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Abstract. We consider subshifts of the full shift of bi-infinite sequences with alphabet
{0, 1,...,n — 1} defined by not allowing the sum of finite words to exceed a value
depending on its length. These shifts we call bounded density shifts. We study these
shifts in detail and make a comparison on the similarities to but also differences from the
well-known S-shifts.

1. Introduction
A subshift is a closed, invariant subset of A%, where A is a finite alphabet. By giving
each element of A a different weight from O to n — 1 (where |A| = n), we can construct
a subshift by requiring each subword of each element of the shift to have a maximum
density dependent on its length. In this paper we provide a study of subshifts defined by
this property. For simplicity, we assume that the alphabet is {0, 1, ..., n — 1} instead of
having a bijective map between A and {0, 1, ..., n — 1}. Each function f : Ny — [0, 00)
generates a bounded density shift W s, where f(p) is the bound on the density of subwords
of length p. Although these functions are fairly arbitrary, each bounded density shift
has a canonical function which takes the minimum value possible for each point of the
domain. The set of all canonical functions can be described as the set of all weakly
increasing, sub-additive functions mapping to integers with 0 mapping to O (Theorem 2.9).
Each shift contains a characteristic sequence which is maximal in Wy with respect to
the order < defined by xjxp ... <yiy2...if > x; <> ", y; for all m € N. The
maximal sequences can be characterized in the same way as B-shifts but for a different
order (Theorems 2.10, 1.12). Each canonical function determines a characteristic sequence
and vice versa. It turns out that the set of characteristic sequences for transitive bounded
density shifts is a proper subset of the set of maximal sequences of S-shifts. Additionally,
Fekete’s lemma may be used to prove that lim,,_, », f(n)/n exists. We call this the limiting
gradient.

Similar to B-shifts, every transitive bounded density shift is mixing. There are also
characterizations for various subclasses of shifts. The following theorems summarize the
main results in this paper.
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THEOREM 1.1. Let Wy be a non-trivial bounded density shift and let f be canonical. The
following are equivalent.

(1) Wy has a dense set of periodic points.

(2)  There exists a non-trivial periodic point in W .

(3)  f is bounded below by a strictly increasing linear function.

(4)  The limiting gradient is positive.

(5) Wy iscoded.

THEOREM 1.2. Let Wy be a bounded density shift and let f be canonical. The following
are equivalent.

(1) Wy is of finite type.

(2)  f is a maximally extended canonical function.

(3) min{f(m)/m : m € N} exists.

@ @peN)(VmeN)f(mp)=mf(p).

(5) AN eN)@EpeN)(Vm = N) f(m+ p)= f(m) + f(p).

THEOREM 1.3. Let Wy be a bounded density shift, let f be canonical and let M € N.
Then the following are equivalent.

(1) Wy is specified with specification constant M.

(2 (Ym, peNo) f(m)+ f(p) < fm+ p+ M).

(3)  OM isintrinsically synchronizing.

Additionally, WV ¢ is specified if and only if Wy is transitive and f is bounded above by an
affine function whose gradient is the limiting gradient.

THEOREM 1.4. Let W be a bounded density shift and let f be canonical. The following
are equivalent.

(1) Wy is sofic.

() EApeN)@N,keNo)(Vm = N) f(m+ p)= f(m)+k.

(3)  The characteristic sequence is eventually periodic.

THEOREM 1.5. Let Wy be a non-trivial bounded density shift and let f be canonical.

Then the following are equivalent.

(1)  The characteristic sequence does not contain arbitrarily long subwords consisting
entirely of Os.

(2)  The characteristic sequence is presented in some strongly connected presentation of
Wy,

(3)  The left characteristic sequence is presented in some strongly connected presentation
of Wy.

Figure 7 shows the various containments of the main subclasses. Unfortunately, there is
no characterization of synchronized bounded density shifts. We also find upper and lower
bounds for the entropy of coded bounded density shifts.

In §2, we characterize the set of canonical functions and characteristic sequences of
bounded density shifts. In §§3-7, we prove Theorems 1.1-1.5. In §8, we link together
canonical forms for bounded density shifts and 8-shifts to give upper and lower bounds for
the entropy of a bounded density shift.

https://doi.org/10.1017/etds.2013.38 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2013.38

Bounded density shifts 1893

1.1. Definitions. In this paper, we assume that N is the set of positive integers and Ny is
the set of non-negative integers. We also use the notation [m..n]={m,m + 1, ..., n} and
(m.n]={m+1,m+2,...,n} and the other variants for sets of consecutive integers.
Note that [m, n] as a subscript of a word or string represents the integers between m and n
rather than all real numbers.

Instead of the common definitions for (topological) transitivity and mixing, we use the
equivalences in the following lemma.

LEMMA 1.6. Let X be a shift. The following are equivalent.
(1) X is transitive if and only if for all u, w € L(X), there is a v such that uvw € L(X).
(2) X is mixing if and only if {|v| : uvw € L(X)} is co-finite in Ng for all u, v € L(X).

It is obvious that mixing implies transitivity.

For the basics on alphabets and languages, see [3].

Let A be a finite alphabet. We endow A with the discrete topology and give A%
the product topology. An element x € AZ is written . .. x_sx_1.x0xx2 . ... A topology
equivalent to the product topology on AZ is given by the cylinder set basis B = {C;[w] :
w € A*}, where the cylinders are C;[w]={x € AZ D X[ii+jw)) = w}. The space AZ s
also a metric space with respect to this topology. The shift map o on A% is defined by
o(x)=...x_1Xx0.X1x2x3....Aset X C Alisa subshift if it is closed and invariant under
the shift map. For any subshift X C AZ, let L(X) be the set of subwords of elements
of X and let Li(X) be the subwords of length k for kK > 0. We use the notation x(; o)
to indicate x;x;+1x;4+2 . .. and similar notation for words. The notation w® denotes an
infinite concatenation of w’s to the right. Similarly, ®w denotes an infinite concatenation
of w’s to the left. The reverse of a word w = wiw . .. w, is WX = w, ... wow;.

A similar notion is to consider one-way infinite sequences of A indexed by N. The
notation and theory is very similar to the above two-way version. We use C[w] to
represent the set of sequences in AN starting with w and a suitable basis is B = {C*[w] :
w € A*}. The shift map is defined by o (x) = xox3x4 . . . and the one-sided subshift with
the same language as a two-sided subshift X is denoted by X*. The reverse of a one-
sided sequence x = xjxpx3 . .. is defined as x® = ... x3xpx;. We use the index set —N
for left-infinite sequences, so, for example, x f2 = x3. The reverse of a two-sided sequence
is defined in a similar way.

Finite state automata and presentations of shifts are mentioned throughout. For
background, see [3]. The source, labelling and target maps of paths in presentations are s,
A and ¢ respectively.

A shift of finite type, or SFT, is a subshift containing all bi-infinite sequences that do
not contain a subword in a finite set of words. A shift is sofic if it is the semi-conjugate
image of some shift of finite type. A shift is sofic if and only if its language is regular.
A shift is sofic if and only if there are only finitely many follower sets of words in its
language. A sofic shift is called strictly sofic if it is not of finite type. A subshift is coded if
its language can be written as (L*)=s for some language L, where (L*)=s is the subword
closure of L*. Alternatively, a shift is coded if and only if there is a strongly connected
presentation of itself. A word v € L(X) is intrinsically synchronizing if uv, vw € L(X)
imply uvw € L(X). It is well known that if v is intrinsically synchronizing, then uvw is
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intrinsically synchronizing. A subshiftis synchronized if it is coded and has an intrinsically
synchronizing word. A subshift X is specified if there is an M € N such that for all
u, w e L(X),thereisav € Ly (X) such that uvw € L(X). Every specified shift is mixing.
Every mixing, sofic shift is specified and every specified shift is synchronized. The
following describes the inclusions for mixing shifts:

SFT C sofic C specified C synchronized C coded.

Another important quantity of any subshift is the entropy. For any shift X, this is defined
by
1 L,(X
PO tim 2820LaCOD.
n—od n

The entropy of a subshift always exists and is finite [3].

Forashift X,let F={w ¢ X:v<;wandv#w =—> v € L(X)}. We call an element
of F a minimal forbidden word.

LEMMA 1.7. Let X be a shift and let F be a set of forbidden words in X containing the
set of minimal forbidden words. Then F is a set of forbidden words generating X.

LEMMA 1.8. Let X be a shift and let F be a set of forbidden words in X containing the
minimal forbidden words. If F is regular, then X is sofic.

Proof. Lemma 1.7 shows that F is a list of forbidden words for X. Assume F is regular.
We show that L(X) = A*\A*FA*. If w € L(X), then every subword of w is not in F.
This gives w ¢ A*FA*, so L(X) € A*\A*FA*. For the converse, let w € A* such that
w ¢ L(X). Then there is a subword v of w such that every proper subword of v is in L(X).
This gives v € F upon which w € A*FA*. Hence L(X) = A*\A*F A*. Since the regular
languages are closed under concatenation and complementation, L(X) is regular. Thus X
is sofic. a

1.2.  B-shifts. Let § > 1 be a real number and x € [0, 1]. A representation of x in base
B or a B-representation of x is a one-sided infinite sequence y[i,o0) such that

o0
x=2
i=1

There can be many representations of the same number. A B-expansion is a canonical
B-representation defined by

<

i
T

=

vi =BT (x)]

for each i € N, where Tg(x) = Bx — |Bx]. The B-expansion of 1 defined this way is
usually represented by s and is important to the theory of B-shifts. The theory of -
expansions was developed in [4, 6]. Let Dg be the B-expansion of all elements of [0, 1).
The one-sided S-shift S;{ is the closure of Dg. The two-sided shift Sg is the extension of
S;{ to two-sided infinite sequences. The alphabet of any B-shift is [0..[8 — 1]]. Further
information on S-shifts can be found in [1, 2, 5, 7].

The order < represents the lexicographic order.
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We criticize the following theorem.

THEOREM 1.9. [1, 4] A sequence s is a B-expansion of 1 if and only if o" (s) < s for all
nelN

When s = 10°°, note that 0" (s) < s for all n € N yet the 8 corresponding to s is 1. It
is implicitly assumed that 8 > 1 since base 1 makes no sense. However, a 8-shift can still
be constructed for 8 =1 and it gives the one-sided shift {0°°}. In the following, we will
include this case since it corresponds with a bounded density shift so the previous theorem
will be taken to be correct.

THEOREM 1.10. [1,4] Let B > 1, let s be the B-expansion of 1 and let y € [0..[8 — 171N.
Then y is a B-expansion of some element of [0, 1) if and only if " (y) < s for all n € Ny.

Note the distinction in the previous two theorems over the values of n.

Every B-shift has a maximum element with respect to the lexicographic ordering. We
restate a couple of theorems in terms of the maximum element instead of the S-expansion.

A B-expansion is said to be finite if it has only a finite number of non-zero characters.

LEMMA 1.11. Let Sg be a B-shift and let s be the B-expansion of 1.
(1) If s =wp1,,0% is a finite expansion with w,, # 0, then the maximum element of Sg
is (wy1,n) (W, — 1),
(2) Ifs is not a finite expansion, then the maximum element is s.
THEOREM 1.12. A sequence x is the maximum of some B-shift if and only if
VneN)o"(x) <x

and x has infinitely many non-zeros.

THEOREM 1.13. (Essentially in [1, 5]) Let Sg be a B-shift and let x be the maximum in
S;. Then y € S;' if and only if 0" (y) < x for all n € Ny.

THEOREM 1.14. [1] Let s be the B-expansion of 1.

(1) Sg is a subshift of finite type if and only if s is finite.

(2)  Sg is sofic if and only if s is ultimately periodic.

(3)  Sg is specified if and only if there is an n € N such that all blocks of Os in s have
length less than n.

(4)  Sg is synchronized if and only if there is a word w € L(Sg) such that w does not
appear as a subword of s.

(5) Every B-shift is coded.

THEOREM 1.15. The entropy of any B-shift is log(B).

2. Bounded density shifts
Let f : Ng — [0, co) be a function. We define

i+p—1
= {x eMo)?: (VpeNo)VieZ) Y x < f(p)}.

r=i

We call these bounded density shifts.

https://doi.org/10.1017/etds.2013.38 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2013.38

1896 B. Stanley

The first thing one may notice is that the alphabet has not been restricted to a finite set.
However, given a function f € [0, oo)NO, we can see that L1(Wy) C{neNp:n < f(D)},
which is finite. More precisely, it can be shown that L1(Ws) ={n € Ng: (Vm e N)n <
f(m)}. We will always assume A = L (W ) for each bounded density shift. It is not hard
to verify that W is closed and invariant.

Many different functions will give the same shift. For example, taking the floor
pointwise of any function will not change the shift. We define a relation on the set of
functions in [0, oo)™0 by f ~ g if and only if W = W,. This is clearly an equivalence
relation. For each equivalence class, we will find a canonical function whose image is as
minimal as possible.

LEMMA 2.1. Let {g; : j € J} be a non-empty set of ~-equivalent functions. Then the
function f defined by f(m) :=min{g;(m) : j € J} is ~-equivalent to each g;.

The function f above is the canonical function for the shift W ;. It is easy to see that
f(m) = max{erli‘l wy:w € Ly (Wy)} for each m € N. We remark that the canonical
function must satisfy a number of properties. For example, we must have f(Np) € Ny
since, as remarked before, we can take the floor pointwise of a function without changing
the shift. We also must have f non-decreasing and f(0) = 0. We will characterize which
functions are canonical shortly. Note that the alphabet is A = [0.. f(1)] for each bounded
density shift W .

Example 1.

(1) The identity function f(n) = n gives rise to the full 2-shift.

(2) The function g(n) = (n + 1)/2 gives rise to the golden mean shift which can be
defined by forbidding the word 11. Its canonical function is f(n) = |[(n + 1)/2].

(3) The even shift defined by having an even amount of Os between consecutive 1s is not
a bounded density shift. This is easily seen by noting that 110 is in the language of
the shift but 101 isn’t.

The proofs of the following are routine.

LEMMA 2.2. Let Wy be a bounded density shift. Then:
(1) ubveL(Wy)anda <b (Wherea,be A) = uav € L(Vy);
(2) wuveL(¥y) = ulv e L(VYy).

LEMMA 2.3. Let Wy be a bounded density shift with f canonical. Then the following are
equivalent.

(1) weLW¥y).

(2) *0.w0> e Wy,

3 (o =ow) 2 v < f(D.

Definition. Let W be a bounded density shift and let u € L(W ). Define a right infinite
sequence w inductively by

7i+1 =max{a € A: u7[1,i]a € L(Vy))

for all i € Ny. Define W =u.
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e <=, -
We define the left infinite sequences % and u in a similar way.

— = =
Note that % = (u®)® and u = (u®)R. Note also that the index set for these two is —N,
not N.

= . . . =,
We call ¢ the (right) characteristic sequence of W . We will see later that ¢ is related
to the canonical function and both characterize the shift.

Definition. For x, y € AN, define the partial ordering x < y if

i i
VieN)Y x <) v
r=1 r=1

For u, v € A™ for some m € N, define u < v if

Vi Sm)lZu, levr.
r=1 r=1

LEMMA 2.4. Let Wy be a bounded density shift with f canonical, let m € Ny and let
u,v € Ly (Vy)withu <v. Then:

(M) wid <oV

Q) ud <v7V.

Proof. To show (1), we only need to prove that (3", u,) + w1 < (3", v,) + U 1. Let

=200 v = 2 U
Case 1: 71 < p. Then

m m m m
(Z”r) +71 = (Zur> +p:ZUr§ (Zvr) +—v)1~
r=1 r=1 r=1 r=1

Case 2: 71 > p. We first show that va € L(W ) where a = 71 — p. Itis clear that
a € Asincea < 71 < f(1). Now the only subwords of va that are not obviously in L(W 7)
are of the form v[; jyja fori € [1..m]. Leti € [1..m]. Then

(Lu)+a=(2u)+a- (Zl)

r=i r=1 r=1

S(iu,)wﬂ_(fu,)

r=1 r=1

m

“(pw) 7
r=i

*

< f(lvimal) sinceu | € v
Hence va € L(Vy). Then we have
Ty =max{be A:vbe L(¥y)}>a.

This shows that u71 =< v_v>1.
(2) can be proved by induction using (1). O
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The following lemma and corollary are obvious.

LEMMA 2.5. Let Wy be a bounded density shift and let u € L(Wy). Then U is the

maximum element of C*[u] restricted to \Il}' with respect to <.

= . .
COROLLARY 2.6. ¢ is the maximum element of W;.
The following lemmas are routine.

LEMMA 2.7. Let Wy be a bounded density shift with f canonical. Then for all i € Ny, we
. i =

have f(i)=7),_, €.

LEMMA 2.8. (Cf. Theorem 1.13) Let Wy be a bounded density shift with f canonical.

Then:
(1) yeWf ifandonlyifo"(y) < € for alln € No;

(2) yeVWyifandonly if yim,o0) = :8>f0r alln e Z.

THEOREM 2.9. A function f is canonical for the bounded density shift W ¢ if and only if:
(1 fO)=0;

(2) (YmeNo)f(m+1) € f(m) + No;

3) (Vm,neN)f(m+n) < fm)+ f(n).

Proof. Let f be canonical. Clearly (1) and (2) hold. For (3), we have

m—+n

Fanam =Y %, = "%+ Emir < fm) + f(0)
r=1 r=1 r=1

for all m, n € N by Lemma 2.7.

Conversely, let f satisfy (1)—(3) and let g be the canonical function for W ;. We show
g(m) = f(m) for all m € Ny by modified induction. The base case holds by (1) and
the definition of the canonical function. For an m € N, assume that g(p) = f(p) for all
p <m. By (2) there is an a € Ny such that f(m + 1) = f(m) + a. We aim to show that
?[ 1,mja@ € L(W¢). The only subwords that are not easily seen to be in L(W) are of the

form ?[i,m]a for some i € [1..m]. Leti € [1..m]. Then

(E7)re=(E7)-(7)

r=i r=1 r=1
=g(m)—gli —1)+a
= f(m) — f(i — 1) 4+a by inductive assumption
=fm+1)—fG—-1
<fi-D+fm—-i+2)—f@—-1) by@B)or(l)wheni=1
= F(% limal),

giving ?[Lm]a € L(Wr). Hence :8>[1ym]a < ?[Lmﬂ] by Lemma 2.5, so g(m) +a <
g(m + 1) by Lemma 2.7. This gives

fm+1)=f(m)+a=gim)+a=<gim+]1)
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by the inductive hypothesis. Since g(m + 1) < f(m + 1) by Lemma 2.1, the induction is
complete. O

THEOREM 2.10. (Cf. Theorem 1.12) A right infinite string x is a characteristic sequence
of a bounded density shift if and only if

(YmeN) o™ (x) < x.
Proof. Let x be the characteristic sequence of the bounded density shift ¥, where f is

canonical. Let m, i € N. We need to show that Zi:l o™ (x), < Zi:l x,. But

m+i m

Z 0'm(x)r = Zxr - Zxr
r=1 r=1 r

=
= f@i+m)— f(m) byLemma?2.7
< f@i) + f(m) — f(m) by Theorem 2.9(3)

i
S
r=1

Conversely, let 0™ (x) < x for all m € N. Define f by f(m) =) ", x,. We show that
f is canonical for the shift W on alphabet A = [0..x] by Theorem 2.9. First, f(0) =0
so (1) holds. For any m € N,

m+1 m
fn+D=Yx = (Z xr> + Xyt = £(m) + Xg1 € £(m) + No

r=1 r=1

s0 (2) holds. Now let m, p € N. Then

m m+p p
fon+p)=>"x+ Y x=fm)+) o),
r=1 r=m+1 r=1
p
< f@m)+ Z x, since o™ (x) < x
r=1
= f(m)+ f(p),
so (3) holds. Thus f is canonical. Hence we have Zi:l x=f30)= Zi=1 ?r for all
i € Ng by Lemma 2.7, so that x = 7. Hence x is a characteristic sequence. |

The following lemma is routine.
LEMMA 2.11. For two canonical functions f and g, we have ?f =< ?g if and only if
Wp CW,.

From this, we can easily construct two bounded density shifts that are incomparable to
each other. For example, choose ? £ =1(20)* and ? ¢ = (210)*°. This shows that bounded
density shifts are not totally ordered whereas B-shifts are.

LEMMA 2.12. (Fekete’s lemma, see [3, Lemma 4.1.7]) For a bounded density shift W,
where f is canonical, the limit limy, .o f(m)/m always exists and is equal to
inf{f(m)/m :m e N}.
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We call limy,—, », f(m)/m the limiting gradient. Many distinct bounded density shifts
can have the same limiting gradient. Examples can be constructed from Examples 5, 6
and 8.

LEMMA 2.13. Let g : [0, 00) — R be a function differentiable on R satisfying:
1 g0)=0;

(2) g isnon-decreasing;

(3) g is non-increasing.

Then f defined by f(n) := [g(n)] for all n € Ny is canonical. Moreover,

Sy g()
lim = lim =——-.
n—-oo n n—-oo n
Proof. We use Theorem 2.9. Clearly, f(0) =0, so (1) holds. It is easy to see that
f(n+1)> f(n) and, since f(Np) C Ny, it is clear that (2) holds for all n € Ny. For (3),
note that every tangent line of g is a global upper bound for g. This can be proved using
the mean value theorem.

Let m, n € N and assume without loss of generality that m <n. This implies that
g’ (n) < g’(m). The tangent line at m is given by h,, (x) = (x —m)g’(m) + g(m). Thus

0=g(0) < hyu(0) = g(m) — mg'(m),

which gives mg’(m) < g(m). Similarly, the tangent line at n is given by h,(x) =
(x —n)g'(n) + g(n). Thus

gm +n) <h,(m+n)=mg'(n) + g(n).
This all gives
g(m +n) <mg'(n) + g(n) <mg'(m) + g(n) < g(m) + g(n).

Thus [g(m +n)] <[g(m)+g(n)] which implies [g(m +n)] = [g(m)]+ [g(n)].
Hence f(m +n) < f(m) + f(n).
The moreover follows from the squeeze theorem for limits. a

The hypotheses of this lemma can be used to construct numerous examples illustrating
the difference between a number of different classes of bounded density shifts.

Example 2.

(1) The identity function satisfies the hypotheses of Lemma 2.13 and gives rise to the
full 2-shift as in Example 1.

(2) The function id/2 also satisfies the hypotheses of Lemma 2.13. Its ceiling gives the
golden mean shift as in Example 1.

(3) The function defined f(n):= \/n satisfies the hypotheses of Lemma 2.13. The
ceiling of this function has a limiting gradient of 0.

We call {*°0.0°°} the trivial bounded density shift.
A set R C Ny is said to be syndetic if there is a k € N such that [i..i + k) N R # & for
every i € Np.
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THEOREM 2.14. Let V¢ be a non-trivial bounded density shift with f canonical. Then
the following are equivalent.

(1) Wy is transitive.

(2) Yy is mixing.

(3)  f is not bounded above by a constant.

@)  f(Np) is syndetic.

Proof. (1) = (2). Let Wy be transitive and let u, w € L(W ). Then there exists a v €
L(W¥y) such that uvw € L(W ). By an induction on Lemma 2.2, we have uv0™w € L(¥ r)
for all m € Ny. Lemma 1.6 gives the result.

(1) = (4). Let W be transitive. By Theorem 2.9(1) and (2), we see that f(Np) € Ny.
Since 1 € L(Wy), we can use transitivity and compactness to construct a right infinite
sequence with an infinite number of 1s. This proves that € has an infinite number of
non-zero elements. Lemma 2.7 shows that f(Ny) is infinite and, in fact, syndetic, since
fG@+1)— f@) < f(Q) foreachi € Ny.

(3) = (1). Assume f is not bounded above by a constant and let u, w € L(W ).
Then there is an m € N such that f(m) > ZLLL ur + Z‘ru;ll wy. Since f is non-
decreasing, it is easily seen that u0™w € L(W¥ ).

The remaining implications (2) = (1) and (4) = (3) are obvious. a

COROLLARY 2.15. Every bounded density SFT is transitive.

Proof. Let W be a bounded density shift with f canonical. First, the trivial bounded
density shift is transitive so we can assume that W ¢ is non-trivial. Let W be an SFT with
a set of allowed words W of some length n. Since 0710"7~! ¢ W forall p <n — 1, we
have (10"~ 1" e L(¥ r) for all m € N proving that f is not bounded by a constant. The
result follows from Theorem 2.14. i

THEOREM 2.16. A non-transitive bounded density shift is countable and strictly sofic.

Proof. Let Wy be a non-transitive bounded density shift where f is canonical. Then
Corollary 2.15 proves that W ¢ is not an SFT. By Theorem 2.14, f is eventually constant.
Let £k = max(f (Np)) and choose m € N so that f(m) = k. Create a finite state machine G
by V(G) =[0..k + 1],

EG)={(p,a,q):p+a=q<k+1,ae Aand p, g € V(G)}
U{(p,a,k+1):p+a>k+1,ac Aand p € V(G)},
I =0and F = {k + 1}. An example where A = {0, 1, 2} and k = 4 is shown in Figure 1.
It is easy to see that the vertices of G sum up the letters of each word up to k + 1, so that
L(G)={we A*: Y "l w, > k 4+ 1}. Let M,, := A*wA* for all w € A* and let
M=L(G)U U{Mw cw ¢ L(Wy) and |w| < m).

Note that this is a finite union. By Kleene’s theorem, M is regular. We show that
M = A"\L(¥y).
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FIGURE 1. An example of the finite state machine constructed in Theorem 2.16 for A = {0, 1, 2} and k = 4.

Letue M. Ifu e L(G), then " u, >k + 1>k > f(lul), so that u € A*\L(¥ ).
Otherwise, there is a w € A*\ L (¥ ) with |u| < m such that u € M,,. But then w <; u, so
e A*\L(¥y). Thus M C A\L(¥ ).

Conversely, let u € A*\L(Wy). If Z‘r';ll ur >k+1, then u € L(G). Otherwise,
er":ll u, <k and there is a v <; u such that Z‘rlil vy > f(|v]). Then

[v] |u

FD <D v <Y up <k = f(m),
r=I1 r=1
which implies that |v| < m since f is non-decreasing. Hence u € M, C M.
This gives M = A*\L(W ). Since the regular languages are closed under complements,
L(W ) is regular, so that W is sofic. o

3. Characterization of coded bounded density shifts
We call *°0.0%° the trivial periodic point.

THEOREM 3.1. Let Wy be a non-trivial bounded density shift and let f be canonical. The
following are equivalent.

(1) Wy has a dense set of periodic points.

(2)  There exists a non-trivial periodic point in W .

(3)  f is bounded below by a strictly increasing linear function.

(4)  The limiting gradient is positive.

(5) Wy iscoded.

Proof. (1) = (2) is trivial.
(2) = (3). Let ®°(av).(av)™ be a periodic point in ¥ with a # 0. Define g(m) :=
m/(Jv| + 1) for all m € N. Then

flm) = Z((av)oo)r > [m/(lv]+ D] = g(m)
r=1

for each m.

(3) = (1). Let f be bounded below by g :=c - id for some ¢ > 0. We may assume
that c < 1. Let w € L(W) and let [w| = k. Choose a p € N such that g(k + p) > 2 f (k)
and define x := *°(w0P).(w0P)*>°. We have

2f (k) <gtk+p)=gk)+g(p) = fk)+ g(p),

so that f'(k) < g(p).

https://doi.org/10.1017/etds.2013.38 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2013.38

Bounded density shifts 1903

We show that x € Ws. Let v be a finite subword of x and choose m € N to be the
least element such that |[v| < m(p + k). We consider the case m = 1 first. If |v| < p, then
Y M v, < f(|v)) s fairly obvious. If p < [v] < p + k, then

[v] |w|

Dou =Y we < fR) < g(p) < glvl) < f(JvD.

r=I1 r=I1
With the case m = 1 done, we assume that m > 2. We have

vl [w]|

dYovrsm- Y we<mf(k) =20+ m—2)f k)
r=1

r=1
<glptk)+m-—2)g(p+k)
=cim—1(p+k)
<clvl|

= f(vD,

using the fact that m was minimal for c(m — 1)g(p + k) < c|v|. Hence x € Wy and so W ¢
has a dense set of periodic points.

(3) = (4). Let f be bounded below by a strictly increasing linear function g := ¢ - id.
Then by Lemma 2.12,

mli_)moo fm)/m=inf{f(m)/m :m e N} > inf{cm/m :m e N} = ¢ > 0,

proving the limiting gradient is positive.
@4 = 3. Define g(p) := pinf{f(m)/m :m € N}. By Lemma 2.12 and
assumption, g is a strictly increasing linear function. Clearly

f@)=pfp)/p=pinf{f(m)/m:m e N} =g(p)

for all p € Ny.

(4) = (5). Let y be the limiting gradient. Define a function g by g(u) := [ f(lu])/v]
for all u € A* and define P :={05“u08™ :y € L(W)}. We will show that (P*)= =
L(¥y). Itis easy to see that L(W ;) C (P*)=s. For the reverse inclusion, we will prove

(VneN) P" C L(¥/)

by induction. Recall Lemma 2.2(2) as it will be used many times here. Clearly the n = 1
case holds. So assume that P" C L(Wy) for some n € N. Let z € P! Then we may
write z = xWx@  x®+D where each x € P, and thus write x) = Og(>'(i))y(i)0g(>'(i))
foreachi € [1..n + 1].

Let u<;z. If u<,x®..  x™EsGY or g, <s 020 x@ .x®tD then u e

L(W¥ ) by the inductive assumption. So we may assume that

080 @ e )
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Now we have

] ntl [y®] n+1

PN B BRI BN A ()
r=1

s=1 r=1 s=1

n+1 (s)
SZV' lrf(b]’C |)—‘
s=1
n+l1

=y (")
s=1

n+1
<f (Z g(y(‘”)> since 7.0

s=1
< f(ul).
Hence u € L(¥y), so that z € L(Wy). This completes the induction, which gives P* C

L(W¥y), so that (P*)=s C L(¥y). Hence (P*)=s = L(Wy) proving that W is coded.
(5) = (1) is well known. O

>y forallm

COROLLARY 3.2. A bounded density shift with a dense set of periodic points is mixing.
Proof. This follows from Theorems 2.14 and 3.1. O

Example 3. Let f(n) := [log,(n + 1)] for all n € Ny and any b > 1. We claim that each
f is canonical and transitive but without a dense set of periodic points. It is clear that f
is not bounded above by a constant, so it is transitive by Theorem 2.14. Also, log, (n + 1)
as a function of n on the domain [0, co) satisfies the hypotheses of Lemma 2.13, so f is

canonical and
. fm) . logp(n+1)
lim — = lim —— =

n—-o0 n n—o00 n

0.

Thus W ¢ does not have a dense set of periodic points by Theorem 3.1.

4. Characterization of bounded density shifts of finite type
Definition. A canonical function f is said to be maximally extended if there is a g € Ny
such that, for every n > ¢,

f(n) =min{f(k) + f(n —k) :k € [l..n)}.

Given f(0), f(1), ..., f(n — 1), the value min{f (k) + f(n — k) : k € [1..n)} always
happens to be the largest value that f(n) can take such that f can still be a canonical
function. The reasoning for this comes from Theorem 2.9(3). The following lemma
follows routinely from Theorem 2.9.

LEMMA 4.1. Let f be a canonical function, let g € N and let g be defined by

) fm) if m=gq,
glm):=1" )
min{f (k) + f(m — k) :k €[0..m]} if m>gq.

Then g is a canonical function.
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The following lemma is routine.

LEMMA 4.2. Letn € Ng and let f and g be canonical functions. Then L,(V ) = L,(¥,)
if and only if f(m) = g(m) forallm < n.

THEOREM 4.3. Let W be a bounded density shift and let f be canonical. The following
are equivalent.

(1) Wy is of finite type.

(2)  f is a maximally extended canonical function.

(3) min{f(m)/m : m € N} exists.

@) @peN)(Vm eN) f(mp) =mf(p).

(5) AN eN)@EpeN)(Vm = N) f(m+ p)= f(m) + f(p).

Proof. (1) = (2). Let Wy be a (g — 1)-step SFT, so it has allowed words L, (V) of
length ¢g. Define a function g by

_ram it m<gq,

glm):=3" .
min{ f (k) + f(m — k) : k €[0..m]} if m>q.

We will show that f = g which implies that f is maximally extended. Now f(m) <
fk) + f(m — k) for all k < m, so that

f(m) =min{f (k) + f(m — k) : k € [0..m]} = g(m)

holds for every m > q. Clearly f(m) < g(m) form < g, so f < g. Lemma 4.1 proves that
g is canonical, so that L, (W) = L, (¥,) by Lemma 4.2. Also, we have

xeV, = (Vi € Z) x[i,i+q) € L(¥y)
= (Vi €Z) xj,i+q) € L(Wy) since Ly (Vy) = Ly(Yg)
= x € W¥y since Wyisa (g — 1)-step SFT.

Thus W, C Wy, which implies that ;; =< ?f since 5:} is the maximum in Wy. Thus
Lemma 2.7 gives g(m) < f(m) for all m € Ny. Hence f = g.
(2) = (3). Then there is a ¢ € Ny such that for all m > ¢

f(m) =min{f &) + f(m —k) :k € [1..m)}. (1)

Choose p < g suchthat f(p)/p =min{f(m)/m : m < g}. Note that p may not be unique.

We show
Vm € N) fp) < f(m)
P m
by modified induction. By choice of p this already holds for m < g, so assume that the
induction hypothesis holds for all numbers up to and including some m > g. Letk € [1..m].

Then k, m +1 — k € [1..m], so that

) _fR W) fnt 1=k

p k p - m4+1—-k
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hold by the inductive hypothesis. Then kf(p) + (m + 1 —k) f(p) < pf(k) + pf(m +

1 — k), which implies that (m + 1) f(p) < p(f (k) + f(m + 1 — k)). But this gives
(m+1)f(p) <pmin{fk)+ f(m+1—k):ke[l.m]}

since k was arbitrary. Thus (m + 1) f(p) < pf(m + 1) by (1), so that

f(p) _ fm+1)
p - m+1

which completes the induction. Hence f(p)/p = min{f(m)/m : m € N}.

3) = @4). Let f(p)/p=min{f(m)/m:m € N} and let m € N. Then we have
f(p)/p < f(@mp)/(mp) by assumption which gives mf(p) < f(mp). The reverse
inequality follows from an inductive application of Theorem 2.9(3) upon which we get
mf(p) = f(mp), completing the proof.

(4) = (5). We prove the contrapositive. Assume that for all N € Ny and p € N there
exists an m > N such that f(m + p) # f(m) + f(p). Let p € N. We aim to show that
there is an m € N such that f(mp) # mf (p). We have

(VN e N)@m = N) f(m + p) # f(m) + f(p).

Thus the set {m e N: f(m + p) # f(m) + f(p)} is infinite so there is an i € [1..p] such
that the set

R:={me pNo+i:f(m+p)#fim)+ f(p)}

is infinite. But by Theorem 2.9(3), we see that

R={mepNo+i: f(m+p)<fim+ f(p)}
={mepNo+i:f(m+p)=flm+ f(p)—-1}

We now prove
(Vk € No) f(i +kp) < f(i) +kf(p) —IRN[L..i +kp)| 2

by induction. We see the case k = 0 is trivial, so assume that f (i + kp) < f(i) + kf(p) —
|[RN[1..i 4+ kp)| holds for some k € Ny. Then

f@O+&+Df(p)—IRN[L.i+ (k+ Dp)l
= f@)+kf(p) —IRN[1.i+kp)l+ f(p) — IRN[i +kp..i+ (k+1)p)]
> f+kp)+7(p) ifi+kp¢R by the induction hypothesis
fG+kp)+ f(p)—1 ifi+kpeRr

> fi+ (k+1p)

by Theorem 2.9(3) or the definition of R respectively. Hence the induction is complete.
Since R is infinite, there is an m € Ng such that |[R N [1..i + mp)| = pf(1) + 1. Then
f@+mp) < f@i)+mf(p)—pf(1) =1 by (2). We have f(i) < pf(l) so we get
f(G +mp) <mf(p)— 1. This gives f(mp) <mf(p) — 1 since f is non-decreasing upon
which f(mp) < mf (p). Thus we have found an m € N such that f(mp) # mf(p).
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(5) = (1). Assume there are N € Ny and p € N such that, forallm > N,

fim+ p)=f(m)+ f(p). 3)

Let ¥ be the SFT with allowed words Ly, (W) of length N + p. Clearly W C 3.
Let xeX, geNandieZ. Then Z';‘Z_l xr < f(q) for ¢ < N + p since X[jit+q) <s
X[i,i+N+p) € LnN+p(Wy). Otherwise, we can write ¢ =ap + N + b for some a € N and

b € [0..p). Then

i+g—1 i+cp+p—1 i+g—1
Ya= Y (X w)r X«
r=i cel0..a) N r=i+cp r=i+ap
<af(p)+ f(N +Db)
= f(ap + N + b) by asimple induction on (3)

= f(q).
Hence x € W . This gives Wy = X, so that W is an SFT. O

Examples of shifts of finite type are easy to come up with since it is only necessary to
define some initial segment of a function and check that the initial section is canonical.
The rest of the function can be constructed inductively using the formula

f(m):=min{f(k)+ f(n —k) :ke[l.n)}.

Example 4.

(1)  As mentioned in Example 1, the golden mean shift is of finite type. It can be defined
by choosing f(1) = f(2) = 1. Its limiting gradientis f(2)/2=1/2.

(2) Choose f to be defined by f(1)=1, f(2)=f(B3)=f(#) =2and f(5) = f(6) =
3. The maximal extension of this function is very similar to the golden mean
shift’s function; it only varies at the point 2. This example shows that the N in
Theorem 4.3(5) is necessary and cannot always be chosen to be 0.

(3) Letk e Q' and define a function f(n) = [kn] for all n € Nyg. Lemma 2.13 proves
that f is canonical and the limiting gradient is k. Write k = p/q for p, g € N. Now
for all m € N, we have f(mq) = kmq =mf(q) so Wy is an SFT.

5. Characterization of specified bounded density shifts
= =g
Remember that ¢ = (¢)".

THEOREM 5.1. Let Wy be a bounded density shift, let f be canonical and let M € N.
Then the following are equivalent:

(1) Wy is specified with specification constant M.

(2) (Ym, peNo) f(m)+ f(p) = f(m+p+ M).

(3) O™ is intrinsically synchronizing.

Additionally, V¢ is specified if and only if V¢ is transitive and f is bounded above by an
affine function whose gradient is the limiting gradient.
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Proof. (1) = (3). Let u0™, 0Mw € L(W). By assumption, there is a v € Ly (V)
such that uvw € L(Vy). By Lemma 2.2(1), we have uOMw e L(W¥¢). Hence (3) holds.
(3) = (2). Let m, peNy. Since &[_m _10M, 0MZ|; ,; € L(¥/), we have x :=

= =
€ [—m,—l]OM €r1,p) € L(Wy). Thus
=t S p .~ mitMip
fm+ ()= er+Y Er= Y x < flm+p+ M.
r=-m r=1 r=1

(2) = (1). Letu, we L(Wy). Letx = uOMw. Then
lul+|w|+M o] |w|

m=2m+;m§ﬂw+ﬂw)

r=1 r=1 =
< f(Ju| + |w|+ M) by assumption
= f(xD.
Since each subword of x is also of this form or is trivially in L(Wy), we have uOMw e
L(W¥ ). Hence Wy is specified.
Now assume that W f is specified, so (2) holds for some M € N. Itis easy to see that the
trivial bounded density shift satisfies the required properties so we may assume that W is
non-trivial. Thus f(1) > 1. We prove

VrneN)@m eN) f(m)>n
by induction. The case n = 1 was shown above so let f(m) > n for some m, n € N. Then
fm+14+M)> f(m)+ f(1) >n+ 1, completing the induction. Hence f(Np) is not
bounded above by a constant so that W is transitive by Theorem 2.14.

Suppose, by way of contradiction, that f is not bounded above by any affine function
with gradient y, where y is the limiting gradient. In particular, f is not bounded above by
h:=y -id+(y + 1)M. Then there is a p € N such that f(p) > h(p)=yp+ (y + HM.
Then, by assumption,

(Vm eN) f(m) + f(p) < f(m+ p+ M),
which implies
(YmeN) f(m)+yp+( +DM=< f(m+p+M). “)
We can now prove
(VneN) f(n(M +p)) =ny(M +p)+(n—-1HM )
by induction on n. First, f(M + p) > y(M + p) holds by Lemma 2.12 so assume that (5)
holds for some n € N. Then
fn+ DM+ p))=f(n(M+ p)+ M+ p)
zyp+y+ DM+ f(n(M + p)) by
>yM+p)+M+nyM+p)+m—-1)M
by inductive assumption
=+ 1DyM+ p)+nM.
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Thus the induction holds. Now for any n € N, we have f(n(M + p)) >ny(M + p) +
(n — 1)M, so that
J(n(M + p)) >y (n— 1)M.
n(M+p) n(M + p)

Hence
L fm . fu(M+ p))
y=Ilm — = lim ———= >

ZV T =V
n—oo n n—oco n(M + p) M+p

which is a contradiction. Hence f is bounded above by an affine function with gradient y .

Conversely, assume that f is bounded above by & := y - id 4+c, where y is the limiting
gradient and ¢ € R. First note that y 5 0 since, if it were 0, then there would be a constant
upper bound for f(Ny), contradicting Theorem 2.14. Choose an M > 2¢/y in N and let
m, p € Ng. Then

fm)+ f(p) <h(m)+h(p)=y@m+ p) +2c
<ym+p+M)
<fm+p+M)

by Lemma 2.12. Hence (2) holds, so W is specified. O
6. Characterization of sofic bounded density shifts
LEMMA 6.1. Let Wy be a bounded density shift, where f is canonical. If
(AN eNo)@p, ke N)(Ym = N) f(m + p) = f(m) +k (6)
then V¢ is specified.
Proof. Assume (6). By assumption we can see that
JIN)<f(N+p)<f(N+2p)<---

so we can pick an M € N such that M =Ip for some [ e N, f(M)>2f(N + p) and
M > pf(N)/k. We prove (2) of Theorem 5.1. Let m, n € Ng. If m < N or n < N, then
we may assume that n < N without loss of generality. Then

Mk
f(m)+f(n)Sf(m)+f(N)§f(m)+7

= f(m)+ 1k
= f(m+ M) by (6)
<fm+n+M).
If m, n > N, then we may write m =N +ap +bandn =N + cp +d for a, c € Ny and
b, d €[0..p). Then
fm)+ f(n)=f((N+ap+b)+ f(N+cp+d)
=f(N+Db)+ f(N+d)+ak+ck
<2f(N + p) +ak +ck
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< f(M)+ ak + ck

< f(M +2N + b +d) + ak + ck
=f(M+2N+b+d+ap+cp) by(6)

= f(M+m+n). O

LEMMA 6.2. Let Wy be a specified bounded density shift with specification constant M
and canonical function f. Let w be a minimal forbidden word. Then every non-empty

subword v of w satisfies Z‘rlil v+ f2M) > f(|v)).

Proof. Let v <, w with v # ¢. Then w = xvy for some x, y € A*. Since ¥ is specified,
we have

FUxD 4+ fAvD + fAyD = flxvl + M) + f(yD < f(lxvy| 4 2M) (7

by Theorem 5.1. Since x, y € L(¥ ), we have Y x, < f(lx) and 2! 5, < £(lyD).
Also eru;ll w, > f(Jw|). This gives

fvD) = flwl+2M) — f(xD) — f(yD) by (D
= fwh + f2M) — fxD) = fyD

<(3wr)+rem-(x)- ()

vl

= (Z vr) + f2M). D

r=1
We let V(G) be the set of vertices of a graph G and E(G) be its set of edges. An
element (I, a, J) in E(G) represents an edge from I to J labelled a. We rename the three
projection maps to be the source map s : E(G) — V(G), edge labelling ) : E(G) - A
and rarget map t : E(G) — V(G) respectively.

THEOREM 6.3. Let Wy be a bounded density shift and let f be canonical. The following
are equivalent.

(1) Wy is sofic.

(2) (@peN)@EN,keNo)(Vm = N) f(m+ p)= f(m) +k.

(3) The characteristic sequence is eventually periodic.

Proof. (1) = (3). Let Wy be sofic, let G be a finite, right resolving presentation of W ¢

NP L=
and let « be a right infinite path presenting ¢ . It is easy to see that

A1) = max{i(e) : s(e) = s(am+1)}, ®)

since otherwise ? would not be the maximum element in \l';f. Since G is finite, there
exists N, p € N such that s(ay) = s(any+p). From (8) it is easy to see that o, = 0ty fOr
all m > N. Hence ?m = ?m+ pforallm > N, so ? is eventually periodic.

. 3) ::> (2). Let ? be eventually periodic. Then there are N, p € N such that

N+p-1= . . .
Emtp = &m for all m > N. Choose k = Zr:]{,’ €,. By a simple induction, we see
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FIGURE 2. The finite state machine G from the proof of Theorem 6.3 for the golden mean shift. Here N = p =2
and k = 1.

that k = Y " P~ '%, forallm > N. Hence

m N m+p N
fon+p)=> "¢, + > E,=fm) +k
r=1 r=m+1

for all m > N by Lemma 2.7.

(2) = (1). If k=0, then f is clearly eventually constant. Each such shift is non-
transitive by Theorem 2.14 and hence sofic by Theorem 2.16. So we may assume k # 0.
By Lemma 6.1, W is specified with some specification constant M. By choosing larger
values for M and N, we can assume that N =2M. When p = 1, we get the full (k + 1)-
shift which is sofic so we also assume p > 1. Construct a finite state automaton G as
follows:

V(G)={G j):i€[0.f (DN +p—Dland j €[0..N + p)},
E(G) = E(G)1 U E(G),, where
E(G)1 ={((, j).a, (i +a, j+1):@, j)eV(G)and j#N + p—landa € A}
and
EGu={G, N+p—1,a, (i+a—k N):k—a<i<N+p—1landae A},

I=(0,0)and F ={(G, j):i> f()}.
An example of the machine constructed is given for the golden mean shift in Figure 2.
Let F be the set of minimal forbidden words. We show that 7 C L(G) € A*\L(¥),
proving that L(G) is a regular set of forbidden words for W s and hence that W ¢ is sofic by
Lemma 1.8.
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This construction is designed to remember two pieces of information. The first
coordinate of any vertex remembers the sum of the letters of any word. The second
remembers the length of the word. However, once the length of a word is at least N + p,
we can use the assumption (2) to subtract k from the sum of the word and p from the
length. This is necessary for the construction to be finite.

Let 7,,(G) be the set of paths of length m in G that begin at the initial vertex /. To show
L(G) € A*\L(¥ ), we will first prove by induction: for all m € Ny,

m
(Ve € 1n(G)) D M), =mi(t(@) + ck and 7t (@) +cp=m, 9)
r=1
where ¢ =0 for m < N and ¢ = [(m — N)/p] for m > N. The value ¢ here counts the
number of edges that are in £(G);. Equation (9) will show the above assertion that the
vertices count the letters of the word and its length.

The case m =0 is trivial. Assume then that (9) holds for some m € Ng. Let a €
In+1(G) and let A(a) = w. Then Y " | w, = w1 (t () + ck and 72 (t (o)) + cp =m,
wherec =0ifm < Nandc=|(m — N)/p]ifm > N.

Case 1: m4+1#N+(c+ Dp. This implies that |[(m+1— N)/pl=
Lm — N)/pl =cifm > N. Also ma(s(atpm+1)) = ma(t(apy)) =m —cp#N — 1+ p, so
that o, 1 must be in £(G);. Then

(5] ) () )

r=1 r=1

Thus Z;":ll w, =m(t(@)) +ck and m@E(w)+cp=m+1, where c=|(m
+1—-N)/p].

Case 22 m+1=N+ (c+1)p. Then m(t(otyy)) =m —cp=N+ p— 1, so that
41 must be in E(G);. Thus

o= ((($0) et 0 o (5 ) e 1))

r=1 r=1
Note here that m > N and |[((m+1— N)/p|=c+ 1. Then Z’r":"’ll w, =m(t(a)) +
(c+ Dkand ma(t(x)) + (c+ 1)p =N + (c + 1) p = m + 1, completing the induction.
Let w € L(G), so that there is an « € P(G) accepting w. Let # (o) = (i, j). This means
thati > f(j) since (i, j) € F. Thus, for j > N, we have

|w]

D wr=m(t(@)+ck by (©)
r=I1

> f() +ck
= f(j +cp) by aninduction on (2) of the theorem
= f(wl) by (9,

where ¢ = [ (lw| — N)/p]. If j < N, then

|w]

Yow=m(@) =i > f(j)=fm@)) = f(w)

r=1

https://doi.org/10.1017/etds.2013.38 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2013.38

Bounded density shifts 1913

by (9). In both cases w ¢ L(¥y), so L(G) S A*\L(Wy). Next we show that 7 C L(G).
Let w € F so that w is a minimal forbidden word. By Lemma 6.2,

[v]

Vo <swv#e = (Z vr) + f(N) > f(lv)). (10)

r=1

m—1 m
Oy = ((Z wy, M — 1>, Wi, (Z wy, m))
r=1 r=1
ifm<N+p—1,

(£ o) () )

fN+cp+1<m<N+(c+1)p—1forsomeceN,or

m—1 m
()t e () -
r=1 r=1

if m = N 4 ¢p for some c € N, for all m < |w]|.

We need to check this is a path in G accepting w. We first check that o, € E(G) for
each m. Letm < |w]|.

Case 1: m < N + p — 1. This case is trivial.

Case 2: N+cp+1<m<N+(c+1)p—1 for some ce N. Then N<m—1—
¢cp<N+p—2sothatm —1—cp#N + p— 1. Then «,, can only be in E(G); and it
is sufficient to show that s(ay,), f () € V(G). But we have

Construct o by

m

71 (t (o)) = (Z wr> — ck = 1 (s(em))

(Fe)-a

r=1

N+-cp
> ( Z wr>—ck
r=1

> f(N +cp) — f(N) —ck by (10)
=0 by(2).

Similarly, it can be shown that 71 (s (&), 71 (t (o0y)) < fF(D(N 4+ p — 1).

This gives 0 < 1 (s(om)) < (N + p — 1) f(1), and similarly for 1 (¢ (¢t;,)). This shows
that the first coordinates of s(«,,) and ¢ («,,) are allowed. The second coordinates follow
from

0<N=z=m—-1—-cp=m(s(ay) <m—cp=mt(@y) <N-+p-—1.

Hence «,,, € E(G).
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Case 3: m = N + cp for some ¢ € N. This is proven in a similar way to case 2.

It is straightforward to prove that « is a path in G. Clearly, s(«) = (0, 0) = I, so that «
starts at the initial state. We only need to check that it ends in a final state. If |w| < N +
p — 1, then this is trivial; we must have (@) = (Z‘ruil wy, lw|) and Z‘ruil w, > f(lw])
implying that ¢(«) € F. Otherwise, N +cp <|w| <N+ (c+ 1)p — 1 for some c e N
upon which (&) = (X w,) — ck, |w| — cp). We have

r=1

|w]

> wy —ck > f(wl) —ck = f(|w| - ep),

r=1
which gives t(0) € F. Hence w € L(G). Since we have shown that F C L(G) C
A*\L(V¥) with L(G) regular, Lemma 1.8 proves that W ; is sofic. O

We now prove a couple of lemmas that will help to construct presentations of sofic
bounded density shifts. We use | to mean the downset with respect to <. We write
F(u):{xeAN:uxe\Il}L}.

LEMMA 6.4. Let Wy be a bounded density shift and let u € L(Wy). Then F(u)=

— +
du ﬁ\Ilf.

Proof. Letx < % and x € \II}' Let |u| =n. Then for all i < n, we have uf; ,)x < u[i,n]ﬂ).
Since x € \IJ;, this shows ux € \IJ}F

Conversely, if ux € \IJ]T, then x € \IJ; and ux < ui implying x < 7. Thatis, x €
F(u) implies x € % N v O

The following lemma is a corollary of Lemma 6.4.

LEMMA 6.5. Let Wy be a bounded density shift and let u,v € L(Wy). Then F(u) =
%

F(v) <— W ="T.

We can use the previous lemma and the follower set presentation to draw presentations
of bounded density shifts. Two presentations are given.

Define f inductively by f(0)=0, f(1)=1, f2)=fB)=2and f(n+4)= f(n) +2
for n > 0. This gives a canonical function which has 0, 1,2,2,2,3,4,4,4, ... as its
image and is a 3-step SFT. It can be determined that

7 = (1100)®, T = 1001)>,

11 = 0011y, 110 = (0110)*,

10 = (10, 101 = O™,
N

and that every other « is equal to one of the above. Its minimal presentation is shown in
Figure 3.

Define g inductively by g(m) =m for m <3, g(4) =3 and g(n + 2) = g(n) + 1 for
n > 3. This gives a canonical function which has 0, 1, 2, 3, 3,4, 4, 5,5, ... as its image
and is strictly sofic. Its minimal presentation is shown in Figure 4.

LEMMA 6.6. If W is a sofic bounded density shift, then the limiting gradient is rational.
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FIGURE 3. Presentation for the bounded density shift given by f.

0 0 0

FIGURE 4. Presentation for the bounded density shift given by g.

Proof. Assume f is canonical. Theorem 6.3(2) gives p € N and N, k € Ny such that
(Vm = N) f(m + p) = f(m) + k.

We claim that lim,, o0 f(m)/m =k/p. We will use Lemma 2.12. By choosing a larger
multiple of p and k, we may assume that p > N. We have f(N)+k=f(N+p) <
f(N)+ f(p),sok < f(p). Now for all s € N, we have

fep) _ fp)+G—Dk_k+(G—-Dk_k

sp sp B sp p

Thus limy, 00 f(m)/m =limg_. o f(sp)/(sp) = k/p.

We now show that inf{f(m)/m:meN}<k/p. Let §>0 and choose v=
max{ f(p)/§, p}. Let m >v. Then we may write m =sp + ¢ for some s € N and

t €[0..p). So
fom) _ feptn _fw) sk ok
m m m m p
Hence inf{ f (m)/m : m € N} <k/p and so lim,,_, o f(m)/m=k/p € Q. O

The converse is false as can be seen in Example 6.

LEMMA 6.7. For all n € Ny and k € [0, n], there is a bounded density shift Vs with
alphabet [0..n] and limiting gradient y.

Proof. Define a function g : [0, co) — R by

(y —n)m*>+Q2n—y)ym ifm<1,
gm) := ,
ym—y+n ifm=>1,

and a function f : No — [0, 0o) by f(m) :=[ym —y +n] for all m € N and f(0) :=0.
It can be seen that g is differentiable on (0, co) and satisfies the hypotheses of Lemma 2.13,
so f is canonical. Clearly, the limiting gradient is y. Figure 5 shows the general curve of
the graph. O

https://doi.org/10.1017/etds.2013.38 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2013.38

1916 B. Stanley

FIGURE 5. A typical example of the function g defined in Lemma 6.7.

We can now show that there are specified bounded density shifts which are not sofic.

Example 5. Every bounded density shift constructed in Lemma 6.7 is specified except for
when y = 0. To see this, note that, for all m € Ny,

fm)=Tym—y+n]<ym—-—y+n+1,

where the right side is an affine function with gradient y. Since y # 0, W is transitive by
Theorem 2.14, so that W is specified by Theorem 5.1. For each irrational y, Lemma 6.6
shows that W ¢ is not sofic.

There are also bounded density shifts with dense periodic points that are not specified.

Example 6. Let y € R* and b > 1. Define a function f by f(n) := [yn + log,(n + 1)]
for all n € Ng. By Lemma 2.13, it is easy to see that f is canonical. The limiting gradient
is y by Lemma 2.13, since

. yn+log,(n+1)
lim ———— =y
n—00 n
Asy > 0, Theorem 3.1 implies that W ¢ has a dense set of periodic points. To check that W ¢

is not specified, let c € R and let g := y - id 4¢ be a function on Ny. Choose ann > b — 1
in N. Then

F(m) = yn +logy(n + 1) > yn + log, (b = g(n),

so that f is not bounded above by g. Theorem 5.1 shows that W ; is not specified.

7. Characterization of characteristic sequences with bounded blocks of Os

LEMMA 7.1. For a non-trivial bounded density shift Wy, where f is canonical, the

following statements are equivalent.

1) (VmeN)YEM e N)(Vp e N)(Vn <m) f(n) + f(p) < f(n+ p+ M).

2 (VmeN)EM eN)VpeN)f(m)+ f(p) < f(m+p+M).

3 @, NeN)VpeN)f(n)+ f(p) < f(n+p+N).

@ GklIeN)VpeNf(p)+k=flp+D).

5) AeN)VpeN)f(p)#f(p+D.

(6) The characteristic sequence does not contain arbitrarily long subwords consisting
entirely of Os.
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Proof. We can see that the implications (1) = (2) = (3) = (4) = (5) hold
trivially. Note that the assumption of non-triviality is needed for (3) = (4). Also
(5) <= (6) can be seen to hold by Lemma 2.7.

(5) = (4). Choose k =1 and ! as in (5). Let p € N. Then f(p) # f(p + ) so that
f(p) < f(p +1). But this means that f(p) +1< f(p +1).

(4) = (3). We choose n = 1. First, there is an m € N such that (1) <km. Now
choose N =ml and let p € N. It is easy to show that

Vi eN)f(p) +ki < f(p+1i)

by induction. Thus we have

S+ f(p=r)+ f(p)<fp)+km < f(p+im)=f(p+N)=<f(p+n+N).
(3) = (2). We can show this by induction. For m =1, choose M =n + N — 1. Let
p’ € N. Then
O+ Y= f)+ f(P)< fn+p' +N)=f(1+p' +M).
Now assume that (2) holds for some m € N. Choose M’ =2M +m — 1 and let p’ € N.
Then
fm+1)+ f(p) < fm)+ f(p))+ (1)
< fm+p + M)+ f(1) by induction with p = p’
< fm+p + M)+ f(m)
< f@2m+ p'+2M) byinduction with p=m + p'+ M
=fm+1+p +M).
This completes the induction. Notice that (3) is only needed for the base case.
(2) = (1). Let m € N. Then for each n < m, there is an M,, € N such that
VpeN)f(m)+ f(p) = fn+p+ M)

holds. Choose M := max{M, : n <m},let p € Nandletn <m. Then

f)+ f(p) = fn+p+My) < fn+p+ M),
so (1) holds. O
This part of the theorem gives further equivalences of Lemma 7.1.

THEOREM 7.2. Let Wy be a non-trivial bounded density shift and let f be canonical.
Then the following are equivalent.

(1)  The characteristic sequence does not contain arbitrarily long subwords consisting
entirely of Os.

(2) The characteristic sequence is presented in some strongly connected presentation of
Wy

(3)  The left characteristic sequence is presented in some strongly connected presentation
of Wy.
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Proof. (1) = (2). Assume that the characteristic sequence does not contain arbitrarily
long subwords consisting entirely of Os. As is the case for every element of W, the path «
defined by o; = (F(?[Li)), ?l-, F(?[l,i])) presents ? So we only need to show that the
follower set presentation is strongly connected. Since there is a path from F'(¢) to F () for
every u € L(Wy), it is sufficient to show that there is a path from F'(u) to F(¢) for every
ue L(Wy). Letu € L(Wy) and let |u| = m. Then there is an M € N such that

(VpeN)(Vn<=m)f(n)+ f(p) < f(n+p+ M)

by Lemma 7.1. Let x =uOM%. We first show that x € \Il;’ Leti,jeN. Ifi+j—

e . =
I1<m+ M orifi>m, then x; ;1) € L(Wy) since x; ;1)) <y uOM or X[iji+j) s 0M's
respectively. So we may assume i <m andi + j > m + M. Then

i+j—1 i+j—1-m—M

> x= Zu, Y7

r=I
<fm—i+DH+fi+j—-1-m—M)
<fU)

by assumption. Hence x € \I!JT Let v:=u0". We have v¥ > x =vE, since vV is
the maximum element in C*[v] N \I/? by Lemma 2.5. This gives ¥ > €. But also
v < _8>, since € is the maximum elément of \Il}' Thus ¥ = €. Lemma 6.5 now gives
F(v) = F(¢). Thus there is a path labelled O™ from F(u) to F(v) = F(¢). Hence the
characteristic sequence is presented by a strongly connected presentation.

(2) = (3). Let G be a strongly connected presentation and let « be a path in G
presenting ¢ . Construct the reverse graph G by reversing all the edges; so V(GF) =
V(G)and E(GR)={(I,a, J):(J,a, I) € E(G)}. Forany I, J € V(GX), there is a path
B from J to I in G, so the reverse path g% is a path from I to J in GR. Thus G® is strongly
connected. In a similar way, it is easy to see that a® is a left infinite path presenting z.

(3) = (1). Assume that G is a strongly connected presentation and « is a left
infinite path presenting % in G. Remember that o has index set —N. We prove (4) of
Lemma 7.1. First, there is a path 8 with s(8) = ¢ («) and 7 (8) = s(x—1), since G is strongly
connected. Let A(8) =v. Choose k = f(1) and [ = |v| + 1. Let p € N so that we have

fsz[_p,_l]vi?:_l € L(Wy), since it is presented by o, _1j8a—1. Then

14
f<p>+k=(z?,)+a

r=1
< Z e,+2vr+<e:,1
r=—p
=
< f(|8[—p,—1]v8—1|)
= fl+ p).

= . Lo - .
Hence ¢ does not contain arbitrarily long subwords consisting entirely of Os. O
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Example 7. Recall that the functions defined by f(n):=[yn+log,(n+1)] are
canonical, have dense periodic points and are not specified from Example 6. We will
show that each f satisfies Lemma 7.1(5). Choose ! > 1/y in N and let p € N. Then

f(p)=Typ+log,(p + D]
<yp+log,(p+1)+1
<yp+logy(p+1+1)+yl
<[y(p+0D+log,(p+1+1)]
=fp+D.

Let Pre(u) ={v e A*: (Qw € A*) vw = u} be the set of prefixes of u and Suf(u) =
{ve A*: (Qw € A*) wv = u} be the set of suffixes of u.

LEMMA 7.3. Let Wy be a bounded density shift. Then v is intrinsically synchronizing if
and only if V- vV € Wy,

Proof. Assume f is canonical and let v be intrinsically synchronizing. Then for all
n € N, we have <v_[,n,,1]v, v?[],n] € L(Wy), giving <v_[,n,,1]v_v)[1y,,] € L(¥y). Thus
— =
v-vU €Wy

Conversely, assume that v v7T e Wy Let uv, vw € L(Wy). We must have w <
_U)[ku and u® < (<U_[_|u"_1])R e <v__1<v__2 c. (U__‘u|. Let x <; uvw. If x <5 uv or
x <s vw, then x € L(Ws) by assumption. So we may assume that x = u’vw’ for some
u’ € Suf(u) and w’ € Pre(w). Note that we have

|ut'| || —1
R <—
Yu=yuts Y W
r=1 r=1 r=—lu'|
Then
|x| || vl [w’'|
PIETD BTRD SN B
r=1 r=1 r=1 r=1
—1 . [v| |w'| N
< v+ vy + Ur
r=—|u'| r=I1 r=I1
/ / <—
= flul+vl+[w]) asv-vv eW¥y
= f(xD.
Hence x € L(V¥ ) showing that v is intrinsically sychronizing. O

THEOREM 7.4. Let Wy be a bounded density shift. Then there is a strongly connected
presentation presenting both the left and right characteristic sequences if and only if Wy
is specified.

Proof. Let Wy be specified with specification constant M and assume f is canonical.
We may assume that M > 1. Then f(m)+ f(p) < f(m + p+ M) for all m, p € N by
Theorem 5.1 which clearly implies (2) of Lemma 7.1. Thus ¥ does not contain arbitrarily
long subwords consisting entirely of Os. By Theorem 7.2 there is a strongly connected
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Q

FIGURE 6. The presentation H of Theorem 7.4.

presentation G in which 7 is presented and there is a strongly connected presentation G’
in which £ is presented. We may assume that the vertices of G and G’ are disjoint and are
also disjoint from [1..M). Fix an I € V(G) and I’ € V(G’). Construct a presentation H
by

V(H)=V(G)UV(G)UI[l..M)

and

E(H)=EG)UEGHU{U,0,1),I,0,1), M—1,0,1), M —1,0, 1)}
U{G0,i+1):ie[l.M—2]}.

Figure 6 gives the construction of H. It is clear that the right and left characteristic
sequences are presented in H and that it is strongly connected, see Figure 6. Since we
may place OM in between words in L(¥ r) by Theorem 5.1, and since we may extend
words by Os, it is easy to see that H presents W ;.

Conversely, let G be a strongly connected presentation of W and let « be a left infinite
pathin G presenting % and y be aright infinite path in G presenting €. Then there is a path
B with s(B) = t(a) and (B) = s(y). Let A(8) = v and |v| = M. Then & -vE € ¥y, so
that € -OM % ¢ Vs by Lemma 2.2. It is easy to see that O<_M =¥ and 0—1‘)’1 =F, so that
O<_M oM 0—1‘)” € Wy. Hence OM is intrinsically synchronizing by Lemma 7.3 and so W ris
specified by Theorem 5.1. O

THEOREM 7.5. Let Wy be a synchronized bounded density shift and assume that the
characteristic sequence does not have arbitrarily long subwords consisting of 0s. Then
W is specified.

Proof. By Theorem 7.2, there are strongly connected presentations G and G’ presenting
.= =, p . . .
W, also presenting ¢ and ¢ in G and G’ respectively. By assumption, there is also an
intrinsically synchronizing word v. By constructing paths in these presentations, we can
find u, w € L(Wy) such that Fuve W, and VWE € \IJ;-'. Thus <29:[_,,,_1]uv, vw?[l,n] €
L(Wy) for all n €N, so that <8:[,,1,,]]141)141?[1‘,,] € L(¥y) for every n € N. Thus
Cuvwe € Wy, By Lemma 2.2, we have TOME ¢ Wy, where M = |uvw|. Thus
—_
oM . 0MOM € W, showing that M is intrinsically synchronizing by Lemma 7.3. Hence
W is specified by Theorem 5.1. O
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We now construct a function which gives a coded shift where the characteristic sequence
has arbitrarily long blocks of 0s. We will construct a function f inductively. To do this
we will start with f(0) =0 and f (1) to be any natural number. We will choose a number
y € (0, f(1)) to be a lower bound for f(n)/n, so that ¥y will indeed be coded. This
number will turn out to be the limiting gradient. For each step in the construction, the first
thing we do is find and count the longest block of the domain which has constant image
under the partially constructed function f. This will always be a consecutive set of natural
numbers since we want f to be canonical. Say we have defined f on [0..n] and the longest
block with constant image under f is m. We check whether defining f on [#n + 1..n + m]
to be f(n) will keep f strictly above the line y - id. If it is, then we will define f this way
which will mean that f now has an even larger block, at least length m + 1, with the same
image. If it is not, then we will define f(n + 1) to be the largest value that maintains the
canonical form. The biggest problem this raises is how to know that there will always be
arbitrarily long blocks on which f is constant. This will be answered by contradiction in
the proof.

Example 8. We construct a function inductively. Choose f(0) =0 and f(1) e N. Let
y € (0, f(1)). Assume f is defined on the domain [0..n]. Define

S(p) :=max{|j —i| +1: f() = f(j) and i, j < p)
for p € [0..n]. Note that S is a non-decreasing function.

If f(n)/(n + S(n)) <y, then define

frn+1):=min{f()+ f(n+1-0D:1€[l..n]}. (11D
Butif f(n)/(n + S(n)) > y, then define
fin+Dh)=fn+2)=---=f(n+ Sn) = fn). (12)

We will show that f is canonical, that the characteristic sequence has arbitrarily long
blocks of Os and that y is the limiting gradient.

Now f(0) =0. We rewrite (2) and (3) of Theorem 2.9 and prove these by modified
induction: for alln € N,

fm)e fin—1 +No (13)
and
(Vm € [1.n)) f(n) < f(m) + f(n —m). (14)
We have f(1) e NC f(0) + Np and [1..1) = @ so the base case holds. Assume that there
is an n € N such that (13) and (14) hold for all values in [1..n].
Case 1: f(n + 1) was defined by (11). Thatis, f(n + 1) =min{f () + f(n+1—-1):
[ € [1..n]}. We have
S+ D) =min{f()+ fn+1-10:1€[l.n]}
>min{f()+ f(n—10):1€[l.n]} by(3)
>min{f(n):/ €[l..n]} by (14)and f(0)=0forl=n

= f(n).
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It is clear that f(Np) € Np, so we conclude that f(n 4+ 1) € f(n) + No. Now let m €
[1..n]. Then

f+D)=min{f()+ f(n+1-D:le[l.n]} < fm)+ f(n+1—m),

so this case holds.
Case 2: f(n+ 1) was defined by (12). That is, f(n+ 1) = f(n). We clearly have
f(n+1)e f(n) + Ny, soletm € [1..n]. Then

fin+ D)= fn)<fm)+ fn—m)<flm)+ fn+1-—m)

using (14) and (13) when m # n. This inequality still holds when m = n so this case is
complete.

These are the only cases, so f is canonical.

Before the next part we use modified induction to prove

Jfm)
n

>y (15)

for all n e N. We have f(1)/1 > y by choice of y, so assume there is an n € N such
that f(m)/m > y for all m <n. There are two cases. If f(n + 1) was defined by (11),
then f(n+ 1) =min{f () + f(n+1—1):1 €[l..n]}, so there is an / € [1..n] such that
f+1)=fd)+ f(n+1-1). Thus

fm+1ﬁ_fﬂ)+fm+1—0

n+1  n+l n+1
[ fy n+1-1 f(n+1-1)
Tatl 1 n+1l  n41-1I
[ n+1-1 . . .
> o Y+ ——l -y by the inductive hypothesis
=y.

Otherwise, f(n + 1) was defined by (12) so there is an / € Ny such that f(I)/( + S()) >
yandl <n+ 1<+ 8(). Wehad f(n+ 1) := f() so

fo+D _ fO __fO -
n+1  n4+1"1+S0

Hence the induction is complete.

Next we show that the characteristic sequence has arbitrarily long blocks of Os. Suppose
that this is false. Then there is an M € N such that, for every p € Ny, we have f(p) #
f(p+ M) by Lemma 7.1. We may assume that M is as small as possible so there is a
q € Nsuchthat f(g) = f(¢g + M — 1). Then, forallr > M +q — 1,

Sr)y=max{|j —i|+1: f@)=f()andi, j<r}=l|g+M—-1—¢ql+1=M.

If S(r) > M, then there wouldbei < jin Nwith f(i)= f(j)and j —i + 1> M + 1. This
would imply that f(i) = f(i + M) since i <i + M < j. Thus we must have S(r) = M
forallr > M +q — 1.
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Note that we must have f(g + M) > f(q + M — 1) so as not to contradict f(q) #
f(g + M). Also, there cannot be an r > M + ¢ — 1 such that f(r)/(r + S(r)) > y since,
by definition of f, we would have

Jfor+D=-=fr+S80r):=f0).

As S(r) =M this would give f(r) = f(r + M) contradicting our assumption. Note
that we need to check the condition f(r)/(r + S(r)) <y for every r > g + M — 1 since
flg@+ M) > f(g+ M — 1) and since we will be defining f by (11) for this domain. This
is to say that we cannot skip the checking of this condition for some of the domain because
(12) defines many values at once.

So, forevery r > M + g — 1, we have f(r)/(r + S(r)) < y. Thus, by definition of f,
we have

fr+D)=min{f(D)+ fr+1-0D:1€e[l..r]}.

By Theorem 4.3, W, is an SFT or, equivalently, min{f(n)/n:n e N}:=yp’ exists.
Then y’ > y by (15). Choose an n € N such that n > max{M +q — 1, yM/(y' — y)}.
Since n > M + g — 1, we have S(n) =M. Now f(n)/n>y' >y +yM/n since n >
yM/(y’ — y). This implies
fo) _yntyM _y
n+ S(n) n—+ Sn)
But we showed that f(n)/(n + S(n)) < y earlier, giving us a contradiction. Hence the

characteristic sequence has arbitrarily long blocks of Os.
Finally we show that y is the limiting gradient. For all n € N, define

rp=min{m e N: f(m)= f(m +n—1)}.

Note that the 7, must exist since the characteristic sequence contains arbitrarily long blocks
of 0s. Also note that we must have

flrn—1) < fra), (16)
S(ry) <n 17)

forn # 1 and
S(ra) =S80, — 1) (18)

for all n € N. Combining the definition of r,, with (17) gives
S rn) = f(ra + S(rn)) (19)

for n # 1. Choose a g € N such that ¢ > f(1)/y and ry_; <r,. This implies S(ry) =
q — 1. Note that f(1)/y > 1 so g > 2. We will be proving statements about values greater
than or equal to g so this means we won’t need to worry about the case n =1 in (17)
and (19).

Let p > g. We have f(r, — 1) < f(rp) by (16) so f(r,) was defined by (11). Thus we
had f(r, — 1)/(rp — 14 S(r, — 1)) <y, which implies

f(rp_1)<

y rp—=1+80rp, -1 =r,—1+S8(p) (20)

https://doi.org/10.1017/etds.2013.38 Published online by Cambridge University Press


https://doi.org/10.1017/etds.2013.38

1924 B. Stanley

by (18). Thus
f(rp+S(rp)) _ f(rp)
Y 14

by (19)

since f is canonical

Sf(rp—l)_kf(l)
14

14
<rp,—1+S8@p) +q by (20)
<rp+ Sy +gq. 21
Now f(rp)/(rp+SFp) = flrp+SEp))/@p+ SFp)) >y by (19) and (15) so we
had defined
fp+D=flrp+2)=---=flrp+S0p):=frp)
by (12).

Since f(ry) = f(ry + S(rg)) by (19), we must have
S(rq + S(rq)) > |rq + S(rq) - rq| +1= S(rq) + 1.
Thus S(rp + S(rp)) = S(ry + S(ry)) = S(ry) + 1 =g, so that

FUp+5@) Syt Sy
rp+Sp)+ S, +8S0p) ~ rp+ S0y +4¢
_ flrp+S0rp)) . Y
14 rp+Srp) +q

< V(rp+S(rp)+Q)
rp +S(l’p)+6]

Then f(r, + S(rp) + 1) is defined by (11); that is,
flp+Strp)+ 1) =min{f() + f(rp+Strp)+1-D:le[l.rp,+ Srpl}
Thus there exists an / € [1..r;, + S(r},)] such that
fp+Srp)+D)=fO+ flrp+ Strp)+1-=1D).
We now claim that f(r, + S(rp) +1) > f(rp + S(rp)). Suppose, for a contradiction,
that f(rp, + S(rp) + 1) = f(rp + S(rp)) which by (19) implies that f(r, + S@rp) + 1) =
f@p). Wehave S(rp) +1 < p <rpby(17),sothat! + (r, + S(rp) +1 — ) < 2r, which
implies! <rj,orr, + S(rp) + 1 —1 < rp. By symmetry, we will assume that/ < r,. Then
fp+Stp)+1=D=f0p+Strp)+1—fO)
=flrp) = fO)

< f(@rp, —1) since f is canonical,

by 21)

which gives f(r, + S(rp) +1—1) = f(rp — ) since f is non-decreasing. Thus f(r, +
Srp)+1-=D=f@p,—D=<f@rp,—1) < f(rp) by (16), which implies r, + S(rp) +
1 —1 <) since f is non-decreasing, which is a contradiction. Thus f(r, + S(rp) + 1) #
f@p+S@p)). By (17) we get rp + S(rp) +1 <rp + p, which gives f(r, + S(rp) +
) < f(rp+ p). This implies that f(r,) < f(rp + S(rp) +1) < f(rp + p), which
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gives rpy1 > rp. In fact, this gives
p+127p +p

for p > q. To see this, note that if 7,1 =7, + m for some m € [1..p), then as

f(rp):f(rp+l)z"':f(rp+p_1)7

we would have

fppi—D=flrp+m—1)=f(rp+m)=f(rp1),
which contradicts (16).  Thus the r, grow at least quadratically which shows
lim,_, oo n/r, =0.

Finally we can show that lim,_. f(n)/n=y. We do this by showing that
lim,— oo f(ry)/r, =y. By (15) we have lim,_, oo f(ry)/r, = y. Note that r,, + S(r,) <
rn+n <ryy1 by (17). This implies that S(r, + S(r,)) < S(rn+1), which gives S(r, +
S(ry)) <n by (17). Then, for all n > g, we have

[+ Sta)) _ S (rn + S(rn)) <y
Ty + S0ry) +n Tn + 80n) + S0+ S0n) —
This gives f(ry) < y(r, +n —1+n) by (19) and (17), which implies f(r,)/rm <y +
k(2n — 1)/ry, for n > gq. Thus
im L (y L y@n- 1)) _,

n—>o00 n— 00 n

since lim;,_, o, /71, = 0. This shows that lim,,_.» f(r,)/r, = y, proving that the limiting
gradient is . Then W is coded by Theorem 3.1.

Figure 7 is a diagram of the various classes of shifts. Whilst the coded plus synchronized
but not specified contains many different bounded density shifts, the border between coded
and synchronized is unknown.

8. Connections with B-shifts
Recall that we use < for the lexicographical ordering.

LEMMA 8.1. If there are two sequences x and y satisfying c" (y) < x for all n € N, then
they satisfy c"(y) < x foralln € N.

Proof. Assume that o”(y) < x for all n € N and let » € N. We aim to show that 6" (y) < x
or, equivalently, y[,+1,00) < x. We show this by proving

(Vm e N)y[n+l,n+m] = X[1,m]

by induction. Note that Z;’;’:’H yr < Yy X for all m € N since 0" (y) < x. Choosing
m =1 proves the base case. So assume that y[,41 ntm] < X[1,m] for some m € N. If
Yin+1.n4+m] < X[1,m] then it is obvious that yj,4+1 n+m+1] < X[1,m+1] SO we will assume that
Yin+1,n+m] = X[1,m]- Then

n+m+1 m—+1
Z yr = Z Xy
r=n+1 r=1
implies yy4m+1 < Xm+1. Hence Y41 n4m+1] < X[1,m+1]- This completes the induction
and the proof. O
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Transitive

Coded = dense periodic points

Specified

Sofic

Bounded 0Os

FIGURE 7. Classes of transitive bounded density shifts.

The next corollary follows immediately.

COROLLARY 8.2. If a sequence x satisfies 0" (x) < x for all n € N then it satisfies
o"(x) <xforalln e N.

THEOREM 8.3. If x is a characteristic sequence for a transitive bounded density shift,
then x is the maximum sequence of a B-shift.

Proof. Use Theorem 2.14 to show that x has infinitely many non-zero letters and
Corollary 8.2 to show 0" (x) < x for all n € N and complete with Theorem 1.12. O

The converse is false. For x =210(20)°°, we see that x is the maximum sequence of
some B-shift, yet o3 (x) £ x, so it is not canonical for a bounded density shift.

LEMMA 8.4. Let Wy be a transitive bounded density shift and let x be its characteristic
sequence. Let Sg be the B-shift with maximum sequence x. Then \If}f C Sg'.

Proof. Lety € \I!}' Then ¢ (y) < x for all n € Ny. Lemma 8.1 shows that 6" (y) < x for
all n € Ny and Theorem 1.13 proves that y € S;{. O

THEOREM 8.5. Let Wy be a coded bounded density shift and let x be its characteristic
sequence. Let Sg be the B-shift with maximum sequence x. Then the entropy of Wy is
non-zero and bounded above by log(p).

Proof. Assume f is canonical. We have h(Wy) <log(B) from Lemma 8.4 and
Theorem 1.15.
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We will actually show that the entropy is bounded below by log(8)/m, where m =
[2f(1)/y] and y is the limiting gradient of W 7.

Forany n e N, letu € L,(Sg). Define w := w10 0= u, 0™~ 1. We show that
W € Ly (Wy). Let x <y w with |x| = p. Since there are at least m — 1 Os between any
two non-zeros, we have at most [p/m] non-zeros in x. When p =0, it is trivial to show
Zle Xxr < f(p) so we will assume p > 0. If p < m, then there is at most one non-zero,
so we have Zle xr < f(1) < f(p). Otherwise, p > m so we have

o p P
Z xr < f(1)- ’7——‘ as there are at most ’7——‘ non-zeros
r=1 n mn

sfm(§+0

< f(])(% + 1) since m > 2];(1)
=L+
Py py . ym Yp
§7+7 smcef(l)fTS?
=pYy
< f(p) sincey < M
p

Thus w € Ly, (). Itis clear that for different # we end up with different w, so we have
|Ln(Sp)| < |Lmn(¥y)|. This implies

1 log(|L, (S log(| Lyn (¥

L log(B) = 1im og(IL,(Sp)D) < lim 0g(|Lmn( f)|)‘

m n—oo mn n—oo mn

This proves that lim,_ log(|L,(Ws)])/n >log(B)/m so the entropy is indeed non-
Z€ero. O

9. Open questions
Question 1. Is there a nice characterization of synchronized bounded density shifts. In
particular, are any of the shifts in Example 8 synchronized?

Question 2. Suppose, for a sofic shift ¥ ¢, that we have determined values of p, N and
k as in Theorem 6.3(2). Is it always true that oV (W) is periodic with period p for any

u € L(¥5)? Also, does Zf’:]\ﬁ] W, =k?

Since each characteristic sequence is a B-representation for some f, we can ask the
following question.

Question 3. What is the measure of the set of B that are characteristic sequences for
bounded density shifts? What is the measure for each class in Figure 7? It is easily seen that
the number of sofic bounded density shifts is countable so the set of 8 with an ultimately
periodic expansion has measure 0.

Question 4. Are all transitive bounded density shifts intrinsically ergodic?
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