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Abstract

A word u is called 1-balanced if for any two factors v and w of u of equal length, we have
—1<|v); — |w|;i <1 for each letter i, where |v|; denotes the number of occurrences of i in the
factor v. The aim of this paper is to extend the notion of balance to multi-dimensional words.
We first characterize all 1-balanced words on Z". In particular, we prove they are fully periodic
for n > 1. We then give a quantitative measure of non-balancedness for some words on Z> with
irrational density, including two-dimensional Sturmian words. (© 2002 Elsevier Science B.V.
All rights reserved.

1. Introduction

A word u is called 1-balanced if for any two factors (i.e., finite subwords) v and w
of u of equal length, we have —1<|v|; — |w|;<1 for each letter i. Here |v|; denotes
the number of occurrences of i in the factor v. This notion has been widely studied
from many points of view, for instance in ergodic theory [6], in number theory [29],
in theoretical computer science [7], and in operations research [1]. In the literature,
a l-balanced word is usually called balanced. We shall use the term balanced for a
weaker property.

1-Balanced words were first studied by Morse and Hedlund in their seminal papers
[21,22] published in 1938 and 1940. They studied 1-balanced words from a two-
letter alphabet with as possible domains the integers, the positive integers and a finite
interval /. We call such words Z-words, N-words and F-words, respectively. It is now
known [14] that every 1-balanced N-word and every 1-balanced F-word is a subword
of a 1-balanced Z-word. A classification of all 1-balanced Z-words therefore induces
classifications of 1-balanced N-words and F-words. Morse and Hedlund showed that
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each letter of a 1-balanced word has a density (i.e., asymptotic frequency). They fur-
ther proved that there are three subclasses of 1-balanced Z-words: periodic, irrational
and skew. The letters of irrational words have irrational densities, the others have ra-
tional densities. For the reader’s convenience we give the complete classification in
Section 3.1.

1-Balanced words have the remarkable property that they can be characterized in
some seemingly independent ways (cf. [19]). For 1-balanced Z-words and 1-balanced
N-words with letters 0 and 1 where the letter 1 has density o we have as alternative
definitions:

(a) the codings of a rotation of an (open, half-open or closed) interval of length
27o on the unit circle (so-called interval exchange);,

(b) in case o is irrational, the words for which the number of distinct factors of length
n is at most n + 1 for every positive integer n (low-complexity words). 1-Balanced
words with rational density have also such low complexity.
Moreover, the periodic and irrational 1-balanced words with density a>0 are precisely

(c¢) the words for which there is some real constant § such that the symbol at place
n either equals [(n+ o+ f] — |noa+ | for all n, or [(n+ 1)o+ f] — [no + f] for
all n, (Beatty sequences);

(d) the words for which there exists a real constant 5 such that the letters 1 occur
at the places |na~! + B| for all n or at the places [na~! + B] for all n.

The original definition of 1-balanced word is of conceptual interest in queueing theory.
Because of (a) the 1-balanced irrational N-words, often called Sturmian words or
Sturmian sequences, play an important role in ergodic theory. Characterization (b) is
more relevant for theoretical computer science and characterizations (c) and (d) for
number theory.

It is easy to create from each 1-balanced word belonging to a given alphabet a
1-balanced word belonging to a larger alphabet by replacing one letter cyclically by
some other letters (see for instance [15,27]). By doing so, the two least frequent
letters in the new word have the same densities. It is a classical open problem to
characterize all 1-balanced words to finite alphabets where the letters have distinct
densities (see [11]). For two-letter words this boils down to determining all 1-balanced
words of density # 1/2. According to Fraenkel’s conjecture, for every m>2 there is
essentially only one 1-balanced word from m letters with distinct densities. This has
been established for m=3,4,5,6 in [1,29], cf. [15,28]. Note that on the other hand
we can reduce 1-balanced words from m letters to 1-balanced words from 2 letters by
identifying all but one letters.

Some authors have generalised the notion of 1-balance to C-balance by requiring
—C<v|; — [w|; <C, for all factors v, w with |v] =|w|, and for each letter i, where C
is some constant. It was believed that Arnoux—Rauzy sequences [2], and more gen-
erally Episturmian words to a 3-letter alphabet [8], would be 2-balanced. An exam-
ple of an Arnoux—Rauzy sequence is constructed in [6] which is not C-balanced for
any C>0. As an application of this result, the authors of [6] deduce that there exist
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Arnoux—Rauzy sequences which are not natural codings of a rotation on the two-
dimensional torus. Similar studies have been made for interval exchanges in [31]. We
note that C-balancedness for C > 1 without further assumption seems to be uninterest-
ing because of the following observation. The number of 1-balanced words of length
n is polynomial in n [18,20] and being 1-balanced is therefore rare. The number of
C-balanced words of length n for C > 1 is exponential in n [18, 13] and therefore being
C-balanced is relatively common. At the end of Section 3, we shall show a similar
phenomenon for higher dimensions.

The aim of this paper is to extend the notion of balance to multi-dimensional words.
Instead of intervals we require now that the number of occurrences of each letter in
two equal (rectangular) blocks differ by at most 1. In Section 3 we shall characterize
all 1-balanced words on Z". The following result is a consequence of our theorems.
The density of a 1-balanced word to {0,1} denotes here the asymptotic frequency of
the letter 1.

Corollary. Let f:7"—{0,1} be 1-balanced. Then f has a density a. Furthermore
when n=2,

1121324
066{0,5,3,5,5,5,?,* 1}

When n=3, then o € {0,%,%,%,1}. If 00,1, then f is fully periodic.

Here fully periodic means that the Z-module of periods has full rank. Note that there
are no l-balanced Z-words with irrational density in the multi-dimensional case. Note
also that, since the Sturmian words cannot be extended to 1-balanced words on Z2, not
every l-balanced Z-word can be extended to a 1-balanced Z>-word. In fact, we shall
characterize all 1-balanced words on all infinite intervals and it will turn out that there
exist irrational words in multi-dimensional intervals if and only if the dimension is 2
and the width of the strip is 2 (cf. Theorem 3). In all other cases, the behaviour is as
in the corollary (cf. Theorem 4). The 1-balanced words in dimension 2,3, and greater
than 3 are given in Sections 3.2-3.4, respectively.

All the examples we provide here have rational density. It is thus natural to ask
whether there do exist balanced words on Z? to a two-letter alphabet with irrational
density. There is a natural candidate to be simultaneously balanced and of irrational
density: consider a word on Z? defined by shifting from row to row a given Sturmian
word on Z with the periodicity vector (1, —1). We prove in Section 4.1 that such a word
cannot be balanced. The proof is based on the estimates of [5] for >, ({jo}—1/2),
involving Ostrowski’s numeration system (where {x} denotes the fractional part of x,
that is x — |x]). This leads us to ask whether the densities of the letters of a balanced
word on Z? are rational.

We also consider in Section 4.2 balance properties for two-dimensional Sturmian
words. These words correspond to the approximation of a plane by a discrete plane
[30]. We prove they are not balanced and we provide a quantitative measure of their
non-balancedness, based on the expression of [24] for >,y ({jo + B} — 1/2).
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Consequently, these two-dimensional words do not fully generalise all the properties
of classical Sturmian words.

2. Definitions and basic results

2.1. Balance properties

Let n be a positive integer. Let a,b€ 7", a=(ay,...,a,), b=(by,...,b,). We write
a<b if a;<b; for i=1,...,n. By the block [a,b), we mean the set of the vectors
(x1,...,x,) €Z" satisfying a; <x;<b; for i=1,...,n. We also denote the block [a,b)
by [a,b —1] or []_, [a;,b;) and denote its volume [[;_, (b; — a;) by |a,b|. Further
|a,b|; denotes the number of letters (i.e., function values) i in the block [a,b). In the
two-dimensional case an m by n block means a block [a,b), where by — a; = m and
by — a; =n. We also denote this block by [a;,b; — 1] X [az, by — 1].

We call I an (n-dimensional) interval if I is the Carthesian product I} x I, X - -- X I,
where [; is Z or N or some finite interval of integers for i=1,2,...,n. In the sequel
I is such an interval. If [ is not a block, it is called an infinite interval.

We call f:1—{0,1} a l-balanced word if the numbers of vectors x with f(x)=1
in any two subblocks (i.e., factors) [a,a + ¢), [b,b + ¢) of I differ by at most 1.

Let .o/ be a finite alphabet. Let C>0. We call f:1 — .o/ C-balanced on the letter
i € o/ if the numbers of vectors x with f(x)=1 in any two subblocks [a,a+c¢), [b,b+
¢) of I differ by at most C.

A function f is balanced if there exists a constant C such that f is C-balanced for
every letter from the alphabet .o7.

2.2. Density

We say that f:1 — {0, 1} has density « if the quotient of the number of vectors x
with f(x)=1 in [a,b) and the volume |a, b| tends to o when [a,b) runs in any way
through a non-decreasing sequence of blocks with union /. We similarly define the
density of the letter i € .7 in the word f :/ — .o/ to be o if the limit of the quotient of
the number of vectors x with f(x)=1i in [a,b) and the volume |a, b| tends to o when
[a,b) runs in any way through a non-decreasing sequence of blocks with union /.

If f is C-balanced, then the number of letters 1 in some block [a,a + ¢) is in some
interval [N,N + C], where N is an integer independent of a. We denote the largest
integer N with this property by N..

Let I be an infinite interval and f:1 — {0,1} 1-balanced. Without loss of generality
we may assume that N C/7;. We shall do so tacitly in the sequel. We first show that
N, depends only on the volume |0, ¢| of the block, subsequently that every 1-balanced
function has some density o and finally that N, = | % |0,¢|| or N, =[a x |0,¢|] — 1.

Lemma 1. Let ¢>0, d>0 such that for some a blocks [a,a + ¢) and [a,a + d) fit
in 1. If f is 1-balanced and |0,c¢|=|0,d|, then N, = Ny.
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Proof. Suppose |0,c|=0,d|. It suffices to prove the theorem with d =(|0,¢|,1,...,1).
Let c=(cy,...,¢y), d=(d,1,...,1). Let ke N. Put e=(kcidy,c2,...,¢c,). Then the
block [b,b+ e) can be partitioned into blocks of the form [a,a + ¢) and into blocks of
the form [a,a + d), where a varies. Put m=|b,b + ¢|/|0,¢c|. As |0,¢|=]0,d|, we have
m=b,b+e|/|0,d| and mN.<N,<m(N,+ 1) and mNg; <N, <m(Ny + 1). If |a,a+ |
is independent of a, then |a,a+d|, is independent of a by 1-balancedness on [b,b+e),
whence N. =Ny by the maximality condition in the definition of N,. If |a,a + ¢|; is
non-constant as a function of a, then its values can be N, and N, + 1. In this case
|a,a + d|; assumes both the value Ny and Ny + 1 and we conclude N, =Ny too. [J

In the sequel, we write Ny for N, with k:=]0,¢|. The following lemma shows that
Ni/k has some limit o.

Lemma 2. If f is 1-balanced on I, then f has some density o.

Proof. By Lemma 1 we may restrict our attention to blocks of the form (x,1,...,1).
Let ci,di€Z+¢ and c=(cy,1,...,1), d=(d,1,...,1)€Z",. Put e=(cidy,1,...,1).
Then any subblock [b,b+ e) of I can be partitioned into blocks of the form [a,a + ¢)
and into blocks of the form [a,a + d). Put m; =|0,¢|/|0,¢| and m; =|0,¢|/|0,d|. Then

miNe <N, <mj(N, + 1)
and
myNg <N, <mo(Ng + 1).

Hence —m; <m N, — myNy <my. This implies

Lot
10,¢[ ~10.c] 0.4

1
Ny < .
“=10.d]

We infer that (N;/k)ren is a Cauchy sequence and is therefore convergent to some
limit, « say. Thus f has density a. [J

Lemma 3. If f is 1-balanced and has density o, then Ni = |ka] or [ka] — 1.

Proof. Since a block of size k contains Ny or N; + 1 ones, and on average ko, we
have Ny <ko and N, + 1 =ka. O

We obtain similarly if f* is C-balanced on the letter i.

Lemma 4. Let o/ be a finite alphabet. Let f:1— o/ be C-balanced on the letter i.
Let c,d € 7", such that for some a blocks [a,a+ ¢) and [a,a+d) fit in I and that
[0,¢|=10,d|. Then

INI = NjI<C -1
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and the letter i has a density, o; say, satisfying

YN € N", [0,N|; — ;| N|| <C.

2.3. Bounded remainder sets

Let f be a word on Z? with values in a finite alphabet .oZ. In analogy to what
Kesten [16], Rauzy [25] and Ferenczi [10], define for dynamical systems we call a set
A C of a bounded remainder set if there exist two real numbers o and C such that

YN €7y |Card{n < N; u, € A} —aN|<C.

See also [9] for a connected generalisation of the balance property in the case of a
Sturmian dynamical system.

We recall the following classical discrepancy result, which will be of some use in
the sequel. The “if” part is due to Ostrowski [23], the “only if” part to Kesten [16].

Theorem 1 (Ostrowski [23], Kesten [16]). Consider a rotation R, of irrational angle
o on R/Z. Let I be an interval in R/Z. There exists a real number C such that

VN €Z-y |Card{n < N; na €I} —aN|<C

if and only if its length |I| equals the fractional part of ka for some nonzero
integer k.

We extend the definition to multi-dimensional words. Let f:7" — .o/ be a word
with values in 7. A set A C .o/ is called a bounded remainder set for f if there exist
two real numbers o and C such that

VN € 7%, |Card{x € [0,N); f(x)e€ A} —a|N|<C.

Note that a set {i} with i€ 4 is a bounded remainder set if and only if there is
some C such that f is C-balanced on the letter i. Indeed the “if” part is a direct
consequence of Lemma 4. The “only if” part is a direct consequence of the triangle
inequality.

3. A complete description of 1-balanced functions

In this section, we classify all 1-balanced words f:7—{0,1} on infinite intervals
1. We deal in subsequent subsections with dimension 1,2,3 or greater than 3. Without
further reference we shall use the following observations which classify all 1-balanced
functions of densities 0 and 1 and show that we can restrict our attention to density at
most %

Suppose f is 1-balanced and has density o. Then 0<a<1. By interchanging all
letters 0 and 1 if «>1/2, we may restrict our attention to the case 0<a<1/2. If
o =0, then there exist arbitrarily large blocks without 1’s so that every arbitrarily large
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block has at most one 1. Therefore, the letter 1 occurs at most once. Thus, only the
following 1-balanced functions are possible for density 0:

o [=0;
o f(x9)=1 for some xy€Z" and f(x)=0 for x # xy.

3.1. The one-dimensional case

Let /=N or Z. Let f:1—{0,1} be 1-balanced of density o. If «=0 we consider
the complementary word with o =1. Let S=(s;);e; be the sequence of increasing
integers for which f(s;)=1. Below, we shall classify all 1-balanced words in terms
of the sequence (s;). The classification is due to Morse and Hedlund [22], but we give
a new concise self-contained proof.

Lemma 5. For i,j €l with i<j we have

G- —1<s; —si<(— i)' +1
where at most one of the equality signs can occur.
Proof. On average, we have j — i=(s; — s;)a. So there are pairs i,j with s; — ;>
(j—i)a~! and pairs with sj—s,»g(j—i)ofl. Since [s;+1,s;) contains exactly j—i—2
ones and [s;,s; + 1) contains j — i ones, the 1-balancedness of f implies that the

difference s5; — s; with j — i fixed can attain at most two (consecutive) values. This
proves the lemma. [J

Lemma 6. For every € R we have
sizlio” '+ B forallicl
or
si<lio™' + B forallicl
Proof. Suppose the assertion is false. Then there exist a real number f§ and two integers
i,j €1 such that
si<lio'+B)—1 and s;>[jo ' +B]+1.
Suppose i <j. Note that
ljo "+ B — lia "+ B > (G- — 1.

Hence s; —s;>(j — i)' + 1. This contradicts Lemma 5. The case i > is similar. [J

Theorem 2 (Morse and Hedlund [21]). Let I=N or Z. Let f:1—{0,1} be 1-bala-
nced with density o> 0. Let S = (s;);c; be the sequence of increasing integers for which
f(s;)=1. Then, one of the following three cases occur, where [ is some suitable real
number.
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(i) (periodic case) « is rational and s; = |ia=" + B| for i€l

(ii) (irrational case) o is irrational and s; = |io=" + B| for i€ or s;=[ia=" + B]
foriel

(iil) (skew case) o is rational and there are 6 € {—1,1} and iy €1 such that

s; = Lioc_l +p| foriel i <ip,

5 = Lioc_l + f+0e| foriel izip,

1

where ¢~ is the numerator of the rational number o.

Proof. Put fo= inf{f|ix""'+ | >s; for i€l}. Then |ia~'+ By|>s; for all i € and
lia=! + B] <s; for all il when f<fy by Lemma 6. It follows that s; = |ia~! + o]
ifio™! + By & Z and s5;= |io"" + o] or s; = |ia~! + Bo] — 1 otherwise.

If o ¢ @, then ia~' + By € Z can happen for only one value of i. Thus, if it is not
true that s; = [ix~! + Bo] for all i, then there is an iy such that s; = [ia=! + fy| for
i#ip and s, =i~ 4+ fo — 1 €Z. Then s; = [ia~! + By — 1] for i € L. This proves the
claim for the irrational case, with f=pf, in the former case and f=pfy — 1 in the
latter.

If «€ @ and it is not true that s; = [ia~! + By for i €1, then ix~! + € Z for an
arithmetic progression of values i€ /. If s5; always attains the higher value, we have
si=|io~'+ Bo) for all i 1. If 5; always attains the lower value, we have s; = [ia~! +
Po—¢| for all i € 1. This yields periodic cases with = fy and = fy — ¢, respectively.

The remaining case is the skew case where s; assumes sometimes the high integer
value and sometimes the low integer value. If a high integer value is followed by a
low integer value, then we have the equality sign in the left inequality of Lemma 5. If
it jumps from a low integer value to a high integer value, then we have the equality
sign in the right inequality of Lemma 5. Since not both equality signs can occur, there
can be only one such a jump. If the jump is from high to low, then we have the
former skew case with 6 = —1 and ff = f;. If the jump is from low to high at the same
transition, then we have the latter skew case with 6=1 and f=f)—e. [

We call a word Sturmian if it corresponds with case (ii).

3.2. The two-dimensional case

The 1-balanced words on two-dimensional infinite intervals split into two classes with
totally different behaviour. The first class of intervals has width 2 and is described in
Theorem 3 and is closely related to the one-dimensional case. The class of intervals
with width >2 is given in Theorem 4 and contains only fully periodic words with an
exception when o =0, 1.

We recall that all 1-balanced functions with density «=0,1 have been classified
before and that by interchanging 0’s and 1’s if necessary we can secure that the
density o is at most % In particular, in the following theorem, we may assume without
loss of generality, that there are no columns with two 1’s.
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Theorem 3. Let I be I x [0,1] with I € {N,Z}. Let f:1—{0,1} be 1-balanced of
positive density and such that f(x,0)+ f(x,1)<1 for x€l,. Then (F(x)).c1 with
F(x):=f(x,0) + f(x,1) is a 1-balanced word on I, (as described in Theorem 2).
Moreover, if F(x)=F(y)=1, F(z)=0 for x<z<y then either f(x,0)=f(y,1)=1
or f(x1)=f(3,0)=1.

On the other hand, any function f belonging to the set {f(x,y)lx€l,y€{0,1}}
which corresponds with some 1-balanced function F:1 — {0,1} in the above indicated
way is 1-balanced.

Proof. By the condition imposed on f, we have F:I; — {0, 1}. Since f is 1-balanced
on m by 2 blocks, F' has to be 1-balanced on blocks of length m for every m. Thus,
F is a 1-balanced word as described in Theorem 3.

On the other hand, suppose F:I; —{0,1} is a 1-balanced word as described in
Theorem 2. Split (s;);e; in two subsequences sy; and sy and define f:7— {0,1}
by f(x,0)=1 if and only if x €sy;, f(x,1)=1 if and only if x €s;,;. Then f is
1-balanced on all m by 2 blocks and f(x,0)+ f(x,1)<1 for x € [;. Suppose f is not
1-balanced on some m by 1 block. Then, there exist a, b € I; such that the number of i’s
with sy; € [a,a+m) differs more than one from the number of i’s with sy, € [b,b+m).
This implies that the number of i’s with s; € [a,a + m) differs more than one from the
number of i’s with s; € [b,b + m). The latter statement contradicts the 1-balancedness
of F. O

In the remaining case of infinite two-dimensional intervals / we may assume without
loss of generality, that / contains [0,00) x [—1, 1].

Theorem 4. Let I be a two-dimensional interval which contains
[0,00) x [—1,1]. Let f:I1—{0,1} be 1-balanced of density o.

Then o € {0, é, %, %, %, %, %, %, 1}.

Moreover, by complementation, reflection and translation f can be transformed
into g with

if a=0 or 1, then g(i,j)=0 for all i and j

or g(0,0)=1 and ¢(i,j) =0 otherwise;

if o= % or g, then ¢(0,0)=1, ¢g(1,0)=¢(2,0)=¢(3,0)=¢g(4,0)=0 and g has
period lattice with basis (5,0), (2,1);

if oc:% or %, then g(0,0)=1, ¢g(1,0)=¢g(2,0)=0 and g has period lattice with
basis (3,0), (1,1);

if o= % or % then g(0,0)=¢(2,0)=1, ¢(1,0)=¢(3,0)=¢g(4,0)=0 and g has pe-
riod lattice with basis (5,0), (1,1);

if o= %, then g(0,0)=1, g(1,0)=0 and g has period lattice with basis (2,0), (1,1).

On the other hand, all the above functions are 1-balanced on every interval I.

Note that it is not stated that the domain of g is /. By reflection and translation it
may well be [—3,00) x [—1,1] or (—o0,8] X [—7,0).
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We give some lemmas about 1-balancedness on finite blocks which will be used in
the proof of Theorem 4. They may also be used to derive a complete characterization
of all 1-balanced words on all two-dimensional finite intervals (i.e., blocks). Lemma 7
is a variant of Lemma 1.

Lemma 7. Let I,meN with llm. Let f be 1-balanced on some m by [ block. If
every m by 1 block contains at least (at most) k letters 1, then every m/l by [ block
contains at least (at most) k letters 1.

Proof. Obviously, an m by [ block contains at least (at most) &/ letters 1. Let B denote
any m/l by [ block. Then the m by [/ block can be split into / blocks B. If one of the
B’s contains less (more) than & letters 1, then another B has to contain more (less)
than k letters 1. This causes a contradiction with the 1-balancedness of f. [

Lemma 8. Let meN<j. Let [ be 1-balanced on an interval containing the block
[0,m] x [-1,1]. Suppose f(0,0)= f(m,0)=1 and f(i,0)=0 for 0<i<m. Then
m=>.

Proof. Since there is an m — 1 by 1 block with only 0’s, every m — 1 by 1 block has
at most one 1. By Lemma 7 every 1 by 3 block has at most one 1. Since there is an
m+1 block with two 1’s, every m+1 by 1 block has at least one 1. By Lemma 7 every
|(m — 1)/2] by 2 block contains at most one 1. Hence f(0,+1)=f(1,£1)=---=
f(|(m—3)/2],£1)=0. By the same lemma every [(m+ 1)/3] by 3 block contains at
least one 1. Hence, there exists an i with 0 <i<[(m+1)/3] and a j with —1<; <1 and
f(,j)=1. Thus, [(m+1)/3] > [(m—3)/2| which implies that m € {4,5,6,7,8,9,10,12}.

If me{7,9}, then we obtain by considering (m — 1)/2 by 2 blocks that f(m,+1)=
f(m—1,£1)=---= f((m+3)/2,£1)=0. By considering m + 1 by 1 blocks we dis-
cover that f((m—1)/2,1)=1or f((m+1)/2,1)=1 and also f((m—1)/2,—1)=1 or
f((m + 1)/2,—1)=1. By symmetry it is no loss of generality to assume
f((m — 1)/2,1)=1 whence f((m + 1)/2,1)=0, f((m — 1)/2,-1)=0,
f((m+ 1)/2,—1)=1. We find a contradiction by comparing the number of 1’s in
2 by 3 blocks.

If m € {8,10,12}, then we obtain by considering (m—2)/2 by 2 blocks that f(m,+1)
=f(m—1,£1)=---=f(m/2 + 2,£1)=0. By considering m + 1 by 1 blocks we
find that f(m/2 — 1,1)=1 or f(m/2,1)=1 or f(m/2 + 1,1)=1 and similarly that
f(m/2—1,-1)=1 or f(m/2,—1)=1 or f(m/2+ 1,—1)=1. Since a 3 by 3 block
can contain at most one 1, this excludes that m =10 or 12. If m =8 we have the
pattern

S = O
S O O
S O O

S

S

S
S O O
S O O
oS = O
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and every 2 by 3 block can have at most one 1. (Here and below the underlined 1
indicates the value at the origin.) By symmetry it is no loss of generality to assume
3, 1)=f(5,—-1)=1. Then f(4,1)=f(51)=f(3,—-1)=f(4,—1)=0. By compar-
ing 4 by 2 blocks we reach a contradiction.

If m =6, then we have by the same arguments used before

S = O
o O O
(e
(e
(e
o O O
S = O

Since either f(2,1)=1 or f(3,1)=1 or f(4,1)=1 and similarly either f(2,—1)=1
or f(3,—1)=1 or f(4,—1)=1, we may assume without loss of generality, that
f(2,1)=1, f(4,—1)=1 in view of 1-balancedness of 2 by 3 blocks. It follows that
JGDH=f41)=/f2,-1)=/3,-1)=0.

0010000
1000001
000O0T1O0OO0

We now obtain a contradiction by considering 3 by 2 blocks.
If m =4, then we have

0 0
1 0 0 0 1
0 0

There should be at least one 1 in the upper row and at least one 1 in the lower row.
Since they cannot be in the same column, we may assume without loss of generality,
that f(1,1)=1. Then every 2 by 2 block contains at least one 1, but every block of
size 3 has at most one 1. This yields a contradiction at place (3,1).

0
0

1 *
0 0

O = O
S = O

We conclude that m=5. [

Lemma 9. Let f be 1-balanced on an interval containing [0,10] x [—1,1] as a
subblock. Let f(0,0)= f(5,0)=1 and f(i,0)=0 for 0<i<5. Then f is periodic
with period vectors (5,0) and either (2,1) or (2,—1).

Proof. By Lemma 7 every block of size <4 contains at most one 1 and every block of
size =6 at least one 1. Therefore, f(0,+1)= f(1,£1)= f(4,+1)= f(5,£1)= f(6, %+
1)=0. By considering 6 by 1 blocks we see that either f(2,1)=1 or f(3,1)=1 and
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similarly f(2,—1)=1 or f(3,—1)=1. We may assume without loss of generality, that
2. D)=7G.-D=1, f(2,-1)=f(3,1)=0.

001000
1000 01
000100

Since in between two 1’s there have to be at least three 0’s, we have f(10,0)=1
by Lemma 8. By considering 2 by 2 blocks we obtain f(9,£1)= f(10,£1)=0.
This yields f(7,1)=f(8,—1)=1 or f(7,—1)=f(8,1)=1, but the latter possibil-
ity is excluded by considering 5 by 1 blocks. In this way we find f(a +2,b+ 1)=
f(a+5,b)= f(a,b) for every (a,b) €l with b<2a. Since we can also extend in the
opposite directions, we obtain a period lattice with basis vectors (5,0) and (2,1). [

Lemma 10. Let f be 1-balanced on an interval containing [0,8] x [—1,1] as a sub-
block. Let £(0,0)=f(3,0)=1 and f(1,0)= f(2,0)= f(4,0)= 1(5,0)=0. Then f
is periodic with period lattice basis (3,0) and either (1,1) or (1,—1).

Proof. We see that every block of size 2 contains at most one 1 and that every block
of size 5 has at most two 1’s. Hence f(0,£1)= f(3,%1)= f(4,0)=0. Furthermore,
every block of size 4 contains at least one 1. Hence, either f(1,1)=1 or f(2,1)=1
and either f(1,—1)=1 or f(2,—1)=1. By symmetry we may assume without loss of
generality, that f(1,1)=f(2,—1)=1, f(1,—1)=f(2,1)=0.

Suppose f(4,1)=0. Then f(4,—1)=0 by comparing 3 by 1 blocks, f(5,1)=1 by
comparing 4 by 1 blocks and f(5,—1)=0 by comparing 1 by 3 blocks. This yields a
contradiction when comparing 2 by 2 blocks.

Thus f(4,1)=1, f(5,1)=0. We see that either f(4,—1) or f(5,—1) equals 1 by
comparing 2 by 2 blocks and that in fact f(4,—1)=0, f(5,—1)=1 by comparing 1 by
3 blocks. Comparisons of 2 by 2 blocks and 3 by 1 blocks give f(6,0)=1, f(6,+1)=
0, f(7,0)=0. The supposition f(7,1)=0 leads to a contradiction as the supposition
f(4,1)=0 did above.

So f(7,1)=1, f(8,1)=0. Suppose f(8,0)=1. Then f(8,—1)=0 and, by com-
paring 3 by 1 blocks, f(7,—1)=1. This yields a contradiction when comparing 4 by
2 blocks. Thus f(8,0)=0 and we have shown that (3,0) and (1, 1) are period vectors.
We can extend in the opposite directions as well and we therefore have a period lattice
with basis (3,0) and (1,1). O

Lemma 11. Let [ be 1-balanced on an interval containing [0,10] x [—1,1] as a sub-
block. Let f(0,0)=f(2,0)= f(5,0)=1 and f(1,0)= f(3,0)= f(4,0)=0. Then f
is periodic with period lattice basis (5,0) and either (1,1) or (1,—1).

Proof. From the conditions and Lemma 7 we see that every block of size 2 contains
at most one 1 and every block of size 3 has at least one 1. Thus f(0,+1)= f(2,£1)=
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f(5,£1)= f(6,0)=0. By comparing 3 by 1 blocks we obtain f(1,£1)=1 and
either f(3,1)=1 or f(4,1)=1 and either f(3,—1)=1 or f(4,—1)=1. Without
loss of generality we may assume f(3,1)= f(4,—1)=1, f(3,—1)= f(4,1)=0. Then
f(6,1)=1 by comparing 3 by 1 blocks and f(6,—1)=1 by comparing 4 by 2 blocks.
Hence f(7,£1)=0, f(7,0)=1, f(8,0)=0. By comparing 1 by 3 blocks and 3 by 3
blocks we see that either f(8,1) or f(8,—1) equals 1. By comparing 5 by 1 blocks we
conclude that f(8,1)=1, f(8,—1)=0, f(9,1)=0, f(9,—1)=1, f(9,0)=0, f(10,0)
=1, f(10,£1)=0. Thus f has period vectors (5,0) and (1,1). We can extend in the
directions (—5,0) and (—1,—1) as well. [

Lemma 12. Let f be 1-balanced on an interval containing [0,7] x [—1,1] as a sub-
block. Let 1(0,0)= f(2,0)= f(4,0)=1 and f(1,0)= f(3,0)= f(5,0)=0. Then, [
is periodic with period lattice basis (2,0) and (1,1).

Proof. Note that every 5 by 1 block contains at least two 1’s. By comparing 1
by 2 blocks and 3 by 1 blocks we deduce that f(1,£1)= f(3,4+1)=1. Since ev-
ery 5 by 1 block contains at least two 0’s, we obtain similarly that f(2,+1)=
f(4,+£1)=0.

Suppose f(5,1)=0. Then f(6,1)=1 by comparing 3 by 1 blocks, f(5,—1)=1 by
comparing 1 by 3 blocks, f(6,0)= f(6,—1)=0 by comparing blocks of size 2. This
yields a contradiction when comparing 3 by 3 blocks.

Thus, f(5,1)=1. By symmetry f(5,—1)=1. Suppose f(6,0)=0. Then f(6,+1)=0
by considering 2 by 1 blocks and we obtain a contradiction by comparing 3 by 3
blocks. Thus f(6,0)=1. We can show f(6,+1)=0 in a similar way as we showed
f(5,£1)=1, and f(7,0)=0 as we derived f(6,0)=1. We have found that (2,0) and
(1,1) are period vectors. We can go into the directions (—2,0) and (—1,—1) as well.

O]

Proof of Theorem 4. We split the proof into three cases.

(a) The case 0<o<1.

By Lemma 3 every block of size 4 contains at most one 1. According to
Lemma 8 applied to f(x —a, y—b) we obtain that f(a,b)=1 implies f(a+5,b)=1.
Hence, oc}é. Thus, there are no 1-balanced words in case (a).

(b) The case 1 <a<j.

There should exist a and b with f(a,b)=1, f(a+1,b)= f(a+2,b)= f(a+3,b)=0,
since otherwise o > % By Lemma 8 it follows that f(a+4,b)=0, f(a+5,b)=1. By
Lemma 9 applied to f(a + x,b + y) we obtain that f is periodic with period vector
(5,0) and either (2,1) or (2,—1). By symmetry this yields that in case (b) there only
can be the word described in the theorem with o« = %

(c) The case %<oc< %

Since a,b with f(a,b)=1, f(a+1,b)= f(a+2,b)= f(a+3,b)=0, f(a+4,b)=1
are excluded by Lemma 8, there can be only one or two zeros between two consecutive
I’s in a row.
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We distinguish between three subcases:
(cl) in the row f(x,0) there are always two 0’s between consecutive 1’s;
(c2) in the row f(x,0) there is always one 0 between consecutive 1’s;
(c3) in the row f(x,0) there are sometimes two and sometimes one 0 between con-

secutive 1’s.

In case (cl) we apply Lemma 10 to f(x — a,0) for some a with f(a,0)=1. In case
(c2) we apply Lemma 12 to f(x —a,0) for some a with f(a,0)=1. In case (c3) there
is a situation with f(a,0)=1, f(a+1,0)= f(a+4,0)=0, f(a+5,0)=1 and either
fa+2,0)=1, f(a+3,0)=00r f(a+2,0)=0, f(a+3,0)=1. In the former case
we apply Lemma 11. A similar argument applies in the latter case.

In each subcase, we find that f is fully periodic and has one of the densities and
corresponding period lattice bases as stated in the theorem.

It remains to prove that the found words f are 1-balanced indeed. We can restrict
ourselves to ZxZ, since every restriction of a 1-balanced word is 1-balanced. We give
the proof for one case. The other cases are similar or simpler. We prove that the
word in case oc:% is 1-balanced. It suffices to prove that for every block [a,b) the
number of function values 1 is either | %|a,b|] or [Z|a,b|]. On using that every 5 by 1
block contains exactly two 1’s we may assume that b =a+c with ¢ =(cy, ;) satisfying
0<c1 <5, 0<c;<5. If ¢1¢; =0, we are finished. By considering, the complement with
respect to the 5 by 5 block if necessary, we may assume 1<c; <2. By considering the
complement with respect to the ¢; by 5 block if necessary, we may further restrict our
attention to 1<<c; <2. Check that every block of size 2 contains at most one 1 and
that every 2 by 2 block has one or two letters 1. This implies that f is 1-balanced.

O]

3.3. The three-dimensional case

In Theorem 5, we characterize all 1-balanced words on infinite intervals I =1} x I, X I5.
Without loss of generality, we may assume that /3 C [, C /. It will turn out that there
are essentially only four such 1-balanced words.

Theorem 5. Let [ =1 x I, x 5 where I, € {N,Z}, LCLCIL and LIz € {N,Z,B}
where B is the set of one-dimensional blocks containing at least two integers. Let
f:1—{0,1} be 1-balanced of density o. Then o € {0, %, %, %, 1}.

Moreover, by complementation, reflection and translation f can be transformed
into g with

if o=0 or 1, then g(x, y,z)=0 for all i and j

or g(0,0,0)=1 and g(x, y,z) =0 otherwise;

if a=1% or 3, then g(x,y,z)=1 if x+ y +z is divisible by 3 and g(x,y,z)=0
otherwise;

if a= %, then g(x,y,z)=1if x+ y +z is even and g(x, y,z) =0 otherwise.

On the other hand, the above functions are 1-balanced on every interval I.
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Proof. If [—1,1]C I, then we can apply Theorem 4 to f(x,y,i) for every fixed i.

We shall show that there are no 1-balanced words with densities é, %, % or %. By

complementation it suffices only to consider é and % Suppose f is 1-balanced with
density o =1/5. Then we may assume without loss of generality that

1 if x — 2y is divisible by 5,
0) = .
S ,0) {0 otherwise.
001 0O0O0OO0T1ODO0
1 000 01 O0O0TUO0
00 01 O0O0O0TO0°1

In particular, f(0,0,0)= f(2,1,0)= f(3,—1,0)=1. Since every block of size 4
contains at most one 1 by Lemma 1 (cf. Lemma 7), we have f(0,0,1)= f(1,0,1)
=f(2,0,1)= f(3,0,1)= f(4,0,1)=0. However, we have seen in the previous section
that no 1-balanced word f(x,y,0) of density % can contain a 5 by 1 block without
I’s.

Suppose f is 1-balanced with density % Then, we may assume without loss of
generality, that

1 if x—y or x — y—2 is divisible by 5,
0) = :
Jx,0) {0 otherwise.
01 010O0T1O0°1
1 01 00T1O0T1DO0
01 00T1TUO0T1TUO0ODO0

In particular, (0,0,0)= f(1,1,0)= f(1,—1,0)= f£(2,0,0)=f(3,1,0)= f(4,—1,0)
= £(5,0,0)=1. We know that every block of size 2 contains at most one 1 and ev-
ery block of size 3 contains at least one 1. Hence f(0,0,1)= f(1,1,1)= f(2,0,1)=
f(3,1,1)=f(5,0,1)=0 and f(1,0,1)= f(2,1,1)=1. Thus, we know the following
values for f(x,y,1):

(=)
(= ]

— o

O =

*x *x O

1
0
*

S *x X

— O ¥

Furthermore, either £(3,0,1)=1, f(3,—1,1)= f(4,0,1)=0o0r f(4,0,1)=1, f(3,0,1)
= f(4,1,1)=0. The 2 by 2 by 2 block [(1,0,0),(2,1,1)] contains four 1’s, but in the
former case the 2 by 2 by 2 block [(3,—1,0),(4,0,1)] has at most two 1’s and in
the latter case the 2 by 2 by 2 block [(3,0,0),(4,1,1)] has at most two 1’s. These
contradictions prove the claim.

Subsequently we prove that for the other densities in Theorem 4 the two-dimensional
words can only extend to the 1-balanced three-dimensional words given in Theorem 5.
Again we assume a<%.
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If =0, the statement follows from the considerations at the beginning of
Section 3.

Ifa= %, then according to Theorem 4 every block of size 3 contains exactly one 1.
By symmetry this implies periodicity as given in Theorem 5.

Ifa= %, then according to Theorem 4 every block of size 2 contains exactly one 1.
This implies periodicity as given in Theorem 5.

The only remaining cases are equivalent to the cases with [, =13 =[0,1]. We con-
sider this case more closely. Recall that f(x, »,0), f(x,»,1), f(x,0,z) and f(x,1,z) are
1-balanced. Let m be such that f(0,0,0)= f(m,0,0)=1, f(i,0,0)=0 for 0<i<m.
We may assume m > 1.

If m is even, then we have f(m/2,1,0)= f(m/2,0,1)=1 by Il-balancedness on
m/2+1 by 2 by 1 and m/2+1 by 1 by 2 blocks. If, moreover, m>2 then we obtain
by considering 3 by 1 by 1 blocks that f(m/2 +1,1,0)= f(m/2 +1,0,1)=0 and
f((m/2)—1,1,1)=0 or f((m/2)+ 1,1,1)=0. This gives a contradiction for 1 by 2
by 2 blocks. Thus, m =2, if m is even.

If m is odd, then we have either f((m — 1)/2,1,0)=1 or f((m+ 1)/2,1,0)=1,
and similarly either f((m — 1)/2,0,1)=1 or f((m + 1)/2,0,1)=1. By symmetry
we may assume f((m — 1)/2,1,0)=1. If, moreover, m >4, then every 4 by 1 by
1 block has at most one 1. It follows by considering 1 by 2 by 2 blocks that
f((m—1)/2,0,1)= f((m+1)/2,1,0)=0, f((m+1)/2,0,1)=1. By comparing (m—1)/2
by 2 by 1 blocks and (m—1)/2 by 1 by 2 blocks, we see that f(i,1,1)=0 for 0<i<m.
By comparing m + 1 by 1 by 1 blocks we infer f(0,1,1)=1 or f(m,1,1)=1. We
obtain a contradiction when considering 1 by 2 by 2 blocks. Thus, m =3 when m is
odd.

If every 2 by 1 by 1 block contains exactly one 1, then we have period vectors
(2,0,0),(1,—1,0),(1,0,—1) and we obtain the 1-balanced word in Theorem 5 with
a=1,

If every 3 by 1 by 1 block contains exactly one 1, then by reflection we can reduce
to period vectors (3,0,0),(1,—1,0),(1,0,—1) and we obtain the 1-balanced word in
Theorem 5 with o= %

Otherwise, we may assume that after translation and possibly reflection we
have the situation £(0,0,0)= f(2,0,0)=1, f(1,0,0)= f(3,0,0)= f(4,0,0)=0.
Then every block of size 2 has at most one 1, whence f(0,1,0)=
£(0,0,1)= f(2,1,0)= f(2,0,1)=0. Since every block of size 3 has at least one 1,
we obtain f(1,0,1)=f(1,1,0)=1, f(1,1,1)=0, f(50,0)=1, f(51,0)=
f(5,0,1)=0.

f(x,1,1) 0
f(x,1,00 010 0

f(x,0,1) 010 0
£(x,0,0) 10100 1
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Suppose first f(3,1,0)=1. Then f(3,1,1)= f(4,1,0)=0, f(2,1,1)=1. By compar-
ing 2 by 2 by 2 blocks we see that f(3,0,1)= f(4,1,1)=1, f(4,0,1)= f(5,1,1)=0.
f(x,1,1) 01010
f(x,1,0) 010100

£(x,0,1) 010100
f(x,0,0) 101001

By considering 2 by 2 by 2 blocks we derive a contradiction. Thus, f(3,1,0)=0,

f4,1,0)=1, f(41,1)=0.
The assumption f(2,1,1)=1 implies f(3,1,1)=0 and yields a contradiction by
considering 2 by 2 by 2 blocks.

fe,1,1) 0100
f(x,1,00 010010

f(x,0,1) 010 0
£(x,0,00 101001

Thus, f(2,1,1)=0, f(0,1,1)=f(3,1,1)=1, f(3,0,1)=0 and we obtain another
contradiction by considering 2 by 2 by 2 blocks.

fe,1,1) 1001
f(x,1,00 0100 0

f(x,0,1) 0100 0
£(x,0,00 101001

We conclude that there are no other 1-balanced words than those described in
Theorem 5.

The proof that the words in Theorem 5 are 1-balanced is similar to the corresponding
part of Theorem 4. [J

3.4. The case of dimension greater than three

Let n be a positive integer with n>3. Suppose f': Z" — {0, 1} is 1-balanced. Then
f(x,,z,ca,...,c,) is 1-balanced for every (ca,...,c,) € 73, 1t follows that essentially
only the natural extensions of the four words from the previous section are 1-balanced.

Theorem 6. Let [ =1 X ---x I, where I € {N,Z}, I,CI,_ < --- CI and I,...,I,
€{N,Z,B} where B is the set of one-dimensional blocks containing at least two
integers. Put x={x,...,x,}. Let f:1—{0,1} be 1-balanced of density o. Then

xef0,4,4,3,1}.
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Moreover, by complementation, reflection and translation f can be transformed
into g with

if a=0 or 1, then g(x)=0 for all x

or g(0)=1 and g(x)=0 otherwise,

if o :% or %, then g(x)=1 if x;+---+x, is divisible by 3 and g(x)=0 otherwise;

if a= %, then g(x)=1if x; + -+ x, is even and g(x)=0 otherwise.

On the other hand, the above functions are 1-balanced on every interval I.

Proof. Again, we may assume without loss of generality, that o <<1/2.

If =0, the statement follows from the considerations at the beginning of
Section 3.

Ifa= %, then according to Theorem 5 every block of size 3 contains exactly one 1.
By symmetry this implies periodicity as given in Theorem 6.

Ifa= %, then according to Theorem 5 every block of size 2 contains exactly one 1.
This implies periodicity as given in Theorem 6. [

Remark. It follows from the above results that in Z”(n>1) there is essentially only
one l-balanced word with density % The situation changes drastically for 4-balanced
words. Partition Z? in 2 by 2 blocks and fill every block with one of these patterns:

10 01
01 10

Obviously, the resulting function f: Z> — {0,1} is 4-balanced. Hence, there are
uncountably many 4-balanced words with density % Similarly for every rational number
p/q with p,q positive integers, 0 < p<g, there exist uncountably many g>-balanced
7*-words with density p/g and uncountably many ¢"-balanced Z"-words with density
p/q for any n> 1. The situation is unclear to us for irrational density. We present some
results on such words in the next section.

4. Imbalances and irrational density

The purpose of this section is to consider the unbalancedness properties of some
particular words on Z? of irrational density. We have seen that 1-balancedness implies
that the density is rational. It is then natural to ask whether a word on Z? of irrational
density can be balanced. A good candidate for a word to be simultaneously balanced
and of irrational density, could be a word on Z? built as “regularly” as possible via a
Sturmian word on Z. More precisely, consider the following example. Let o ¢ Q. Let
f:7*—1{0,1} defined by

Y(m,n) € Z* (f(m,n) =0 < (m+n)x € [0,1 — o) modulo 1).

This word is periodic and corresponds to a Sturmian word shifted from row to row.
We first prove in Section 4.1 that this word cannot be balanced. We then consider in
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Section 4.2 the case of two-dimensional Sturmian words. Both types of two-dimensional
words have the same quantitative behaviour with respect to imbalances. Hence, it still
remains an open problem whether balance implies rational density.

4.1. An application of Ostrowski’s numeration system

Theorem 7. Let a ¢ Q. Let f:7%—{0,1} defined by
Y(m,n) € 72, (f(m,n)=0< (m+n)xe[0,1 —a) modulo 1).
Then f is not balanced.

Proof. Suppose f is balanced over 0 and 1. Hence from Lemma 5, there exists C’
such that

VN = (N,Ny) € 7%, ||0,N|;, — Ni\N»a| <C'. (1)
Let us evaluate |0, N|;, for N =(N;,N,) € Z%,. Note that
f(m,n)=1 if and only if |[(m+n+ o] =|(m+n)a] + 1.

Hence, we have

No—1
0, N1 = ;}(L(Nl +ma] — [na])

Ni+N,—1 ) N—1 .
= > L= > Ljo
J=M J=0
and thus
N—1 Ni+N—1
0, N[; = NiNox = > {jou} — > {jo}.
Jj=0 J=Ni
Let
N
cy(N) := Z] {jo} —1/2).
J=
We have
[0, N|; — NiNoo = ¢o(N1 — 1) 4+ (N2 — 1) — ¢y(N1 + N, — 1) — 1/2. (2)

There is an abundant literature devoted to the study of ¢,(N ) and connected discrepancy
results, involving Ostrowski’s numeration system [23]. Let us follow the notation and
use the estimates in [5].

Let o =[0;ay,as,...] be the continued fraction expansion of o with partial quotients
a, and convergents p,/q,. For n>1, let 6, :=|q,a — px|. Let us expand N(>1) in the
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numeration scale (g, ),en. Hence, there is a unique expansion of N of the form

(1) N=30_, zigi—1;
(2) z,>0 and 0<z; <aq;, for 2<i<¢; furthermore, 0<z; <a; — 1;
(3) if 2<i<t and z; =a;, then z;_; =0.

For 1 <j<t, let
J
mj=>_ziqi—1, my=0.
i=1

We have [5]

M= £ 1/5 (3001 (o + 2524 1)), @)

1<j<t

Let us distinguish two cases according to the partial quotients in the continued
fraction expansion of «. Suppose that there are infinitely many partial quotients greater
than or equal to 2. We can suppose without restriction that infinitely many of the
indices of coefficients greater than or equal to 2 are even. Define (j;) as an infinite
strictly increasing sequence satisfying

Vk € Nsy, @), >2 and Jk+1 — Jk=2.

Let LeN.. Let

@
M 5 [
1<k<L
ar;
Ny= > {%J Qj—1 + @2,
1<k<L
N3 = Ny + Ns.
We have

Ns= > qj-
1<k<L

The three expressions are the Ostrowski’s expressions for Ny, N,, Ns, respectively.
For i €{1,2,3}, put N; = Zz,(:)qk_l and m_gi): ZKKJ-Z;(;)(M—L

e Consider ¢,(N3). We have 253)7&0 if and only if there exists 1<k <L such that
j=2jr + 1, and then ZSQH =1. We have from Eq. (3)

3)
1 Zy; +1(]2jk 1
o N I - 5 . (3) -Jk - .
cx(N3) 13{3@ (2 2 (mzjk + ot

Let 1<k<L. We have

3) G2ji_+1 — 1
mzjk < Z q2j; < 2 >
1<i<k—1

since ay;, =2, for every i.
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Hence
3) A
3) | 2j+19%: 1 < 92 +1 — L+ qoj + 1
2 2 2% 2

1
< Zqzjk+la

since jx — jx—1=2. Consequently,

(3)
1 3) | 221 1 1
7~ % <’”2.m L IR s

since 0<d;_19; <1, for every i. We thus get

—Ca(N3)>L/4.

Consider c,(N;). We have z}l)#o if and only if there exists 1<k <L such that

J =2k, and if 50 z3;, = [a2;,/2].
Let 1<k<L. We have

1) @,
My, 1< ) [2 ]61211—1<q2jk71~

i<k—1

Hence,

M
) 2Pt 1 _2qy + qap—1[a; /2]
M1t =5 —+3S 2 '

[\

Let us prove that

(1)
(1) 225, 92ji—1 1 3
My—1 T — 5 T35 <§qzjk~

217

Indeed, suppose ayj, odd. Write ay;, =2p + 1, with p>1. Since p>1 and

Jk — Ji—1=2, we have

(6p+3)q2j,—1 +3q25,—2 = (4p +4)q2j, -1 + q2j,—1 + 3q2j, 2

4p + Dq2j—1 + 8qj,—a-
Consequently,
202j_, + @25—1(p + D32 P+ Dg2j—1 + q25-2] = 240,
Suppose ay;, even. Write ay;, =2p, with p>1. We similarly have
2q0j_, + P92ji—1 < 3[2pq2j 1 + q2ji—2] = 3q2,.
We thus get from (3)

AT [";] .

8 1<k<L

= (
= (4p + g2 —1 + qjy—2 + G2, —3 + 3q2j,—3 + 3q2j,—4
> (
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e Consider now c,(N,). We have zj(»z) #0 if and only if there exists 1 <k<L such
that j=2j, — 1 or j=2j, and then zy;, = |a2;,/2], z2j,—1=1.
Let 1<k<L. We have

aj; Q. — 1
mgx).—l < X Q ! J qQ2j—1 + q2j,-72) + q2jp—2 <o + 2
i<k—1 \L 2 2
Hence,
@) ng)‘hjk—l 1 @+ q2j-10a2;,/2]
A 2 P

1
< Z(]2jk + q2j.—2-

We thus get

1 ) Zgi,?qukfl 1 1
5 7Ot | Myt T S | 2 g2t g

We have furthermore for the coefficients of zgk)_l:

1 ) 25271‘]211-—2 1 11
{5~ 0gj—2 | My 5 + -ty ]=—5t 552jk—2q2jk—2'

From %5%,2 — 02j,—1=0, we get
C“(Nz)B —L/4.

Hence,

1 ray;
Ca(N1)+C%(N2)—C“(N3)> g ’7 ;}k—‘ )
1<k<L

Hence, ¢,(Ny)+cy(N2)—c,(N3) can be made arbitrarily large by taking L large enough.

It remains to consider the case where the partial quotients in the continued fraction
expansion of o are eventually equal to 1. Let ny be such that a, =1, for n>n,. The
denominators and numerators of the convergents satisfy the following linear recurrence
relations:

Vnzno, pat2 = Pptt + P

Vnzno, gni2 = gu+1 + G-
Let = (/5 + 1)/2. Hence, there exist 4, B, A’, B’ such that for n>n,

gy = A" +B(—1)"", p,=AT"+B(-1)". 4)
Similarly,

Vnz=ng, Opia = —0ur1 + Op.
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Furthermore, as J, tends to 0 and 7> 1, then there exists C such that
o, =Ct "

Note that AC <1/1, since d,q,.1 <1 for every n.
Let ky be such that 4ky — 2>ny and let L >k;. Let

Ni= > qu-1,

ko<k<L
M= > qa—a
ko<k<L
N3 =N;+N, = qak-
ko<k<L

The three quantities are again Ostrowski’s expansions.
e Consider ¢,(N3). By using the expression (4) of g,, it is easily seen that there exists
a constant D (which does not depend on L) such that for every ky <k <L, one has

W= S que-tip
ko <i<k—1 ™1
Hence,
(3)
(3) | Zakr194 l< 1 1 D 1
m4k+ B +2\(]4k ’L'471+2 + +2 .
Consequently,

3)
z qak 1 1 1 1 _
s 3) | Z4k+1 - | <4 Z D+ = 4k
4k<m4k+ B +2 C ‘E4—1+2 +C +2 T
Let E=1 —AC(1/(t* — 1)+ }). As AC<l/t, then E>0. Let F=C(D + }). We

have

—c,(N3) = (E 4+ Fu=%),
ko<k<L

N

e A similar computation for Ny and N, leads to c,(N;)+ cy(N>) is bounded below (in
L). Indeed there exist similarly D/, D”, F’, F" (which do not depend on L) such
that for every ky <k <L, one has

1 q4k—1
mik),l = > qu-1< + D,
ko<i<k—1 =1

(N> Y (E+F'r ¥,
ko<k<L
2 qak—2
mftk)—Z = Z qai—2 = 2 +DN5
ko<i<k—1 ™ =1
M)z Y (—E+F'v %),
ko<k<L

hence ¢,(Ny) + ¢4(N>) is bounded from below.
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In both cases (partial quotients eventually equal to 1 or not), we obtain that |c,(N7)+
¢a(N2) — ¢y(N3)| can be made arbitrarily large for a suitable choice of (N,N,), and
for L large enough. From (2), the same applies to ||0,/N|; — NiNya|, which ends the
proof by contradicting (1). [J

Indeed, we can deduce from the estimates in [5] an upper-bound for the growth order
of ||P,N + P|;—NNya|, with N =(Ny,N,) € 7%, and P = (P, P,) € Z*. Let us define
a balance function B(N) associated to a word f on Z2, for N =(N;,N,) € 7%, as
follows:

B(N):= max ||P,N+P|; —|P',N+ P[]
P.Pcr?

For a word taking its values in an alphabet .o/ of size at least two, one defines similarly

B(N) := max
ac.

max _||P,N + P|,— |P',N + P'|.|.
o/ PP'€2>

This function provides a quantitative measure of how far a word is from being balanced.

Theorem 8. Let o ¢ Q. Let f:7>—{0,1} defined by

Y(m,n) € 7%, (f(m,n) =0« (m+n)x€[0,1 — o) modulo 1).
Let N=(N,N,) € Zio and P =(P1,P,) € 7> We have

[|P,N + P|i — NiNoa| = o(sup{N1, N, }),

B(N) = o(sup{Ny, N, }).
Furthermore, if o has bounded partial quotients

||P,N + P|; — NiNo| = O(log(sup{Ny,N2})),

B(N) = O(log(sup{N1,N2})).

Proof. Let us evaluate |P, P+ N|;, for N =(Ny,N,) € 7%, and P=(P,,P,) € 7*. We
have

Py+N,—1 Py+N,—1
|P,P+N|1= Z |_(N1+I1+P1)OCJ— Z \_(l’l-‘rPl)OCJ
n:P2 n:Pz
Ni+N>+P+P>—1 ) Pi+Py+N,—1 )
= X L) = > Lol
J=N1+P1+P, J=P1+P>
Hence,
PrtPrtNo—1 Pi+PyANi+N—1
PN + Pl —NiNya= S {jo} — >
Jj=P1+P; J=N1+Pi1+P,

:Ca(Pl + Py + N, — 1)7C“(P1 + P — 1)
+eu(Pr+Py+ Ny —1)—cy(Pr+Py+ N +N; — 1)
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with the previous notation: ¢,(N)= Z]ivzl ({jo} — 1). It remains to apply the estimates
of [5] (where more refined estimates can be found too), by noticing that it is sufficient
to consider a finite number of values for P:

1. For every o, c,(N)=o0(N) (this result was originally due to Sierpinski [26]).

2. If there exists 4 such that: for all i, (l/t)21<_;<z a; <A, then ¢,(N)=0(ogN),

and more precisely |c, (V)| <%A logN (cf. [17,12,23]). O

4.2. Imbalances in two-dimensional Sturmian words

A higher-dimensional generalisation of Sturmian words can be defined either on a
two-letter alphabet or on a three-letter alphabet [30, 3].

Definition 1. Let o, 8, p be real numbers, with 1,a, f rationally independent, and 0 <a
+ f<1. We define the two-dimensional Sturmian word over the three-letter alphabet
{1,2,3} (with parameters o, 8, p) as the function f:7? — {1,2,3}, with

Y(m,n) € 72, (f(m,n)=i<= ma+nf+ p €I, modulo 1),
where
[3:[07“)9 12:[a7“+ﬁ)5 []:[O(+ﬁ,1)

We similarly define the two-dimensional Sturmian word over the two-letter alphabet
{0,1} (with parameters «, B, p) as the function f:7% — {0,1}, with

Y(m,n) € 72, (f(m,n)=i<= moa+nf+ p €I modulo 1),
where

Iy=[0,1—0), I =[1—al).

Note that these words are non-periodic (i.e., there is no non-zero vector of periodicity
with integer coefficients) and uniformly recurrent. For further properties, see [30, 3, 4].

Recall that (classic) Sturmian words code the approximation of a line by a discrete
line made of horizontal and vertical segments with integer vertices. Two-dimensional
Sturmian words over a three-letter alphabet code discrete planes as follows. Consider
the set of all unit cubes, with vertices at integer lattice points, which intersect a given
plane. The discrete plane approximating this plane is the (upper or lower) surface
of the union of these unit cubes. The discrete plane thus consists of three kinds of
square faces, orientated according to the three coordinate planes. After projection, we
obtain a tiling of the plane by three kinds of diamonds, being the projections of the
square faces. This tiling is associated in a natural way with a Z>-lattice. We thus can
code this tiling over a two dimensional sequence defined on a three-letter alphabet.
Now one defines two-dimensional Sturmian sequences over a two-letter alphabet via
a letter-to-letter projection p. With the notation in Definition 1, the projection p sat-
isfies: p(3)=1, p(2)= p(1)=0, with the addition of 1 — « to the parameter y. Such
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sequences have many interesting combinatorial properties which allow us to consider
them as a two-dimensional generalisation of Sturmian words. In particular, they are
characterized among uniformly recurrent sequences by their rectangle complexity func-
tion P(m,n)=mn + n [4]. Here the rectangle complexity function P(m,n) counts the
number of m by n rectangular factors.

Note that the words studied in the previous section correspond to the case o= f.

Theorem 9. Two-dimensional Sturmian words are not balanced. Let B(N), for N
= (N1,Ny) € 7%, be the balance function of a two-dimensional Sturmian sequence of
parameters o, 3, p (defined either on a three-letter or on a two-letter alphabet). We

have
B(N) = o(sup{N, N> }).
Furthermore, if o or  has bounded partial quotients, then

B(N) = O(log(sup{N1, N> })).

Proof. Let f be a two-dimensional Sturmian word on the three-letter alphabet {1,2,3},
with parameters a, 5, p. Suppose that f is C-balanced on each letter. Fix an index j € Z.
This implies in particular that the one-dimensional word (in row) f:Z — {1,2,3}
defined by: Vme Z, f,(m)= f(m,j), is also C-balanced on the letter 2. We have

VmeZ, (fj(m)=2<+= ma+(j+p)€ [e,a+ f) modulo 1).

However, as 1,a, are rationally independent, we get that {2} is not a bounded re-
mainder set for f;, from Theorem 1, hence the contradiction. Note that we similarly
prove that the word f is not balanced neither on the letter 1 nor on the letter 3
(by considering words in columns). The same reasoning applies to two-letter Sturmian
words.

Consider now a two-dimensional Sturmian word f on the two-letter alphabet {0,1}:

Y(m,n), f(mn)=1<=ma+nf+yecll—al).
Let us evaluate |P,P + N|,, for N=(Ny,N;) € 7%, and P =(Py,P,) € Z>. We have

Pyt Ny —1 Py+Na—1
P.P+Nli= > |[M+P)a+jf+y]— > [Pia+jf+7).
J=P =P
Hence,
PrN,—1 Pridy—1
P.N+Pli—NiNya= 3 {jf+Piatyl= X {iB+MNi+Poa+y}
Jj=P, J=P2

Let us introduce now, following the notation of [24], the non-homogeneous extension
of ¢,(N):

N
Cy(ony) = zl({jaﬂ} - 3).
=
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We thus have

|P,N + P|; — N\Nra. = Cp,yn,—1(f, Proe+7) — Cp,—1(B, Prac + )
_CP2+N2—1(B>(N1 +P1)O‘+V)
+ Cp,—1(B, (N1 + P1)oc+ 7).

We can get a similar expression involving quantities of the kind Cy(a,7’) by adding
in columns instead of rows.

It then remains to apply the results of [24]: let N = Z;leiqi_] be the Ostrowski
expansion of N; we have

3 t
Cx@nI<3 Y 2
i=1
which implies (see for instance [5, Fact 1])

Cn(a,7) = o(N).

Let (a;) be the partial quotients in the continued fraction expansion of o. If (1/¢)
> 1<j<i ;<A for all ¢, then Cy(x,7)<3(4 +24)log3N.

The case of a two-dimensional word on a three-letter alphabet can be handled exactly
in the same way. One gets similar expressions for each of |P,N + P|,, with a=2,3,
which is enough to conclude to the required estimates. L[]
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