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ABSTRACT. In this paper, we show a new relation between phase transition
in Statistical Mechanics and the dimension of the space of harmonic functions
(SHF) for a transfer operator. This is accomplished by extending the classical
Ruelle-Perron-Frobenius theory to the realm of low regular potentials defined
on either finite or infinite (uncountable) alphabets. We also give an example of
a potential having a phase transition where the Perron-Frobenius eigenvector
space has dimension two. We discuss entropy and equilibrium states, in this
general setting, and show that if the SHF is non-trivial, then the associated
equilibrium states have full support. We also obtain a weak invariance prin-
ciple in cases where the spectral gap property is absent. As a consequence, a
functional central limit theorem for non-local observables of the Dyson model
is obtained.

1. INTRODUCTION

This paper is about the Perron-Frobenius eigenvector space of a class of transfer
operators arising in Ergodic Theory and Equilibrium Statistical Mechanics. For this
class of operators, defined by a general continuous potential, our main result relates
the dimension of this subspace with the number of extreme conformal measures.
Consequently, we show that the geometric multiplicity of this eigenvector space can
only be greater than one if a first-order phase transition takes place, as in Dobrushin
[10] and Lanford and Ruelle [23].

Here we are mostly interested in the case where the potential is continuous but
does not have the usual regularity properties. In such cases, little is known about
the Perron-Frobenius eigenvector space. The quest for a theory that can handle
such a general class of potentials is the primary motivation of the present article.
Besides, considering low regular potentials, we also allow the phase space to be any
product space of the form X = EN, where E is a compact metric space. There-
fore the Perron-Frobenius operator considered here leads to more general results
than in the classical case. These generalizations bring powerful ideas of Thermo-
dynamic Formalism to the study of decay of correlations, invariance principles and
phase transitions of long-range continuous spins systems on the one-dimensional
lattice. Our results apply, for example, to the O(n)-models (including Ising, XY
and Heisenberg models), with long-range interactions which are formally defined in
the following way.
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Let K,, = (V,,E,) be the complete graph, where the set of vertices is V,, =
{1,...,n}. A configuration of the spin O(n)-model is an element of the product
space (S"~1)Vn where S"71 C R is the (n — 1)-dimensional unit sphere. The
Hamiltonian of the model is defined by Hv, (¥) = >_,cg, J (17 — j|){zs, z;), where
(+,-) denotes the scalar product in R™, and J(|i — j|) are real constants, which
depend only on the distance between i and j. At the inverse temperature 3, we
define the finite-volume Gibbs measures py, g to be the probability measure on
(SP=1)V= given by

1
dp,.p = —exp(—FHv,) 11 d».
™ i€V,

where Zy, g is the usual partition function and dp is the uniform distribution on
S*—!. By taking the weak limit of these measures, when n — 0o, an infinite-
volume measure pg can be defined, and one may ask whether phase transition
occurs at some critical temperature, what is the decay ratio of the correlations
and so on. In Subsection we show how to describe the O(n)-models in our
generalized Thermodynamic Formalism setting, and consequently how to apply to
these statistical mechanics models the results obtained here.

Before proceeding, we fix some notations and then state our main results. Let
(E,dg) be a compact metric space, X = EY the product space equipped with a
metric d inducing the product topology, and Z(X) the Borel sigma-algebra on X.
As usual, (C(X),|| - o) denotes the Banach space of all real-valued continuous
functions on X, endowed with the supremum norm. For an arbitrary metric space
Y let us denote by #,(Y), #(Y) and .#,(Y) the spaces of all finite Borel signed,
positive and probability measures on Y, respectively. The support of v € Z(Y)
is the closed set supp(u) = Y \ U{A : A is open and p(A) = 0}. The class of
transfer operators considered here are associated with the dynamics given by the left
shift-map o : X — X, defined by o(z1, 22, 23,...) = (z2, 3, 24,...), a continuous
potential f : X — R, and an a priori Borel probability measure p € #1(FE).
The transfer operator associated with a continuous potential f will be denoted by
Z:C(X) — C(X). It sends ¢ — L, which is defined for any = € X, as follows:

Lo(x) = /Eexp(f(ax))go(am) dp(a), where ax = (a,z1,22,...). (1)

Since X is compact Z* acts on .#;(X). Furthermore, denoting by p(.Z) the
spectral radius of .Z it follows from classical arguments, that

G ={ve H(X): Lv=p(L))v}

is always a non-empty convex and compact set in the weak-+-topology (see [5]).
This set is sometimes called the set of leading eigenmeasures, but here following
Denker and Urbanski [9] a probability measure v € ¢* will be called a p(.Z)-
conformal measure. In the particular case where p(.¥¢) = 1, we call v simply a
conformal measure. The set of extreme points of ¢* is denoted by ex(¥™*).

The existence of leading eigenfunctions is a much harder problem. Despite the
efforts of many authors we still do not know, in general, when the set of leading
eigenfunctions H = {h € C(X) : ZLh = p(Z)h} is non-trivial. If f has some
regularity properties, such as a-Hélder continuity, then the Ruelle-Perron-Frobenius
theorem ensures that # is non-trivial. On the other hand, for some continuous but
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low regular potentials, H might be trivial, see [4,[I7]. The existence of such counter-
examples leads us to reformulate this problem for some suitable extensions of the
transfer operator defined on L'(v) = LY(X, B(X),v), where v € ¥*.

As we will see if p is fully supported on F, then for any continuous potential f, we
have that any p(.%)-conformal measure v is fully supported on X. Consequently,
there is a continuous linear embedding from C(X) to L!(v). Moreover, for each v €
@* the transfer operator .# admits a bounded linear extension L : L*(v) — L(v)
such that p(.Z) = p(L). By replacing f by f — log p(-¥), we can assume without
loss of generality that p(IL) = 1. In this way the operator L defines a Markov
process. The eigenspace H = {h € L*(v) : Lh = h} is called the space of harmonic
functions (SHF) for L. Although we are using a shorter notation, the reader should
have in mind that H = H(f, p,v). Our first main result is the following

Theorem 1.1. Let f be an arbitrary continuous potential, p € #1(F) such that
supp(p) = E, and m € 4* a conformal measure. Then 0 < dim(H) < #ex(¥*).

The proof of Theorem reveals that SHF’s dimension is maximized when the
conformal measure m is taken as the barycenter of ¢*, that is, for all v € ¢* we have
dim(H(f, p,v)) < dim(H(f, p, m)). We also remark that the result of Theorem [I.1]is
optimal in the sense that there are continuous potentials f’s for which the SHF’s are
trivial, and cases where the upper bound is saturated. Multidimensional SHF’s for
a transfer operator have appeared before: on functional equations related to ergodic
theory and Markov chains [§]; on hyperbolic maps with metastable states [1T1 [14];
on multiresolution wavelet theory [20, 25]; and on the Ruelle-Perron-Frobenius
Theorem in the context of non-forward topologically transitive subshifts of finite
type [, 2I]. However, the mechanism behind the multiplicity of the SHF’s here
is different from all the ones described above because our dynamics is forward
topologically transitive.

The other two main results are the functional central limit theorem for non-local
observables of the Dyson model (Example , and the following theorem which
provides an example of a potential for which the associated SHF is two-dimensional.

Theorem 1.2. Let E = {—1,1}, p the counting measure on E, 3 >0, f : X - R
given by f(z) =z imsupy_, . + ZkN:J;l T, by the Bernoulli measure defined by
o ({an = +13) = g, and i, ({x ~ —1)) = 1—q, where y = 2g—1; and 5(8), —(3)
solutions of the equation v = tanh(B~), then the following hold:

(1) for0 < B < 1:

(a) the operator Lgg : L'(uo) — L'(uo) has norm |Lgy|| = 2 and the
symmetric Bernoulli measure pg is a generalized conformal measure,
associated to Bf, in the sense of Definition|3.1;

(b) the eigenspace of Lgy, associated to eigenvalue 2, has dimension one
and is spanned by 1.

(2) for p>1:

(a) the operator Lgy : L'(v) — L' (v), where v = tpy ) + (t — 1)pu_y(p)
and t € (0,1), has operator norm ||Lgs|| = 2 cosh(Bv(B3)) > 2 and v is
a generalized conformal measure associated to Bf;

(b) for any non-trivial convex combination v =ty g + (t — 1) _(s), the
eigenspace of Lgy is two-dimensional and is spanned by {1p,,1p_},
where By = {z € X : m(x) = +v(8)} and m is given by (1I)).
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The paper is organized as follows. In Section [2] we begin by discussing some of
the general properties of the eigenmeasures associated with the transfer operator
. After, we show how to use the theory of Markov process to establish upper and
lower bounds for the dimension of the SHF. In Section [3] we present an example
of a potential such that the associated SHF has dimension exactly two. In Section
[ we obtain a weak invariance principle in case where the spectral gap property is
absent. In the appendix, we show that spec(L) = B(0, p(.Z)).

2. CONFORMAL MEASURES, MARKOV PROCESSES, INVARIANT SETS AND
HARMONIC FUNCTIONS

This section is divided into subsections organized as the section’s title.

2.1. Conformal Measures. In this subsection, we prove several facts about the
p(Z)-conformal measures (or leading eigenmeasures). Some of them are gener-
alizations to our setting of classical results that go back at least to Sullivan and
Patterson.

Theorem 2.1. Let p € #,(F) be an a priori measure such that supp(p) = FE.
Then for any f € C(X) and v € * we have that supp(v) = X.

Proof. Tt is enough to show that v(B(z,r)) > 0, where B(z,r) is an open ball in X
centered in x with radius r. Since d induces the product topology there are n € N
and R € R such that B(z,7) 2 Bg(x1,R) x ... x Bg(z,, R) x EN = B(R).

For each fixed a € E consider the auxiliary continuous function ¢, : E — [0, 1]
given by ¢,(b) = max{l — (2/R)dg(b, Bg(a, R/2)),0}. Notice that, 1y,

Yo < 1y (a,r)- Therefore 1p(r/2)(y) < [Tio) Yy (Yx) < Lpr)(y), for all y € X.
By using elementary properties of the transfer operator we get

WBlen) > i [ [ e [Zf( )
N <minx€X CXp(f(z))) .

5 S

TT e (ar) dp™ (@)d(y)
k=1

11 p(Be(zx, R/2)) >0,

p(£) P
where the existence of a positive minimum follows from the compactness of X and
the continuity of f, and p(Bg(zg, R/2)) > 0 by hypothesis. [ |

If p and v are as in Theorem then supp(r) = X and so there is a linear
continuous embedding ¢ : (C(X), | - |oo) = (L), ] - |l1)-

Since ¢ is an embedding it follows that the map L : ¢(C(X)) — L'(v) given
by Llp] = [Z¢], where [p] means the v-equivalence class of ¢, is a well-defined
linear map. By using that v € ¥* we get || Lo — ZLY]1 < p(L)|l¢ — ¥||1, for any
pair ¢, € C(X). Since the embedded copy of C(X) in L!(v) is a dense subset
it follows that I can be uniquely extended to a bounded positive linear operator
on L'(v). By abusing notation, we will say that L is an extension of .#. Using
again that v € 9* we get L*1 = p(£)1 v-a.e., where L* : L*°(v) — L*>(v) is the
adjoint of L. Furthermore, ||L|jop = sup{(1, |Le|), : [|¢l1 = 1} < sup{(L*1L, |¢|), :
lelli = 1} = p(Z). By taking ¢ = 1, we can see from the last inequality that
the first supremum is attained and therefore |L|op, = p(-Z). From the Gelfand’s
formula for the spectral radius and the previous reasoning we can also conclude
that p(L) = p(¥).
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In what follows, we show that ¢ : X — X is a non-singular endomorphism on
(X,%(X),v), where v is an arbitrary p(.£)-conformal measure. Recall that the
map o : X — X is a non-singular endomorphism (or equivalently v is a (backward)
quasi-invariant measure with respect to o) on (X, #(X),v) if for every C € B(X)
we have that v(c=1(C)) = 0 if and only if v(C) = 0.

Proposition 2.2. Let f be a continuous potential, v € 4* a conformal measure
and p the a priori measure used to define . Then the conformal measure v is
quasi-invariant.

Proof. Tt is enough to prove that there are positive constant Ky and K5 such that
the following inequality holds:

Ky(p x v)(B) < v(B) < Ka(p x v)(B), ¥B € #(X). (2)

We first show its validity for the family of rectangles Z = {UxV : U C E and V C
X are open sets}.

Let B € Z of the form B =U x V. Since U is open in E, there is an increasing
sequence of continuous functions v, : E — [0,1] such that v, T 1y pointwisely
and, therefore, in L!(p). Similarly, there is an increasing sequence of continuous
functions ¢, : X — [0,1] (Urysohn functions) such that ¢, 1 1y, pointwisely and
in L*(v). Therefore for any = € X we have that U,,(z) = ¥, (z1)dn(0(z)) T Lp(z).
Clearly ¥,, € C(X) and we have

=171l
y(B)z/Xleu>/X\Ifndv>W/E%(a)dp(a)/x%(@@(x)

By taking the limit when n — 0o, one can conclude that v(B) > e~ IIfll=p(#)~1
p(U)w(V) = e Ifll= p(£) " (p x v)(B). This shows that the first inequality in
holds for any open rectangle with K; = e~ I/l p(2)~1.

In order to prove the second inequality in 7 we consider a product of a closed
rectangles of the form W = C' x D. By using a similar reasoning, we can consider
a decreasing sequence of Urysohn functions, and obtain the inequality v(W) <
elfll p(2) ' (p x v)(W). By taking Ky = p(.Z) Lellfl= and recalling that any
Borel measure on a metric space is regular, it follows that holds for evey Borel
set. |

As a consequence of the above proposition, we have that the Koopman operator
L>*() 3 ¢ = poo € L>®(v) is well-defined. Moreover, for any ¢ € L*(v) the
following identity holds L*t) = 1) o o v-a.e.. This will be used in the appendix.

2.2. Markov Processes and Invariant Sets. In this section, we use the theory
of Markov processes to study the properties of the operator L. In doing so, we
identify a close relation among the extreme conformal measures, the invariant sets
with respect to the process, and non-negative harmonic functions that form a basis
for the SHF.

From now on, we assume f is an arbitrary continuous potential, supp(p) = E,
and p(.£) = 1. Therefore the extension L : L' (v) — L!(v), for any v € ¥*, defines
a Markov process in the analytical sense [I§], which means that it is a positive
contraction on L'(v), more precisely.

Definition 2.3 (Markov Processes). A Markov process is defined as an ordered
quadruple (X,.%, u,T), where the triple (X,.%, u) is a sigma-finite measure space
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with a positive measure pu and T is a bounded linear operator acting on L' (u)
satisfying:

(1) T is a contraction: sup{||T¢|1 : ll¢lli < 1} = ||Tlop < 1

(2) T is a positive operator, that is, if ¢ > 0, then T > 0.

Here, the sigma-algebra % will be the Borel sigma-algebra #(X), T is the
extension L : L'(v) — L(v) of the transfer operator ., and u = v. Condition
(2), the positivity property of L, is inherited from .#, and the condition (1) follows
from ||L|jop = p(-Z), and the assumption p(.Z) = 1.

Observe that L*1 = 1 and therefore 1 is always an eigenfunction of L*. On the
other hand, the existence of a positive or non-negative eigenfunction for L itself is
a much more delicate issue.

In the general theory of Markov processes, a measurable set B € Z(X) satisfying
L*1g = 1p is sometimes called an invariant set for the process. Next, we provide
a short list of important properties of such invariant sets that will be used ahead.

Proposition 2.4. If L*1g = 1p, for some B € B(X) and v is a conformal
measure, then the Borel measure vg given by A — v(ANB) is an eigenmeasure for
ZL*. Moreover, if v(B) # 0 then the conditional measure A — v(AN B)/v(B) =
v(A|B) is an element of 4*.

Proof. By using that L*1p = 1p and that v is conformal we have for any con-
tinuous function ¢ that [, Lodvp = (1p,¢), = [y ¢dvp. If v(B) # 0 we have
immediately that v(- N B)/v(B) = v(-|B) is a conformal measure. |

Proposition 2.5 (Invariant sets are dense in X). If B € B(X) is an invariant
set, in the sense that L*1g = 1 g, then B is dense in X.

Proof. Since we are assuming B is an invariant set with respect to L it follows
from Proposition that v(-|B) is also a conformal measure. Fix a point z € X.
By applying Theorem to v(:|B) we can conclude that, for every r > 0, the
conditional probability v(B(z,r)|B) > 0. Therefore, at least one point of B is in
B(x,r), otherwise v(B(x,r)|B) = 0. Since this holds for every x € X and r > 0, it
follows that any invariant set B is dense in X. |

Lemma 2.6. If v € ¥* is an extreme point and B is an invariant set for the
Markov process induced by L, then v(B) =0 or 1.

Proof. The proof of this Lemma is an straightforward consequence of Proposition

24 ]

2.3. Harmonic Functions. In this subsection, we present some properties of har-
monic functions needed in our applications.

Proposition 2.7. Let v € 4* and h a harmonic function for .. Then the set
{h > 0} is an invariant set. Moreover, if v € ex(9*) and v({h > 0}) > 0 then h is
positive v-almost everywhere.

Proof. We first prove that if A is a harmonic function then Lh* = h*. For, let
B = {h > 0}. By using the linearity of . and Lh = h, we get

L(h*) = (hT +Lh™)lg + (Lh~ —h™))1 .. (

3)
By multiplying both sides of by 1, we get from the positivity of L that 0 <
LpeL(h") = (Lh™ —h™))1ge. Therefore 0 < [ (Lh™—h7))lpedv = [ IpeLh™—
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h=dv < ||Lh~||; — ||~ |]1 <0, where in the last inequality we used the contraction
property of L. This shows that (Lh~™ —h~))1g. = 0 v-a.e.. Replacing this in (3)) we
get the equality Lht = (b +Lh™)1p. Therefore |[LAT|; = ||hT |1 + LA~ 1g|:.
Applying again the contraction property we have that |[Lh~ 15[y = 0. This implies
Lh~1p5 = 0 v-a.e.. Finally, from the identity Lh™ = (bt +Lh~)1p, it follows that
Lht =1gh* = h™. Consequently, Lh™ = h~.

Now we prove that B is an invariant set. Indeed,

(L*1g,h"), = (1p,Lh"), = (15,hT),. (4)

Note that L*1 g < 1, because the adjoint of a positive contraction is also a pos-
itive contraction. Since 0 < L*15 < 1, it follows from that 1pL*1p = 15.
From these observations, we get that L*1p > 1p, since L* is positive. Therefore
IL*1g|1 = |15]l1. As we already mentioned, L* is a contraction with respect to
the L*°(v)-norm. Moreover, the operator L* acts as a contraction, with respect
to the L!(v)-norm, on the linear manifold spanned by the characteristic functions.
Indeed, ||[L*1g5]; = (L*1p,1), = (15,L1), < (1p,1), = |[15].

Since 0 < 1p < L*1p and [|[L*1g]|; = |15, it follows that the equation
]L*]lB = ]IB holds.

If v € ex(94*), then follows from the invariance {h > 0} and Lemma that
v({h > 0}) = 0 or 1. Therefore if v({h > 0}) > 0, then h has to be positive
v-almost everywhere. u

Theorem 2.8. If v is an extreme point in 4* then dim(H) =0 or 1.

Proof. Suppose that there are linearly independent harmonic functions v and v for
L. By Proposition we can assume that v > 0 and v > 0 a.e.. For an arbitrary
function v denote [y udv = v(u) and consider w = u—(v(u)/v(v))v. It follows that
w it is also a harmonic function and that v(w) = 0. By applying again Proposition
[2.7] we conclude that w must be identically zero. [ |

By using Liverani-Saussol-Vaienti maps, we can construct an example where
dim(H) = 0. First, we consider Y = [0,1] and the map T,, : Y — Y given by

x(1+2%2%), if x € [0, %),
To(z) = (5)
20 —1, ifaxels,1],

where @ > 2. Let f, : Y — R be the geometric potential given by f,(z) =
—log |T)(z)| and £ : C(Y) — C(Y) given by

Zo(x) = G;( )ml(y)lqb(y). (6)

It is clear that Leb € ¢* and it is well-known that there is no Lebesgue-integrable
leading eigenfunction for L. Finally, by considering a suitable Markov partition we
can restate this result within our setting with X = {0,1}" and p the normalized
counting measure.

Corollary 2.9. Let f be any continuous potential and £ : C(X) — C(X) be
a transfer operator constructed from this potential and a fully supported a priori
probability measure p on E. Then dim(H) =0 or 1.
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Proof. We can assume that p(.¢) = 1. Since X is a compact metric space we
have that ¥* is convex, compact and necessarily not empty. Take any v € ex(4*).
Suppose that u and v are linearly independent continuous harmonic functions for
. From Theorem [2.1] we get that v is fully supported. From this fact we conclude
that [u], # [v],. Furthermore, they are linearly independent in L'(v) and also
harmonic functions of L, contradicting Theorem [2:8| ]

We finish this section by showing the one-to-one correspondence between extreme
conformal measures and the atoms of the sigma-algebra of the invariant sets with
respect to I and its main consequence, which is the proof of Theorem

Lemma 2.10. Let v, p € ex(9*) be distinct measures and m a non-trivial convex
combination of them, m = tv+ (1 —t)u. Then there is a B(X)-measurable set, B,
for which v(B) =1, u(B¢) =1 and the following equations hold

L*1g =1p and L*lge =1pge, (7)
where L is the extension of £ to L*(m). Moreover B is unique up to a m-null set.

Proof. In the appendix of reference [5] the authors adapted Theorem 7.7 item (c)
of [I3] to our setting. This result says that any extreme point in ¢* is uniquely
determined by the values it takes on the elements of the tail sigma-algebra 7. Since
v and p are distinct and determined by the values taken on .77, there is at least
one element B € 7 such that u(B) # v(B). But from Corollary 10.5 in [5] we also
know that any extreme point in ¢* is trivial on .7, meaning that, for every B € 7,
v(B) = 0 or v(B) = 1. Then, supposing that u(B) = 0, we have that v(B) = 1.
We now have two disjoint sets, B and B° with v(B) =1 and u(B°) = 1.

Following the computations of Proposition we will show that L*1p = 15.
Actually, it is enough to prove that (L*15, ¢)m = (1g, ¢)m for every ¢ € C(X,R).
Indeed, for an arbitrary continuous function ¢ we have

<L*]lB,go>m:/X]lgfgadm:/X.Zgadm(oﬂB):/ngad(ty):/Xgod(tf*z/)

:/X<pd(tu):/X]lB<pdm:<]13’<P>m'

The third equality above holds because m(- N B) = tv. Again by using the density
of C(X) in L'(m), we conclude that L*1g = 1. Recalling that L*1 = 1 we
get from previous identity that L*1 5. = 1 g.. Uniqueness of B can be derived by
standard measure theoretical arguments. |

Remark 2.11. In general, when m = " t;1;, is a convex combination of dis-
tinct extreme conformal measures, there are disjoint invariant sets B;’s such that
V]‘(Bi) = 5”

Proof of Theorem The arguments in this proof involve, simultaneously,
different extensions of transfer operator . : C'(X) — C(X). To avoid confusions
these extensions will be indexed by the conformal measure as in notation L,. For
each conformal measure m,v, i € 4* we have that the extensions L,,, L, and L,
define themselves Markov processes.

If #ex(9*) = +o0o we are done. Thus in what follows we assume that the
cardinality of the set of extreme points of ¥* is finite.
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In case ex(¥4*) is a singleton we already know that dim(H) < 1. For simplicity
we will present the argument in case #ex(9*) = 2.

Let LL,,, be the extension of . to L'(m), where m = tv+(1—t)u. As we observed
before there is a unique (modulo-m) set B € #(X) such that v(B) = 1, u(B°) =1,
L:nILB = ILB and ]L:nIch = Ich.

Note that one of the following three possibilities occur:

i) the eigenvalue problem L,,[u],, = [u],, has only the trivial solution, i.e.,
[t]m = 05
it) any harmonic function [u], for L, is such that [Lpu], # 0, but
[1geu]m, = 0 and vice-versa;
iii) there is a harmonic function [u], such that both [1pul, # 0, and

Of course, in the first case the dimension of H is zero and the theorem is proved. We
will show next that in the second case, the maximal eigenspace is one-dimensional.
In this case we will say that the harmonic functions are supported on either B or
B¢, depending on where u does not vanish. Finally, in the third case we will show
that H is spanned by two linearly independent functions {[1gulym, [1gculm,}, and
therefore will be a two-dimensional subspace of L*(m).

Let us assume that #4) holds. We are choosing to handle this case firstly because
the arguments involved in it work similarly in case ).

We are going to show that if [v],, is any other harmonic function then [v],, =
a[lpuly, + B[l get]m, for some a, B € R.

Firstly, we will show that both [1gu),, and [1pgcu],, are two linearly indepen-
dent harmonic functions of L,,. The linear independence of these two functions is
obvious. Lets us show that [1gu],, is a harmonic function for L,,. Note that

Lon[1pt)m = [u)m — Lin[1et]m = [1u]m + [1pett]m — L [Lpett] . (8)
Recalling that L.} 1 = 1 and using the above equality, we obtain

||]lBu||L1(m) = <]lB, []lBu] + [ﬂBcu] — Lm[ﬂBcqu
= |lulp|lL1(m) — (1B, Lin[LBetu]) m,

which implies Ly, [1geu],, = 0 in B. Similarly, we get L,,[1pu], = 0 in B¢. By
plugging this back into the equation we get that L,,[1gul,, = [1pu], and
consequently L, [1geu]y, = [1geu]m.

From definition of m we get u(B) = 0. Since L, [1 pul,, = [1pu],, we have that
L,[1pu], = [Lpu],. The conformal measure v < m and therefore we get from
item 4ii) that [1pu], # 0. Since v € ex(¢*) we have [1pu], is positive v-almost
everywhere.

Now, let [v],, be an arbitrary harmonic function for L,,. By repeating the above
steps we conclude that [1pv], is also a v-almost everywhere positive harmonic
function for L,,, and so there is some a € R such that [15v], = a[lgu],. From the
definition of B and m we conclude that the last equality actually implies [1 5], =
o[l gul,,. Proceeding similarly for [1 gcv],, we get that [v],, = a[lpu]m~+B[1LBet]m,
which finishes the proof of the theorem. ]
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3. APPLICATIONS AND EXAMPLES

3.1. The Support of Equilibrium States. When working with uncountable al-
phabets, there are two interesting alternatives generalizing the measure-theoretic
entropy. Both give rise to concepts of equilibrium states carrying physical inter-
pretations. The first one appeared in Statistical Mechanics and it is thoroughly
developed in [13, [I9] 28]. The other one appeared in the Dynamical Systems liter-
ature in reference [24] in the context of shifts in compact metric alphabets. Here
we adopt the Statistical Mechanics viewpoint. Given p and v, two arbitrary finite
measures on X, and 7, a sub-sigma-algebra of .%, we define

d d
/ et 1o <W> dv, if p< v on ;
b'e du\ﬂ du\ﬂ

Ho (1) =

00, otherwise.

This is in general a non-negative extended real number, and 5, (ulv) is called
relative entropy of p with respect to v on «/. Let p = [],cyp be the product
measure constructed from our a priori measure p. The entropy we want to consider
will be denoted by h, and for each shift-invariant probability measure p € #,(X),
it is defined as the limit h(u) = —lim, o0 (1/n) %, (1|p), where %, is the sigma-
algebra generated by the projections {m; : X — E : 1 < j < n}. The existence of
such limit follows from a subadditivity argument. Although h(u) is always a non-
positive number, it is related to the measure-theoretic entropy k(o) by the formula
h(u) + log|E| = h,(o) when the alphabet E' is finite and the a priori measure is
taken as the normalized counting measure. Therefore both entropies determine the
same set of equilibrium states in this particular context.

Back to the general case, Proposition 15.14 in [13] ensures that in our context
(compact metric alphabets) the mapping .#,(X) > p+—— h(p) is affine and upper
semi-continuous, relative to the weak-*-topology, and therefore, for any continuous
potential f, there is at least one solution for the generalized version of the variational
principle

sup {h(u) + /X fdu}.

net s (X)

Next, we show how to use the abstract results obtained in the previous section
to get information on the support of the equilibrium states. If E is a compact
alphabet and f is a sufficiently regular (Holder, Walters or Bowen) potential, then
the set of equilibrium states is a singleton. Moreover, the unique equilibrium state is
obtained in the traditional way by taking a suitable scalar multiple of the harmonic
function h for £ and the unique conformal measure in ¥* = {v}. It is natural to
expect that this construction also works for general continuous potentials that are
less regular than those mentioned above.

Suppose that f is a low regular potential, but ¢* is a singleton. This last
assumption is not so restrictive since this property holds generically in C(X). If a
harmonic function A = Lh does exist then we get the existence of a fully supported
equilibrium state p. Indeed, the v-a.e. positivity of h and Theorem [2.I] which
ensures that supp(v) = X immediately implies supp(p) = supp(hv) = X.
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3.2. Two Dimensional Space of Harmonic Functions. In this section, we
construct an explicit example of a transfer operator, denoted by Lgs, where 3 >
0 and f is a potential given by , for which the maximal eigenspace is two-
dimensional. The potential f and the results in this section are inspired in the
Curie-Weiss (mean-field) model for ferromagnetism. It is one of the simplest models
in Equilibrium Statistical Mechanics exhibiting the phase transition phenomenon,
see [12].

The aim is to illustrate the results presented in the previous sections in a concrete
and simple example, especially including the construction of a basis for the maximal
eigenspace of this transfer operator. There is a special feature of this example, the
potential discontinuity. This leads us to introduce a proper replacement for p(.£)-
conformal measures. The measures that are going to play the same role as those in
@*, will be called here generalized conformal measures. This concept is introduced
in Definition [3.1] and before that, a motivation is presented.

In what follows £ = {—1,1}, p = > . dc is the couting measure on E and
v € #(X) is a quasi-invariant measure. Fix a bounded and Z(X)-measurable
potential f : X — R. Then the mapping sending a v-integrable function ¢ to Ly
given by

Lo(x) = Z exp(f(ax)) p(ax), where ax = (a,x1,22,...) (9)
aclE

defines a linear operator acting on the space of v-integrable functions. Since we are
assuming that v is quasi-invariant we have that the operator L induces a positive
and continuous linear operator L : L'(v) — L(v).

We have seen that, for every continuous potentials f € C(X), there is at least one
measure for which Z*v = p(Z)v. As mentioned early, this implies L*1 = p(¥)1.
Conversely, if v is a fully supported quasi-invariant probability measure on X and
L is an extension of .Z satisfying L*1 = p(.£)1 then .£*v = p(.£)v. Therefore for
continuous potentials,

Lv=p(L)yw <<= L1=p(&)1 v—ae.
This equivalence is the motivation for the following definition.

Definition 3.1 (Generalized Conformal Measures). Let X = EN be a product
space, where E is a finite set and f : X — R a bounded and a %(X)-measurable
potential. A quasi-invariant measure v € .#7(X) such that the operator L induced
by L satisfies L*1 = ||L||op1 v-a.e. will be called a generalized conformal measure
associated to the potential f.

The above definition could be formulated for a general compact metric alphabet
E, but this particular form is enough for our needs in this section and avoids some
unnecessary technicalities. We should also remark that although the space X is
compact, in this setting there is no guarantee, in general, that the set of generalized
conformal measure is not empty.

In this section the potential f will be given by

| N1
f(z) = z1 limsup N kz_; Tg. (10)

N—o0
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Clearly, (8f)s>0 is a family of bounded and (X )-measurable potentials. But,
differently from the other sections of this paper, every potential in this family is
discontinuous, with respect to the product topology.

The following discussion aims to convince the reader that some product measures
are natural candidates to be generalized conformal measures, and to explain how
to compute the respective eigenvalues, in this case.

Firstly, we consider the family of product measures ., on {—1, 1}, parameter-
ized by v € (—1,1), and defined by p({zx = +1}) = ¢ and p, ({2 = —1}) = 1—q,
where the parameter v = 2¢ — 1 is the expected value of the coordinate functions,
that is, E,_[zx] = 7, for every k € N.

Clearly, for any choice of v € (—1,1), we have that p, is quasi-invariant and
therefore Lgy induces an operator on L'(u,). Next, we compute the operator
norm of Lgs. By definition

Lyl —/ Z exp(Bf(ax)) du~ (x / Z exp(Bam(ax))du(z)

ae{-1,1} ae{-1,1}
where
N+1
m(x ),lgrl%silop— Zxkfj\}gnoo—Zxk [y — a.e. (11)

by the Law of Large Numbers. Of course, for any a € {—1,1} we have m(azx) =
m(x) and therefore

[Lagll = [ e+ ¢ dpy () = 2cosh(5).
X

So far the parameter v is free, but in order to p, to be a generalized conformal
measure for 3f the equality (1,Lgsu),, = 2cosh(fvy)(1,u),, must hold for any
u € L'(p). For this, it is enough that, (1,Lgflp),, = cosh(By)(1,1p),, for any
indicator function 15, where B € #(X).

Developing the left-hand side of the last equation we get

[ Lortndi = [ 3 explasm(an))Lp(ar) d (o)

ac{—-1,+1}
(BN 1) | ey (BN[H])
pr([=1]) pr ([+1])

By taking B = [+1] and next B = [—1], in the previous identity, and using
(1,Lgslp),, = cosh(fy)(1,1p),,, we see that the following relations must be
satisfied

e = /Xl«ﬁfll[ﬂ]duv = 2cosh(f7) /x Lig1ydpy = 2cosh(By)p, ([£1]).

Since ¢ = 1, ([+1]) = €#7/2cosh(B7) and 1 — g = p,([—1]) = e~ 7 /2 cosh(By), we
finally get that v has to be a solution of the following equation

eBY — =B
~ 2cosh(B7y)
The equation v = tanh(S+) has either one or three solutions, depending on the

value of . If 0 < 8 < 1 then 7 = 0 is the unique solution. Otherwise, if 5 > 1
then there is some v(8) € (0,1) such that —v(5),0 and v(8) are all the solutions

v =2q- = tanh(f7).



ON THE DIMENSION OF THE SPACE OF HARMONIC FUNCTIONS 13

of the equation. Now, we can justify the previous steps. Firstly, take v satisfying
v = tanh(f87). Secondly, note that in the previous computation of (1,Lg\1p),,
we can use the values we got for p,([—1]) and p([+1]). Therefore, we have that

[ s Lo, = cosh(89) iy (B 1) + 1, (B [+1])] = cosh(57) [ Lnde,
X X

Since the last identity holds for any measurable set B it follows that (1,Lss1p),., =
(1,1p),, and so . is indeed a generalized conformal measure associate with the
potential Sf. This reasoning actually proves the following proposition.

Proposition 3.2 (Generalized Conformal Measures — Curie-Weiss Model). Let f
be the potential defined given by and for each v € (—1,1) let iy be a Bernoulli
measure as defined above. Then

(1) vy is a generalized conformal measure, if and only if, v is a solution of the
equation v = tanh(8v);
(2) for any solution vy of the above equation, 2 cosh(By) is an eigenvalue of L ;.

By Proposition 3:2]if 0 < 8 < 1, then po, the symmetric Bernoulli measure
with parameter ¢ = 1/2, is a generalized conformal measure associated with the
eigenvalue 2. But on the other hand, if 8 > 1, this measure still is an eigenmeasure
associated with the eigenvalue 2, but now there is two other Bernoulli measures
[+~ (p) associate with a strictly bigger eigenvalue 2 cosh(8v(5)).

Now let us move the discussion to the eigenfunctions. We first observe that for
any fixed 8 > 0, the operator Lgy : L*(10) — L' (o), has the constant function as
an eigenfunction associated with the eigenvalue A = 2, that is, Lg¢1 = 21.

However, for § > 1, which is above the critical point of the original Curie-
Weiss model, we can see more interesting phenomena, such as multidimensional
eigenspaces. Since f is fixed, in what follows we will write i+ = py, () to lighten
the notation.

Consider the operator Lgs : L*(v) — L'(v), where v = v(t) = tuy + (¢ — 1)p—
is a nontrivial convex combination of py. The measurable sets By = {z € X :
m(z) = v(8)} and B = {z € X : m(zx) = —(B)} are chosen in such way they
form a measurable partition of the space X = By U B_ U N up to a v-null set N.
Note that u4 (B4) =1 and p—(B4) = 0. Proceeding as before it is simple to argue
that 15, are two linearly independent eigenfunctions for the adjoint of the operator
Lgy, that is, L 15, = 2cosh(B8v(8))1p, and Lj;1p = 2cosh(8v(8))1p_.

Regarding the operator Lgy itself, it turns out that the characteristic func-
tions 1, are also eigenfunctions, more precisely, Lgs1p, = 2cosh(8v(83))1p, and
Lgslp_ = 2cosh(Bv(5))1p_. To see this, remember that for any point « € By,
m(x) = v(8), and so

Leflp, (x)= Y g, (z)exp(Bam(ax)) = (2cosh fy)1p, (x).
ac{-1,1}

The same is true for B_, since m(B_) = —v(8). Moreover, with a proper rewording,
the proof of Theorem can be adapted to this discontinuous case showing that
these are the only linear independent eigenfunctions of Lgs (with the measure v).
This proves Theorem

In order to construct a bi-dimensional SHF for a transfer operator associated
with a continuous potential it is enough take g-functions for which the set of its
g-measures is not a singleton.
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3.3. Phase Transitions in Lattice Spin Systems. Let E be a standard Borel
space, X = EYN and %(X) the product sigma-algebra on X. The space X is
equipped with the product topology. For each i € N, let m; : X — E be the standard
projection as defined in Subsection For each A € N (finite subset) we consider
the following sub-sigma-algebras 85 = o(m; : j € A) and ) = o(Ur%r : T' € A°).
A probability kernel v, is called a proper probability kernel from J, to %, if
i) va(:|z) is probability measure on (X, #(X)) for any = € X;

ii) ya(Al]-) is Tp-measurable for any A € B(X);

iii) ya(AN Blz) = 1p(x)ya(Alz) for any A € B(X), B € ) and z € X.
The family v = (ya)aen is said to be consistent if

/ ya(A|z) dyr(-|z) = r(A, z), whenever ) C A C T
X

A specification with parameter set N and state space E is a family v = (va)aen
such that «y, is a proper probability kernel from J) to Zx and (ya)aen satisfies
the consistency condition.

Let v be a specification with parameter set N and state space E. The set of all
Borel probability measures defined by

GOV (y) = {n € M(X) : p(AlF0)(2) = ya(A,2) p—a.s.}

will be called the set of DLR-Gibbs Measures determined by «. In this context of
Statistical Mechanics, if #% DLR('y) > 1, then we say that we have phase transition.

Theorem 3.3 (Georgii, [13]). Let v = (ya)aen be a specification with parameter
set N and state space E. Then the following statements are equivalent:
(1) pegPri(y);
(2) w(A) = [y (A z)du(z) = pya(A), for all Ae F and A € N;
(3) thereis a cofinal collection {T'y : Ty € N,V € I} (i.e., directed by inclusion
and, for all A @ N, there is an index o € I such that A € T,) satisfying
w(A) = pya(A), for all A e Z.

Example 3.4. O(n)-models. Let E = S"~! and take as the a priori measure p the
normalized surface area measure on E. The Hamiltonian of the O(n)-model on the
volume V,, with boundary condition x € X is given by
mo () =— > Jli—iDwiy)— > J(li— )i ),
ijEE, i€V ;3 JEN\V,,
where we assume that ) [J(n)| < 4+o00. Consider the potential f € C(X) given
by f(z) =", J(n){x1,2n41) and the transfer operator given by

Zola) = | exp(f(a))plo) o).

Note that for each n € N the Birkhoff sum S, (f)(z) = —H§,_ (x). This equality
is crucial to relate the dynamical system and statistical mechanics descriptions of
this model. Consider the probability kernel

_ Z"(14)(0"z)

v, (Alz) = W. (12)

In [5] the authors show that the family of kernels (vy,)nen can be naturally ex-

tended to a specification v = (ya)aen. By Theorem we have that @PLR(y)
does not depend on the choice of this extension, since the collection (A )nen is a
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cofinal collection. The set ¥PLR(y) contains the closure of the convex hull of all
the thermodynamic limits defined similarly as in the introduction. Moreover, for
any continuous potential f, the equality ¥R (y) = ¢* holds.

Therefore, if for some v € ¢* the SHF for L : L'(v) — L'(v) has dimension
greater than one, then v can not be an extreme measure in ¢*. By Krein-Milman
Theorem it follows that #%* > 1 and so #%4PR(y) > 1, that is, we have a first-
order phase transition in the sense of Dobrushin. The sufficient condition for phase
transition, presented in this section, motivates the following interesting question. Is
there any continuous potential f for which there are two distinct non-trivial critical
points 0 < B! < 2 < 400 such that

0, if 0<pB<pk
dim(Hgyp) = {1, if S} < B <3
N, if B2 <,

where Hgy is the SHF for L : L'(vg¢) — L*(vgy), vsy is the barycenter of 4(5f),
and N > 1. This question is actually motivated by the following observation. The
phase transition in the sense of Dobrushin is related to the dichotomy of the cardi-
nality of 9P (y7) be either one or infinite, accordingly the inverse temperature 3
be greater or less than a critical point 8.. This translates in a similar statement as
in the above question, but for only one critical point 32 (due to the compactness of
E and Dobrushin’s uniqueness theorem at high temperatures) and the dimensions
possibly jumping from 1 to V.

And so a positive answer to this question could show that SHF’s are capable of
detecting new types of phase transitions.

4. FUNCTIONAL CENTRAL LIMIT THEOREM

This section is dedicate to prove a FCLT (also known as invariance principle)
for a Markov process which arises naturally in our context. We use the version
obtained here to prove a new result in Statistical Mechanics.

Often proving a FCLT for a Markov process relies on verifying some analytical
condition on the associated transfer operator, see for instance [2, 15| [16] 26]. The
approach we will use consists in solving Poisson’s equation. This technique is due
to Gordin and Lifsic, see [I5].

In our case this theory is applied as follows. We will assume that f is a normalized
potential, meaning that Z1 = 1. For each measurable set A, the expression

p(z; A) = L(1a)(z),

where the operator L is the extension of .Z, defines a transition probability kernel
of some Markov chain (Z,,)nen taking values in X. A straightforward computation
shows that the induced transfer operator satisfies Pp(z) = L(g)(z). Therefore,
any probability measure fixed by the adjoint operator .£* is a stationary measure
for P. As usual, we denote by E,, the expectation with respect to the joint law of
the Markov Chain (Z,)nen with stationary measure p.

The distributional relation between the Markov chain (Z,,),en and the shift map
is given by the following lemma, whose proof can be found in reference [I6], p.85].
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Lemma 4.1. Let (Z,)nen be the Markov chain defined above, n > 1, g: X™ — R
a positive measurable function, and p a stationary measure. Then we have

/X g(z,0(x),...,0" N (2))du(x) = E.[9(Zn, Zn-1, ..., Z1)].

Here we focus on functions g of the form g = 14 o h, where A = (—o0,t] is
some suitable interval on the real line, h : X™ — R is given by h(z1,...,2,) =
d(z1) + ...+ ¢(2z,), with ¢ : X — R being a positive function in some Banach
space, for example, the space of Holder continuous functions.

Theorem 4.2. Let P be the transfer operator induced by the extension L associated
with a continuous and normalized potential and p € 4*. Let ¢ : X — R be a
non-constant observable in L?(u) satisfying p(¢) = 0. If there exists a solution
v € L?(u) for Poisson’s equation (Id — L)v = ¢, then the stochastic process Y, (t),
given by
TR
Y,(t) = —=Y ¢odl, 0<t< oo, (13)
0= L <

where o = p(v?) — p(Pv?), converges in distribution to the Wiener measure in
D[0, ).

The proof of the above theorem is done by reducing the problem to the martingale
case. See [2] for this reduction and [3] for a FCLT for martingale differences.

Example 4.3 (Spectral Gap). In this example, we show how to apply the above
theorem to a transfer operator whose action on the space of Holder continuous
functions have the spectral gap property.

Let X = EN, where E is a compact metric space, and f : X — R be an a-Hélder
potential, that is, f is a potential satisfying

HOla(f) = sup |f(£L‘) — f(y)| < 00
TFY d(xa y>a
Up to summing a coboundary term, we can assume that f is a normalized potential.
In [6] the authors showed that the transfer operator acts on the space of a-Hélder
continuous functions with a spectral gap.

Let ¢ be an arbitrary a-Holder continuous observable for which u(¢) = 0. In
this case, we can always get a solution of Poisson’s equation (Id — P)v = ¢. Indeed,
following the notation of reference [6], and taking ¢¥» = 1 and ¢ = ¢ in Theorem 3.1
we get ||IL"¢||e < Cs™, for constants 0 < s < 1 and C' > 0, and as a consequence
[L"¢|ls < Cs™, which implies that v = — Y ° (L"¢ is a well-defined element of
L?(u) and also a solution of Poisson’s equation. Therefore the Theorem applies.

The the next example shows the validity of the FCLT for a large class of observ-
ables in a situation where we do not have the spectral gap property.

Example 4.4 (Absence of Spectral Gap). In this example we consider a Dyson
type model for ferromagnetism on the one-sided lattice. Before presenting this
model, we need to introduce some notation.

We start by remembering that a modulus of continuity is a continuous, increasing
and concave function w : [0,00) — [0,00) such that w(0) = 0. We say that f :
X — R is w-Hélder continuous if there is a constant C' > 0 such that |f(z) —
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fW)| < Cw(d(z,y)) for any z,y € X. The smallest constant C' satisfying the above
inequality will be denoted by Hol,(f). Denote by C¥(X) the space of all such
functions. By considering the norm || f|l, = || f|lec + Holy(f), it is easy to check
that (C¥(X), | - ||o) is a Banach algebra.

Note that, for o, 3 > 0, the function waipgiog(r) = r*log(ro/r)~? defines a
modulus of continuity. We denote the space of wq4g10g-Holder continuous functions
by Cet8los( X)), In particular, if a = 0, we simply write C#1°8(X).

Let X = {—1,1}", endowed with the metric d(z,y) = 2-V@¥)  where the
number N(z,y) = inf{i € N: z; = y;,1 < j <i¢—1and z; # y;}. The Dyson
potential on the one-sided lattice is given by the following expression

fa) =3

n=2

One can easily show that f is not a Holder continuous function with respect to
d(z,y). Additionally, the transfer operator %%, associated with a Dyson potential
f, does not leave the space of Holder continuous functions invariant. But, on the
other hand, it leaves invariant a bigger subspace of C(X), called the Walters space.
Although there exists f in the Walters space cohomologous to f, neither £ nor
5 acts with the spectral gap property on this subspace, see [7]. However, we will
see that the absence of spectral gap will be not an obstruction to solve Poisson’s
equation if our system is sufficiently mixing.

The aim of this example is to prove that the stochastic process defined in
converges in distribution to the Wiener measure in D[0,00) for any observable
¢ € o8 and € > 2.

Firstly, we show that f € C¢!°8(X). Indeed,

|f(:v)—f(y)|<2(N(m7y)+1)—2—€<1+/1°° <]\/W|_)2+5 dt)

N(z,y)+t+1
N
< 2N($7y)‘2‘E(N(x,y) + 23%) < 201og(2N@))—e

=wod(z,y),

where w(r) = log(ro/r)c.

The previous estimate holds for any € > 0, but to solve Poisson’s equation later,
we will need to restrict ourselves to € > 2. Observe that, from the definition of
d, we have d(ay ...ajz, a1...a;y) = 277d(z,y). By using this identity and the
previous inequality, we conclude, for 0 < j < n — 1, that

(07 (a1 ... anx)) = f(o7 (a1 .. any))| < w(2"7d(x,y)).

Therefore, | Z?:_ol f(di(ay...anz)) — f(o?(ay...any))| < Z?:_ol w(277d(x,y)). We
recall that the summands on the rhs can be written as

w(z o) = [1og (5550 —7)] = [s1on2 +1og <d(;?y)> I

Similarly, there exists a positive constant C', such that

gw@jd(:ﬂ,y)) <C [log <d(;°y)ﬂ T Ca(r).
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Therefore for every n € N, we have

n—1

| Z flo?(ay...anx)) — f(0?(ay ... any))‘ < Co(d(z,y)). (14)
§=0

As consequences of , we have f € C(e=1)1og (X), and the Dyson potential is a flat
potential, with respect to the natural coupling, and &, see reference [22] Definitions
2.1.3 and 5.2.

The previous discussion allows us to apply Theorems 3.2 and 4.1 of [22] obtain-
ing a strictly positive eigenfunction h € C¢~11°8(X) associated with p(.Z}). By
using this eigenfunction, we can construct a normalized potential f € C(¢—1)1°g(X)
cohomologous to f given by f = f 4+ logh —logh o o — log p(Z5). Moreover, one
can check that f is also a flat potential. Recall that Z;l =1 and .,iﬂjzfuf = [y.

Therefore, we are in conditions to apply Theorem 5.8 of [22] p.31] to prove
the existence of a constant D > 0 such that, for any ¢ € C¢~1198(X) satisfying
Jx ¢dpg = 0, we have that ||,$ffL¢HOO < D/nf7L. Since we are assuming € > 2, we
get >0, 1ZF ¢l < > o2, Cn~ 71 < 0o, which implies that v = — 307 | Z5¢
is a well defined element of L?(u¢) and also a solution of Poisson’s equation which

allows us to apply Theorem thus showing the validity of a FCLT for this
example.

APPENDIX A. THE SPECTRUM OF L

The spectrum of L is already known when F is a finite alphabet see, for example,
[27]. However the generalization presented here for uncountable alphabets is new.
Recall that when talking about the spectrum of the extension of the transfer oper-
ator L, we are actually referring to the spectrum of its standard complexification,
but for the sake of simplicity we will keep the same notation for both operators.

Proposition A.1. Let f be a general continuous potential and suppose that the
a priori measure satisfies the full support condition supp(p) = E. Let v € 4* an
arbitrary conformal measure and L : L*(v) — L'(v) the extension of the transfer
operator associated to the potential f. Then spec(L) = {A € C: || < p(ZX)}.

Proof. Without loss of generality we can assume that p(.¢) = 1. Therefore the
spectral radius of L : L(v) — L'(v) is also equal to one. Since spec(IL) = spec(IL*)
and the spectrum of a bounded operator is a closed subset of the complex plane, it
is enough to show that {A € C: |\| < 1} C spec(L*). And this is a consequence of
the operator L* — AId to be not onto whenever |A| < 1, hence it is not be invertible.

The main idea is to show that Im(L* — Ald) can not contain an essentially
bounded measurable function which is positive on a set A, with v(4) > 0 and
o(A) = X; and identically zero on a set B, which is disjoint from A and also have
positive measure v(B) > 0.

Let us first construct the sets A and B. They can be chosen as two disjoint
open cylinder sets of the following form. Take two distinct points a,b € E and
0 <r < (1/2)dg(a,b). Define A = Bg(a,r) x EN and B = Bg(b,r) x EN. Since
A and B are open sets of X it follows from Theorem [2.1] that v(A),v(B) > 0. By
construction o(A) = X and AN B = (.

Let A € C be such that |A| < 1 and suppose by contradiction that there is some
complex function ¢ = || exp(i arg(¢y)) such that L*¢— Ay = 1. Since v(B) > 0 it
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follows that ¢ can not be identically zero. As we mentioned before LL*1) = oo, v-
almost everywhere. Multiplying the above equation by 1 4 we obtain the following
identity

1410 0 | exp(iarg(t o 0)) — M| exp(iarg(1)) = 0, v—a.,

Therefore there is a measurable subset X’ C X such that v(X’) = 1 and the above
equality holds for every x € X’. By taking the modulus on the last expression, and
after the essential supremum we get

esssup [1h o o(x)| < A esssup [¢(z)] < [A|esssup [(z)] = [A][|¢)]|oo-
rzeX'NA rzeX'NA reX

By the definition of A, we have o(X'NA) = o(X’). From Proposition [2.2]it follows
that o(X’) contains a set of v-measure one. Therefore it follows from the definition
of essential supremum that the left hand side above is equal to ||¢)|lec. But, this
implies that 1 < |A| which is an absurdity.
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