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1 | INTRODUCTION

Entropy (in its various forms) is arguably the most important invariant of isomorphism in dynam-
ics, and a great deal of effort has been put into the question of how good an invariant it is.
A classical theorem of this type is the result of Adler and Weiss from 1967 that two measure-
preserving transformations coming from automorphisms of a 2-torus are isomorphic if and only
if their entropies coincide [1]. Famously, Ornstein proved in 1970 [14] that entropy is a com-
plete invariant for the isomorphism of Bernoulli shifts. The result of Ornstein has been extended
to (and, in fact, directly covers), a large class of systems. In particular, Friedman and Ornstein
generalized this result in [8] to mixing Markov shifts (more generally to “weak Bernoulli shifts”).

In the topological setting, the simplest imaginable analog of Ornstein’s theorem is trivially true:
two full shifts AZ, B are topologically conjugate if and only if their topological entropies agree
(log|A| =log|B| < |A| = |B|). However, the natural analog of the Friedman-Ornstein result
fails: it is easy to find two topologically mixing SFTs with the same topological entropy that are not
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isomorphic in the sense of topological conjugacy (an example is given below). An interesting result
of Adler and Marcus from 1979 states that topological entropy is a complete invariant for a weaker
kind of isomorphism called almost topological conjugacy [2, 13], see also [4] for a generalization.

One way to make entropy a better invariant in the topological category is to remove a set of “bad
points” from the subshift. The celebrated result of Keane and Smodinsky from 1979 [12], a finitary
strengthening of the result of Ornstein [14], can be interpreted in these terms: it proves that two
Bernoulli shifts of equal entropy are topologically conjugate outside a set of measure zero (and the
conjugacy additionally respects the measures). More precisely, for equal entropy Bernoulli shifts
X,Y, there exist measure zero sets X, Y such that X \ X and Y \ Y are topologically conjugate.
Adler and Marcus’ almost topological conjugacy in [2] implies the analogous result for mixing
SFTs X,Y with the same topological entropy (where the measure used is the one of maximal
entropy).

In [10], Hochman studied this question for a large class of systems including (topological)
countable-state mixing Markov shifts (which generalize mixing SFTs), and showed that when
we pass to the free part, that is, remove the periodic points, entropy becomes a complete invari-
ant for Borel isomorphism off null sets, that is, Borel isomorphism after removing a set having
measure zero for all invariant measures. In [5], Boyle, Buzzi, and Goémez study this problem for
so-called SPR Markov shifts, which are more restricted than those studied by Hochman, but still
include all mixing SFTs (we omit the definition). They show that for these systems, the removal of
anull set is not necessary. In particular, the free parts of mixing SFTs with equal entropy are Borel
isomorphic. Hochman generalizes this result in [11], covering, for example, mixing sofic shifts.

In [10, Problem 1.9], Hochman posed the following problem, which asks if, even for topological
conjugacy, it suffices to remove the periodic points to make entropy a complete invariant.

Problem. Let X, Y be topologically mixing SFTs on finite alphabets, and h(X) = h(Y). Let X/,
Y’ denote the sets obtained by removing all periodic points from X, Y, respectively. Is there a
topological conjugacy between the (noncompact) systems X’ and Y'?

This can be interpreted as asking for a common generalization of the results of [2] (homeomor-
phism after removing a measure zero set) and [5] (Borel isomorphism of X’ and Y’). The question
is also quoted in [5, 6, 11].

After removing the periodic points, the topological spaces X', Y’ are no longer compact, or even
locally compact (though they are G4, thus Polish spaces). This makes their topological dynamics
tricky, and a practical consequence for their symbolic dynamics is the failure of the Curtis-
Hedlund-Lyndon theorem: shift-commuting continuous functions between subshifts minus their
periodic points X’, Y’ are not necessarily defined by local rules, at least not by ones with finite
radius (this already happens in the case where X, Y are mixing SFTs, see Example 4).

No computable invariant for topological conjugacy of topologically mixing SFTs is known. Since
after removing the periodic points, we have more potential morphisms to consider, one might
expect that it is even more difficult to show that two systems are nonisomorphic. Indeed, before
this paper, it was open even whether the binary full shift (the vertex shift defined by the matrix

(1 })) becomes isomorphic to the subshift of proper 3-colorings of the Cayley graph of Z (i.e., the

011
vertex shift defined by the matrix <1 0 1)) when periodic points are removed. Note that these
1 10

SFTs trivially have the same entropy log 2, as for each of them, the number of legal paths of length
n in the corresponding graph is ®(2"). This special case of the problem was posed by Hochman
in the 2010 Pingree Park Dynamical Systems Workshop.
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‘We prove the following theorem.

Theorem 1. Let X,Y be infinite topologically transitive SFTs. Every topological conjugacy ¢’ :
X' — Y’ is a domain-codomain restriction of a topological conjugacy ¢ : X — Y, and the choice
of this ¢ is unique.

In particular, the classification of topologically transitive SFTs stays the same (i.e., it is classified
by strong shift equivalence) even if one removes the periodic points from all of them. Intuitively,
this theorem shows that the aperiodic points of an SFT “remember” the periodic ones. It is well
known that two mixing SFTs can have the same entropy without being topologically conjugate
— a standard example is the pair of vertex shifts mentioned above. Thus, our theorem answers
Hochman’s problem in the negative.

We initially proved the following theorem, to answer a technical question about Aut(X’) by
Nishant Chandgotia (who was interested in this group due to Hochman’s problem). It is an easy
corollary of Theorem 1.

Theorem 2. Let X be an infinite topologically transitive SFT. Then, Aut(X) is isomorphic to Aut(X").

As in Hochman’s paper [10], our main interpretation of these statements is in the two-sided
case, and with this interpretation, we prove the theorems under slightly weaker assumptions in
Section 3. In Section 4, we prove a one-sided variant (where the shift action is only partial). In this
setting, we obtain a stronger statement that applies to all shift-commuting continuous maps (and
in the one-sided variant of Theorem 2, one therefore obtains End(X) =~ End(X")).

In Section 5, we show that the statement of Theorem 1 does not extend to topological conjuga-
cies between two-sided mixing sofic shifts, or subshifts where the eventually periodic points are
removed (for various meanings of the term). It also does not extend to general shift-commuting
continuous maps between two-sided mixing SFTs, meaning that there are indeed more mor-
phisms in the category of free parts of mixing SFTs than there are in that of mixing SFTs, even
though by our theorem, the isomorphisms are exactly the same. The examples also show that for
mixing sofic shifts X, Y, we can have X 2 Y yet X’ >~ Y.

Open problems are stated in Section 6.

2 | DEFINITIONS

We have 0 € N, C means the same as C and [a,b] = {c | ¢ € Z,a < ¢ < b}. Let A denote a finite
set, called an alphabet. The elements of A are called symbols. Write A* = | J,, ., A" for the set of
all finite words over the alphabet A. These can be seen as the elements of the free monoid on the
generating set A, and we write uv for the product of words u,v € A*, that is, their concatena-
tion. One-sided (left- or right-) infinite words u € AN U A~N can also be concatenated with finite
words, and the meaning should be clear. We index words (and one- or two-sided infinite words)
with subscripts.

See [13] for a basic reference on symbolic dynamics. The set AZ of two-way infinite words over
a finite alphabet A is called the full shift (on alphabet A). Words that belong to a subshift are
also called points. The shift o : AZ - AZ defined by o(x); = x;,; makes it a compact dynamical
system. If x € A”, we write u C x if x[; ;;,_1) = u forsome i € Z.If X C A” writeu C X if 3x €
X : uC x. A subshift is a subset X of AZ defined by forbidding a set of subwords F C A*, in the
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sense that X = {x € AZ | Vu € F : u iz x}. Subshifts are exactly the closed o-invariant sets in AZ.
An SFTis a subshift where the defining set of forbidden words can be taken to be finite, and a sofic
shift is an image of an SFT under a shift-commuting continuous function between two full shifts.
The vertex shift defined by the nxn matrix M over natural numbers is the SFT{x € {1,...,n}* | Vi :

XpXigy = 1}; every SFT is topologically conjugate to a vertex shift.

Subshifts form a category, with morphisms the shift-commuting continuous functions. The
automorphism group of a subshift X, denoted as Aut(X), is the group of its shift-commuting
self-homeomorphisms under function composition. More generally, the endomorphism monoid
End(X) consists of the shift-commuting continuous self-maps. A topological conjugacy between
two subshifts is a shift-commuting homeomorphism between them. Of course, when the domain
is compact and the image is Hausdorff, it suffices to find a shift-commuting continuous bijec-
tion. If a property of dynamical systems is invariant under topological conjugacy, we say that it is
dynamical.

More generally, a (noncompact) dynamical system is a topological space with a continuous
Z-action (or N-action), and we use the same definitions of topological conjugacy, morphism, auto-
morphism group, and endomorphism monoid for such systems. Hochman’s original problem
deals with the systems X’ = {x € X | x is not periodic} where X is a subshift. The restriction of o
is, of course, well defined and continuous on this set when we take the subspace topology for X”.

A subshift X c AZ is transitive if for all u, v C X, there exists w such that uwv C X, and mixing
if for any u, v such a word w can be found of any large enough length. If X C AZ is a subshift,
then we can see the dynamical system (X, c™) as a subshift by blocking consecutive A-words of
length m into a new product alphabet A™ to get a subshift in (A™)7. The language of a subshift
X c AZistheset{u € A* | u C X}. The entropy of subshift X is lim,, w where P, (X) denotes
the number of words of length »n in the language of X.

A useful construction for us is “passing to a power of a shift.” Namely, if X is a subshift, then for
any m > 0, (X,c™) is a dynamical system, and, in fact, itself a subshift in an obvious sense [13].

A periodic point in X C AZ is x € X satisfying 0"(x) = x for some n > 0. We similarly define
periodic points of X C AN (using the same formula) and X ¢ A~N (shifting in the other direction).
An aperiodic point is a point that is not periodic. For a € A, write aZ for the unique o-fixed point
x € AZ satistying x, = a. Define a" and a™" similarly.

IfX Cc AZ isasubshift, X, ={y € AV | Ix € X : Vi €N : y; = x;}is a closed set that is invari-
ant under the map o : AN = AV, o(X) = X, where ¢ is defined by the same formula as in the
two-sided case, that is, it is an N-subshift. We similarly define X_;, and functions x — x : X —
Xy and x — x_y : X — X_ in the obvious way. An isolated point in a subshift X is one that is
topologically isolated. An important property of a subshift X (in this paper) is that X, has dense
aperiodic points. The reader may want to check that this is a dynamical property of X.

If X C A” is a subshift, a word w C X is synchronizing if whenever x,y € X and x, ) = w =
Yi¢.¢')> the point z defined by

x; ifi<e,

z;=qw; if£gig?,

y; ifi>¢’

isalso in X; a point is synchronizing if it contains a synchronizing word. An important property of
a subshift X (in this paper) is that all its periodic points are synchronizing. The reader may want
to check that this is a dynamical property of X.
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3 | TWO-SIDED SUBSHIFTS

Theorem 3. Let X and Y be two-sided subshifts. Suppose that every periodic point s € X is synchro-
nizing, Xy and X _y have dense aperiodic points, and the same assumptions hold for Y. Then, every
topological conjugacy ¢' : X' — Y’ is a domain-codomain restriction of a topological conjugacy
¢ . X — Y, and the choice of this ¢ is unique.

Proof. Suppose X,Y C AZ for some finite alphabet A. The nontrivial direction is to show that a
topological conjugacy ¢’ : X’ — Y’ extends uniquely to a conjugacy ¢ : X — Y. Consider

Z={(x,¢x)|xeX}cX xY.

Let R be the closure Z C X X Y, and let us think of it as a relation. Note that the system Z, under
the diagonal action o(x,y) = (0(x),o(y)), can be seen naturally as a subshift over the alphabet
A? (the closure of a shift-invariant set is shift-invariant).

We use relation notation, and write xR ={y € Y | (x,y) € Z}and Ry = {x € X | (x,y) € Z},
and similarly for subsets in place of x and y. Note that we have XR =Y and RY = X because
aperiodic points are dense in X and Y (which follows from the corresponding assumptions on X
and Yy). Our first claim is an immediate consequence of the fact that ¢’ is a homeomorphism. []

Claim 1. The sets xR and Ry are singletons for any x € X’ andy € Y.
We now show that proving the same for periodic points suffices to prove the theorem.

Claim 2. If xR and Ry are singletons for every periodic point x € X and every periodic point
y €Y, then the result holds.

Proof of claim. Extend ¢’ to X by mapping each periodic point x to the unique element in xR, and
extend (¢')~! by mapping y to the unique point in Ry. The two extensions are clearly inverses.
It remains to show that the extension ¢ is shift-commuting and continuous. Continuity follows
from the closed graph theorem, since by definition the graph R of ¢ is closed, and Y is a compact
Hausdorff space. Shift commutation is assumed on aperiodic points, and by density of aperiodic
points and continuity, it then also holds on periodic points. Finally, it is clear that the choice of
the extension ¢ is unique, again because aperiodic points are dense. O

We now prove that xR and Ry are indeed singletons for any periodic points x, y, under the
assumptions of the theorem. Since we prove this for all systems at once and the roles of X and Y
are symmetric, it suffices to prove this for sets of the form xR. Furthermore, since (X, o) satisfies
the dynamical assumptions whenever (X, o) does, it is enough to prove it for fixed points for the
dynamics, by replacing o by o™ (for both X and Y).

Claim 3. If s € X is a fixed point for o, then sR is a finite subshift.
Proof of claim. 1t is clear that W = ({s} X Y) n Z is a subshift (under the diagonal action) as the

intersection of two subshifts, and sR is just the projection of W to Y; thus, it is a subshift. Suppose
for a contradiction that this subshift is infinite. Every infinite subshift contains an aperiodic point,
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see [3, Theorem 3.8] (and the sentence after it). Thus, there is an aperiodic point y € sR. It follows
that Ry contains both s and the aperiodic point (¢")~(y), contradicting Claim 1. O

Now observe that if sR is a finite subshift, there exists m > 0 such that c”(y) = y forall y € sR.
If we further replace o by o™ (again both for X and Y), s will stay a fixed point, and sR becomes
pointwise stabilized by the dynamics. It is thus enough to prove that sR is a singleton under
this assumption.

The next crucial observation is that if s = aZ and sR is fixed pointwise by o, then every long a*-
segment of an aperiodic point must be mapped under ¢’ to a long b*-segment, for some symbol
b € A, and the length difference is bounded. This is a compactness argument. "

Claim 4. Suppose a € A, s = aZ, and o(y) = y for all y € sR. Then there exists n such that for
any x € X', if xj;_p ;414 = a?"*2 fori € Z, then ¢/ (x); = ¢'(x);4,-

Proof of claim. Suppose not. Then, shifting such points x by o’, for each n, we can find an aperiodic
point x" such that xE‘_n Lin] = a?*2 and ¢'(x), # ¢'(x);. But x” — s as n — oo, and clearly, no
limit point of the sequence ¢’(x") is fixed by o, contradicting the assumption that sR contains

only fixed points. O

Itis useful to once again replace o by a power: replacing it with o” changes n to 1 in the previous
claim: the symbol a is replaced by the symbol a” € A", and if we see a”a"a"a" in a configuration,
then by applying the previous claim in every position, we see that the corresponding word in the
image must be some ub?'v where |u| = |v| = n, that is, the symbols are u, b", b", v, of which the
central two are equal.

At this point, we may therefore assume that whenever x; ;.3 = aaaa, we have ¢'(x);;; =
¢'(x);,,- So far, we have not used any property of the subshift X except the density of ape-
riodic points. The proof of the next claim crucially depends on the two dynamical properties
assumed.

Claim 5. Suppose s € X is periodic. Then sR is a singleton.

Proof of claim. As we have deduced, we may suppose s = a” for a € A, o(y) = y for all y € sR,
and that whenever x|; ;31 = aaaa, we have ¢(x);; = ¢'(x);4,.

Consider the set W of all points x € X’ such that x; = a foralli € Nand x_; # a. Note that W
is nonempty, as otherwise the point a= is isolated in X_y, which contradicts the assumption that
aperiodic points are dense in X_y.

Observe that every point z € ¢'(W) satisfies z; = z;,; for all i > 1. Let B C A be the set of all
possible symbols z; that appear. The set W is compactso ¢’ : X’ — Y’ is uniformly continuous in
W.* This means that there exists m such that whenever x € X’ and X[_mym] = W[—m,m fOr some
w € W, we have ¢/(x); = ¢'(w);. Note that the assumption “Jw € W : x; = wj | just
means Xy, = a"*', x_; # a.

—m,m| —-m,m

" Dynamically, we are using the fact that every finite dynamical system has the pseudo-orbit tracing property.

#To spell out a topological “subtlety” here, we mean more than just ¢/ |, : W — Y’ being uniformly continuous, namely,
Ve>0:36>0:VweW,xeX :dw,x) <= d(¢'(w),¢'(x)) < e, where d is the induced metric from any metric
on X.
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Replacing o with ¢, we may assume that for all x € X/, if X[_1] = d’aaa and d’ # a, then
¢'(x); € Bisdetermined by a’. More precisely, there exists a function F : A \ {a} — B such that

Vx €X' : x_ 5 =daaand #a= ¢ (x), =F(a)

Now perform a left-right symmetric argument (and possibly replace o by a power yet again) to
obtain that whenever x|_, ) = aaaa’ where a’ # a, the symbol ¢'(x)_; is determined by the
choice of a’. Let C C A be, symmetrically with how B was defined, the symbols that appear as
such ¢'(x)_;.

Applying the conclusions of the two paragraphs above on both sides of a finite interval (the
latter through a shift), and also applying the property from the first paragraph (which does not
disappear when passing to a power of the shift, as explained above the present claim), we deduce
that whenever x; ., = a**! with k > 2 and a & {x;_), X}, 441}, we have ¢(x); = ¢/(x);,, for
alli € [j+1,j+k—2], and the symbol ¢'(x);;; = ¢'(x)4x_; is determined uniquely by both
X[j-1,j+21 A0A DY X[k jikr1)-

Now we use the fact that aZ is synchronizing. Of course, we have passed to a power of the shift,
but the reader can easily verify that a synchronizing point stays synchronizing when we pass to a
power of the shift. We obtain ¢ such that if x, y € X satisfy xjq »_1] = ¥[o s—1] = a’, then the point
z defined by

x; ifi<O,
z;=qa if0<i<?,
y, ifiz?

is also in X. By replacing o with o, we may assume # = 1.

Suppose that either B or C is not a singleton. Then, in particular, we can find b € Band c € C
with b # ¢ such that for some x, x’ € X, we have x; = x;_i =aforalli > 0and x_; # a, x; +a,
and ¢'(x); = b # ¢ = ¢'(x);. Now apply the synchronization assumption with # =1 to x and

x', to obtain a point x”" with in 12 = X-12] and xE’ = X{, 5 Suppose first that x”’ is aperiodic.

03] ~ 7o,
Then, we have

P =¢'C)=b#c=¢(x) =¢'("),

a contradiction.

If x” is periodic, then we apply synchronization to x and o~!(x") (again with # = 1) to obtain
a point x’””. The period of x” cannot be 1, because it contains the letter a but is not equal to a?,
and the point x””’ is obtained from x’’ by duplicating a single letter. Duplicating a single letter
in a periodic point of period greater than 1 always turns it aperiodic, so x"”’ is aperiodic. Now a
calculation analogous to that of the previous paragraph gives a contradiction.

We now have B = C = {b}for some b € A. This clearly implies sR = {b*}, since in any aperiodic
point close to s, the sequence of as containing the origin eventually breaks either on the left or on
the right, and a run of bs reaching the origin is forced by the assumptions. O

By Claim 2, Claim 5 concludes the proof of the theorem.

Theorem 1 follows directly, because any long enough word is synchronizing in an SFT, and
one-sided infinite transitive SFTs do not have isolated points. For Theorem 2, map f € Aut(X) to
flxrx» + X’ = X'. This is clearly well defined and a group homomorphism. It is surjective by the
first claim in Theorem 1, and injective by the second, and therefore, it is a group isomorphism.
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4 | ONE-SIDED SUBSHIFTS

Subshifts are two-sided in the paper of Hochman, so our Theorem 1 indeed solves his problem.
However, as written, one can also interpret the problem in the one-sided category.

Directly removing the periodic points typically leads to a set that is not invariant for the shift
action, so o is only a partial action. We again set X’ = {x € X | x is aperiodic}. In this case, we take
topological conjugacy to mean a homeomorphism that commutes with o whenever o is defined
on X', that is, if both x and o(x) are aperiodic, then o(¢'(x)) = ¢’(c(x)) (in particular, o(¢’(x))
must be aperiodic when the codomain of ¢’ is another subshift with periodic points removed).

‘Whether or not this one-sided interpretation is natural can be debated. Nevertheless, with this
interpretation, we solve the problem of Hochman in a strong form, with a short proof.

Theorem 4. Suppose Z C A is a subshift where every periodic point s € Z is synchronizing and
neither Z_y nor Zy has an isolated periodic point, and let X = Z. Then, every shift-commuting con-
tinuous function ¢’ : X' — Y’ is a domain-codomain restriction of a shift-commuting continuous
function ¢ : X — Y, and the choice of this ¢ is unique.

Recall that our one-sided subshifts are by definition restrictions of two-sided subshifts (we
require o(X) = X); alternatively, one can require o(X) C X. In either case, a one-sided transitive
subshift X (transitivity being defined with the same formula as for two-sided SFTs) with forbid-
den patterns F is equal to Zy where Z is the two-sided subshift with forbidden patterns F. Thus,
infinite transitive one-dimensional SFTs satisfy the assumptions of the theorem under either
definition.

Proof. Define the relation R C X X Y analogously to the two-sided case. Again, it is enough to
show that for every periodic point x, xR is a singleton (whose unique element is then automati-
cally a periodic point). Suppose that this is not the case. Again, passing to a power of the shift, we
may assume that for some a € A and some i € N, for arbitrarily large n, we can find x,x" € X’
such that xjg ,_1] = xEO,n_” =a", x, #x/,and ¢'(x); # ¢'(x'),."

Consider such a fixed n, and observe that by uniform continuity of ¢’ on {x, x’}, we can find
m € Nand words u,v € A™ such that u, # vy, for any two points y,y" € X’ such that yjg ;4 1] =
au, yEO,n+m—1] = a"v, we have ¢'(y); # ¢'(3');, and at least one such pair y, y’ exists (i.e., a"u and
a"v appear in the language of X).

By the assumption that Z_ has no isolated periodic points, there exists a point of the form
ba" in X, for some b # a. By synchronization of aZ, assuming that n was large enough, we have
ba’uz,ba’vz’ € X', for some z,z’ € X and any # > n. By repeatedly applying the assumption
that Z has no isolated periodic points, and synchronization of periodic points, we may assume
z,z' € X', implying that also a’uz,a’ vz’ € X'.

The same b # a appears for infinitely many », and from

¢'(ba’uz);,, = ¢'(a’uz); # ¢'(a’vz'); = ¢’ (ba’ vz');41,

it follows that ¢’ is not continuous at ba™ € X’. OJ

fThe fact i can be taken to be 0 does follow from shift commutation, but this needs a small additional argument since
x, x’ might be eventually periodic, and it does not simplify the rest of the proof.
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5 | COUNTEREXAMPLES TO STRONGER STATEMENTS

In this section, we give some counterexamples to strengthenings of theorems proved in the above
sections, and of Hochman’s original problem.

These are all sofic shifts, and we use regular expressions to define some of them; in these
expressions, + denotes union, * denotes repetition (zero or more times), and juxtaposition is con-
catenation. The reader can pick up the precise definition in any reference on formal language
theory. The soficity of the subshifts below is easy to see, but we remark that it is a general fact that
a subshift X is sofic if and only if for some regular language L, it is the unique smallest subshift
whose language contains L (and such a unique smallest subshift exists).

Theorem 3 does not cover mixing sofic shifts, and indeed, the conclusion fails there.

Example 1. For a two-sided mixing sofic shift X, an automorphism f’ € Aut(X’) may not be
the restriction of an automorphism f € Aut(X): Consider the smallest subshift whose language
contains ((0* + 1*)2(0* + 1*)3)*. Define f’ by swapping each maximal occurrence of 2a" with
the word 2(1 — a)” and each (possibly overlapping) maximal occurrence of a"3 with the word
(1 —-a)"3,fora €{0,1}.

Note that the proof of Theorem 1 shows in general that the “image subshift” sR must be finite
for a periodic point s. The above example shows that it can indeed have positive cardinality, but in
the example, the period is the same. We give another simple example where the period is different.
It also shows that Hochman’s original problem has a negative answer for mixing sofic shifts.

Example 2. Consider the two-sided even shift X C {0, 1}4, namely, the smallest subshift whose
language contains (1(00)*)*, and Y C {0,1, 2}* the smallest subshift whose language contains
(2(01)*)*. These are mixing sofic shifts. Define f’ : X — Y by rewriting each subword 0>"1 to
(01)"2, and 10?" to 2(01)". Clearly, this gives a topological conjugacy between X’ and Y’, but
f’ is not the restriction of a topological conjugacy between X and Y. Indeed, X and Y are not
topologically conjugate at all, because X has two points of period 1, while Y has only one.

In fact, it is a classical fact that even a mixing SFT can be conjugate to a mixing sofic shift after
the periodic points are removed (we thank Mike Boyle for pointing out this example).

Example 3. A near Markov [7] subshift Y is a sofic shift such that in the canonical irreducible
SFT cover X, in the canonical projection 7 : X — Y, only finitely many points have multiple
preimages. One example is the even shift X from the previous example: its canonical cover is the
golden mean shift (the mixing SFT over alphabet {0, 1} with unique forbidden pattern 11) with the
projection 7r(x); = 1 — (x; + x;,1) mod 2. Only the point 17 has multiple preimages. In this case,
clearly, the points with multiple preimages are all periodic, in particular, the canonical projection
7 restricted to X’ is a topological conjugacy between X’ and Y.

In fact, also the subshift X in Example 1 is near Markov. Thus, while in that example, we showed
that Aut(X’) contains elements Aut(X) does not, we have canonical isomorphisms Aut(X’) =
Aut(Z) = Aut(Z), where Z is the canonical cover of X.

The one-sided result in Theorem 4 does not extend to the two-sided case. In fact, in the two-
sided case, the subshift sR need not even be finite when invertibility of ¢’ is not assumed.
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Example 4. There are two-sided mixing SFTs X, Y and a shift-commuting continuous map f” :
X’ — Y’, which is not the restriction of any continuous shift-commuting map f : X — Y. From
the full shift on symbols {0, 2}, map to the full shift on symbols {0, 1, 2} by mapping 2 to 2, and
between two 2s, in a segment 20”2 write 1 at the midpoint between the 2s (with an arbitrary tie-
breaking rule). Tails of the form 20V and 0~N2 are fixed. This clearly defines a shift-commuting
continuous map f” : X’ — Y’, but no extension of f’ to X is continuous at 0%.

By modifying this construction, we obtain that there are uncountably many shift-commuting
continuous maps from X’ to Y’, so the set of morphisms Hom(X’, Y’) is significantly larger than
Hom(X, Y). A further modification shows that End(X") is uncountable, in particular the monoids
End(X) and End(X") are not isomorphic.

One may also ask what happens if we remove a larger set than just the periodic points. In the
one-sided case X C AV, it is tempting to remove all eventually periodic points, that is, points x € X
whose orbit is finite, as the resulting set X"’ is the largest shift-invariant set not containing any
periodic points. We give a stronger example.

Example 5. Let X = {0,1,2}" and let

Y=X\{x€X| 2xi<oo}.

Let g € Aut(Y) be map that rewrites a € {1, 2} to 3 — a if the distance to the nearest symbol from
{1, 2} on the right is odd, and otherwise does not. On Y, this map is continuous, because for all
x € Y, we can find an open neighborhood that specifies the positions of at least n symbols from
the alphabet {1, 2}, and this determines the new values at at least the first n — 1 positions. Clearly,
this map has no continuous extension to any point x € X \ Y.

It is easy to see that the restriction of g to X"/ gives an element of Aut(X""), where X"’ is X with-
out its eventually periodic points (note that g is an involution and its definition clearly implies
that the image of an eventually periodic point is eventually periodic), and there is clearly no con-
tinuous extension to 10" (for this we only need that points in X’ can begin with words 10"a with
a # 0, where n is arbitrarily large and of arbitrary parity).

In the two-sided case, one can remove points that have an eventually periodic right tail or left
tail (or one can remove both types of points, or points that are of both types simultaneously), or
one can remove points that agree with some periodic point in all but finitely many positions. The
following example covers all these cases, by a similar argument as in the previous example.

Example 6. Let X = {0,1, 2} and let
Y=X\{xeX|3dnezZ: x,e{l,2}AVi#n: x; =0}

(i.e., we remove only two orbits from Y). Let g € Aut(Y) be map that rewrites a € {1,2}to3 —a
if the distance to the nearest symbol from {1, 2} is odd, and otherwise does not. On Y, this map
is continuous, because for all x € Y, we can find an open neighborhood that specifies at least
two nonzero coordinates, and this gives a bound on how far we have to look to deduce the ith
coordinate of the image of x. Clearly, this map has no continuous extension to any point x €
X\Y.
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6 | OPEN PROBLEMS

Question 1. How much do we need to remove from mixing SFTs X, Y to make entropy a complete
invariant for topological conjugacy? Is removing the eventually periodic points enough?

Slightly more precisely, let ¢ be a function that, given a subshift X, produces a subset of X (with
the intuition that some “bad points” are removed). For which ¢ do we have h(X) = h(Y) <
$(X) = ¢(Y) for mixing SFTs X, Y? Of course, this is only interesting for “natural” choices of ¢,
such as those listed above Example 6.

We also note that Theorem 1 is truly about topological conjugacies, and says nothing about
embeddings (shift-commuting continuous injections) or factorings (shift-commuting continuous
surjections). There are also new topological subtleties, for example, at least as written the proof
of Theorem 1 does not even deal with the case where ¢ : X’ — Y’ is only a continuous shift-
commuting bijection. To our knowledge, little is known about these issues for free parts of mixing
SFTs with equal entropy. For example, the following problems stay open.

0 1
Question 2. Let X, Y be, respectively, the vertex shifts defined by G i) and (1 1). Is there
1 0

1
0
1
an embedding relation between X’ and Y’? Does X’ factor onto Y’ (or even onto Y)?

It is clear that Y factors onto X, so Y’ factors onto X’. However, X does not factor onto Y, and
neither embeds in the other, due to periodic point restrictions. (There does exist a continuous
shift-invariant map from X’ into Y’, even though there does not exist one from X to Y.)

In higher dimensional settings, we do not know to what extent variants of Theorem 1 hold;
some parts of our argument have direct analogs, some do not seem to. In the two-dimensional
case, it is known that the set of totally aperiodic points in the binary full shift does not even admit
a continuous shift-commuting map to the space of proper 3-colorings of the standard grid [9].

Once there exists an isomorphism between two systems, it is of interest to try to understand
the family of all isomorphisms, which boils down to the study of the automorphism group. We
showed in Example 1 that automorphisms of free parts of mixing sofic shifts are no longer canon-
ically isomorphic to those of the original sofic shift (i.e., there may be new automorphisms that
are not restrictions of old ones). However, for near-Markov sofics X (such that as that of Exam-
ple 1), Aut(X’) is canonically isomorphic to the automorphism group of a mixing SFT, namely,
the canonical cover. What can be said about Aut(X’) for a general mixing sofic shift X? Can we
find a concrete characterization of its elements?

ACKNOWLEDGMENTS

We thank Mike Boyle, Nishant Chandgotia, Mike Hochman, Johan Kopra, and the anonymous
referee for helpful comments and suggestions. The author was supported by Academy of Finland
grant 2608073211.

JOURNAL INFORMATION

The Proceedings of the London Mathematical Society is wholly owned and managed by the London
Mathematical Society, a not-for-profit Charity registered with the UK Charity Commission.
All surplus income from its publishing programme is used to support mathematicians and
mathematics research in the form of research grants, conference grants, prizes, initiatives for
early career researchers and the promotion of mathematics.

8518017 SUOWILLIOD BANER1D) 3[R0l jdde ay) Aq pauenob a1 e VO 88N JO S9N Joj Akeiq i 8UIUO A8|IM UO (SUONIPUOD-pUe-SWBILI0D A3 1M Ae.q Ul UO//SANY) SUORIPUCD PUB SWS | 34} 88S [£202/2T/L0] U0 Ariqiauliuo A|im sy o AiSBAIUN AQ 29GZT SWIA/ZTTT OT/I0p/W00 A8 1M ARe1dBUIIUO™0CSULpUO|//:SAY WO} papeojumod ‘9 ‘€202 ‘XyZ09rT



1692 | SALO

ORCID
Ville Salo © https://orcid.org/0000-0002-2059-194X

REFERENCES

1. R.L. Adler and B. Weiss, Entropy, a complete metric invariant for automorphisms of the torus, Proc. Natl. Acad.
Sci. U.S.A. 57 (1967), 1573-1576.

2. R.L. Adler and B. Marcus, Topological entropy and equivalence of dynamical systems, Mem. Amer. Math. Soc.
20 (1979), no. 219, iv+84.

3. A. Ballier, B. Durand, and E. Jeandel, Structural aspects of tilings, P. W. Susanne Albers (ed.), Proceedings of
the 25th Annual Symposium on the Theoretical Aspects of Computer Science, Bordeaux, France, February
2008, pp. 61-72. IBFI Schloss Dagstuhl.

4. M. Boyle, J. Buzzi, and R. Gémez, Almost isomorphism for countable state Markov shifts, J. Reine Angew. Math.
592 (2006), 23-47.

5. M. Boyle, J. Buzzi, and R. Gémez, Borel isomorphism of SPR Markov shifts, Colloq. Math. 137 (2014), no. 1,
127-136.

6. M. Boyle, J. Buzzi, and K. McGoff, Bowen’s entropy-conjugacy conjecture is true up to finite index, Proc. Amer.
Math. Soc. 143 (2015), no. 7, 2991-2997.

7. M. Boyle and W. Krieger, Almost Markov and shift equivalent sofic systems, Dynamical systems (College Park,
MD, 1986-87), Lecture Notes in Mathematics, vol. 1342, Springer, Berlin, 1988, pp. 33-93.

8. N. A. Friedman and D. S. Ornstein, On isomorphism of weak Bernoulli transformations, Adv. in Math. 5 (1970),
365-394 (1970).

9. S.Gao, S.Jackson, E, Krohne, and B. Seward, Continuous combinatorics of abelian group actions, arXiv e-prints,
page arXiv:1803.03872, March 2018.

10. M. Hochman, Isomorphism and embedding of Borel systems on full sets, Acta Appl. Math. 126 (2013), 187-201.

11. M. Hochman, Every Borel automorphism without finite invariant measures admits a two-set generator, J. Eur.
Math. Soc. (JEMS) 21 (2019), no. 1, 271-317.

12. M. Keane and M. Smorodinsky, Bernoulli schemes of the same entropy are finitarily isomorphic, Ann. Math.
109 (1979), no. 2, 397-406.

13. D. Lind and B. Marcus, An introduction to symbolic dynamics and coding, Cambridge University Press,
Cambridge, 1995.

14. D. Ornstein, Bernoulli shifts with the same entropy are isomorphic, Adv. in Math. 4 (1970), 337-352.

8518017 SUOWILLIOD BANER1D) 3[R0l jdde ay) Aq pauenob a1 e VO 88N JO S9N Joj Akeiq i 8UIUO A8|IM UO (SUONIPUOD-pUe-SWBILI0D A3 1M Ae.q Ul UO//SANY) SUORIPUCD PUB SWS | 34} 88S [£202/2T/L0] U0 Ariqiauliuo A|im sy o AiSBAIUN AQ 29GZT SWIA/ZTTT OT/I0p/W00 A8 1M ARe1dBUIIUO™0CSULpUO|//:SAY WO} papeojumod ‘9 ‘€202 ‘XyZ09rT


https://orcid.org/0000-0002-2059-194X
https://orcid.org/0000-0002-2059-194X

	Conjugacy of transitive SFTs minus periodic points
	Abstract
	1 | INTRODUCTION
	2 | DEFINITIONS
	3 | TWO-SIDED SUBSHIFTS
	4 | ONE-SIDED SUBSHIFTS
	5 | COUNTEREXAMPLES TO STRONGER STATEMENTS
	6 | OPEN PROBLEMS
	ACKNOWLEDGMENTS
	JOURNAL INFORMATION
	ORCID
	REFERENCES


