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§0. Introduction

Let n be a positive integer and denote < n >= {1,...,n}. We view < n > as an
alphabet on n letters. Denote by < n >Z% the set of all mappings of Z¢ to the set
< n >. By extending the Hamming metricon <n > x <n > to <n >Z% 4ne obtains
that < n >Z° is a compact metric space. The group Z¢ acts as a group of (translation)
automorphisms on < n >Z% A set S C Z4 which is closed and invariant under the action
of Z% is called a subshift. S is called a subshift of finite type (SFT) if there is a finite set of
finite admissible configurations which generates S under the action of Z?¢. More presicely,
let F C Z< be a finite set. Assume that P C< n >¥. Then (F, P) defines a folowing
Z-SFT S. For each a € Z% let F + a C Z% be the corresponding translation of F. Then
x € S iff for each a € Z%, mp,4(x), the projection of x on the set F' + a, is in P. See for
example [Sch, Ch. 5].

The case of Z action, i.e. d = 1, is well understood. In that case, it is relatively
easily to decide whether S is empty or not. Moreover, the topological entropy h(S) of the
restriction of the standard shift to S is a logarithm of an algebraic integer p(F, P). The
number p(P, F) is a the spectral radius of certain 0 — 1 square matrix induced by (F, P).
Furthermore, the topological entropy h(S) is equal to the rate of growth of the number of
periodic points. The case d > 1 is much more complicated. First, the problem wether S is
an empty set or not is undecidable. This result for d = 2 goes back to Berger [Ber|. See
also [K-M-W] and [Rob]. Second, there exists a SFT S # () which does not have periodic
points. Moreover, in the case where S # () the topological entropy may be uncomputable,
see [H-K-C] and [Gab].

The object of this paper to show that contrary to these results one has a natural and
a simple criterion which either determines that S = () or calculates the topological entropy
of S # (. There is no contradition to the uncomputability of h(S) because we can not
estimate the rate of convergence of our sequence. However, if we introduce a symmetry in
Z? we can estimate the rate of convergence of our sequence. Moreover, in this case h(S)
is the rate of growth the number of periodic points. Our main tool is to view a Z¢-SFT
as a matrix SFT. See [M-P1,M-P2]. In fact our methods are very close to the methods
of [M-P1,M-P2].

We now describe briefly the content of the paper. In §1 we define combinatorial
entropy of Z%-SFT. It can is computed by finite configurations. We then observe, using
Koning’s method, that Z4-SFT is nonempty iff every finite configuration is nonempty. In
62 we show that the combinatorial entropy is equal to the topological entropy of Z?¢-SFT.

1



In §3 we show that simple symmetricity conditions yield that the topological entropy of
Z%-SFT is equal to the periodic entropy. (The periodic entropy is the rate growth of
the periodic points.) In the case d = 2 combined with the symmetricity assumption we
obtain an algorithm for computing the entropy at any given precision. This result is due
to [M-P2] under stricter conditions. The last section is devoted to various remarks.

§1. Preliminary results

Let ' C<n > x <n>. Set

Yy = {$ = (l’z)jlv, (aci,xH_l) eli=1,...N — 1},
' ={x = (2;)iez : (xi,xi41) € T,i € Z}.

Assume that I'; C<n>x <n>i=1,..,d. Set I' = (T'1,...,I'y) and let

d
I ={f:fe<n>% (fu, iniez €T,
(31, ooy i1y Thg 1, -y iq) € Z97 Nk =1,...,d,}

to be a Z4-SFT induced by I'. We now show that a standard Z%-SFT is a equivalent the Z¢
-SFT induced by I". For the case d = 2 this can be deduced from [Moz] who proved that
every Z2-SFT is equivariant to Wang-tiling-space. It is easy to see that Wang-tiling-space
is Z?-SFT induced by some special I' = (I', ).

Let S be a SFT is given by the pair (F, P) as in §0. Let N = (Ny, ..., Ny) € Z¢, N; >
1,i = 1,...,d. By B(N) we denote the box < N; > x---x < Ny >C Z%. Let f =

.........

that F'+ a C B(N) we have the condition that mp4,(f) - the projection of f on the set
F+ais P-admissible, i.e. 7p q(f) € P. Let (1,...,1) < M(F) = (M(F), ..., Mg(F)) € Z¢
be the dimension of the smallest box containing F'. That is, B(M(F)) D F + a for some
a € Z% and B(M(F)) is minimal with respect to this property. For M(F) < N € Z? let
w(N, F, P) be the number of (F, P) admissible words in B(N). We then let

, logw(N, F, P)
heom (F, P) = limsu
( ) Ny, Nd—p>oo Ni---Ng

to be the combinatorial entropy of induced by (F, P). We agree that log0 = —oco. That
i heom (F, P) > 0 iff every box B(N) has at least one (P, F') admissible configuration
f e<n >BW) Observe next that if M;(F) = 1 for some some i then we effectively can
consider the corresponding Z?~1-SFT. For

N =(Ny,..Ng) € Z4 Ny > 1,k=1,....d

let
Ni....N.
FN = {f = (f(ll ~~~~~ id))illz...:ijzl : (f(ll ~~~~~ id))zj'\k[k::l S ngﬂ k= 1, "'7d}7



for every i1, ..., 06—1, k1, -+ bd-
Set
F={1,2}"=B(2,..,2),P =T®"2 (N,T) = w(N, F, P).

Then for any N = (Ny,...,Ng) > (1,...,1) the set TV consists of all (F,P) admissible
words in < n >BW) | Define heom (I') = heom (F, P).

(1.1) Theorem. Let F C Z% be a finite set such that 1 < M;(F),i = 1,...,d. Assume
that P c< n >F. Denote by T c< n >BME) the set of all F, P admissible words in
<n >BME) " For each i = 1,...,d, and v € T let m; _(u), m; 1 (u) be the projection of u
on the sets

M 1(F),M;(F) — 1, M;1(F), ..., M4(F)),

B(My(F),...; M1 (F), M;(F) — 1, M;11(F), ..., Mg(F)) + (01, -+, 0id)-
Set
I ={(uw,v) :u,vel mi(u)=m_(v)})CTxT,i=1,...d I'=(T4,..Tq).

Then for any N = (k1 + My (F),....;kq + My(F)),k; > 1,i = 1,...,d, the set of all (F, P)
admissible words in B(N) is in one to one correspondence with T(F1t1katl) on the
alphabet T. In particular the set of all admissible (F, P) words in < n >Z% s in one to
one correspondence with I'°°. Furthermore heom (F, P) = heom(T).

Proof. Let N = (k1 + My (F),....;kq + My(F)),k; > 1,i = 1,...,d. Assume that f €<
n >BW) be an (F, P) admissible word. For (l,...,0q),1 < I; < k; + 1,5 = 1,...,d, let
9(1:,....1) be the word in T which has the following coordinates in f:

L<ii<lLi+MF) -1i=1,..d. (1.2)

It is straightforward to check that g = (g(llPwld))Elfl_fll’)'"’kdﬂ) e Tkitlokatl) - Agsume

that g € T(h1+1-kat1)  Use the above formula to find a unique f €< n >BW) 5o that g is
constructed from f as above. We claim that f is a (F, P) admissible word in < n >B®),
Assume that F'+a C B(N). Then there exists Iy, ...,lq,1 < 1; < k;+1,i=1,...,d, so that
the coordinates of F' + a satisfy the inequalities (1.2). That is, mp44(f) lies in the word u
generated by the projection of f on the coordinates specified by (1.2). By the construction,
w € T. In particular, 7py(f) = Tpiq(u) € P. Hence, f is a (F,P) admissible word.
Therefore, w(N, F, P) is equal to w(ky + 1,....kq + 1) = card(T(*k1+1ka+1)) = All other
assertions of the Theorem follow straightforward. ¢

Let (1,...,1) < N € Z%. Partition the box B(N) to p nontrivial boxes of dimensions
NteZ%i=1,..,p. It then follows that w(N, F, P) < [[{ w(N', F, P). We thus deduce

heom(F, P) = lim



(1.3) Theorem. Let S be a Z3-SFT given by (F, P). Then
S+ < w((m,...m),F,P)>1,m=2,..,.
That is, S = 0 <= heom = —00.

Proof. Clearly, if S # () then heonm (F, P) > 0. In particular, w((m,...,m),T') > 1,m =
2,...,. Assume now that w((m,..,m),I') > 1,m = 2, ...,. Consider the box B((2m,...,2m))
- Bs,, in R? whose center is at the origin 0,...,0). Let ©,, € [(@m....2m) }6 an admissible
filling of B, by the alphabet {1,...,n}. Consider the sequence {0©,,}°. Look at the
projection of this sequence on By. Pick up an infinite subsequence {@n% }$2, whose so
that the projection of each ©,1 on B is the same element V; € (22 From the
sequence @n% pick a subsequencé @nf so that the projection of each element @n? on By is

the same element Wy € I'*+% Continue this construction to obtain that the sequence
Uy, € D@mo2m) o — 1 which are 2m x --- x 2m sections of an element U € I'>°. The
above argument is due to Koning [K6n].

Introduce on < n > the Hamming metric d(i,7) = 0,d(i,j) = 1,71 # 7 €< n >. For
i = (i1,...,iq) € Z¢ we let |i| = Zf lip|. On <n >Z define the following metric

1 a(fi, gi a
W= Y o= e<ns

It then follows that < n >2" is a compact metric space. Let e; = (81, ...,0;4),0 = 1, ..., d,
be the standard basis in Z¢. Denote by T} :< n >2 < >Z% the following automorphism
of < n >Z%

Ti(f;) = (five )i € 20 f = (f;) €< n>%"

S c< n >Z% is called a subshift (SF) if S is closed and T;S = S,i = 1,...,d. In that
case one defines a topological entropy h(S) as follows. For (1,...,1) < N = (N, ..., Ng)

introduce the following new metric on < n >27,

— T id f i i zt
dN(fag) O§1p<]r\%é,ld]))(:l _____ dd( 1 d f7 1 d g)v f=g€<n>

Fix a positive € > 0 and let K (S, N, €) be the maximal number of € separated points in S
in the metric dy(-,-). We then let

log K (S, N
h(S) = lim limsup M.

14
€7 Ny,...,Ng—o0 Ni---Ng ( )

(1.5) Theorem. Let'; C<n>x <n>i=1,...d, and set ' = (I'y,...,Ty). Assume
that T # (). Define h(I') = h(I'*®). For (1,...,1) < N € Z% let w(N,I'*) be the number
of all possible projections of f € I'™° on a fixred box B(N). Then

) log w(N, ')
h(I') = limsu —_—
() Nl,...,NdEoo Ni---Ng
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In particular, h(T') < heom(T).

Proof. It is quite straightforward to see from the definition of K(I'*°, N ¢) that for a
small enough € > 0 there exist some constants 1 < a(e),1 < b(e) € Z so that

w(N,T°) < K(T'*°,N,¢) < a(e)w(N + (b(e), ..., b(e)), T'>).

Now the characterization of A(I") follows straightforward from (1.4). As w(N,I'>) <
w(N,T') we deduce that h(I') < heom (I'). ©.

§2. The equality of topological and combinatorial entropy for SFT

Let ' C<n > x <n>. Denote by A = A(T") the 0 — 1 matrix induced by the graph
I'. Let p(A) be the spectral radius of A. Set

per(FN) = {(ml){v : (:L‘l)i\] eV z = TN}

Assume that I'; C<n > x <n>,i=1,....,d. Set

I =(Ty,...,Tg), T = (g, . 11, Tigq, ... Ta),i =1, ..., d.
For
N =(Ny,...Ng) € Z4 Ny > 1,k =1,....d,
M= (My,...Myg_1) € Z% M; >1,j=1,....d — 1,

let

per(FN) = {f = (f(h,-..,id))z]'\l[!::i\z(j:l : (f(i1,--~,id))£\,ik:1 € p€T<F;ch)7k =1, "'7d}7
wp(N,T) = card(per(FN)),

I'(k, M) ={(a,b) :a = (a(il ~~~~~ 'L'dfl))7b = (b(h ..... id—l)) = (F{k})Ma
(a(il,...,id,1)7b(il,...,id,l)) € Fkazj = 17 7MJ7J = 17 7d - 1; };k = 1; "'7d7
p(F(k‘,M)) = {(a>b) A= (a(il,u-yidfl))’ b= <b(7;17~~~,7:d71)) € per((r{k})M)7
(a(i1,m,id—1)7b(i1,...,id_1)) € Fk,ij =1, ...,Mj,j =1, ...,d -1, }, k=1, ...,d,

Ak, M) = A(T(k, M)). p(k, M) = p(A(k, M),

Ap(k, M) = Ap(T(k, M))), pp(k, M) = p(Ap(k, M), k = 1,....d.

Note that any f € per(I'V) has a unique minimal periodic extension to I'*°. Set

) log wp((Ny, ..., Ng),T')
hp(I') = limsu
p(T) Nl,...,NdEoo Ni---Ng




to be the periodic entropy of I'*°.

(2.1) Theorem. Let d > 2 and assume that I'; C<n > x <n >,i=1,...,d. Consider
Z3-SFT given by T = (T'y,...,T'q). Then

heom(I') = —00 <= VM = (M, ..., Mg_1) >> (1,..,1) p(k, M) =0,k =1, ....d,
hp(I) = —co <= VM = (M, ..., My_1) pp(k, M) =0,k =1, ..., d.

Furthermore

. logp(k, (Ml,...,Md_l))

| = heom(T), k=1,...,d,
Mi,..., ]\14r£l_1—>oo Ml"'Md,1 ( )
lng(k’, (Ml,---aMd—l)) .

> heom(T),M; >1,0=1,...,.d—1,k=1,...,d,
A = heom(T')
log pp(k, (M, ..., M4_1))
lim su <hpl),k=1,...,d.

Mi,..., Md_Il)—wo My Mgy < hp(T)

Proof. We first prove the theorem for d = 2. In that case M = (m) and we let I'(k, M) =
['(k,m),p(k, M) = p(k,m) for k = 1,2. Suppose first that there exists N = (N, N3) so
that 'V = (). We then claim that p(1,m) = 0 for m > N,. Suppose to the contrary that
p(1,m) > 1. That is, A(1,m) is not a nilpotent matrix. That is, I'(1,m)! # 0,1 = 2, ...,.
Clearly,
I'(1,m)! =™, (2.2)

Set [ = Nj to obtain a contradiction. Similarly, p(2,m) = 0 for m > N;. Assume now
that p(1,m) = 0 for some m > 1. Let Lo(m) = card(I'5*). Then I'(1,m)%(™) = ). Use
(2.2) to deduce that T'L2(m)m) — ) Similar results hold if p(2,m) = 0.

Assume now heonm, (I') >0, ie. p(1,m) > 1,p(2,m) > 1,m =1,...,. We now prove the
conditions related to the characterization of hcepm, (I') in terms of p(1,m). We claim that

log p(1,p + q) < logp(1,p) +logp(1,q),p,q > 1. (2.3)

Indeed, let w((l,p),T),w((l,q),T),w(({,p+ q),T') be the total number of words of length [
corresponding to the subshifts I'(1, p), (1, ¢),'(1,p + q) respectively. Clearly, every word
of length [ in I'(1,p + q) splits (from bottom to top) as a word in I'(1,p) followed by a
word in I'(1,¢q). That is w((l,p + q),T') < w((l,p),T)w((l,q),I"). Take the logarithm of
this inequality, divide by [ and take the lim sup to deduce (2.3). It is a well known fact

that (2.3) implies that the sequence {W}f" converges to a (nonnegative) limit h.
Furthermore, h < W,m = 1,...,. We now show that h = heom(I'). Let {€,}7° be
a positive sequence which converges to zero. Clearly, there exists a sequence of positive
integers {l,,}7° converging to co so that

log w((ly,, m),T")

Im

>logp(l,m) —€,,m=1,..,.



Hence,
log w((ly,, m),T)

mTn

We now show the reversed inequality. Let {m;}{°,{n;}3° be two sequences of positive
integers which converge to oco. We claim that

logw((n;, m;),T) <h

lim sup
n;ms;

Pick a positive § > 0. Pick a positive integer m so that W <h+d. Let K >>1so
that
1 k), T
vn s K max (128W(E)T)
1<k<m n

—logp(1,k)) < 0.

Assume that m;,n; > K. Set m; = pom + ¢;,1 < ¢; < m. Consider a word of length n;
corresponding to SFT induced by I'(1,m;). This word splits (from bottom to top) as p;
words induced by I'(1,m) and a word induced by I'(1, ¢;) of length n; respectively. Hence,
w((ng, m;),T) <w((ng;,m),T)Piw((ng,q;), ). That is

log w((n;, m;),T) < logw((n;,m),T) N log w((ns,q;),T)

< <
1 1 ) 1L,k)+9o
ogp(l,m) &  maxicrem p(L,k) + i, > K.
m m m;

w < h + 2. These arguments prove the theorem for

Thus, imsup,,. ,,. .o -
p(1, m) Similar arguments Verlfy the theorem for p(2,m).
We now consider the periodic solutions. Assume first that per(I'V) # () for some

N = (N1, N2), N7y > 1, Ny > 1. It then follows that
per(TMY £ 0, M = (N, +i(Ny — 1), Ny + j(Ny — 1)),i,7 =0, ...,. (2.4)

We then claim that pp(1, No) > 1, pp(2, N1) > 1. Consider first the matrix Ap(1, Na). If
pp(1, No) = 0, i.e. Ap(1, N3) is nilpotent, we could not have arbitrary long words in the
SFT induced by p(I'(1, N3)). This contradicts (2.4) for 7 = 0. Similarly, pp(2, N1) > 1.
Assume now that pp(1, N3) > 1 for some Ny > 1. Then the SFT induced by p(I'(1, N2))
has at least one periodic word of length Ny > 1, i.e. per((p(T'(1, N2))M) # 0. As every
periodic word of length N; in the SFT corresponding to p(I'(1, N2)) is an element of
per(T(N1:N2)) we deduce in particular per(I'(M1:N2)) =£ (). That is,

hp(T') = —oc0 <= pp(1,m) = pp(2,m) =0,m =2, ...,.
Assume now that hp(I') > 0. We now prove the theorem for pp(1,m). Consider the SFT
induced by p(I'(1,m)). Then wp((l,m),T") is the number of periodic words of length [
of this SFT. As pp( ,m) > 1 we know that for any 6 > 0 there exists [ = [(J) so that
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M > log pp(1,m) — 6. Assume that {m;}$° is a strictly increasing sequence of
positive integers so that

y log pp(1,m) . logpp(1l,m;)
imsup ————= = lim ——=.
m— o0 m 1—00 m;

Let {1;}5° be a stricly increasing sequence so that 2 wp((ll;’mi)’r) > log pp(1,m;) — 1,0 =

2,...,. We then deduce limsup,,_, . W < hp(T"). The analogous result for pp(2,m)
is proved similarly.

Let d > 2. Assume that (1,...,1) < M € Z4~1. Partition the box B(M) to p nontrivial
boxes of dimensions M* € Z4 ' i = 1,...,p. We denote this fact by M = U M?. We then
have the following generalization of (2.3).

p
log p(k, M) < "log p(k, M),k =1, ..., d. (2.3)
1

Similarly, all assertions of the theorem for d > 2 are derived in an analogous way. ¢

(2.5) Theorem. Let d > 2 and assume that T'; C<n > x <n >,i =1,...,d. Consider
the Z4-SFT given by T' = (T'y,...,Tq). Then

To prove the theorem we need the following result.

(2.6) Lemma. Let the assumptions of Theorem 2.5 hold. Assume furthermore that
[ = (. Let M, Ny, Ny € Z% and assume that (1,...,1) < M < N; < No. Then

T +N - (T2 D T n,—u (T22).

Assume that f € T?M. Then

dg € T®npemng = < YN € mpemtn—m(TY).

Proof. The first claim of the lemma is trivial. Assume that g € I'°. Let f = mg@am)g-
Clearly, VN f € Tp@m)+N— 2 (I?Y). The reverse implication is proved by using Koning’s
argument as in the proof of Theorem 1.3. ¢

Proof of Theorem 2.5 By Theorem 1.3 heopm(I')) = —00 <= h(I') = —oco. Thus, it is
enough to consider the case heom (I') > 0. As w(N,T') > w(N,I'*°) Theorem 1.5 implies
that heom (L) > A(T). Thus Aeom (I') = 0 = A(I") = 0. Hence, it is left to prove the theorem
in the case heom (I') > 0. For simplicity of the exposition we consider the case d = 2.
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Fix k£ > 1 and let m > k. Consider the graph I'(1,2m). It represents a SF'T induced
by an infinite horizontal strip of width 2m in the vertical direction. Erase from the above
infinite horizontal strip m — k first and last infinite rows. We then obtain a S(2m)(2k)
a SFT induced by the graph I'(1,2m). Furthermore, S(2m)(2k) is a subshift of S(2k)
induced by I'(1,2m). Clearly, we have the inclusions

S(2k) > S(2(k + 1))(2k) D -+~ D S(2m)(2k) > - - -

Fix a box of dimension (2[,2k) and let wa,, (21, 2k) be the projection of S(2m)(2k) on this
box. Clearly

w((2l7 2]{3), F) > W2 (k+1) (2l7 2k) > > Wam(k) (2l7 Qk) = Wo(m(k)+1) (2l7 2k) = e
Ko6ning’s argument yield that

We claim that

21
w((21,2k), 0>°)P—2m(k) > p(L, p2k)

2 (L, 2k 22m () ,p>> 1. (2.7)

To prove this inequality consider the infinite horizontal strip of width p2k where p > 2m(k).
In this strip pick up a box of dimension (rl, p2k) where r >> 1. It then follows that

w((rl, p2k),T) = K1(rl)™ p(1, p2k)""

for some fixed integer s;. We view the above strip as composed of p infinite strips of width
2k. For m(k) the most upper strips and for m(k)the most lower strips the number of words
in the box (rl,2k) does not exceed

w((rl, 2k),T) =~ Ko(rl)*2p(1, 2k)™.

We now consider all the other infinite horizontal strip of width 2k. Observe that they
are all SF'T contained in S(2m(k))(2k). Denote by C(l,2k) all distinct projections of I'*°
on a box B(l,2k). Denote by A(l,2k) C C(I,2k) x C(I,2k) the following graph induced
by all distinct projections of T' on the box B((2l,2k)). That is (x,y) € A(l,2k) iff
(x,y) is obtained by the projection on B(2l,2k) of some possible configuration in I'*°. Let
w(t, A(l,2k)) be the number of words of length ¢ in the SFT induced by A(l,2k). Set
p(l,2k) = p(A(A(l, 2k)) It then follows that for r >> 1

w(r, A(l,2k)) =~ K3r**p(l, 2k)".

We next claim that
w((21,2k),T%) > p(l, 2k)*. (2.8)
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Indeed, we trivially have that w(2r, A(l,2k)) < w((2l,2k),I'>)". Use the asymptotic value
of w((2r,2k), A(l,2k)) for r >> 1 to deduce (2.8). From the definitions of m(k) and p(I, 2k)
it follows that for p > 2m(k)

w((2rl, p2k),T) < w((2rl, 2k), r)2m(k)w(2f,,7 A(l, 2k))p—2m(k)_

Use the asymptotic equalites for the above words and the inequality (2.8) to deduce
(2.7). Take the 2ip — th root of (2.7) and let p — oo. Use Theorem 2.1 to deduce that

1 I
fm inf 0g w((212,l2k), )

> 2kheom (D).

Hence,

h(T") = lim sup log w({l, k), I'%) > lim inf L lim inf log w((2L, 2k), I*?)
k,l—oco kl k—o0 l—o0 2l

2 hcom (F) .

Thus, h(I') = heom(I') and the proof of the theorem is completed. ©

§3. A symmetricity condition

(3.1) Theorem. LetT; C<n > x < n >,i = 1,....,d, and consider Z*-SFT given by
I'=(Ty,....,q). Assume that I'y,...,T4_1 are symmetric. Then hp(T') = h(T).

Proof. We prove the theorem by the induction on d. Assume first that d = 2. From
Theorem 1.3 we deduce that p(2,2) = 0 = h(I') = —oo. Assume that p(2,2) > 1. We now
show that hp(I') > 0. Observe first that per(I'(2,2)!) # () for some [ > 1. In particular,
per(Th)) # 0, ie. p(A(T2)) = p(2,1) > 1. Consider p(I'(1,1)). The above assumption
means that p(I'(1,1)) has at least one edge. As I'; is symmetric we deduce that p(I'(1,1))
is also a symmetric matrix. Hence, pp(1,1) > 1. Theorem 2.1 implies that hp(I') > 0.
Thus hp(T') = A(I') = —0 <= p(2,2) = 0.

In what follows we assume that p(2,2) > 1. We now prove that hp(I') = h(T"). Clearly,
hp(I') < h(T"). As we showed that hp(I') > 0 it is enough to consider the case h(I") > 0.
Note that Theorems 2.1 and Theorem 2.5 yield that p(2,m) > 1,m = 2,...,. Fix m > 1.
Let wp(l) be the number of periodic words in the SF'T induced by I'(2,2m + 1) of length
l. Set

Lps(1) = card(per(T8")), B = (bi;) 1" = A(p(T(1,1))), B*™ = (2™,

iJ

It then follows that wp(l) = foj(:li bl(?m). Recall that B is a nonnegative symmetric
matrix. Hence, its spectral norm is equal to its spectral radius pp(1,1). As wp(l) =

eB*eT e = (1,...,1) we deduce that wp(l) < pp(1,1)*™ Lpy(l). Observe next that
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trace(B?™) = wp(2m +1,1). As B?™ is a symmetric matrix with nonnegative eigenvalues
it follows that trace(B?™) > pp(1,1)*™. Combine the above inequalities to deduce

wp(l) < wp(2m + 1,1)Lpo (1) < wp(2m + 1,1)n' L

Fix §,0 < §. Choose a strictly increasing sequence {l,,}$° so that logul’ﬂ > log p(2,2m+
1) —§. Use Theorem 2.1 and the above inequalities to deduce

log p(2, 2m + 1 1 . log wp(2m + 1, L,
W) = lim (BPZ2MAD) g 108 wPUn) g logwp@mtLln) gy
m—00 2m+1 m—oo (2m + 1), = m—oo (2m + 1)l

This proves the equality hp(I") = h(T") for d = 2.

Assume that the result holds for d > [ > 2 and let d = [ + 1. Choose § > 0 and
M = (My,...,M;) >> (1,...,1) so that W < h(I") +d. (We are assuming the
nontrivial case p(l + 1, M) > 1 <= h(I') > 0.) Furthermore, we assume that M, ..., M,
are odd numbers. Choose N;;1 >> 1 so that w(My, ..., M;, Ni41)- the total number of
words in (I'(I+ 1, M))Ni+1 is not greater then (1 + )™+ times wpy41(My, ..., My, Njpq) =
card(per(T(1+1, M)N+1)). Let pyyq (T(1, (Ms, ..., My, Ni41))) C T'(1, (Ms, ..., M;, N;4 1)) be
the subgraph generated by all the words of length (Ma, ..., M;, Ni41) in the SFT induced
by (I'a,...,I'1+1) which are periodic with respect to the last coordinate. Note that this
graph is symmetric. Moreover,

(P (D(1, (Mo, ..., My, Np )M = per(T(14 1, M)N+1) nef).

The arguments of the proof for d = 2 show that A(I') - the density of words of length
(N1,...,Ni11) is equal to the density of the words periodic in the last and the first co-
ordinates. Let p1,1+1(r(2, (Ml, Mg, ceey Ml, Nl+1))) C F(?, (Ml, Mg, ceey Ml, Nl+1)) be the
subgraph generated by all the words of length (M, Ms, ..., M;, N;41) in SFT induced by
(I'1,Ts, ..., I41) which are periodic in the first and the last coordinate. As I's is symmet-
ric it follows that p; ;41 (I'(2, (M;, Ms, ..., M;, Ni41))) is also symmetric. Use the previous
arguments to deduce that h(I") is the density of words periodic in 1,2,[ + 1 cordinates.
Continue in this manner to deduce that h(I") = hp(T'). ©

Our results yield a new proof that the periodic entropy hp(I') computed by Lieb [Lie]
is equal to the standard entropy A(I'). See [B-K-W] for a specific proof of the above
equality for the ice rule model in zero field.

Under the assumptions of Theorem 3.1 it is possible to give lower estimates for A(T").
To do that we need to introduce the following notation. Let U C< d > be a set of cardi-
nality p. We then agree that U = {i1,...,9p},1 < i3 < --- <1, < d. For N = (Ny,..., Ng)
set NV = (N, ..., N;,). In particular, NU¥} = (Ny, .., Np_1, N1, ..., No), k= 1, ....d.
Assume the assumptions of Theorem 3.1. For any nontrivial set U C< d > we con-
sider the SFT on Z¢4V)) induced on I'V = (I;,,...,T; ). Suppose that k € U,V =
U\{k},card(V) > 1. Then I'(k, NV) is graph induced by the SFT corresponding to I'U.
Let p(k, NV) be the spectral radius of this graph. Given three pairwise disjoint sets
V,{k},W C< d > we consider the following contraction of p(k, NV“") on V indices

1

pv (k NTT) = N,_1>i£1iev p(k, NV ey
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Let U = {k} UV. Observe that log py (k, NV') = h(I'Y).

(3.2) Theorem. Let; C<n > x <n >,i=1,...,d, and consider the Z% -SFT given by
I'=(Ty,....,'q). Assume that I'y is symmetric. Then

p(i, N1 < p{}(kr,N{i’k})N’“*lp(i,N“”“}),
N=(Np, s No) > (1, 1) i = 1,k — 1,k +1, .., d.

Proof. Fix N; > 1,5 =1,...,i—1,i+1,...,d. For a small positive 6 > 0 choose IN; >> 1
so that _ _
(1= h)Nip(i, NN < w(N) = card((T(i, NU))No),

w(N) = card((T(i, NTR))No) < (14 6)Nip(i, NTERHN:

Let C = A(T'(k, N{k})) Then C'is w(N Nk} }) (Nm) symmetric matrix with the spectral

norm equal to p(k, N {k}). Set e = (1,...,1). The maximal characterization of the maximal
eigenvalue of CN+~1 yields

w(N,T) = eCNete < p(k, NTED N1y (N 1),

Taking the N; —th root in the above inequality and letting N; — oo we deduce the theorem.
0.

Combine Theorems 3.1-3.2 for d = 2, k = 1 with Theorems 2.1 and 2.5 to obtain.

(3.3) Corollary. LetT';,I's C<n > x <n >. Assume that 'y is symmetric and consider
the Z2-SFT induced by ' = (I'y,T'3). Then

logp(2,k) _logp(2,1) _ hp(T) = h(T) < log p(2, k)

- =2,
k—1 k-1 = ST o kFEhe

The above Corollary under stronger assumptions is due to [M-P2]. Note that Corol-
lary 3.3 enables one to calculate effectively the entropy h(I") up to an arbitrary precision.

We now apply Theorem 3.2 for d = 3 assuming that I's is symmetric. Let Ny = p >
1,No=q>2,k=2,i= 3 to deduce

logp(3, (p,q)) _ logp(3,p) _ l0gp((2,p)
plg—1) plg—1) ~ p '

Let p — co. We then get the inequalites

logp(13(3,9)  m(IiH3)
qg—1 g—1

< h(). (3.4)
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This yields a lower bound for A(T") which converges to h(I') as ¢ — oo. To obtain com-
putable lower bounds for A(I") in terms of various p(k, M) we assume that I's is symmetric.
First observe that Theorem 2.1 gives an upper bound on h(I'{1:3}). Use Theorem 3.2 with
k=3,i=1,M; = q, M3 = r to deduce

log p(1,(g,7)) logp(l,q)
r—1 r—1

<log p13(3,q).

Use the above inequalites in (3.4) to obtain a lower bound for A(I") which in principle can
be arbitrary close to h(I'). (Choose all the numbers entering in this inequality to be big
enough.)

§4. Observations

Let ' C< n > X < n > be a directed graph on n vertices. For any nontrivial set
Vc<n>set I'(V)=TNV xV. I'is called a strongly connected graph if any two vertices
1,7 €< n > are connected by a path in a graph. This is equivalent to the statement that
A(T") is an irreducible matrix. If I" is not strongly connected then < n > is decomposed to
a disjoint union

<n>=UlU;,U;NU; =0,0<i<j<p,cardU;) > 1,i=1,...,p, i1
ACU))" = 0, (AU + " > 0,i = L. -
Here I stands for the identity matrix and B > 0 denote a real valued matrix whose
all entries are positive. The set Up is called a transient set. That is, if we consider
any path with edges in our graph I' each transient vertex will appear at most once.
Equivalently, any closed path will not contain any transient vertex, while for each ver-
tex in UYU; there exists a closed path which contains this vertex. The set UJU; is
the set of nontransient vertices. Moreover, each graph I'(U;) is a strongly connected
for ©+ = 1,...,p. Furthermore, Uy, ...,U, are maximal sets with this property. That is,
for 1 < i < j < p either there is no path of I' connecting U; to U; or U; to U;
(or both). The reduced graph red(I') is defined as follows. The states (vertices) of
the reduced graph are the transient vertices Uy and the new states [Ui], ..., [Up]. Let
red(n) = card(Uy) + p. Then red(T) C< red(n) > x < red(n) > does not have self loops,
i.e. (i,i) € red(T'),i €< red(n) >. Furthermore (i, j) € red(T) iff there is at least one edge
in I" which goes from one vertex represented by the state i to one vertex represented by the
state j. It then follows that A(red(I")) is a nilpotent matrix. Let z = (z;)* € I'™,m >> 1.
The generic picture dictated by the reduced graph is as follows. First we may have a couple
of transient vertices 1, ...,x¢, € Uy, (z;,z;41) € red(I"),i = 1,...,t; — 1. (It may happen
that we do not have transient vertices, i.e. t; = 0.) Then we have a sequence of an arbi-
trary length ki @¢, 41, ..., Tt 44, € Ujy, (24,,[Uj,]) € red(I').. Then we may have another
few transient states Ty, 4hy+1, - Tty 4+ki+t2 € Uos ([Ujy], @ty 481 41)s (@i, 2iq1) € red(I),i =
ti+ki+1,....t1+ki+ta—1, (t2 > 0). This sequence may be followed by another arbitrary
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long sequence Tty 4hki+totls oo Tty dky+tothks € sz? (xt1+k1+t27 [sz]) € T‘@d(F). If to =0 we
then have the condition ([Uj, ], [Uj,]) € red(I'). This process may continue until we reach
the final state of the reduced graph. In particular, the arbitrary long sequences belong
to pairwise distinct components Uj, ...,U;, whose order depends on the structure of the
reduced graph. In particular, 1 <1 <n.

These properties can be deduced straightforward from the Frobenius normal form of a
nonnegative matrix, e.g. [Gan|. Consult for example with [F-S]. In particular, p(A(I")) =
max; <i<p p(A(T)). A graph T' C< n > x < n > is called nontransient if it does not have
a transient set, i.e. Uy = (). For a general graph we let I” = I'(U}U;) to be the nontransient
part of I As h(I') = log p(A(I')) we deduce that h(I') = maxi<,<, h(I'(U;)) = h(I).
Finally observe that the periodic orbits under the shift correspond to closed paths in the
graph I'. Hence, any periodic orbit has vertices only in one per((I'(U;))"). We now show
that some these results can be generalised to SFT in higher dimension.

(4.2) Lemma. LetT; C<n>x <n>,i=1,...m. Then one of the following mutually
exclusive conditions hold:

(i) For any nontrivial subset V. C< n > there exists k €< m > so that I'y(V) has a
nontrivial transient set of vertices in V.

(ii) There exist a maximal (nontrivial) subset V-C< n >, so that I'y, (V) is a nontransient
graph on'V for k=1,...,m.

Proof. Let Uy; C< n > be the set of transient vertices of the graph I';,7 = 1,...,m. If
Up; = 0,39 = 1,...,m, then we have the condition (i7) with V =<n >. Let V; =< n >
\(UT"Up,;). If V4 = ) then the condition (¢) holds. Assume that < n ># V; # (). Repeat
the above process for I';(V1),1 =, ..., m to deduce either (i) or (ii). ©

(4.3) Theorem. I'; C< n > x < n >,i = 1,...,d, and consider Z¢ -SFT given by
I' = (I'h,...,Tq). Assume first that condition (i) of Lemma 4.2 holds. Then h(I') =
—00. Assume now that V is the maximal (nontrivial) subset of < d > so that I'y(V) is
nontransient for k=1,...,d. Set T'(V) = (I'1(V),....,Lq(V)). Then h(I') = h(I'(V)).

Proof. Clearly, the theorem trivially holds if A(I') = —oo. Assume that h(I"') > 0. That is
for each N = (N1,...,Ng),N; > 1,i = 1,....d, p(k, NO}) > 1,k = 1,...,d. As in the proof
of Lemma 4.2 consider the transient set Uy j, for the graph I'y, for k =1,...,d. Ifall Uy, = 0)
then V' =< n > and the theorem is trivial in this case. Supppose that Uy j # 0. Fix NTFY,
As p(k, N m) > 1 we know that h(I'(k, N m) is given by the density of the periodic words
per(I'(k, N m)N *). Observe next that every periodic word in per(I'(k, N m)N #) is induced
by a word f = (f(jl,...jd))ﬁlz"-'."’:l\g-‘z:l such that

.....

Hence, the coordinates of each vector <f(j17--~,jd))§\1:k:1 belong to some set Uy ; appearing
in the decomposition (4.1) of the nontransient set for I'y. Note that the value of i may
depend on (J1, ..., jk—1, Jk+1, -+, ja). In particular, all the coordinates of f are in the set
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Vi =<n > \Upk. Let I'(Vi) = (I'1(V1),....,Tq(V1)). Theorems 2.1 and 2.5 yield that
h(I') = h(I'(V1)). Repeat this process as in the proof of Lemma 4.2. If we obtain the
condition (7) of Lemma 4.2 we deduce that h(I') = —oo which contradicts our assumption
that h(I') > 0. Hence, the second condition of Lemma 4.2 holds. By the above arguments
h(I') = h(I'(V)) and the proof of the theorem is concluded. ©

Let I'1,Ty €< n >. Set X = (I'2)>*°. Then X is a closed compact space in the
Tychonoff topology. (More precisely, X is a Cantor set.) Set A = A(I'1,I'3) C X x X be
the following closed graph

A={(z,y): = (%))iez, (Yi)iez € X, (vi,y;) € I'1,i € Z}.
Define A™, A* as in the introduction. Note that

A" =0 <= p(2,m)=0,m =2, ...,
AOO:Q) < FOOZQ,F:(Fl,FQ).

Observe that if I'; is symmetric then A is also symmetric.

In [Fril-2] we studied the entropy h(A) of the shift o restricted to A*>°. Here
o((x3)iez) = (Ti41)iez. It is not difficult to show that if A(T') > 0 then h(A) = oco.
Thus, h(I') can be considered as the renormalization of the entropy h(A). More precisely
if N(k, €) is the number of k—e separated sets then one can show that up to a multiplicative
constant that the right renormalization is:

log N
h(T) = lim lim sup Og—(kl,e).
e—0 L_ o0 ]{;logz

Moreover, the dynamics of Z? shift restricted to I'*® is related to the dynamics of the
standard shift restricted to A®°. It would be interesting to explore in more details this
relation. Similar ideas apply to higher dimensional Z? -SFT.
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