HOW FAR AWAY MUST FORCED LETTERS BE SO THAT
SQUARES ARE STILL AVOIDABLE?

MATTHIEU ROSENFELD, UNIVERSITE DE LIEGE

ABsTrRACT. We describe a new non-constructive technique to show that squares
are avoidable by an infinite word even if we force some letters from the alpha-
bet to appear at certain occurrences. We show that as long as forced positions
are at distance at least 19 (resp. 3, resp. 2) from each other then we can avoid
squares over 3 letters (resp. 4 letters, resp. 6 or more letters). We can also
deduce exponential lower bounds on the number of solutions. For our main
Theorem to be applicable, we need to check the existence of some languages
and we explain how to verify that they exist with a computer. We hope that
this technique could be applied to other avoidability questions where the good
approach seems to be non-constructive (e.g., the Thue-list coloring number of
the infinite path).

1. INTRODUCTION

A square is a word of the form uu where u is a non empty word. We say that
a word is square-free (or avoids squares) if none of its factors is a square. For
instance, hotshots is a square while minimize is square-free. In 1906, Thue showed
that there are arbitrarily long ternary words avoiding squares [8]. This result is often
regarded as the starting point of combinatorics on words, and the generalizations of
this particular question received a lot of attention. The authors of [2] study three
such questions asked by Harju [5]. They also introduced a stronger version of the
third problem.

Problem 1 (|2, Problem 4]). Let p > 2 be an integer and let v = vivgus... be
any infinite ternary word. Does there exist an infinite ternary square-free word
W = wiwaws . .. such that for all i, wp.; = v; ?

They give a partial solution to this question and they show that the answer is yes
for any v if p > 30. In fact, they showed something slightly stronger. Let d(X) be
the smallest integer such that for all v € 3* and for all sequence of indices (p;)1<;
such that Vi, p;y1 — p; > d(X), there is an infinite square-free word u € £* such
that v; = u,,. They showed that 6 < d({0,1,2}) < 30. Moreover, the fact that
squares are avoidable over 3 letters can be used to show that d({0,1,2,3}) < 7. We
show that 7 < d({0,1,2}) <19, d({0,1,2,3}) =3, d({0,1,2,....,k}) = 2 for k > 6.

The main theorem of this paper gives sufficient conditions for the existence of
square-free languages that fulfill some constraints. Kolpakov showed that there are
more than 1.30125™ square-free words of length n over a ternary alphabet using
a new non-constructive technique [6]. One of the ideas behind Kolpakov’s result
is roughly to approximate (using a computer) the language of square-free words
by the language of words avoiding squares of period less than [ for large [, and to
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show that we do not lose too many words if we remove the larger squares from this
language. We use a similar idea in this paper. We also use ideas from the power
series method (see for instance [I] [7]) even if we do not explicitly manipulate any
power series. It seems to be a good approach to show that the Thue-list number of
paths is 3 (see [3| [4] for definitions and conjectures on this topic) or to tackle other
problems that might require a non-constructive approach.

This paper is organized as follows. We start by fixing some notations in Section
2l In Section [3] we give a weaker version of Theorem [4] to present the ideas of
the theorem without some of the technicalities. Then in Section [d we give the
proof of Theorem [4] our main theorem. In Section[5] we explain how to verify with
a computer the existence of some languages that are required to apply Theorem
[ Finally, in Section [6, we use Theorem [4 to bound the values of d for different
alphabet sizes.

2. DEFINITIONS AND NOTATIONS

We denote the set of non-negative integer (resp. positive integers) by Ny (resp.
Nsg). For any word w € ¥*, we denote the ith letter of w by w; and the length
of w by |w|. Then for any w € ¥*, w = wywsy ... w),|. For any set of non-empty
words W, we let W* (resp. W¥) be the set of words obtained by catenation of
finitely many (resp. infinitely many) elements of W. A language over an alphabet
is a set of finite words over this alphabet. We use the convention that [] .4z =1
and max,cgx = 0 (we could use —oo for the second one, but it is slightly less
convenient for the implementation).

A partial word over X is a (possibly infinite) word over the alphabet XU {c}. For
any partial word p € (XU {o})* U (X U{c})¥ and word v € 3* UX¥, we say that v
is compatible with p if |v| < |p| and p; # o = p; = v; for all ¢ such that v; and
w; are defined. We denote by S(u) the set of square-free words that are compatible
with the partial word u.

3. IDEA OF THEOREM [4]

The main Theorem of this paper is Theorem @] The main idea of this theorem is
that if a language avoids short squares and is large enough then it contains square-
free words of any length. The statement and proof of this theorem are rather
difficult to follow so we give in this section a version of the Theorem for the case
where the set W is a singleton {w}. We hope that this helps to convey the ideas of
the proof of Theorem [4] This is in fact really similar to the ideas of [7], but instead
of building the word letter by letter, we construct it factor by factor. For that we
fix one size of a factor and look at the number of words whose length corresponds
to multiples of this size.

Theorem 2. Let ¥ be an alphabet, w € (X U {o})* be a finite partial word and
p > 2|w| such that |w| divides p. Suppose that there are C € Nsg and L a language
such that:

(I) e € L.
(I) For all u € L, u avoids squares of period less than p.

(III) For any u € L there are at least C different words v € vl compatible with
w such that uv € L.



AVOIDING SQUARES WITH FORCED LETTERS 3

(IV) There exists x €]0, 1] such that:
B
c (1 _ le) -
11—z

Proof. Let p=w*. Let L(p) be a set of words from L that are compatible with p
such that, for any u € L(u) of length divisible by |w|, there are exactly C' different
words v € ¥* compatible with w with uwv € L(p). Conditions (I),(IT) and (III) imply
that such a set can be obtained by removing words from L. For all non-negative
i, let s; = |S(u) N L(p) N {u € * : |u| = i|w|}| be the number of square-free words
of L(u) of length i|w|.

We will show by induction on ¢ that for all positive 4, s;41 > x71s;. Let n be a
positive integer such that:

Then S(w*) is infinite.

(TH1) VO <i<m, s >a s

By definition of L(u), for any word w of S(u) N L(u) there are exactly C different
factors v of length |w| such that wv is in L(u). Let F be the set of words in
L(p)\ S(u) of length (n+ 1)|w| whose prefix of length n|w| is in S(x) N L(x). Then
by definition:

In order to bound |F|, let us introduce for all i < n+ 1, F; = {wwvy € F :
lw|(i — 1) < |Juv| < iw|,|y| < |w|}. That is, F; is the set of words of F' that
contain a square whose midpoint (the middle of the square) is located between the
positions (i — 1)|w| and i|w| in the word. Clearly |F| < " | |F;|, so our next task
is to compute bounds on |F;| for all i.

Lemma 3. We have the following inequalities:

o foralli>n+1— 2 |F;|=0,

[wl”’

o foralli<n+1-— \%I’ |Fi| < 8;,C|wl?.

Proof. If i > n+1— I, then (i — 1)|w|+p > (n+1)|wl|. Since, L does not contain
squares of period less than p, F; = ().

Now, let i <n+1— I%I' For any i and z € S(u) N L(p) N {u € ¥* : Ju| = i|w|}
let F;(z) be the set of words of F; that admit z as a prefix.

By definition of F;, any word F;(z) contains a square whose second half starts
in position a + 1 and ends in position b where (i — 1)|jw| < a < iJw| and njw| <
b < (n+1)|w|. Given z, a and b, we know the first half of the square and thus the
word is known at least up to position n|w|. By definition of L(u) there are at most
C possible values for the remaining |w| letters. By summing over all the values of
a and b one gets: |F;(z)| < Clw|?. By summing over all the values of z, we finally
get |Fy| < 5,C|wl|?. O
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Now, by ([HI)), for all 4, |F;| < C|w|?2™'s,, and thus:
n+17—

|F|<Z|F|< Z C|w|2"23n§C|w|25n Z !

P _q
[wl

[F| <Clul?s,

We can use this bound in inequality (1)) and we get:
B

a Twl

1—

xTw wl?
s 2 5aC (1_||>
1—=x

Spy1 > ¢ 's, (By Theorem hypothesis

Spp1 > Csy, — Clwl|?sy,

This concludes the proof that for all positive 4, s;;1 > x7!s;. Since so = 1, we
deduce that s; is unbounded and thus S(w®) is infinite. O

4. THE MAIN THEOREM

This section is devoted to the proof of the main Theorem. As already mentioned
the ideas of the proof are the same as for the proof of Theorem [2 However, this
is more technical because W is not a singleton anymore. Moreover, we want the
equivalent of condition to be as general as possible and for that, we need
to bound the size of |F| as tightly as possible. Thus the equivalent of Lemma
(Lemma [5)) is much more technical and we delay its proof to a later subsection.

Theorem 4. Let & be an alphabet, W C (X U {o})* be a finite set of finite partial
words, p > 2max{|w| : w € W} be an integer. Suppose that there is a language L
and a function f: Nsg — Nsg such that:

(I) ec L.
(I) For any u € L and w € W there are at least f(jw|) different words v € LI*!
compatible with w and such that uv € L.
(III) For all u € L, u avoids squares of period less than p.
(IV) For all u,v € W and integer 1 < i < |v|, let

lul [ ]
a(ful, Jol) = Z min { f(jo]), (8] — 1) 1=t )

m=1 =0

and

(i o)) = Z min { f (), (%] = 1)™}.
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There exist T1,%2,. .., Tmax{|wlwew?} €]0,1[ and B :{0,...,p} — [0,1] solu-
tion of the following system:

Yw € W,
Fwl) = max {80 +p— fw] = [o]) (o/(r,jw]) + 2D | > o0

1<r<v]
Vi € {|u| : w e W}, n; € Ny,
and
ieng =]
ie{|u|ueW}

Vj < p, B(j) = max [T
ie{uluew}

Then for any infinite partial word p € W%, S(u) is infinite.

Proof. Let pn € W* and (p;)ien., € WN>0 be a sequence of elements of W such
that u = pipops.... For any integer 4, let (i) = |u1...p;|. Let L(u) be a
set of words from L that are compatible with p such that, for any u € L(u) of
length |p1...p |, there are exactly f(|u;+1|) different words v € ¥* compatible
with pjy1 with wo € L(p). That is, we remove words from L in order to re-
place the “at least f(|u;41])” by “exactly f(|u;+1])”. For all non-negative i, let
si = 1S(u) N L(p) N{v € * : |v| = i}| be the number of square-free words of L(u)
of length i.

We will show by induction on ¢ that for all positive 4, s;;11) > xﬁiﬂlsl(i).

Let n be a positive integer such that:

(IH1) VO <i<mn, Si(i+1) 2 x|_/i+1‘sl(i)

By definition of L(u), for any word w of S(u) N L(p) of length I(n) there are
exactly f(|un+1]|) different factors v of length |uy,41| such that wv is in L(u). Let
F Dbe the set of words in L(p) \ S(u) of length I(n + 1) whose prefix of length I(n)
is in S(u) N L(p). Then by definition:

(2) Sint1) = f([tnt1))siny — 1F-

In order to bound |F|, let us introduce for all ¢ < n+ 1, F; = {uvvw € F :
i —1) < Juv| < 1(i),|w| < |pns1]}- That is, F; is the set of words of F' that
contain a square whose midpoint (the middle of the square) is located between the
positions |1 ... ;) and |pq ... p—1] in the word. Clearly |F| < Y1 | |F;|, so our
next task is to compute the values of |F;| for all i. Let d be the smallest integer
such that |pgyy ... pnt1] < pand let 7 = |gapas1 - - - pnt1| —p. Remark that r > 0.

Lemma 5. We have the following inequalities:
e foralli>d, |F;| =0,
o |Fy| < syaya (7, |pinsal)s
o foralli < d, |Fi| < syyal|pil; [pnal)-

The proof of this Lemma is not really informative and is mostly a rather technical
counting argument, so we moved it to Section
We can use the bounds on the sizes of the Fjs to bound |F|:

Lemma 6. We have

Ty (|ul, [pnt1l) }

71 < o g { o ) + 25T
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Proof. First, let us show by induction on ¢ that for all 0 < ¢ < d:

- o([ul, [pn1])
TH2 ol |imar]) < sisy m .
(IH2) ]E:O sigyeluls [en41l) < si ue%({ T,

Let us first show that this is true with ¢ = 0, using the fact that uo €]0, 1].

a(|pol; |pnt1]) a(|ul, [pn+1l])
< ——= < 1 (-
Sl(o)a(\NOL nt1]) < S1(0) 1— N = Su0) umeavjl)/( 1-— X

Now, let i + 1 be an integer such that ([H2) is true for i.

i+1

> sl ioneal) < sl lanea) + s me
3=0

al|uf, [fn+1
< Si(i+1) <04(Mi+1|, ltns1]) + @), i%ax {w}> (By (IH1))

w 1-— R
O[(|u|a |H’n+1|)
< sy0s i Bt LA o e P
= Si(i+1) umef%/‘?/i{ 1— 2

a(ful; [pnia]) }

1— 33|u‘

Thus equation ([H2) is true for all 4 < d and in particular for ¢ = d — 1 and we get:
a(lul, [pn+1]) }

F| <|F, _
P < Ful+ sy e { 2

w

a(lul, [pn+1])
|F| < Sl(d)a/(7”7 ltint1]) + S1(d) T || ume%i {1—$|u

g (U], [0t ]) }

71 s e { o ) + 25

This concludes the proof of this Lemma. O

By induction hypothesis (LHI) s;i4) < si(n) H?:dﬂ 7|, Let us bound the
product on the right hand side:

Vi€ {Ju| :ue W} n; € Ny

n e and
IT @y <maxy [ o /
) m! i-ng =1l(n+1) = U(d) = pns
i=d+1 ie{|ulueW} ie{|u|:ueW}
n
I @y < BUR+1) = Ud) = i)
1=d+1

H Ty < B(r+p— tng1 — pa)
i=d+1

Now, using this equation with Lemma [f] gives

xlﬂd‘a(|u‘7 Mn+1|)}

|F| < 510)B (1 4+ D — fing1 — pa) max {0/(7"7 [ng1]) + 1— )y

Now recall that r = |pgpgs1 - - - int1| — p and thus by definition of d, 1 < r < pgq.

We deduce:
Ty aful, |Mn+1)>}

1— I|u\

IF| < siny mox {B (r 4P — tinss — o) (a'(r, i) +
u,veEW
1<r<lol
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We can finally replace |F| by this bound in inequality and we get:

Si(n+1) = Si(n) <f(|#n+1|)—

. {B(Hp N (a«r, WO unm)) })

u,ve 1-— l“u|
re{l,...,|v|}

Si(nt1) = sl(n)m@iﬂl (By Theorem hypothesis )

Moreover sq = 1 and thus for all 4, s, ., = H;Zl Ty,
J

E For all j, x\_uil > 1, so
we conclude that S(u) is infinite.

Remark that Theorem [ is far from sharp. One could improve the bounds given
by Lemma [5| This could be done by lowering o and o’ or by introducing a third
coefficient o’ for the second non-empty F;. However, we were not able to obtain
significant improvement that were worth the additional technicalities.

In Section[5]we explain how to verify with a computer that there exists a language
L that satistfies conditions (I),(IT) and (III). We also need a way to verify condition
(IV). In order to compute /3, we can use that $(0) = 1 and, for all j € {1,...,p},
B(j) = max {@|,)B(j — |ul) : w € W, |u| < j}. Thus given the values of the z; one
can compute  using a dynamic algorithm and all the rest is straight forward to
compute. Thus it is easy to verify with a computer whether or not a given set of
values of z; is a solution. We provide a C++ program that takes as input |X|, k, p,
fand x1, ...,z and verifies whether this is a solution of the equations of condition
(IV).

4.1. Proof of Lemma This subsection is dedicated to the proof of Lemma
Bl Remark that the statement and proof are not self-contained since some of the
notations are defined in the proof of Theorem

Lemma 5. We have the following inequalities:
o foralli>d, |F;| =0,

o |Fy| < syaya (7, |ptnal)s
e for alli <d, |Fi| < sigya(|pil, |pnyal)-

Proof. If i > d then by definition |u; ... pnt1] < p. Moreover, L does not contain
squares of period less than p and thus F; = (.

Now, let i < d. By definition, any word from F; can be written uvvy with
(i —1) < Juv| <1(i),ly| < |nt1]- For any ¢ and z € S(u) N L(p) N{u € £* :
|u| = 1(i)}, let F;(z) be the set of words of F; that admit z as a prefix. Clearly
Fi =2 esimni(uniuessju=i(a)y Fi(2)-

Let a,b (resp. a’,b) be integers such that there is an element z’ € F;(z) that
contains a square starting at a (resp. a’) and of period b (resp. ¥') with [(i—1)+1 <
a +b =a+b<|z|+1and a > a'. Because of the square in z’, we know that for
all 0 <j <|z|—a—0, zatj = Zatbtj = Zartbi4+j = Zar4j- Ha<a' +]z]—a—b+1
then z contains a square which is not possible. Hence

a>ad +z|—-a—b+1
a+b+d >ad +b+b +]z|—a—-b+1
(3) a+20 >a+2b+2|—a—b+1 sincea+b=ad +¥V
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Let u € Fj(z) be a word that contains a square starting at a and of period b
then we know its suffix of size a +2b —1 > I(n). Thus there are at most f(|pnt1|)
possibilities, moreover since the size of the unknown suffix is {(n+1)+1—a—2b < p,
it is square-free and there are at most (|X| — 1)/ntD+1-a=2b hoesibilities. Thus for
a fixed z and value of a + b, the number of ways to add a suffix to z to obtain an
element of F; that contains a square of period b starting at a is:

J
max min ne1l), (12 =1 l("+1)+1_p"’}
GE€N, U(n)+2<p1 pj<l(n+1)+1,{; {f(lu +1l) (= =1)

.....

Vi<j, pi+1>pi+|z|—a—b+1

= max {imm {tnsal), (11 - 1)'“"“'1“}}

J€No, 0<p1,...,pj <|ptnt1]—1, P
Vi<j, pit1<pi+|z|—a—b+1 -

But since min { f(|ptn+1), (|| — 1)I#2+11=1=Pi} is a non-increasing function in p;,
the maximum is reached when we pack the p; as much as we can on the lowest
values of p;. Thus this quantity is in fact equal to:

TZ[—a—bF2
Z min {f(|lln+1|), (%] - 1)|Hn+1|*1*j(|z|7a7b+2)}

Jj=0

Now we can sum over all the values of a + b and we get:

lppg1l—1
FEE =1
FGI< Y Y min{ fpel. (5] - et )
atb=lsloluil =0

[|Hn,+1|*1J
lpil—1 Tuil—a—b

< Z Z min{f(|un+1|)7(|§]|_1)|Mn+1|—1—j(\m|—a—b)}

a+b=0 7=0
Hp41l—1
N |
= min { f(ltn ), (] = 1)l =10
m=1 =0

[Fi(2)| < alpal, [pntal)

Summing over all the possible z yields |F;| < ;¢ a(|pil, |[tny1])-

The remaining case is ¢ = d. Once again, let a,b (resp. a’,b’) be integers such
that there is an element of Fy(z) that contains a square starting at a (resp. ') and
of period b (resp. V) withl(d—1)+1<d +¥ =a+b<Il(n+1)+1—pand
a > a'. By definition of d, I(n + 1) — I(d) < p. We can use equation again and
we get:

a+20 >b+z[+1>p+|z[+1>1(n+1)+1

This is a contradiction with the fact that o’ + 20’ < i(n + 1) + 1. Thus given the
value of a + b there is at most one possible value for ¢ and b. The number of ways
for a fixed z and value of a + b to complete z with a suffix into an element of F} is
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at most:
max {min {f(lun+1|), (%] — l)l("+1)+1—s} :

< min {f(|un+1|)) (|§3| _ 1)l(n+1)+1—a—b—p}

Then by summing over all the possible values of a + b, we get:

s €Ny, s <l(n+1)+1,
a+b+p<s,

I(n+1)+1—p

Fa) < 30 min{f(umia]), (5] - )ier0ieeor)

a+b=1(d—1)+2

We can use the variable substitution m = I(n + 1) +1 —a — b — p and remark that
In+1)+1—p—(d—1)+2) = |pattdat1 - - - fnt+1] —p— 1 =71 —1 and we get:

r—1
[Fa()l < Y min {f(Jpnsal), (5] = D™} < o'(r, | ])
m=0
We conclude that |Fy| < s(qya/ (7, |ptn+1]) by summing over all z. O

5. FINDING A SET L THAT SATISFIES THEOREM [4]

In this section, we explain how to verify the existence of a language that fulfills
conditions (I),(II) and (III) of Theorem [4]

We consider some particular directed labeled graphs: G(V, A) is a set V of
vertices together with a set A C (V x V' x %) of labeled arcs. For any u,v € V and
a €3, (u,v,a) € A is an arc from u to v with label a. These graphs could also be
seen as finite state machines where all the states are initial and final.

The Rauzy graph of length n of a factorial language L over X is the graph G(V, A)
where V.= LNY" and E = {(au, ub,b) : aub € L,a,b € ¥}. For any graph G(V, A)
and any set X € V, we denote by G[X] the subgraph induced by X.

Let R,(X) be the Rauzy graph of length 2p — 3 of the square-free words over
Y. Remark, that the factors of length 2p — 2 of any walk on R,(X) correspond to
edges of R,(X) and by definition they are square free. Thus, the sequence of labels
of any walk on R,(X) avoids squares of period less than p, but can contain longer
squares. We let S,(X) be the set of words that contains no square of period less
than p (from the previous remark S,(X) can also be seen as the set of walks on
Ry(3)).

As an illustration, we give R3({0,1,2}) in Fig. [I| without the arc labels.

For this Section, we abuse the notation and allow ourself to identify words and
sequences.

For any graph G(V, A) and partial word w € (X U {o})*, we define inductively

for any integer i € {0,...,|w|} and vertex v € V:
1 if i = 0,
>, Pictwac(u) if Wy 11-5 = ©,
Piw,a(v) = (vu.a)ca
> Di—1w,c(w) otherwise.

(VU W) | 41-¢)EA

Intuitively, p; »,c(v) gives the number of walks of length 4 starting from v that are
compatible with the ¢ last letters of w. Indeed, there is one walk of length 0 and
we always take the transition that is labeled by the current letter of w and any
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FIGURE 1. The Rauzy graph R3({0,1,2}).

transition if this letter is ©. Remark that in the third case, there are in fact either
0 or 1 summands in the sum.

Lemma 7. Let W C (XU {o})*, G(V,A) = R,(X), f : N5so = Nyo and a non-
empty set X C V. If for allv € X and w € W, pjy|,w,aix)(v) > f(lw]), then there
exists a language L such that:

e ccl,

e for allu € L, u avoids squares of period less than p,

e foranyu € L andw € W there are at least f(|w|) different words v € XI*!
compatible with w such that uv € L.

Proof. Let L be the set of sequences of labels that correspond to a walk in G[X].
By definition, the two first conditions on L are fulfilled.

Let u € L and w € W. If |u| > 2p—3 we let v’ be the suffix of length 2p — 3 of u.
Otherwise, we let v’ € L such that |u'| = 2p—3 and w is a suffix of u’ (there is such
an element in L). Each walk of length |w| starting in «’ gives a unique sequence of
labels u” such that uu” contains no square of period less than p.

We easily deduce, by induction on 4, that for all v the number of walks of
length i starting at v that are compatible With wjy|—i11Ww|—it2 - - - Wy is at least
Piw,c1x](v). So, in particular, the number of walks of length |w| starting at v’ and
compatible with w is at least pj,| w,qrx)(u') > f(Jw|). This concludes the proof. [

In fact, we need something stronger because for the values of p that we use the
graphs R, are too big to fit in a computer. We can exploit symmetries of R,(X) to
work on a smaller equivalent graph.

For any square-free word w € ¥*, we let U(w) be the shortest suffix of w such
that for all i € {[21] 41, p — 1} there exists k € {0,1,...,|¥(w)| —i — 1}
with \Il(w)m,(w”,k #+ \I’<w)|\11(w)|fkfi' If jw| = 2p—3, then w is such a suffix of itself
(since {(I%W +1,...,p— 1} is empty) and thus there is always a shortest suffix.

For instance, with p = 5 we have ¥(0210120) = 10120. For any letter «, the word
0210120« is square free if and only if 10120« is square free. Indeed, a new square
is necessarily a suffix of 0210120« it is enough to look at the two letters in bold
in 10120« to deduce that there is no square of length 4 and all the other possible
suffix of even length of 0210120« are also suffixes of 10120«. In fact, for any w of
size 2p — 3, the word wa avoids squares if and only if U(w)a avoids squares (this
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is proven in the next lemma) and this is the main motivation behind the definition
of ¥ (in particular, words with the same image by ¥ can be extended in the same
way).

For any graph G(V, A), let ¥(G)(¥(V), A’) be the graph such that A’ = ¥(A) =
{(¥(a),¥(d),c) : (a,b,c) € A}. The next lemma tells us that we only need to
consider the walks on ¥(Q) instead of the walks on G.

Lemma 8. Let p be a positive integer and w € (XU {o})*, G(V,A) = R,(X) and
X CUV). Let V"YX) = {x € V : ¥(x) € X}. Then for all v € ¥~1(X),
Plwl,w,c[w-1(x)] (V) = Plwlw,wc)x] (¥ (v)).

Proof. Let us first show that for any a € ¥ and v € S,(X) with |v] = 2p — 3 if
U(v)a € Sp(X) then va € Sp(X). Let us show that under these assumptions, for
any ¢, va avoids squares of period ¢. Since v is square free, we only need to show
that no suffix of va is a square. We have to distinguish between two cases:

e 2i < |¥(v)|+1. Suppose for the sake of contradiction that there is a square
of period i in va. We deduce that the suffix of length |¥(v)| + 1 of va
contains a square of period ¢. That is, ¥(v)a contains a square of period 4
which is a contradiction.

e 2 > |U(v)| + 2. Since i is an integer we get i > f@} + 1. Moreover
|[va] = 2p — 2 and thus ¢ < p — 1. Thus by definition of ¥(v), there
exists k € {0,1,...,|¥(v)| —i—1} such that ¥(v)w )|k 7# Y(V)|w(v)|—k—i-
Thus there is & € {1,...,|¥(v)a| —i — 1} such that (Y (v)a)|w()a—r 7
(Y(v)a)|w(v)a|—k—i- Remark, that [¥(v)a| —i -1 = |¥(v)] —i < 20 —
2 —14 =14—2. We conclude that there is k € {0,...,i — 2} such that
(va)jva|—k 7 (v@)|pa|—k—i- This implies that the suffix of length 2i of va is
not a square of period 3.

We deduce that for any a € ¥ and v € S,(X) with |v| = 2p — 3 if ¥(v)a € S,(X)
then va € S,(X).

Let w € V, v € ¥(V) and a € ¥ such that (¥(u),v,a) € ¥(A). By definition
of ¥(A) this implies that there is (u/,v’,a) € A with ¥(uw') = ¥(u) and ¥(v') = v.
Thus v'a € Sp(X) and ¥(u)a = ¥(u')a € S,(X). From the previous paragraph, it
implies that ua is square-free. Let us show that W(usus ... u|,a) = v. By definition,
for all i € {[0D1) 41, p—1} there exists k € {0,1,...,|¥(u/)| —i — 1} with
V()| —k 7 V() jw)—k—i- We easily deduce that for all i € {f%} +
1,...,p — 1} there exists k € {0,1,...,|¥(v'a)| —i — 1} with VU(v'a)|g(ua)- #
U (u'a)|w(ua)|—k—i- This implies that v = W(v') is a suffix of ¥(u)a. Since ¥(u')a =
VU (u)a, we deduce that v is also a suffix of ugus ... ), a. Since v = ¥(v') and v is a
suffix of ugus ... u),a, we get that U(usus . .. u|u‘a) = v. We showed that if there
are u € V, v € U(V) and a € ¥ such that (U(u),v,a) € ¥(A), then there exists v”
such that (u,v”,a) € A and ¥(v") = v.

We deduce that for all u € V, {(¥(u), ¥(v),a) € U(A)} C {(¥(u),¥(v),a) :
(u,v,a) € A}. The other inclusion is clear from the definition of ¥(A) and we get
forallueV :

(4) {(¥(u), ¥(v),a) € ¥(A)} = {(¥(u), ¥(v),0a) : (u,v,a) € A}
By definition of R,(X), for any w there is at most one outgoing arc for every

label in the set of the right. Since the two sets are equals, we deduce that every
vertex of the graph W(G) has at most one outgoing arc for any label. Intuitively,
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implies (by induction on the length of the walk) that for any u,v € V the
set of labeled walks from u to v in G is equal to the set of labeled walks from
¥(u) to ¥(v) in ¥(G). We are now ready to show by induction on ¢ that for

all i € {0,...,|w|} and v € ¥™HX), p; w cru-1x) (V) = Piwwex)(¥(v). By
definition po ., cre-1(x))(v) =1 = po,w,w(c)x](¥Y(v)).

Let n be a positive integer such that for all v € ¥=1(X),
(IH) Vi <n, Piaw,cro-1(x)) (V) = Piwwc)x] (¥ ().

Then, for all v € U™(X), if wy,41-; # © we get:

Pijw,Go—1(X)) (v) = Z Pi—1,w,G[¥—1(X))] (u)
(v,u,w‘w‘_,_l_i)eA
ueW 1 (X)

Piw,ale-—1(x)) (V) = > Pi-1,w,w(c)x)(¥(w)  (From (IH))

(v,u, W) 41-4)EA
V(u)eX

Piw,cro-1(x)) (V) = Z Pi-1ww(e)x)(¥(w)  (From (4))
(‘I/(v),‘ll(u),w‘,le,i)E\II(A)
Y(u)eX

Piw,G[o-1(X)] (v) = Z Di—1,w,9(G)[X] (u)
(¥ (v),u, W) +1-1) EP(A)
ueX
Diw,c1o-1(x)] (V) = Piw,w(@)x)(¥(v))

The case where wj,|4+1—; = ¢ is similar. O

Using Lemma [7] together with Lemma [8] we get the following lemma:

Lemma 9. Let W C (XU {e})*, G(V,A) = R,(%), f:Nsg = Nyg and X C U(V)
be a non-empty set. If for allv € X and w € W, pjy|wwc)x])(v) > f(|lw]), then
there exists a language L such that:

e ccl,

o for allu € L, u avoids squares of period less than p,

e for anyu € L andw € W there are at least f(|w|) different words v € X!
compatible with w and such that uv € L.

The graph ¥(R,(X)) is much smaller than R, (3) and we can use a computer to
check the conditions of this lemma for the values of p that we used. One should
first find the graph ¥(R,(X)). The following fact allows us to easily compute the
set of vertices of ¥(R,(X)) without computing R,(X):

Lemma 10. Let w € S,(X). Then w € U(S,(X) NX?73) if and only if w is the
smallest non-empty suffiz of w such that ¥(w) = w.

Moreover, given a graph G, the definition of p,| ., gives a trivial dynamic algo-
rithm that computes pj,|,.w,¢ in time O(|X|-|w|-|G|). Starting with X = W(R,(X))
and inductively removing from X all the vertices for which pj,|.w,w(r,©)x] <
f(Jw]) gives the largest subgraph that meets the conditions of Lemma @ As long
as this subgraph is not empty one can then apply Lemma[J] Algorithm [I] computes
the largest subgraph of ¥(G) with the required property.
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Algorithm 1: How to compute the subgraph of ¥(G).
Input : The graph ¥(G), the set W
Output: The largest set X C ¥(V) such that for all v € X and w € W,
Pluwl,ww(c)x] () > f(|w])
X = w(v)
todo := true;
while todo do
todo := false;
foreach w € W do
compute pjy|,w,v(G)[X];
X' ={v € X : plujww(e)x)(v) 2 f(lw)}
if X # X’ then

X =X/
todo := true;

return X;

6. APPLICATION OF THEOREM [4]

In this section we apply Theorem [l We provide a C++ implementation of
Algorithm [1| that verifies the existence of the language that fulfill conditions (I),(IT)
and (III) from Theorem[d] Condition (IV) can be easily verified (as long as solutions
are given) and we also provide a C++ code to do that. E|

Theorem 11. For any alphabet X, let d(X) be the smallest integer such that for
all v € ¥ and for all sequence (p;)1<; such that Vi, piy1 — p; > d(X), there is an
infinite square-free word u € X% such that v; = uy,,. Then:

o 7<d({0,1,2}) < 19,

e d({0,1,2,3}) =3,

e 2<d({0,1,2,3,4}) <3,

o if |X| >6, dX) =2.

Proof. For any alphabet ¥, we have d(X) > 2. Moreover, d is a decreasing function
of the size of the alphabet. Thus the third statement can easily be deduced from
the second one. We show the remaining statements independently of each others.
We will show the upper bounds using Algorithm [T} Lemma [9] and Theorem [d] The
lower bounds are verified by exhaustive search.

If|¥]| >6,d(X) =2: Let ¥ =1{0,1,2,3,4,5} and W = {o}U{oao : a € Z}U{cach :
a,b € X}. We can use Algorithm [I| to check that we can apply Lemma |§| with
f(1) =3, f(3) = f(4) = 6, p=12. Thus conditions (I),(II) and (IIT) of Theorem [4]
are fullfilled. We can check with a computer that condition of Theorem {4 is
also fullfilled with 1 = % and x3 = x4 = %. This implies that for any p € W* there
are infinite square-free words over ¥ compatible with . Since {o'a : i > 1,a €
Y}¢ C W*, we deduce that for any pu € {o'a : i > 1,a € £}* there are infinite
square-free words over ¥ compatible with u. We get d({0,1,2,4,5,6}) < 2.

LThe codes can be found in the ancillary files of https://arxiv.org/abs/1903.04214
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d({0,1,2,3}) =3: Let w = (00102030)“. An exhaustive search confirms that
there are only 636 square-free words over {0,1,2,3} compatible with w. Thus
d({0,1,2,3}) > 3.

Let ¥ ={0,1,2,3} and W = {o} U {0o0ao : a € £} U{o0cacch: a,b € ¥}. We can
use Algorithm [I| to check that we can apply Lemma@ with f(1) =2, f(4) =5 and
f(6) =8, p=18. We can then apply Theoremwith T = %—é, Ty = i and xg = %
and we deduce that for any u € W there are infinite square-free words over %
compatible with y. Moreover, {o'a :i > 2,a € ¥}* C W*. We deduce that for any
p € {ofa i > 2,a € X} there are infinite square-free words over ¥ compatible
with p. Thus d({0,1,2,3}) < 3.

7 <d({0,1,2}) < 19: Let w = (006°16°20%)%. An exhaustive search confirms that
there are only 4281 square-free words over {0,1,2} compatible with w. Thus
d({0,1,2}) > 7.

Let X = {0,1,2} and W = {o°} U {o%a : i € {18,...,26},a € ¥}. We can use
Algorithm [I] to check that we can apply Lemma [9] with p = 61 and the values of
f given in Table [I} Thus conditions (I),(II) and (IIT) of Theorem 4] are fullfilled.
We can also check that the values of x|, given in Table (1| fulfill condition of

lw| | 9 | 19|20 | 21 |22 |23| 24 25| 26 | 27
Fw))| 4 [ 19| 22| 28 | 36 |50 | 63 | 88 | 118 | 148

27 | 7 | 13 | 11 | 9 | 1 | 3 | 1 | 1 1
L] 100 | 100 | 200 | 200 | 200 | 25 | 100 | 40 | 40 50
TABLE 1. The values of f(|w|) and x,, for the computation of d({0, 1,2})

Theorem ] We deduce that for any p € W there are infinite square-free words
over Y. compatible with p. Moreover, {<>ia 24 > 18,a € ¥}¥ C W¥. We deduce
that for any u € {¢‘a : i > 18,a € ¥}¥ there are infinite square-free words over ¥
compatible with p. Thus d({0, 1,2}) < 19. O

The three applications of Algorithm [1| require between 30 and 100GB of RAM
(and around 5 hours of computations). We had to optimize the way strings are
stored in memory in order to be able to compute the graphs for large enough values
of p. The rest of the computations (finding the solution to the system and the
exhaustive search) easily run on a laptop in a few milliseconds. Remark that we
showed something slightly stronger since the results would still hold if an adversary
was to tell us at every choice of letter only the next 5 forced letters with their
positions (that is, we know the next element of W).

Experimental computations suggest that d({0, 1,2}) is closer to 7 than to 19 and
that d({0,1,2,3,4}) = 2.
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