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Finding lower bounds on the growth and entropy
of subshifts over countable groups

Matthieu Rosenfeld

Abstract. We provide a lower bound on the growth of a subshift based on a simple condition on
the set of forbidden patterns defining that subshift. Aubrun, Barbieri, and Thomassé showed a simi-
lar result based on the Lovész local lemma for subshifts over any countable group, and Bernshteyn
extended their approach to deduce some lower bound on the exponential growth of the subshift.
Our result has a simpler proof, is easier to use for applications, and provides better bounds on the
applications from their articles (although it is not clear that our result is strictly stronger in general).
In the particular case of subshifts over Z, Miller gave a similar but weaker condition that implied
the non-emptiness of the associated shift. Pavlov used the same approach to provide a condition that
implied exponential growth. We provide a version of our result for this particular setting, and it is
provably strictly stronger than the result of Pavlov and the result of Miller. In practice, it leads to
considerable improvement in the applications. We also apply our two results to a few different prob-
lems including strongly aperiodic subshifts, nonrepetitive subshifts, and Kolmogorov complexity of
subshifts.

1. Introduction

Let 4 be a finite alphabet and (G, .) be a group. The elements of 4 are called letters. A
configuration is an element of the set A® = {x : G — A} (which we can see as a coloring
of the elements of G by A). A support is a non-empty finite set S C G and a pattern with
support S is an element of A5. A pattern p € AS appears in a configuration x € AC if
there exists g € G such that for all s € S, x(gs) = p(s). We then say that p appears in X
at position g. If p does not appear in x, then x avoids p. For any set of patterns ¥, X is
the set of configurations avoiding ¥, that is,

Xy ={xecA® :VfecF, xavoids [)}.

A subshift X C AC is a set of configurations defined by a set of forbidden patterns, that
is, X is a subshift if there exists a set of patterns ¥ such that X = X¢ (F is not necessarily
unique).

It seems natural that if the set of forbidden patterns is “small” enough, then X # should
be non-empty regardless of what exactly is in ¥ . Intuitively, it is easier to forbid a few
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patterns than many patterns, and it is easier to forbid large patterns than small patterns.
Aubrun, Barbieri, and Thomassé gave a sufficient condition for a subshift to be non-empty
and this condition only depends on the sizes of the different forbidden patterns [1]. Their
result relies on the Lovdsz local lemma. Bernshteyn extended on their idea and showed
in a larger but similar context that similar conditions even implied some lower bounds on
the “size” of the subshift [3]. He considered five different notions of “size of a subshift”,
one of them being the so-called topological entropy of a subshift. Intuitively, the topolog-
ical entropy of a subshift describes the growth of the number of orbits in the associated
dynamical system. From a more combinatorial point of view, the complexity of a subshift
is the function that maps # to the number of different patterns that appear in the subshift
by translation of a given support of size n and the entropy is the logarithm of the growth
rate of the complexity.

If instead of any group we restrict our attention to G = Z, we can use the structure
of Z to obtain more precise results. In this setting, Pavlov gave a condition on ¥ that
implies lower bounds on the entropy of X [15]. His proof was based on an idea intro-
duced by Miller to show that a subshift is non-empty [12]. He then used this condition to
deduce a condition for other interesting properties of subshifts such as the uniqueness of
measures of maximal entropy.

In this article, we give a general lower bound on the entropy of X that only depends
on the size of the patterns of ¥ . Our condition is hard to compare to the bounds of [1, 3],
but it seems to give better results in general and to be easier to optimize. The authors of [1]
use their criterion to prove the existence of non-empty aperiodic shifts over any countable
group, and we strengthen their result by showing that there exist strongly aperiodic sub-
shifts with entropy arbitrarily close to the entropy of the full shift. We also deduce that
there exist nonrepetitive colorings of the Cayley graph of a group using a much smaller
alphabet (by a factor ~ 217) than the one given in [1].

We then focus our attention on the special case G = Z, and we provide a condition that
is strictly better than the one given in [15]. In practice, the improvement on the resulting
bounds seems to be considerable.

There are two main ingredients to our proof. The first one is to show that if the groups
are countable and amenable, then the growth rate of the number of patterns that avoid ¥
is the same as the growth rate of the number of patterns that appear in a configuration
of X#. It seems to be folklore, but we were not able to find this result in the literature.
Shur showed a version of this result restricted to the case G = Z [20]. His proof relied on
automata and regular languages, while our proof only relies on combinatorics and topol-
ogy. The same result was also proven over Z¢, but for the specific case of subshifts of finite
type [8, 9]. We then provide some lower bounds on the number of patterns avoiding ¥,
which implies a lower bound on the entropy of the associated subshift.

The argument used for our lower bound is a simple counting technique recently intro-
duced in [17] and already used in a few different settings [4, 10, 18,21]. In the setting of
combinatorics on words, a similar technique was already known under the name power
series method [2,5, 14, 16]. The conditions in [12, 15] resemble the conditions obtained
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by the power series methods, but it appears that the link was never established. In fact, if
G = Z,Lemma 18 can also be deduced as a particular case of the conditions from [14].

The article is organized as follows. We first provide a few definitions and notations.
Then we prove in Section 3 that, for countable amenable groups, the growth rate of locally
admissible patterns is the same as the growth rate of globally admissible patterns. We then
give our lower bound on the growth rate in the general case followed by an application
of this bound. We conclude with our bound in the particular setting of G = Z and a
comparison with the bound given by Pavlov.

2. Definitions and notations

For any set S and any integer 7, (ﬁ) is the set of all subsets of S of size n. For any function
f :A— Band A’ C A, the restriction of f to A’ is the function f|4 : A” — B such that
foralla € A, fla(a) = f(a). Given a set of functions C € B4 and a subset A’ C A,
we write C|g = {c|a’ : ¢ € C}. For any two sets A and B of elements of a group (G, ),
wewrite A-B=1{a-b:acAbeBland A ={a"':a € A}

The support of a pattern p is given by supp(p) = S. The size of a pattern is defined to
be equal to the size of its support, that is, | p| = [supp(p)|. The set of non-empty patterns

over G is
A= ] #%.

ScG
0<|S|<o0

For any set of patterns ¥ C Ag, we say that a pattern p is globally admissible if there
exists x € X such that p appears in x. It is locally admissible if p avoids all patterns
f € F. For all support S C G and set of forbidden patterns ¥ C Ag, we let §3(,S) and
56(;) be, respectively, the set of globally and locally admissible patterns of support S.
By definition, every globally admissible pattern is necessarily locally admissible, that is,
ﬁ;s) C :egf) for all S. For any set of forbidden patterns ¥ C ,A»JGr and integer n, we define
the global complexity of X¢ as

() : ()
Gy’ = min |9,
s
and the local complexity as

(n) ()
Ly’ = min |£7].
T s

The global growth of X« is given by
a(F) = lim (G,
n—oo
and the local growth is
&F) = lim (LP)V".
n—>00

Let us justify that the local and the global growth are well defined.
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Lemma 1. Forany ¥ C Ag, the quantities o (¥) and &(¥) are well defined. Moreover,
foralln > 0,
G = a(F) and LEH" = &(F),

Proof. Let i, ] € N and consider S; € ( ) and S; € ( ') such that GS,’T) = |§(S’)| and
G(] ) |‘§( ’7|. We can assume that S; N S; = @ since these two sets are finite and for
all S the value of ﬁ(s) is invariant by translation of S. We have

(S;US;) S; (S
1951 < 19571 - 195" = G - G

which implies
G(i+j) < G(i) -G(j).

The sequence (G ") )n>0 is submultiplicative. Our result is then a direct consequence of
Fekete’s lemma. The same argument holds for (L 7 )n>0 ]

For any subshift X, we let the growth of the subshift X be «(X) = a(Xg) for any ¥
such that X = X . By definition, the global complexity does not depend on the choice
of ¥ . On the other hand, by definition, the local complexity depends on the choice of ¥
(and given a subshift X, the ¥ such that X = X is not necessarily unique). However, in
the next section, we show that if G is amenable, for any set ¥, the two associated growths
are identical, that is, «(¥) = @(F). Thus, for any subshift X, we can choose the most
convenient ¥ such that X = Xg and compute «(X) = «(F) = &(F). We will provide
in Section 4 a way to lower bound &(¥') under some conditions on ¥ .

2.1. Amenable groups and topological entropy

We say that a sequence (F,);eN is a symmetric Fglner sequence of G if
(1) forall i, F; is a finite subset of G,
2) forall g € G, limj—so0 % =0,
(3) foralli, F; = F/ 1.

Remember that a countable group is amenable if and only if it admits a symmetric Fglner
sequence. Conditions (1) and (2) define a Fglner sequence, and the existence of a Fglner
sequence is equivalent to G being amenable. The fact that this is still equivalent when
adding condition (3) is proven in [13, Corollary 5.3], and it will be more convenient for
us. One easily deduces from conditions (2) and (3) that for all finite set S,

. |(S- F)AF| . |(Fi - S)AF|
lim —— =0= lim ——
i—00 | Fi| i—00 | Fi|
If G is a countable amenable group, and (S,)n>0 is a Fglner sequence, then the
so-called topological entropy of X is given by
log §{5»)
h(Xg) = lim 8%
n—>o00

|Snl
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As a direct consequence of the definition, for any subshift X #,
h(Xg) = loga(XF).

This lower bound is sufficient for our applications, since we only provide lower bounds
on «(XF) from which we deduce lower bounds #(X#). Let us, however, recall that the
equality holds between these quantities, that is,

h(X5) = loga(XF).
This can be deduced from [6, Proposition 3.3] and from the fact that

Xr) = inf g 1/IS]
Ol( F) SQGI,I}? ﬁnile| F |
which is itself a consequence of Fekete’s lemma applied to the submultiplicativity of
(n)
(G# =0

2.2. A combinatorial version of Shearer’s inequality

We provide here a combinatorial version of Shearer’s inequality. This lemma will be cru-
cial in proving that the local growth and the global growth are equal over an amenable
countable group. This is heavily inspired by [6].

Given a set S and a collection of subsets Si,...,S, C S, we say that S1,...,S,
is an r-cover of § if for all s € S, s appears in at least r of the subsets, that is,
Vse S, |{i e{l,...,n}:s €S;}| >r (some of the S; could be pairwise identical in
which case they are counted with their multiplicity).

Theorem 2. Let C C AS be a set of colorings of a finite set S by a finite alphabet A. Let
S1,...,8: be an r-cover of S, then
) l/r

t

el = (TTlels

i=1

The proof is a direct application of Shearer’s inequality for entropy. Remember that

the entropy of a discrete random variable X taking value over a set X and is distributed
according to p : X — [0, 1] is given by

HIX] == p(x)log p(x).

xeX

Theorem 3 (Shearer’s inequality). If Xy, ..., Xg are random variables and S, ..., Sy is
anr-cover of {1,2,...,d}, then

1 n
HI(X1,.. X)) = ~ > HIX)jes,)-
i=1
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The following fact is a direct consequence of Jensen’s inequality.

Fact 4. Let X be a discrete random variable taking value over a set X distributed
according to p : X — [0, 1], then

H[X] < log|X|
with equality if the distribution is uniform.

We are now ready to prove our combinatorial version of Shearer’s inequality.

Proof of Theorem 2. Let C be a random variable taking value over C uniformly at ran-
dom. For all o € §, let X, be the random variable such that X, = C(o). Shearer’s
inequality implies

HICI= Y HKooes ]

i=1

Since for all i, (X4 )ses; takes value over C|s;, we can apply Fact 4 to deduce

H[(Xo)oes;] < log|Cls,

By Fact 4, we also have log|C| = H|[C]. These three equations imply

1 t
log|C| < ;ZloglCls,»

i=1

)

which, by removing the log, implies the desired inequality. ]

3. Growth of locally admissible and globally admissible patterns
in amenable groups

This section is devoted to the proof of the following “folklore” result.

Theorem 5. For any countable amenable group G and ¥ AZ, we have

For this proof, we use a notion of ¢-extendable pattern. Let (g;);>~o be any enumer-
ation of G, that is, the g; are pairwise distinct and G = {g; : i > 0}. For all i > 0, we
let G; = {g1,&2,--.,&i}- For any integer t > 0, we say that a locally admissible pattern
pE cf(;) is t-extendable if there exists a pattern p’ € igus'G’)
other words, p is ¢-extendable if whenever we add supp(p) - G, to the support of p, we
can extend p into a larger locally admissible pattern with this new support. For any inte-
gert > 0 and finite set S C G, we let £ ,(S) be the set of patterns with support S that are
t-extendable.

such that p’|s = p. In
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This notion of z-extendability has two interesting properties for us. First, by compact-
ness, if a pattern is #-extendable for all ¢, then it is globally admissible which will be useful
to relate the growth of 7-extendable patterns to the growth of globally admissible patterns.
Second, 7-extendability is “preserved by translation”, as illustrated by the following claim,
which will be useful to relate the growth of 7-extendable patterns to the growth of locally
admissible patterns.

Fact 6. Forall S C G, g € G, and ¢ > 0, we have the following equality:

S S
ES| = |EES).

Proof. Fix t > 0. It is enough to prove |E,(S)| < |Et(g's)| forall S € G and g € G. The

other direction is a direct consequence of the same inequality applied to g - S and g~ 1.
Consider a f-extendable coloring ¢ € E Z(S) that can be extended to a locally admissible

coloring ¢’ of SUS -G;. Letd : g-S —> Aandd’ : (g-S)U(g-S-G,;) — A bethe

colorings such that:

o forallx € g-S,d(x)=c(g 'x),

o forallx € (g-S)U(g-S-Gy),d (x)=c'(g7'x).

For all x € g - S, we have by construction d’(x) = ¢’(g7'x) = c¢(g7'x) = d(x), that
is, d = d’'|g.s. For the sake of contradiction, suppose that d’ is not locally admissible.
Then there exists a forbidden pattern p that appears in d’. That is, there exists f € G
such that f - supp(p) C (g-S)U (g-S - G,) and for all x € supp(p), d'(fx) = p(x).
This implies that g~ f - supp(p) € S U (S - G;) and for all x € supp(p), ¢’(g”! fx) =
d’'(fx) = p(x). That is, ¢’ contains an occurrence of the forbidden pattern p which is a
contradiction. Hence, d is a t-extendable coloring of g - S, thatis,d € E t(g'S). Moreover,
each coloring c € E t(s) corresponds to a different d € £ ,(g ") which implies

|ES)| < |EED)
as desired. n

We are now ready to prove the main lemma behind Theorem 5.

Lemma 7. For any finite set S € G andt € N,
ES| = @),

Proof. We first prove that an asymptotic version of this statement holds when we
replace S by limits over a symmetric Fglner sequence. We will then use the combinatorial
version of Shearer’s lemma to extend the result to any set S.

Since G is a countable amenable group, it admits a symmetric Fglner sequence
(Fi)i>o- By definition, for any i, the restriction to F; of a locally admissible colorings
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of F; U (F; - G;) yields a t-extendable coloring of F;. Moreover, any ¢-extendable color-
ing of F; can be extended in at most ||/ (Fi"CO\Fil different locally admissible colorings
of F; U (F; - Gy). We get

| (FiU(Fi-G)))| | Fi)|

|E(Fi)| - -~
4 T |A|EGONEL = | A|I(F-GOAF]

Since G; is a finite set and (F;);>o is a symmetric Fglner sequence, for all 7 > 0,

. |(Fi - Gy)AF|
lim — = 0
ioo  |F|
This implies
Tlim [ESD VI > Jim |2 PO VIET = G(5). 3.1)
1—>00 1—>00

We are now ready to prove our lemma by contradiction. For the sake of contradiction,
suppose that there exists # > 0, S € G, and ¢ > 0 such that

IES| < ((1 = o)@(F))s!. (32)

Let ¢’ be such that S™! - S - ({16} U G;) € Gy (the set on the left-hand part is finite, so
there exists such a t'). Let (Xg)gep,s-1 be the family such that for all g € F,S71,

Xe=(g-S)NF,.

The family (Xg),ef,s-1 is an r-cover of F,, with r = [S|. Indeed, for f* € Fj, the con-
dition f € g - S is equivalentto g € f - S~! which is fulfilled by exactly |S | elements of
F,S~!. Theorem 2 implies

|ES) s( I1

) 1/18|
|E;" ngl) . (3.3)
geF,S—1

Letc € E t(/F " and g € F,S™!. By definition, ¢ is a locally admissible coloring of F},
that can be extended to a locally admissible coloring of F,, U F;, G4 . The restriction ¢| X, is
also a restriction of the same locally admissible coloring of F,, U F,,G . Since g € F,, S -1

FuGy 2 F,S7'-S-({1g}UG) 2g-S- ({1} UG,) = gS UgSG,.

So ¢|x, can be extended to a locally admissible coloring of gS U gSG;. In other words,
everyc € E t(,F n) lx, can be extended to a coloring of ¢S that can itself be extended into a
coloring of gS U gSG;. Hence,

Fn -S S ~ (g
E0™ x| < |EFD| = 1E7] < (1 - oa(5),
where the two last inequalities are, respectively, consequences of Fact 6 and of equa-
tion (3.2). Plugging this inequality in (3.3), we obtain

!

1/18]
£ < (T @=0a@)®) < @-aa@)tL G

geF,S1
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If (1 —¢)a(F) < 1, then |EZ(,F")| = 0 which implies &(F) = 0 and concludes the proof.
We can assume in the following that (1 — &)@ (F) > 1. Moreover, since (F,)pen is a
Fglner sequence,

|Fn'S_1| |(Fn'S_1)AFn| —

lim —— <1 lim
n—00 |Fn| - +n—>oo |Fn|

1.

Fix some 0 < ¢’ < ¢, then 11%“: > 1, and there exists ¢’ > 0 such that 62(3‘7)8” < II_T‘Z
Moreover, for n large enough, | F,, S™!| < | F,|(1 + &"). Together with equation (3.4), this

implies that, for n large enough,

|ES VB < (1= 9)@(5)) 1) < &(F)((1 — 9@(F)*) < @(F)(1 —¢).

That is,
lim [ES|VIE] < G(F)(1—¢) < &(F)
n—>o00
which contradicts (3.1) and finishes our proof. [

We are now ready to prove our theorem.

Proof of Theorem 5. For all ¢, any globally admissible pattern is z-extendable and any
(t + 1)-extendable pattern is ¢-extendable, thus for all S C G,

(8) (8) (8) (8) (8)
gﬁ EEE,_HEEt ggEl gxfp (35)

Moreover, by compactness ﬁj(,s) =0 E ,(S) . Since all the £ fs) are finite, it implies that
for all S € G, there exists tg such that

S) _ _ ® ($) ($)
337 _..._Ets c---CE, g;ﬁf .
From Lemma 7, for all S, |§j(¢s)| = |Et(f)| > &(?)‘S|. Hence, for all n,
G(") > S (F )"
F = (X(f’ ) )
which finally implies
TN — 1; (m)\1/n ~ =
a(F) = lim (G5) """ = a(¥F)
n—oo
as desired. ]
The amenability condition in Theorem 5 is necessary. Indeed, we prove in Theo-
rem 8 that for every countable non-amenable group there exists a set of forbidden patterns
such that @(F) > a(¥). This gives an alternative characterization of amenable countable
groups: a countable group is amenable if and only if for any set of forbidden patterns ¥,
we have a(¥) = &(F). The lower bounds on &(¥) that we provide in the remainder of

this article are still meaningful for non-amenable group since, by compactness, &(F) > 1
implies a(F) > 1.
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Theorem 8. Let G be a countable non-amenable group. Then there exists a set of
forbidden patterns ¥ such that
a(F) > a(F).

Proof. The negation of the existence of a Fglner sequence of G implies that there exists a

finite subset S of G and ¢ > 0 such that for all F, there exists s € S, % > g, which

implies [(sF) \ F| > $|F|.Let S’ = S U {1} where 1 is the neutral element of (G, -),
then for all F,
3
I(S"F)\F|=|S'F\F|>§|F|-

Since S’ is finite, we have for all F,

, €
|{feF.S-ng}|>m|F|. (3.6)

We are now ready to construct our set of forbidden patterns. Consider the alphabet
A = {0, 1} and the set of forbidden patterns

F={peaS:plg) =0}

The only configuration in the shift X# is the constant configuration where every ele-
ment receives 1. Thus, «(F) = 1. On the other hand, for every finite subset F C G, let
B:={f e€F:8-f CF}. Any coloring ¢ of F such that for all x € B, c(x) = 1
are locally admissible, so there are at least 2!F ~8! > 2IFle/QIS D locally admissible col-
oring of F (where the inequality is a direct consequence of equation (3.6)). This implies
LY > 2¢/CIS'D that is,

a(F) > 26/QIS') 5 1 = a(F),

as desired. [

4. Lower bound on the growth rate in the general case

Now that we have shown that the local growth is identical to the global growth, we can
provide our main result to lower bound the local growth.

Lemma9. Let ¥ C Ag and B be a positive real number such that

A= Y 1f18 7V = B. .1

feF

Then for all finite sets S € G ands € G \ S,

S S
2526V = g1,
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Proof. We proceed by induction on S. Let S be such that for all X € S and for all
xeS\X,
XU X
£V = pled).

For all R € §, we can use our hypothesis inductively, and we obtain

(S
2wy < 2]

BIRT 4.2)

An extension of a pattern p € 56(3,) 1s apattern p’ € A5V} such that p’|s = p. The num-
ber of extensions of p is |A| - |éli | Let B be the set of extensions that are not locally
admissible, then

25700 = AL 1257 - |BI. “3)

For all f € ¥, let By be the set of extensions p such that f appears in p. Then
B =Uyses Br and

|B] < > |Byl. (4.4)
feF

Forany f € ¥ and any p € By, the pattern f appears in p. For any g € G, we let By,

be the set of extensions such that f appears at position g.
Fixg € Gandlet T = {gx : x € supp(f)}. Since p|s € é(i(S), we know that s € T'. If
f occurs at position g in a pattern p, then p|7 is uniquely determined by f and g. More-
over, forall p € By, we have p|(sugsp\7 € ig-su(s))\ﬂ, hence | By, | < |§CS{§SU{S})\T)|.

By equation (4.2),
s s
K3 ( )| |<f( )|

1Brel < g = gt

There are at most |T'| = | f| possible values of g such that s € 7. It implies that
25|
BlfI=1

We can finally use this together with equations (4.3) and (4.4) to obtain

£ = 1201 Y 18712 1221141 - 118

feF feF

1Brl < | fl o= (4.5)

We can finally apply our theorem hypothesis (4.1) to deduce |,§£(;U(S})| > ,3|$5{?)| as
desired. ]

We showed that adding an element to the support multiplies the number of locally
admissible patterns by 8. Moreover, the empty pattern is always locally admissible, so we
deduce the following corollary.
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Corollary 10. Let ¥ Ag and B be a positive real number such that

AL = Y1187V = B.
feF
Then for all finite sets S € G,
LS = g

In particular, the previous corollary implies that, for any finite support, there exists at
least one locally admissible configuration. The usual compactness argument immediately
implies the following corollary.

Corollary 11. Let G be a countable group, ¥ < :APGL, and B be a positive real number
such that
Al = D118 = B,
feF
Then
Xg # 0.

If, instead of a simple compactness argument, we apply Theorem 5, we obtain a lower
bound on the global complexity of the subshift. Recall that the entropy of any subshift X
over a countable amenable group G is given by (X)) = logx(X).

Theorem 12. Let G be a countable amenable group, ¥ < Ag, and B be a positive real
number such that
A= Y1187 = 8.
feF
Then
a(Xg) = f and h(Xg) =logp.

Proof. Corollary 10 implies that L(}.”) > B" foralln > 0. Hence, &(¥) > 8 and Theorem 5
implies a(¥) > B. |

5. Applications

It is hard to compare our conditions to the conditions given in [1, 3]. It seems that in the
most general context, none of them is weaker than the other one. However, in applications,
our condition seems to be more general and is easier to optimize. In particular, we obtain
better bounds on all of their applications. Lemma 2.2 of [1] is asymmetric in the sense
that they associate a different value x(g) to each vertex. It does not seem to be helpful
because of the symmetries of groups. Although it seems possible to prove an asymmetric
version of Theorem 12 where a different value 8(v) is associated to each vertex v, it is not
necessary for our applications.
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5.1. Strongly aperiodic shift

A configuration X € A€ has period g, if for all x € G, X(x) = X(gx). A configuration
is strongly aperiodic if its only period is 1 and a subshift is strongly aperiodic if all of
its configurations are strongly aperiodic. We refer the reader to [1] for more context about
strongly aperiodic shifts.

Let G be an infinite countable group and let (s;); >0 be an enumeration of the elements
of G such that s = 1. Let (7;);>1 be a sequence of finite subsets of G such that for every
i>1,T;N{si-x:xeT;} =0and |T;| = C -i, where C is a constant to be defined
later. We can always find such a sequence, since G is infinite. For all i > 1, we let &; be
the set of patterns of support 7; U {s; - x : x € T;} such that for all f € #;,andall ¢ € T;,
f(t) = f(s; - t). Finally, we let # = | ;- &;.

A configuration x : G — A that avoids &P is strongly aperiodic. Indeed, if x has
period p, then x contains an occurrence of at least a pattern from J; with i such that
s; = p which contradicts the definition of x. In [, Theorem 2.4], they deduce from their
criterion that if C > 17, then X is non-empty. It implies the existence of a strongly
aperiodic subshift over any countable group.

It is easy to see that forall i > 1, |#;| <2€% and forall f € #;,|f| = 2Ci.If we can
find B such that

2-%2Ci-2¢0. g = B, (5.1)

i>1
then we can apply Theorem 12. If 8 > +/2, it is equivalent to

21+Cﬂ1+2CC
2_

(ﬂZC —2C )2 = '3
which holds for C = 11 and B = 1.9. A more careful analysis implies that there exists
such a B for all C > 11. In fact, we can show the following stronger result.

Theorem 13. Let G be a countable group, ¥ < A"G', and B be a positive real number
such that
A= Y [ £18V > B.
feF
Then there exists a strongly aperiodic subshift X avoiding . Moreover, if G is amenable,
we have a strongly aperiodic subshift X avoiding ¥ and such that

a(X) = B.

The condition is similar to the condition given in Theorem 12, the main difference
being that we require a strict inequality. It means that if we remove some small enough
quantity to the left-hand side of the inequality, the inequality still holds.

We defined the set & of patterns in such a way that any configuration that avoids & is
strongly aperiodic. So we only need to forbid ¥ U . In particular, if we add J to the set
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of forbidden patterns and if 8 > +/2, we can choose C large enough such that the inequal-
ity remains strict and in this case, this theorem is a direct corollary of Theorem 12. The
case B < /2 is slightly more complicated, but it is a direct consequence of the following
lemma.

Lemma 14. Let ¥ C d“)g and B > 1 be a real number such that

A = D I fIBVT > B, (5.2)

feF
If C is large enough, then for all finite set S € G ands € G \ S,

SuU S
P55 = BIEF .
The proof is almost identical to the proof of Lemma 9, except that we also need to
forbid J and we use an extra trick to forbid & “more efficiently”. For any set S € G and
geG,weletg-S={g-s:s5€S}

Proof. We proceed by induction on S. Let S be such that for all X € S and for all
xeG\X,

XU X
|2 EED| > 12D ).

For any R C S, we can use our hypothesis inductively, and we obtain

S\, _ £
uP
(E5upl = g (5.3)
An extension of a pattern p € 13(;3)? is a pattern p’ € ASY}, such that p’|s = p. The
number of extensions of p is |A| - |$(j¢SL)J p|- Let B be the set of extensions that are not
locally admissible, then
SU s
L5550 = AL 1£5) 51— B, (54)

For all f € ¥, let By be the set of extension p such that f appearsin p. Foralli > 1,
let B] be the set of extensions p such that there exists f € # and f appears in p. Then

B =Ufser Br UlU;»; B and
|Bl < Y |Bsl+ ) |Bjl. (5.5)
feF i>1
With the exact same argument as in Lemma 9, we can show that for all f € ¥,
L5700

FUP
|Bf| =< |f| 13|f‘_1 .

For all ¢ € B], there exists ¢ € G such that forall t € T;, c(g - t) = c(g - s; - t) and
seg-Tiorseg-s;-T;.If s € g-T; (resp., g - s; - T;), then c is uniquely determined
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by g and c|g.5;.1; (resp., ¢|s,.1;) Which belongs to igﬁg}\(g'si'm) (resp., ,fﬂ(;gg}\(si'm)).

Since there are 2 - |T;| = 2i C possible choices for g, we can use equation (5.3) to obtain
(8) ($)
L% p |£
’ . UF FUP
|BI|SZZCW ZCﬁlC 1

We can use the two previous bounds together with equations (5.4) and (5.5) to obtain

S S
| £PoRV] = Al 252,51 — Y [Br| = Y IB]]

feF i>1
() 111 2iC
> 128 | (|A| IIED B
feF i>1
. iC 28C+1C . 28C+1C 28C+1C
Since B > 1, ;- # = (ﬁﬁc—_l)z and limc o0 (ﬁﬂc—_l)z = 0, so we can make (ﬁﬁc—_l)z

arbitrarily small by choosing C large enough (C only depends on |A|, ¥, and f). Together
with hypothesis (5.2), this implies that there exists C such that |A| — rex|f] g1/l —

Zl>1 ﬁz,’ccl > f. Using this in the previous equation yields

(SUs) )
[ Lyop | = 1L50plP

as desired. [

Applying Theorem 13 to ¥ = @ yields the following corollary.

Corollary 15. For all infinite countable amenable group G and all € > 0, there exists a
subshift X € {0,1}Y9 such that X is strongly aperiodic and a(X) > 2 — ¢ (or equivalently
h(X) = log(2 —¢)).

This result is optimal, in the sense that we cannot find such an X with a(X) = 2.
Indeed, for any subshift X C {0, I}G, if ¢(X) = 2, then X is the full shift, that is,
= {0, 1}€ and X is not strongly aperiodic.

5.2. Nonrepetitive subshift

For any graph G = (V, E) and coloring ¢ : V — A of the vertices of G with the color
set A, we say that a path p = vyv; - - Vo, is repetitively colored if c(v;) = c¢(v,+;) for
alli € {1,...,n}. If there is no such repetitively colored path, then we say that c is a non-
repetitive coloring of G. In [1], they show that for any group G generated by a finite set S,
the undirected right Cayley graph can be nonrepetitively colored with 21°|S|? colors. A
direct application of Theorem 12 yields a better bound on the number of colors required.

Lemma 16. For any countable group G generated by a finite set S, the undirected right
Cayley graph can be nonrepetitively colored with 4|S | + 16|S|°/3 colors. Moreover; if G
is amenable and X is the subshift of nonrepetitive colorings of G, then

a(X) > 4[S|? + 128°/3.



M. Rosenfeld 16

Proof. Let 4 be an alphabet of size 4|S|? 4+ 16|S|°/3. We let F be the set of repetitively
colored paths starting from 1. The number of paths starting from 1g with 2n vertices
is at most (2]S])2"~!. For each support, the number of corresponding forbidden patterns
is |4|", since the colors of the first half of the path impose the colors of the second half.
Thus, for every n, there are (2|S|)?"~!|#|" forbidden patterns of size 2n. We only need
to find B such that

218 2n—1An
A= o2 P

holds, and we can apply Theorem 12 to conclude. In particular, with B = 4|S|*> +
12|S|°/3, using the fact that || > 1

QISP A" _ 25 < (QISDAIY’
R R PR G

n>1

n>1 n>1
1+4|5|713 \"
> 4/S| Zn(ﬁ
e (14 3|S|71/3)
—-1/3)2 -1/3
IS|7232+9Is|71/3)2
which concludes our proof. ]

In fact, it is known that for any graph of degree at most A, the A% + 2%/3 AS/3 4
O(A*/3) color suffices to obtain a nonrepetitive coloring [22]. Since our Cayley graph has
maximum degree at most 2|S |, it implies a slightly better bound than the one in Lemma 16.
The best bound is obtained by the same counting argument that we used in Lemma 9, with

one more extra trick specific to nonrepetitive colorings.

5.3. Some sets of sizes of forbidden patterns that imply non-empty subshift

With his conditions, Miller showed among other things that over G = Z if there is in
at most one connected pattern of each size in {5, 6,7, ...} and no other pattern, then X ¢
is non-empty [12, Corollary 2.2]. We will improve this result in Theorem 22 by pro-
viding a positive lower bound on the entropy of the subshifts instead of simply stating
non-emptiness. Here, we provide a generalized version of these results that hold for any
countable group.

Theorem 17. Let G be a countable group. Assume that ¥ C Ag is a set of patterns that
contains at most one pattern of each size and let L = {|p|: p € F}. If
(1) |A| =2and L € {10,11, 12, ...}, then Xg is non-empty and if moreover G
is amenable, then h(Xg) > log oy, where oy ~ 1.94 is the largest root of the
polynomial x'' — 4x10 + 5x° —2x% + 10x — 9,
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2) |A| =3 and L € {4,5,6,...}, then Xg is non-empty and if moreover G is
amenable, then h(X¢) > log oy, where oy ~ 2.51 is the largest root of x> —
5x4 4+ 7x3 —3x2 +4x -3,

(3) |A| =4 and L € {3,4,5,...}, then Xg is non-empty and if moreover G is
amenable, then h(X#) > log o, where ay ~ 3.65 is the largest root of x3 —
4x% + x + 1,

@) |A|l =5and L € {2,3,4,...}, then Xg is non-empty and if moreover G is
amenable, then h(X ) > log %ﬁ ~ log 4.30,

(5) |A| =6and L € {1,2,3,...}, then Xg is non-empty and if moreover G is

amenable, then h(X ) > log %ﬁ ~ log 4.30.

Proof. For each of these cases, we apply directly Theorem 12. For instance, for case (1),
we only need to verify that 2 — Ziz 10 aé_i > wp. Since ¢ > 1, it is equivalent to

10y — 9 -
adlag—1)2 =0

which is equivalent to 0 > ad' — 40}® + 5S¢y — 28 + 1029 — 9 which holds by
hypothesis.
The other cases are all similar. [

5.4. Nonapplicability to subshifts of subexponential complexity

Let
]R>0 — R

& x> x4+ Z|f|x1_|f|.

feF

If ¥ contains at least one pattern of size at least 2, then there exists some & > 0 such that g
is decreasing over 0, 1 + €] (since the derivative g’ is < 0 over |0, 1]). Hence, if there exists
a B solution of (4.1), then there exists a 8 > 1 solution of (4.1). Thus, whenever we can
apply Theorem 12, it implies that the complexity is exponential (equivalently the subshift
has positive entropy). Similarly, Theorem 12 is useless for subshifts of subexponential
complexity (or equivalently, for subshifts of entropy 0).

6. Connected support over Z

Over Z, we say that a pattern p is connected if its support is connected, that is, there exist
integers i < j such that supp(p) = {i,i + 1,i +2,...,j — 1, j}. In this context, con-
nected patterns are usually called words or factors, but we use “pattern” for consistency
with the rest of the article. If the set of forbidden patterns is a set of connected patterns,
then we have a slightly stronger version of Lemma 9.
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Lemma 18. Let ¥ C ‘A’—Z'— be a set of connected patterns and B be a positive real number

such that
A=Y gV =B,
feF

Then for all integersi < j ands € {i —1,j + 1},

Proof. The proof is almost identical to the proof of Lemma 9, so we only explain how to
adapt it. The main difference is when we bound the size of By . In this case, we know that f
contains s, but since s is the left end (or the right end) of {i,i + 1,..., j} U {s}, there is
only one possible position for the occurrence of f. Moreover, since f is connected, so is
{i,i +1,...,j}U{s}\ supp(f). Then equation (4.5) becomes

()
|£5"]
1Byl < BT
The rest of the proof is identical and leads to the desired result. [

We could use a similar idea in higher dimensions, but the gain is much smaller. The
idea is that the induction can be done over the sets S such that Z¢ \ S is connected, so
whenever we add an element to S we now have some restrictions on where a forbidden
pattern can appear. For instance, in dimension 2 if all the forbidden patterns are rectangles,
then the condition on 8 becomes

A — > max(height(f). width(f))8' ! > 8.

feF

Using Theorem 5, we obtain the following simple corollary of Lemma 18.

Corollary 19. Let ¥ C A'Z" be a set of connected patterns and B be a positive real number
such that

A= > BV =, 6.1)

feF
Then a(XfF) > B and h(X¢) > log B.

Since the conditions given in [14] are more general than the ones given in Lemma 18,
we could also deduce a more general version of Corollary 19. Let us also mention that the
result of Miller has identical conditions, but the conclusion only implies the non-emptiness
of the subshift [12]. The ideas behind our proof and the proof from [12, 15] share some
similarities, which explains the similarities of the conditions. The main difference lies in
the fact that they consider the number of possible extensions of a word instead of looking
at the suffixes of the words (intuitively, they look ahead at what could go wrong when one
tries to extend the word further, while we look at the past to see what could have gone
wrong when building the current word).
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7. Applications of Corollary 19

7.1. Comparison with [15, Theorem 4.1]

In [15], Pavlov gave a similar but weaker result that can be restated as follows (by making
the replacement ¢ = 87! in his result).

Theorem ([15, Theorem 4.1]). Let ¥ C Az be a set of connected patterns and B be a
positive real number and k > 1 and integer such that

A= > BTV Bk —1. (7.1)

feF

Then h(Xg) > logk.

In order to apply Corollary 19 optimally, one needs to find the largest 8 such that (6.1)
holds. Optimal use of Pavlov’s result implies finding the largest integer k& such that there
exists B such that equation (7.1) holds. The first is usually slightly easier to optimize than
the second.

More importantly, his result implies strictly weaker bounds than what can be achieved
by Corollary 19. We say that a set ¥ C A% is non-trivial if it contains at least one pattern
of support of size at least 2. If ¥ is trivial, then the entropy of Xg is log(|4A| — |F ),
but in every other case, Corollary 19 always provides a strictly larger lower bound on the
topological entropy than [15, Theorem 4.1].

Lemma 20. For any non-trivial set of connected patterns ¥, if (k, B) is a solution of
equation (7.1), then there exists B’ > k, that is, solution of equation (6.1).

Proof. Letg :x+— x + Zfef x =171, The pair (k, B) is solution of equation (7.1) if and
only if |A| > g(B) + k — 1 and B’ is solution of equation (6.1) if and only if |A| > g(8’).
Since ¥ is non-trivial, one easily verifies that g is decreasing over |0, 1] (because the
derivative g’(x) < 1 — x~2 over ]0, 1]). Hence, if (k, B) is solution of || > g(B) +k — 1,
there exists B > 1 such that |4A| > g(8”) + k — 1.
Forall x,y > 1,

gt =x+y+ )+ M <xty+ Y V=g + .
feF fe¥

Applying this to |A| > g(B”) + k — 1 implies |A| > g(B8” + k — 1). Since this last
inequality is strict and g is continuous, there exists ¢ > 0 such that 4| > g(8” + k —
1+e¢)Letp =" +k—1+4¢>k+ ¢, then, by the previous equation, 8’ is a solution
of (6.1) as desired. [ ]

Whenever [15, Theorem 4.1] can be used to provide a lower bound on the entropy
of a shift, Corollary 19 provides a strictly larger lower bound (and experimentally the
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gain is often not negligible). Since [15, Theorem 4.1] is used multiple times in [15], we
could improve the conditions of a few other results of [15] by simply using our condition.
We give one example with [15, Theorem 7.1]. For any set of forbidden pattern ¥, let

Fn={feF |fl=n}
Theorem ([15, Theorem 7.1]). Assume ¥ C Az is a set of connected patterns. If

Zn21|Fn|(—|il)n < %, then
3| A|

A simple application of Corollary 19 improves this Theorem considerably.

Theorem 21. Let ¥ C A+ be a set of connected patterns.
D) o1 | Fal ()" < 3 then h(X ) = log(H42)).
@) Iy |Fal (%.)n L, then h(Xz) > log(22).
B3) If o1 Fal ()" < % then h(Xg) > log(2).

Proof. We apply Corollary 19. We only detail the computations of the first case since the
remaining two cases are similar.
For (1), we use § = 14"’"'

2= p 'ﬁluz'f”(w)n_l M'Z' (w) <5

feF n>1 n>1

and use the fact that since ,6 ﬁ,

We have |A| — Zf 7B 171 = B, so we can apply Corollary 19.
For (2), we use f = 5|6 |
For (3), we use f = 3':‘". [

Statements (1) and (2) have stronger conclusions and statements (2) and (3) have
weaker conditions than [15, Theorem 7.1].

7.2. Improving the conclusions of [12]

As already stated, Miller showed that under the conditions of Corollary 19, the subshift is
non-empty [12]. He then gave a few applications. We can apply Corollary 19 to each of
these results to obtain a lower bound on the entropy of the subshift.

Theorem 22. Assume that ¥ C :Aa% is a set of connected patterns that contains at most
one pattern of each length and let L = {|p|: p € ¥F}. If
1) |A| =2and L €{5,6,7,...}, then h(X#) > loga;, where o1 =~ 1.755 is the
largest root of x3 — 2x% + x — 1,

(2) |Al = 2and L € {4,6,8,.. .}, then h(X5) > log 1555 ~ log 1.618,
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(3) |A| =3and L C{2,3,4,...}, then h(Xz) > log2,
4) |A| =4and L €{1,2,3,...}, then h(X¢) > log2.

The proof is a direct application of Corollary 19. The result from [12] only implied
the non-emptiness of these subshifts with no lower bound on the entropy other than
h(Xg) > 0.

7.3. Kolmogorov complexity

Roughly speaking, the Kolmogorov complexity C(x) of a string x is the size of the short-
est program that outputs this string. We will not provide a presentation of Kolmogorov
complexity, and we redirect the reader to the literature [11, 19]. The only fact that we
will use is that for any integer n, there are less than 2" strings x such that C(x) < n
(see [19, Theorem 5] for instance, although it is a direct consequence of the fact that there
are less than 2" programs of length less than n).

In [12], Miller obtained a new simpler proof of the following result due to Durand
etal. [7].

Theorem ([7,12]). Letd < 1. There is an X € {0, 1% such that if € {0, 1}'2" appears
in X, then K(t) > d|t| — O(1).

Once again, instead of simply obtaining the existence of X, we can show that there
exists a subshift X with this property that has entropy arbitrarily close to the entropy of
the full shift.

Theorem 23. Letd < 1 and B such that 2¢ < B < 2. Then there exists a constant C > 0
and a subshift X € {0, 1}Z such that h(X) > log(B) and for all connected pattern T that
appears in X, K(t) > d|t| - C.

Proof. WeletC =1+d + log(m). We let ¥ be the set of connected patterns f
such that K(f) <d|f|— C. Then for all n,

f e Filfl=n) <2MHdn=C.

It implies
9 _ Z ﬂl—lf\ > Zzl+dn—C/31—n —2_ 21_C+d/3 =B.
feF N i>1 p—2
We apply Corollary 19 to deduce that #1(X¢) > log 8 which concludes our proof. |

This result is optimal in the sense that the only subshift X with 4(X) = log?2 is the
full shift, so we cannot hope to do better than having /(X)) arbitrarily close to log 2.
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It is also optimal in the sense that there is no constant C such that we can avoid all the
connected patterns t such that K(z) < |t| — C.! Indeed, suppose that there is at least one
pattern u avoided, then we find an encoding K’ o‘f‘ the remaining patterns such that for all v

avoiding u, K(v) = K’(v) = log (9((2'”‘ - 1)W) = o(|v]). This result is generalizable
to any countable group instead of Z by applying Theorem 12 instead of Corollary 19.
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