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Abstract

Let v be the Gibbs measure associated to a regular function f on a one-sided
topologically mixing subshift of finite type. Introducing a parameter A, we
consider the behaviour of the family (v;), as A — +oco. When f depends on
p coordinates, we show that the measures (v, ) converge. Moreover, the limit
measure belongs to a finite set dependent only on p and on the subshift. The
proof is a consequence of a general statement of Analytic Geometry.

Mathematics Subject Classification: 14B15, 32B20, 37A60.

1. Presentation

A motivation for the present paper is the study of maximizing measures. We briefly recall
the context. Let (X, T) be a topological dynamical system, that is a compact metric space
X with a continuous and surjective transformation 7. Fixing some continuous function f on
X, we study the invariant probability measures x that maximize [ f du and their stochastic
properties. Using Birkhoff’s Ergodic Theorem, this problem is equivalent to finding the points
in X that maximize the growth of the ergodic sums of f. We mention the important example
of Bousch [1] who has considered the family of functions x +— cos(2w(x +t)), where ¢ is a
parameter, on X = [0, 1) and with the transformation Tx = 2x Mod(1). The result is that for
every f, the maximizing measure is unique and Sturmian. This measure is also periodic for
almost every t.

We consider here the construction of maximizing measures. Following Conze—Guivarc’h
[4], one way is to proceed by freezing the system. More precisely, when there exists a finite
Markov partition as in the previous situation on the circle, we can assume that the problem is
given in symbolic dynamics, that is in the context of a subshift of finite type A over a finite
alphabet. If a function f is regular, we can introduce the Gibbs measure v, associated to f,
that is the unique measure realizing the maximum in the variational principle. Considering the
measures (Vyr)—+00 Where A would be the inverse of the temperature in Statistical Mechanics,
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one can derive from the variational principle, that the cluster values of (v,y) are maximizing
measures for f and that they have maximal entropy in this set of measures (see Conze—
Guivarc’h [4]). If the measures v, were converging as A — +00, one would obtain a ‘natural’
way of constructing a maximizing measure for a regular function on the subshift A.

This problem is related to the behaviour of Markov chains with ‘rare transitions’ on a finite
set. The study of such chains was initiated by Freidlin and Wentzell [6] and then extended by
Catoni—Cerf [3] or Trouvé [11]. The starting assumption is that the transition rate between two
states x and y has order C(x, y) exp(—AV (x, y)), where V is some rate function. Exponential
rates come naturally in the discrete modelization of complex phenomena such as the rate of
failure of a machine. A preliminary study concerns the limiting behaviour of the invariant
measure at low temperature. On that question, an essential tool appears to be the ‘matrix tree
theorem’ and its corollaries such as lemma (3.6) in Catoni—Cerf [3], as it gives a formula with
non-negative quantities for the invariant distribution. In the context of a subshift of finite type
over a finite alphabet, we cannot use directly the matrix tree theorem, as the transition laws
are defined by implicit quantities, whose behaviour at low temperatures is not clear a priori.

We will prove that all the transition laws do admit an equivalent of the form C exp (—AV)
and in fact our result is the requirement for the development, in the context of Gibbs measures
on subshifts of finite type, of a similar study as the one for Markov chains with rare transitions.
We will then obtain that for every locally constant function f, the Gibbs measures (vjf)i— +o00
converge. The limit measure is maximizing for f and belongs to a finite set dependent only
on the subshift and the rank of the function. The proof we provide relies purely on techniques
relevant to Analytic Geometry.

2. Introduction and reduction of the problem

We fix some integer d > 2 and introduce 2 = {1, ...,d }N with its usual distance. For x € Q
and any integer p > 1, let C,(x) be the cylinder of size p associated to x, i.e.

C,x)={yeQ|y=x,0<i<p—-1}L

We write B, for the finite Boole algebra generated by the cylinders of size p and B for the
o -algebra generated by all the cylinder sets. Let A = (2, T', A) be a one-sided topologically
mixing subshift of finite type, where T is the shift on €2 and A is a transition matrix (with
entries equal to zero or one) giving the allowed transitions and such that AM has strictly
positive entries for some integer Ny > 1. Given a locally constant function f on A, we write
v for the corresponding Gibbs measure. We will prove the following.

Theorem 2.1. Let A be a one-sided topologically mixing subshift of finite type.

(1) Let f be B,-measurable. Then, the measures (v;y) converge weakly as .. — +00 to a
Markovian measure written voo_ ;.
(2) The set M(A, p) :={veo,r | f is B,-measurable} is finite.

Remark. The second part of theorem 2.1 will follow directly from the proof, but without
control on M(A, p). Anyway, the cardinal of M (A, p) seems to grow very fast with p, as
suggested by the example of the next section.

First step. We recall a general frame for the construction of the Gibbs measure vy in the
particular case when f islocally constant (see, e.g. Bowen [2] or Denker—Grillenberg—Sigmund
[5]). Then, let f be B,-measurable for some integer p > 1. Up to conjugating the system
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by increasing the alphabet (see [5]), we suppose that f depends on two coordinates. We then

introduce the transfer matrix M ; associated to f and which is defined by

e/Uh i A, 1) =1,

0, if A(j,i) =0.

As the matrix AN has strictly positive entries for some N >~1, itis alsp the case for (M f)NO.

Therefore, My admits a unique strictly positive eigenvector Hy with [|Hy |y = 1 and a strictly

positive eigenvalue e*/). With D = diag(H ), we then consider the stochastic matrix,
0;=e*"(D'M;D).

Writing H for the strictly positive eigenvector of ‘0 7 such that [|[Hy|l; = 1 and (X;);>0 for

the coordinate applications, we have that v is the Markovian measure on A such that for any

(x)ogign—1 With AQx—, x) = 1,1 <1l <n—1,

ve{Xo=x0,..., Xn-1 =Xp—1} = H(x,—1) Q (X1, Xu—2) - - - Q¢ (x1, X0).

(Mp)(Q, j) = {

Second step. We now reduce theorem 2.1 to a rather general statement on analytic functions,
independent of the above problem. We consider the set S C M;(R) of positive matrices B
with the same non-zero elements as (‘A), that is such that B(i, j) > 0 if A(j,i) = 1 and
B(i, j) = 0if A(j, 1) = 0. This is also the form of the previous matrix M.

If B € S, then, let H(B), with |H(B)| =1, be the unique positive eigenvector

of B and write e'® for the corresponding eigenvalue. Similarly, we define
Q(B) = e*Bdiag(H(B))"'B diag(H(B)) and H(B) as the unique strictly positive
eigenvector of ‘Q(B), with ||H(B)|; = 1. We then introduce on S the application ¢ into
My(R) x R?:

¢ B (Q(B), H(B)). 2

We extend ¢ on M;(R) by 0. The picture is as follows: there exists a stratified structure
determined by ¢, in the set of positive matrices with the same non-zero entries as (*A). This
will be given by the ‘preparation theorem’ for subanalytic functions applied to ¢. We will give
a version of that theorem in section 4, and we postpone the required definitions to that section
as well.

Remark. Although the needed class here is the semialgebraic one, we provide a statement
available for the general subanalytic class, as the techniques are similar.

Lemma 2.2. The map ¢ defined in (2) is semialgebraic and thus subanalytic.

Theorem 2.3. Let ¢ : R™! — R™ be a subanalytic application and n : R x R™*! — R"™! pe
the map (x, € = (¢;)) > (x). Then, there exists a finite set S of real numbers such that for
every e € R™! and as x — 0, each coordinate of (¢ o n)(x, €) is either ultimately 0 or admits
an equivalent of the form ux’, with u € Sandv = 3" pr/qr€x, where all py/qy are rationals
andin S.

Proof of theorem 2.1. Let n+1 be the number of non-zero entries of any matrix in S. We order
them and denote them by (14 (B))1<k<n+1 for any matrix B € S, independently on B € S.
Now, let f be defined on A and let it depend on two coordinates. Fixing A > 0, each matrix
M,y is in S and any non-zero coordinate of M, has the form u;(M,y) = exp (Af(j, i)). We
then set x = exp(—A) and ¢, = — f(j, i). The path of (M) 4o in S is identified to the
path (x),_, o in R™!,

We then apply lemma 2.2 and theorem 2.3 to ¢ and (x, (¢;)). As a consequence, we
obtain that the entries of Q,r and H, s converge and that the limit values belong to a finite set
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independent of f, as the number of u and (py/qy) is finite. This concludes the proof of the
theorem. 0

3. An example

Before developing the analytic tools we will use, we consider the example of the full shift on
{1, 2} with a function f depending on two coordinates. In this case, the convergence of (vag)
can be proved by direct calculations. In each case, we indicate the limit Q, r of the stochastic
matrices Qs and the limit Hy,  of the initial distributions H, ;. For convenience, we write

fij inplace of f(i, j)for1 < (i, j) < 2andset¢ = (1 + V/5)/2. We obtain the following.

)ande,fz( )

1
D) If fi1 = foo = 3 (f12 + f21), then, Qoo p = (

I— NI—
S L= =
[STE ST

1 1 1
@) If fi1 = fo2 > 3 (fi2 + f21), then, Qoo 5 = (0 1) and Hoo r = (f)
2
1 0 1 1/(1 2)
G Iffi<fo= 3 (f12 + f21), then, O r = <l/¢2 1/¢> <¢2//((1-:_q;2 >
1
(@) If fro > max { fu, E(le + le)}, then, Qoo = (0 1) and Hy r = ( )
1 1 1/¢? 1+¢?)
G If fo < fu1 = 5(f12+f21),then, Qo = ( {d) /9 ) an = ((Pl//((l :(ij )
! 1
(6) If fi1 > max | f2, E(le + le)}, then, Qoo f = ( O) and Hy, <0>

1 0 !
(7) If max{fi1, fa} < 3 (fiz + f21), then, O 5 = <l O) and Hyo f = (?)
2

Remark. We check that there are finitely many possible limit measures and that their
expressions do not depend on f. We also observe that the limit may have non-zero entropy,
as in the case (1) which corresponds to the measure of Parry—Renyi (f = 0). It can also be
periodic or be a strict barycentre of periodic measures and thus not ergodic.

4. The theorem of ‘preparation’ of subanalytic functions

We will now prove lemma 2.2 and theorem 2.3. To begin the study, we introduce the general
class of subanalytic functions. We will then need some form of implicit function theorem
adapted to such a class of functions and this will be the theorem of preparation.

As references, we mention Gabrielov [7], Lion [9] and Parusinski [10]. We begin with a
few definitions. First we embed algebraically R into the compact [P; by the map x — [x : 1]
and see R” as a subset of (P})”. Any real analytic function will simply be called analytic.

Definition 4.1.

(1) A subset X C R" is semi-analytic if for all a in (P1)", there exists a neighbourhood U of
a, and a finite number of analytic functions f; j, g j, (i, j) € I x J such that

xnu=|]J (ﬂ{x eU| fij(x)=0,g,(x) > 0}).

iel \jeJ
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A subset X C R" is semi-algebraic if we assume that the functions f;;, g ; are
polynomials.

(2) A subset E C R" is global subanalytic if it is the image of a semi-analytic set of R"*"
by the canonical projection of R" x R™ on R". A function f : R* — R", is global
subanalytic if its graph is global subanalytic in R" x R™.

Now, let A be any family of functions from R" into R.
(3) A set E C R" is an A-set if there exists (f; j, gi,j) in A, with (i, j) € I x J where I
and J are finite, such that

E=]J <m{fi,,f =0, g > 0}> :
1 J

(4) An A-cylinder C C R™! is a set such that there exists an A-set B C R" called the
basis, ¢ and possibly { in A such that C has one of the following forms:

C={(x,y)Ix€B, p(x) <y <y (x)}, (then ¢ < on B)
C={(x,y)xeB, y<ep}
C={(x,y)x€B, y>pk)}
C={(x,y)|x€B, y=p)

Remark 1. A theorem of Gabrielov on the complementary [7] says that the global subanalytic
sets are stable by complementation and thus form a Boole algebra. Itis also stable by projection.
The semi-algebraic sets have the same properties by a theorem of Tarski—Seidenberg, which
states stability by projection, whereas the semi-analytic sets are not stable by projection.

Remark 2. Subanalytic sets are an example of o-minimal family of subsets of R”, i.e. one
for which ‘good’ topological and geometric results can be proved. For global subanalytic
functions, Parusiniski [10] has shown a theorem of preparation. As in the implicit functions
theorem, considering any function ¢ = ¢(xy, ..., x,,y) and the equation ¢ = 0 in y, to
‘prepare’ ¢ in the variables (xi, ..., x,, y) means to decompose R"*! in cylinders on which
¢ admits a principal part of the same class as ¢. To make this statement precise, we now
introduce the set of ‘reduced functions’.

Definition 4.2. We define inductively on n > 0, the set R, of ‘reduced functions’ from R"
into R:

(a) The set Ry is the set of real constants.
(b) Assume that R, has been defined. Then, f € R, if the following two conditions hold:

(1) There exists afinite partition of R™*! in R,,-cylinders and each cylinder of the partition
is contained in R" x [—1, 1] orin R" x {|y| > 1}, calling y the last variable of R"*!.,

(2) On each cylinder C of the previous partition, the function f or 1/f is equal to
a?'? AU (), with r = (¢1, ..., ¢s, a7, BP), where  (3)
o the functions o and B are bounded on C and have the respective forms (y' —0) /a
and b/(y' — 0) or, on the contrary, the functions A, a, b, 0, (¢;)i1<i<s belong
to R, and are bounded on the basis B of the cylinder C. One has y' = y
ifC Cc R" x[-L,1land y = 1)y if C € R" x {|y| = 1}. The function
0 is either identically O on C or there exists a constant ¢ > 0 such that

[y'|/c < 10(x)| < c|y’| on the whole cylinder C.
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e the quantities p and q are strictly positive integers.
e the function U is analytic without zero on a neighbourhood of the compact ¥ (C)
in (P;)**2.

Such a reduction is adapted for recursive proofs as we will see later. We use the following
result, which is due to Parusinski [10]. For the form presented here and for a proof, we refer
to [9].

Theorem 4.3. A real global subanalytic function is reduced.

5. Proof of lemma 2.2 and theorem 2.3 @

Proof of lemma 2.2. We consider, for example, the map B — H(B) on the cylinder S and
call it £. Recall that any unitary polynomial of degree d is seen as an element of R? and a
matrix of size d x d as an element of R?". We have to show that {(B,&(B)) | B € S}is
semialgebraic. Consider first the subset D; of R¢*! defined by

D, :={(P,r),suchthat (C)}. @

where (C) is the condition ‘P is a real unitary polynom of degree d and r is the greatest real
root of P’. We prove that this set is semialgebraic. This way, introduce for 1 <7 < d,

Dy ={(P,ur,...,u;) | Puy) =---=Pu) =0,u; <--- <u}.

The set Dy ; is the set of real unitary polynoms P of degree d together with / distinct real roots
of P. Itis semialgebraic. By projection, the set

Doy = {(P | Iuin<i<i, (P,ur,...,u) € Dy}

is also semialgebraic by the theorem of Tarski—Seidenberg. Then, define D3 ; := Dy ;— D3 j41.
Then, D5 is also semialgebraic. Itis the set of polynoms that have exactly / distinct real roots,
without considering their multiplicity. Finally, define
Dy :={(P,ur,...;u4—1,r) | P € D3jyuy <--- <up_y <r,

P@u)=---= P(u-1) = P(r) =0}

and by projection
Ds; ={(P,r) | 3ui)igi<i—1, (Pyur, ..., uj—1,r) € Dy}

is semialgebraic. Itis, therefore, also the case for the set D definedin (4), as D = Ujg<q Ds .

Consequently, writing x (B) for the characteristic polynomial of the matrix B, we deduce
that the set D, = {(B, p) | (x(B), p) € D,} is semialgebraic. Hence, it is also the case for
the set {(B, £(B)) | B € S} as itis a projection of

{(B,U,V,p)| BeS,(B,p)e Dy, BU=pU, U>0,|Ulh=1"QB)YV =pV,
V>0, Vih=1}

The other coordinate applications of ¢ can be treated similarly. O

Proof of theorem 2.3. Let £ be a coordinate of the application ¢{. From the preparation
theorem 4.3, there exists a finite partition of R"*! in R,,-cylinders such that on each cylinder
C, & or 1/& has the form described in (3). Then, set E(n + 1) = {£} and let E(&,n + 1, n)
be the finite set of all the functions in R,, which intervene in the decomposition of £ or 1/&
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on each cylinder and of all the functions of R,, used to define those cylinders. Recursively for
0 < p < n,weset

Epy= |J E@p+lp),
peE(p+1)

where E (¢, p + 1, p) is defined in the same way as E(§,n + 1, n).
We remark that E(0) is a finite set of real constants. We will prove by increasing induction
on 0 < p < n+ 1, the following claim H(p):

“There exists a finite set £L(p) of linking relati@wer Q, afinite set A(p) of non-zero
real constants and a finite constant M,, > 0, all independent of the (¢;), such that
if (e1,...,&p) & L(p), then, for all ¢ in E(p) and as x — 0, (x®, ..., x*)
is either stationary at 0 or equivalent to a quantity ux’, where u € A(p) and
v=(1/q)Y[_, pier, where |pi|, lq| < M, q #0.

We remark that H(0) is verified with A(0) = E(0)/{0}, My = 0 and L£(0) empty.
Assuming H(p), letus prove H(p+1). Then, letp € E(p+1) and consider its decomposition
in R ,-cylinders. We will first build a finite set £'(p + 1) of linking relations over QQ for
(&i)1<igp+1 such that the path (x*',..., x®, x®+) ends in a unique cylinder, as x — 0.
Indeed, each cylinder C in RP*! and involved in the decomposition of ¢ has, for example, the
following form, where we write (z, y) for the coordinates in R” x R:

C={zy)|zeB, h(z) <y < h2)}, hi, hy € E(p)

B = Uﬂ{z | fi,j(@ =0, g ;@ >0}, fi;, g&j<€ E(p), with I and J finite.
1

Consider the case of the basis B. Using H(p), any function f; ; is either stationary at O or
equivalent to a quantity u; ;jx" withu; ; € A(p) andv; ; = (1/q) Y1, pier, | pil, lgl < M,
q # 0. The same remark holds for the (g; ;)s. Therefore, if x is small enough, the conditions
defining B are either always true or always false for the path (x°', ..., x°r). Similarly, for the
condition

hi(x', ..., x%r) < x5 < o (X%, ..., x%r),

the functions h; are either stationary at O or equivalent to some u;x". To ensure that such a
condition is ultimately true or false, we impose on &, the conditions ¢,,1 & {0, v, v2}. We
then define the finite set £'(p + 1) as the union £(p) and the conditions &, & {0, vi, v2},
for all the h; involved in the decomposition in R ,-cylinders of ¢ and for all ¢ in E(p + 1).
Consequently, for some fixed ¢ € E(p + 1) and if (g1, ..., &p, €pe1) & L' (p + 1), the path
(x®, ..., x®», x®+) ends in a unique cylinder. We call it C and set z = (x*', ..., x®) and
y = x°*1. From the preparation theorem (4.3), we have that for x small enough, the function
@ can be written as

(@, ) = (2, y) AQ U(1(2), ..., ¢s(2), a'*, B'7*) ®)

where « and B are, respectively, (y' — 0(z))/a(z) and b(z)/(y’ — 6(z)) or the contrary, and
Y, A, (di)i<i<s,> 0, a, b, r and s are as indicated in definition (4.2). Using H(p), we get that
the function 6 is either stationary at O or equivalent to some ugx" with uy and vy as stated in
H(p). We then define L(p + 1) as the union of £'(p + 1) and the conditions {¢,,; = Fv,} for
all the 0 involved in the decomposition of ¢ in R ,-cylinders, for all ¢ in E(p + 1).
Consequently, if (g1, ..., &,,,41) &€ L(p + 1), then 0 is 0 on C since it cannot have the
same order as y’ when x — 0. Hence, in (5), the last two arguments of U, since they are
bounded on C, converge to bounded quantities (8;, 65), as x — 0. Moreover, as a and b are
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also stationary at 0 or equivalent to some quantities u,x" and u,x", we get that fori € {1, 2},
8 €1{0, u, Y ‘u ;/ 1. Similarly, for 1 < i < s, ¢; is either stationary at 0 or equivalent to
some ug x ", with ug, and vy, asin H(p) and vy, > 0 as ¢; is bounded on the basis B. We also
have that A is either stationary at 0 or equivalent to some u 4 x"4. We now observe that ¢(z, y)
may be stationary at 0 if A, a or b are stationary at 0. Finally, if ¢(z, y) is not stationary at 0,
since U is continuous and between two strictly positive constants on the cylinder C, we obtain
that,asx — 0

(@@ N ~yuax U Uy, ..., I, 81, 8)
where
+ep01 \ 1/S v \ 1/
X0 UpXx . — 1
y = <uaxvn> or (xi%]) ,li=0o0rug forl <i <sand§; € {0, u; ', ub/s}.

The result then follows and the assertion H(p + 1) is proved. Consequently, the theorem
is shown for the (¢;)i1<i<n+1 that do not verify the finite number of linking relations over
Q contained in L£(n + 1). Then, take one relation and assume, for example, that it has
the form ¢,,; = (1 /q)Z;'=1 pi€; for some integers (p;)i<i<n, ¢ 7 0. Then, replace
E(xF1, ..., x®, x1) by & (x*:], R xgé), where 8} =¢€j/q and £ = £ o n with

n(yh"'vyn):(yll],.-., yZ, (yfl,..., f”))_

The function £ is also global subanalytic. We can now make the same proof as above
with £ and the path (xsi, ...,x%). As there is one dimension less, the result follows
recursively. |
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