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Abstract. Let A C N be a set of size 4 such that A cannot be obtained
by applying the same affine function to all of the elements of {0, 1,2, 3}.
We show that there is an infinite sequence of elements of A that contains
no three consecutive blocks of same size and same sum (additive cubes).
Moreover, it is possible to replace N by C in the statement.
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1 Introduction

Let k > 2 be an integer and (G,+) a semigroup. An additive kth power is a
non-empty word w - - - wy over A C G such for every i € {2,...,k}, |w;| = |w|
and Y w; = Y w; (where Y v denotes the sum of the letters in v seen as
numbers). It is a longstanding question whether there exists an infinite word w
over a finite subset of N that avoids additive squares (additive 2nd powers) [3,
4,6]. One motivation for studying this problem is that a positive answer to this
question would imply that additive squares are avoidable over any semigroup
that contains some finitely generated infinite semigroup [6] (an application of
van der Waerden’s theorem shows that additive powers are not avoidable over
any other semigroup [4]). Cassaigne et al. [1] showed that there exists an infinite
word over the finite alphabet {0,1,3,4} C Z without additive cubes (additive
3rd powers). Rao [7] used this result to show that there exist infinite words
avoiding additive cubes over any alphabet {0,4,5} C N® with i and j coprime,
i < jand 6 < j <9 (and he conjectured that the second condition can be
replaced by 6 < j). This motivates the following more general problem:

Problem 1. Characterize the finite subsets of N over which additive cubes are
avoidable.
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It seems restrictive to use N instead of R (or C), but solving Problem 1 for
alphabets of the form {0,a;,...,a,,} € N with the a;’s being coprime com-
pletely solves the problem for any finite alphabet over C (if the a;’s are given
in increasing order one can additionally assume a; be smaller than a,, — amy—1).
For the sake of completeness, we give a short proof of this fact in Sect. 2.

If Rao’s conjecture were true then the only remaining 3-letter alphabets
over C to characterize would be {0, 1,2}, {0,1,3}, {0,1,4} and {0,2,5} (see [9,
Section 2.2.2] for details). However, this conjecture is known to be true for only
finitely many such alphabets (up to a trivial equivalence relation defined in
Sect.2.1). In the present paper we propose a twist on previously used ideas to
show our main theorem (see Corollary 1).

Main Theorem. Let A C C be an alphabet with |A| > 4. If A is not equivalent
to {0,1,2,3} then additive cubes are avoidable over A.

This also implies that additive cubes are avoidable over any alphabet of complex
numbers of size at least 5. Rao used the fact that additive cubes are avoidable
over {0,1,3,4} to show that they are avoidable over some 3-letter alphabets |7,
Section 3.2], so our result might also be of importance for tackling Problem 1 for
alphabets of size 3.

The present paper is organized as follows. We first recall some notation and
we define the equivalence between two alphabets. Equipped with this equivalence
relation we explain why it is enough to study alphabets of integers or alphabets
of the form {0,1,as,as,...,a,} with m € N and as,...,a,, € Q. Then we
introduce the word W 4. .4, based on the construction of [1], and we show that
for all but finitely (up to our equivalence relation) many values of a,b, ¢, and
d, the word W ; . 4 avoids additive cubes. Finally, using the literature for the
remaining alphabets, we conclude that additive cubes are avoidable over all the
remaining alphabets of size 4, with the sole exception of {0,1,2,3}. We leave the
case of {0,1,2,3} open, and comment on our calculations regarding this case in
the last section.

2 Preliminaries

We use the standard notation introduced in Chapter 1 of [5]. In the rest of the
present article all of our alphabets are finite sets of complex numbers. For the
rest of this section, let A C C be such an alphabet. We denote by ¢ the empty
word and by |A| the cardinality of the alphabet A. Given a word w € A*, we
denote by |w]| the length of w and by |w|, the number of occurrences of the letter
a € Ain w. Two words v and v are abelian equivalent, denoted by u ~gp v if u
and v are permutations of each other. They are additively equivalent, denoted by
U ~qq v, if Ju| = |v] and > u = > v, where > v denotes the sum of the letters
in v (this make sense since the letters are complex numbers). A word vvw € A*
is an abelian cube (respectively, an additive cube) if u ~q, v ~4 w (respectively,
if u~gg v g w).
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2.1 Alphabets in N

For any function h : A — C and words w over A C C, the word h(w) is obtained
by replacing each letter of w by its image under h. We say that two alphabets
A, A" C C of same size are equivalent if there is a function h : A — A’ such that
for all u,v € A*,

UNgq v <= h(u) ~gq h(v).

Let us now show that for any alphabet of complex numbers, we either already
know that additive cubes are avoidable or the alphabet is equivalent to an alpha-
bet of integers. We start by giving sufficient conditions for two alphabets to be
equivalent.

Lemma 1. Let u,v € A* be two finite words, let a € C\{0}, b€ C and f : C —
C, x — ax +b. Then u ~4q v if and only if f(u) ~uq f(v).

The proof is left to the reader. Recall that two complex numbers a and b are
said to be rationally independent if kja + kob = 0 for (ki, ko) € Z2? implies
k1 =ky=0.

Lemma 2. Let AC C.

(i) If |A| <2 then additive cubes are not avoidable over A.
(i1) If |A| > 2 and if there are a,b,c € A, such that b—a and c—a are rationally
independent, then additive cubes are avoidable over A.
(iii) If |A| > 2 and if for any pairwise different a,b,c € A, the differences
b— a and ¢ — a are rationally dependent, then there exists an alphabet
A" ={0,a1,...,an} C N with gcd(ay, . ..,an) =1 such that A and A’ are
equivalent.

Proof.

(i) This statement follows from the fact that abelian cubes are not avoidable
over two letters [2].

(i) Since b — a and ¢ — a are rationally independent, for any ki, ko, ks € Z,
if Oky + (b — a)ks + (¢ — a)ks = 0 then ko = k3 = 0. Thus for any words
u,v € {0,b—a,c—a}*, if >, u=> v then u has the same number of occurrences
of b—a (resp., ¢ — a) as v; moreover, if |u| = |v| then v and v also have the same
number of occurrences of 0. Thus, for any word u,v € {0,b—a,c—a}*, if u ~4q v
then u ~gp v. From Lemma 1 (with f : z — x 4 a), for any u,v € {a,b,c}*, if
U ~qq v then u ~g v. Since abelian cubes are avoidable over 3 letters [2], we
deduce that additive cubes are avoidable over A.

(iii) Let {b1,...,bm} = A. For any i, b; — by and by — by are rationally dependent
which implies g;:zll € Q. Thus there exists a g € Z such that for all 4, ¢ bi*gi S/

by—
by—by _bz—b bm—b1) _ o bi—b :
and ged (qbi_bi,qbg_bi ey bQ—bf) = 1. Let s = minj<;<m (qﬁ) Finally,

(L‘—bl

we apply Lemma 1 with f : z — Qpops — S and we get that the alphabet

{qz;ﬁ - s,qZ;:Ii - s,quzgi - s,...,q%’;_‘lj’f — s} satisfies all the required

conditions. This concludes the proof.
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Thus solving Problem 1 for alphabets of the form {0,a1,...,a,} C N with
coprime a;’s completely solves the problem for any finite alphabet over C. Notice
that, in case (iii), one can add the condition that a; < @, — @;,—1, (otherwise
apply f : ¢ — a, — x to this alphabet). One could also add that in the case
|A| = 2, one can avoid additive 4th powers (with an argument similar to (ii) and
the fact that abelian 4th powers are avoidable over 2 letters [2]).

Remark 1. Every alphabet {ag,a1,...,a,} C N is equivalent to the alphabet
{0,1, f(a2),..., f(am)} C Q, where f : & — o =& Therefore, in Sects.3 and
4, instead of considering alphabets of four integers we consider alphabets of the
form {0,1,¢,d} C Q.

3 The Infinite Word W, 4 .4

Let a,b,c,d € R and let @ pca : {a,b,c,d}* — {a,b,c,d}* be the following
morphism:

@a7b,c7d(a) =ac <pa,b7c,d(b) =dc ; (Pa,b7c,d<c) =b 5 L)0117l),c,d(d) = ab.
Let W pca = lir+n @Z’bﬁ,d(a) be the infinite fixed point of ¢, 4. 4. Cassaigne
et al. [1] showed in 2014 that Wy 1 34 avoids additive cubes. In particular, this

implies that Wy 1,34 avoids abelian cubes. This property does not depend on
the choice of a, b, ¢, d, therefore we deduce the following lemma.

Lemma 3. For any pairwise distinct a,b,c,d, the word W p ¢4 avoids abelian
cubes.

We define the Parikh vector ¥ as the map

v :{a,bcdy* — 7'

woo— (wla Jwly |wle [wla) .

Let M, = (

OO+
=H=EOO

1
é) be the adjacency matrix of g4 and 7 be the vector

oorO

0.5788—0.57491
corresponding to the numerical approximation' 7 = (8:825818:2%222 ), which is
—0.1662—0.68105
1 We stress the fact that this is not an issue to use numerical approximation. Indeed, all
our computations are numerically stable (additions, multiplications and no divisions
by numbers close to zero) and if we start with sufficiently accurate approximations,
we get sufficiently accurate approximations at the end (see footnote 2 for the only
case where it matters that a coefficient is exactly 0). Moreover, there is an algebraic
extension of Q of degree 24 that contains all the eigenvalues of the matrices (accord-
ing to mathematica) and thus we could use the original proof of [1, Theorem 8] to
get an exact value for C' and only use exact computation in our article. However, one
might think that this is convenient to use the fact that these roots can be expressed
with radicals, but maintaining exact expressions involving radicals is much more
inefficient and would lead to even more unreadable computations.
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related to the eigenvalue 0.4074+-0.4766: of M, and precisely defined in Sect. 2.1
of [1]. For the sake of conciseness, the definition is omitted here. We recall the
following result from [1].

Theorem 1 ([1, Theorem 3.1]). There exists a positive real constant C such
that for any two factors of Wqp ca (not necessarily adjacent) u and v

|7 (¥(u) —¥(v)| <C,
where 2.175816 < C' < 2.175817.

Let us summarize the main idea behind Theorem 1. The asymptotic behavior
of the Parikh vectors of factors is closely related to the asymptotic behavior of
the iterations of the matrix M, (since ¥(p(u)) = My(¥(u))). Moreover, the
eigenvalue corresponding to this eigenvector is of norm less than 1 and thus the
associated subspace is contracting. We deduce that 7(¥(u)) is bounded for any
factor u. Theorem 1 provides good bounds in this particular case. Equipped with
Lemma 3 and Theorem 1 we deduce the following one.

Lemma 4. For any pairwise distinct a,b,c,d € R, let Mypea = (L311).

Suppose that W pcq contains an additive cube, then there exists a vector
z € ker(Mypca) NZ*\ {0} such that |7 - x| < C, where C is given in Theo-
rem 1.

Proof. Let uvw be an additive cube factor of W 4 - 4. By Lemma 3, uvw cannot
be an abelian cube. Thus either ¥(u) # ¥(v) or ¥(v) # ¥(w). Without loss of
generality, ¥(u) # ¥(v). In this case, let z = ¥(u) — ¥(v) # 0. Since x is the
difference of two Parikh vectors we get x € Z*. Since uvw is an additive cube,
lu| = |v| and |u|qa+|u|pb+ |u|cc+|ulad = |v|aa+ |v]pb+|v|cc+ |v]gd. This implies
that My pca(¥(u) — ¥(v)) = 0 which can be rewritten as x € ker(Mypc.d)-
Therefore, z € ker(Mpc.q) N Z* \ {0}. By assumption v and v are two factors
of Wg pc.q and by Theorem 1 we get |7 - x| < C, which concludes the proof.

This Lemma contains the main idea of the present work. If we want to know
for which choices of a,b, c and d, the word W . 4 avoids additive cubes, it is
sufficient to study the behavior of the lattice ker(M, p .q) N Z*\ {0}.

4 The Case of Wy 1,4

Let us first study the lattice ker(Mp 1 .,q) N Z* \ {0} for ¢,d € R. We show that
in many cases additive cubes are avoidable over {0, 1, ¢, d}.

Theorem 2. Let ¢,d € R. Suppose d > ¢ > 1, ¢ & {5/4,4/3,3/2,2} and d &
{6 —4¢,5—3¢,4—2¢,3—¢,2¢—3,2c—2,2c—1,3c—3,2}. Then Wq 1,4 avoids
additive cubes.
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Proof. From Lemma 4, it is sufficient to show that under the assumptions on
c and d we get |7 - x| > C for any x € ker(Mg1.q) N Z*\ {0}. Let us first
express this set of vectors in a more convenient way. It is straightforward to
check that if « = (¢ —1,—¢,1,0) and = (d — 1,—d,0,1), then {«, 8} is a basis
of ker(Mp1,c,q). For any reals m and n, if ma + ng is an integral vector then
m € N (resp., n € N) because otherwise its third (resp., its fourth) coordinate is
not an integer and mc + nd € Z, otherwise the first and second coordinates are
not integers. We deduce that

ker(Mo1,c,a) N Z* = {ma + nBlm,n € Z,mc+ nd € Z}.

Thus, we only need to show that, under the assumptions, for any m,n € Z with
mc+ nd € Z and (m,n) # (0,0), we get

7+ (ma+ nf)| > C. 1)
Let us show that (1) holds if n = 0. In this case, m # 0, |7 - ma| =
|m||7 - | and mec € Z. Numerical computation gives fo(c) = |7 - a] =

\/1.83908 + ¢(—3.05698 + 1.44043¢). The minimum of fy is reached at ¢ =
7205698 - = 1.06114. Thus for any numbers z,y € R with < y and 1.06114 < y
the minimum of fy over the interval [z,y] is given by fo(max(1.06114, z)). We

distinguish several cases depending on the value of c.

— If ¢ > 2.85 a straightforward computation gives |7 -a| > C and |7 - ma| > C.

~ If c € [1.9,2.9] \ {2}, a computation gives |7 - a| > £. Moreover, in this case

m € Z and mc € Z imply |m| > 2 (since ¢ ¢ Z) and |7 - ma| > C.

If ¢ € [1.55,1.95], a computation gives |7 - | > % Moreover, in this case

m € Z and me € Z imply |m| > 3 (since 2¢ € Z) and we get |7 -ma| > C.

If ¢ € [1.3,1.65] \ {4/3,3/2}, a computation gives |7 - a| > §. Moreover, in

this case m € Z and mc € Z imply |m| > 4 (since 3c¢,2c ¢ Z) and we get

|7 - ma| > C.

- If ¢ €]1,1.35] \ {5/4,4/3}, a computation gives |7 - «| > % Moreover, in this
case m € Z and mc € Z imply |m| > 5 (since 4c¢,3¢,2¢c ¢ Z) and we get
|7-ma| > C.

Let us show that (1) is true if |n| > 4 and m € Z. We have

Im (:’;‘ n :g)‘ > klnl, (2)

|m7-a+n7-5] = |n||T-a

m T -
+ﬂ\ > Inllr-al
n T -

where k = |7 - o ‘Im (%) ‘ Numerical computations give:

1
2 = (.211 42 +0. de + 0.327181¢2
TR T 1o (021717 d + 0533079 de + 0327181
+0.217127d — 0.911556¢ + 0.634921),
c\? 1
B-(=) = 0.257151 + 0.0312991¢2
(4) 2 —2.12298¢ + 1.27676( * ¢

+ ¢(—0.283614 + 0.533079d) + (—0.742604 + 0.217137d)d>.
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The denominator ¢? — 2.12228 ¢ + 1.27676 is positive for any real c. Thus the
sign of k% — (%)2 is the same as the sign of the numerator. For a given d, the
minimum of the numerator is reached for ¢ = 0.00443843 — 0.00834245d < 0
(since d > 1). Thus the numerator is an increasing function of ¢ for ¢ > 0
and in particular for fixed d and 1 < ¢ < d the minimum is reached at ¢ = 1
and is given by 0.00483619 + (—0.209525 + 0.217137d)d which is positive since
d > 1. We conclude that k > <. We use Eq. (2) to get that if [n| > 4, then
|m7 - a+nt- 5] > C.

It remains to deal with the cases |n| € {1,2,3}. It is enough in (1) to consider
the cases n € {1,2,3}. We treat each case in a similar way. Let us start with the
case n = 1. We get numerically

P.g1(m) = |1 (ma+3)* - C?
= —4.16782 + 0.712407m — 1.17373¢m + 1.83908m2 — 3.05698¢m>
+ 1.44043c*m? + (—1.17373 — 3.05698m + 2.88085¢m)d + 1.44043d>.

P.41(m) is a quadratic polynomial in d. Computing the discriminant yields
P.g1(m) > 0, for all ¢ € R if and only if A.(d) := 25.3914 + 3.07144m —
1.25108m? < 0. This is a quadratic inequality? in m and solving it yields

m ¢ [~3.44178,5.89681] = |7 - (ma + B)| > C.

Thus we only need to check that for every m € {5,4,3,2,1,0,—1,—2, -3} such
that me+d € Z, P; 41(m) > 0. Let us detail the cases m = —3 and m = 4.
Numerically, we get P 4.1(—3) = 10.2467 +12.9638¢2 +c(—23.9917 — 8.64256d) +
d(7.99723 + 1.44043d). This is a quadratic polynomial in d and we deduce® that

Pog1(=3)>0 <= d € | —o00,3c—3.54573] U ]3¢ — 2.00625, oc].

Thus, in particular, since by hypothesis d # 3¢ — 3 then either P, 41(—3) > 0 or
d € [3¢—3.54573, 3¢—2.00625] and then —3c+d ¢ Z. The condition P, 41(4) > 0
is equivalent to d €]6.1107 — 4c¢, oo[. Since d > ¢ > 1 and d # 6 — 4c then either
P.41(4) >0 or d+ 4c ¢ Z. The other cases are similar. We give, in Table 1, for
each of them the condition on the reals and the assumptions that allow us to
conclude.

2 We remark that it is no numerical coincidence that ¢ does not appear in the expres-
sion of A.(d). It follows from P. 41(m) = (z4+ym+z(d+cm))? + (z' +y'm+2'(d+
em))? — C? with z,y,z € R.

3 As for the previous note, it is no numerical coincidence that there is no complicated
square root involving ¢ since ¢ does not appear in the discriminant.
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Table 1. Study of P q4,1(m

) for m € {5,4,3,2,1,0,

~1,-2,-3}.

(A): an equivalent condition for d

A sufficient condition

to get (A)

cd1(5) >0« d€]6.78141 — 5c,00[ |d>ce>1

,1(4) > 0 & d €]6.1107 — 4c, 00| d>c>1andd#6—4c

d1(3) > 04 d€]5.26804 —3¢c,00] |d>c>1andd#5—3c

4,1(2) > 04 d€]4.31762 — 2¢,00] |d>c>1andd#4—2c
cd1(1)>0¢)d€]3.2793170,oo[ d>c>landd#3—c¢
P.q1(0) >0 d¢[-1.34171,2.15655] |d > ¢ > 1 and d # 2

(=

P.41(—1) >0« d€le+0.939592,00[ |d>c¢
Peai1(—2)>0 d & {2c—3,2c—2,2¢c— 1}
< d & [2¢ — 3.02493, 2¢ — 0.404774]
Pegr(=3) >0 d#3c—3

199

& d ¢ [3c — 3.54573, 3¢ — 2.00625]

The next case is n = 2 and we treat it in a similar fashion. We get numerically

P.g2(m) = |1 (ma+ 25)|2 —C?
= —2.46898 + 1.42481m — 2.34745¢m + 1.83908m2 — 3.05698¢cm>
+ 1.44043¢*m? + (—4.6949 — 6.11397m + 5.76171cm)d + 5.76171d>.

Computing the discriminant yields P 42(m) > 0, for all d € R if and only if
Ac(d) := 78.9442 4 (24.5715 — 5.00433m)m < 0. This is a quadratic inequality
in m and solving it yields m ¢ [—2.21427,7.12433] = |7 - (ma + B)| >
C. Thus we only need to check that, under the assumptions, for every m &
{7,6,5,4,3,2,1,0,—1, -2} such that mc + 2d € Z, P, 42(m) > 0. Each case
is similar to the cases with n = 1. We give, in Table2, for each of them the
condition on the reals and the assumptions that allow us to conclude. The only
remaining case is n = 3 and we treat it in a similar fashion. We get numerically

P.q3(m) = |1 (ma+2p8)> = C*
= 0.362434 + 2.13722m — 3.52118bm + 1.83908m? — 3.05698¢m>
+ 1.44043c*m? + (—10.5635 — 9.17095m + 8.64256cm)d + 12.9638d>.

Computing the discriminant yields P, q3(m) > 0, for all d € R if and only if
Al(d) = 92.7941 + 82.929m — 11.2597m? < 0. This is a quadratic inequality
in m and solving it yields m ¢ [—0.986756,8.35184] — |7 (ma + ()| >
C. Thus we only need to check that, under the assumptions, for every m €
{8,7,6,5,4,3,2,1,0} such that mc+3d € Z, P, q3(m) > 0. Each case is similar
to the cases n = 1,2. We give, in Table 3, for each of them the condition on the
reals and the assumptions that allow us to conclude. This finishes the proof of
Theorem 2.
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Table 2. Theorem 2: Study of P, 42(m) for m € {7,6,5,4,3,2,1,0,—1, —2}.

(B1): an equivalent condition for d A sufficient condition
to get (Bi1)

Pea2(7) > 0 < d ¢]3.91363 — 3.5¢,4.32919 — 3.5¢| d>c>1
va.2(6) > 0 < d ¢]3.00088 — 3¢, 4.1808 — 3¢ d>c>1
a2(5) > 0 < d ¢]2.30029 — 2.5¢, 3.82024 — 2.5¢| d>c>1
va2(4) > 0 < d €]1.67431 — 2¢, 3.38509 — 2] d>c>1
02(3) > 0 & d ¢]1.09888 — 1.5¢, 2.89938 — 1.5¢] d>c>1
.d,2(2) > 0 & d €]0.566427 — ¢, 2.3707 — | d>c>1
va2(1) > 0 < d €]0.0766769 — 0.5¢,1.79931 — 0.5¢[ | d >c > 1
a2(0) > 0 & d ¢] — 0.363621, 1.17847] d>c>1
ed,2(—1) > 0< d & [—0.732884 + 0.5¢, 0.486592 + 0.5¢] | d > ¢

Pean(—2) >0 d ¢ [-0.925154 + ¢, —0.382276 + ¢] | d > c

In fact, using a symmetry argument we can improve the previous result.

Theorem 3. For any (c,d) € R?\F additive cubes are avoidable over {0,1,c,d}
where

Fo) (10143 (933 (9 13} (8 103 (8 113 (8 123 (7 11
N 979 )’\8'2)’\8 8 )\ 7))\ )\77)'\6 6)’
75\ (68) (69) (6.) (57 (5,) (59
63 55 5'5)'\5 ) '\474)°\4’7 ) \474)"
5 1 §3 5 13) (5 T\ (4,) (4T (48
474 747 7474 7472 ) 37 ,373 ) 373 ’
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Proof. Let X be the following set of pairs of parametric equations:

X ={(5/4,1), (4/3,1),(3/2,1), (2,1), (t,6 — 4t), (,5 — 3¢), (t, 4 — 2¢),
(t,3—1), (t, 2t — 3), (t,2t — 2), (t,2t — 1), (t,3t — 3), (t,2) : t € R}.

For any pair e = (x(t),y(t)) of parametric equations, we denote by C(e) the
associated parametric curve (that is the set of points defined by {(z(t),y(t)) : t €
R}). By the Theorem 2 for any ¢,d € R with ¢ > d > 1 and (c,d) € J ., C(e)
additive cubes are avoidable over {0,1,¢,d}. Moreover, for any ¢,d € R with

d > ¢ > 1, the alphabet {0, 1, ¢, d} is equivalent to the alphabet {0, 1, fl i, ddc
(vi

Z). Let f : R? - R? (z,y) — (y ! y) We

y—x’ y—x
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Table 3. Theorem 2: Study of P, 4,3(m) for m € {8,7,6,5,4,3,2,1,0}.

(B2): an equivalent condition for d A sufficient condition
to get (B2)
P..4.3(8) > 0 < d ¢]3.00699 — 2.66667c, 3.46726 — 2.66667c[ | d > ¢ > 1
Peas(7) > 0 < d €]2.45816 — 2.33333¢,3.30867 — 2.33333¢[ | d > ¢ > 1
Cd3(6)>0¢>d€}200508—2c305432—2c[ d>c>1
c d, 3(5) d>c>1
< d ¢]1.59624 — 1.66667c, 2.75573 — 1.66667c|
P, gq3(4) > d>c>1
< d ¢]1.21937 — 1.33333¢, 2.42518 — 1.33333¢|
P..43(3) >0 < d €0.870753 — ¢, 2.06637 — | d>c>1
P.43(2)>0 d>c>1
< d ¢]0.551146 — 0.666667c, 1.67855 — 0.666667c|
P.q3(1)>0 d>c>1
< d ¢]0.266517 — 0.333333c, 1.25575 — 0.333333¢|
P..4.3(0) > 0 < d ¢]0.0358908, 0.778955] d>c>1

deduce that for any ¢,d € R with d > ¢ > 1 and (¢,d) ¢ U
cubes are avoidable over {0, 1, ¢,d}. Let

_7:_<Uc(foe> <UC )ﬂ{cd) d>c>1}. (3)

ecX ecX

C(f oe) additive

ecX

Then, for any ¢,d € R with d > ¢ > 1 and (¢, d) ¢ F additive cubes are avoidable
over {0,1,¢,d}. Let us now compute F. First, one computes

C{foe:eexy) =c({(t.6t—4), (1,5t~ 3), (1,4t — 2), (1,3 ~ 1), 1, gt _),
(t7 Q(t - 1))7 (27t)7 (t7 3(t - 1))7 (t7 2t)7 (t> 5t — 4)7
(t,4t — 3), (t, 3t — 2), (t,2t — 1)}).

We get the set from Theorem 3 by simply computing the intersection of the two
sets in (3) (this is done by solving the 169 equations).

5 The Case of Wy g4

We show the next result by using a similar procedure as the one in the proof of
Theorem 2 in Sect. 4.

Theorem 4. Let c,d € R. Suppose we haved >c¢>1,d & {2,c+1,¢+2,2c+
2,2c+1,2¢,3¢,3¢c+ 1,1+ £ 53 +c} Then W1 0,¢,a avoids additive cubes.
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Proof. Following the proof of Theorem 2, we only need to show that, under the
assumptions, for any m,n € Z with mc + nd € Z, we have |7 - (ma +nf3)| > C,
where « = (—¢,c¢—1,1,0) and § = (—d,d — 1,0, 1).

Let us first show that this is the case if n = 0. Two subcases occur:

— If ¢ > 1.71 a computation gives |7 - a| > C and |7 - ma| > C.
~ If ¢ €]1,2[, a computation gives |7-a| > . Moreover, in this case m € Z and

me € Z imply |m| > 2 (since ¢ € Z) and we get |7 - ma| > C.

Let us now show that |7 - (ma + nB)| > C if |n| > 4 and m € Z. The same
computation as (2) gives:
T-0
1 — . 4

The same approach as in proof of Theorem 2 can be used to verify that k? —
(£)2 > 0 for any d > ¢ > 1. This gives with inequality (4) that if [n| > 4,
then |m7-a+nt- 3] > C. It remains to treat the cases |n| € {1,2,3} but it is
enough to consider the cases n € {1,2, 3}, as previously. We start with the case
n = 1. Once again P. 41(m) := |7 - (ma + 3)|? — C? is a quadratic polynomial
in d. Computing its discriminant yields P, 41(m) > 0, for all ¢ € R if and only
if Ac(d) = 25.3914 + 3.07144m — 1.25108m? < 0. This is a quadratic inequality
in m and solving it yields m ¢ [—3.44178,5.89681] = |7 - (ma + 3)| > C (the
conditions on m happen to be exactly the same as in Sect. 4). Thus we only need
to check that for every m € {5,4,3,2,1,0,—1,—2, —3} such that mc+d € Z, we
have P, 41(m) > 0.

All the cases are similar to what we did in the previous proof. We give, in
Table 4, for each of them the condition on the reals and the assumptions that
allow us to conclude. The next case is n = 2 and we treat it in a similar fashion.

We verify that the only interesting cases are m ¢ [—2.21427,7.12433]. Thus
we only need to check that for every m € {7,6,5,4,3,2,1,0,—1, —2} such that
me+2d € Z, we get P, 42(m) > 0. Each case is similar to the cases with n = 1.
We omit here, because of the lack of space, the table that give for each of them
the condition on the reals and the assumptions that allow us to conclude. This
table can be found at https://members.loria.fr/FLietard/tables-of-values/.

The only remaining case is n = 3. We once again compute the dis-
criminant of P.43(m) seen as a polynomial in d. We deduce that m ¢
[—0.986756,8.35184] = |7 - (ma + B)| > C.

Summing up, we only need to check that for every m € {8,7,6,5,4,3,2,1,0}
such that mc + 3d € Z, P, 43(m) > 0. We prove this statement by solving each
of the corresponding 9 equations and this concludes the proof of Theorem 4.

|m7-a+nt- 0] > kn|, where k=|7-q]

We could improve this result with the same approach as the one we used in the
proof of Theorem 3, but we already have a strong enough result for our purpose.


https://members.loria.fr/FLietard/tables-of-values/
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Table 4. Theorem 4: Study of P q,1(m) for m € {5,4,3,2,1,0,—1, -2, —3}.

(C1): an equivalent condition for d A sufficient condition
to get (C1)
Pea1(5) >0 d¢] — 0.781405 — 5¢,1.35518 — 5¢[ | d >c > 1
Pegi1(4) >0 & d ¢] — 1.1107 — 4c, 1.80675 — 4c] d>c>1
Peg1(3) >0 dg] — 1.26804 — 3¢,2.08636 — 3¢[ | d>c>1
cdl(z) >0 deg] — 1.31762 — 2¢,2.25822 — 2¢] | d>c> 1
a1(1)>0&dg] —1.27931 —c,d > 2.34218 — ¢[ |d>c > 1
4,1(0) > 0< d ¢ [—1.15655,2.34171] d>c>1and d#2
cdl( 1) >0< d ¢ —0.939592 + ¢,2.24702 + ¢[ |d > cand
dg¢{c+1,c+2}
Poai(—2) >0 d &] — 0.595226 + 2, 2.02493 + 2¢[ | d & {2c + 2,
2¢+1,2c}
Pea1(=3) > 0 < d ¢]0.00625218 + 3¢, 1.54573 + 3¢)[ | d & {3c, 3¢ + 1}

6 The Remaining Alphabets

We use Theorem 3 and Theorem 4 to get the following result:

GG 63669626
(52) (9. (G3)- (29)-(53)- (). 5),
(9 (40)-(42)- G2 0)- G oo
(32)-(32)-(32)-(2) () oo

(5:3)-G:0.6:5.6.0.46,@9) }

3)
)

w

I

N | ot OO\»-P

and (c,d) € R?\ F. Then additive cubes are avoidable over {0,1,c,d}.

Proof. This set is obtained by taking the intersection of the sets of forbidden
pairs from Theorem 3 and Theorem 4.

In order to study the remaining alphabets (those of the form {0,1,¢,d} with
¢,d € F) let us recall the following results from the literature.

Theorem 6 ([7, Section 3.2]). Additive cubes are avoidable over the following
alphabets: {0,1,5},{0,1,6},{0,1,7},{0,2,7},{0,3,7},{0,1,8}, {0,3.8},{0,1,
9},{0,2,9},{0,4,9}.
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Theorem 7 ([8, Theorem 9]). Additive cubes are avoidable over the following
alphabets: {0,2,3,6},{0,1,2,4},{0,2,3,5}.

We use the fact that all but one of the remaining alphabets contain an alphabet
equivalent to an alphabet from Theorem 6 or Theorem 7. Our main result after
this reduction is the following:

Theorem 8. For any rational numbers ¢ and d with ¢ < d and (¢,d) # (2,3)
additive cubes are avoidable over {0,1,c,d}.

Proof. {O7 1, 1—90, %} contains an alphabet equivalent to {0, 1,5} (apply  — 9z —
9 to {1, 19—0, %4 ). We deduce from Theorem 6 that additive cubes are avoidable
over both alphabets. We proceed in a same way for the other alphabets and we
provide for each of them the alphabet from Theorem 6 or from Theorem 7 in

Table 5. This concludes the proof.

Table 5. Each remaining alphabet, with exception of {0, 1,2, 3}, contains an alphabet
equivalent to an alphabet from Theorems 6 or 7.

(2.5)(5.9).(4.5)-@5).(2.3).25.65  {0,1,5}
(£.8).(82).(5.5).(52).(5.3).6).46 |{0,1,6}
(5:3):(5%) {0,1,7}
(3.3) {0,2,7}
(%:5):(5:9) {0,3,7}
(8:.%):(3.%):(3.8) {0,1,8}
(32).(5.3) {0,3,8}
(3:8)(5.4).(8:3) {0, 1,9}
(3.3) {0,2,9}
(3.9):(3.9).49 {0,4,9}
(4.2).(3.3) {0,2,3,6}
(2.2).(2,9) {0,1,2,4}
(3,4) {0,1,3,4}

We reformulate this result in terms of Problem 1.

Corollary 1. Let A C C be an alphabet with |A| > 4. If A is not equivalent to
{0,1,2,3} then additive cubes are avoidable over A. In particular, if |A| > 5,
then additive cubes are avoidable over A.

Note that we have shown that for all but finitely many integral alphabets of
size 4 (up to the equivalence relation given in Sect.2.1) the word W, 3 . 4 can
be used to avoid additive cubes. This is probably not the only fixed point of
a morphism with this property. Indeed, as long as the adjacency matrix of a
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morphism has at most two eigenvalues of norm at least 1, we can deduce an
inequality similar to that of Theorem 1 (see Proposition 7 in [8] for details). If
the word also avoids abelian cubes, we can show an inequality similar to this in
Lemma 4. The conditions of this Lemma should be strong enough to study the
lattice in a similar way to what we did.

Let us conclude by restating two remaining related open questions. First it
is natural to ask whether additive cubes are avoidable over the only remaining
alphabet (see Problem 7 in [8]).

Question 1. Are additive cubes avoidable over {0,1,2,3}?

On the one hand, Rao [7] claims that he got a word of length 1.4 x 10° over the
alphabet {0,1,2,3} without additive cubes. Damien Jamet, the first author and
Thomas Stoll constructed over this alphabet several words of length greater than
107 without additive cubes (see https://members.loria.fr/FLietard /un-mot-sur-
0123/ for such a word). Therefore, it seems to be reasonable to believe that there
exists an infinite word without additive cubes over {0, 1,2, 3}. On the other hand,
for every alphabet {a,b,c,d} different from {0,1,2,3} it is possible to provide
a short morphism with the same eigenvalues as those of g 4 ¢,q OF 9027,)7 c.d With
an infinite fixed point avoiding additive cubes. An exhaustive research shows,
however, that every morphism over {0, 1,2, 3} with images of size at most 7 fails
to provide an infinite fixed point without additive cubes. We do not dare to
conjecture whether or not a morphism providing such an infinite word exists.

It seems that additive cubes are avoidable over most alphabets of size 3. Our
result might stimulate research to treat the following question.

Question 2. Can we characterize the sets of integers of size 3 over which additive
cubes are avoidable?

In fact, with the exception of {0,1,2, 3}, the alphabets of size three are the only
remaining case of Problem 1 due to Lemma 2 and Theorem 8.
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