaneous inequalities

(6.1) 0<riaiq4j+- - +rgage; +aqrjp1 <1 (0<j<L-1).

As each inequality gives an upper/lower half of hyperplanes in R?, it is easy to see that (6.1)
defines a (possibly degenerated) convex polyhedron. We call this polyhedron a cutout polyhedron
and denote it by P(m) (cf. [2, Section 4]).

Since r € DY if and only if 7 has 0 as its only period we conclude that

Dy =Da\ |J P(r),
T#0

where the union is extended over all non-zero periods 7 of D;. We call the family of (non-empty)
polyhedra corresponding to this choice the family of cutout polyhedra of DY.
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Let now € € (0,1). We know from [2, Section 7] that there is a finite family P := {P,,..., Pr}
of cutout polyhedra such that

L
Dg,s = def \ U F,
1=0
because critical points of Dy can only occur on the boundary of Dy (¢f. [2, Lemma 7.2]). Because
of (6.1) for every I € {0,...,L} we can find pairwise disjoint finite sets I;,JJ; C N and linear
polynomials f;; € R[Ry,..., R4] with

(6.2) Po=({re[-M,M": fi(r)>0}n ({re[-MM": fii(r) >0}
iel; i€J;

Here we choose M in a way that (4.4) is satisfied. We will subdivide the set P of cutout polyhedra
into three parts. Indeed, set

P = {P€P : Ri{fii(Ra,...,Rq) holds for all i € I; U J;},
Py = {P,€P : Ri] fi,i(Ra,...,Rq) holds for at least one i € I},
Ps = {P,€P : Ri]| fii(Ra,...,Rq) holds for at least one i € J;}.

In what follows we will use the notation Pj(z) := P, N W (x) (see (4.5) for the definition of
W (x)). We first treat the cutout polyhedra contained in the subfamily P;.

Lemma 6.1. For each P, € P; we have
lim A1 (proj(£(w)) Aproj(F(0))) = 0.
Proof. Setting
Agi(z) = {re[-M,M]*: fi;(r) >0}NW(z) (i€l}) and
By i(x) {re[-M,M]¢ : fii(x)>0yNW(z) (i€
we see from (6.2) that

B(Z‘) = m Alﬂ'(l') n ﬂ Bl,i(l‘).

i€l; i€Jy

Because Pj(z) € P; the (linear) polynomials f; ; satisfy the conditions of Lemma 4.2, this lemma
together with Remark 4.3 yields

iiir%) Ad—1(proj(A;;(z))Aproj(A;:(0))) = 0 and
ilg%) Ad—1(proj(By,i(z))Aproj(B;(0))) = 0.
The result now follows from Lemma 4.4 (i). O

In order to treat the cutout polyhedra contained in P, we need the following auxiliary result.

Lemma 6.2. Letd > 2 andr = (r1,...,rq) € P(m) be an element of a cutout polyhedron given
by a period w of the form
apay 0 0
d—1

Ifri >0 then ro < =227y, and if r1 < 0 then rp > — 227y,
Proof. By the definition we have the inequalities

(6.3) 0<am+1<1,
(6.4) 0 <agri +airs < 1.

Clearly, 1 > 0 implies a; < 0 by (6.3) and then ry < —Z—‘;rl by (6.4). The second assertion is
derived analogously. O

For the elements of P> we can show the following assertion.
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Lemma 6.3. For all € > 0 we have

lim Ag-y <<pr0j (Dds N U Pl> U proj (Dds N U Pl>> ADd7€(0)> =0.
PPy P eP2

Proof. If P, € Py then for some i € I; we have Ry | f1:(R1,...,Rq4). Because f;; is a linear
polynomial this implies that there exists a constant ¢; ; € R\{0} such that f; ;(R1,..., Rq) = ¢i,i R1.
This implies that
P c{(r1,...,ra) : ¢ m1 >0}
which means that either
P c {(r1,...,rq) : 1 >0} or
P c {(r1,...,rq) : 71 <O}
Applying Lemma 6.2 we even get that there exists b € R such that either
P c {(r1i,...,rq) : 11 >0and ro <br;} or
P, c {(r1,...,mq) : 71 <0 and ry > bry}.

Thus
Dd,s(z)\ U P D Dd,s(z) n {(Iv’r% cee ,’I‘d) 1 re < bI} (1‘ > 0)7
P eP2
Dy (z U P, D> Dyclx)n{(z,re,...,rq) : 72 >bx} (x<0).
P ePo

Combining these two inclusions we obtain that

Dac(x)N{(z,r2,...,7q) : |re| > blz|} C (Dd’e(m)\ U Pl> <Dd5 )\ U Pl> C Dye(x)

P ePo P ePy

holds for all z. Taking projections and letting = tend to zero yield the result. O
Lemma 6.4. P53 = ().

Proof. If P, € P3 then P, contains an inequality

fl,i(rla cee 7Td) =cCcr 2 0
for some i € J;. To get such an inequality the cycle m which generates P; must contain d consecutive
zeros. Thus 7 is the trivial cycle, a contradiction. O

We are now in a position to prove the following theorem.
Theorem 6.5. For each d > 2 we have
lim Aq—1 (D§(z)ADY_,) = 0.
x—0

Proof. Let € > 0 be arbitrary but fixed. Then for > 0 Theorem 2.1 and Lemma 6.4 yield

Dy.(x) = Dy (x)UDg.(—x)  (since Dy (—z)=0)
= (Dac(x)UDac(-2)\ |J P
PP
= (Dac(x)UDac(-2))\ |J P
PeP1UPy
= ((Dd,e(w)UDd,E(—x))\ U Pz)“ ((Dd,e(l’)UDd,s(—m))\ U Pl>
P ePy P eP2

= <<Dds U Pl) (Dds N U B))
i=1,2 PEeP; PeP;
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Taking projections this yields
(6.5)

proj(Dy.(z)) = ) ((prOJ(Dd,E(I)) v U proj(Pl)> u <pr0j(Dd,s(l’))\ U PFOJ'(PZ)>> :
i=1,2 PeP; P eP;
Lemmas 4.8 and 6.1 imply together with Lemma 4.4 (ii) and (iii) that

(6.6) lim Ay s <<projwd,€<x>>\ U proj<a>)a<projwd,g<o>>\ U prom))) -0,

P ePy P ePy

Here « may approach zero from the left or from the right. For the second part of (6.5) we apply
Lemma 6.3 to see that

(6.7) qlziir%))\d,l ((proj (Dd75(33)\ U Pl> U proj (Dd,g(—a:)\ U B)) ADd7E(O)> =0.

P cP2 P P2
Using Lemma 4.4 (i) and (ii) we can collect (6.6) and (6.7) to derive

ili% Ad—1 (Dg,s(‘r)Apgfl,a) = ili% Ad—1 (Dg,s(‘r)Apg,a(O))
= lim Ay (Dgya(x)A (Dd@(o)\ U B))
P ePy
= 0.
Because € can be chosen arbitrarily small the result follows from Lemma 4.7. ]

7. RELATIONS BETWEEN DY_, AND C)

In the next theorem we prove that the (d — 1)-dimensional Lebesgue measure of DYJ_; is the
limit of the quotient in (1.8) for M — co. Note that the Lebesgue measurability of DY is proved
in [2, Theorem 4.10].

Theorem 7.1. Let d > 2 and M be a positive integer and set
No(daM) = |{(pla"'apd—1)€Zd71 : (M7p17"'7pd—1)ecg}|'

Then
L N, M)
Mse M1
Proof. We will use the following notation. Let W (x, s) be defined as in (5.1). Now set for € € [0, 1)

CS’E(M) = { (%,...,%) e R4 . (M,p1,...,pd-1) ECS, p((pj\zl,...,pﬂl)> <1—5}

= Xa—1 (DY_4) -

and
Wi.(M):= ) WM.
xECS’E(]W)

Furthermore, let

NO(d, M) = {(p1,-- - pa-1) €271 2 (M,p1,...,pa-1) € Cg Y-
Then obviously

NO<(d, M
% = A1 (Wy . (M)).

We will compare the latter with the Lebesgue measure of DS_LE.
We first claim

(72) DY, \W2.(M)C DY, _\ <(DSVE<M1>> [‘ﬁ]) :

(7.1)



16 S. AKIYAMA, H. BRUNOTTE, A. PETHO, AND J. M. THUSWALDNER

To prove the claim we will show

hearh) |5 < whan,

By the definition of the norm || - ||oo, if y € Dg’E(M_l)[—\/E/M] then

(7.3) W(y,M~") C Dy (M)
Thus we can choose p1,...,pq_1 € Z with
o Pd—1 P71) 1
zf( TR eW(y,M™).

Now (1.6) and (7.3) imply that z € C§ _(M)NW (y, M~"). Thusy € W(z, M~") foraz e Cy _(M)
which yields y € WgyE(M ) and the claim is proved.
On the other hand CgE(M) C Dg)s (M~1) implies
Wa (M) C (Dg (M) [1/M]
which yields
(7.4) Wi (M)\D§_, . C (Dg(M~Y) [1/M]\D§_, ..
Now (7.2) and (7.4) yield that

Wi.(MADY, . < (DS_LE\<<D2,E<M—1>) [—ﬂ))u(ws,ew h) [1/M\ DY, )
¢ (Py,.aps. () U (@D (MY)Vd/M)) .

Note that the second inclusion is an immediate consequence of the definitions (3.1) and (3.2),
respectively. From this chain of inclusions we gain

/‘1Wo ) — ‘dAd L = / o apy

< /1170 IEADSYE(M—l)/\d_l +/1(aDg,E(M—1))[\/E/M]d)‘d—1-
Now we let M — oo. Then

/1D0 1)>\d—1 —0

d—1, EADS,E(M7

by Theorem 6.5. Furthermore,

/1(3DS,E(M*1))[\/E/M]d)\d71 —0
since 9Dy_; (M ~") is defined by finitely many polynomial equations. Thus
/ ‘IWS,E(M) - 1%’ drg—1 — 0

and the theorem is proved by letting ¢ — 0 and observing Lemma 4.7. (Note that for fixed ¢
the set Dg_l \ Dg_l)s is bounded by finitely many polynomial equations. So for M large enough

the number of lattice points (%7 RN p}l\zl) with p1,...,pg—1 € Z contained in it is essentially

MIIADY_\ DY, ). 0
We now give the following result which we get as a byproduct of the proof of Theorem 7.1.
Corollary 7.2. Letting CS(M) as in (1.4) and setting
WIM) = U Wi(x, M~1)
x€CO(M)

we have for d > 2
A1 (Wq(M)ADG_;) — 0
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for M — oo.
This shows that the set of CNS polynomials

d
> piX' e Z[X]
=0

with large but fixed py forms a good approximation for the (d — 1)-dimensional SRS region DY_,.

Remark 7.3. Figure 1° displays N°(3, M)/M? for 2 < M < 464. It seems that the quotient
stabilizes after the first few values at about 1.766. Using known results on the number of cubic
CNS polynomials it can easily be seen that for M > 9 we have

1
§(I3M2 —21M +51) < N°(3, M) < 2M? — M — 2.
As these bounds are quite weak we omit the proof here.

FIGURE 1. The behavior of N°(3, M)/M? for 2 < M < 464.

8. OPEN QUESTIONS

We have shown convergence results with respect to Lebesgue measure in Theorems 4.9 and 6.5.
Can we have stronger convergence in the sense of Proposition 3.17

Open question 1. Is it true that Lim, o DY(z) = DY_,?
By Theorem 7.1, the number of CNS polynomials of a given norm is estimated by SRS.

Open question 2. Can we estimate the number of Pisot polynomials of a given trace having
property (F) by SRS?

This question will be explored in a forthcoming paper.
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